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Abstract

Even skipped (Eve) and Engrailed (En) are homeodomain-containing transcriptional
repressors with similar DNA binding specificities that are sequentially expressed in
Drosophila embryos. The sloppy-paired (slp) locus is a target of repression by both Eve and
En. At blastoderm, Eve is expressed in 7 stripes that restrict the posterior border of slp
stripes, allowing engrailed (en) gene expression to be initiated in odd-numbered
parasegments. En, in turn, prevents expansion of slp stripes after Eve is turned off. Prior
studies showed that the two tandem slp transcription units are regulated by cis-regulatory
modules (CRMs) with activities that overlap in space and time. An array of CRMs that
generate 7 stripes at blastoderm, and later 14 stripes, surround slpl (Fujioka and Jaynes,
2012). Surprisingly given their similarity in DNA binding specificity and function,
responsiveness to ectopic Eve and En indicates that most of their direct target sites are either
in distinct CRMs, or in different parts of coregulated CRMs. We localized cooperative binding
sites for En, with the homeodomain-containing Hox cofactors Extradenticle (Exd) and
Homothorax (Hth), within two CRMs that drive similar expression patterns. Functional
analysis revealed two distinct, redundant sites within one CRM. The other CRM contains a
single cooperative site that is both necessary and sufficient for repression in the en domain.
Correlating in vivo and in vitro analysis suggests that cooperativity with Exd and Hth is a key
ingredient in the mechanism of En-dependent repression, and that apparent affinity in vitro is

an unreliable predictor of in vivo function.
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Introduction

DNA-binding transcription factors function coordinately to regulate genes in
eukaryotes. In many cases, this coordination begins with cooperative DNA binding to
multiple sites within cis-regulatory modules or enhancers (Carey, 1998; Datta and Small,
2011). The actions of combinations of these proteins are further coordinated through the
regulation of a gene by multiple enhancers, which are often active in patterns that overlap in
space and time within an organism. This leads to apparent redundancy, which has been
shown to lend robustness to the ability of some genes to provide full function in a variety of
circumstances, such as a stressful environment (Frankel et al., 2010; Perry et al., 2010).
Redundancy is also apparent in the action of related genes, which can sometimes partially
substitute for each other. Thus, apparent redundancy can be seen at all levels of genomic
organization, and its role in the evolution of gene regulation is just beginning to be elucidated.

The sloppy-paired (slp) locus contains two partially redundant, tandem transcription
units, slpl and slp2, that both encode transcription factors with a forkhead domain
(Grossniklaus et al., 1992). During segmentation of the germ band, they act downstream of
primary pair-rule genes such as even skipped (eve) (Fujioka et al., 1995), and so are
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secondary pair-rule genes (Cadigan et al., 1994). They help to establish and maintain
parasegment (PS) boundaries, a conserved function (Choe and Brown, 2007). This occurs
through slp expression in 7 and then 14 stripes, which are located on the anterior side of
each PS boundary within the germ band. The engrailed (en) gene is expressed in 14 stripes
just posterior to each PS boundary. The PS boundary is stabilized in part through mutual
repression between en and slp (Cadigan et al., 1994; Jaynes and Fujioka, 2004; Kobayashi
et al., 2003).

Both eve and en encode conserved homeodomain-containing transcriptional
repressors (Akam, 1987; Fujioka et al., 2003; Fujioka et al., 2002; Jaynes and O'Farrell,
1991; Macdonald et al., 1986; Tolkunova et al., 1998; Zhang et al., 2002). In Drosophila, eve
is expressed at blastoderm in 7 broad (“early”) stripes that are centered on the future odd-
numbered PSs. Later, during gastrulation, its expression becomes restricted to the anterior-
most cell rows of odd-numbered PSs (the “late” eve stripes), while the early 7-stripes of slp
form just anterior to these stripes (Grossniklaus et al., 1992), so that the borders between
them prefigure the anterior boundaries of the odd-numbered PSs (Frasch et al., 1987;
Macdonald et al., 1986). En stripes are activated within eve stripes, through a well-studied
mechanism that involves repression of slp. Briefly, the early bell-shaped concentration
gradient within each early Eve stripe represses target genes in a concentration-dependent
manner. The gene paired, an activator of En, is repressed only at high concentrations of
Eve, while slp, a repressor of En, is repressed at both high and low Eve concentrations. This
differential sensitivity creates a cell row that contains the activator (paired) but not the
repressor (slp), turning en on in the anterior-most cell row of each odd-numbered PS (Fujioka
et al., 1995). Repression by Runt prevents this from also happening at the posterior edge of
early eve stripes (Ingham and Gergen, 1988; Jaynes and Fujioka, 2004; Manoukian and
Krause, 1993). In the absence of eve, expanded slp expression prevents activation of en in
these cells, even though paired is present (Frasch et al., 1988; Jaynes and Fujioka, 2004;
Riechmann et al., 1997).

Once en and slp expression are established, mutual repression between them helps to
maintain the PS boundary (Cadigan et al., 1994; Kobayashi et al., 2003), which then serves
as a signaling center for further cell specification within each PS. Therefore, slp is a key
target gene for repression by both Eve and En.
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Most homeodomain transcription factors show little sequence discrimination for DNA
binding sites when assayed alone, and are thought to achieve sufficient specificity to carry
out their distinct functions by binding cooperatively to target genes with other DNA binding
proteins. While such cofactors for Eve have not been found, some cofactors for En have
been identified. En has been shown to cooperate with Extradenticle (Exd) and Homothorax
(Hth) to repress slp (Kobayashi et al., 2003) and distalless (Gebelein et al., 2004). Exd was
identified as a cofactor of Hox proteins (Peifer and Wieschaus, 1990) (reviewed in (Mann et
al., 2009)), while Hth dimerizes with Exd and induces its nuclear localization (Rieckhof et al.,
1997).

Motivated by a desire to understand how Eve, En and cofactors regulate slp, we
previously conducted a systematic analysis of the entire slp1-slp2 locus (Fujioka and Jaynes,
2012), and identified a 15 kilobase (kb) stripe-forming regulatory region surrounding the slpl
transcription unit. Within this region, a series of minimal stripe CRMs were localized by
transgenic dissection.

Here, we identify functional binding regions for Eve and En among these slp stripe
CRMs using ectopic expression assays in vivo. We find two distinct 14-stripe CRMs that are
responsive to En, and which contain sites that mediate cooperative binding of En with Exd
and Hth. Within each of these is a well-conserved En/Exd/Hth cooperative site accompanied
by one or more less conserved sites. We find that one of the well-conserved sites is
essential for repression by En within the context of its CRM, while the other is redundant with
less conserved sites. Both of the well-conserved sites and one of the less conserved sites
can substitute in vivo for a repression element that contains the essential site. Thus, even
within the framework of cooperative binding with a specific set of cofactors, there is more
than one way that binding sites are configured to achieve the same outcome. The site that
does not confer repression shows a similar affinity, but less cooperativity, than the less
conserved site that confers repression. This suggests that the degree of cooperativity, in
addition to apparent affinity in vitro, may help predict in vivo occupancy.
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Materials and Methods

Plasmids construction and production of transgenic flies

The plasmids and transgenic lines used for heat shock analysis were described
previously (Fujioka and Jaynes, 2012). Briefly, CRM-driven transgenes used slpl promoter-
lacZ, in which the region from —261 to +121 bp relative to the slpl transcription start site
(TSS) was fused to the lacZ coding region followed by the eve 3' UTR from +1306 to +1521
bp (Kpnl) relative to the eve TSS. CRMs are inserted upstream. Analysis of u4734 and
derivatives was done using standard P-element transgenesis. Several independent
insertions were analyzed for each construct, and the expression patterns shown were
consistently seen. To compare modifications of CRM 11523, and repression activity of
En/Exd/Hth binding sites with CRM u4739, ®C31 recombinase-mediated cassette exchange
(®C31-RMCE) was used (Bateman et al., 2006). The various CRMs were cloned into attBA2
(Fujioka et al., 2008). Details of cloning procedures are available on request. ®C31-RMCE
was performed as previously described (Bateman et al., 2006; Groth et al., 2004), except that
chromosomally integrated ®C31 recombinase (Bischof et al., 2007) was used, instead of co-
injection of ®C31 mRNA. Successful RMCE events were first identified by loss of mini-white-
dependent eye color. The presence and direction of the exchanged region were determined
by PCR. The attP-docking site at cytological location 95E5 (Fujioka et al., 2008) was used,
because it gave expression patterns for CRMs 11523, u4734, and u4739 that were
indistinguishable from P-element insertions of the same constructs previously analyzed. In
addition to 95E5, an attP-docking site at cytological location 23C1 was used for analysis of

CRM i1523 modifications. Both docking sites gave the same results.
Embryo analysis

Embryos were subjected to in situ hybridization using anti-sense RNA probes against
lacZ or en mRNA. The DIG-labeled probe was visualized by alkaline phosphatase-
conjugated anti-DIG antibody (Roche Applied Science). For fluorescent in situ hybridization
(FISH), DIG-labeled or Biotin-labeled probes were visualized with anti-DIG or anti-Biotin

followed by DyLight549-conjugated anti-mouse IgG and DyLight488-conjugated anti-sheep
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IgG (Jackson ImmunoResearch) as described previously (Kosman et al., 2004). For double
antibody staining, anti-p-galactosidase (ICN) and anti-En (4D9 monoclonal) obtained from the
Developmental Studies Hybridoma Bank were visualized with DyLight549-conjugated anti-
mouse IgG and DyLight488-conjugated anti-rabbit IgG (Jackson ImmunoResearch).

For quantifying repression activities of binding sites in the context of lacZ transgenes,
embryos were first subjected to in situ hybridization with DIG-labeled lacZ mRNA probe, then
to anti-En antibody staining (Santa Cruz Biotechnology) followed by biotin-conjugated anti-
Rabbit 1IgG (Jackson ImmunoResearch), peroxidase-conjugated streptavidin (Jackson
ImmunoResearch), and the DAB reaction. En-expressing cells were categorized into three
classes: (-) no lacZ expression, (+) weak lacZ expression (weaker than lacZ-expressing
cells outside the En domain), and (++) strong lacZ expression (similar to lacZ-expressing
cells outside the En domain). Several stage 10-11 embryos were analyzed for each

transgenic line.
Ectopic protein expression

Embryos carrying one copy of a transgene that expresses either En (hs-En, a.k.a.
pRK232; (Heemskerk et al., 1991)) or Eve (hs-FLAG-Eve) in response to heat shock, along
with a CRM-lacZ reporter transgene, were aged for 2.5-5.5 hr at room temperature (RT) after
egg laying, dechorionated, heat-shocked for 10 min in a 37°C water bath, incubated for 30
min at RT, then fixed and stained for lacZ reporter mMRNA. The hs-FLAG-eve transgene
contains the entire Eve coding sequence with an added Flag tag at the 5’ end (see Fig. S1 for
5’ junction sequence), inserted into pCaSpeR-hs (Struhl, 1985). In each experiment, more
than 500 embryos were analyzed. Control yw flies (the host line for transgenic production)
were also crossed with each lacZ line, and processed in parallel. As an internal staining
control, fixed embryos expressing a non-relevant pattern of lacZ were added to each set of
heat-shocked, fixed embryos. Samples with closely comparable control staining intensity

were compared to determine their relative responsiveness to En or Eve.
En/Exd/Hth binding site search criteria

Priority was given in choosing sequences for in vitro analysis within En-responsive

CRMs based on the following criteria: a combination of an Exd consensus core (ATCA) and

Page 7 of 35



M. Fujioka, B. Gebelein, Z. C. Cofer, R. S. Mann, and J. B. Jaynes (2012). Engrailed cooperates directly with
Extradenticle and Homothorax on a distinct class of homeodomain binding sites to repress sloppy paired,
Developmental Biology 366(2): 382-392.

an En consensus core (ATTA) within 6 nt of each other, irrespective of relative orientation; or,
in some cases, an Exd core with something like an En core (ATTG) in close proximity.
Secondary priority was given to sequences containing a Hth core (TGAC, or [T,G]TGTCI[A,C])

near an Exd core.
Electromobility shift assays

For use in electromobility shift assays (EMSASs) with radioactive probes, Exd and Hth
proteins were purified from BL21 bacteria as His-tagged heterodimers using Ni-
chromatography as previously described (Gebelein et al., 2002). A full-length His-tagged
Engrailed protein was similarly purified under native conditions (50mM Tris, pH 7.5; 100mM
NaCl; 0.1% NP-40; 10% glycerol). Protein concentrations were measured by the Bradford
assay and confirmed by SDS-polyacrylamide gel electrophoresis followed by Coomassie blue
analysis. EMSAs were performed as previously described (Uhl et al., 2010) using the
following protein concentrations: 40 ng Exd/Hth per lane as indicated in Figs. 3D and E, and
6D, and 160 ng in Fig. 6E; for En, 25 (low), 75 (medium), and 225 (high) ng in Fig. 3D; 25
(low) and 225 (high) ng in Figs. 3E and 6D, and 50 ng in Fig. 6E. In all these cases, EMSAs
within the same figure panel were performed at the same time and with the same protein
concentrations and thus are directly comparable. For use in EMSAs with non-radioactive
probes, His-tagged proteins were expressed in bacteria using pET15-EnAS (codons 1-166 of
En removed), pET15-Exd, and pET14b-Hth, purified according to the manufacturer’s protocol
(His.Bind Purification Kit, EMD), and visualized by Coomassie blue staining and by ECL
Western blot with anti-His monoclonal antibody (Covance). Exd and Hth were used ata 1:1
molar ratio based on the anti-His Western blot signal, since both proteins contain an N-
terminal His-tag. Amounts of En and Exd/Hth were optimized based on cooperative binding
to either Al or B1 (see figures). Detailed protocols are available on request.

The non-radioactive electromobility shift assay (EMSA) was used to survey i1523 and
the 3’ end of u4734 for binding by En/Exd/Hth to DNA fragments of 150-200 bp (A0—-A5 and
B1-B5). Probes were prepared using two-step PCR. Each fragment was amplified with
specific primers (given in Fig. S1) that contained the same sequence tag
(CGCTACGACTCACTATAGGGC) at their 5’ end. The purified PCR products was used as

template in a second PCR, using a biotinylated-5-primer against the tag. EMSA reactions
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were analyzed on mini-gels (Thermo scientific), and transferred to MagnaGraph membranes
(GE). Probes were visualized by incubating with SA-HRP, followed by the ECL reaction
(GE). “Cold” competitors were single PCR products.

Results

Multiple enhancers are regulated by Eve and En to delimit stripe expression at

different stages of embryogenesis

Eve limits the expression of each slp stripe within the early 7-stripe pattern (Fujioka et
al., 1995; Jaynes and Fujioka, 2004), while En is required to restrict the posterior border of
each slp stripe within the 14-stripe pattern (Cadigan et al., 1994). Previous analysis
suggested that slp is a directly repressed target of En (Jaynes and Fujioka, 2004; Kobayashi
et al., 2003). As a test of whether these related repressors act through the same or separate
binding sites, we conducted an analysis of minimal stripe CRMs (Fujioka and Jaynes, 2012)
using transient ectopic expression from an inducible heat shock (hs) promoter to determine
their responses to Eve and En. The results of this analysis are summarized in Fig. 1, and
described below.

To display the location of each CRM within the locus, each of our CRM names begin
with a letter, indicating whether it is upstream of slp1 (u), or within the slp1-slp2 intervening
region (i). This letter is followed by 4 digits, the first two corresponding to the 5 CRM end
point and the last 2 to the 3’ end point, in hundreds of kb (see Fig. 2 for a map of the slp
locus). For example, u4734 extends from —4.7 to —3.4 kb upstream of the slp1 TSS, while
11523 extends from +1.5 to +2.3 kb downstream of the slpl TSS (see Fig. S1 for exact
locations of all CRMs and probes used in this paper).

Overall, we identified 4 non-overlapping regions that are regulated by En, and 3 by
Eve. CRM 1523, which drives 14 stripes at stages 9-10 (Fig. 2, (Fujioka and Jaynes, 2012)),
was rapidly and efficiently repressed by hs-En (Figs. 1, 2), consistent with direct regulation by
En. We chose this CRM for analysis of DNA binding by En and its cofactors (see below).
Similarly, CRM u2316 drives 14 stripes at stages 9-11 (Fujioka and Jaynes, 2012). At these
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stages, the 7 strong Eve stripes are fading away (Frasch et al., 1987; Macdonald et al.,
1986), and both slp and en are required to maintain the parasegment border (Cadigan et al.,
1994; Kobayashi et al., 2003), which is between the posterior edge of each slp stripe and the
anterior edge of each En stripe. Not unexpectedly, hs-En expression repressed this
enhancer at all stages (Fig. 1), while hs-Eve had only a weak effect when expression is first
initiated (Fujioka and Jaynes, 2012) (stage 9, when hs-En had a strong effect), and no
significant effect at stages 10-11 (Fig. 1). This suggests that Eve and En may act through
distinct sites (confirmed by results below), and/or that they may require different cofactors
that are differentially expressed.

CRMs u3925 and u3725 each drive expression at stages 5 through 10, including both
a 7- and a 14-stripe pattern (Fujioka and Jaynes, 2012), suggesting regulation by both Eve
and En. Consistent with direct regulation by both, hs-Eve efficiently repressed u3925 at
stages 7-9, while hs-En did so at stages 8-10 (Fig. 1). While u3725 responded to hs-Eve
similarly to u3925, it was not repressed effectively by hs-En, indicating En-responsive sites
between —3.9 and —3.7 kb. This 200 bp region is also part of CRM u4734, and turns out to
contain an essential En binding site (see below). Consistent with truncated forms of this
CRM responding to Eve but not En, u3125 is expressed only in a 7-stripe pattern (Fujioka
and Jaynes, 2012; Prazak et al., 2010), and its expression fades at about the same time that
Eve expression fades (data not shown).

Similar to u3925, CRM u4734 is active at stages 5 through 11, including both a 7- and
a 14-stripe pattern. While induction of hs-En repressed u4734 at all stages (Figs. 1, 2), hs-
Eve repressed it at stages 7-8, but not stage 10 (Fig. 1). When u4734 was truncated from its
3’ end to generate u4739, responsiveness to hs-En was lost (Figs. 1, 2), but not to hs-Eve.
This loss of En responsiveness is similar to that observed when part of the same region was
deleted from u3725 (above), and confirms that this region is likely to contain En binding sites.
Notably, the response to hs-Eve at stages 7-9 was not affected by truncating either u3925 or
u4734 (Fig. 1), suggesting that Eve and En utilize distinct binding sites, even within these
commonly regulated CRMs.

CRM u5547 reinforces the same theme. It drives 14 stripes beginning at stage 9, as

Eve expression is fading. Consistent with this, hs-En, but not hs-Eve, repressed it efficiently
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(Figs. 1, 2). Again, En and Eve appear to be acting through largely if not entirely distinct
regions.

CRM u8172 and those tested regions that contain it (u8766, u8166, u8159, Fig. 1)
drive an aberrant pattern at stages 6 through 9 that includes some cells within the eve
domain that do not express slp (Fujioka and Jaynes, 2012; Prazak et al., 2010). Consistent
with this ectopic expression, neither hs-Eve nor hs-En repressed it efficiently (Fig. 1). CRMs
which extend beyond the core u8172 region by more than 500 bp upstream and more than
1.4 kb downstream still drive ectopic expression and do not respond well to hs-Eve. This
confirms the suggestion of a recent study that sequences downstream of this region are
normally responsible for inhibiting the activity of u8172 within the eve domain (Prazak et al.,
2010).

A slp intergenic regulatory module contains En/Exd/Hth binding sites

Based on responsiveness to hs-En, we selected i1523 for analysis of binding in vitro.
A genome-wide survey of En binding regions (Celniker et al., 2009; Negre et al., 2011)
identified this CRM as the single high-probability peak within the slp stripe-forming region.
Within 11523 are found adjacent sequences that closely match consensus sites for both
En/Hox and a complex of Exd and Hth (Exd/Hth). The immediately surrounding region is well
conserved through drosophilid evolution (Fig. 3A). We performed electromobility shift assays
(EMSAS) using a 33 bp oligonucleotide centered on the consensus sites (Ala, Fig. 3A-D).
This probe was bound weakly by either En or Exd/Hth, but was bound strongly by En with
Exd/Hth (Fig. 3B,C and D, Ala). We tested the importance for binding of the two consensus
sequences within Ala. Mutating the En consensus abolished En binding and cooperative
binding with Exd/Hth, but not Exd/Hth binding (Fig. 3B, M6, and Fig. 3D, Ala-mut6).
Mutating both consensus sites caused a complete loss of binding (Fig. 3B, M7, and Fig. 3D,
Ala-mut7). Analysis of other mutant sites suggested that both consensus sequences
contribute to En binding in the absence of Exd/Hth, while Exd/Hth binding in the absence of
En mainly depends on the Exd/Hth consensus region (Fig. 3B and data not shown). Similar
cooperative binding that depended on the consensus sites was seen using larger probes
centered on Ala (Fig. 3C, Ala’ and Al-1; Fig. 3E, Al1-1 and Al-1-mut7).
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We used this cooperative binding assay with a series of 6 larger, overlapping probes
of 150-200 bp (A0 — A5) to survey the entire i1523 CRM. Only Al, centered on Ala, showed
strong binding, while 3 others (A0Q, A2, and A5) gave signals significantly above background
(Fig. 3C and F). Within A2, we tested a 25 bp sequence (A2a, Fig. 3C and E) centered on an
Exd core consensus site (ATCA), which also contained a Hth core consensus (TGAC), for
cooperative binding by En and Exd/Hth. We found that although binding was considerably
weaker than for Ala, it was nonetheless strongly cooperative (Fig. 3E, left panel). In
contrast, a probe that corresponds to the half of A2 without A2a (A2-1, Fig. 3C) showed only
weak binding by Exd/Hth, and no cooperativity with En (Fig. 3E, right panel, A2-1),
suggesting that most of the cooperative binding activity of A2 is due to A2a. While the Ala
region shows clear conservation among 12 species of Drosophila, A2a is conserved only
among the more closely related species (analyzed by Evoprinter, not shown) (Clark et al.,
2007; Odenwald et al., 2005).

As a test of whether cooperative binding sites could be localized within a weak binding
region such as A0, we used a series of small probes to subdivide AO (Fig. 3C, AO-1 — A0-5).
We found only weak cooperative binding to the A0-1 region (Fig. 3C and data not shown),
which contains the Exd/Hth core consensus (green boxed in Fig. 3A and B) but no canonical
En binding core (ATTA,; see Fig. S1 for more detailed sequence information).

Overall, within 11523, there is one very strong, cooperative binding site for En/Exd/Hth
(Ala), at least one weaker but still cooperative site (A2a), and other quite weak binding sites.
We next used transgenic analysis to test whether these sites are functionally significant.

The high affinity, cooperative binding site within i1523 is redundant with a

second, lower affinity, highly cooperative site

The 11523 CRM drives reporter gene (lacZ, which encodes p-galactosidase, or ggal)
expression in 14 stripes that are wider than endogenous slp stripes, but still mostly excluded
from the En domain. There is some overlap with En in dorsal regions, mostly in
parasegments 9-12 (Fig. 4, left column), suggesting that although this CRM is efficiently
repressed by hs-En (Figs. 1, 2), it is nonetheless less stringently repressed by En than is the

endogenous gene. In addition, the width of the stripes indicates that it is missing sites that
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normally prevent expression anterior to endogenous slp within each parasegment (possibly
sites for Odd-skipped binding, based on its expression pattern).

Our in vitro analysis (above) indicated that a pair of 2-nt changes was sufficient to
abolish binding by En, as well as cooperative binding by En with Exd/Hth, to the single strong
site within 11523 (Fig. 3B, M7, and Fig. 3D, Ala-mut7). We tested whether this alteration
compromises repression in vivo by incorporating it into the i1523-lacZ transgene.
Surprisingly, given that Ala is the only strong, cooperative site within this CRM and the fact
that the response of i1523 to En is already weaker than that of endogenous slp, we did not
observe significant derepression relative to unmutated i1523-lacZ (Fig. 4, 2" column, Ala-
mut, vs. 1% column). Similarly, introducing a mutation that abolishes En/Exd/Hth binding in
vitro to the weaker A2a site (data not shown) caused no significant derepression (Fig. 4, 3™
column, A2a-mut). However, when both mutations were introduced simultaneously into the
11523-lacZ transgene, expression was strongly derepressed in the En domain, particularly in
ventral regions of the embryo (Fig. 4, Ala-, A2a-mut). Thus, despite the apparent difference
in their affinity in vitro, there is redundancy among the En/Exd/Hth cooperative binding sites

in 11523 for preventing slp expression within the En domain.

The En repression module within CRM u4734 contains an essential En/Exd/Hth

binding site

We next focused on CRM u4734, which drives strong expression that overlaps in
space and time with the weaker expression driven by 11523 (Fujioka and Jaynes, 2012).
Transgenic dissection suggested that u4734 contains an essential En-responsive element
between —3.9 and —3.4 kb (relative to the slpl TSS). In addition to a loss of hs-En
responsiveness when this region was deleted to generate u4739, u4739 also drives wider
stripes than does u4734 (Figs. 1, 2). We tested whether these wider stripes extend into the
en domain by double-staining for lacZ and en RNA, and found that while u4734-lacZ is not
expressed in the en domain, u4739-lacZ expression overlaps en stripes at embryonic stages
10-11, most strongly in ventral regions (Fig. 5). As described above, response to hs-En by
u3925 was lost when the region —3.9 to —3.7 kb was deleted to generate u3725 (Fig. 1),
suggesting that the En response of u4734 might be due to this region. We identified closely

situated matches to core consensus binding sites for both En and Exd at two places within
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this region. We therefore conducted an in vitro analysis of binding by these proteins to the
region between —-3.9 and —-3.4 kb.

We used overlapping 150-200 bp probes to survey the entire region for binding by
En/Exd/Hth (Fig. 6A and B). We saw very strong binding to probe B1, which contains both of
the regions (Bla and B1b, for sequence see Fig. 7 and Fig. S1) that have closely situated
matches to En and Exd consensus sequences. In addition, we saw considerably weaker
binding to probes B2 and B3 (Fig. 6A, B). We then used competition assays to confirm the
relative binding strengths of these probes. Cold B1 competed much better for labeled B1
than did either cold B2 or B3, and competition by B4 and B5 was minimal. We introduced
mutations that changed both the En and Exd consensus sequences within Bla, and
separately within B1b, and tested the effects in vitro in two ways. First, we labeled the
resulting B1 mutant probes and tested their ability to support cooperative binding, and
second, we tested their ability to compete with unmutated, labeled B1 probe for binding. We
found that mutating either pair of En-Exd consensus sites reduced binding by En/Exd/Hth,
while mutating both pairs almost abolished both direct binding (Fig. 6B, left panel) and the
ability to compete with labeled B1 for binding (right panel). The Bla region is very well
conserved among Drosophila species, while the B1b region is not well conserved. We
analyzed B1la directly for binding in vitro, and found that it supported strong, cooperative
binding by En with Exd/Hth (Fig. 6C and D). We also tested binding to B1b in vitro, and
found that although it bound En alone about as well as did Bla, cooperativity with Exd/Hth
was considerably weaker than for either Bla or for the two sites identified within i1523, Ala
or A2a (Fig. 6A and data not shown). That cooperativity on B1b is weaker than on A2a is
based on the fact that B1b binding by En alone or by Exd/Hth alone was greater than A2a
binding. Despite this, binding of the cooperative complex by the two sites is similar. This can
be explained by a greater cooperativity of En with Exd/Hth on A2a.

We next identified clustered point mutations within the consensus sequences of Bla
that virtually eliminated binding (Fig. 6C and D), and introduced one of these (M1, Fig. 6C)
into the u4734-lacZ transgene for analysis in vivo. We found that mutating Bla causes
derepression in the En domain that is indistinguishable from the effect of deleting the entire
region from —3.9 to —3.4 kb (Fig. 5, u4734-mutl vs. u4739). Thus, this conserved,
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cooperative binding site is essential for En-dependent repression of u4734, despite the
existence of another set of nearby consensus binding sites (in B1b, Figs. 6A and 7).

We directly compared the affinities of the 4 En/Exd/Hth binding sites that we localized
within 11523 and u4734 using competition assays. We quantified the amounts of Bla, Blb,
Ala and A2a required to compete with labeled Bla for binding by En/Exd/Hth (Fig. 6E and
F). The results show that Ala has a comparable, slightly higher affinity than does Bla, while
A2a and B1b have lower affinities that are very similar to each other. All of these relative
affinities, including those of the negative controls AO-1 and A0-2, are entirely consistent with
the apparent relative affinities from the direct binding assays (Figs. 3C—E and 6A and D).
Thus, Ala (functionally important but redundant with A2a) and Bla (essential) have clearly
higher affinities than either A2a (functionally important but redundant with Ala) or B1b

(nonessential), which are very similar to each other.

The highly cooperative En/Exd/Hth binding sites Bla, Ala, and A2a are each

sufficient for repression within the En domain

Deletion of the En repression module from CRM u4734 to generate u4739 causes
strong derepression in the En stripes (Fig. 5). We asked whether the identified En/Exd/Hth
binding sites are sufficient to substitute for this repression module. When a 40-50 bp
conserved block of genomic sequence (see Fig. S1) containing either of the highest affinity
sites, Ala or Bla, was added to the 3’ end of u4739 in the context of the u4739-lacZ
transgene, pgal expression was excluded from the En stripes. Slight derepression was
observed in a few cells relative to u4734, which contains the entire repression module (Fig.
7A, top 4 rows, and Fig. 7B). The lower affinity but highly cooperative site A2a was slightly
less effective, with significantly more cells showing weak derepression (Fig. 7A and B). In
contrast, the lower affinity and less cooperative site B1b (in a 40 bp natural context) was not
sufficient to confer repression in the En domain, but was derepressed almost as completely
as u4739 (Fig. 7A and B).
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Discussion

slp CRMs contain distinct Eve- and En-responsive regions

Consistent with the fact that Eve is expressed earlier than En, with some overlap at
embryonic stages 8-9, slp CRMs tended to respond to ectopically expressed Eve at earlier
stages than to En (Fig. 1). Our transgenic dissections further showed that they have distinct
responsive regions within CRMs, suggesting that many of their binding sites are distinct (Fig.
1 and 2). This is somewhat surprising because they are both homeodomain-containing
repressors that set the posterior borders of slp stripes, and they have been seen to have
similar in vitro binding specificities (Hoey and Levine, 1988). A possible explanation is that
they cooperate in DNA binding with different cofactors, making their functional sites distinct.
Despite detailed analyses of Eve function in segmentation, no candidate co-factors for
specifying target genes have emerged.

A recent study showed that CRM u8172 drives ectopic expression within odd-
numbered parasegments in cells that normally do not express detectable levels of slp RNA.
However, when combined with the promoter-proximal CRM u3125, which drives properly
restricted expression within even-numbered parasegments, ectopic expression is repressed,
suggesting that an Eve-responsive element resides within this region (Prazak et al., 2010).
Consistent with these findings, transgenes containing this region (u3925, u3725, Fig. 1)
responded to ectopically expressed Eve (Fig. 1), and rescue-type transgenes carrying u8172

without this region drove ectopic Slp, causing embryonic defects (Fujioka and Jaynes, 2012).
Cooperativity and functional redundancy

Recently, we found that a striking number of distinct CRMs surrounding the slpl
transcription unit drive expression that overlaps in both space and time. Extensive dissection
of this regulatory region and rescue of slp mutants with various transgenes suggested that
apparent redundancy may be necessary to provide fully functional levels of expression
across the various stages of slp expression. Here, we have shown that there are functionally
redundant En/Exd/Hth binding sites within CRM ul1523. In vitro binding analysis identified a
strongly cooperative binding site (Ala, Figs. 3, 4) and a weaker, but still highly cooperative

site (A2a, Figs. 3, 4). Despite the apparent difference in in vitro binding affinity, either site is
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sufficient to confer repression in the En domain (Fig. 7), and both sites must be mutated to
cause significant derepression (Fig. 4). Thus, apparent redundancy exists at multiple levels
in slp regulation. Whether apparent redundancy at this level has a function in increasing the
robustness of functional gene expression within the organism, as does apparent redundancy
among multiple enhancers regulating the same gene (Frankel et al., 2010; Perry et al., 2010),
remains to be determined. Furthermore, cooperativity with cofactors in vitro seems to be a
significant indicator of function in vivo, in addition to affinity. We found that while the B1b site
has the same apparent affinity as A2a (Fig. 6F), A2a confers considerably stronger
repression activity (Fig. 7), and shows greater cooperativity in binding by En with Exd/Hth
(Figs. 3E and 6F, described in Results). The discrepancy between relative affinity and
functionality may be attributed to the challenge of reproducing functional binding conditions in
vitro, where protein-protein interactions leading to cooperativity may be less sensitive to the
differences in conditions than are protein-DNA interactions. Relatedly, competition with a
variety of DNA binding proteins in vivo for sites on the DNA may lead to a greater reliance on
cooperativity in vivo for occupancy of functional sites.

Previous studies indicated that En requires the Hox co-factors Exd and Hth to
efficiently repress slp, especially in the anterior half of the embryo (Alexandre and Vincent,
2003; Kobayashi et al., 2003), and En was found to act cooperatively on target sites in the
distalless gene with both Exd/Hth and posteriorly-expressed Hox gene products (Gebelein et
al., 2004; Lelli et al., 2011). Although it remains possible that the relatively weak, yet
functional binding site (A2a) within i1523 might bind En with other cofactors in addition to
Exd/Hth, our dissection and construction experiments with this and other sites have not
revealed any clear anterior-posterior differences in their activity that might suggest a
functional interaction with cofactors such as Hox proteins that are restricted in expression
along the anterior-posterior axis. Nonetheless, previous studies suggested that regulation of
slp by En might utilize posterior-specific factors (Alexandre and Vincent, 2003; Kobayashi et
al., 2003). Further analysis will be required to more fully explore this possibility.

The relative arrangement of consensus En and Exd sites that facilitate cooperative
binding appears to be quite flexible. For example, the A2a site contains no canonical
consensus core for En binding (ATTA), while for the other two functional sites, the distance

between the centers of the En and Exd sites is 10-12 bp for Ala (Figs. 3, 7) and only 2 bp for
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Bla (Fig. 7). The latter is reminiscent of En-Exd/Hth binding in distalless (Gebelein et al.,
2004), where simultaneous Hox binding occurs, although the position of the En site is on the
opposite side of the Exd core consensus ATCA. This relative arrangement of En and Exd
sites (En binding 5’ of the Exd core ATCA) is seen for all of the functional sites analyzed here
(Figs. 3, 6, and data not shown from a limited mutational analysis of A2a). This arrangement
is similar to the relative positions of Hox and Exd binding to sites where there is no En
involvement (Slattery et al., 2011; Uhl et al., 2010). The flexibility overall is consistent with
that seen for Exd/Hth binding in conjunction with the Hox gene products (Uhl et al., 2010),
and suggests that while homeodomain family transcription factors are able to function
combinatorially in vivo on a wide variety of binding sites, there are significant constraints on
the positions of contact by the individual homeodomains. A full understanding of the
similarities and differences between En binding in conjunction with Exd and Hth, and Hox
binding with these cofactors, will require further investigation.

We found that the highly cooperative, strong En/Exd/Hth binding site Bla was both
necessary and sufficient for repression of u4734 in the En domain. However, it did not fully
substitute for the entire repression element that contains it, located between —3.9 and —3.4 kb
from the slpl TSS (Fig. 7). This finding suggests that there may be other functional En
binding sites in this region. Consistent with this, in vitro binding suggested that other
subregions (B2 and/or B3, Fig. 6A) harbor some binding activity. Thus, like i1523, there may
be partial redundancy in En complex binding within u4734, despite the existence of a single

essential binding site.
Conservation of functional binding sites

We have established the functional significance of three cooperative En/Exd/Hth
binding sites within slp. Interestingly, two of them are well conserved among the 12 species
of Drosophila whose genomes have been sequenced (Clark et al., 2007), and the other site is
conserved within the more closely related species. The duplication that generated the twin
slp transcription units apparently took place before the divergence of these 12 species, as all
drosophilids (but not mosquitoes) contain two tandem slp-related protein coding regions
(Fujioka and Jaynes, 2012). This might suggest that the two conserved En/Exd/Hth sites

were duplicated along with the locus as a whole. It has been shown that Drosophila
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enhancers contain clusters of conserved sequences blocks (Brody et al., 2008; Kuzin et al.,
2009), and the two CRMs analyzed in this study contain such conserved sequence clusters.
However, the patterns of conservation in the regions surrounding the conserved En/Exd/Hth
sites do not suggest that they are directly related to each other. Furthermore, both CRMs are
more closely linked to slpl than to slp2. Clearly, there have been other chromosomal
rearrangements in the history of the slp locus, precluding a simple description of its evolution.

A recent study investigating the genome-wide distribution of En binding showed a
peak on i1523, but not on u4734 (Celniker et al., 2009; Negre et al., 2011). The data were
derived from 7-24 hr-old embryos, which were mostly at later stages than those at which
these CRMs are active. In addition, the data show peaks where our analysis has not
identified functional CRMs. Such sites may function to assist those within the core enhancer
regions, or they might be functional during larval or adult stages to keep slp in the off state.
Alternatively, they might not be functionally important. Further study will be required to
address these issues.
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Figures
A CRM: u8766 u8172 u8166 u8159|u7250 u5547 u5534 u4734 u4739 u3918 u3923 u3925 u3725 u3118 u2316|i1523
hs- | stage: 8-9 - - - - ND ND ND ++ ++ ++ ++ ++ ++ ++ + ND
Eve 10-11 - - - - ND - ND = + + + + - + = ND
hs- | stage: 8-9 - - - - ND ND ++ ++ - + + + — ND ++ ND
10-11 - - - - ++ ++ ++ ++ - ++ + + - ND + ++
u7250 green responds to hs-Eve at stages 8-9
”gggz —— red responds to hs-En at stages 10-11
u
L8766 L4734 blue responds to both
udl172 U4739 me— u2316 1523 =e—
u8166 U3725 me———
u8159 u3925
u3923
u3918
u3118

Fig. 1. Responsiveness of slp CRMs to ectopic Eve and En. A: 1strow: transgenic lines carrying
various CRMs. 2nd and 3rd rows: response to ubiquitous expression of Eve from an inducible
heat shock promoter at stages 8-9 and 10-11, respectively. 4t and 5t rows: response to
ubiquitous expression of En at stages 8-9 and 10-11, respectively. “++”, “+” and “-” indicate the
degree of repression: strong, moderate, and none, respectively. ND: not done. B: map of sip
stripe CRMs color coded with their responsiveness to ectopic Eve and En, as indicated in the

inset box.
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Fig. 2. Repression of CRM activity by ectopic En and Eve. Map at top: CRMs named in bold
italics drive a 14-stripe sip1-like pattern (Fujioka and Jaynes, 2012), adjacent to En stripes. The
red and blue filled boxes indicate CRMs where we identified functional En binding sites, as
shown in later figures. All rows: embryos carried the transgenic CRM-lacZ reporter indicated
across the top. 2nd and 4th rows: embryos also carried a heat shock-inducible transgene driving
ubiquitous En (21d row) or Eve (4th row) expression. Embryos were heat shocked and stained as
described in Materials and Methods. Note in the 2nd row that expression driven by each CRM
except u4739 is significantly repressed by En, and that all of the CRMs in the 4th row are
repressed by Eve, u2316 less completely so than the others, as indicated in Fig. 1.
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Fig. 3. Cooperative binding by Engrailed, Extradenticle and Homothorax to En-responsive CRM i1523. A:
conserved consensus sites for En (blue box), Exd and Hth (green box) located near each other within i1523. B:
summary of in vitro binding to probe Ala and mutated versions. Indicated to the right of each probe sequence
is the strength of complex formation by En+Exd+Hth (“En/E/H”), En alone, or Exd+Hth (“E/H”) relative to that
for Ala (arbitrarily set at “+++”) as determined by EMSA (see Materials and Methods). Examples (WT, M6 and
M?7) are shown in D. C: summary of in vitro binding to probes from region A by En+Exd+Hth. Relative strength
of binding in EMSAs is indicated by colors, listed in the inset. Examples are shown in D-F. D: binding to probe
Ala and mutant versions 6 and 7 (as indicated at the bottom, M6 and M7 in B, respectively) by Exd+Hth, En,
and a combination of all 3, at 3 different concentrations of En (as indicated at the top, see Materials and
Methods). The position of the main cooperative complex seen with all 3 proteins (which comigrates with the
En complex) is indicated by a filled arrowhead, and the position of the Exd+Hth complex by an open
arrowhead. Note that binding to Ala by all 3 proteins is cooperative, and that there is virtually no cooperative
complex with either mutant version. E: binding to other probes in region A (diagrammed in C, as indicated at
the bottom) by Exd+Hth, En and a combination of all 3, at 2 different concentrations of En (as indicated at the
top). The position of the main cooperative complex seen with all 3 proteins is indicated by a filled arrowhead,
and the position of the Exd+Hth complex by an open arrowhead. Note that binding to A2a by all 3 proteins is
cooperative, but weaker than binding to Ala (in D), that binding to A1-1 (which contains Ala) is cooperative,
and is eliminated by mut7, which has altered only the 4 nt within Ala shown in B (“M7”). F: binding to large,
overlapping probes A0-A5 (as indicated at the top) by a combination of all 3 proteins (lanes marked “+” at the
top). The position of the main cooperative complex is indicated by a filled arrowhead. Note that binding to A1
is by far the strongest, but that there is also detectable binding to A2 (which contains A2a and A2-1, shown in
E), A5, and AO.
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11523-lacZ Ala-mut A2a-mut Ala-,A2a-mut

: ----

Fig. 4. Redundant function of En/Exd/Hth binding sites within i1523. Reporter transgenes with
CRM i1523, and En/Exd/Hth site-mutated forms, driving lacZ are indicated across the top. pgal
expression is visualized in green, and En in red, using appropriate antibodies. Note that pgal
expression driven by 11523 is mostly non-overlapping with En stripes, although there is some
overlap in dorsal regions, and that 3gal overlaps extensively with En when both binding sites are
mutated (Ala-,A2a-mut), but not when either one alone is mutated (Ala-mut, AZa-mut).
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u4734 u4734-mutt u4739

Fig. 5. An essential conserved En/Exd/Hth consensus binding site in u4734. Reporter
transgenes were driven by the CRMs indicated across the top. lacZ mRNA was visualized in red
and en mRNA in green using FISH. Note that u4734-mutl, which includes a mutation (M1)
within the cooperative En/Exd/Hth binding site Bla (see Fig. 6), as well as u4739, drives
extensive expression within the en stripes, while u4734 does not.
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Fig. 6. Cooperative binding by Engrailed
Extradenticle and Homothorax to En-

responsive region B within CRM u4734. A:
summary of in vitro binding to probes from
region B by En+Exd+Hth. Relative strength
of binding in EMSAs is indicated by colors,
listed in the inset. Examples are shown in B
and D. B: Left panel: binding to large
labeled (“hot”) probes in region B by
En+Exd+Hth (lanes labeled with “+”). The
labeled probes used are indicated across
the top: under Blmuts, “a” has the M1
mutation within Bla (shown in C), “b” has a
mutation within B1b that destroys
cooperative binding (data not shown), and
“ab” has both. The position of the main
cooperative complex is indicated by a filled
arrowhead. Right panel: competition for
binding to B1 by B1-B5 and by mutant
versions of B1, as indicated across the top.
Note that B1 competes very effectively,
while other oligonucleotides are less
effective. Under Blmuts, B1 carrying
mutations “a”, “b”, or both (“ab”) was used
as unlabeled (“cold”) competitor. C:
summary of in vitro binding to probe Bla
and mutated versions. Indicated to the
right of each probe sequence is the
observed strength of complex formation by
En+Exd+Hth (“En/E/H"), En alone, or
Exd+Hth (“E/H”) relative to that for Bla
(“WT”) as determined by EMSAs, some of
which are shown in D. D: binding to probe
Bla and mutant versions (indicated at the
bottom), and to B1b, by Exd+Hth, En and a
combination of all 3, at 2 different
concentrations of En (as indicated at the
top, see Materials and Methods). The
positions of cooperative complexes formed
with all 3 proteins are indicated by filled
arrowheads, and the position of the
Exd+Hth complex by an open arrowhead.
Note that binding to B1la by all 3 proteins is
cooperative, that there is virtually no
cooperative complex with either mutant
M1, M2, or M5, and that binding to B1b
appears weaker and less cooperative than
binding to Bla. E: competition for binding
by En+Exd+Hth to Bla by unlabeled
oligonucleotides representing the sites
listed across the top, at about 3, 15, and 75-
fold molar excess over probe (Bla) from
left to right in each case. Oligo sequences
used were as follows: Bla:
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CGCATGGACAACTTAATCAATAAGTCGCAGTC, Ala: GCAAACAACTAATTAAGTCATCAGGATGAAAG, A2a:
ATGAGGTTCAAAATGAGCCATCACCCATTGAC, B2a: GGTGTGGAACTGATCAATTATAGTGGGTGTTG, A0-1:
ACACTTGAAAAATATTCATCAGTGAATAAGac, AO-2: tTCTTTTTCCGTTGACCATCAGCTGCTGTCCa. Note that both Ala and Bla
compete very well, while A2a and B1b compete somewhat well, and A0-1 and A0-2 compete relatively poorly. F:
Quantitation of competition binding assays. Three trials of the competition assays shown in E were quantified using
densitometry and Image ] software. The averages and standard deviations of the fraction of probe bound at each
concentration of competitor are plotted, for the oligonucleotides listed in the inset. Note that Ala competes best,
indicating that it has the highest affinity for the combination of En+Exd+Hth at the concentrations used, Bla
competes only slightly less well, while A2a and B1b each show an ability to compete that indicates an intermediate
affinity, and AO-1 and A0-2 show little ability to compete at these concentrations.
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derivatives, as indicated

] 5 ¥ & on the left. pgal
u4739 - : . . T * expression was

; 4 3 'l L & 2 visualized in green, and
En in red, using
appropriate antibodies.
1strow, u4734; 2nd row,

Engrailed

Bgal + En Fig. 7. Conserved

u4739 g Y u4739; 3rd-6th rows: 40
+ s w |3 s : - 50 bp conserved
Ala sequence blocks
containing the
En/Exd/Hth binding
sites Ala, Bla, A2a, and
u4739 £ % | A B1b, respectively,

attached to the 3’ end of
u4739 (sequences given
at the bottom; see also
Fig. S1). Note that most
of the derepression of
u4739 & 3 FER t 1% Bgal in the En domain

4 2 B¢ £ | TR with u4739 was reversed
by addition of Bla, Ala,
and A2a, but not B1b,
which remains similar to

E & $ ¢ % u4739. Bottom:

u4739 ; % : | o : : sequences added to

+ u4739 in each case, with
B1b Exd core consensus
sequences aligned (bold),
Ala: AGCAAACAACTAATTAAGTCATCAGGATGAAAGCAAGTTGCTG and En core consensus
Bla: CCAACCGCATGGACAACTTAATCAATAAGTCGCAGTCGCGCCC sequences underlined.

B: Quantitation of
repression by binding
— sites in A. Reporter gene
expression in individual

B Reporter gene derepression in the En domain cells within En stripes
80 was assessed as

weak described in Materials

.strong gnd Methoc.is apd

60 illustrated in Fig. S2.

Three levels of
expression were
& distinguished: none
detected, weak
20 expression (clearly
| below that seen within
L i s i endogenous sip stripes),

u4734 u4739 +Ala +Bla +A2a +Blb
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and strong expression (comparable to that within slp stripes). The percentage of cells showing either strong or
weak expression was averaged over at least 4 microscopic fields (at least 450 cells total, from at least 4 different
embryos), and this average is graphed, along with the corresponding standard deviation.
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Fig. S1. Sequences of transgenes and probes used in Fujioka et al., 2012.

transgenes | relative to TSS |R. enzyme sites Flybase (r5.22)
and probes of slp7 (nt) 5' 3' coordinates sequence of: 5'end 3' end, reverse complement
u8766] -8713 -6509 3816967 3819171 |raGAGCCTTCARAGGTTTGCTARAGTTT GGCTAACTGACTCAAGTACTAGTTGAAATC
u8781| -8713 -8072 Bgl2| 3816967 3817608 |rAGAGCCTTCAAAGGTTTGCTARAGTTT — |GATCTTCAATCACATCCCTTTGCG
u8172| -8075 -7148 Bgl2 EcoRI| 3817605 3818532 |cATCcTTCAGGATATTTCAGCACATGCAT AATTCGTCGCAGTGCTAGGATTTTC
u8166| -8075 -6509 Bgl2 3817605 3819171 |cATCTTCAGGATATTTCAGCACATGCAT — |GGCTAACTGACTCAAGTACTAGTTGAAATC
u8159| -8075 -5868 Bgl2 Pvu2| 3817605 3819812|cATCTTCAGGATATTTCAGCACATGCAT CTGGCAAATTTTTGATGACCAATGGTTGAG
u7250| -7174 -4993 3818506 3820687 JcTcAAAATCCTAGCACTGCGACGAATTC CGCCTTATCATCGTCGCCGTGATTTTC
u5534| -5512 -3440 3820168 3822240)ccerccAcAGTCCACAGTCCGCAGGA CTGCACTTCAGGTAGTGGGGGTAAATC
u5547] -5512 -4671 Nhe1] 3820168 3821009 cceTccAcAGTCCACAGTCCGCAGGA CTAGCTCCCTTCACTCTTCTTCGAT
u4734| -4675 -3440| Nhe1 3821005 3822240 ccTAGCTGGGAGATTGATCTACGAAT CTGCACTTCAGGTAGTGGGGGTAAATC
u4739] -4675 -3937| Nhe1 Nsi1] 3821005 3821743 )6cTAGCTGGGAGATTGATCTACGAAT TAAAAACCTGGAAGGATCTCGTCGGCT
u3918] -3929 -1777 3821751 3823903 rcTcT6eCAATCCCGATGCCARCCGCA ACAATGGAGGAGTTGGGAAGAAAAAA
u3925] -3929 -2522 Aat2] 3821751 3823158 rercreceaaTcecearcccaaccaea CGTGGTAAAACGAATTGATTAGCGA
u3931] -3929 -3056 3821751 3822624 |rcTcTGGCAATCCCGATGCCAACCGCA ATCTTCGGCATTTGTCGCGCACAGC
B1| -3929 -3750 3821751 3821930 rcrcreceaaTcecearece GCCTTTGACAACTTTATAGC
B1a] -3911 -3869 3821769 3821811 ccaaccGecATGGACAACTTAATCAATAAGTCGCAGTC GCGCCC
B1 mut a CCAACCGCATGGCCAACTCGCGCAATAAGTCGCAGTCGCGCCT
B1b] -3841 -3800 3821839 3821880)6r6ccTceeTGTGGAACTGATCAAT TATAGTGGGTGTTGACT
B1 mut b GTGCCTCGGTGTGGAACTGCGCACGTATAGTGGGTGTTGACT
B2| -3809 -3630 3821871 3822050|)cererreacreracecTee ATGTTCTCCTCTTCAAAGGC
B3| -3689 -3519 3821991 3822161 |rTeACACACATATGGTTAGG GAATGAGCATCTCGAAAGCG
B4| -3569 -3402 3822111 3822278 |cararrraTcrTTcarcTe GCCTTTACGATCTGGTTTCAC
ceeeo...BS| 3454 232700 | 3822226 ___3822410fcraccreaacrocacartrese _____ [ATcAceTCCITTCACTCOSGC |
u3118| -3055 -1777| EcoRV 3822625 3823903 |aTccTeCTGATGTCGCAGCCATGTGACA ACAATGGAGGAGTTGGGAAGAAAAAA
u3125] -3055 -2522| EcoRV Aat2] 3822625 3823158 |arccrecTeATGTCGCAGCCATGTGACA CGTGGTAAAACGAATTGATTAGCGA
u3923| -3929 -2303 3821751 3823377 |rTcTeGCAATCCCGATGCCARCCGCA GCACACTGCATAGAGTAATGGGTAATTCGA
u3725] -3679 -2522| Nde1 Aat2] 3822001 3823158 |TATGGTTAGGAAATAAAATAAAATTTAGAT |CGTGGTAAAACGAATTGATTAGCGA
u2316] -2324 -1648 EcoRV| 3823356 3824032 |cccATTACTCTATGCAGTGTGCATAAA ATCTTAGACAACTTGACAAAACAATCA
u1609] -1647 -941| EcoRV Nru1| 3824033 3824739 |aTcAAACGCACAGTGCCGCCGACAAGTA CGACAGATTTGCGAATTAGTTCTGGG
......u0900y  -940 121} Nrut | 3824740 ___3825800)cennacracancanarceess | |ATTTCACTTTTCACCATITITCTIGATT
sTmRNA[ 1 Tass| T sezse80 3eerid7| |
A0 1515 1692 3827194 3827371 |T1GGATCGAGTTATCGACAC (C)GCTGGAGGAAGCTGGGTAAATA
A0-1 1531 1560 3827210 3827239 |acacTTGAAAAATATTCATCAGTGAATAAG
A0-2 1618 1647 3827297 3827326 JrcTrTTTCCGTTGACCATCAGCTGCTGTCC
A0-3 1515 1562 3827194 3827241 |rrecarceac
A0-4 1559 1618 3827238 3827297 |acacrraaTc
A0-5 1642 1692 3827321 3827371 |ccrerecace
A1 1601 1800 3827280 3827479|creacaacTcaccacerTeT TTTTGAACCTCATCCTCTGGC
Ala 1689 1730 3827368 3827409 caccaacTrecTTTCATCCTGATGACTTAATTAGT TGTTTGC
A1a’ 1695 1737 3827374 3827416 |crrecrrrea
A11 1672 1768 3827351 3827447 |arrracceac
A2 1739 1898 3827418 3827577 |ccGGCARACATGAAAATGATTC CGGATCGTACCTGCGGTGCCC
A2a 1788 1829 3827467 3827508 )arcaceTTCAAAATGAGCCATCACCCATTGACT CGATTTTGT
A2a-mut ATGAGGTTCCGACTGAGCAGGCACCCAGGTTCTCGATCGTGT
A2-1 1815 1897 3827494 3827576 |rreacrcear
A3 1841 2020 3827520 3827699 |carccccacreacaacrce AGTGTGCCCGCTGGACAGAG
A4 1961 2108 3827640 3827787 |carcanccccaceeacaee CCCAGTGTAGCGCACATATTAG
A5 2081 2284 3827760 3827963 rcrrancraaTarcrecee GTCCCTGGCTTACGCTGTG
1523 1517 2293 Stu1] 3827196 3827972 |cGATCGAGTTATCGACACTTGAAAAA CCTAGAAAAGTCCCTGGCTTACGCT
i2330 2291 3007 Stu1 3827970 3828686 |aceccrcanrrreasacare GGTAACCCCAACCTGTTAACTGATTTA
p-hs-FLAG-eve sequence of coding region 5' end AGATCTCCAAACATGGACTACAAGGACGACGATGACAAGGCTAGCATGCACGGATACCGA..

in pCaSpeR-hs

Bgl2 Met FLAG

Nhel Met-eve coding

Column headings indicate the information contained therein. For B1a, italicized sequences are included in the transgene of
Fig. 7 but not the probes of Fig. 6C,D. For Bla mut a, mutations (indicated by bold, underlined) were incorporated into the
probes of Fig. 6B and within the u4734-mut transgene in Fig. 5. For B1b, italicized sequences are included in the transgene of
Fig. 7 but not the probes used to test binding in vitro. For B1 mut b, mutations (bold, underlined) were incorporated into
the probes of Fig. 6B. For Ala, italicized sequences are included in the transgene of Fig. 7 but not in the probes used in Fig.
3B,D. For A2a, italicized sequences are included in the transgene of Fig. 7 but not in the probe used in Fig. 3E. For A2a-mut,
mutations (bold, underlined) were incorporated into the A2a-mut and the Ala-,A2a-mut transgenes in Fig. 4.
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Fig. S2, Fujioka et al., 2012. Quantifying reporter gene derepression in the En domain.

Circled cells are En-positive (brown anti-En staining), and were scored for lacZ RNA
expression (purple staining); arrows indicate examples of cells scored within each
of the three categories of lacZ expression represented in Fig. 7B, as follows:
&'no laczZ (-) K weak lacZ (+) & strong lacZ (++)

L A

C2-B1b DZ5#6m (a transgenic line carrying u4739-B1lb-lacZ)
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