
Comparing anterior and posterior Hox complex formation reveals
guidelines for predicting cis-regulatory elements

Juli D. Uhl1,2, Tiffany A. Cook1,3, and Brian Gebelein1,4
1 Division of Developmental Biology, Cincinnati Children's Hospital, 3333 Burnet Ave, MLC 7007,
Cincinnati, OH 45229
2 Graduate Program in Molecular and Developmental Biology, Cincinnati Children's Hospital
Research Foundation, 3333 Burnet Avenue, Cincinnati, OH 45229
3 Department of Pediatric Ophthalmology, Cincinnati Children's Hospital Medical Center, Cincinnati
OH 45229

Abstract
Hox transcription factors specify numerous cell fates along the anterior-posterior axis by regulating
the expression of downstream target genes. While expression analysis has uncovered large numbers
of de-regulated genes in cells with altered Hox activity, determining which are direct versus indirect
targets has remained a significant challenge. Here, we characterize the DNA binding activity of Hox
transcription factor complexes on eight experimentally verified cis-regulatory elements. Hox factors
regulate the activity of each element by forming protein complexes with two cofactor proteins,
Extradenticle (Exd) and Homothorax (Hth). Using comparative DNA binding assays, we found that
a number of flexible arrangements of Hox, Exd, and Hth binding sites mediate cooperative
transcription factor complexes. Moreover, analysis of a Distal-less regulatory element (DMXR) that
is repressed by abdominal Hox factors revealed that suboptimal binding sites can be combined to
form high affinity transcription complexes. Lastly, we determined that the anterior Hox factors are
more dependent upon Exd and Hth for complex formation than posterior Hox factors. Based upon
these findings, we suggest a general set of guidelines to serve as a basis for designing bioinformatics
algorithms aimed at identifying Hox regulatory elements using the wealth of recently sequenced
genomes.
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Introduction
Hox genes encode a widely conserved family of transcription factors that control diverse cell
fates by directly regulating the expression of downstream target genes (Mann et al., 2009;
Pearson et al., 2005). Species across numerous phyla contain anywhere from five to thirty-nine
Hox genes that are often clustered on chromosomes (Carroll et al., 2001; Duboule, 2007;
Garcia-Fernandez, 2005; Lemons and McGinnis, 2006). Hox genes are differentially expressed
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along the developing anterior-posterior axis of individuals to specify diverse cell fates of
specific organs and morphological structures. Between species, the modification of Hox gene
numbers (duplication and deletion), Hox gene expression patterns, and/or Hox protein
functions are thought to underlie many of the morphological changes observed in divergent
body plans (Carroll et al., 2001; Galant and Carroll, 2002; Garcia-Fernandez, 2005;
Ronshaugen et al., 2002). In addition to their role in development, Hox genes are widely
expressed in adult life and play key roles in vertebrate hematopoiesis with altered Hox activity
being directly linked to human leukemia (Lawrence et al., 2005; Lawrence et al., 1997;
Lawrence et al., 1999; McGonigle et al., 2008). Thus, determining how Hox factors identify
the appropriate set of target genes is critical for better understanding development, evolution,
and disease.

Hox transcription factors have two defining molecular features: a highly conserved
homeodomain that binds DNA, and a short pentapeptide motif (usually containing YPWM
residues) N-terminal to the homeodomain (Chang et al., 1996; Chang et al., 1995; Lu and
Kamps, 1996; Mann, 1995; Phelan et al., 1995). The homeodomain folds into three α-helices
with the third helix contacting nucleotides in the major groove of DNA (Qian et al., 1989; Qian
et al., 1993). Since each Hox factor performs highly specific functions in vivo, it was initially
predicted that each would bind a distinct set of nucleotides. However, numerous studies over
the past twenty years have established that Hox factors bind short stretches of AT-rich DNA
(TNAT) with relatively low specificity in vitro (Affolter et al., 2008; Berger et al., 2008; Ekker
et al., 1994; Noyes et al., 2008). Thus, a fundamental question remains: how do Hox
transcription factors direct region specific cell fates in vivo when they bind similar DNA
sequences in vitro?

One answer to the question of target specificity is that Hox factors form transcription factor
complexes on DNA. The two best-characterized Hox co-factor proteins are Extradenticle (Exd,
Drosophila) and Homothorax (Hth, Drosophila) and their vertebrate homologues Pbx and
Meis, respectively (Burglin, 1997; Mann and Affolter, 1998; Moens and Selleri, 2006). Exd
and Hth have C-terminal TALE homeodomains that contain a three amino acid loop extension
between their first and second α-helices. Biochemical and crystallographic studies revealed
that the Exd TALE motif forms a hydrophobic pocket that mediates interactions with the Hox
pentapeptide to cooperatively bind adjacent DNA sites (Chan et al., 1994; Joshi et al., 2007;
LaRonde-LeBlanc and Wolberger, 2003; Passner et al., 1999; Piper et al., 1999). Although the
exact domains of interaction between Hox and Hth are not as clear, Hth also interacts with Hox
factors on adjacent DNA binding sites (Shen et al., 1997). Since Exd binds a core sequence of
TGAT and Hth binds a consensus sequence of TGACAG, the interactions between Hox
proteins and these cofactors expand their DNA binding footprint and enhance DNA binding
selectivity (Chang et al., 1997). In addition, Exd and Hth are obligate heterodimers that require
each other for their in vivo activities (Abu-Shaar et al., 1999; Rieckhof et al., 1997). Exd-Hth
interactions through conserved N-terminal domains thereby add further flexibility to the
formation of transcription factor complexes with Hox proteins as Hox/Exd/Hth, Hox/Hth/Exd,
and even Hox/Exd/Hth/Hox complexes form on DNA (Chan et al., 1997; Ebner et al., 2005;
Ferretti et al., 2005; Gebelein et al., 2002; Gebelein et al., 2004; Jacobs et al., 1999; Li-Kroeger
et al., 2008; Manzanares et al., 2001; Popperl et al., 1995; Ryoo and Mann, 1999; Ryoo et al.,
1999; Samad et al., 2004; Tumpel et al., 2007). Thus, three direct protein-protein interactions
(Exd-Hox, Hth-Hox, and Exd-Hth) contribute to the cooperative formation of higher-order
Hox transcription factor complexes with enhanced target selectivity and affinity.

The formation of large Hox transcription factor complexes in which each protein binds specific
DNA sequences suggests it may be possible to predict cis-regulatory elements from primary
DNA sequences. With the large amount of genomic sequence data available from a broad range
of organisms, the successful application of a bioinformatics approach has the potential to
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illuminate the Hox target genes required for animal development as well as many of the Hox-
mediated changes underlying morphological evolution between species. However, to
accurately predict target sites, one needs to first understand the DNA sequence requirements
for the formation of active Hox complexes. In this study, we begin to address this problem by
performing a comparative study on eight confirmed Hox target sites identified in vertebrates
and Drosophila melanogaster. Through a combination of protein and DNA site mutations, we
find that a great deal of flexibility exists in forming Hox complexes with Exd and Hth. However,
we have uncovered differences between the formation of anterior and posterior Hox complexes
and suggest several general rules that should aid future efforts aimed at identifying new Hox
target sequences.

Materials and Methods
Expression Vectors and Protein Purification

The following constructs were used to generate the Hox and Exd/Hth proteins for this study:
His-Lab (Chan et al., 1996), His-Abd-A (Ryoo and Mann, 1999), His-Scr (Ryoo and Mann,
1999), His-Exd (Chan et al., 1997), His-Hth (Ryoo et al., 1999), Exd (untagged) (Gebelein et
al., 2002), Hth (untagged) (Gebelein et al., 2002), His-Exd51A (Li-Kroeger et al., 2008), and
His-Hth51A (Li-Kroeger et al., 2008). The Hox expression constructs were transformed in
BL21 bacteria. Exd/Hth heterodimers were produced by co-transformation of a His-tagged
Exd (or Hth) construct (pET14b, ampicillin) with an untagged Hth (or Exd) construct (pET9,
kanamycin) placed under double antibiotic selection. Bacteria were grown in 100 mL of LB
liquid culture to log phase, and induced using 0.2 mM IPTG for 1.5 hrs at 37°C. After
centrifugation, bacteria were resuspended in 5 mLs lysis buffer (50 mM Tris, pH 7.5; 100 mM
NaCl, 20 mM imidizole), and lysed on ice using sonication (4 × 20 seconds). Glycerol (final
concentration of 10%) and Igepal (NP-40) detergent (final concentration of 0.5%) were added
and samples incubated for five minutes with gentle rocking. Membranes and cellular debris
were pelleted in eppendorf tubes (20 minutes at 13,000 rpm) at 4°C. Proteins were bound to
450 uLs of washed Ni-agarose beads with gentle rocking for 1.5 hrs at 4°C, washed three times
with lysis buffer plus glycerol/Igepal, and eluted with the same buffer fortified with 250mM
imidizole. Samples were dialyzed against 500 mL binding buffer (50 mM Tris, pH 7.5; 100
mM NaCl, 1 mM MgCl2, 10% glycerol) for 4 hrs at 4°C. Protein concentrations were measured
by the Bradford assay and confirmed by SDS-PAGE and Coomassie blue analysis.

Oligonucleotides and Probe Preparation
The forward and reverse complement oligonucleotides of the DMXR, RhoA, Lab48/95, EVIII,
Hoxb1 R3-PM2, Hoxb2-PP2, Hoxa2 PM-PH2, and Hoxa3 PHP1 probes used in EMSA
analysis are shown in Figure 1. DMXR1 and DMXR2 sequences are shown in Figure 2A;
DMXR-Hox1m, -Hox2m, -Hox12m sequences are shown in Figure 2B; DMXR2-G>T and
RhoA T>G sequences are shown in Figure 3A; DMXR2-Exdm, -Hthm, and -Hox2m sequences
are shown in Figure 3B; DMXR1-Con, -ΔA, and −HoxC sequences are shown in Figure 4B;
RhoA-Exdm, -Hthm, and -Hoxm sequences were previously described (Li-Kroeger et al.,
2008). In each case, reverse complement oligonucleotides were synthesized and double-
stranded probes generated by annealing oligonucleotides to a final concentration of 1 uM in
STE buffer (100 mM NaCl, 10 mM Tris pH 8.0, 1 mM EDTA pH 8.0). 1.75 uLs of each
annealed oligonucleotide was end-labeled with T4 PNK and ATPγ-32P in a 5 uL reaction. The
kinase reaction was terminated using 95 uLs of TE-stop solution (10 mM Tris pH 8.0, 7 mM
EDTA pH 8.0).

Electromobility Shift Assays (EMSAs)
EMSAs were performed using native PAGE essentially as previously described (Gebelein and
Urrutia, 2001). In brief, 1 uL of labeled 32P probe was used in a 20 uL binding reaction (bringing
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the final concentration of probe to 8.75 × 10-10 M). The binding reaction buffer consisted of a
final concentration of 10 mM Tris, pH 7.5; 50 mM NaCl; 1 mM MgCl2; 4% glycerol; 0.5 mM
DTT; 0.5 mM EDTA; 50 ug/mL poly(dI-dC); and 200 ug/mL of BSA. For non-competition
EMSAs, protein samples (see figure legends for amount of each protein used) were gently
mixed with labeled probes, incubated at room temperature for 15 min, and run on a 4%
polyacrylamide gel for 75 min at 150V. For competition assays, the appropriate amount of cold
competitor was added with the 32P-labeled probe prior to the 15 min incubation. All
experiments were performed at least three times. The dried acrylamide gels were exposed to
phosphor-screens and densitometry was performed using ImageQuant 5.1 software.

Results
To better understand the sequence requirements for Hox factors to bind DNA with Exd and
Hth, we selected a set of Hox target sites from Drosophila and vertebrates for comparative
analysis (Figure 1). The Drosophila target genes include: the Distal-less element (DMXR) that
is repressed by the Abdominal-A (Abd-A) and Ultrabithorax (Ubx) Hox factors (A/U) in
abdominal segments (Gebelein et al., 2002;Gebelein et al., 2004); a rhomboid (rho) activation
element (RhoA) that is stimulated by Abd-A in the abdominal nervous system (Li-Kroeger et
al., 2008); a labial (lab) auto-regulatory element (Lab48-95) and an element (EVIII) from
CG11339 that are activated by Lab within the gut endoderm (Ryoo et al., 1999). The vertebrate
target sites include a Hoxb1 auto-regulatory element (Hoxb1-R3-PM2) and elements within
other anterior Hox genes (Hoxb2-PP2; Hoxa2-PM-PH2; and Hoxa3-PHP1), which are all
regulated by HoxB1 (a lab homologue) and the Pbx and Meis co-factors within the hindbrain
(Ferretti et al., 2005;Ferretti et al., 2000;Manzanares et al., 2001;Popperl et al., 1995;Tumpel
et al., 2007). Importantly, each cis-element has been experimentally verified as a Hox target
using a combination of genetic, DNA binding, and transgenic reporter assays.

Sequence comparisons between the eight cis-regulatory elements in Figure 1 reveals that while
each contains an Exd(Pbx), Hth(Meis), and at least one Hox binding site, the order, orientation,
and spacing among sites vary. For example, the two abdominal Hox targets contain neighboring
Hth/Hox sites whereas the Lab and HoxB1 targets contain Exd(Pbx)/Hox sites with a distant
Hth(Meis) site. Moreover, no specific order and/or orientation of the Hth(Meis) site relative
the Exd(Pbx)/Hox site is favored as all four possibilities are represented in the six Lab/HoxB1
targets. These data indicate that a great deal of flexibility exists in forming Hox transcriptional
complexes. However, as each site was studied independently, it is unclear how Hox complex
formation compares between sites and if there are significant differences between the formation
of anterior and posterior Hox complexes. In this study, we use a combination of protein and
DNA binding site mutations to compare and contrast the ability of the Abd-A and the Lab Hox
factors to form transcription factor complexes with Exd and Hth on their respective target sites.

Characterization of Hox tetramer formation on DMXR
Compared to other Hox-regulated elements, DMXR is unusual in that it contains Hox binding
sites close to both an Exd site (Hox1) and a Hth site (Hox2). Previous studies revealed each
independent Hox site is cooperatively bound by an Abd-A, Exd, and Hth complex, and that
altogether, an abdominal Hox/Exd/Hth/Hox tetramer forms on DMXR to repress Dll and
suppress leg development (Gebelein et al., 2004). However, it is unclear whether the two Hox
sites synergize to further enhance binding cooperativity during Hox complex formation. To
address this question, we compared the ability of Abd-A to form complexes with Exd and Hth
on probes containing all four binding sites (DMXR), the Hox1/Exd/Hth sites (DMXR1), or the
Exd/Hth/Hox2 sites (DMXR2, Figure 2A). Using a defined quantity of Exd and Hth with two
concentrations of Abd-A, we found the amount of DMXR bound (68% and 81%) was
approximately the sum of DMXR1 (47% and 62%) and DMXR2 (24% and 33%) (Figure 2C).
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Next, we analyzed the relative strength of Hox binding to each probe using unlabeled DMXR,
DMXR1, and DMXR2 to compete with labeled DMXR. As shown in Figure 2D, the ability to
compete for Hox complexes is in the following order: DMXR ≥ DMXR1 > DMXR2 with
DMXR2 being significantly weaker than both DMXR and DMXR1. These findings suggest
the Hox1 site mediates most of the cooperative binding to DMXR. Consistent with this idea,
mutation of the Hox1 but not the Hox2 site significantly compromised binding to DMXR
(Figure 2E). However, Hox1/Hox2 double mutations resulted in additional loss in competition,
demonstrating both sites can mediate Hox complex formation (Figure 2E). Importantly, these
DNA binding assays correlate well with transgenic reporter assays in Drosophila showing that
Hox-mediated repression on DMXR is more sensitive to mutations in Hox1 than Hox2 but
double mutations fully compromise gene repression (Gebelein et al., 2004). Nevertheless, these
data indicate that the binding of either Abd-A/Exd/Hth on DMXR1 or Exd/Hth/Abd-A on
DMXR2 is sufficient to mediate significant repression in vivo (Gebelein et al., 2004).

Comparing RhoA with DMXR2 – the role of Exd binding on Hth/Hox targets
While Abd-A directly regulates the expression of several other genes, only one has a confirmed
set of Exd, Hth, and Hox sites. The RhoA element within rhomboid contains Exd/Hth/Hox
sites that are bound by an Abd-A complex to stimulate gene expression in abdominal sensory
cells (Figure 1A) (Gebelein et al., 2004; Li-Kroeger et al., 2008). Like DMXR2, RhoA has
adjacent Hth/Hox sites that closely match a consensus sequence bound by the vertebrate Meis/
HoxA9 factors (Figure 3A, (Shen et al., 1997)). However, the RhoA site more closely matches
this consensus, as DMXR2 contains a single nucleotide difference at a constrained position
within the Hth site. RhoA and DMXR2 also differ in regards to the location of their Exd binding
sites. The Exd site in RhoA is directly adjacent to the Hth site, a configuration found in an
optimal Pbx/Meis binding site defined using selection assays in the absence of Hox factors
(TGATTGACAG, Pbx site is italicized; Meis site in bold (Chang et al., 1997)). In contrast,
DMXR2 has the same Exd site (TGAT), but in the opposite orientation and separated from the
Hth site by seven nucleotides.

To compare transcription factor binding to RhoA and DMXR2, we performed competition
assays with Exd/Hth in the absence and presence of Abd-A. As shown in Figure 3, RhoA has
much higher affinity than DMXR2 for both Exd/Hth and Exd/Hth/Abd-A complexes (Figure
3C-D). To determine if the single nucleotide change within the DMXR2 Hth site is sufficient
to alter binding, we performed gel shift assays using probes containing reciprocal nucleotide
changes: DMXR2 G->T and RhoA T->G. As shown in Figure 3D, DMXR2 can be made into
a significantly better Exd/Hth site by changing the G to T, but not to wild type RhoA levels.
Changing the T to G in RhoA also significantly compromises Exd/Hth binding, but again the
RhoA T>G change competes better than DMXR2. Surprisingly, however, neither RhoA T>G
nor DMXR2 G>T results in significant changes in competition for the Exd/Hth/Abd-A complex
(Figure 3C). Thus, enhanced Exd/Hth binding to RhoA is not sufficient to explain high affinity
Hox complex formation relative to DMXR2.

Prior biochemical studies showed that the vertebrate Meis/HoxA9 factors cooperatively bind
DNA in the absence of Pbx (Shen et al., 1997). To determine if Abd-A complex formation on
DMXR2 and RhoA depends on Exd binding, we generated DNA binding compromised Exd
and Hth proteins by mutating the highly conserved asparagine 51 residue of each of their
homeodomains to alanine (N51A) (Gehring et al., 1994). Using equimolar amounts of wild
type Exd/Hth, Exd51A/Hth, or Exd/Hth51A with Abd-A, we found that Exd binding was
largely dispensable for Abd-A complex formation on RhoA and DMXR2 (Figure 3E-F).
Moreover, point mutations in the Exd binding sites (Exdm) of RhoA and DMXR2 also have
a negligible effect in competing Abd-A complexes compared to wild type probes (Figure 3H-
I). In sharp contrast, the Hth protein mutation (Hth51A) abolished Hox complexes on DMXR2
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and greatly diminished Hox complexes on RhoA (Figure 3E-F). To more easily visualize these
results, we assigned the amount of wild type Exd/Hth/Abd-A bound to each probe to 100%
and graphed the relative amount bound by each mutant protein (Figure 3G). For example, the
Exd/Hth51A heterodimer results in a 90% decrease in Abd-A complexes on DMXR2 versus
a 40% decrease on RhoA. We also found that mutation of either the Hth (Hthm) or Hox (Hoxm)
sites in DMXR2 and RhoA strongly compromised Hox complex formation in competition
assays (Figure 3H-I). However, the Hth mutations did so to varying degrees as Hthm within
DMXR2 nearly eliminated competition, whereas the same Hth mutation in RhoA still competes
over 50% of the Hox complex. Altogether, these data demonstrate that while most cooperative
Hox binding on DMXR2 and RhoA is mediated by Abd-A and Hth, the presence of a nearby
Exd site greatly enhances complex formation on RhoA.

The role of Hth and the spacing between Exd and Hox binding sites
Currently, no other Abd-A targets contain Exd/Hox and Hth sites like DMXR1 for comparative
purposes. However, over twenty-five cis-regulatory elements for other Hox factors contain
adjacent Exd(Pbx)/Hox sites (Mann et al., 2009), and sequence comparisons reveal DMXR1
is the only element that contains a nucleotide (Adenine) inserted between its Hox and Exd sites
(Figure 4A-B). In fact, a previous study using vertebrate proteins found that inserting an extra
nucleotide within a Pbx/Hox binding site abolished DNA binding (Chang et al., 1996).
However, that study was performed in the absence of a Hth(Meis) protein and binding site.
Hence, to test the dependence of Hox complex formation on Hth, we compared binding to wild
type DMXR1 and a modified DMXR1 probe (DMXR1-Con) that removes the extra nucleotide
and changes the Hox site from TAATTT to TTATGG (reverse complement is listed as most
studies use this orientation) (Figure 4B, (Gebelein et al., 2002)). Using Exd/Hth, Exd51A/Hth,
and Exd/Hth51A with Abd-A, we found that both Exd and Hth binding are required for forming
Abd-A/Exd/Hth complexes on DMXR1 (Figure 4C). In addition, DMXR1 probes containing
Exd, Hth, or Hox1 site mutations all significantly decreased competition for Hox complexes
compared to wild type DMXR1 (Figure 4D). In contrast, the same concentrations of Exd/Hth
and Abd-A proteins on DMXR1-Con revealed that Hth and Exd binding are largely dispensable
for complex binding (Figure 4E). These data indicate that either Exd or Hth is sufficient to
mediate complex formation on DMXR1-Con. To better test this idea, competition assays using
Exd, Hth, and Hox DMXR1-Con binding site mutations revealed that: 1) Hthm competed as
well as wild type DMXR1-Con; 2) Exdm did not compete as well as wild type but did compete
significantly better than Hoxm; and 3) ExdmHthm double mutations resulted in a significant
decrease in competition when compared to either mutation alone (Figure 4F). These findings
indicate that a Hth binding site is more critical for Abd-A complex formation on a suboptimal
Exd/Hox site (DMXR1) than on an optimal binding site (DMXR1-Con). Surprisingly, we also
found a significant amount of complex forms on DMXR1-Con but not DMXR1 in the absence
of Exd binding, suggesting additional differences in Hox complex formation between these
two probes.

DMXR1-Con alters both the spacing between Exd and Hox sites as well as the Hox binding
sequence. To determine which of these changes permits Abd-A complex formation
independent of Exd and/or Hth binding, we used two additional probes: DMXR1-ΔA deletes
the extra Adenine between the Hox1 and Exd sites, and DMXR1-HoxC changes TAATTT to
TTATGG but leaves the extra nucleotide (Figure 4B). We tested the relative strength of each
probe in competition assays with DMXR1 and found each behaves similarly in competition
assays except DMXR1-Con, which is a significantly better competitor (Figure 4G). We next
used wild type versus 51A mutant Exd/Hth proteins to determine the relative dependence of
Hox complex formation on Exd and Hth binding to each probe. For comparative purposes, the
amount of wild type Abd-A/Exd/Hth bound to each probe was assigned to 100% and the relative
amount bound by each mutant was determined (Figure 4H). On DMXR1, Exd51A/Hth results

Uhl et al. Page 6

Dev Biol. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in an 80% decrease and Exd/Hth51A results in over a 70% decrease in Abd-A complex
formation. In contrast, the same amount of Exd and Hth mutant proteins decrease binding to
DMXR1-Con by only 15% and 10%, respectively. DMXR1-ΔA, on the other hand is highly
dependent upon Exd (60% decrease) but not Hth (25% decrease), while DMXR1-HoxC is
highly dependent upon Hth (80% decrease) and relatively independent of Exd (20% decrease).
Altogether these findings indicate: 1) If the spacing between Hox and Exd sites is optimal, then
Hox complexes form relatively independent of Hth (DMXR1-Con and DMXR1-ΔA). 2) If the
Hox binding site is TTATGG as opposed to TAATTT, then a distant Hth site can mediate Hox
complexes independent of Exd binding (DMXR1-Con and DMXR1-HoxC). Further studies
revealed that merely changing the Hox site from TAATTT to TTATTT is sufficient to make
DNA binding dependent upon distant Hth sites (data not shown).

Sequence preference for inserted nucleotide between the Exd and Hox sites
As mentioned above, previous studies using vertebrate proteins found that inserting an extra
Cytosine nucleotide within a consensus Pbx/Hox binding site abolished DNA binding (Chang
et al., 1996). To determine if the identity of the nucleotide inserted between the Hox1 and Exd
sites makes a significant difference in DNA binding activity, we used three additional probes
that change the Adenine to either Thymine (DMXR1-A>T), Cytosine (DMXR1-A>C), or
Guanine (DMXR1-A>G) as cold competitors for binding Abd-A and Exd/Hth. We found that
changing Adenine to any other nucleotide significantly decreased Hox complex formation
revealing that Adenine is the preferred nucleotide, then Thymine, Cytosine, and lastly Guanine
(Supplemental Figure 1).

Comparative analysis of Lab-Exd-Hth cis-regulatory elements
We next tested if the behavior of the abdominal Hox complex on DMXR1 and DMXR1-Con
can be extrapolated to other Hox factors and their binding sites. For this analysis, we selected
a set of six cis-elements regulated by lab Hox genes. As opposed to the posterior Abd-A Hox
factor, lab and its homologues are the most anterior Hox genes and regulate head structures in
both vertebrates and invertebrates (Carpenter et al., 1993; Dolle et al., 1993; Mark et al.,
1993; Merrill et al., 1989). Functional conservation between lab and vertebrate genes has been
demonstrated by showing Hoxb1 rescues a lab null allele in Drosophila, and a vertebrate cis-
regulatory element (Hoxb1 R3-PM2) drives gene expression in a lab-dependent pattern in
transgenic Drosophila (Lutz et al., 1996; Popperl et al., 1995). Thus, we used purified
Drosophila Exd, Hth, and Lab proteins to analyze complex formation on six Drosophila and
vertebrate cis-regulatory elements that contain adjacent Exd(Pbx)/Hox sites with variably
spaced/oriented Hth(Meis) sites (Figure 1B-C).

Lab complex formation on all six probes was first analyzed using direct competition analysis.
As shown in Figure 5A, a constant amount of Lab and Exd/Hth was bound to the labeled
Lab48/95 probe in the absence and presence of different concentrations of each probe as cold
competitors. Importantly, while each probe significantly competes for Lab/Exd/Hth
complexes, they did so to differing degrees and in the following order: Hoxb2-PP2 > Lab48/95
≥ Hoxb1 R3-PM2 > Hoxa2 PM-PH2 ≥ EVIII = Hoxa3 PHP1. Similar results were found using
comparative gel shift analysis and calculating the percent probe bound under identical Exd/
Hth and Lab protein conditions (data not shown). In Table 1, we list these cis-elements from
strongest to weakest in terms of Lab complex formation and compare strength of binding with
cis-element architecture and sequence. Importantly, we find that no one orientation of binding
sites is favored as both the strongest and weakest sites share the same configuration. We also
compared the Exd/Hox and Hth binding site sequences using position weight based matrices
(PWMs).
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For this purpose, we generated PWMs from two data sets. First, we used the recently published
binding sequences for the individual Exd, Hth, and Lab proteins identified using a bacterial
one-hybrid assay (Noyes et al., 2008). Second, we used the published sequences identified
using purified Meis1 and Pbx1/HoxB1 heterodimers bound to a random oligonucleotide library
followed by reiterative purification/amplification (SELEX) (Chang et al., 1996; Shen et al.,
1997). Sequences were imported into Target Explorer
(http://luna.bioc.columbia.edu/Target_Explorer/) and the program assigned the best matrix for
each binding site (Supplemental Data) (Sosinsky et al., 2003). Analysis of the six Lab/HoxB1
regulatory elements using each PWM revealed the following: 1) scores for the six Hth sites
are uniformly positive using the bacterial one-hybrid PWMs, but the Exd and Lab scores vary
greatly and when summated the total scores do not correlate well with strength of Lab complex
formation. 2) In contrast, all six probes scored positively using the in vitro SELEX sites for
Meis1 and Pbx1/HoxB1 and there is a strong correlation between strength of Lab complex
formation and total PWM score. An additional interesting result that came from this analysis
is that the reverse complement of the Exd/Lab site (TAATTGATCA; Exd in italics, Hox in
bold) in the EVIII probe scored significantly higher than the suggested sequence
(TGATCAATTA). This finding indicates that the orientation of these sites may differ from the
original published report (Ebner et al., 2005). However, since our data cannot discriminate
between these two possibilities and structural studies would be required to determine the correct
orientation, we left the orientation of binding sites as previously published.

We next determined the dependence of Lab complex formation on Exd and Hth binding using
the wild type and mutant Exd/Hth proteins. As shown in Figure 5B, all six Lab complexes are
heavily dependent upon Exd binding as Exd51A abolishes nearly all complex formation to
each probe. The one exception is that some Lab/Exd51A/Hth complex forms on HoxB2-PP2,
but when normalized, even this binding is 75% less than wild type (Figure 5C). The Hth51A
protein also significantly disrupted Lab complexes but to a variable degree. For example, Lab/
Exd/Hth51A disrupted over 90% of binding to Hoxa2 PM-PH2 but only 55% of binding to
Lab48/95 and Hoxb1 R3-PM2. Interestingly, the Hoxa2 element has a poor Hox binding site
(AGACCG) compared to Lab48/95 (GGATTG) and Hoxb1 (GGATGG), suggesting that like
abdominal Hox complexes on DMXR1, Lab complex formation is more highly dependent upon
Hth binding if the Exd/Hox site is suboptimal.

Anterior and posterior Hox factors differ in their Exd and Hth binding requirements for Hox
complex formation

Unlike our findings using Abd-A on DMXR1-Con, all six of the Lab complexes required wild
type Exd and Hth proteins for strong binding. This finding could be due to inherent differences
between the Abd-A and Lab Hox factors or due to differences between the cis-regulatory
elements tested. To distinguish between these possibilities, we performed gel shift analysis
using Lab with wild type Exd/Hth on DMXR1-Con and found Lab readily forms complexes
on this probe (Figure 6A-B, note: slightly more Lab protein was used than Abd-A to achieve
a similar level of Hox complex formation, 75.3% vs 79.4% respectively). To determine if Lab
can bind DMXR1-Con independent of either Exd or Hth binding, we performed comparative
gel shifts using wild type and Exd/Hth mutant proteins and found that both Exd51A and Hth51A
formed significantly less complex with Lab than wild type proteins (an 80% decrease with
Exd51A and a 60% decrease with Hth51A, Figure 6C). In contrast, the same amount of mutant
Exd and Hth proteins disrupted less than 15% of binding with Abd-A (Figure 6B-C). As Lab
is the most anterior Hox factor and Abd-A is one of the most posterior Hox factors, we also
performed the same set of assays using the central Hox factor Sex Combs Reduced (Scr). As
shown in Figure 6, Scr behaved much like Abd-A in that it is able to form a significant amount
of Hox complex on DMXR1-Con with either Exd51A or Hth51A.
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We next determined if Abd-A or Scr could form Hox complexes with Exd51A and Hth51A
on two of the Lab-regulated cis-elements. For this purpose, we first selected the Hoxa3-PHP1
site because it closely resembles the Exd/Hox site of DMXR1-Con (Figure 6A). Using the
same amount of each respective Hox factor as for the DMXR1-Con gel shifts, we found that
Scr and Abd-A bind significantly more Hoxa3-PHP1 than Lab (Figure 6A). Moreover, when
tested with equal amounts of Exd51A/Hth and Exd/Hth51A, the Abd-A Hox factor was able
to significantly bind Hoxa3-PHP1 in the presence of either protein mutant (Figure 6E). Scr, on
the other hand, was intermediate between Lab and Abd-A in terms of its ability to form
complexes on Hoxa3-PHP1 in the absence of Exd binding (Exd51A). Lastly, we selected the
Lab48/95 probe, which contains an Exd/Hox site that is significantly different from DMXR1-
Con. This probe was similarly bound by all three Hox factors with wild type Exd/Hth (Figure
6A). However, unlike on DMXR1-Con and Hoxa3-PHP1, Lab, Scr and Abd-A mediated Hox
complex formation is heavily dependent upon Exd binding (Exd51A). Thus, Abd-A and to a
lesser extent Scr forms complexes on Exd/Hox and Hth sites in the absence of Exd binding,
but only on specific Hox sites (TTAT). Moreover, the anterior and posterior Hox factors
significantly differ in their ability to form complexes independent of Exd binding. As discussed
below, these data have implications for the mechanisms underlying the general ability of
posterior Hox factors to phenotypically suppress anterior Hox factors during development.

Discussion
The Hox genes encode a family of conserved transcription factors that regulate numerous
fundamental cell behaviors throughout the development and life of an organism (Carroll et al.,
2001; Mann et al., 2009; Mann and Morata, 2000; McGinnis and Krumlauf, 1992). Expression
experiments (mainly microarrays) from several organisms and/or tissues revealed that
hundreds if not thousands of genes are affected by alterations in Hox gene activity (Chung et
al., 2006; Ghannam et al., 2004; Hueber et al., 2007; Lei et al., 2006; Lei et al., 2005; Lu et al.,
2008; Salsi et al., 2008; Takeda et al., 2006; Williams et al., 2005). Identifying which of these
genes are direct targets is of primary importance to understand how Hox factors regulate cell
growth and differentiation. Moreover, large-scale genomics have provided a wealth of
sequence data that can be mined for the presence of potential Hox binding sites (as well as their
co-factor proteins) near candidate target genes. However, our ability to use bioinformatics to
predict Hox target sites is limited by our understanding of what Hox regulatory elements look
like and the characteristics they share. In this study, we used protein and DNA site mutations
to explore the binding characteristics of both anterior (Labial) and posterior (Abd-A) Hox
complexes with the Exd and Hth transcription factors on cis-regulatory elements. Through this
analysis, we determined that: 1) Hox factors interact with Exd/Hth on a variety of binding site
combinations, and that suboptimal sites can be combined to yield functional Hox complexes;
2) in general, posterior Hox factors are less dependent on Exd/Hth binding than anterior Hox
factors on the same DNA probes. Here, we discuss the implications of these findings and assess
the relative accuracy of using position weight matrices (PWMs) to predict Hox complex
binding sites.

The DMXR element: Integration of multiple suboptimal Hox binding sites
The DMXR element provides a good example of the flexible nature of Hox complex formation
on DNA. Unlike other previously characterized Hox regulatory elements, DMXR contains
both Exd/Hox and Hth/Hox sites that mediate abdominal Hox tetramer formation. Importantly,
each on its own is a relatively low-affinity binding site due to suboptimal spacing between
sites. Together, however, they constitute a strong binding site that mediates abdominal Hox
complex formation to repress Dll expression (Gebelein et al., 2004). Moreover, this
combination of binding sites results in DMXR being a robust repression element. For example,
mutating either the Exd or Hth sites in the context of the full DMXR element results in only a
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modest loss of both DNA binding (Supplemental Figure 2) and repression activity in vivo
(Gebelein et al., 2004). In contrast, when the same mutations are introduced into the DMXR1
probe that lacks the Hox2 site, abdominal Hox complex formation is severely disrupted (Figure
4) and abdominal Hox-mediated repression is significantly more compromised than on the full
DMXR element (Gebelein et al., 2002). Thus, suboptimal Hox binding sites can be combined
to form robust regulatory elements, and as relatively few Hox cis-elements have been
thoroughly characterized, we propose additional configurations of Exd, Hth, and Hox sites are
likely to result in cooperative complexes on cis-regulatory elements.

Differences in Hox complex formation between Anterior and Posterior Hox factors
By characterizing the dependence of Hox complex formation upon Exd and Hth DNA binding
on several cis-regulatory elements, we made the unanticipated finding that in general posterior
Hox factors (Abd-A) form more robust complexes than anterior Hox factors (Lab). For
example, mutations within the Hth protein that disrupt DNA binding (Hth51A) consistently
had a greater affect on Lab complexes than Abd-A complexes on the same DNA probes (Figure
6). More surprisingly, we found that a distant Hth site can mediate cooperative Hox complexes
with posterior but not anterior Hox factors in the absence of Exd binding (Figure 6). On both
Hoxa3-PHP1 and DMXR1-Con, for instance, Abd-A but not Lab, readily formed complexes
with a DNA binding compromised Exd protein (Exd51A). Intriguingly, the ability of Abd-A
to form these complexes was Hox site dependent, as DMXR1 and Lab48/95 were unable to
mediate similar complexes in the presence of Exd51A. Further analysis revealed a single
nucleotide change in DMXR1 (TAAT to TTAT) makes Hox complex formation relatively
independent of Exd binding. Moreover, we found that a central Hox factor (Scr, Hox5
homologue), displays an intermediate ability to form Hox complexes independent of Exd
binding on the same probes. Thus, at least for these three Hox proteins, the more posterior Hox
factors are better able than anterior Hox factors to tolerate loss of either Exd or Hth binding
and retain Hox complex formation.

The differential ability of anterior and posterior Hox factors to form complexes with Exd and
Hth has two important implications. First, if anterior Hox complex formation is more dependent
upon Exd and Hth binding, then anterior Hox cis-regulatory elements should be more likely
to have binding sites for all three factors than posterior Hox regulatory elements. While the
total number of characterized regulatory elements is still relatively small, it is interesting to
note that of the eleven cis-elements regulated by Lab (or Lab homologues) seven contain
characterized Hth/Meis binding sites (Mann et al., 2009). In contrast of the thirty-three cis-
elements regulated by the central/posterior Hox factors, only two contain characterized Hth
binding sites (Mann et al., 2009). This model also predicts that anterior Hox factors should be
more sensitive to hypomorphic exd and hth gene mutations than posterior Hox factors. At least
for cuticle formation in Drosophila, this prediction holds, as posterior segments have relatively
normal cuticles in both exd and hth mutant embryos whereas anterior segments are transformed
into posterior fates (Peifer and Wieschaus, 1990; Rieckhof et al., 1997).

A second implication of our work relates to the phenomenon of posterior dominance (also
known as prevalence) of the Hox factors. Studies in Drosophila have shown that when an
anterior and posterior Hox factor are co-expressed in the same segment, the fate of the segment
is predominantly determined by the posterior Hox factor. Several explanations have been
proposed regarding this phenomenon, including that posterior Hox factors make additional
contacts with both DNA and Exd to raise their DNA binding affinity (LaRonde-LeBlanc and
Wolberger, 2003; Merabet et al., 2007). Our studies are consistent with and add to this model
by showing that posterior Hox factors form more robust complexes than anterior Hox factors.
In particular, the ability of posterior Hox factors to bind DNA sequences relatively independent
of Exd or Hth suggests the posterior Hox factors would bind additional target genes than
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anterior Hox factors. Congruent with this possibility, Hueber et al used microarray studies to
show that Abd-A regulated many more target genes than the anterior Hox factors and that most
of these targets were unique to Abd-A (i.e. not regulated by other Hox factors) (Hueber et al.,
2007). Future studies focused on the identification and characterization of additional cis-
regulatory elements will be required to determine how the Abd-A factor can specifically affect
the regulation of so many downstream target genes.

How good are we at predicting Hox cis-regulatory elements using PWMs?
Advances in DNA sequencing technologies have provided a wealth of genomic sequence data
that can be searched for potential cis-regulatory elements. To successfully do so, we first need
to accurately predict transcription factor binding sites. For the Hox factors, several biochemical
and high throughput approaches have been used to identify sequences bound by individual Hox
factors or in combination with Exd(Pbx) and/or Hth(Meis) proteins (Chang et al., 1996; Noyes
et al., 2008; Shen et al., 1997). Here, we applied the results from these searches to generate
PWMs and correlated their scores with the relative DNA binding activity of Lab Hox
complexes. We found that using the bacterial one-hybrid PWMs did not result in a strong
correlation with our DNA binding analysis. This result may be due to the Lab and Exd proteins
being tested in isolation in the one-hybrid assays, whereas the cooperative binding of Exd/Lab
heterodimers may alter/restrict the sequences that can be bound relative to monomer proteins.
In contrast, the in vitro SELEX sites were identified using Pbx1/HoxB1 proteins together and
the Meis1 protein alone, and the PWMs from these sites strongly correlated with Lab complex
formation. However, there is an important caveat with this analysis. Since the SELEX sites
were published prior to the identification of the cis-regulatory elements, the SELEX sequences
are likely to have been used as a guide to identify the cis-elements in the first place.
Nevertheless, the direct correlation between strength of Lab complex and total PWM score
suggests using the SELEX matrices in a bioinformatics approach is likely a good strategy to
identify additional Lab cis-regulatory elements.

What about using PWMs for the posterior Hox factors? Our biochemical data indicate that
using a similarly strict search for both Exd/Hox and Hth sites for the posterior Hox cis-
regulatory elements may not work as well due to posterior Hox complex formation being less
dependent upon both Exd and Hth binding. However, we do believe some general guidelines
can be useful in searching for Hox cis-regulatory elements. 1) As mentioned above, anterior
Hox factors are likely to be more highly dependent upon Hth binding than posterior Hox factors.
2) Optimal Hth/Hox sites can mediate posterior Hox complex formation relatively independent
of Exd binding. 3) A distant Hth binding site can permit posterior Hox complex formation on
suboptimal Exd/Hox binding sites or on specific Hox binding sites independent of Exd binding.
4) Nearby low affinity (suboptimal) binding sites can be combined to mediate functional Hox
regulatory complexes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Configurations of Hox, Exd, and Hth binding sites in Drosophila and vertebrate cis-
regulatory elements
Schematics of eight Hox regulated enhancer elements with the Exd (blue), Hth (yellow) and
Hox (pink) sites highlighted. A. Abdominal Hox target elements from Drosophila. The DMXR
element contains both Exd/Hox and Hth/Hox sites that are bound by the Abd-A and Ubx (A/
U) Hox factors to repress Dll expression in the abdomen (Gebelein et al., 2004). The RhoA
element contains consecutive Exd/Hth/Hox binding sites that are bound by Abd-A to activate
rhomboid expression in developing abdominal sensory cells (Li-Kroeger et al., 2008). B. The
EVIII and Lab 48/95 elements are both activated by the Lab Hox factor in the developing gut
endoderm and each contains a Hox, Exd, and Hth binding site (Ebner et al., 2005; Ryoo et al.,
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1999). C. Four mouse cis-regulatory elements containing Pbx/Hox and distant Meis binding
sites. All are activated by the HoxB1 vertebrate homologue of Lab in collaboration with the
Pbx and Meis proteins within the developing hindbrain (Ferretti et al., 2005; Ferretti et al.,
2000; Manzanares et al., 2001; Popperl et al., 1995; Tumpel et al., 2007).
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Figure 2. Dependence of Abd-A tetramer formation on the presence of two Hox sites within DMXR
A. The DMXR probes used in EMSAs with the Hox1, Exd, Hth, and Hox2 sites highlighted.
B. The DMXR Hox point mutations used in gel shift analysis. C. Comparative EMSAs of Hox
complex formation on the DMXR, DMXR1, and DMXR2 probes. Conditions are as follows:
First lane is probe alone, second lane is 75 × 10-9 M of Exd/Hth heterodimers, third and fourth
lane contain the same amount of Exd/Hth with either 17 × 10-9 M (low amount) or 75 × 10-9

M (high amount) of Abd-A, respectively and the fifth lane contains 75 × 10-9 M of Abd-A
alone. Schematics at left denote color-coded complexes formed (Exd, blue; Hth, yellow; Abd-
A, pink). D and E. Competition DNA binding assays for Abd-A/Exd/Hth complexes on labeled
DMXR. Each lane contains 75 × 10-9 M of Exd/Hth and Abd-A. The first lane contains no
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competitor DNA whereas subsequent lanes contain either 10×, 50×, or 250× of the indicated
cold competitor. Schematics at left denote complexes (Exd, blue; Hth, yellow; Abd-A, pink).
Graph depicts the average percent of DMXR probe bound from three different experiments in
the presence of different amounts of each cold competitor probe. For this analysis, the amount
of probe bound was determined using phosphor-imaging densitometry, and 100% binding was
assigned to the amount of probe bound in the absence of competitor. Standard error is noted.
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Figure 3. Dependence of Hox complex formation on the Exd, Hth, and Hox sites in DMXR2 and
RhoA
A. Sequence comparison of the DMXR2, RhoA, and Meis-Hox site previously identified using
site selection assays (SELEX) (Shen et al., 1997). Lower case letters in the Meis-Hox SELEX
denote nucleotides under less constraint. The Hth (yellow) and Hox (pink) sites are highlighted
and mismatches from SELEX consensus are in red text. The Exd binding sites are highlighted
in blue. B. The DMXR2 Exd, Hth, and Hox2 point mutations used in gel shift analysis. C.
DNA binding competition assays for Abd-A, Exd and Hth complexes on RhoA, RhoA-T>G,
DMXR2, and DMXR2-G>T. Labeled RhoA probe was bound with a constant amount (75 ×
10-9 M) of Exd/Hth and Abd-A. Different amounts of competitor were added as indicated.
Schematics at left denote color-coded complexes (Exd, blue; Hth, yellow; Abd-A, pink). The
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amount of probe bound in absence of competitor was assigned 100% binding and the graph (at
right) depicts the average amount of probe bound in presence of competitor from three different
experiments with standard error noted. D. Graph of DNA binding competition assays of Exd/
Hth (75 × 10-9 M) binding on RhoA, RhoA-T>G, DMXR2, and DMXR2-G>T in the absence
of Hox factors. Three experiments were performed and the average amount of probe bound in
absence and presence of competitor was compared with standard error noted. E. Comparative
EMSAs using wild type and mutant Exd/Hth heterodimers with Abd-A on DMXR2. Equimolar
amounts of Exd/Hth, Exd51A/Hth, and Exd/Hth51A proteins (30 × 10-9 M) were used with
three concentrations of Abd-A (7.5 × 10-9 M, 22.5 × 10-9 M, and 70 × 10-9 M). F. Comparative
EMSAs using wild type and mutant Exd/Hth heterodimers with Abd-A on RhoA. Equimolar
amounts of Exd/Hth, Exd51A/Hth, and Exd/Hth51A proteins (15 × 10-9 M) were used with
three concentrations of Abd-A (7.5 × 10-9 M, 22.5 × 10-9 M, and 70 × 10-9 M). G. Assessing
the dependence of Hox complex formation on Exd and Hth binding to DMXR2 and RhoA.
Comparative DNA binding assays were performed in triplicate using equimolar amounts of
Exd/Hth, Exd51A/Hth, and Exd/Hth51A proteins and Abd-A. The average amount of probe
bound by Abd-A and the wild type Exd/Hth proteins was assigned to 100% for each probe
tested (blue bar). The amount of probe bound by Exd51A/Hth (red bar) and Exd/Hth51A
(yellow bar) compared to wild type was determined. Standard error bars are noted and * denotes
significant difference from wild type binding (p-value < 0.001). H. DNA binding competition
assays for Abd-A, Exd and Hth complexes on wild type, Exdm, Hthm, and Hox2m DMXR2
probes. Labeled DMXR2 probe was bound with a constant amount (75 × 10-9 M) of Exd/Hth
and Abd-A. Different amounts of competitor were added as indicated. Schematics at left denote
color-coded complexes (Exd, blue; Hth, yellow; Abd-A, pink). The amount of probe bound in
absence of competitor was assigned 100% binding and the graph (at right) depicts the average
amount of probe bound in presence of competitor in three different experiments. I. DNA
binding competition assays for Abd-A, Exd and Hth complexes using wild type, Exdm, Hthm,
and Hoxm RhoA probes. Labeled RhoA probe was bound with a constant amount (75 × 10-9

M) of Exd/Hth and Abd-A. The amount of probe bound in absence of competitor was assigned
100% binding and the graph depicts the average amount of probe bound in the presence of
competitor in three different experiments.
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Figure 4. Role of Hth binding for Hox complex formation on Exd/Hox sites
A. The DMXR1 Hox1, Exd, and Hth point mutations used in gel shift analysis. B. Sequence
comparisons of the DMXR1, DMXR1-Con, DMXR1-ΔA, and DMXR1-HoxC probes used in
gel shift assays. C. Comparative EMSAs using wild type and mutant Exd/Hth heterodimers
with Abd-A on DMXR1. Equimolar amounts of Exd/Hth, Exd51A/Hth, and Exd/Hth51A
proteins (30 × 10-9 M) were used with three concentrations of Abd-A (7.5 × 10-9 M, 22.5 ×
10-9 M, and 70 × 10-9 M). D. Dependence of Abd-A/Exd/Hth binding to DMXR1 on the Hox1,
Exd, and Hth sites. DNA competition assays were performed using labeled DMXR1 and
DMXR1, Hox1m, Exdm, and Hthm probes as cold competitors. The amount of probe bound
in absence of competitor was assigned 100% binding and the graph depicts the average amount
of probe bound in presence of each competitor from three different experiments. E.
Comparative EMSAs using wild type and mutant Exd/Hth heterodimers with Abd-A on
DMXR1-Con. Equimolar amounts of Exd/Hth, Exd51A/Hth, and Exd/Hth51A proteins (30 ×
10-9 M) were used with three amounts of Abd-A (7.5 × 10-9 M, 22.5 × 10-9 M, and 70 × 10-9

M). F. Dependence of Abd-A/Exd/Hth binding to DMXR1-Con on the Hox1, Exd, and Hth
sites. DNA binding competition assays were performed using labeled DMXR1-Con and
different amounts of DMXR1-Con wild type, Hox1m, Exdm, Hthm, and ExdmHthm probes
as cold competitors. The amount of probe bound in absence of competitor was assigned 100%
binding and the graph depicts the average amount of probe bound in presence of competitor
from three different experiments. G. DNA binding competition assays of Abd-A, Exd, and Hth
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complex formation on the DMXR1, DMXR1-Con, DMXR1-ΔA, and DMXR1-HoxC probes.
Labeled DMXR1 probe was bound with a constant amount of Exd/Hth and Abd-A. Different
amounts of competitor were added as indicated. Schematics at left denote color-coded
complexes (Exd, blue; Hth, yellow; Abd-A, pink). Data from three independent experiments
is graphed at right. Note only the DMXR1-Con is significantly different from the wild type
DMXR1 (p-value < 0.01) H. Assessing the dependence of Hox complex formation on Exd and
Hth binding to DMXR1, DMXR1-Con, DMXR1-ΔA, and DMXR1-HoxC. Comparative DNA
binding assays were performed in triplicate using equimolar amounts of Exd/Hth, Exd51A/
Hth, or Exd/Hth51A proteins and Abd-A. The amount of probe bound by Abd-A and wild type
Exd/Hth was assigned to 100% for each probe tested (blue bar). The amount of probe bound
by Exd51A/Hth (red bar) and Exd/Hth51A (yellow bar) compared to wild type was then
determined. * denotes a significant difference from wild type binding (p-value < 0.001).
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Figure 5. Comparisons between Lab-Exd-Hth binding sites
A. DNA binding competition assays for Lab, Exd and Hth complexes on Lab48/95, EVIII,
Hoxb1 R3-PM2, Hoxa2 PM-PH2, Hoxa3-PHP1, and Hoxb2-PP2 probes (see Figure 1 for
sequences). Labeled Lab48/95 probe was bound with a constant amount of Exd/Hth (75 ×
10-9 M) and Lab (110 × 10-9 M). Different amounts of competitor were added as indicated.
Schematics at left denote color-coded complexes (Exd, blue; Hth, yellow; Lab, pink). The
amount of probe bound in absence of competitor was assigned 100% binding and the graph (at
right) depicts the average amount of probe bound in presence of competitor from three different
experiments with standard error noted. B. Comparative EMSAs using wild type and mutant
Exd/Hth heterodimers with Lab on Lab48/95, EVIII, Hoxb1 R3-PM2, Hoxa2 PM-PH2, Hoxa3-
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PHP1, and Hoxb2-PP2 probes. Equimolar amounts of Exd/Hth, Exd51A/Hth, and Exd/Hth51A
proteins (30 × 10-9 M) were used with three different amounts of Lab (12 × 10-9 M, 36 ×
10-9 M, or 110 × 10-9 M). C. Assessing the dependence of Lab complex formation on Exd and
Hth binding to Lab48/95, EVIII, Hoxb1 R3-PM2, Hoxa2 PM-PH2, Hoxa3-PHP1, and Hoxb2-
PP2. Comparative DNA binding assays were performed in triplicate using equimolar amounts
of Exd/Hth, Exd51A/Hth, and Exd/Hth51A proteins (30 × 10-9 M) and Lab (110 × 10-9 M).
The amount of probe bound by Abd-A and wild type Exd/Hth was assigned to 100% for each
probe tested (blue bar). The amount of probe bound by Exd51A/Hth (red bar) and Exd/Hth51A
(yellow bar) compared to wild type was then determined. * denotes a significant difference
from wild type binding (p-value < 0.001).
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Figure 6. Differences in complex formation between anterior and posterior Hox factors
A. The DNA probes tested for Hox complex formation in gel shift assays using Lab, Scr and
Abd-A. Comparisons between the Exd/Hox sites, Hth sites and orientations between sites are
highlighted. The percent of probe bound by Lab (110 × 10-9 M), Scr (100 × 10-9 M) and Abd-
A (75 × 10-9 M) with a constant amount of Exd/Hth (75 × 10-9 M) in triplicate is noted. B.
Comparative EMSAs on the DMXR1-Con probe using wild type and mutant Exd/Hth
heterodimers (30 × 10-9 M) with Lab (110 × 10-9 M), Scr (100 × 10-9 M) or Abd-A (75 ×
10-9 M) as indicated. C-E. Assessing the dependence of Hox complex formation on Exd and
Hth binding to DMXR1-Con (C), Lab48/95 (D), and, Hoxa3-PHP1 (E). Comparative DNA
binding assays were performed in triplicate using equimolar amounts of Exd/Hth, Exd51A/
Hth, and Exd/Hth51A proteins (30 × 10-9 M) and Lab (110 × 10-9 M), Scr (100 × 10-9 M) or
Abd-A (75 × 10-9 M). The amount of probe bound by each Hox factor with wild type Exd/Hth
was assigned to 100% (blue bar). The amount of probe bound by Exd51A/Hth (red bar) and
Exd/Hth51A (yellow bar) compared to wild type was then determined. * denotes a significant
difference from wild type binding (p-value < 0.001).
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