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Abstract Variations in Hox protein sequences and func-
tions have been proposed to contribute to evolutionary
changes in appendage shape and number in crustaceans and
insects. One model is that insect Hox proteins of the
Ultrabithorax (UBX) ortholog class evolved increased
abilities to repress Distal-less (Dll) transcription and
appendage development in part through the loss of serine
and threonine residues in casein kinase 2 (CK2) phosphor-
ylation sites. To explore this possibility, we constructed and
tested the appendage repression function of chimeric
proteins with insertions of different CK2 consensus sites
or phosphomimetics of CK2 sites in C-terminal regions of
Drosophila melanogaster UBX. Our results indicate that
CK2 sites C-terminal to the homeodomain can inhibit the
appendage repression functions of UBX proteins, but only
in the context of specific amino acid sequences. Our results,

combined with previous findings on evolutionary changes
in Hox protein, suggest how intra-protein regulatory
changes can diversify Hox protein function, and thus
animal morphology.
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Introduction

Members of the Hox gene family contribute to the
morphological diversification of structures that develop
from the anterior–posterior axis on triploblastic animal
embryos (McGinnis and Krumlauf 1992; Carroll et al.
2005). The different Hox genes encode homeodomain
proteins that bind to cis-regulatory DNA sites, and they
diversify morphology by the differential regulation of
downstream target genes (Pearson et al. 2005). There is a
growing body of correlative evidence that changes at many
levels in Hox genetic pathways have contributed to the
evolution of morphological diversity in triploblastic ani-
mals. These include changes in Hox expression patterns
(Averof and Akam 1995; Carroll et al. 2005), changes in
the regulation of Hox target genes (Jeong et al. 2006),
changes in Hox protein function (Hsia and McGinnis
2003), and perhaps even changes in the number and variety
of Hox genes in different animal lineages (Lemons and
McGinnis 2006). However, there are few examples where
experimental evidence supports strong associations between
(a) specific evolutionary variations in Hox coding or
regulatory DNA sequences, and (b) evolutionary changes
in animal axial morphology that might plausibly have been
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influenced by the specific coding and/or regulatory se-
quence variations.

As regards Hox protein functional evolution, one of
the best current examples is found in the evolutionary
history of the Drosophila fushi tarazu (ftz) gene. Insect ftz
appears to have evolved from a duplicated and diverged
Antennapedia-like gene (a Hox gene of the Hox5/6
ortholog class) during an approximately 300-million-year
period while crustacean and insect lineages were diversi-
fying (Telford 2000; Papillon and Telford 2007). In
Drosophila, the FTZ protein is expressed in multiple
stripes and provides a pair-rule segmentation function in
combination with a different sequence-specific DNA
binding cofactor called FTZ-F1. In more “basal” insects
and crustaceans, the ancestral version of FTZ is expressed
in a Hox-like pattern (Hughes and Kaufman 2002; Papillon
and Telford 2007).

During arthropod evolution, the loss of a Hox/homeotic
function and a Hox-like expression pattern for the
progenitor of Drosophila FTZ protein is correlated with
the loss of a motif that contains variants of a tyrosine-
proline-tryptophan-methionine (YPWM) amino acid se-
quence (Lohr et al. 2001; Lohr and Pick 2005). In many
Hox proteins, the YPWM sequence is part of a key
interaction surface with the EXD/PBX class of Hox
cofactors (Mann and Carroll 2002). In contrast, the gain
of segmentation function and/or a pair-rule-like segmenta-
tion expression pattern, in a Drosophila FTZ progenitor, is
roughly correlated with the gain of a leucine-any-any-
leucine-leucine (LXXLL) amino acid motif. Gain of an
LXXLL motif is predicted to result in increased interac-
tions with the FTZ segmentation cofactor FTZ-F1
(Schwartz et al. 2001; Yussa et al. 2001). These changes,
along with the evolution of cis-regulatory sequences that
deployed the FTZ protein in seven stripes in early
embryos, contributed to the evolution of Drosophila FTZ
from an apparent Hox precursor (Lohr and Pick 2005;
Papillon and Telford 2007).

In Drosophila embryos, nascent limb primordia in the
abdomen are repressed by the Hox proteins UBX and
abdominal-A (ABD-A). In Drosophila and many hexapods,
this is associated with complete transcriptional repression
of the Distal-less (Dll) gene in embryonic abdominal cells
that express UBX or ABD-A protein. There are exceptions
to this generalization. Staining for an antigen common to
the UBX and ABD-A proteins indicates that one or both
proteins are expressed in the embryonic first abdominal
(A1) segments of Folsomia candida (a springtail), Shisto-
cerca americana (a grasshopper), and Tribolium castaneum
(a beetle), and that these proteins do not completely repress
Dll transcription in A1 (Palopoli and Patel, 1998; Bennett et
al. 1999; Lewis et al. 2000). The Dll transcription observed

in the A1 appendage primordia of these three hexapods is
lower than in thoracic appendage primordia, and the
resulting A1 appendages are smaller than the legs that
develop in the thorax. In addition, Tribolium larvae that are
Ubx mutants develop larger, leg-like appendages in A1.
The simplest interpretation of all these data is that the Ubx
gene partially represses Dll in the first abdominal segment
of Folsomia, Schistocerca, and Tribolium. However, this
does not necessarily imply that the UBX protein in these
species is a poorer Dll or limb repressor, as subtle
differences in the timing and amounts of UBX protein
expression can result in dramatically different repressive
effects on Dll transcription and limb development (Castelli-
Gair and Akam, 1995; Tour et al. 2005).

UBX proteins of some non-hexapod arthropods are
expressed in embryonic limb primordia but provide little
or no repression of Dll and appendage development
(Panganiban et al. 1995; Averof and Akam 1995; Grenier
et al. 1997; Hughes and Kaufman 2002). In ectopic
expression assays in Drosophila embryos, the reduced
limb repression function of non-hexapod UBX proteins has
been associated with two changes in protein sequence
relative to hexapod UBX. One change is the presence of C-
terminal serine and threonine residues, some of which map
in consensus casein kinase 2 (CK2) phosphorylation sites
(Jaffe et al. 1997; Ronshaugen et al. 2002; Shiga et al.
2002). However, it is not known whether CK2 sites in
other amino acid contexts, or highly acidic regions that
constitute phosphomimetics of CK2 sites, are sufficient to
inhibit the ability of Hox proteins to repress Dll and
appendage development in embryos. Another change
associated with reduced UBX repression function is the
absence of an alanine-rich region in C-terminal sequences
(Galant and Carroll 2002). Deletions of the alanine-rich
region have indicated that it provides part of the Drosoph-
ila UBX limb repression function, although mutants
lacking the repeat develop to adulthood with no ectopic
limbs (Hittinger et al. 2005). One reason for this weak
phenotype, as shown by the rigorous genetic experiments
of Hittinger et al. (2005), is that the abdominal limb
repressive function encoded in the UBX glutamine-alanine
repeat is redundantly supplied by the ABD-A Hox protein,
which is expressed in many potential abdominal limb
primordia with UBX protein.

To provide more insight into the evolution of UBX
protein functions, we wished further assay the function of
CK2 sites in the regulation of UBX repression of limb
development. Therefore, we tested whether CK2 phosphor-
ylation sites of different strengths, and in different sequence
contexts, influenced the repressive function of Drosophila
UBX on Dll transcription and embryonic appendage
development.

322 Dev Genes Evol (2008) 218:321–332



Materials and methods

Recombinant constructs and transgenic flies

Drosophila melanogaster UBX (Dm-UBX) expression
constructs were made by polymerase chain reaction (PCR)
amplification using synthetic oligonucleotides, and were
verified by DNA sequencing. The oligonucleotides used to
generate chimeras Dm-UBX DE, SE, AE, and TE were as
follows: Dm-UBX DE: CTG AAC GAA CAG GAG AAG
GCC GCC GCC ACT GCT GCC GCG GAC AAG GCC
GAC GAG GAG GAC GAT GAT GAA GAA GAG GAA
CAA GGT GGA CAC TTA GAT, Dm-UBX SE: CTG
AAC GAA CAG GAG AAG TCC GTT TCC ACA GCT
GCT GAC AAG GCG GAC GAG GAG GAA GAG GAG
GAA GAG GAG GAA GAA CAA GGT GGA CAC TTA
GAT, Dm-UBX AE: CTG AAC GAA CAG GAG AAG
GCC GTT GCC GCA GCT GCT GAC AAG GCG GAC
GAG GAG GAA GAG GAG GAA GAG GAG GAA GAA
CAA GGT GGA CAC TTA GAT, and Dm-UBX TE: CTG
AAC GAA CAG GAG AAG ACC GCC GAC AGC CTG
GGC GGA AAA GAG GAA AAG CGG GAA GAG ACA
GAA GAG GAG AAG CAA GGT GGA CAC TTA GAT.
A second PCR reaction was used to incorporate codons for
the hemagglutinin antigen (HA) at the 3′ end of the Dm-
UBX open reading frame sequences using the primer CAA
GGT GGA CAC TTA GAT CAG TAC CCA TAC GAC
GTC CCA GAC TAC GCT TAG. For the generation of
transgenic Drosophila, chimeric gene constructs were sub-
cloned into EcoRI/XhoI sites of the GAL4-inducible vector
pUAST (Brand et al. 1994). Constructs were injected into
white1118 embryos, and multiple transgenic lines were
established and tested for ectopic protein expression levels
and regulatory phenotypes. To induce ectopic expression in
embryos, flies homozygous for UAS-chimera transgenes
were crossed to flies homozygous for the arm-GAL4 driver,
which provides ubiquitous GAL4 protein in embryos from
stage 9 and thereafter. We report here only embryos from
crosses that ectopically expressed the Dm-UBX chimeric
proteins at near physiological levels to normal Dm-UBX in
limb primordia, but other tested lines for each construct
showed phenotypes consistent with those reported in this
paper.

Cuticle preparations and counts of Keilin's organs

To analyze the effect of chimeric UBX protein function on
larval cuticular phenotypes, embryos that ectopically
expressed various constructs were collected for 12 h and
aged for an additional 30–35 h. After dechorionation in
50% bleach for 3 min and devitellinization with an equal
volume mix of heptane and methanol, larval cuticles were

mounted in Hoyer's mounting media. For each line, 16
embryos were scored for the number of hairs of Keilin's
organs. Since the numbers of developing Keilin's organ
hairs per larvae were usually not a close fit to a normal
distribution, we have reported the simple percentage of total
Keilin's organs developed by 15 larvae that ectopically
expressed different variants of Dm-UBX.

In situ hybridization, immunostaining of embryos,
and protein expression levels

In situ hybridizations to detect Ubx, Dll, Antp, en, and dpp
transcripts were performed as described in Kosman et al.
(2004). Ectopic levels of chimeric protein expression were
detected as in Tour et al. (2005), first using either rat
monoclonal antibodies (1:500 dilution) directed against the
hemagglutinin antigen (anti-HA) from Roche, or mouse
monoclonal antibodies FP3.38 (1:20 dilution) against a
UBX protein epitope. The anti-HA and FP3.38 antibodies
were then visualized with secondary antiserum, either anti-
rat IgG or anti-mouse IgG (1:500 dilution) conjugated with
Alexa Fluor 555 dye (Invitrogen), respectively. Unsaturated
images of stage 11 embryos were taken using a Leica SP2
confocal microscope. Using the Leica Confocal software,
we then compared protein staining intensities by measuring
the average levels of pixel intensity in three areas in 16
embryos, encompassing the cells that accumulate Dll
transcripts in the first, second, and third thoracic segments.
The average and the standard error were calculated using
Microsoft Excel software.

CK2 kinase assays

Protein coding sequences corresponding to different cDNA
constructs were cloned into Sma1 restriction sites in pGEX-
4T-1 to generate glutathione S-transferase (GST) fusion
constructs, which were transformed into the E. coli BL21
strain. GST fusion proteins were induced and purified
according to the manufacturer's instructions (Pharmacia). In
kinase assays, 1–3 μg of purified recombinant GST-Af-
UBX, GST-Dm-UBX, GST-Dm-UBXΔQA, GST-Dm-
UBX SE, GST-Dm-UBX AE, GST-Dm-UBX DE, and
GST-Dm-UBX TE fusions proteins were used as substrates
for in vitro CK2 phosphorylation. Kinase reactions were
performed at 30°C for 30 min with 50 U of human CK2
(NEBiolabs) and 10 μCi of γ-32P-labeled ATP. SDS-
polyacrylamide gels were used to separate reaction prod-
ucts, and gels were stained with Coomassie blue, washed in
1× destain buffer (40% methanol, 10% acetic acid), and
dried. Dried gels were exposed to X-ray film for approx-
imately 1 h. Relative protein amounts per Coomassie
stained band and relative 32P incorporation per band were
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obtained by measuring the number and the intensity of
pixels using the NIH Image program.

Results

Drosophila UBX chimeras

Although the homeodomain regions, YPWM motifs, and a
few other blocks of sequence similarity are highly con-
served among animal Hox orthologs, other amino acid
sequences in Hox orthologs diverge between distant phyla.
For example, the UBX1A ortholog of D. melanogaster and
a UBX ortholog from a crustacean, Artemia franciscana,
differ at more than half of their 300–400 amino acid
residues and have many insertions/deletions relative to each
other (Ronshaugen et al. 2002). A variety of experimental
evidence supports the idea that casein kinase 2 site variation
between distant Hox orthologs as well as Hox paralogs

modifies their regulatory functions (Jaffe et al. 1997;
Ronshaugen et al. 2002; Shiga et al. 2002; Hsia and
McGinnis 2003). For example, a UBX protein of A.
franciscana (Af-UBX) has an inhibitory region in the C
terminus that includes a match to a consensus casein kinase
2 (CK2) phosphorylation site, the amino acid motif serine-
aspartate-aspartate-glutamate (SDDE), with S the predicted
phosphorylation site. When the Af-UBX C-terminal do-
main was substituted for the C-terminus of the Drosophila
UBX protein, the resulting chimera had a reduced ability to
repress Dll and embryonic limb development in Drosophila
embryos, similar to the reduced repressive abilities of full-
length Af-UBX when expressed in Drosophila embryos
(Ronshaugen et al. 2002).

To test whether the consensus Af-UBX CK2 consensus
site is indeed a substrate for CK2, we performed in vitro
CK2 kinase assays with full-length wild-type Af-UBX
protein, as well as a control Af-UBX protein in which the
SDDE sequence was mutated to ADDE. As seen in Fig. 1b,
increasing amounts of wild-type Artemia UBX are phos-
phorylated in vitro by CK2 in a substrate concentration-
dependent fashion, while phosphorylation of the Artemia
UBX ADDE mutant by CK2 was comparatively poor.

The protein isoforms of wild-type Drosophila UBX
have only one poor match to a consensus CK2 site
(TTQD), near the N-terminus, and this is consistent with
it being a poor substrate for CK2 in vitro (Fig. 1c). We
constructed a set of chimeric proteins designed to test
whether heterologous CK2 phosphorylation sites or a
string of acidic amino acid residues without a CK2 site
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�Fig. 1 Drosophila melanogaster UBX (Dm-UBX) chimeric proteins.
a At top is a diagram of the Dm-UBX protein, with the positions of
the YPWM motif and homeodomain (HD) indicated. The C-terminal
sequence of Dm-UBX and the substituted amino acid sequences in the
chimeras are shown. The predicted CK2 sites are underlined. Af-
UBX: Artemia franciscana UBX C-terminal sequence. b Af-UBX is a
substrate for CK2 in vitro. Kinase reactions were performed as
described in “Materials and methods”, using 0.5 U of CK2 enzyme
per reaction. Reactions were then subjected to SDS-polyacrylamide
gel electrophoresis. The top panel shows Coomassie staining of the
gels, with the lanes containing increasing amounts of Af-UBX protein.
Lanes 1–5 have 0.24, 0.54, 0.96, 1.5 and 3.6 μg, respectively. Lane
M: protein size markers. The bottom panel in (b) shows an
autoradiograph of the gel reflecting the amount of phosphorylation
per protein band. The percentage number is the signal intensity per
protein band normalized to the Af-UBX standard in lane 1, averaged
to the nearest 10%, which was the approximate standard error over
three measurements. The dose response indicates that the amount of
CK2 enzyme used was not limiting in the protein concentration range
of the phosphorylation reactions shown in this figure. c In vitro
phosphorylation of the Dm-UBX chimeras. Kinase reactions were
performed as described in “Materials and methods”. The top panel
shows a Coomassie stained gel for the different Dm-UBX hybrid
proteins; the bottom panel, an autoradiograph of the radiolabeled,
phosphorylated proteins. Relative protein amounts and phosphoryla-
tion levels were estimated as described in (b)
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(potential phosphomimetic CK2 sites) were sufficient to
inhibit the ability of Drosophila UBX to repress Dll and
appendage development in the thorax of Drosophila
embryos. Since CK2 optimal sites are serine or threonine
residues embedded in strings of aspartate or glutamate
residues, acidic amino acid repeats can often functionally
mimic chains of phosphorylated CK2 sites (Ghose et al.
2004). The association of high affinity CK2 phosphoryla-
tion sites with adjacent acidic amino acid residues also
means that the effects of acidic amino acid residues cannot
be completely separated from CK2 phosphorylation itself.

The chimeric UBX proteins we constructed had the
entire N-terminal region, homeodomain, UbdA region, and
the extreme C-terminus of Drosophila UBX1A (hereafter
called Dm-UBX). However, the chimeras had the middle of
the Dm-UBX C-terminal region replaced with naturally
evolved C-terminal Hox protein sequences from other
animals (Fig. 1a). Naturally evolved C-terminal Hox
sequences were used instead of synthetic sequences to
reduce the possibility of amino acid sequences that would
promote misfolding or degradation (Fig. 1a). The first
chimera, Dm-UBX SE, contained a fragment of wild-type
mouse HoxA7 protein sequence that encoded two consen-
sus CK2 sites, which are predicted to be sequentially
phosphorylated (Meggio and Pinna 2003). The second
chimera, Dm-UBX AE, had the same extent of mouse
HoxA7 sequence, but the serine and threonine codons of
the consensus CK2 sites were mutated to alanine codons.
The third chimera, Dm-UBX DE, had substituted C-
terminal sequences from the human HOXA7 protein with
no predicted CK2 sites, but had three aspartic acid residues
embedded in a run of glutamic acid residues, providing at
least one phosphomimetic of the SDDE CK2 site in the C-
terminus of Af-UBX (Fig. 1a). The fourth chimeric protein,
Dm-UBX TE, had substituted C-terminal sequences from
the human HOXC6 protein, which included two consensus
CK2 sites, one of high predicted affinity (TEEE, Fig. 1a).

In vitro CK2 phosphorylation of UBX chimeric proteins

We used in vitro kinase assays to determine the relative
extent of phosphorylation of predicted CK2 sites in the
chimeric proteins, setting A. franciscana UBX (Af-UBX)
protein as a standard. In the dose response controls shown
in Fig. 1b, CK2 was incubated with increasing amounts of
Af-UBX protein to eliminate the possibility that the amount
of enzyme was limiting in the concentration range of
protein we used in vitro. Similar reaction conditions were
then used for the different Dm-UBX hybrid proteins
(Fig. 1c). The Dm-UBX protein with the C-terminal
glutamine-alanine repeat deleted (Dm-UBXQAΔ) is phosphor-
ylated at ∼10% relative to Af-UBX, but at much higher levels
that wt Dm-UBX, which is not detectably phosphorylated. The

higher level of phosphorylation in the deleted version of Dm-
UBX suggests that the glutamine-alanine region inhibits CK2
phosphorylation of Dm-UBX in some manner, perhaps by
sequestering low affinity CK2 phosphorylation sites elsewhere
in the Dm-UBX protein. The Dm-UBX SE protein is
phosphorylated at a level comparable to Af-UBX. By
comparison, the Dm-UBX AE protein, derived from Dm-
UBX SE but with alanine substitutions in the predicted CK2
phosphorylation sites, was not detectably phosphorylated in
vitro (Fig. 1c). Although it has no good matches to consensus
CK2 sites (Meggio and Pinna 2003), Dm-UBX DE protein is
phosphorylated by CK2 to a level of ∼20% compared to Af-
UBX. Finally, under these in vitro reaction conditions, the
Dm-UBX TE protein is phosphorylated to approximately
140% the levels of the Af-UBX standard, making it the
highest affinity protein target for CK2 that we tested (Fig. 1c).

Expression levels of chimeric proteins and assays
for thoracic appendage development

Drosophila evolved from insects that developed walking
appendages on thoracic segments during the transition from
embryos to first larval (nymphal) stage. However, Dro-
sophila larvae have highly reduced external thoracic
appendages, called Keilin's organs. The strong reduction
in the external appendages of fly larvae presumably
evolved as an adaptation that increased the efficiency of
their burrowing feeding habits. In cuticular preparations,
the Keilin's organs are represented by a bump studded with
three hairs (Fig. 2a,d). The embryonic cells that give rise to
the Keilin's organs are only part of the thoracic limb
primordium, which also contains cells destined for the leg
and wing imaginal disks (Bolinger and Boekhoff-Falk
2005). Ectopic expression of wild-type Dm-UBX trans-
forms thoracic cuticular structures toward abdominal
cuticle types, in the process repressing the development of
Keilin's organs, and the limb promoting gene, Distal-less
(Gonzalez-Reyes and Morata 1990).

We generated transgenic Drosophila lines with GAL4-
inducible expression constructs for the different chimeric
UBX proteins, which were all labeled with a hemagglutinin
(HA) epitope at the extreme C-terminus. The HA addition
has no detectable influence on the function of UBX protein
in ectopic expression assays (Ronshaugen et al. 2002).
Previous studies have shown that the amount of Keilin's
organ repression by wild-type UBX is highly sensitive to
the levels of ectopic protein, and that the number of hairs of
Keilin's organs showed the best correlation with the
repression strength of UBX protein on Dll transcript levels
(Tour et al. 2005). Therefore, we chose transgenic lines
that, when induced by arm-GAL4 drivers, produced ectopic
chimeric proteins in limb primordia (examples in Fig. 2h,i)
at levels that were within 10–20% of wild-type UBX
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levels—defined as the fluorescent anti-UBX antiserum
signal in the anterior ventral–lateral region of the first
abdominal segment (see Fig. 2g and Tour et al. 2005). The
expression pattern of Dll in the thorax is a more accurate
measure of appendage primordia than Keilin's organ
development, since the Dll cells include almost all of the
larval and imaginal thoracic limb primordia, while the
Keilin's organs are derived from only a few neural and
support cells in the central part of the Dll domain (Bolinger
and Boekhoff-Falk 2005).

Ectopic ubiquitous expression of the wild-type Dm-UBX
control protein at normal levels completely suppressed
Keilin's organ development (Fig. 2b,e). The chimeric
protein that behaved most like wild-type UBX was Dm-
UBX TE. Dm-UBX TE usually removed Keilin's organs

completely, but occasionally allowed the development of an
organ with one or two hairs (Fig. 2f). The quantitative
levels of Keilin's organ hair development allowed by Dm-
UBX TE and the other UBX chimeras are reported in
graphs that follow.

Dm-UBX chimeric protein regulation of embryonic limb
primordia

The first pair of chimeric UBX protein we tested for function
in embryos were Dm-UBX SE and Dm-UBX AE. These
chimeras differed by only two amino acids, both alanine
residues that replaced serine or threonine residues in C-
terminal CK2 sites (Fig. 1). The effects of ectopic embryonic
expression of both chimeras on the number of Keilin's organ
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Fig. 2 Dm-UBX chimeric protein expression levels and their effects
on larval thoracic appendage (Keilin's organ) development. Phase
contrast micrographs of the anterior and ventral surfaces of wild-type
first instar larval cuticles (wt). a Cuticle from a wild-type larva. b
Cuticle from a larva in which Dm-UBX was ectopically expressed. c
Cuticle from a larva in which Dm-UBX TE was ectopically expressed.
T1, T2, and T3 denote the first, second, and the third thoracic
segments, respectively. A1* denotes the ectopic first abdominal
denticle identities induced by ectopic UBX protein expression.
Embryos expressing the Dm-UBX positive control and Dm-UBX TE
(c), as well as other Dm-UBX proteins with the exception of Dm-
UBX DE, promote variable transformation of thoracic denticle belts
towards abdominal identities, as well as suppression of T1 beard
formation and disruption of head involution. The squares in (a), (b),

and (c) indicate positions of the thoracic Keilin's organs, shown in
higher magnification in inserts in (d), (e), and (f), respectively. Note
that the thoracic Keilin's organs are affected in embryos expressing
Dm-UBX TE under arm-GAL4; this Keilin's organ would be scored as
possessing one hair. g Staining pattern of DM-UBX protein in stage
11 embryos, detected with anti-UBX FP3.38 in the posterior thorax
and anterior abdomen. h, i The respective panels show stage 11
embryos ectopically expressing Dm-UBX and Dm-UBX TE proteins,
detected with anti-hemagglutinin antibodies. The staining levels in the
ventral–lateral thorax (white circles) for 16 embryos were measured
for each line (see “Materials and methods”) to determine the average
percentage of ectopic protein compared to the Dm-UBX standard. In
embryos, anterior is to the left and dorsal up
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hairs, and on Dll transcription, were compared with wild-
type embryos and embryos ectopically expressing the
normal UBX protein. In wild-type stage 11 embryos, Dll
transcripts accumulate in cells that correspond to the head
and thoracic appendage primordia (Fig. 3b). In the thorax,
Dll transcripts accumulate in about 20 cells per hemiseg-
ment in stage 11 embryos. The ectopic expression of normal
UBX in thoracic cells at levels normally found in the first
abdominal segment repressed thoracic Dll transcripts below
levels of detection (Fig. 3c). This is correlated with the
removal of all Keilin's organ hairs from larvae that develop
from ectopic UBX embryos (Figs. 2b and 3a, graph).

Larvae that developed from embryos that expressed the
Dm-UBX SE protein developed normal numbers of hairs of
Keilin's organs, although in stage 11 embryos there were
fewer cells that accumulated Dll transcripts (Fig. 3d). In

contrast, embryos that ectopically expressed the Dm-UBX
AE protein only developed about half the normal numbers
of Keilin's organ hairs (Fig. 3a), and this was associated
with a much stronger Dll repression function, as only a few
embryonic thoracic cells accumulated Dll transcripts
(Fig. 3e). Ectopic expression of Dm-UBX DE in embryos
had only a modest repressive effect on the number of
Keilin's organ hairs and Dll transcript levels. For Dm-UBX
DE, the number of Keilin's organ hairs was reduced to
about 80% of normal levels (Fig. 4a), and Dll transcript
levels were reduced to levels that were intermediate
between the levels observed in the SE and AE embryos
(Fig. 4b). Finally, the Dm-UBX TE protein was both a
strong repressor of Keilin's organ hairs and Dll transcript
levels (Fig. 4a,c), almost as strong a repressor as wild-type
UBX protein.
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Fig. 3 A C-terminal CK2 site in
a heterologous context can in-
hibit the appendage repression
function of Dm-UBX. a A plot
of Keilin's organ suppression
versus average ectopic protein
expression levels and average
phosphorylation levels in vitro
by CK2. The Dm-UBX control
is not phosphorylated and sup-
presses development of all Kei-
lin's organ hairs. Dm-UBX SE is
efficiently phosphorylated and
develops a normal number of
Keilin's organ hairs. Dm-UBX
AE is weakly phosphorylated by
CK2 in vitro and develops an
intermediate number (∼60%) of
Keilin's organ hairs. The per-
centage of Keilin's organ hairs is
relative to the number that
develops in wild-type first instar
larvae. b The pattern of Dll
transcripts that are detected in
typical stage 11, wild-type em-
bryos. c Dll transcripts in em-
bryos that ectopically express
Dm-UBX, d Dll transcripts in
embryos that ectopically express
Dm-UBX SE, and e Dll tran-
scripts in embryos that ectopi-
cally express Dm-UBX AE.
Embryonic orientation is anteri-
or to the left, dorsal up. Single
letter codes above (b)–(e) show
the amino acid sequences sub-
stituted into the UBX C-terminal
region. Capital letters denote
insert sequences; small case
letters denote flanking Dm-
UBX amino acids. For more
details, see Fig. 1
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Dm-UBX chimeric protein regulation of Antp transcript
abundance

Antennapedia (Antp) is a Drosophila Hox gene that
contributes to thoracic morphological identity, and its
pattern of expression is limited (largely) to thoracic
primordia by transcriptional repression of Antp exerted by
UBX and ABDA. To further assay the regulatory effects of
the Dm-UBX chimeras, we tested their ability to repress
nascent Antp transcript levels after ectopic expression in
embryos. We used a probe that detects nascent Antp P1
transcripts (the chromosomal sites of Antp transcription—
the green “nuclear dots” in Fig. 5a) in stage 11 embryos.
Antp P1 is normally activated in epidermal nuclei of
embryonic parasegments 4 and 5 (from the posterior
compartment of the first thoracic segment (T1) to the
anterior compartment of the third thoracic segment (T3;
Fig. 5a). Ectopic expression of normal Dm-UBX strongly
repressed Antp P1 nascent transcription (Fig. 5b). Embryos
ectopically expressing the Dm-UBX TE protein showed the
strongest repressive effect on Antp P1 transcription,

whereas embryos with ectopic Dm-UBX DE protein
showed very little repression of Antp P1. The Dm-UBX
SE and AE proteins repressed Antp P1 in a manner similar
to their effects on Dll, with SE behaving as a moderate
repressor, and AE repressing Antp P1 in more thoracic
cells.

Dm-UBX chimeric protein regulation of dpp transcription
in the visceral mesoderm

In parasegment 7 of the embryonic visceral mesoderm,
UBX is required to activate the transcription of the
decapentaplegic (dpp) gene, and ectopic expression of
UBX protein can activate dpp transcription in a more
extensive domain of the visceral mesoderm (Tremml and
Bienz 1989; Sun et al. 1995; Capovilla and Botas 1998;
Stultz et al. 2006). For example, Fig. 6a shows dpp
transcript expression in a stage 14 wild-type embryo, and
Fig. 6b shows dpp expression in an embryo where Dm-
UBX was ectopically expressed. To test whether the
changes in function of the chimeric UBX proteins affected
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is anterior to the left, dorsal up. Single letter codes above (b) and (c)
show the amino acid sequences substituted into the UBX C-terminal
region. Capital letters denote insert sequences; small case letters
denote flanking Dm-UBX amino acids. For more details, see Fig. 1
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both repression and activation functions, we tested their
transcription activation functions on dpp. When the hybrid
proteins Dm-UBX SE, AE, and TE were ectopically
expressed, dpp transcripts accumulated in visceral meso-
derm cells anterior to parasegment 7 (Fig. 6). However,
only Dm-UBX TE was capable of activating dpp transcripts
posterior to parasegment 7, in a manner similar to Dm-
UBX, and the TE protein only weakly activated dpp in
posterior visceral mesoderm cells (Fig. 6f). In embryos that
ectopically expressed the Dm-UBX DE protein, there was
no detectable ectopic activation of dpp transcripts (Fig. 6c).

Discussion

Previous studies have suggested that CK2 sites are
associated with some of the different functional outputs
that distinguish the ANTP and UBX Hox protein paralogs
in Drosophila (Jaffe et al. 1997), as well as the variation in
function that has evolved between evolutionarily diverged

Hox protein orthologs (Ronshaugen et al. 2002; Shiga
et al. 2002). In this study, we directly tested the in vitro
phosphorylation levels of wild-type and chimeric UBX
proteins with different CK2 consensus sites and tested the
context dependence of those CK2 consensus sites on UBX
protein regulatory functions in embryos.

Our results indicate that in some amino acid contexts,
CK2 consensus sites can inhibit a UBX function required
for repression. For example, the Dm-UBX SE chimera was
efficiently phosphorylated by CK2 in vitro, and this was
associated with this chimera having only a weak repressive
effect on embryonic thoracic appendage development and
Dll or Antp P1 transcript levels. In Dm-UBX AE, with the
two Dm-UBX SE CK2 consensus sites mutated, in vitro
phosphorylation was abolished, and the AE protein ac-
quired an increased repressive strength on appendage
development and Dll transcripts in embryos. Dm-UBX
AE was not as strong a repressor as the parental protein
Dm-UBX, so other sequences in the C-terminal tail of SE
and AE may be supplying an inhibitory effect on UBX
function. For Dm-UBX SE and AE, tests of three
downstream target genes suggest that both activation and
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Fig. 6 Effects of ectopic expression of Dm-UBX chimeras on
decapentaplegic (dpp) transcription in the visceral mesoderm. a–f A
dorsal view of stage 13 embryos, hybridized with a probe that detects
dpp transcripts. a The wild-type pattern of dpp transcripts in stage 13
embryos includes the visceral mesoderm of parasegment 7 (arrow). b
Embryos that ectopically express Dm-UBX activate dpp expression in
anterior regions of the visceral mesoderm, as well as in some visceral
mesoderm posterior to parasegment 7. c Embryos that ectopically
express Dm-UBX DE do not influence the dpp pattern of transcrip-
tion. d Embryos that ectopically express Dm-UBX SE robustly
activate dpp expression in anterior regions of the visceral mesoderm,
but not in visceral mesoderm posterior to parasegment 7. e Embryos
that ectopically express Dm-UBX AE activate dpp expression in
anterior regions of the visceral mesoderm, but more weakly on
average than Dm-UBX SE, and not in the visceral mesoderm posterior
to parasegment. f Embryos that ectopically express Dm-UBX TE
activate dpp expression in anterior regions of the visceral mesoderm,
and weakly in the visceral mesoderm posterior to parasegment 7
(arrowhead) when compared with wild-type Dm-UBX
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Fig. 5 UBX chimera repression of Antennapedia (Antp) transcripts.
a–f Micrographs of the thorax of stage 11 embryos hybridized with a
probe to Antp P1 transcripts (green signal) and engrailed transcripts
(magenta signal). Note that at this stage, most of the Antp P1 signal is
observed at the nuclear sites of transcription (nascent transcripts;
Kosman et al. 2004). a Wild-type embryo; the expression pattern of
Antp P1 transcripts includes a region from the posterior compartment
of T1 to the posterior compartment of T3. Embryos ectopically
expressing Dm-UBX (b) or Dm-UBX TE (c) exhibit strong repression
of Antp P1 transcripts. d Embryos that ectopically express Dm-UBX
DE show only a slight repression of Antp P1 transcripts, whereas
embryos that ectopically express Dm-UBX SE (e) and Dm-UBX AE
(f) chimeras exhibit stronger repression of Antp P1 nascent transcript
levels. Note that Antp P1 is repressed more efficiently in the dorsal
part of the T2–T3 segments than in the ventral region
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repression functions can be inhibited by CK2 consensus
sites and adjacent residues in the C-terminal region.

Our studies of Drosophila UBX protein deleted for the
C-terminal QA repeat showed that it had an increased
ability to be phosphorylated by CK2 in vitro, when
compared to wild-type UBX protein. This is correlated
with diminished repressive effect on Dll transcript levels of
the QA deleted protein when tested in Drosophila embryos
(Hittinger et al. 2005), as well as an ability of the QA
region to increase the repression function of an onychoph-
oran version of UBX in Drosophila embryos. Thus, it is
possible that the mechanism through which the QA repeat
operates is to negatively regulate covert CK2 phosphoryla-
tion sites in Drosophila UBX, or in onychophoran UBX,
thereby enhancing the abilities of these proteins to repress
Dll and Keilin's organ development in fly embryos.

Dramatic evidence that amino acid context is required
for CK2 site regulation of Hox protein function is seen in
the behavior of Dm-UBX TE. Although this chimera was
very efficiently phosphorylated by CK2 in vitro, it was a
potent repressor of appendage development as well as Dll
and Antp transcription, almost as potent as wild-type Dm-
UBX. Thus, high affinity C-terminal CK2 phosphorylation
sites are not sufficient to inhibit Hox protein function, but
require a specific amino acid context for their inhibitory
function. The potency of repression of Antp P1 transcrip-
tion was more pronounced in the dorsal regions than in the
ventral regions; this correlates with the normally lower
levels of Antp P1 transcripts in dorsal epidermal cells at
stage 11.

The least informative chimera was Dm-UBX DE. The
acidic C-terminal sequences inserted into this protein
appeared to abolish nearly all regulatory functions. The
expression of this chimera had no detectable activation
effect on dpp transcript levels and had only weak repressive
effects on Dll and Antp transcript levels. Since Dm-UBX
DE was also the only chimera that did not transform
thoracic denticle belts toward abdominal denticle morphol-
ogies, it is possible that the novel C-terminal sequences in
Dm-UBX DE interfered with proper folding, attenuated
almost all DNA binding functions, or otherwise disabled
most functions of Dm-UBX DE.

These results are consistent with the idea that phosphor-
ylation of Hox and other homeodomain proteins modulates
their regulatory functions in development and evolution, an
idea that is supported by much previous evidence (Gay et
al. 1988; Gavis and Hogness 1991; Bourbon et al. 1995;
Jaffe et al. 1997; Berry and Gehring 2000; Ronshaugen et
al. 2002), but emphasizes the importance of neighboring
amino acid sequences. There are a few different mecha-
nisms, not mutually exclusive, that might explain how the
evolution and loss of phosphorylation sites alter Hox
regulatory functions.

One potential mechanism is that the phosphate groups,
in themselves, that are added to CK2 site serine or
threonine residues are sufficient to alter the conformation
of HOX proteins, and/or their binding interactions with
DNA or other regulatory proteins. Consistent with this, it is
known that in vitro phosphorylation (or substitutions of
acidic residues that mimic the phosphorylated state) of
proteins in the homeodomain family can influence their in
vitro interactions with either DNA and/or protein cofactors.
For example, CK2 phosphorylation of a large fragment of
the Drosophila EN homeodomain protein resulted in an
enhancement of EN in vitro DNA binding function
(Bourbon et al. 1995). In contrast, phosphomimetic
(glutamate) residues at CK2 phosphorylation sites in a
large fragment of the Drosophila ANTP homeodomain
protein resulted in an inhibition of ANTP-EXD protein–
protein interactions on heterodimer DNA binding sites in
vitro (Jaffe et al. 1997).

Another potential mechanism is based on the recent
finding that some kinases can act at DNA cis-regulatory
regions as transcriptional cofactors (Pokholok et al. 2006).
In this view, CK2 or other kinases may function as directly
bound nuclear cofactors for HOX proteins in the nucleus
and thereby regulate the balance of HOX activation and
repression activities. This would be consistent with the
isolation of CK2 using ANTP protein as “bait” in a two-
hybrid assay (Jaffe et al. 1997), and also with evidence that
CK2 is a stably associated subunit of several chromatin
remodeling complexes (Poole et al. 2005). If true, this
would make the evolution of CK2 “phosphorylation-
binding” sites on Hox proteins more akin to the cofactor
interaction motifs that evolved in FTZ protein during its
transition from a Hox to a segmentation function (Lohr and
Pick 2005), or the MCM1 protein interaction motif that
evolved in the S. cerevisiae (and other closely related yeast
species) α-2 proteins that allowed α-2 to regulate yeast
mating type (Tsong et al. 2006).

The current evidence indicates that the Hox gene cluster
evolved in the lineage leading to cnidarians after the split
between the sponge and cnidarian lineages (Larroux et al.
2007: Lemons and McGinnis 2006). In ancient cnidarian or
triploblastic animals, it appears that Hox proteins evolved
functions allowing them to diversify morphology on the
anterior–posterior axis of embryos, in the primordia of the
posterior head and trunk (McGinnis and Krumlauf 1992;
Carroll et al. 2005). At some unknown point in animal
evolution, Hox proteins evolved the ability to diversify
appendage morphology, a function that is most obvious in
extant arthropods (Hughes and Kaufman 2002). In the
appendage primordia of proto-arthropods, it seems likely
that most Hox proteins, including UBX were modifiers of
an anterior antennal-like appendage identity, and later, some
Hox proteins evolved the ability to repress Dll and
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appendage development in entire trunk segments or in
subregions of trunk segments (Stuart et al. 1991; Panganiban
et al. 1995; Grenier et al. 1997; Grenier and Carroll 2000;
Shiga et al. 2002).

In the case of UBX protein, we propose that it first
evolved a partial ability to repress Dll and limbs by loss of
high affinity CK2 sites; this is consistent with the known
UBX protein sequences from crustaceans and insects
(Ronshaugen et al. 2002, unpublished results). CK2 site
loss associated with a gain of Dll transcriptional repression
function may also have occurred to the ANTP Hox protein
in the lineage leading to the crustacean Daphnia (Shiga et
al. 2002). Next, we propose that the alanine repeat in the C-
terminus expanded, a repeat that is found in all known
hexapod UBX proteins, with the exception of the basal
hexapod Folsomia (Ronshaugen et al. 2002; Galant and
Carroll 2002). This expanded alanine repeat sequence has
some autonomous ability to act as a repression domain
when appended to other transcription factor DNA binding
domains (Galant and Carroll 2002), but as we find in this
study, inhibits the phosphorylation of even weak CK2 sites
in Drosophila UBX. It is possible that the alanine repeat
sequence can also inhibit the CK2 phosphorylation of other
insect UBX proteins, some of which have weak consensus
sites for CK2 phosphorylation (unpublished results). In this
view, even within the UBX protein sequence, regulatory
functions have been evolved atop each other, the alanine
repeat increasing UBX repression strength and simulta-
neously inhibiting the inhibition of repression function
exerted by CK2 sites. We propose that the result of these
successive functional changes led to insect UBX proteins
that can partially or completely repress Dll and appendage
development, if produced at sufficient levels at the
appropriate developmental stages in appendage primordia
(Castelli-Gair and Akam 1995; Warren et al. 1994; Galant
and Carroll 2002; Tour et al. 2005).
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