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ABSTRACT  Linking changes in amino acid sequences to the evolution of transcription regulatory 
domains is often complicated by the low sequence complexity and high mutation rates of intrinsically 
disordered protein regions. For the Hox transcription factor Ultrabithorax (Ubx), conserved motifs 
distributed throughout the protein sequence enable direct comparison of specific protein regions, 
despite variations in the length and composition of the intervening sequences. In cell culture, the 
strength of transcription activation by Drosophila melanogaster Ubx correlates with the presence 
of a predicted helix within its activation domain. Curiously, this helix is not preserved in species 
more divergent than flies, suggesting the nature of transcription activation may have evolved. To 
determine whether this helix contributes to Drosophila Ubx function in vivo, wild-type and mu-
tant proteins were ectopically expressed in the developing wing and the phenotypes evaluated. 
Helix mutations alter Drosophila Ubx activity in the developing wing, demonstrating its functional 
importance in vivo. The locations of activation domains in Ubx orthologues were identified by test-
ing the ability of truncation mutants to activate transcription in yeast one-hybrid assays. In Ubx 
orthologues representing 540 million years of evolution, the ability to activate transcription varies 
substantially. The sequence and the location of the activation domains also differ. Consequently, 
analogous regions of Ubx orthologues change function over time, and may activate transcription in 
one species, but have no activity, or even inhibit transcription activation in another species. Unlike 
homeodomain-DNA binding, the nature of transcription activation by Ubx has substantially evolved.
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Introduction

Evolution of the gene regulatory networks that act during de-
velopment can create new morphological features and alter the 
body plan. Gene regulatory networks can evolve through changes 
in transcription factor binding sites (Villar et al., 2014), alterations 
in groups of binding sites in cis-regulatory modules (Lonfat et 
al., 2015; Luo and Baker 2015; Fish et al., 2015), or evolution of 
transcription factor protein sequences (Galant and Carroll, 2002; 
Ronshuagen et al., 2002; Cheatle Jarvela et al., 2015). How-
ever, many transcription factors active in animal development are 
pleiotropic - regulating multiple genes in different tissues (Cheatle 
Jarvela and Hinman, 2015). Consequently, a beneficial change in 
transcription factor sequence in one context could have detrimental 
effects in another context (Chesmore et al., 2016). The pleiotropy 
problem suggests that transcription factors are less likely to evolve 
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than the DNA sequences to which they bind. 
Despite these constraints, several instances of transcription 

factor evolution have been reported (Sivanantharajah and Per-
cival-Smith, 2015; Wagner and Lynch, 2008; Galant and Carroll 
2002; Ronshaugen et al., 2002). Linking evolutionary changes in 
transcription activation to variations in amino acid sequence is 
complicated by several challenges. First, because transcription 
factors operate in multiple tissues, a sequence within the transcrip-
tion factor may be vital in one tissue and unnecessary in another 
tissue (differential pleiotropy, reviewed in Sivanantharajah and 
Percival-Smith, 2015). Second, although the changes in protein 
sequence should impact function in vivo, the collective action of 
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many transcription factors acting on one gene can mask the impact 
of these changes (Villar et al., 2014; Wagner and Lynch 2008). 
Indeed, the number of transcription factors that directly regulate a 
single target gene negatively correlates with evolutionary changes 
in the expression levels of that gene (Yang and Wittkopp 2017). 
Third, intrinsic disorder is often a vital part of transcription factor 
function (Bondos et al., 2015; Triezenberg 1995; Ward et al., 2004; 
Liu et al., 2006; Staby et al., 2017). Intrinsically disordered regions 
have low sequence complexity, a high mutation rate, and evolve 
rapidly via insertions and deletions (Light et al., 2013; Brown et 
al., 2002), features that complicate identifying and comparing 
analogous regions of protein sequence.

Many of these issues have been overcome for the Drosophila 
Hox transcription factor Ultrabithorax (Ubx), allowing examination of 
the evolution of its transcription activation domain. Hox transcription 
factors in general, and Ubx in particular, regulate many genes in a 
variety of tissues (Lonfat et al., 2015; Grenier and Carroll 2000). 
Orthologues of Ubx have been identified that span 540 million years 
of evolution (Gallant and Carroll 2002, Ronshaugen et al., 2002) 
and, when expressed in Drosophila, yield phenotypes distinct from 
those caused by Drosophila Ubx (DmUbx) expression (Grenier 
and Carroll, 2000; Galant and Carroll, 2002; Ronshaugen et al., 
2002). Therefore, in Ubx, changes in amino acid sequence have 
altered protein function. Importantly, conserved motifs distributed 
throughout the Ubx sequence can guide sequence analysis, allow-
ing direct comparison of specific protein regions despite variations 
in the length and sequence of these regions.

Herein, we determine how evolutionary changes in the Ubx amino 
acid sequence have altered transcription activation. The transcrip-
tion activation domain in Ubx is located in the N-terminal region of 
DmUbx (Fig. 1A) (Tan et al., 2002). The activation domain can be 
subdivided into two regions, an “enhancer region” that increases 
the overall efficacy of the domain (aa 68-158), and a “core region” 
required for transcription activation (aa 159-242). Analysis of Ubx 

mutants revealed that the strength of activation correlates with the 
predicted presence of a helix within the core (aa 221-234), allowing 
generation of mutants that increase the strength of transcription 
activation or prevent transcription activation altogether by DmUbx 
(Tan et al., 2002). Curiously, this helix is not preserved in species 
more divergent than flies, suggesting that either the helix is irrel-
evant for transcription activation in vivo, or the mechanism of Ubx 
transcription activation has substantially evolved.

In this paper, we demonstrate that helix mutants alter Ubx ac-
tivity when expressed in the developing wing, demonstrating that 
this region is indeed functionally important in vivo. Despite lack-
ing this helix, orthologues of DmUbx are all capable of activating 
transcription, some more effectively than DmUbx. As a first step 
toward elucidating evolutionary differences in the mechanism 
of transcription activation, we used a yeast one-hybrid assay to 
locate the transcription activation domain in Ubx orthologues. 
This assay is independent of other molecular functions, such as 
co-factor interactions, transcription repression, and DNA binding. 
Surprisingly, we found that the location of the activation domain 
within the protein has moved during evolution relative to the con-
served motifs. Furthermore, sub-domain organization, amino acid 
enrichment, and even the role of specific protein segments have 
also changed. We conclude the nature of transcription activation 
by Ubx has substantially evolved. 

Results

Testing the impact of Ubx activation domain a-helix 
mutations in vivo

A predicted helix was required for transcription activation by Ubx, 
both in yeast one-hybrid experiments, which are not dependent 
on DNA binding by Ubx, and promoter-reporter assays in culture 
of Drosophila melanogaster S2 cells, which require Ubx-DNA 
binding (Tan et al., 2002). In these experiments, mutations that 

DmUbx 389

MNSYFE HD QAQAFPL KLY NGYK YPWM

⍺-helix UbdA 

Helix
Akanthokara kaputensis - - - - - - - - - - - - - -
Artemia franciscana - - - - - - - - - - - - - -
Orchesella cincta G V V S S Q T A S Q L - Q T
Tribolium castaneum N S T S S Q P V G T - - Q I
Biston betularia A A A A A Q P V - - - - Q -
Juonia coenia A A A S A Q P V - - - - Q -
Aedes aegypti A G G Q T A P T T G L H Q S
Anopheles gambiae T G G Q A A P S T G L H Q -
Bactrocera dorsalis A A A Q S A - - S S L H Q A ✔

Musca domestica A A A Q T A - - S S L H Q A ✔

D. erecta A A A Q T A A A S S L H Q A ✔

D. pseudoobscura A A A Q T A A A S S L H Q A ✔

D. willistoni A A A Q T A A A S S L H Q A ✔

D. virilis A A A Q T A A A S S L H Q A ✔

D. melanogaster A A A Q T A A A S S L H Q A ✔
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A Fig. 1. Evolution of the a-helix activation domain. 
(A) DmUbx sequence schematic, showing the 
homeodomain (HD). The ubx mRNA is alternatively 
spliced, which alters the length of the amino acid 
sequence between the YPWM motif and the HD. 
Amino acid sequences included or excluded by 
alternative splicing are named b, mI, and mII, and 
indicated by boxes colored pink, dark pink, and 
light pink, respectively. The transcription activation 
core (purple box) and the transcription activation 
enhancing region (light purple box) are indicated. 
The position of a predicted a-helix that is required 
for transcription activation in cell culture assays is 
marked by a bracket. The MNSYFE motif is part of 
a larger sequence required for activation of the tsh 
gene in the head epidermis (Tour et al., 2005), the 
YPWM motif is used in some contexts to bind the 
Hox co-factor Extradenticle (Johnson et al., 1995) 
and inhibits DNA binding (Liu et al., 2008). An alter-
nate Exd-interaction motif is provided by the UbdA 
conserved motif. Finally, the QAQA motif confers the 
ability to repression transcription (Galant and Car-
roll, 2002; Ronshaugen et al., 2002). (B) The amino 
acid sequence of Ubx orthologues corresponding 

to the predicted a-helical region. Only Ubx sequences isolated from flies are predicted to form a helix in this region. In addition to the non-Drosophilid 
species examined herein, listed are Musca domestica (common house fly), Bactrocera dorsalis (oriental fruit fly), Anopheles gambiae (African malaria 
mosquito), Aedes aegypti (yellow fever mosquito), Biston betularia (peppered moth), and Orchesella cincta (springtail).
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increase the predicted helical propensity also increase the levels 
of transcription activation, whereas mutations that decrease heli-
cal propensity prevent transcription activation. These mutations 
neither impaired DNA binding nor transcription repression. While 
this predicted helix is conserved in Drosophilids, house flies (Musca 
domestica), and oriental fruit flies (Bactrocera dorsalis), the helix 
breaking amino acids proline and glycine are present even in the 
closely related mosquito Ubx sequences (Anopheles gambiae 
and Aedes aegypti) (Fig. 1B). Amino acids similar to those in the 
Drosophila helix are absent in more distantly related species. Thus, 
the vital role for this region in cell culture assays contrasts directly 
with its poor evolutionary conservation relative to other molecular 
functions such as DNA binding or transcription repression (Galant 
and Carroll, 2002; Ronshaugen et al., 2002). 

If this helix is truly important to the function of DmUbx, then 
mutation of this helix should also impact Ubx function in vivo. To 
test this hypothesis, wild-type, PM4, and KM2 DmUbx (Fig. 2A) 
were expressed in Drosophila larvae using the GAL4-UAS system 
(Duffy 2002). In the PM4 mutant, two amino acids are replaced 
by proline to prevent helix formation. This mutant was unable to 
activate transcription in cell culture assays (Tan et al., 2002). The 
KM2 mutant, in which two alanines are replaced by lysine to alter 
the nature of a hydrophobic surface of the helix, is better able to 
activate transcription in S2 cells than wild-type Ubx (Tan et al., 
2002). Some aspects of Ubx function may be dependent on pro-
tein concentration. To ensure that a similar amount of each Ubx 
variant is produced in the developing larvae, the GAL4-Ubx DNA 
sequences were inserted into specific sites in the genome using 
phage φC31 Integrase (Groth et al., 2004). Three landing sites in 
the genome were tested, each of which yield a different eye color 
due the presence of the white gene in the inserted DNA: 2R-51D 
(red eyes), 3R-96E (orange eyes), and 2R-58A (light orange eyes).

We tested the ability of Ubx variants to transform the develop-
ing wing to a haltere fate, a well-established Ubx functional assay 
(Grenier and Carroll, 2000). Importantly, Exd, a Hox co-factor that 
can both activate and repress transcription, is not expressed in the 
developing wing pouch, and thus cannot mask changes in Ubx 

function. Ubx regulates hundreds of genes to affect the wing to 
haltere transformation, roughly half of which are activated by Ubx 
(Pavlopoulos and Akam, 2006). Differences were observed when 
wild-type or variant Ubx was expressed in the pouch of the wing 
imaginal disc. An adult wing blade consists of two cell layers (dorsal 
and ventral faces), with the margin, located on the edge, studded 
with a triple row of bristles. In contrast, the haltere is much smaller, 
fluid-filled, and exhibits only a few large bristles on the ventral 
face. Expression of wild-type Ubx primarily on the dorsal side of 
the wing imaginal disc during larval development reduces the size 
of the appendage, especially on the dorsal side, and transforms 
the wing toward a haltere fate (Fig. 2 B,C) (Grenier and Carroll, 
2000). Unlike wild type Ubx and the PM4 mutant, expression of 
the KM2 mutant in the developing wing created a structure with 
three lobes (Fig. 2F). When wild type Ubx is ectopically expressed, 
the triple row of bristles that normally forms along the wing margin 
is still largely intact, and additional haltere-like bristles appear on 
the dorsal face. Although expression of the PM4 mutant yields a 
similar phenotype (Fig. 2 D,E), expression of the more potent KM2 
mutant dramatically increases the number of bristles (Fig. 2 F,G). 
This difference is statistically significant, and is not altered by the 
UAS-Ubx integration site used (Fig. 2H). Differences in protein 
expression created by using different landing sites for the Gal4-
Ubx DNA did not impact experimental results. The PM4 mutant 
does not prevent transcription repression by Ubx (Tan et al., 2002). 
Therefore, the lack of an effect by the PM4 mutant could be due 
to the nature of the Ubx-regulated genetic pathways that drives 
bristle formation in haltere development, since 9 of the 14 known 
Ubx target genes involved in bristle formation are repressed by Ubx 
(Galant et al., 2002; Pavlopoulos and Akam, 2006). Increasing the 
efficacy of transcription activation by the KM2 mutant may reduce 
the ability to repress transcription of these genes. 

The efficacy of transcription activation by Ubx has evolved
Observation of a mutant phenotype confirms that the predicted 

helix sequence is indeed important for DmUbx function in vivo. 
Consequently, the lack of a transcription activation helix in more 

WT A A A Q T A A A S S L H Q A
PM4 A A A Q T P A A S S L H P A
KM2 A A A Q T A K K S S L H Q A
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Fig. 2. Analysis of Ubx activation domain helix mutants 
in the developing Drosophila wing. (A) Sequence align-
ment of the activation domain predicted a-helix from DmUbx, 
with the two helix mutants tested in vivo. The prolines in 
the PM4 are expected to disrupt helix folding, and this 
mutant cannot activate transcription in cell culture (Tan et 
al., 2002). The lysines in KM2 were designed to prevent 
alanines in the helix from forming hydrophobic interactions. 
This mutant is better able to activate transcription in cell 
culture. (B-H) Wild-type or mutant DmUbx was ectopically 
expressed in the third instar larval wing imaginal disc using 
the Gal4-MS1096 driver and fly lines with UAS-Ubx inserted 
at 2R-51D (red eyes), 3R-96E (orange eyes) and 2R-58A (light 
orange eyes). Adult wings are shown at 4x (B,D,F) and 10x 
(C,E,G). The triple row of bristles marking the wing margin 
is indicated by a yellow arrow. Bristles inside the wing 
margin are indicated by white arrowheads. (B,C) Wild-type 
Ubx. (D,E) PM4 Ubx. (F,G) KM2 Ubx. (H) A graph depicting 
the number of bristles within the margin for the progeny 
of MS1096 virgin females mated with males harboring 

the genes for wild-type, PM4, or KM2 DmUbx genes inserted into the genome at 2R-51D (red), 3R-96E (orange), 2R-58A (light orange) landing sites, 
respectively. Altering the Ubx gene insertion site had no impact on bristle number. However, the wings of all flies expressing the KM2 super-activating 
mutant displayed significantly more bristles than the wild-type or PM4 mutants inserted at the corresponding site (p < 10-23).
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distant Ubx orthologues suggests that the nature of the Ubx activa-
tion domain must have evolved. As a first step towards elucidating 
these evolutionary changes, we used the yeast one-hybrid system 
to compare the strength of transcription activation by Ubx ortho-
logues. In this assay, DNA encoding the LexA DNA binding domain 
is fused to the 5’ end of the ubx gene. The yeast cells produce the 
corresponding LexA-Ubx fusion protein, which binds LexA binding 
sites to activate the lacZ reporter gene. One concern in using any 
assay with a fusion protein, such as the yeast one-hybrid assay, is 
attaching the heterologous protein (here, LexA) to the test protein 
(Ubx) could alter the function of the test protein, either by causing 
the test protein to mis-fold, or by sterically blocking ligand bind-
ing. However, yeast one-hybrid results using the LexA-Ubx fusion 
matched results from a promoter-reporter assay in Drosophila S2 
cells, which does not require Ubx to be fused to another protein (Tan 
et al., 2002). Likewise, results from yeast two-hybrid experiments 
using LexA-Ubx matched data from phage display and GST-Ubx 
pulldown experiments, which rely on a different Ubx fusions, as 
well as for DNA binding gel supershift assays and in vivo genetic 
interactions using un-fused Ubx. Consequently, the LexA fusion is 
not altering Ubx activity in the studies below (Bondos et al., 2004, 
Bondos et al., 2006). In addition, differences in media composi-
tion were previously used to calibrate the sensitivity of the yeast 
two-hybrid assay to match results verified in vivo (Liu et al., 2011). 
These protocols were used in the assays reported herein. 

Conversely, the yeast one-hybrid assay has an important advan-
tage in studying Ubx - it reports solely on transcription activation. 
Much of the transcription activation domain also regulates DNA 
binding by the homeodomain (Liu et al., 2008), and is involved in 
protein interactions (Hsiao et al., 2014). Furthermore, the entire 
repression domain has not been located (Galant and Carroll, 2002; 
Ronshaugen et al., 2002). Therefore, mutations in this region have 
the potential to alter other Ubx molecular functions, which could 
mask the impact on transcription regulation in other assays. 

Ubx orthologues were selected from the red flour beetle Tribo-
lium castaneum (TcUbx), the butterfly Juonia coenia (JcUbx), the 
brine shrimp Artemia franciscana (AfUbx) and the velvet worm 
Akanthokara kaputensis (AkUbx). One of the challenges of this 
analysis is that the length of Ubx orthologues varies substantially, 
from 389 amino acids for DmUbx to 214 amino acids for AkUbx. 
Importantly, previously identified conserved motifs can be used 
as positional markers in the protein sequence, much of which is 

intrinsically disordered and poorly conserved (Galant and Carroll, 
2002; Ronshaugen et al., 2002, Liu et al., 2008). These conserved 
motifs allow comparison of the function of analogous regions of the 
protein despite the divergence in sequence composition and length.

The strength of Ubx activation was monitored by the intensity 
of the blue color generated by the lacZ reporter, benchmarked 
against a color standard (Fig. 3). The Pos-LexA positive control 
yields dark blue colonies, whereas LexA alone, which lacks an 
activation domain, yields white colonies. Despite the fact that Ubx 
proteins isolated from non-fly species lack a sequence that is critical 
for transcription activation in DmUbx, all of the Ubx orthologues 
were able to activate transcription. Therefore, the lack of the puta-
tive helix found in flies does not preclude transcription activation 
in other species. Interestingly, LexA-AkUbx yielded the darkest 
colonies and, therefore, AkUbx has the strongest activation domain. 
Colonies expressing LexA-DmUbx were medium blue. The light 
blue color of colonies expressing LexA-TcUbx and LexA-JcUbx 
reveals TcUbx and JcUbx have the weakest activation domains. 
Thus, strength of transcription activation appears to have evolved.

Locating transcription activation domains in Ubx orthologues
As a first step toward understanding the differences in transcrip-

tion activation between Ubx orthologues, we used the yeast one-
hybrid assay to locate the activation domain in each protein. For 
each Ubx orthologue, a series of truncation mutants were created 
to iteratively remove the conserved motifs and intervening regions 
without bisecting amino acid repeats. The truncation mutants al-
lowed us to identify transcription activation core domains, defined as 
regions being necessary and/or sufficient for transcription activation 
either in the full-length Ubx orthologue or in a truncation mutant 
of that protein. Activation enhancer domains were defined as re-
gions that improve the efficacy of transcription in the full-length or 
truncated protein, but cannot independently activate transcription 
in any variants of that Ubx orthologue. Finally, activation inhibition 
domains are regions that inhibit transcription activation. Trunca-
tion mutants are named based on the organism from which that 
Ubx sequence is derived, followed by the amino acids included in 
the mutant. For instance, Jc(14-253) is composed of amino acids 
14-253 of Juonia coenia Ubx. 

JcUbx contains 253 amino acids, much shorter than the 389 
amino acid DmUbx. The large intrinsically disordered region found 
in DmUbx (amino acids 106 - 229) is significantly shortened in 

A B

DmUbx 389
MNSYFE HD QAQAFPL KLY NGYK YPWM

JcUbx 253

AkUbx 214

AfUbx 279

TcUbx 309

UbdA

Fig. 3. Comparison of the strength of Ubx transcription activation domains. (A) Ubx orthologues yield different colored colonies in yeast one-hybrid 
assays, indicated different abilities to activate transcription. For consistency, colony color was gauged against a standard scale (below). The number of 
amino acids in each protein is indicated to the right of the schematics. (B) Alignment of Ubx orthologues, showing the position of conserved motifs 
(brackets) which are named for amino acid sequence, and the DNA binding homeodomain (HD). Gaps in the alignment are indicated by dashed black 
lines. The number of amino acids in each protein sequence is listed to the right.
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JcUbx (Liu et al., 2008), and the 13-amino acid poly glycine tract 
present in DmUbx (amino acids 111-123) is absent in JcUbx. Both 
proteins have an identical homeodomain amino acid sequence, a 
highly conserved C-terminus, and all of the identified conserved 
motifs. Unlike DmUbx, the N-terminus of JcUbx contributes to 
transcription activation (Fig. 4). Transcription activation levels were 
reduced by N-terminal truncations as small as 13 or 41 amino 
acids (Jc(14-253) and Jc(42-253)), and abolished upon loss of 
amino acids 42-66. Thus, amino acids 42-66 constitute part of 
the activation core domain because it is required for transcription 
activation in N-terminal JcUbx truncations. Conversely, removal 
of the C-terminal 14 amino acids had no impact on transcription 
activation (Jc(1-229) compared with Jc(1-243)). Further truncation 
that removes the YPWM motif and homeodomain actually increases 
levels of transcription activation (Jc(1-145)). Additional C-terminal 
truncation to amino acid 123 increased transcription activation still 
further. Therefore, amino acids 124-229 comprise the activation 
inhibition domain in JcUbx, which includes the YPWM motif, the 
homeodomain, and the UbdA motif. Further C-terminal truncations 
decrease transcription activation levels, with some activity detected 
in a fragment only containing amino acids 1-41. Because this small 
fragment can independently activate transcription activation, it is 
also part of the JcUbx activation core. Thus, in JcUbx amino acids 
1-66, including the first 3 conserved motifs, form the activation core 

domain. Because Jc(1-123) is better able to activate transcription 
compared to Jc(1-92), then the JcUbx activation enhancer domain 
is located between amino acids 93-123.

Like JcUbx, full-length TcUbx from the red flour beetle is a rela-
tively weak activator of transcription. Once again, the N-terminus of 
the protein contributes to transcription activation, since Tc(12-309) 
produces lighter blue colonies than the full-length protein (Fig. 5). The 
N-terminus is required for activation, because colonies expressing 
Tc(123-309) do not activate transcription. However, the N-terminus 
alone in Tc(1-50) or Tc(1-150) is less able to activate transcription 
than full-length protein. Removing the very C-terminus of TcUbx, 
including the QAQA conserved motif, does not impact transcription 
activation levels relative to the full-length protein. Similar to JcUbx, 
a C-terminal truncation removing the homeodomain and YPWM 
motif increases the level of reporter gene expression beyond that 
of the full-length protein. Therefore, TcUbx amino acids 204-294 
constitute the Activation Inhibition Region. A further truncation 
which leaves the first four conserved motifs intact substantially 
decreases the level of transcription regulation (Tc(1-150) versus 
Tc(1-204)). No TcUbx truncation mutant was able to produce dark 
blue colonies, as observed for Jc(1-204), suggesting that the tran-
scription activation domain in TcUbx in the absence of an inhibition 
domain, is inherently weaker than the activation domain of the other 
orthologues. Because Tc(123-309) cannot activate transcription 

JcUbx
Jc(14-253)
Jc(42-253)
Jc(67-253)
Jc(93-253)
Jc(1-41)
Jc(1-66)
Jc(1-92)
Jc(1-123)
Jc(1-145)
Jc(1-229)
Jc(1-243)

MNSYFEQ FPL KLY NGYK YPWM HD QAQA

1 66 123 253
Activation Core Inhibition RegionActivation Enhancer

229

UbdA

Fig. 4. Identification of the transcrip-
tion activation domain of JcUbx. (A)  
Schematics of full-length JcUbx and its 
deletion mutants are shown, shaded to 
match the color of the colonies observed 
in yeast one-hybrid experiments. (B) 
Summary of data depicting the location 
of the activation core, enhancer, and 
inhibition region of JcUbx. Conserved 
motifs and the HD are marked with 
brackets. The dark purple boxes depict 
the two activation cores (1-41 and 42-
66), the light purple box represents the 
activation enhancer region (67-123), and 
the orange box represents the inhibition 
region (124-229).

Activation Core Inhibition Region

TcUbx
Tc(12-309)
Tc(44-309)
Tc(123-309)
Tc(1-50)
Tc(1-150)
Tc(1-204)
Tc(1-294)

MNSYFEQ FPL KLY NGYK YPWM HD

Activation Enhancer
1 122 204 309294

QAQA
UbdA

151

Fig. 5. Identification 
of the transcription 
activation domain of 
TcUbx. (A) Schematics 
of full-length TcUbx and 
its deletion mutants are 
shown, shaded to match 
the color of the colonies 
observed in yeast one-
hybrid experiments. 
(B) Summary of data 
depicting the location 
of the activation core, 

enhancer, and inhibition region of TcUbx. Conserved motifs and the HD are marked with brackets. The transcription regulatory regions include the 
activation core (12-122, purple), the activation enhancer regions (1-11 and 151-204, light purple), and the inhibition region (205-294, orange).
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but Tc(44-309) can, the core activation domain includes residues 
44-122. Furthermore, Tc(1-50) is able to activate low levels of 
transcription, thus this region is also part of the core activation 
domain. Consequently, the entire core activation domain in TcUbx 
spans residues 1 through 122. Inclusion of amino acids 151-204 
further enhances transcription levels. Finally, the homeodomain 
and YPWM motif inhibit the activity of the transcription activation 
domain: Tc(1-204) is blue, whereas Tc(1-294) is light blue.

Analysis of AfUbx, derived from the brine shrimp Artemia 
franciscana, allows dissection of a Ubx activation domain in a 
crustacean. Both JcUbx and TcUbx have a QAQA motif near their 
C-termini, and removal of this motif had no effect on transcription 
levels. In contrast, AfUbx lacks this motif, and the corresponding 
truncation in AfUbx to remove the extreme C-terminus (amino acids 
178-252, up to the UbdA motif) increased transcription activation. 
Removing the homeodomain further increased activation levels. 
Thus, the homeodomain and C-terminus of AfUbx constitute the 
activation inhibition region. Larger C-terminal truncations did not 
have a discernable effect until amino acids 96-103 were removed, 
which are required for transcription activation and therefore part 
of the activation core. Removing the N-terminal 14 amino acids 
reduced transcription activation levels (Af(14-279) vs. AfUbx, 
Fig. 6). Consequently, the N-terminus enhances transcription 
activation. Also truncating from the N-terminus (Af(14-103) and 

Af(23-103)) reduces, but does not eliminate transcription activation 
levels compared to (Af(1-103). Therefore, amino acids 1-22 form 
the activation enhancer domain, and amino acids 23-103, which 
can independently activate transcription, form the Activation Core 
Domain. The role of the AfUbx region between 14 and 96 were 
assessed using internal deletions. Removing amino acids 17-51 
(Af1-16,52-279) or removing amino acids 52-101 (Af1-51,103-279) 
each reduced transcription activation relative to the full-length pro-
tein. Together, we conclude that the activation core in AfUbx spans 
amino acids 23-103 and the enhancer region is amino acids 1-22, 
while the inhibition region is located between amino acids 177-279.

The onychaphoran (velvet worm) AkUbx was the most evolution-
arily distant orthologue tested. Velvet worms are ancient animals 
with a simple body structure suggesting less evolved Hox function 
(Grenier and Carroll, 2000). The AkUbx protein is only 214 amino 
acids long, 55% of the length of DmUbx. The AkUbx sequence 
includes 5 of the 6 conserved motifs, and the intrinsically disordered 
regions are significantly reduced in length (Liu et al., 2008). Unlike 
the other Ubx orthologues, full-length AkUbx is a potent transcrip-
tion activator. Removal of the N-terminal 12 amino acids reduced 
the protein’s potency, and further truncation (29 amino acids, total) 
prevented transcription activation entirely (Fig. 7). Truncating the 
C-terminus up to residue 78 had no impact on transcription acti-
vation, whereas further truncation produced an inactive protein. 

UbdA

Af(1-252)
Af(1-177)
Af(1-160)
Af(1-125)
Af(1-114)
Af(1-103)
Af(1-96)
Af(14-103)
Af(23-103)
Af(14-279)

AfUbx

Af(1-16, 52-279)

Activation Core Inhibition Region

MNSYFEQ FPL KLY NGYK YPWM HD

1 22 103 279
Activation Enhancer

177

Af (1-52, 104-279)

Fig. 6. Identification 
of the transcription 
activation domain of 
AfUbx. (A) Schematics 
of full-length AfUbx and 
its deletion mutants 
are shaded to match 
colony color from yeast 
one-hybrid experiments. 
(B) The location of the 
activation core (97-103, 
purple), enhancer (1-
96, light purple), and 
inhibition regions (178-
279, orange) of AfUbx. 
Conserved motifs and 
the HD are marked with 
brackets. 

Activation Core

AkUbx

Ak(12-214)

Ak(29-214)

Ak(79-214)

Ak(1-28)

Ak(1-78)

Ak(1-120)

1 78 214

MNSYFEQ KLY NGYK YPWM HDFPL UbdA

Fig. 7. Identification of 
the transcription activa-
tion domain of AkUbx. 
(A) Schematic structures 
of AkUbx and deletions 
shaded to match the color 
of colonies from yeast 
one-hybrid experiments. 
(B) Conserved motifs and 
the HD are marked with 
brackets on a schematic 
showing the position of 
the activation enhancer 
region (1-11) and the dark 
purple boxes represent 
the activation core region 
(12-78).
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Consequently, the AkUbx core activation domain is residues 1-78, 
the smallest fragment capable of activating transcription. No region 
capable of inhibiting transcription was identified for this protein by 
us or by others (Galant and Carroll 2002).

Discussion 

The transcription activation domain in the Hox protein Ultrabi-
thorax has evolved significantly. First, only Ubx derived from flies 
possess a sequence predicted to form an a-helix. This sequence is 
absolutely required for transcription activation by DmUbx in yeast 
and in Drosophila cell culture (Tan et al., 2002) and contributes to 
Ubx activity in vivo. Second, comparison of five Ubx orthologues 
spanning 540 million years of evolution (Ronshaugen et al., 2002, 
Gallant and Carroll, 2002) reveals that the strength of the activation 
domains has evolved (Fig. 8). Third, the locations of both the N-and 
C-termini of the activation domain differ among the orthologues. All 
orthologues except DmUbx include the N-terminus of the protein 
in their activation domain. The location of the C-terminus of the 
activation domain is much more variable. The activation domains 
of DmUbx and TcUbx end near the YPWM motif. The JcUbx and 
AkUbx activation domains extend just past the NGYK motif, while 
the AfUbx activation domain includes more of the sequence between 
the NGYK and YPWM motifs. Fourth, the location of the activa-
tion core domain relative to the activation enhancer domain also 
varies considerably. In DmUbx, and AfUbx, the activation core is 

located C-terminal to the activation enhancing region. In contrast, 
the core of JcUbx, TcUbx, and AkUbx includes the N-terminus of 
each protein. Furthermore, AkUbx, derived from the least complex 
organism, lacks an activation enhancer domain. Consequently, 
the activation core of different orthologues encompasses different 
conserved motifs. 

A fifth aspect that varies significantly is the presence and posi-
tion of a domain that inhibits transcription activation. This region 
could either act by directly inhibiting the function of the activation 
domain, or it could act as a separate transcription repression 
domain that competes with transcription activation. For instance, 
in promoter-reporter assays in Drosophila S2 cells, the DNA 
sequence of the promoter determines whether Ubx activates or 
represses the reporter gene (Winslow et al., 1989; Saffman and 
Krasnow, 1994). However, a Ubx mutant incapable of transcrip-
tion activation is able to repress transcription using an activating 
promoter (Tan et al., 2002). Only JcUbx, TcUbx, and AfUbx have 
regions capable of inhibiting transcription activation. In TcUbx, 
this region only encompasses the YPWM motif, homeodomain, 
and UbdA motif. In JcUbx, the activation inhibition domain also 
includes sequences N-terminal to the YPWM motif. In AfUbx, the 
activation inhibition domain lacks the YPWM motif but does include 
the C-terminus of the protein. Finally, AkUbx, like DmUbx, lacks 
an activation inhibition domain.

Because activation domains generally lack stable structure (Tan 
et al., 2002), they are typically categorized based on amino acids 
enriched in their sequence. Indeed, the nature of the enriched 
amino acids has been proposed to correlate with mechanism of 
transcription activation (Treizenberg 1995; Courey and Jia 2001). 
Table 1 displays the percentages of amino acids that are either 
enriched in one of the studied proteins, or for which the amount of 
that amino acid varies substantially. The composition of the activation 
domains differs significantly between the selected proteins. No two 
proteins are enriched in the same set of amino acids. Conversely, 
no amino acid is enriched in all proteins. 

Interestingly, the activation inhibition domain does not include the 
QAQA motif in any protein. The QAQA motif can inhibit transcrip-
tion repression by DmUbx in cell culture and in vivo (Galant and 
Carroll 2002; Ronshaugen et al., 2002). Our data support the idea 

Ubx Ala Asn Gly His Pro Glu Ser Thr Val Tyr
Dm 16 10 27 1.7 3.4 2.9 8.6 5.1 5.1 2.9
Jc 14 24 18 3.3 7.3 8.1 7.3 1.6 2.4 7.3
Tc 13 6.3 9.7 7.4 5.7 8 18 2.8 5.1 5.1
Af 12 6.8 5.8 2.9 9.7 9.7 6.8 5.8 0 7.8
Ak 7.7 10.3 5.1 0 9 7.7 11.5 5.1 1.3 10.3

TABLE 1

AMINO ACID CONTENT OF ACTIVATION CORE 
AND ENHANCER DOMAINS IN UBX ORTHOLOGUES

Enriched amino acids relative to the composition of an average protein are in bold (Tourasse and 
Li, 2000).

JcUbx 253

DmUbx 389

MNSYFE HD QAQAFPL KLY NGYK YPWM

AfUbx 279

TcUbx 309

AkUbx 214

UbdA

Fig. 8. Schematic comparison of transcription activation domains within the Ubx orthologues. Conserved motifs and the HD are marked with 
brackets and dashed lines represent missing sequences. Dark purple bars represent activation cores, light purple bars represent activation enhancers, 
orange bars represent inhibition regions, and gray bars represent sequences that do not regulate transcription activation. Note that the lengths of these 
proteins differ substantially. HD is identical in length in each of these proteins.
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that the QAQA motif represses transcription by directly interacting 
with co-repressors rather than by inhibiting transcription activation. 
In contrast, the homeodomain inhibits transcription in other Hox 
proteins, including Deformed and HoxA7 (Li et al., 1999; Schnabel 
and Abate-Shen 1996), and is included in the activation inhibition 
domains of JcUbx, TcUbx, and AfUbx. Thus the transcription re-
pression previously observed by the homeodomain may result, at 
least in part, from inhibition of transcription activation. 

These experiments highlight the critical importance of context 
in evaluating Hox function. First, as the domain organization of a 
transcription factor becomes more complex, the role of a region 
of the protein sequence can change as regions of the protein are 
added or removed. For example, the activation core of JcUbx is 
divisible. Amino acids 42-66 behave as a core, enabling transcrip-
tion activation in the Jc(42-253) variant. However, in Jc(1-66), 
this same region behaves as only an enhancer, because amino 
acids 1-41 are separately able to mediate transcription activation. 
Analysis of domain organization using gene regulation assays in 
vivo is made even more complex by the inclusion of interacting 
transcription factors. A region of Ubx that appears to activate tran-
scription may only recruit another transcription factor that actually 
activates transcription. Comparing results from multiple assays 
can resolve these issues, and reveal the extent to which a single 
transcription factor can adapt its function to regulate different genes 
in different tissues. 

In many proteins, the rapid evolution of intrinsically disordered 
sequences combined with the potential for insertions and deletions 
complicates linking evolutionary changes in function to protein 
sequence. The presence of conserved motifs in Ubx orthologues 
allowed subdivision of the activation domain, such that analogous 
regions of the protein sequence could be compared between Ubx 
orthologues. Aligning these regions reveals that the role of a single 
sub-region of the activation domain can vary. For instance, the region 
between the MNSYFE and the FPL motifs functions as an activation 
core in JcUbx and AkUbx, an activation enhancer in AfUbx, and 
has no role in DmUbx. Likewise, the sequence N-terminal to the 
YPWM motif can be part of the activation core domain (DmUbx), 
enhancer domain (TcUbx), inhibition domain (JcUbx), or have no 
effect (AfUbx and AkUbx). 

Although the activation domain is always located N-terminal to 
the homeodomain, comprising up to 60% of the protein sequence, 
differences in the position, sequence, length and sub-domain 
organization of the activation domain were observed. Both the 
inherent capacity of the tested transcription activation domains 
are different, and the extent to which this capacity is offset by the 
inhibitor regions or variations in potency of transcription repression 
domains also varies (Galant and Carroll, 2002; Ronshaugen et al., 
2002) also changes. These molecular differences combine to vary 
the ability of different Ubx orthologues to activate transcription. 
Evolutionary changes in the sequence and function of the Ubx 
transcription repression domain have also been reported (Galant 
and Carroll 2002; Ronshaugen et al., 2002). These changes are 
surprising, given the general organization of these proteins, e.g., 
the presence and arrangement of conserved motifs and the home-
odomain, is generally preserved. In addition, other Hox proteins 
appear to be constructed along similar lines, with the activation 
domain embedded in a long disordered region N-terminal to the 
homeodomain and YPWM motif (reviewed in Tan et al., 2002). We 
conclude that Hox transcription regulatory domains can be highly 

variable, despite conservation of other aspects of Hox sequence 
organization and function.

Many mechanisms of transcription factor evolution have been 
proposed in which domains evolve as discrete modules, including 
gene duplication & divergence, domain shuffling, and insertions/
deletions (indels) (Cheatle Jarvela and Hinman 2015, Dunker et 
al., 2015; Light et al., 2013; Niklas et al., 2015; Srivastava et al., 
2018; Staby et al., 2017, Wagner and Lynch 2008; Nnamani et 
al., 2016). These mechanisms enable functions to be added to or 
removed from a transcription factor without catastrophic failure of 
the protein, thus avoiding negative pleiotropic effects. This work 
demonstrates the profound impact that such changes, distributed 
throughout a functional domain, can have on the function of that 
domain.

Materials and Methods

Ectopic expression of Ubx variants in Drosophila
Genes encoding wild type Ubx, PM4 Ubx, or KM2 Ubx were cloned 

into the plasmid pUASTattB between the EcoRI and XbaI restriction sites. 
φC31 integrase-mediated site-specific transgenesis (Bischof et al., 2007) 
was used to insert each ubx variant gene into three AttP landing sites in the 
Drosophila melanogaster genome: Bloomington Stock lines: 24483 (red eye 
color, attP position 2R-51D), 24487 (orange eye color, attP position 3R-96E), 
and 24484 (light orange eye color, attP position 3R-96E) by Best Gene, 
Inc. These efforts created a total of 9 Drosophila lines (3 ubx variants x 3 
insertion sites), and allowed us to determine whether the DNA insertion site 
impacted assay results. Each of these lines were crossed with the MS1096-
Gal4 line (Bloomington Stock Center) to express the corresponding Ubx 
variant in third instar larval wing imaginal disc. All crosses to express Ubx 
used virgin MS1096-Gal4 females and males carrying UAS-Ubx responder 
inserted into the specified AttP genomic site. The significance of differences 
in bristle number was assessed by univariate ANOVA.

Yeast one-hybrid assays
DNA sequences for the Ubx orthologues were kindly provided by Dr. 

Bill McGinnis (UCSD) and Dr. Sean Carroll (University of Wisconsin). 
These genes were individually inserted into the vector pLexA (Clontech 
Laboratories, Inc.) between the EcoRI site (5’ end) and the BamHI site (3’ 
end), placing the Ubx orthologue in the correct reading frame relative to 
the LexA DNA-binding domain.

Yeast were transformed with the pLexA plasmid DNA, encoding the Ubx 
orthologue as specified, following protocols in the Clontech Yeast Protocols 
Handbook. In brief, yeast EGY48 strain cells carrying the reporter plasmid 
p8op-lacZ were incubated at 30 °C in liquid YPD, containing 1.0% yeast 
extract, 2.0% peptone, 2.0% glucose, pH 7.0, and grown to an absorbance 
at 600 nm of around 1.0 before transformation. SD plates lacking uracil and 
histidine and containing 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside 
(X-gal) were prepared using yeast nitrogen base purchased from Difco, 
and the pH was not adjusted after autoclaving (Hsiao et al., 2014). Plasmid 
DNA (500 ng) encoding the LexA alone or the LexA fusion protein was 
transformed into yeast, plated on SD ura-his- X-gal plates and incubated 
at 30 °C until visible colonies had formed (roughly 3 days). 

Transcription activation of the lacZ reporter gene was determined by 
monitoring b-galactosidase production by blue/white colony assessment. 
Blue colonies indicate transcription activation by the Ubx fragment in the 
construct, and the relative shade of blue reflects transcription activation 
strength. Full-length UbxIb, which is known to activate transcription in this 
assay (Tan et al., 2002; Hsiao et al., 2014) and pos-pLexA (Clontech Labo-
ratories, Inc.) were used as positive controls. A Ubx mutant (PM4) which 
disrupts transcription activation, and empty pLexA without a transcription 
activation domain served as a negative control. Colony color was assessed 
by comparison to a standard color series (Fig. 1).
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