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Summary

The Ultrabithorax (Ubx) and Antennapedia (Anip) genes
of Drosophila encode homeodomain proteins that have
very similar DNA binding specificities in vitro but
specity the development of different segmental pat-
terns in vivo. We describe cooperative interactions be-
tween Ubx protein and a divergent homeodomain pre-
tein, extradenticle (exd), that selectively increases the
affinity of Ubx, but not Antp, for a particular DNA 1ar-
get. We also provide evidence that Ubx and exd bind to
neighboring sites on this DNA and interact directly 1o
stabilize the DNA-bound form of Ubx. Thus, the ability of
ditferent homeotic genes to specify distinct segmental
patterns may depend on cooperalive Interactions with
proteins such as exd that selectively modulate their oth-
erwise similar DNA binding specificities.

Introduction

Most animals have well-defined morphological differences
along their anterior to posterior body axes. In insects,
whera the body plan is segmented, these differences are
controlled by the homeaotic genes that dictate the specific
morphological characleristics of each segment {Lewis,
1978; Wakimoto and Kaulman, 1981). In Drosophila me-
lanogaster, eight homeotic genes are clusterad in the
Antennapedia (Anip) and bithorax gene complexes and
collectively constilute the homeolic complex or HOM-C
(MeGinnis and Krumiauf, 1992). Similar Homeotic Com-
plexes have been idenlified in all higher eukaryotes that
have been examined, and a significant body of evidence
supports the idea that all HOM-C genes, such as the Dro-
sophila homeotic genes, play important roles in regional
patiern specification. Furthermore, all HOM-C genes en-
code homeodomain-conlaining proteins and, therafore,
probably determine cell lates by binding to and regulating
the transcription of downstream larget genes (Andrew and
Scott, 1992).

In contrast with their diverse in vivo functions, HOM-C
proleins often bind to the same DNA sequences in vilro,
indicating that their intrinsic DNA binding specificities are
very similar {see Hoey and Levine, 1988; Daesplan el al.,
1888; reviewed by Treisman el al., 1992). An important
problem, therefore, is how HOM-C proteins direct the de-

velopment of distinct patterns. One possibility is that subtle
differences in their in vitro DNA binding alfinities are im-
portant in vivo. Indeed, quantitative dilferences in the DNA
binding of HOM-C proteins exist and are fikely to be im-
portant for distinguishing between some of their in vivo
functions (Dessain et al.. 1992; Ekker el al,, 1992; Lin and
MeGinnis, 1992; Furukubo-Tokunaga et al., 1983; Zeng
et al,, 1993}, In fact, the sequence of the N-terminal arm
of the homeodomain that, according to structural determi-
nations, makes direct contacis with DNA is often respaonsi-
ble for these differences (Kissinger et al., 1920: Otling et
al., 1990: Wolberger et al.. 1991).

Another possibility is that HOM-C proteins act in con-
junction with cofactors that moedulale their ability to regu-
late the transcription of downstream genes. Such ¢ofac-
tors could directly affect the DNA binding properties of
HOM-C proteins and thereby alter target gene selection.
For example, in the yeas! Saccharomyces cerevisiae, the
homeoprotein MATa2 requires minichromosome mainte-
nance protein MCM1 to bind and repress a specific sat
of downsiream large! genes (Keleher et al., 1988), Alterna-
tively, HOM-C colactors could determine whether a partic-
ular targel gene is aclivated or repressed, or they could
modulate the degree of activation or repression.

Recenlly, there has been experimental support for the
existence of specificity cofactors for HOM-C proteins. Spe-
cifically, five homeodomain amino acids and sequences
carboxy-lerminal to the homeodomain ware shown to be
important for distinguishing between the in vivo functions
of two closely related Drosophila HOM-C proteins, Ultrabi-
thorax (Ubx) and Antp (Chan and Mann, 1993). Based an
the three-dimensional structures of homeodomains bound
to DNA (Kissinger et al., 1920; Otting et al., 1990; Wol-
barger et al., 1991), some of these amino acids are pre-
dicted to face away from DA, Thus, these mapping exper-
iments sugges! that the in vive specificities of HOM-C
proteins are in part due o interaclions with other proteins.

Further support for the importance of protein-protein
interactions is provided by the properiies of the extraden-
ticle (exd) gene which, by genetic criteria, modulates thein
vivo functions of HOM-C proteins (Peifer and Wieschaus,
1990). In particular, mutations in exd cause homeotic
transformations in thoracic and abdominal segmants with-
out altering the expression patlerns of the HOM-C genes.
Theretore, HOM-C proteins, including Antp and Ubx, are
correcily expressed in exd embryos but specify incorrect
segmental patierns. exd encodes an unusual homeodo-
main protein that is highly related 1o the mammalian ho-
meocbox-conlaining prote-oncogene, pbx? (Flagel et al,
1982; Rauskolb et al., 1983). The expression pattern of
exd predicis that exd protein will be present at the same
time and place as many HOM-C proteins, including Ubx
and Antp (Rauskolb et al., 1993}, Thus, the genetic and
molecular analysis of exd suggests that it could encode
a cofactor that modulates the in vivo functions of HOM-C
proteins.

To characterize how exd modulates the junctions of
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Figuse 1. oxd Is Reguingd fof app Exprossion
and dpp3nd Activity In Vivo

{A and B) Wild-type (A) and exd (B) embryas
ware doubly stained for dpp (blue/black) and
Ubx (brown) protedns. In wilddype embryos,
dpp i5 oxpressed very strongly in PST of the
visceral masodarm (thick arrow), mone waakly
in the prnmordia of the gastric caeca (thin
amow), and in soveral places in the head and
the hindgut. Ubx is also expressed in PS7 ol the
visceral mesaderm, but it is not visitle owing 1o
sirong dpp expresson. In exd” embryos, dpp
expression in PST is very weak and the gastric
caeca expression is nearly eliminated, Weak
ectopic expression anterior 1o P57 in the vis.
caral masoderm is visibla (Lhin armow), and the
hindgut and head siaining appear o be ungl-
fected. Inexd - embryos, Ubx expression is nor-
mal in ps 7 of the wisceral mesoderm {arrow-
head].

(G and D) Wild-type (C) or exd () dpp3D3-
facZ embryos stained for lacZ expression. As
wilh dpp expression, exd is required lor dpp303
activity. The thin arrows in (C) and (D] paint 1o
weak, ine-specific staining thal is used s &n
internal control for staining levols because it is
unaHected in exd mutant embryos. The em-
bryos in (A) and (B) and (C) and (D}, respec
tively, were fixed and siained in parallal; (hus,
the levels of staining are direcily comparable,
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HOM-C proteins, we studied a 303 bp enhancer slemeant
{tlpp303) lrom the Drosophila decapentaplegic gene (dpp)
(Capovilla et al., 1994). dop encodes a member of the
transforming growth factor [} lamily, and its expression in
parasegmenl 7 (PS7) of the viscaral maesoderm is naces-
sary for a morphogenetic constriction of the embryonic
midgul (Padgett et al., 1987: Immergluck et al., 1990; Pan-
ganiban et al., 1980; Reuter et al., 1990). Direct binding
ol Ubx to the dop303 enhancer is required lor its activation
in P57 of the visceral mesoderm (Capovilla et al., 1594).
In contrast, Antp, which is expressed anterior 1o P37, does
not activate this enhancer. In the experiments described
here, exd is shown to bind cooperatively with Ubx, bul not
with Antp. to binding sites within the ¢ipp303 enhancer.
As exd and Ubx are both reguired for dpp expression in
this tissue, we suggest that this cooperative interaction is
important in vivo. Thus, the developmental specilicity of
HOM-C proteins may be conferred at least in part by cofac-
\ors such as exd that selectively modulate their DNA bind-
ing specificities.

Results

exd Is Required for dpp Expression and dpp303
Activity In Vivo

Wild-type expression of dpp in PS7 of the visceral meso-
derm requires the coincident expression of Ubx (Padgett
gt al,, 1987; Immergluck ! al., 1990; Panganiban et al.,
1980: Reuter &t al., 1990). This aspect of dpp expression,
including the dependency on Ubx, can be mimicked by
using a 303 bp enhancer element (dpp303) from the dpp
gene to drive the expression of a reporter gene (Capovilla
et al., 1994). ! exd also plays a role in dpp expression in
this lissue, then embryos that lack exd function should
have aliered dpp axpression. As exd is expressed both
maternally and zygotically (Rauskolb et al, 1983), em-
bryos devoid of all exd function were examined. In the
complete absence of exd, the expression of dpp (Figures
1A and 18} and of the dpp303-lacZ reporter gene (Figures
1C and 1D) in PS7 of the visceral mesoderm was graally
reduced. |n addition, dpp expression in the gastric cagca
primordiawas nearly eliminated, and weak eclopic expres-
sion of dpp anterior to PST in the visceral mesoderm was
observed (Figure 1B). In contrast, Ubx expression was
normal in exd” embryos. demonstrating that the lower lev-
gls of dpp in PS7 were nol due o the lack of Ubx (Figure
1B). Thus, Ubx and exd act in parallel to activale dpp in
P57 of the visceral mesoderm, In addition, exd appears
to be required 10 repress dpp expression in the visceral
mesoderm anterior io PS7. Similar obsarvations lo these,
including the efiects on the dpp303 enhancer, have been
made indapendently by Rauskolb and Wieschaus (1994),

Exd-Binding Sites Are Close to Ubx-Binding Sites

For most of the experiments described here, the source
of exd protein was a bacterially expressed fusion betwaen
a His-tag sequence and a fragment of exd containing its
homeodomain (see Experimental Procedures for details)
{Smith et al., 1988). Unless otherwise stated, all HOM-C
proteins used in this study were also fusions with the His-

tag sequence and included their homeodomains and all
carboxy-tarminal sequences. All fusion proteins were puri-
fied using Mi* affinity chromatography after their overex-
pression in Escherichia coli (Smith et al., 1988).

Initially, the dop303 DNA fragment was scanned for exd-
binding sites using the electrophoretic mobility shift assay
{EMSA) with purified exd protein. At least three regions
of dpp303 were observed to have specific binding sites
{data not shown). We focused our attention on an 80 bp
fragment located at the 5’ end of dpp303 in which Ubx-and
exd-binding sites are clustered (see below). This fragment
{dpp80) contains two Ubx-binding sites, referred o as sites
4a and 4b (Capovilla et al., 1994). dpp80 is likely to have
weak enhancar activity in vivo because a slighlly largar
fragment, containing the same and no additional high af-
finity exd- and Ubx-binding sites, can direct Ubx- and exd-
dependent expression in P57 of tha visceral mesoderm
(data not shown).

DMAasel protection was used to map the exd-and Ubx-
binding sites in dpp80 (data not shown; Capovilla et al.,
1984; summarized in Figure 2A). Exd protects two regions
that are close to and partially overlap the Ubx-protected
ragions (Figura 2A4). Within the regions protected by exd
are the sequences S5-ATCGAAATG-3 and 5-ATAAAA-
CAA-3, which are ralaled 1o the optimized binding site
identilied for one of the human exd homologs, pbxil
(5-ATCAATCAA-3) (Van Dijk et al., 1993). These exd-
binding sites ware confirmed by demonstrating that muta-
tions in these sequences completely efiminated specific
gxd binding o dpp80 (see below).

To confirm that the DNAasel proteclion was due 1o a
pbx-like binding activity, exd binding o dpp80 was mea-
sured in the presence of specific and nonspecific competi-
tor DMAs (Figure 2B). Using EMSA to analyze the prod-
ucts, a single, slower mobility complex was observed wilh
0.2 pg of exd (Figure 2B, lane 3), and an additional com-
plex was obsarved with 2.0 pg of exd (Figure 28, lane
4), These dala are consistent with dpp80 containing two
exd-binding sites. The formation of thesa complexes was
largely prevented by adding increasing amounts of an oli-
gonucleotide containing the pbx consensus-binding site,
5-ATCAATCAA-3' (Van Dijk et al., 1993) (Figure 2B). In
contrast, increasing amounts of the nonspecific competi-
tor poly(dii-(dC) (up to a 500-told excess; Figure 2B, lane
10) did nol reduce the amount of complex farmation, Thus,
exd binding to dpp80 is specific lor the pbxike binding
sites present on this DNA fragment.

Exd and Ubx Bind Cooperatively to dpp80
The arrangement of Ubx- and exd-binding sites in dpp80
suggested that these two proteins may interact upon bind-
ing to this fragment, This was tested using EMSA lo ana-
lyze the complexes thal form in the presence of either
protein alone or in combination (Figure 3). In all cases,
when both exd and Ubx were present in a binding reaction,
the total amoun! of bound dpp80 was significantly greater
than the sum of the amounts bound by each protein alone,
Ubx binding to dpp80 was measured in the absance
and presence of two ditferent amounts of exd (Figures
3A-3C). By itself, increasing amounts of Ubx generaled
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first one, then two Ubx-dpp80 complexes (U complexes:
Figure 3A). When 1.5 ug of exd was included in the reac-
tion, additional slower mobility complexes were observed
(U-E complexes; Figure 3B). In addition, the slower of
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Figure 2, dppdd Conlains Exd-Pbx-Binding
Sites

{A) The sequence of dpp80. The binding sites
Identified by DNAasal protection for Ubx (over-
lines) and exd {undarines) are indicated. Thin-
ner lines reprosent weaker binding sites. The
A and B regions delineate the oligonucleotides
dpp80A and cppd0B, respectively (ses Fig-
ure 3).

(B) Exd binding to dep8d is specilically com-
peted by an oligonucleotide containing a pha-
binding site (pbx oligo). In addition to the
reagents indicated. all reactions comtained
0.5-1.0ng of “Pldppsdand 125 ng of poly{di}-
(dC).

Abbreviations: F, free prabe; E, oxd-dop&o
complexas; and (d)(dC), poly(di}-(2C}).

the two U complexes was observed at much lower Ubx
concentrations in the presence of exd than in its absance
(compare Figure 3B, lane 3 with Figure 3A, lane 6). Quanti-
tation of these dala demonstrates that the total amount

Figura 3. Cooperative Binding of Ub:x and Exd
o dppln

(A=C) Cooperative binding 1o dped0. Increas-
Ing amounts of Ubx in the absenca {A) and
prasence (B} of 1.5 pg of exd wera incubated
with [*Pjdpp 80, and EMSA was usad lo display
the products. (C) Quantilation of the data in (A)
and (B). Im addition, 8 second independent sel
of data from a Ubx titralion in the absence of
exd (diamonds) and the rasults of a similar Ubx
litration in the presence of 400 ng of exd (cir-
cles) are presented, The total percentage of
bound dpp80 s plotted as a function of Ubx
cencentration. Tho data poinls ropresenting
the percentage bound owing (o increasing
amounis of Ubx in the presence ol either 400
ng of exd (circles) or 1.5 ug of exd {triangles)
have all been subtraclod by tho percantage
bound by exd alone (epproximalely 5% and
0%, respectively). Thus, the difference be-
twaan thoge curves and the without oxd (—exd)
curve (diamonds or squares) représents the
amount of synergistic binding resulting from
both proteins beng preaant in the reaction,
Abbraviations: F. free probe; E, exd-dpps0
complexas: U, Ubx-dop80 complexes: and
U-E, or U+E, Ubx- and exd-depandant com-
plexes.,

{D-G) Cooparative binding to cdpp80 sublrag-
ments. [“Pjdnpa0a (D) and dppd08 (F) were
incubated with increasing amounis of Ubx in
the absence (lanes 1-8) and presence (lanos
7=12) of BOO ng of exd, and EMSA was usad
to display the products. Abbreviations are as
above. (E} is the guantitation of the data in (D),
and (G) is tho guantitation of the data in (F).
Tha percentage bound in the prosonce of exd
has been subiractied by the amount baund by
exd along, Thus. the difference betweon the
without exd (=axd) curve and the curve show.
Ing the addition of 0.8 ug of exd [+ 0.8 ug of
oxd) represents the amount of synergistic bind-
ing rasulting from both protaing boing present
in th reactian.

- g

Ubx (ng)

= 0.8 ug eng

Ubx (ng)
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of bound dpp80 is synergistically increased in the pres-
ence of both proteins (Figure 3C). Using the data from this
experiment, apparent binding constants (Ke) were esti-
mated. Under these reaction conditions, the Ko for Ubx
binding to dop&0 in the absence of exd was approxim ately
1.7 % 107 M. In contrast, the addition of either 400 ng
or 1.5 ng of exd to the reaction resulted in a Ko for Ubx
binding of approximately 6.7 = 107" M and 8.9 » 107" M,
respectively, These reductions in Kgs correspond to an
effective increase in Ubx binding afiinity of 2.5- and 18.8-
fold, respectively. As this increase in atfinity is dependent
on exd-binding sites (see below), we interpret these data
as the result of cooperaliva binding between Ubx and exd.
Similar conclusions were obtained when the concentration
of exd was varied in either the absence or presence of a
constant amount of Ubx (data not shown).

Exd and Ubx also bind cooperatively to subfragmeants
of dpp80 (dpp80A and dpp808), suggesting that individual
pairs of Ubx- and exd-binding sites are sufficient for this
coaperalive interaciion (see Figure 2A for a description of
these fragments). Ubx binding to both dpp80A and dppB08
was increased approximately 6- to 30-fold by 8OO ng of
exd (Figures 3E and 3G). At higher concantrations of Ubx,
a single slow mobility U-E complex was observed with
both subfragments, In addition, the presence of exd in the
binding reaction apparently increases the amount of the
Ubx-dpp80 complex (for example, Figure 3D, compare
lane 3 with lane 9). This unusual effect may be due to the
relative instability of the U-E complexes as measured by
EMSA. Alternatively, exd may alter the conformation of
dpp&0, Ubx, or both in such a way as to increase the
stability of the U complex. These possibilities are more
fully considered in the Discussion.

The Slower Mobility Complexes Contain Ubx

Ta confirm that the U=E complexes contain Ubx, a mone-
clonal antibody (mAb) recognizing Ubx carboxy-terminal
sequences (the Ubx C-tail) (mAb 5C.2B; Lopez and Hog-
ness, 1991) was added to a set of binding reactions with
dpp80, and the products were analyzed using EMSA (Fig-
ure 4), The addition of mAb 5C.28 resulted ina very slowly
migrating complex (the antibody complex) only when Ubx
was present (Figure 4, compare lanes 8 and 10}, When
1.5 ug of exd was present alone in the reaction, two exd
complexes were visible, and no effect due to addition of
the antibody was observed (Figure 4, compare lanes 2 and
8. When Ubx and exd were both present in the reaction,
a single U-E complex was observed (Figure 4, lane 4).
Addition of mAb 5C.2B reduced the amount of this U-E
complex and generated the antibody complex (Figure 4,
lane 5), confirming the presence of Ubx in this Ubx- and
exd-dependent complex,

The amount of the antibody complex is 6-fold greater in
the presence of exd than in its absence (Figure 4, compare
lanes 5 and 10). This additional exd-dependent supershift
of Ubx-containing complexes may be due in part to the
cooperative interaction between Ubx and exd on dppa0.
However, this conclusion is complicated by the fact that
mAb 5C.2B can itself stabilize the interaction between Ubx
and dopa0, even in the absence of exd (see below).

mABSC.2ZE [pl) » = |- |V (RIEOY V)T
uex {ngh- |- 2|2|2|zl2|-]|-|2
exd [pgl - |15 - (1515005005 18] -
* —= —

U+E—==

e e

- RS

1" 2 3 +&# 5 B 7T B 89 10

Figure 4. An Exd- and Ubx-Dependent Complex Contains Ubx

Ubx 2 ng) {lanes 3 and 10}, 1.5 ng of exd {lanes 2 and 9), or boih
{lanes 4-7) were incubated with [“Pldppsd in the absence (lBnes
1=4) or prosence (lanes 5-10% of mAb 5C.28, and EMS3A was used
10 display the products. The amounts of mAb SC.28 are indicated in
microliters of suparnatant,

Abbreviations: F, free probe; E, exd complexes; U, Ubx complex;
* . the supershifted complex induced by mab 5C.28; and U=E, or LHE,
Ubx- and exd-dependent complaxes.

Exd-Binding Sites Are Required In Vitro and In Vivo
The arrangement of exd- and Ubx-binding sites on dpp80
suggested that the increase in binding was due to an inter-
action between Ubx and exd while both proteins are bound
to DMNA. To test this, a mulant dpp80 oligonucleotide
{dppB0E2-) was synthesized containing point mutations
within both of the exd-binding siles. As expected, no se-
quence-specific exd binding to this DNA was observed in
EMSA experimants (data not shown). Although Ubx bind-
ing to dppSOE2- was approximately 2-fold weaker than
was binding to wild-type dpp80, both Ubx-binding sites
were slill recognized (Figure 5A; data not shown), How-
ever, over a wide range of concentrations, Ubx binding to
dppBOE2- was similar in the absance or presance of 400
ng of exd (Figure 5A). Thus, exd must specifically bind 1o
dpp80 o increase Ubx binding.

A dpp303 fragment containing the same mutations as
dop80E2- (dpp303E2°) was tested for enhancer activity
in vivo, When directly compared with wild-type dpp303,
dpp303EZ- directed much weaker expression of a facZ
reporter gene in P57 of the visceral mesoderm (Figures
5B and 5C). Thus, these exd-binding sites are critical for
cooperative interactions with Ubx in vitro and for enhancer
activity in vivo,

Exd Stabilizes the DNA-Bound Form of Ubx

One way that exd could increase the affinity of Ubx for
dpp80 is by reducing the dissociation rate of Ubx, thereby
stabilizing the DNA-bound form of Ubx, To test this possi-
bility, the dissociation of Ubx and exd from dppB0 was
monitored after complexes were formed by each protein
alone or in combination (Figure 6A). Binding reactions
were allowed to reach equilibrium and were then chal-
lenged with a 500-fold excess of unlabeled dpp80 for varl-
ous lengths of time. The concentrations of Ubx and exd
used (5 ng and 600 ng, respectively) were limiting so that,
at time 0, predominantly single complexes are formed by
either protein alone (Figure BA, lanes 1 and 13). Al these
concentrations, the products present at time 0 when bath
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proteins are present include at least one U-E complex
(Figure €A, lane 7). Furthermore, as described above (see
Figure 3), when both exd and Ubx are present, the amount
of U complex formed is greater than that generated by
Ubx alone {Figure 6A, compare lanes 1 and 7).

By themselves Ubx and exd have dramatically diferant
dissociation rates. After 1 min in the presence of the unla-
beled competitor, greater than 98% of the complexes
formed in the presence of Ubx alone have dissociated
(Figure A, lane 2). In contrast, 100% of the complexes
formed in the presence of exd alone remain slable for at
least 30 min (Figure &, lane 18). When both Ubx and exd
are present, 10% of the U-E complex is still present after
30 min (Figure 6, lane 12}. Moreover, a significant fraction
of the U complex formed in the presence of exd is also
slable (approximately 11% remains after 30 min; Figure
6, lane 12). These results indicate that the rate of dissocia-
tion of Ubx from dpp80 is reduced in the presence of axd.

Figure 5. Exd-Binding Sites Are Important In
Vitra and In Vivo

(A} Increasing amounts of Ubx in the absence
(clrcles) and presence (squares) of 400 ng of
@xd wera incubated with [FPldopS0EZ- DMA (a
app#0 cligonuciootide in which both axd-
binding sites were desiroyed), and the prod-
ucis werg analyzed using EMSA. Thesa results
have been quantitated and are presented as
the total percentage of dpp80E2” bound versus
the Ubx concentration.

(B and C) dppagd-lacZ (B) and dpp303ES—
laeZ (C) embryos wera stainad for lacZ expres.
sion using anli-{i-galactosidase antibody, Ex-
pression in PS7 of the visceral mesoderm Is
strongin (B) and barely detectablein (C, armow).

Confirmation that these stable, slower mobility com-
plexes observed in the presence of Ubx and exd contain
Ubx was obtained by monitoring the dissociation of these
complexes in the presence of mAb 5C.2B (Figure 5B). As
expected, both the U and U-E complexes were efficiently
supershifted in the presence of the antibody, wheraas the
complex containing only exd was not affected (compare
Figure 6A, lanes 7-12 wilh Figure 6B, lanes 1-6). How-
aver, lo our surprise, addition of mAb 5C.2B to a binding
reaction containing Ubx alone also stabilized the interac-
tion between Ubx and dpp80 (Figure 6B, lanes 7-10). The
resulting antibody complex, which probably contains
dpp80, Ubx, and mAb 5C.28, did not dissociate during
the time course of the experiment. As mAb 5C.2B recog-
nizes an epitope within the C-tail of Ubx, this resull sug-
gests that the stabilization of Ubx binding to dop80 by
this antibody and possibly by exd as well is dus to an
interaction with the Libx C-1ail.
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Figure 6. Exd Docrensas the Aate That Ubx

minetes o|vl2! 5 w0l o 1.2is5wimmle 1 & 51030
—r— [——— i s — —TiT" Dissociates trom dpp80
Ubec wegt 3 5| 5[ B18 08 s s 8i{s|3ls .
bt et ——— - — {A) Uk (5 nq. Ianes 1-6), 600 ng of exd (lanes
md Gpte | e fo o f- |- E|BJEIEIRIEIE G)EE . 13-18], ar both llanes 7-12) were incubated
U4E=i= with FPlapp80. Atier 1 hr, 2 S00-fold excess
of unlabeled dopf0 was added lor incraasing
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Exd Does Not Cooperatively Bind with Antp

on dpp80

The dpp303 enhancer is active in PS7 of the visceral meso-
derm but inactive in more anterior and posterior paraseg-
ments of this tissue (Capovilla et al., 1994). Anlp, there-
fore, which is present in the visceral mesoderm anterior 1o
P57 (Tremml and Bienz, 1989), does not activate dpp303.
One possible explanation for this differential response of
dpp303 to Ubx and Antp is that exd cooperatively binds
with Ubx but not with Antp. This was tested for dpp80 by
measuring Antp binding to this fragment in the presence
and absence of exd (Figure 7),

With increasing amounts of Antp, first one and then a
second slower mobility complex was observed, demon-
strating that Antp binds to dpp80 (Figure 7A). Although
the amount of Antp required is greater than the amount ol
Ubx required, the binding of Antp to dpp80 is qualitatively
similar to that seen with increasing amounts of Ubx (see
Figure 3A). However, only a weak enhancement of Antp
binding by exd was observed (Figures 78 and 7C). Al low
concentrations of Antp, the amount of dpp80 bound is
similar in the presence or absence of 400 ng of exd. At
higher concentrations of Anip, a small increase (less than
1.5-fold) was observed in the presence of exd. A similarly
weak enhancement of Antp hinding to dippB0 was also
observed inthe presenceof 1.5ug of exd (data not shown).
Exd-dpp80 complexes were formed in the presence of
Antp, demonstrating that Anip does not prevent exd bind-
ing. These resulls suggest that, with respect to binding to
dpp80, exd specifically interacts with Ubx, but not with
Antp,

In addition to these in vitro DNA binding experiments,
we tesled it a specific interaction between Ubx and exd

I3 14 15 1617 16

Abbreviations: F, tree probe; E. ewd-cpp&l
complex; U. Ubx-cnps0 complox: and U-E, or
U+E, Ubx- and exd-dependent complaxes.
(B} Ubx (5ng. lanes 1=10), 800 ng ol exd (lanes
1=8), and Julof mADSC 28 supornatant {ianes
1-10) were incubated with [**Pldop80. Alter 1
hr, & 500-feld excess of uniabeled dppBl was
gdded for increasing amounis of ime as indi-
caled. Because |nese samples were loaded
during slectrophorisis, the complaxes prasent
2t the |ater lime ponts have migrated less far
than thase prosant a1 the earlier ume peints.
Abbreviations: F, frea probe; E, exd-cops0
complex; and *, mAb 5C.2B-induced super-
shifted complax.

could be observed in the absence of DNA, To this end,
the yeast two-hybrid system was used (Chien etal., 1991).
In these experiments, the GAL4 DNA-binding domain was
fused to the Ubx homeodomain and C-ail (GDB-Ubx) or
an equivalent fragment from Antp (GDBE-An1p). The GAL4
activation domain was fused o almost the entire exd open
reading frame (GAD-exd; see Experimental Procedures).
An interaction between exd and either Ubx or Antp was
assessed by measuring the activation of a UASa.—lacZ
reporter gene. Individually, GAD-gxd and GDB-Antp did
not activate the UASz..~facZ gene (Table 1). GDB-Ubx
weakly activated UASsa.—lacZ when present by itself.
However, when both GDB-Ubx and GAD-exd were pres-
enttogether, a 3-to 4-foldincrease in activation above that
produced by GDB-Ubx alone was observed. In contrast,
combining GDB-Antp plus GAD-exd did not activate the
UASqs~lacZ gene (Table I). These data support the con-
clusions from the in vitra DNA binding experiments that
exd can specifically interact with the Ubx homecdomain
plus C-tall, but not with the equivalent fragment of Antp.
Furthermare, the yeast inleraction experiments suggest
that exd can interact with Ubx in the absence of specific
DMA-binding sites.

The Importance of Ubx Homeodomain Residues
Thr-23, His-25, and Leu-57

Using Ubx-Antp chimeric proteins, homeodomain resi-
dues Thr-23, His-25, and Leu-57 and the Ubx C-tail were
shown to be important to distinguish the in vivo functions
of these two homestic proteins (Chan and Mann, 1993),
As hese amino acids are in & position 10 interact with a
cofactor, we investigaled if these residues were necassary
for the interaction between Ubx and exd.



Lall
510

A antg fngete) o [y |2 |4 |6 lelohelralighalza

A{ SRR L :

- tapaereemal

1 2 31 4 5 &6 7 B 8 1011 %2

B exd fegelll) 4 (4 4 4| 4[4 4] 2|2
L S50 P ot [
Antp {mgalD) D2 4 |5 |8 (101216 1820;
A{
p.-..‘-”'ﬂ‘
E-»

12 3 & 5 & 7 8 8910

L=

9]
% bound
o o
S —
&
(=]
i
1 &
g

L T T T 3
o Lo S T 1 R 1 e 1

Antp {ng)

Figure 7. Antp Binding Is Similar in the Absence and Presance of Exd

Inereasing amounts of Antp In the absence (A} and presenco (B) of
400 ng of exd ware incubated with [“PJ/dpp&d, and EM3A was usad
to display the products. The amounis of Anip are indicated. {C) repre-
Senls quantitation of the datashown in(A)and (B), The total pereentage
of bound dpp8dis ploted as a function of Antp conceniration. Tha data
painis representing percentage bound owing o increasing amounts of
Antp in the presence of 400 ng of exd {squares) have all been sub-
fracted by the parcentage bound by <00 ng of exd alone (B, lang 1;
approximately 5%). Thus, the difference batween these curves repra-
senis the amount of synergistic binding due to both proteins being
prasant in the reaction.

Abbreviations: F, free probe; E, exd—-dppd0 complex; and A, Antp—
dppét complexas.

The first Ubx mutant studied consists of the identical
portion of Ubx used above (homeodomain plus C-tail), ex-
capt that homeodomain residues 23, 25, and 57 wera all
changed 1o alanines. This mutant (GST-Ubx-a3) was
fused to the glutathione S-transferase (GST) sequenca for
purification from E. coli. As a control for these experi-
manls, the wild-type homecdomain and C-tail from Ubx
werg also fused to GST (GST-Ubx). Both GST-Ubx and
GST-Ubx-a3 bound to dop80in the absence of exd (Figure
BA, lanes 3 and B). However, whila the binding of GST-
Ubx was stimulatad 10-fcld by the addition of 800 ng of
exd, the binding of GST-Ubx-a3 was stimulated only 1.2-
fold (Figure 84, [anes 5 and 8), These results demonstrata
that Ubx homeodomain residues 23, 25, and 57 are im-
portant for the in vitro interaction with exd.

In the next experiment, two Ubx-Antp chimeras and a

Table 1. Exd and Ubx Specifically Interact in the Yeast
Two Hybrid Assay

DNA-Binding Activation

Hyborid Domain Hybrid Activity”
GDB-Ubx = 161 = 1.0
- GAD-exo 25 = 0.4
GOB-Ubx GAD-axd 54,6 = B.7
GDB-Antp = 1.8 = 0.6
GDBE-Antp GAD-exd 1.7 =03
GDB-SNF1® GAD-axd 31 =02

* Aclivity is listed In unils of f-galactosidase, These numbers are the
averagas and standerd deviations for six independen! maasurements,
* GODB-SMF1 refars 10 the GOB {used to the yeast sucrosa nonfer-
menting 1 gene used as a negalive conlral (Durfee et al., 1993),

Ubx truncation mutant were studied [Figura 8B). For this
experiment, all proteins were fused to the His-tag se-
quance. The proteins used in this experimant wera as fol-
lows: the Ubyx homeodomain and Ubx C-tail (UL), the Antp
homeodomain and Antp C-tall (AA), the Ubx homeodo-
main and Antp C-tail (LA}, the Antp homeodomain and
Ubx C-tail (AL)}, and the Ubx homeodomain with no C-tail
(Une). Binding to dpp80 in the absence and presence of
exd was measured for each of these proteins.

Only WU, containing both the Ubx homeodomain and
Ubx C-tail, showed a slrong increase in binding in the
presence of exd (Figure 8B, lanes 3 and 4). Both Ubx-
Antp chimaras and the Ubx homeodomain exhibited no
or very weak evidence of an interaction with exd. These
results demaonstrate that both the Ubx homeodomain and
the Ubx C-tail are important for the in vitro interaction with
exd.

In Vive Activation of dpp Requires the Ubx
Hemeodomain and Ubx C-Tail

If the interaction between Ubx and exd is relevant to the
activation of dpp in vivo, only proteins containing the Ubx
homeodomain and Ubx C-tail should be strong activators.
This prediction was tested by comparing the extent of dop
activation induced by the ubiguitous expression of Ubx
and of Ubx-Antp chimeric proteins. Ubiquitous expression
of wild-type Ubx (via the hsp70 promoter) strongly acti-
vates dpp expression throughout the anterior hall of the
visceral mesoderm (Figure 8C) (Reuter et al.,, 1990). In
contrast, ubiguitous expression of UAL protain, in which
the Ubx homeodomain is replaced by the Antp homeodo-
main, did not result in the ectopic activation of deg (Figure
BOY). Furthermore, ubiguitous expression of Ul protein,
which is truncated immediately following the Ubx homeo-
domain and thus contains no C-tail, resulted in very weak
ectopic dpp activation (Figure BE). Thus, the Ubx homeo-
domain and Whx C-tail are both important for activating
dop expression in the visceral mesoderm. As these por-
tions of Ubx are also critical for the in vitro interaction
with exd. lhese results suggest that a direct inleraction
between Ubx and exd mediated by the Ubx homeodomain
and C-tail is important for dop activation in vivo.
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Figure §. Optmal Interaction with Exd Re-
guires {he Ubx Homeodomaein and Ubx C-Tail
(&) Changing three Ubx homeodamain resi-
dups, The-23, His-25, and Leu-57, to alanings
tlocks the interaction with axd, Exd (400 ng,
janes 1, 4. and 7 or 800 ng, lanes 2, 5, and 8)
was incubated wilh no Ubx {lanes 1 and 2},
2 ng of GST-Lhx (lanes 3-5), or4 ng ol G5T-
Ubx-a3 {lanes &-8) in the presence of
[P2PJcppan, and the produets were analyzed us-
ing EMSA. The amount of GET-Ubx-a3 was
greater than the amount of GST-Ubx, resulling
in mare U eomplex formed (n the absence of
exd {lanas 3 and &),

Abbreviations: F. free probe: E, exd-dppdd
complexes; and U, Ubx-dops0 or Ubx-ad-
dpp80 complexes,

{B) Baoth the Ubx homeodomain and Ubx C-tail
are reguired for opfimal cooperative Binding
with exd, HOM-C profeins were incubated in
the presence {lanes 2, 4, B, 8, 10, and 12} or
ghsence {lanes 1,3, 5, 7, 9, and 11} of 400 ng
ot exd and [“Fldpp8d, and the producis were
analyzed using EMSA. Lanes 11 and 12 are
from a differant gel [han lanes 1-10 to Dettar
resalve the Ubx homeodomain complax from
the fres probe.

Abbroviations: UU, Ubx homeodomein plus
Ubx C-tail; &4, Antp homesdomain plus Antp
C-tail; UA, Ubx homeadomain plus Antp C-teil;
AU, Antp homenodomain plus Ubx G-ail; Ui,
Ubx homeodomain wilh ne C-tail; F, free probe;
E, exd-dpp80 complex; Ua. Ubx homeodo-
main-cpp80 complex; and WA, complexes
generated by LU, AA, UA, of Al

{C-E) Ectopic dpp activation by Ubx requires
ihe Ubx homeadomain and Ubx C-tail. Shown
hare are HS:Ubx (), HS:UALU (D), and HS:
Lilisrs (E), Arrows point to eclopic dpp expras-
sion induced strongly by Ubx (C) and very
weakly by Ulls (E)-



Discussion

The Functional Significance of the

Ubx-Exd Intaraction

Despite very differant In viva functions, HOM-C proteins
have overlapping and not very specificin vitro DNA binding
specificities (Hayashi and Scott, 1990). The experimants
presented here describe one possible mechanismthat can
account for this apparent paradox. Specifically, we de-
scribe a eooperative interaction between Ubx and exd
upon binding to a cluster of binding sitas within a PS7
visceral mesoderm enhancer from the dpop gene. Exd in-
creasas the apparent affinity of Ubx for these binding sites
by 3- to 20-fold. This cooperative affect is strongest at
low Ubx protein concentralions and requires exd-binding
sites. In contrast, Antp and exd interact very weakly in this
assay (less than 1.5-lold increase in binding is obsearvad)
and do so anly at high Anlp protein concentrations. Thara-
fore, for this enhancer element, exd can differantially mod-
ulale the DNA binding properties of these two HOM-C pro-
teins. Based on these resulls, we suggest that at least
one exd function is to help HOM-C proteins select the
correct sels of target genes in vivo,

These results are consistent with the fact that both Ubx
and exd are raquired for the activity of this enhancer and
for dpp expression in vivo (Figure 1; Rauskalb and
Wigschaus, 1984). In addition, lhey are also consistent
with the fact that the dpp303 enhancer is not activated by
Antp (Flgure 1; Capovilla et al., 1994). However, as there
are additional exd- and Ubx-binding sites present in thig
anhancer (S.-K, C. and R. 5. M., unpublished dala; Capo-
villa et al., 1994), the cooperalive binding described here
may anly represent a part of the exd-mediated functions
that are necessary for the complets regulation of this en-
hancer in vivo.

In addition to coregulating dpp expression, exd is also
required for Ubx to generate a PS6 identity (Peifer and
Wieschaus, 1990). This identity, primarily defined by an
embryonic cuticle merphology, probably requires the coor-
dinate regulation of many Ubx target genes. Therefore,
we suggest that similar cooperative interactions batween
Ubx and exd exist at the regulatory slemsnts of many
of these genes as well. Furthermore, il is likely that exd
interacts with other HOM-C proteins in acddition to Ubx
because mutations in exd alter the identities of many seg-
ments in Drosaphila. |n principle, this proposed function
far exd may determine whether a particular target gens
is bound at all by a HOM-C protein or, alternativaly, il may
affect the overall amount of binding. Thus, depending on
the particular target gene, an interaction with exd could
lead o various degrees of HOM-C-binding site occupancy
and, therefore, various degress of repression or activation.
Presumably, additional factors recognize the exd-HOM-
C-DNA complex and dictate the ultimate regulation of the
targel gene.

Itis also likely that exd has regulatory functions that are
Independent of the HOM-C genes. One such function may
be to repress dpp in the anterior visceral mesoderm (Fig-
ure 1; Rauskolb and Wisschaus, 1994). Mareover, in the
absence of all five HOM-C proteins required for thoracic

and abdominal segment identities in Drosophila, muta-
tions in exd still alter sagment identities (R. 5. M., unpub-
lished data). This view isanalogous to transcripticnal requ-
latlon in the yeast 5. cerevisiaa, where the protein MCM1,
which alters the DNA binding properties of the homeopro-
tein MATa2, also has its own MATa2-independent func-
tions (Keleher &t al., 1988).

How Do Exd and Ubx Interact upon Binding

to dpp80?

For most of the in vitro DNA binding experiments de-
scribed here, the portion of exd used includes only its
homeodomain and several residues N-terminal to the ho-
meodamain, Therefora, the hameodomain of exd is proba-
bly sufficient for the observed interaction with Ubx. Fur-
thermore, because Ubx, but not Antp, interacts with exd
on this DMA, amino acids in Ubx that are necessary for
this interaction were identified (Figures 7 and 8). These
experiments showed thal three hemeodomain residues
and the Ubx C-tail, elements that are important for Ubx-
specific functions in vivo (Chan and Mann, 1993), are re-
guired for this interaction.

These results suggest a direct proteln-protein intarac-
tion between Ubx and exd for several reasons. First, in a
three-dimensional model of the homeodomain bound to
DMA, homeodomaln resldues 23, 25, and 57 and the C-tail
are all potentially close to each other in the folded protein
and face away from the DMNA (Chan and Mann, 1883},
Thesa amino acids are therefore in a position to interact
with a cofactor such as exd. Secand, differences in thess
amine acids do not alter the in vitro DNA binding specificity
of HOM-C proteins (Treisman et al., 1992; 5-K. C. and
A. &. M., unpublished data). Third, the yeast two-hybrid
experimenls suggest that exd and Ubx proteins can di-
rectly and specifically inleract with each other. Finally,
there are at least thres other cases where sequences im-
mediately adjacent lo a homeodomain have been impli-
cated in mediating protein-protein interactions (Johnson,
1993; Vershon and.Johnson, 1933: Xueet al., 1993). Given
these results, it seams likely that the portion of the homeg-
domain that includes amino acids 23, 25, and 57, logether
with C-lerminal sequences, defines a protein interaction
surface used by many homeoproteins to conlacl cotactors.

The stabilizing effect of mAb 5C.2B on Ubx binding to
tfap80 provides further evidence for the importance of the
Ubx C-tail (Figura 6). One explanation of this effect is that
the C-tail, which may have a disordered structure on its
own, destabilizes the binding of Ubx to DNA. Indeed., strug-
tural studies on the Antp and MATe2 homeoproteins dem-
onstrate that their C-lails are unstructured (Billater st al.,
1990; Walberger et al., 1931}, The binding of mAb 5C.2B
may impose a structure on the C-tail, thus stabilizing the
complex. Exd may act similarly to stabilize Ubx binding
by also interacting with the C-tail. However, one important
difference between these two effects is that exd requires
a DNA-binding sile lo effectively stabilize the complex,
wheraas the mAb has little or no affinity for DNA |Figure
4). It is possible that the exd—C-tail interaction is weakar
than the maAb-C-tall interaction and thus requires addi-
tional contacts with DMA to stabilize the ternary complex.
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Ona unusual feature of the cooparativa interactions de-
scribed hera is that some of the exd-induced stabillzation
of Ubx binding can occur without exd being prasent In the
final complex (Figures 3 and B). Similar effects to thesa
have bean observed with the binding of paired-like homeg-
box protein Phox1 and ssrum response factor (Gruene-
berg et al., 1992). Ona intriguing explanation is that exd
may aiter the conformation of either the DNA or of Ubx
such that the U complex generatad in tha prasence of exd
is differant from that generated in its absence. According
lo this view, exd may hava a chaperone-like function that
induces a more stable interaction betwesen Ubx and DNA.
In this way, exd need not be part of the final complax to
stimulate Ubx binding. Alternatively, U-E complexes may
predominate in solution, but only a fractlon remain intact
in the EMSA, A third possibility is that additional proteina
not present in these in vitro expariments function in vivo to
stabilize the exd-Ubx-DOMNA complex. Although additional
expariments are required to understand this phe nomanan,
tha nonlinear rates of dissociation of the U-E and U com-
plaxes suggest that multiple conformation states axist for
baoth of these complexes (Figure &; data not shown).

Implications for Phenotypic Suppression

When two homeotic genes are expressaed in the same
sagment, the resulting segment identity is usually gov-
arned by only 1 of the 2 (Gonzalez-Reyes and Morata,
1990; Gonzalez-Fayes at al., 1990; Mann and Hogness,
1990). This effact, termed phenotypic suppression, also
applies to the regulation of the dpp gene in the visceral
masodarm. Ubiguitous expression of Ubx from a heat
shock promater causes the activation of dpp antarior to
its normal domain of exprassion in PSY (Figure B, Reuter
at al., 1990). In contrast, ubiquitous Ubx expression does
not activate dpp posterior to PSY because Ubx cannot
override repression by the HOM-C genas abdominal A and
Abdominal B. One explanation for this Is that HOM-C pro-
teins compata for DNA-binding sites (Gibaon and Gehring,
1888; Gonzalez-Reyes and Morata, 1990). Tha results pre-
sented here suggest two additional possibliiies. First,
HOM-C protaing may compate for an Interaction with exd.
Second, the binding of some HOM-C proteins may block
gxd binding, which would, in the case of dpp80, effectively
discriminate against Ubx binding.

Implications for the Function of the pbx Genes
Threa human exd homologs, pbx?, pbix2, and pbx3, each
ancode proteing that shara greater than 70% amino acid

identity to exd (Monica at al., 1891; Flegel at al;, 1993;. -

Rauskolb at al., 1993). This remarkable-consarvation,
which extends over 270 amino acids, suggests that the pbx
proteins have similar functions to exd. Thus, as suggested
here for exd, pbx proteins may be an important compaonant
of an in vivo HOM-C-binding site. Interactions with pbx
protains may stabllize HOM-C-DNA interactions and, de-
pending on the paricular binding site, these interactions
may ba specific for individual HOM-C proteins. The exis-
tence of three pbx genes in humans suggests the possi-
bility that each one specifically interacts with a differant
subsat of HOM-C proteins. As nearty 25% of pediatric

pre—B acute lymphoblastic leukemias are caused by fu-
sions between pbx1 and the helix-loop-helix protein E24
(Kamps st al., 1990; Noursa et al., 1980), it seems reason-
able to suggest that these leukemias are caused by
HOM-C proteins misrequlating the wrong downstraam tar-
get genes in pre-B calls owing to the inappropriate pras-
ance of a pbx1 homeoprotain,

Exparimamnial Procedurss

Fly Stocks and Immunochistochemistry

Embryos without maternal and zygotic exd functions wers generated
by crossing FATTE axd y/FM7e females to heat shock-FLP-containing
18-1F malas (Xu and Rubin, 1983), Larvas wers shocked for 100 min
at37*C, and FRTT 8 axd w/FATI 8 famales ware crossad to FM7Temales.
The frequancy of exd™ embryocs (recognized by their sagmentation
phenctype; Paifar and Wisschaus, 1930) generated by this cross was
manitared by analyzing first instar larval cuticies of collections that
paralleled the immunchistochemisiry collections. exd™ smbryos that
also confained a oo enhancer fragment driving lecZ axpression (Fig-
ures 1C and 10) were ganerated by the following cross: y w ang™!
FRT/ovo® FAT; ha-FLP3&M x y w; dppd03-acZidppios-lacZ, Two
enhancer fragmaents were analyzed |n vivo: dppd0d (Capovilla et al.,
1994) and dpp 150, which Inciudas all of cipp80 and containa the identi-
cal zat of Ubx- and exd-binding sites as does dppdd.

Ublguitous sxpression of Ubx, UAU, and Ul protsine using the
rsp70 promoter has been deacribed (Chan and Mann, 1893). To con-
firm the ubiquitous expression of -thesa HOM-C proteins, the collec-
tions wara stained in parallel with ant-Ubx antibody, and homeaotic
transtormations similar to thoss previousty reporied (Chan and Mann,
1983) wara obsarved,

The cppd0d and dppI03E2—ecZ stocks usad in Figure 5 wera gen-
araled with tha vectar CPLZ (Bier at al., 1589). Tha conatruction details
of these plasmida will be provided upon request. The dopd0d-lecZ
stock used in Figure 1 is described In Capovilla ot al. (1954) and ditfers
from dppd03-CALE.

Immunohisicchemisiry was parformed as described (Chan and
Mann, 1983; axcept for Figures 1C and 10; sea Capovilla et al,, 1584),
A rabblt anti-dpp polyclonal antibody (Panganiban et al., 1990; pro-
vided by M. Hoffmann) was used o datect dpp, the mAb FP3.33 was
used to detect Ubx, and a polyclonal mouss ant-f-galactosidase anti-
body (Cappel) was used to detect /scZ axpression. The sacondary
antibodies used were goat ant-mouse, directly conjugated to horsa-
radigh percxidase, and horsa anti-rabbit, directly conjugated to alka-
line phoaphatase (Cappsi).

Expression Plesmids
The details of plasmid construction will ba provided on request. The
Ubzx, Antp, UA, AU, and U, sxpreasion plasmids contaln the His-tag
saquanca of pET-His 14b (Movagen) fused to homeodomaln-contalning
fragmants that begin 3 amino acids bafore the start of the homeodo-
main; thess paplides Includa the entire homeodomain and the antire
C-tail {(when presant). The His—exd fusion protein (also in pET-His14b)
includes 9 amino acids N-terminal to the exd homeodomain and ends
iollowing the entire homecdomain. Expression and purlfication was
aa dascribed by the manutacturer. The G3T-Ubx, GST-Ubx-a3, and
GST-Uho plasmids contained the squivalent fragmanta of Uibx, Ubx-
a3, or Ul (Chan and Mann, 1893) cloned into the GST-2tK vector
(Kasiin el al., 1992), Al GST fusion proteina wera expressad and puri-
flad from E. coll aa described (Kasalin et al, 1982). The approximate
concantrations of all purified profeins were determined by Bradford
assays. Due fo the limiations of thia assay and to incomplate purifica-
tien, these assays cannot be used (o accurately compars two diffarent
prolein preparationa.

EMSAs

dpp303 (Capovilla et al. 1894) was cloned Into Blusscript KS(+)
(pdpp303). The dpp8( fragment waa generated by digesting pdpp30d
with EcoRll and Sau3A, end-filling with Klanow and [a-=P]aCTP, and
gel puritying using standard procedures. The dop80E2Z™ fragment was
gynthesized with the following point mutations in the exd-binding sitsa:
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5-TCCageggCogeTTC. .. TGTogegecggoGCAC-3, where the small
lettars represent changes from the wikd-type sequence. dppl0A and
dpp&0E ware chamically synthesized.

EMSA was performed as described with the following modifications
(Dassain at al.. 1992}, For the two expariments using mAb 5C.28, the
gels were 6% acrylamide. In reactons containing bath exd and Ubx,
exd was added 30 min earlier than was Uibx, In reactions cantaining
mAb 5C.28. Ubx was prelncubated on ice with the antibedy for 30 min.
The disscciation expariments were parlormed by incubating standard
binding reactions for 60 min, adding 500 ng of unlabeled dppfd, and
loading a gal while it was running at the variaus time peints. Faor all
EMSA experiments, the gels were dried and quantitated using a direct
[} emissions scanner (Belagen). The: experiments presented In Figures
3A and 3B and Figures 74 and 78, raspectivaly, were dang in paralis|
with the same probe and are therefore directly comparabla.

The Yeast Two-Hybrid Syatam
The GAL4 DNA-binding fusion vacior. pAS1-GAL4, and Y153 yeast
strain were Qifls from S. Elledge (Durfes of al.. 1983). pGDBE-Ubx
cansists of tha 430 bp homendomain-comtaining Asal fragment claned
in frama Into a blunted BamHI site of pAS1—GALS. pGOBE-Antp con.
sists of the 445 bp Rsal fragment from pUAA (Chan and Mann, 1983)
claned in frame into a blunted BamHI site of pAS1-GAL4. The pGAD
activation domain vector was a gitt from J. Luban {Luban et al.. 1993).
pGAD-axd contains a 1283 Fspl to SnaBl fragment from KS(exd) pro-
vided by C. Rauskalb {Rauskoib o1 al., 1993) cloned in frame into a
blunted Matl site of pGAD,

Quanfitation of [-galactosidase acivities were done as described
{Durlee et al,, 1993). Values ware averaged from at least six indepan-
dent transformants.
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