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The genes pannier (pnr) and u-shaped (ush) are required for the regulation of achaete-scute during
establishment of the bristle pattern in Drosophila. pnr encodes a protein belonging to the GATA family of
transcription factors, whereas ush encodes a novel zinc finger protein. Genetic interactions between dominant
pnr mutants bearing lesions situated in the amino-terminal zinc finger of the GATA domain and ush mutants
have been described. We show here that both wild-type Pannier and the dominant mutant form activate
transcription from the heterologous a globin promoter when transfected into chicken embryonic fibroblasts.
Furthermore, Pnr and Ush are found to heterodimerize through the amino-terminal zinc finger of Pnr and
when associated with Ush, the transcriptional activity of Pnr is lost. In contrast, the mutant pnr protein with
lesions in this finger associates only poorly with Ush and activates transcription even when cotransfected
with Ush. These interactions have been investigated in vivo by overexpression of the mutant and wild-type
proteins. The results suggest an antagonistic effect of Ush on Pnr function and reveal a new mode of
regulation of GATA factors during development.
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The GATA factors comprise a family of transcription
factors that interact specifically with the (A/T)GATA(A/
G) consensus sequence through a highly conserved zinc
finger DNA-binding domain (Wall et al. 1988; Evans and
Felsenfeld 1989; Tsai et al. 1989; Orkin 1992). At pres-
ent, six members of this family have been identified in
birds that have homologs in mammals and amphibians
(Laverierre et al. 1994). GATA-binding proteins have also
been isolated from fungi, yeast, flies, and worms (Kudla
et al. 1990; Cunningham and Cooper 1991; Spieth et al.
1991; Abel et al. 1993; Ramain et al. 1993; Winnick et al.
1993; Lin et al. 1995).

The founding member of this family, GATA-1, was
identified originally as an erythroid cell DNA-binding

factor that interacts with the promoters and enhancers of
many erythroid-specific genes (Evans and Felsenfeld
1988). Targeted disruption of GATA-1 in mice revealed
that this protein is needed for the maturation of termi-
nally differentiated erythroblasts (Pevny et al. 1991).
High levels of expression of globin genes require regula-
tory sequences, dispersed over a wide area, that appear to
cooperate with each other to drive globin expression
(Crossley and Orkin 1993; Higgs and Wood 1993; An-
drews and Orkin 1994). This cooperation is thought to
involve protein–protein interactions and indeed two pro-
teins that associate with GATA-1 have been described:
Sp1, which is expressed ubiquitously, and the Krüppel-
like factor EKLF, which is specific to erythroid cells
(Miller and Bieker 1993; Merika and Orkin 1995). These
proteins heterodimerize through their respective DNA-
binding domains and the carboxy-terminal zinc finger of
GATA-1 is sufficient to mediate physical association
(Merika and Orkin 1995). When associated with GATA-
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1, Sp1 and EKLF have a synergistic effect on transcrip-
tion.

Previously, we described the molecular cloning of pan-
nier (pnr), a gene from Drosophila whose product bears a
putative DNA-binding domain with two zinc fingers
that are homologous to those of vertebrate GATA-1 (Ra-
main et al. 1993). pnr is required for the spatial regula-
tion of the achaete and scute genes during bristle pat-
terning in Drosophila. achaete and scute (sc) encode pro-
teins bearing a basic helix–loop–helix motif and are
required to provide cells with neural potential (Villares
and Cabrera 1987; Ghysen and Dambly-Chaudière 1988;
Campuzano and Modolell 1992). They are expressed in
restricted groups of cells, the proneural clusters, at the
sites where the macrochaete (large bristle) precursors
form (Romani et al. 1989; Cubas et al. 1991; Skeath and
Carroll 1991; Cubas and Modolell 1992). Mutants of pnr
display changes in the number and positions of bristles
that are correlated with changes in ac–sc expression (Ra-
main et al. 1993; Heitzler et al. 1996).

We show here that Pannier binds to the GATA core
sequence and we have investigated some of its transcrip-
tional properties making use of its ability to activate the
heterologous a-globin promoter when transfected into
chicken embryonic fibroblasts. One class of dominant
pnr alleles is associated with point mutations causing a
single amino acid change in the amino-terminal zinc fin-
ger (Ramain et al. 1993). In spite of these lesions, the
mutant proteins also activate transcription in the tran-
sient expression assay. In vivo, however, the mutants
display an increase of ac–sc expression and additional
bristles on the thorax, but decreased ac–sc expression
and a loss of bristles at other sites (Ramain et al. 1993;
Heitzler et al. 1996). This suggests that additional fac-
tors, differentially distributed within the epithelium,
may regulate the activity of Pnr during development.

We have identified another gene, u-shaped (ush), mu-
tants of which interact genetically with the dominant
pnr mutants (Heitzler 1993; Cubadda et al., this issue).
Mutants of ush display additional thoracic bristles. Low-
ering the dosage of ush enhances, whereas increasing the
dosage suppresses, the phenotype of flies heterozygous
for the alleles of pnr-bearing point mutations in the
amino-terminal zinc finger. ush encodes a protein con-
taining nine zinc fingers (five C2HC fingers and four
C2H2 fingers) clustered in the amino and carboxyl ter-
mini of the protein (Cubadda et al., this issue). We show
here that Ush and Pnr dimerize and that this interaction
is mediated by the amino-terminal zinc finger of Pnr.
Presumably because they bear lesions in this motif, as-
sociation of the mutant forms of Pnr with Ush is se-
verely reduced. When coexpressed with Ush in the tran-
sient expression assay, activity of the wild-type, but not
the mutant, form of Pnr is strongly antagonized. The
consequences of overexpression of Ush and the different
forms of Pnr on an ac-lacZ reporter in transgenic flies are
consistent with an antagonistic effect of Ush on the ac-
tivity of Pnr in the regulation of ac–sc expression and
bristle development. Thus, we have identified a new co-
factor for a GATA homolog that mediates its effects

through protein–protein interactions involving the
amino-terminal zinc finger, unlike the previously iden-
tified Sp1 and EKLF that associate with the carboxy-ter-
minal zinc finger.

Results

Pnr binds to the GATAAG consensus sequence and
activates the a-globin promoter in chicken embryonic
fibroblasts

To determine a preferential binding sequence for Pnr, a
random pool of degenerate oligonucleotides was
screened for binding affinity to an immobilized fusion
protein between glutathionine S-transferase (GST) and
the Pnr DNA-binding domain (GST–Pnr–DBD) on a glu-
tathione–agarose column (see Materials and Methods).
The bound oligonucleotides were subcloned into the
pBluescript SK+ plasmid after four cycles of selection
and PCR amplification. Of the 29 clones sequenced, 27
were found to contain a single GATA motif, and two
exhibited a GATA repeat (Fig. 1A). Alignment of the dif-
ferent sequences allowed us to derive the consensus se-
quence 58-GATAAG-38 (Fig. 1B). When the enriched pool
was used in an electrophoretic mobility-shift assay
(EMSA), two specific complexes were detected (Fig. 1C).
The slower migrating one could be either oligonucleo-
tides bearing a repeat of the GATA sequence with a
single GST–Pnr–DBD molecule bound to each motif (Fig.
1A) or to a dimer of the GST–Pnr–DBD protein bound to
a single GATA sequence. We have shown that Pnr, like
GATA-1, is able to homodimerize through its GATA–
DBD (Crossley et al 1995; R. Woehl and P. Ramain, un-
publ.).

The consensus GATA sequence defined for Pnr bind-
ing is identical to that present in the a-globin promoter
recognized by the chicken GATA-1 protein (cGATA-1).
This promoter is active throughout development in ery-
throid cells and is unlikely to be regulated by stage- and
tissue-specific factors. Furthermore, it can be activated
by cGATA-1 after transfection in a chicken embryonic
fibroblast (CEF) cell line (Evans and Felsenfeld 1991). To
investigate transcriptional activity of Pnr we used a tran-
sient expression assay in CEF cells with a Pnr expression
vector and a reporter in which the chloramphenicol acet-
yltransferase (CAT) sequences are under the control of
the wild-type a-globin promoter. Figure 2B shows that
expression of either cGATA-1 or Pnr stimulates activity
of the a-globin reporter 35-fold. The effect of Pnr is me-
diated through a repeat of the GATA motif present in the
promoter, as mutation of both GATA sequences abol-
ishes activity (data not shown). Furthermore, experi-
ments using mutated or multimerized GATA sequences
from the globin gene upstream of an AdhCAT reporter
gene (a minimal promoter from the Drosophila alcohol
dehydrogenase gene) show that, like cGATA-1, Pnr binds
as a monomer to the proximal GATA motif to stimulate
transcription (data not shown). This is consistent with
the consensus-binding sequence that we defined (Fig.
1C), since the distal GATA motif contains a G in posi-
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tion −1; therefore, it does not correspond to the target
sequence for binding of Pnr.

Previously we have described two mutant forms of the
Pnr protein (Ramain et al. 1993). The dominant alleles

pnrD1, pnrD2, pnrD3, and pnrD4 (collectively called pnrD)
are associated with point mutations resulting in proteins
with a single amino acid change in the amino-terminal
zinc finger. They are associated with an overexpression
of ac–sc and ectopic dorsocentral bristles on the thorax.
In contrast, the alleles pnrVX1 and pnrVX4 (collectively

Figure 2. Transactivation of the a-globin promoter sequences
by different forms of Pnr in chicken embryonic fibroblasts
(CEF). (A) Structural features of the different pnr proteins used
in the present study indicating the two zinc fingers (solid boxes)
and two sequences organized as putative amphipathic a helices
(hatched boxes). The point mutations associated with the pnrD

alleles that result in a single amino acid exchange are located in
the amino zinc finger, whereas the lesions associated with the
pnrVX1/4 alleles and corresponding to a frameshift mutation in
the open reading frame are localized in the amino-terminal of
the two amphipathic helices. The amino acids are indicated
with the single letter code and numbering refers to that given in
Ramain et al. (1993). The methionine-136 (M136) is used as an
internal start codon in the truncated protein Pnr (136–540) en-
coded by the pXJ(Sph–Not) expression vector (see Materials and
Methods). In contrast, the chimeric proteins (see Fig. 4) contain
either the amino acids methionine-1 to serine-292 (chimera
Pnr–TEF-1) or the amino acids serine-292 to serine-540 (chimera
Gal4–Pnr). (B) Transactivation of the a-globin promoter by the
different forms of Pnr. The CEF cells were cotransfected with
the a-globin reporter (6 µg of PaD3) and the expression vector
for cGATA-1 (lanes 1–5; 25, 50, 100, 250, and 500 ng), wild-type
Pnr (PnrWT; lanes 6–10; 25, 50, 100, 250, and 500 ng) and PnrD1,
PnrD2, PnrD3, PnrD4, PnrVX1, PnrVX4, and Pnr (136–540), (lanes
11–17: 50 ng each). The level of activation is expressed relative
to the reporter alone and as the average (S.D. ± 20%) of three
independent experiments performed with two independent
DNA preparations.

Figure 1. Definition of a consensus-binding site for Pnr. De-
generated oligonucleotides were loaded on a GST column where
a fusion protein between the GST and the Pnr–DBD is bound
(GST–Pnr–DBD). After elution, the selected oligonucleotides
were PCR amplified and loaded again on the column (see Ma-
terials and Methods for details). After four cycles of selection
and PCR amplification, the oligonucleotides were both sub-
cloned for sequence analysis and used as a template in an elec-
trophoretic mobility-shift assay (EMSA). (A) Alignment of 29
Pnr binding sequences recovered after four rounds of selection.
The nucleotides included in the random region are shown in
uppercase letters, whereas the bordering G and A nucleotides
are in lowercase letters. The sequences are aligned with respect
to the GATA motif. Brackets indicate oligonucleotides contain-
ing a repeat of the GATA sequence. The asterisk (*) denotes a
template containing only nine nucleotides in the random re-
gion, which may correspond to either incomplete oligonucleo-
tide synthesis or to PCR artifacts. (B) Consensus-binding site
derived from the frequencies of the bases at the sites selected.
(C) Autoradiography of an EMSA using as a template the pool of
oligonucleotides selected and as a protein extract either purified
GST (lanes 1,2: 20 and 200 ng, respectively) or GST–Pnr–DBD
(lanes 3,4: 20 and 200 ng, respectively). (F) Unbound oligo-
nucleotides. The arrows indicate two complexes of which the
one migrating more slowly may correspond either to a template
containing two GATA sequences (A) with one molecule bound
to each motif or to a dimer bound to a template containing a
single GATA sequence.
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called pnrVX1/4) are characterized by a frameshift dele-
tion in the coding sequences deleting the two amphi-
pathic a-helices present in the carboxyl terminus of the
protein. They are associated with decreased ac–sc ex-
pression and a loss of dorsocentral bristles. The activity
of these mutant proteins in the transient expression as-
say was tested.

The PnrVX1/4 proteins that contain a wild-type DNA-
binding domain do not activate the a-globin promoter,
suggesting the loss of an activation domain in the car-
boxyl part of the protein (Fig. 2B, lanes 15,16; see below).
In contrast, we found that the PnrD forms of the protein,
with a mutated DBD, activate the a-globin promoter as
efficiently as the wild type (Fig. 2B, cf. lane 7 and lanes
11–14). This is consistent with in vitro observations
showing that they interact with the GATA motif of the
a-globin promoter in an EMSA (data not shown). In ad-
dition we also found that the amino part of Pnr can be
removed without affecting activity (Fig. 2B, cf. lanes 7
and 17; see below).

Ush negatively regulates activation by Pnr but not by
PnrD

The ush gene encodes a large zinc finger protein that also
affects ac–sc expression and the number of bristles
(Cubadda et al., this issue). The phenotype of pnrD, but
not pnrVX1/4, heterozygotes is sensitive to the amount of
Ush present. The number of ectopic bristles in pnrD/+
mutants increases in flies bearing only a single copy of
ush+, but decreases when three copies are present
(Cubadda et al., this issue). Activation of the a-globin
promoter sequences in CEF cells by Pnr was used as an
assay to study the effects of the Ush protein on the func-
tion of Pnr. When both Ush and wild-type Pnr are ex-
pressed simultaneously by cotransfection, activation of
the promoter is abolished. Stimulation by Pnr is lost pro-
gressively in a concentration-dependent manner (Fig. 3A,
lanes 1–4, 8–11). Similarly, activation by cGATA-1 is
also lost after cotransfection with the Ush expression
vector (Fig. 3A, lanes 12–14). Because Pnr and cGATA-1
have no homology outside their GATA–DBD, and as Ush
alone has no effect on globin promoter activity (data not
shown), these observations suggest that the function of
Ush is mediated through the GATA–DBD.

To further investigate the interaction between Ush
and the GATA–DBD-containing molecules, we used two
chimeric proteins. In the first, the activation domain of
transcriptional enhancer factor-1 (TEF-1), a Simian virus
40 enhancer-binding factor (Xiao et al. 1991; Hwang et al.
1993), is fused to the Pnr–GATA–DBD, and in the sec-
ond, the carboxyl terminus of Pnr is fused to the Gal4–
DBD (constructs Pnr–TEF-1 and Gal4–Pnr, respectively;
Fig. 4). When expressed in CEF, the Pnr–TEF-1 fusion
protein stimulates the globin promoter sequences. Co-
transfection with a Ush expression vector, however, re-
duces this activation in a concentration-dependent man-
ner (Fig. 4B, lanes 1–4). The Gal4–Pnr chimeric protein
stimulates activity of the 17m5-TATA–CAT reporter, in
which the CAT gene is under the control of five Gal4-

Figure 3. In vivo interactions between Ush and Pnr or
cGATA-1 in CEFs. (A) Activation of the a-globin promoter se-
quences by cGATA-1 and wild-type Pnr is reduced strongly in
the presence of Ush. CEF cells were cotransfected with the a-
globin reporter (6 µg of PaD3) and an expression vector either for
the full-length Pnr (lanes 1–7, 40 ng), or the truncated Pnr (136–
540) (lanes 8–11, 40 ng), or cGATA-1 (lanes 12–14, 40 ng) and
increasing amounts of an expression vector for Ush (lanes 2, 9,
13: 20 ng; lanes 3, 10, 14: 40 ng; lanes 4, 11: 80 ng). Cotransfec-
tion with the empty pXJ expression vector (lanes 5–7: 20, 40,
and 80 ng, respectively) is used as a control. The CAT activities
are expressed relative to the Pnr and cGATA-1 expression vec-
tors alone, where the CAT activity is fixed arbitrarily at 100%.
In each case, they represent the average (S.D. ± 20%) of three
independent experiments performed with two independent
DNA preparations. (B) Activation of the a-globin promoter se-
quences by the mutant protein PnrD is affected poorly by Ush.
CEF cells are cotransfected with the a-globin reporter (6 µg of
PaD3), an expression vector for either the wild-type Pnr or one
of the mutated PnrD proteins (40 ng in each case; lanes 1–4:
wild-type Pnr; lanes 5–8: PnrD1; lanes 9–12: PnrD2; lanes 13–16:
PnrD3; lanes 17–20: PnrD4) and increasing amounts of a Ush
expression vector (lanes 2,6,10,14,18: 20 ng; lanes 3,7,11,15,19:
40 ng; lanes 4,8,12,16,20: 80 ng). The activation represents the
average (S.D. ± 20%) of three independent experiments per-
formed with two independent DNA preparations and is ex-
pressed as a percentage of the full activation (100%) seen with
Pnr alone.
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binding sites, indicating the presence of an activating
function in the carboxyl terminus. However, stimula-
tion is not affected by cotransfection of the Ush expres-
sion vector (Fig. 4B, lanes 9–12). Therefore, Ush affects
specifically stimulation by the proteins containing a
GATA–DBD.

Despite bearing amino acid substitutions in the amino
terminal zinc finger, the PnrD proteins stimulate the glo-
bin promoter as efficiently as wild-type Pnr (see Fig. 2B).
Because it was shown earlier that the phenotype of the
pnrD heterozygotes is sensitive to the amount of ush+

product, we looked for a possible interaction between

Ush and these proteins. In contrast to the wild type,
whose activity is reduced strongly by the presence of
Ush, the PnrD proteins are poorly sensitive in this assay;
stimulation by PnrD is not notably reduced when co-
transfected with Ush (see Fig. 3B, cf. lanes 1–4 with lanes
5–8, 9–12, 13–16, and 17–20). Therefore, it is likely that
the amino acids that have been mutated in PnrD are re-
quired for a molecular interaction between Pnr and Ush.

Pnr heterodimerizes with Ush through its GATA–DBD

As Ush can antagonize transcriptional activation by Pnr,
we then addressed the question as to whether there is a
physical association between these two proteins. Protein
extracts were made from Cos cells cotransfected with
expression vectors for Pnr and a tagged Ush (see Materi-
als and Methods). The two wild-type proteins coimmu-
noprecipitate and could be detected on Western blots
with appropriate antibodies (Fig. 5A). In contrast, the
PnrD proteins with mutated GATA–DBDs are only
weakly associated with Ush in similar experiments (Fig.
5A, cf. lanes 3–6 with lane 2). This suggests that the
association of the two proteins requires the amino-ter-
minal zinc finger.

The interaction between Ush and Pnr was also tested
in yeast. In these experiments physical association be-
tween a LexA–Pnr fusion protein and Ush fused to the
B42 activation domain was detected by activation of a
Leu2 reporter gene that contains upstream LexA-binding
sites (Gyuris et al. 1993; Finley and Brent 1994; the wild
type as well as the different mutated versions of Pnr do
not activate transcription in yeast). As shown in Figure
6, Ush interacts with the LexA–Pnr+, LexA–PnrVX1, and
LexA–PnrVX4 fusion proteins, which all carry a wild-type
DBD. In contrast, this interaction is lost with fusion pro-
teins constructed with the DBD carrying the point mu-
tations characteristic of the pnrD class of dominant al-
leles (LexA–PnrD1 to LexA–PnrD4). The specificity of the
interaction is further underlined by the use of the unre-
lated LexA–Bicoı̈d fusion protein (Fig. 6).

To ascertain that Ush associates specifically with the
DBD of Pnr, we performed GST fusion protein selection
experiments with protein extracts from Cos cells co-
transfected with vectors for the tagged Ush protein and a
fusion between GST and the complete Pnr–DBD by itself
(GST–Pnr–DBD; see Materials and Methods). As shown
in Figure 5, Ush associates specifically with the GST–
Pnr–DBD fusion protein but not with GST alone. There-
fore, it interacts with the isolated Pnr–DBD. Further-
more, Ush also associates with a fusion protein between
GST and the highly related DBD from the cGATA-1
transcription factor (GST–GATA-1–DBD; Fig. 5D, lane
3). Over a stretch of 115 amino acids in Pnr and 116 in
cGATA-1, 85 are identical (74% identity).

To define further the domain of Pnr required for asso-
ciation with Ush, we expressed fusion proteins bearing
either the amino or the carboxy-terminal zinc finger se-
quences fused to GST (fusion proteins GST–Pnr–ZnN

Figure 4. In vivo interactions between Ush and Pnr–DBD con-
taining chimeric proteins. (A) Structural features of the chime-
ras used in the present study. The Pnr–TEF-1 chimera results
from a fusion of the amino terminus of Pnr (M1–S292) including
the DNA-binding zinc fingers (solid boxes), and the amino acids
167–426 of the SV40-enhancer binding protein TEF-1 that bears
an activation function. The Gal4–Pnr chimera results from a
fusion of the Gal4–DNA-binding domain (amino acids 1–148)
and the carboxyl terminus of Pnr (S292–S540) containing the
two a helices (hatched boxes). (B) Specific inhibition by Ush of
the transcriptional activation induced by the Pnr–DBD-contain-
ing chimera. CEFs were cotransfected with either the a-globin
reporter (6 µg of PaD3), or the upstream activating sequence
(UAS) reporter (1 µg of 17m5–TATA–CAT), an expression vec-
tor encoding either the Pnr–TEF-1 (lanes 1–8: 40ng), or the
Gal4–Pnr chimera (lanes 9–12: 40ng), and increasing amounts of
a Ush expression vector (lanes 2,10: 20ng; lanes 3,11: 40ng; lanes
4,12: 80ng). Cotransfection of the empty pXJ expression vector
(lanes 6–8: 20, 40, and 80 ng, respectively) is used as a control.
The activation represents the average (S.D. ± 20%) of three in-
dependent experiments performed with two independent DNA
preparations and is expressed as a percentage of the full activa-
tion (100%) seen with the chimera alone.
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and GST–Pnr–ZnC, respectively; Fig. 5C). Ush does not
bind the GST–Pnr–ZnC fusion protein but does associate
with the amino-terminal zinc finger fusion protein as
efficiently as with the complete DBD (Fig. 5C, lanes
1,4,5). It is noteworthy that the PnrD proteins are all
characterized by point mutations in the amino-terminal
zinc finger and that the amino acids that are mutated are
conserved perfectly within the GATA family of tran-
scription factors.

Overexpression of wild-type and mutant pnr proteins
in transgenic flies regulates ac–sc expression through
the dorsocentral enhancer

We have shown that wild-type Pnr, as well as the pnrD

proteins that bear lesions in the amino-terminal zinc fin-
ger, stimulate transcription from the heterologous a-glo-
bin promoter. In contrast the PnrVX1/4 proteins, which
carry deletions of the amphipathic a-helices in the car-
boxyl region of Pnr, do not activate in this assay. Het-
erozygous flies mutant for pnrD differentiate extra dor-
socentral bristles resulting from overexpression of ac–sc,
whereas heterozygous flies mutant for pnrVX1/4 differen-
tiate fewer dorsocentral bristles attributable to decreased
ac–sc expression (Ramain et al. 1993). We have now ana-
lyzed the effects of overexpression of these three pnr pro-
teins on the development of the dorsocentral bristles and
on the activity of a lacZ reporter gene whose expression
is under the control of specific enhancer sequences that
drive ac–sc expression very strongly at the dorsocentral
site (Gomez-Skarmeta et al. 1995). We made use of the
GAL4/UAS system (Brand and Perrimon 1993), using as
a driver the pnrMD237 strain that carries a GAL4-contain-
ing transposon inserted at the pnr locus. This gives an
expression pattern indistinguishable from that of pnr and
does not display a mutant bristle pattern on the thorax
(Calleja et al. 1996; Heitzler et al. 1996).

Overexpression of either the wild-type or the PnrD4

protein leads to an excess of dorsocentral bristles (Table
1; Fig. 7, A and C, respectively). The wild-type protein
causes a modest effect of one or two additional bristles
per hemithorax in 15%–25% of the transgenic flies.
PnrD4, however, causes a dramatic increase of 4–10 ad-
ditional bristles per hemithorax in all of the flies, and
furthermore, viability of these animals is strongly re-
duced (Table 1). In contrast, overexpression of PnrVX4

leads to a loss of dorsocentral bristles (Table 1; Fig. 7B).

Figure 6. In vivo interactions between Ush and Pnr in yeast.
Yeast transformed by an expression vector encoding the bait
LexA–Pnr (the different forms of the protein were wild-type Pnr,
PnrVX1, or PnrD1) and an expression vector encoding the partner
B42–Ush were plated on a medium lacking histidine, tryto-
phane, and leucine, with either glucose, where the expression of
B42–Ush is repressed, or with galactose, where expression of the
partner is induced. The results were the same for LexA–PnrVX4,
LexA–PnrD2, LexA–PnrD3, and LexA–PnrD4 (data not shown).
The specificity of the interaction is further demonstrated by the
use of the LexA–Bicoid unrelated fusion protein. Levels of Lex-
A–Pnr fusion proteins in the different strains were monitored by
Western blot analysis using the Pnr-specific monoclonal anti-
body 2B8 (data not shown).

Figure 5. Direct in vitro protein–protein interactions between
Ush and Pnr. Cos cells were cotransfected with 5 µg of each
expression vector, as denoted above each panel, and the corre-
sponding protein extracts were either immunoprecipitated (A)
with the B10 monoclonal antibody raised against the B epitope
of the estrogen receptor inserted into the Ush open reading
frame or incubated with glutathione–agarose (B–D). Selected
proteins were analyzed by Western blot. Ush–B is detected with
the B10 antibody, Pnr and PnrD with the specific monoclonal
antibody 2B8, and the GST fusion proteins with the GST-spe-
cific monoclonal antibody 1D10. (A) In vitro interactions be-
tween Ush and wild-type Pnr as well as PnrD. Arrows indicate
the Ush–B (lanes 1–6) and Pnr (lanes 2–6: wild-type Pnr, PnrD1,
PnrD2, PnrD3 and PnrD4, respectively). The asterisk (*) denotes
the location of the immunoglobulin heavy chain. (B) In vitro
interactions between Ush and the isolated Pnr–DBD. Arrows
indicate Ush–B (lane 2), GST (lane 1), and the fusion GST–Pnr–
DBD (lane 2). The asterisk denotes artifactual bands. (C) In vitro
interactions between Ush and Pnr isolated zinc fingers. Arrows
indicate Ush–B (lanes 1,5), GST alone (lane 3), the fusion GST–
Pnr–DBD (lane 1), and the fusion proteins GST–Pnr–ZnC (lane
4) and GST–Pnr–ZnN (lane 5). The asterisk denotes artifactual
bands. (D) In vitro interactions between Ush and the cGATA–
1–DBD. Arrows indicate Ush–B (lanes 2,3), GST alone (lane 1),
and the fusion proteins GST–Pnr–DBD (lane 2) and GST-GATA-
1–DBD (lane 3). The asterisk denotes artifactual bands.
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These observations correlate perfectly with ac–lacZ re-
porter gene expression at the dorsocentral site (Gomez-
Skarmeta et al. 1995; Fig. 8A). Staining is weakly rein-
forced by overexpression of Pnr (Fig. 8B), but becomes
very intense after overexpression of PnrD4 and com-
pletely covers the dorsal-most region of the thoracic disc
delimited by the prescutum, the postnotum, and the dor-
socentral area (Fig. 8D). This is consistent with other
observations showing that in pnrD4 mutants expression
of this reporter is also increased (data not shown). This
corresponds to the domain where pnr and ush are ex-
pressed simultaneously in the wild type. In contrast,
overexpression of PnrVX4 leads to a strong reduction of
lacZ staining in the dorsocentral area (Fig. 8C). Thus,
there is a correlation between the effects of the three
protein forms on ac–sc expression and bristle develop-

ment and their transcriptional activity on the globin pro-
moter in the transfection experiments.

Overexpression of the ush protein in transgenic flies
reduces ac–sc expression in the wild-type but not in
the pnrD mutants

Overexpression of Pnr in a genetic background associ-
ated with a reduced amount of the Ush product
[Df(3R)ushRev18, ush−/+] leads to an increase in the fre-
quency of phenotypically mutant flies, as well as an in-
crease in the number of extra dorsocentral bristles (Table
1; Fig. 7D). Because Ush regulates Pnr negatively in the
assay using the globin promoter, this suggests an antago-
nistic role of Ush on Pnr activity during bristle pattern-
ing. To verify this we looked at the effects of overexpres-

Figure 7. Effect of overexpression of the
different pnr proteins on development of
the dorsocentral bristles. Homozygous
transgenic strains carrying a UAS–Pnr
transposon were crossed with pnrMD237/
TM6b; Tb flies and the Tb+ flies carrying
the pnrMD237 driver were analyzed. Arrows
denote additional dorsocentral bristles in
A, C, and D, whereas asterisks (*) indicate
the positions of the missing bristles in B.
(A) Strain UAS–Pnr+. (B) Strain UAS–
PnrVX4. (C) The transgenic strain UAS–
PnrD4. (D) Strain UAS–Pnr+ (same as in (A)
in the presence of a reduced amount of Ush
[Df(3R)ushRev18, ush−/+].

Table 1. Number of dorsocentral bristles present in flies of different genotypes following overexpression of Pnr, PnrD4, PnrVX4

or Ush

Construct Genetic background
Percent mutant

heminota

Average no.
dorsocentral

bristles/heminota No.

None pnr MD237/+ 0 2.0 50
UAS:PnrWTa

pnr MD237/+ 19 2.2 ± 0.01 618
UAS:PnrWT ush−/+; pnr MD237/+ 83 3.48 ± 0.07 178
None ush−/+; pnr MD237/+ 0 2.0 86
UAS: PnrVX4a

pnr MD237/+ 99 0.29 ± 0.01 618
UAS: PnrD4a

pnr MD237/+ 100 7.35 ± 0.2 56b

UAS: Ush14AII pnr MD237/+ 100 0 8b

UAS: Ush14AII pnr D1/pnr MD237 100 3.3 ± 0.6 22
None pnr D1/pnr MD237 100 7.6 ± 0.6 25
None pnr D1/+ 100 2.7 ± 0.16 26

Each transgenic strain carried one transposon.
aAverages of three independent insertion lines are given.
bThese animals showed strongly reduced viability.
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sion of Ush in flies expressing the mutant pnr protein
PnrD, which displays in vitro a weaker association with
Ush. Whereas in wild-type flies overexpression of Ush
results in a loss of ac–sc reporter gene expression (Fig.
8F), in pnrD heterozygotes it has a milder effect and
staining still remains fairly strong (Fig. 8G). This sug-
gests that in the thoracic epithelium Ush antagonizes
the effects of Pnr, leading to ac–sc expression and bristle
development.

Discussion

Pnr binds to the consensus GATAAG sequence and
activates transcription

The DBDs of members of the GATA family of transcrip-
tion factors are highly related and here we demonstrate
that Pnr is a transcription factor, it binds DNA, and can
activate transcription of the GATA-1 target promoter of
the a-globin gene in transfected CEFs. A binding site
enrichment protocol has been used to define a consensus
for the Pnr DNA-binding domain sequence and the op-
timal site appears to be a GATAAG motif. This is simi-
lar to the consensus proposed by Plumb et al. (1989) and
close to the WGATAR sequence derived previously by
an in vivo analysis (Yamamoto et al. 1990). Most GATA
factors, like Pnr, carry two zinc fingers. In an extensive
in vitro study, Whyatt et al. (1993) described two differ-
ent classes of DNA-binding sites for GATA-1, the first
requiring only the carboxy-terminal zinc finger to bind
the motif GAT(A/T), the second requiring both zinc fin-
ger motifs to bind the (T/C)AAG sequence. Thus, it is
possible that the consensus sequence that we have se-

lected, GATAAG, may correspond to two overlapping
recognition sequences where GATA is recognized by the
carboxy-terminal zinc finger and TAAG by the complete
DBD.

Our results suggest that in the case of Pnr, the amino-
terminal zinc finger is not required for binding to the
consensus sequence present in the globin promoter, or
indeed activation, as the mutant PnrD proteins bearing
lesions in the amino-terminal zinc finger are capable of
transcriptional activation in a transient expression as-
say. It is noteworthy that, unlike the vertebrate proteins,
the yeast GATA proteins bear only a single zinc finger,
with a similar sequence to the carboxy-terminal zinc fin-
ger of vertebrate GATA factors. This suggests that, in the
case of Pnr and the vertebrate proteins, the carboxy-ter-
minal zinc finger is the crucial determinant for DNA
binding. Indeed deletions within this region, or point
mutations of the conserved cysteine residues, abolish
binding of the protein. Furthermore, binding of the ver-
tebrate proteins to the GAT(A/T) sequence correlates
with transcriptional activation (deBoer et al. 1988; Mi-
gnotte et al. 1989a,b; Nicolis et al. 1991; Tsai et al. 1991;
Simon et al. 1992; Philipsen et al. 1993) or with indirect
transcriptional activity through the displacement of a
repressor (Rahuel et al. 1992).

The amino-terminal zinc finger of GATA-1 does not
bind DNA by itself, and may be involved in the discrimi-
nation between different GATA sites present in the con-
trol regions of erythrocyte genes (Yang and Evans 1992).
There is recent evidence, however, that the amino-ter-
minal zinc finger of GATA-2 and GATA-3 can bind a
GATC sequence (Pedone et al. 1997). Binding is depen-
dent on the presence of two basic regions on either side

Figure 8. The effects of overexpression of
the different forms of pnr proteins and ush on
the lacZ reporter whose expression is driven
by the dorsocentral-specific enhancer se-
quences (Gomez-Skarmeta et al. 1995). Ar-
rows denote lacZ expression in the dorsocen-
tral region of the thoracic disc. (A–D) Homo-
zygous transgenic flies carrying a UAS–Pnr
transposon were crossed with DC–enhancer–
sc–lacZ; pnrMD237/TM6B Tb flies, and the re-
sulting larvae of the appropriate genotype (see
below) were dissected and the imaginal discs
stained for b-galactosidase activity. In each
case, the reaction was left for 3 hr at 22°C;
longer reaction times led to background
staining, which prevents comparison be-
tween the different pnr proteins. (E–G) Over-
expression of ush leads to the reduction of
ac–sc expression in pnrMD237/+ (F) but not
pnrD/pnrMD237 mutants (G). In E–G the reac-
tion was left for 6 hr at 37°C to emphasize the
fact that overexpression of Ush leads to
complete repression of the lacZ reporter.

(A) Genotype (UAS-PnrWT/lacZ; TM6B, Tb/+); (B) genotype (UAS–PnrWT/lacZ; pnrMD237/+); (C) genotype (UAS–PnrVX4/lacZ; pnrMD237/
+); (D) genotype (UAS–PnrD4/lacZ; pnrMD237/+); (E) genotype (UAS–Ush/lacZ; TM6B, Tb/+); (F) genotype (UAS–Ush/lacZ; pnrMD237/
TM6B, Tb); (G) genotype (UAS–Ush/lacZ; pnrMD237/pnrD1).
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of the finger. One of these regions, the amino-terminal,
is missing in GATA-1, which is unable to bind in the
assay used by these investigators. This domain is also
absent in Pnr.

Ush associates with the amino-terminal zinc finger of
Pnr and regulates transcriptional activity negatively

The DNA-binding domain of GATA factors is also in-
volved in dimerization processes. Thus, the GATA pro-
teins homodimerize by means of either the amino- or
carboxy-terminal zinc fingers (Crossley et al. 1995).
GATA-1 has also been shown to heterodimerize with the
transcription factors Sp1 and EKLF, which belong to the
Krüppel family and carry C2H2 zinc finger motifs (Miller
and Bieker 1993; Merika and Orkin 1995). This associa-
tion requires the GATA carboxy-terminal zinc finger and
the interaction leads to synergistic transcriptional activ-
ity. In contrast, our study illustrates a different mode of
regulation of GATA function by means of heterodimer-
ization through the amino-terminal zinc finger. We have
shown that the function of Pnr is regulated by associa-
tion with Ush, a large protein bearing both C2HC and
C2H2 zinc fingers (Cubadda et al., this issue). The physi-
cal association requires a wild-type GATA–DBD. Indeed,
when the DBD carries a single point mutation in the
amino-terminal zinc finger, as in the PnrD proteins, as-
sociation of the two proteins is reduced drastically. This
suggests that the amino acids that have been lost either
interact directly with Ush or are crucial determinants for
the highly ordered structure of the zinc finger required
for heterodimerization. All of the mutations involve
amino acids that are conserved completely among the
members of the GATA family, and furthermore pnrD1

and pnrD3 have substitutions of the conserved cysteine
residues that probably maintain the structural integrity
of the zinc finger (Ramain et al. 1993). Thus, het-
erodimerization involving the amino-terminal zinc fin-
ger of a GATA factor uncovers a novel mode of regula-
tion of GATA function during development.

In the transient assay that we have used, Ush reduces
the transcriptional activity of Pnr by heterodimerization.
To determine whether the DNA-binding properties of
Pnr are disrupted, we performed EMSA with protein ex-
tracts made from transfected Cos cells and we were un-
able to detect either ternary complex on the globin probe
or reduced binding of Pnr in presence of Ush (data not
shown). Further studies are required to resolve this
point. Ush also interacts with cGATA-1, raising the pos-
sibility of the existence of vertebrate proteins homolo-
gous to Ush. Indeed, recently a zinc finger protein, FOG
(friend of GATA-1), structurally similar but not homolo-
gous to Ush, has been recovered from a yeast two-hybrid
screen using the vertebrate GATA-1 as bait (Tsang et al.
1997). Like Ush, this protein heterodimerizes with
GATA-1 through the amino-terminal zinc finger. In con-
trast to Ush, however, FOG has a synergistic effect on
the activation of transcription by GATA-1. These obser-
vations suggest the possible existence of a family of simi-

lar proteins that modulate the transcriptional activity of
the different GATA factors.

Antagonistic activities of Pnr and Ush during bristle
patterning

Mutants of pnr affect the level of ac–sc expression in the
imaginal discs of the fly and alter the bristle pattern. The
pnrD heterozygotes are associated with an over-expres-
sion of ac–sc in the dorsocentral area and the formation
of additional bristles at this site (Ramain et al. 1993). On
the other hand, pnrVX1/4 heterozygotes are associated
with a loss of ac–sc expression and a loss of dorsocentral
bristles. In an earlier study we interpreted the pnrD mu-
tants as representing a loss of pnr function, thinking that
the lesions in the amino-terminal zinc finger would abol-
ish activity of the DBD. In this study, however, we have
shown that the mutated PnrD proteins activate tran-
scription as efficiently as the wild type in a transient
expression assay involving the heterologous a-globin
promoter. In contrast, the PnrVX1/4 proteins are unable
to stimulate this promoter. Therefore, it is possible that
in vivo Pnr acts as a transcriptional activator of ac and
sc. Overexpression of Pnr or PnrD using the GAL4–UAS
system also leads to the formation of additional bristles.
We have shown that the effects of Pnr appear to be me-
diated by the specific enhancer sequences required for
expression of ac–sc at the dorsocentral site (Gomez-
Skarmeta et al. 1995). It remains to be seen whether Pnr
acts directly on these sequences or indirectly through
intermediate genes.

The direct association of the Pnr and Ush proteins that
we describe here could be the molecular basis underlying
the similar phenotypes of pnrD gain-of-function mutants
and ush loss-of-function mutants, as well as the genetic
interactions observed between mutant alleles of these
two genes. Ush behaves genetically as a repressor of ac
and sc; hypomorphic alleles accumulate higher levels of
ac–sc and form additional bristles, whereas overexpres-
sion of Ush leads to a loss of bristles (Cubadda et al., this
issue). PnrD heterodimerizes only poorly with Ush,
which would mean that in vivo it would stimulate tran-
scription more strongly and over a broader territory.
Overexpression of PnrD4 causes a dramatic increase in
the levels of ac–sc–lacZ, as does over-expression of wild-
type Pnr in animals heterozygous for ush. The phenotype
of heterozygous pnrD/+ flies is enhanced when the dos-
age of ush+ is reduced and suppressed when it is in-
creased (Heitzler 1993; Cubadda et al., this issue). Other
alleles do not display phenotypic changes in the presence
of varying amounts of Ush.

One explanation for the specificity of this interaction
could be attributable to the fact that the two genes are
expressed in overlapping, but not precisely coincident,
areas of the thorax; the pnr domain is slightly more ex-
tensive than that of ush (Ramain et al. 1993; Cubadda et
al., this issue). Furthermore, the dorsocentral bristle pre-
cursors arise in a domain of high pnr expression but low
ush expression (Cubadda et al., this issue). Down-regu-
lation of Pnr by Ush is restricted presumably to the do-
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main in which both genes are expressed. The PnrD pro-
tein would be more or less resistant to Ush, therefore, in
pnrD flies Ac–Sc levels would increase and cause the
appearance of ectopic bristles in the ush expression do-
main in addition to the ones that develop in the normal
(Pnr+ Ush−) territory. On the other hand, the phenotype
of alleles that cause a loss of pnr expression or function,
such as pnrVX1/4, would be attributable to a loss of Pnr
activity in the nonoverlapping domain of high pnr but
low ush expression. Pnr in this area would not be regu-
lated by Ush anyway.

Consistent with these observations, overexpression of
Ush, which in wild-type flies leads to a loss of ac–sc
expression, has only a mild effect on the levels of ac–sc–
lacZ in pnrD mutant flies. Thus, Pnr and Ush appear to
have antagonistic effects on the expression of ac–sc.
Thus, it is possible that ac–sc levels are higher in areas of
lower ush expression and that Pnr and Ush contribute to
the precise positioning of dorsocentral and perhaps other
bristles.

Materials and methods

All recombinant DNA work was performed according to stan-
dard procedures (Sambrook et al. 1989). Details concerning plas-
mid constructions, which were all verified by sequence analysis
performed with an Applied Biosystems automated DNA se-
quencer, are available upon request. Nucleotides and amino ac-
ids are numbered with reference to our previous report (Ramain
et al. 1993).

Plasmid constructions

A 2900-bp HindIII–EcoRI DNA fragment containing the com-
plete wild-type open reading frame of Pnr and isolated from our
original PNB40 clone (Ramain et al. 1993) was subcloned into
pBluescript SK+ to give SK+Pnr+. The point mutations corre-
sponding to the different PnrD proteins (D1 to D4), as well as the
deletions corresponding to the PnrVX proteins (VX1 and VX4)
were introduced by site-directed mutagenesis using the SK+Pnr+

single-strand DNA as a template and the following oligonucleo-
tides: D1, 58-AGGGACGCGAGTACGTCAATTGCGG-38; D2,
58-GGGATGGAACCGAACACTATCTGTG-38; D3, 58-GGA-
CACTATCTGAGCAACGCCTGCG-38; D4, 58-GGCGAGGG-
ACGCAAGTGCGTCAATT-38; VXI, 58-CCTTCACGGAGCT-
CTACACGCCCG-38; VX4, 58-CAGGAACGCAGCAGTTCC-
GGCGGA-38.

For transfection experiments, the different HindIII–NotI frag-
ments of the pBluescript SK+ derivatives were inserted into the
pXJ vector (Xiao et al. 1991), whose expression is driven in trans-
fected cells by the cytomegalovirus promoter sequences. Using
M136 as an internal start codon, the truncated Pnr protein is
produced with the expression vector pXJ containing the
SphI(870)–NotI DNA fragment. A molecular mass of 45 kD, as
expected, was found by Western blot analysis with the help of
the monoclonal antibody 2B8, produced in mouse and raised
against the peptide TTQQQHQQHGHSMTSSSGQA (amino ac-
ids 378–397). The expression vector carrying the Pnr–TEF-1 chi-
mera was constructed by inserting the HindIII–BamHI DNA
fragment containing the Pnr–DBD from SK+Pnr+ and the BamHI
fragment from pXJ (Gal4–TEF-1; Xiao et al. 1991) containing the
TEF-1 activation domain (amino acids 167–426) into pXJ. Simi-
larly, the expression vector carrying the Gal4–Pnr chimera was

constructed by exchanging the BamHI fragment from pXJ(Gal4–
TEF-1) containing the TEF-1 activation domain with the BamHI
fragment containing the carboxyl terminus of Pnr isolated from
SK+Pnr+.

The expression vectors used in the yeast interaction assays
were constructed in the plasmid pEG202, which encodes the
bait fused to the LexA–DBD, and in the plasmid pJG4-5, where
the putative partner is fused to the bacterial B42 activation do-
main that is efficient in yeast. A repaired NdeI–NotI fragment
containing the complete Pnr open reading frame was isolated
from a pBluescript SK+Pnr+ derivative where a NdeI restriction
site was created on the ATG by site-directed mutagenesis using
the oligonucleotide (58-CGGCCATAAATCCATATGGGCA-
TCTTACTG-38; NdeI, underlined) and inserted into the re-
paired EcoRI–NotI cloning sites from pEG202 to give
pEG202Pnr+. The pEG202PnrD1 to pEG20PnrD4 expression vec-
tors were constructed by exchange of the wild-type SalI frag-
ment from pEG202Pnr+ with the mutated SalI fragments from
pXJPnrD1 to pXJPnrD4. The pEG202PnrVX1 and pEG202PnrVX4

expression vectors were constructed by exchange of the
BamHI–NotI fragment from pEG202Pnr+ with the BamHI–NotI
fragments from SK+PnrVX1/VX4. pJG4-5 was modified by inser-
tion into the EcoRI and XhoI cloning sites of the complemen-
tary oligonucleotides (58-AATTCGCTAGCTAAC-38and 58-TC-
GAGTTAGCTAGCG-38) creating an XbaI cloning site (under-
lined). A 4-kb XbaI fragment isolated from SK+Ush and
encompassing the complete open reading frame was then in-
serted into the XbaI site of the pJG4-5 derivative.

The selection of GST fusion proteins was performed with
extracts made from Cos cells transfected with pBC derivatives
(Stratagene, La Jolla, CA; Chatton et al. 1995) allowing the ex-
pression of GST fusion proteins in a cultured cell line. Thus, the
complete Pnr–DBD as well as the isolated zinc fingers were
generated by site-directed mutagenesis using as a template the
SK+Pnr+ single-stranded DNA and the following oligonucleo-
tides carrying an NheI restriction site (underlined): 58-GGAAG-
GATTCGCTAGCGCGCATGCAC-38 and 58-CACTGGATCC-
GCTAGCGGCTCCACTT-38 (Pnr–DBD); 58-GGAAGGATTC-
GCTAGCGCGCATGCAC-38 and 58-TGTGAGTGCAGCTA-
GCACTGCCACCC-38 (Pnr–ZnN); 58-TGTGAGTGCAGCTAGC
ACTGCCACCC-38 and 58-CACTGGATCCGCTAGCGGCTC-
CACTT-38 (Pnr–ZnC).

The SK+ derivatives were then restricted by NheI and the
DNA fragments encompassing the complete DBD as well as the
isolated Pnr zinc fingers were inserted into the NheI cloning site
of pBC to give pBC–Pnr–DBD, pBC–Pnr–ZnN, and pBC–Pnr–
ZnC, allowing the production of GST fusion proteins contain-
ing the amino acids alanine 124–serine 292 (GST–Pnr–DBD),
alanine 124–alanine 216 (GST–Pnr–ZnN), and threonine 217–
serine 292 (GST–Pnr–ZnC), respectively. The pBC–GATA-1–
DBD expression vector was generated by insertion of a 421-bp
SmaI fragment containing the cGATA-1–DBD sequences (gly-
cine 85–proline 224) and isolated from pRSV20.2 (Evans and
Felsenfeld 1991) into the NdeI repaired cloning site of pBC.

PCR-assisted DNA-binding site selection

The NheI fragment containing the Pnr–DBD sequences was in-
serted into the pGEX-3X vector, allowing the production of GST
fusion proteins in Escherichia coli. The resulting plasmid was
introduced by transformation into BL21 (DE3) lysS competent
cells. Five hundred milliliters of Luria broth plus 100 µg/ml of
ampicillin were innoculated with a 10-ml saturated overnight
culture grown at 30°C and incubated at the same temperature
until it reached an OD of 0.6–0.7 at 600 nm. Isopropyl-b-thio-
galactopyranoside (IPTG) was added to a final concentration of

Negative regulation of Pannier by u-shaped

GENES & DEVELOPMENT 3105

 Cold Spring Harbor Laboratory Press on May 5, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


1 mM and the culture was further incubated for 2 hr. Cells were
harvested by centrifugation, washed in cold PBS, and lysed by
sonication in 1× PBS with 1% Triton X-100. The bacteria debris
was eliminated by centrifugation and the supernatant applied to
a glutathione–agarose (Pharmacia) column equilibrated with 1×
PBS, 1% Triton X-100. After extensive, successive washes with
1× PBS, 1× PBS, 1 M NaCl, 1% Triton X-100, and the binding
buffer [50 mM Tris-HCl (pH 7.8), 50 mM KCl, 10% glycerol, 1
mM DTT, 100 µM ZnSO4, 100 µg/ml poly[d(I-C)], the labeled
degenerated oligonucleotides were loaded on the column. The
random sequence oligonucleotide: [58-CTGGATCCTAGAT-
GTCCCTG(N)10AGGCTCAAAGCTGAATTCCT-38] was ren-
dered double stranded with the Klenow polymerase by primed
synthesis using the primer (PL192: 58-AGGAATTCAGCTTT-
GAGCCT-38) labeled with [g-32P]ATP. After purification on an
acrylamide gel, electroelution, and precipitation, the probe was
resuspended in binding buffer. After extensive washes with the
binding buffer plus 1% Triton X-100, the selected oligonucleo-
tides were eluted stepwise with the binding buffer containing
increasing concentrations of KCl, and the oligonucleotides
eluted at a 500-mM KCl concentration were precipitated, recov-
ered by centrifugation, and resuspended in water before PCR
amplification with the PL192 and QK61(58-CTGGATCCTAG-
ATGTCCCTG-38) primers labeled with [g-32P]ATP. The ampli-
fied product, purified on an acrylamide gel, was applied again to
the column and after four cycles of enrichment the selected
oligonucleotides were restricted by BamHI and EcoRI and sub-
cloned into pBluescript SK+ for further sequence analysis. They
were also used as a template in an EMSA. The GST and GST–
Pnr–DBD fusion proteins were purified with glutathione–aga-
rose according to the recommendations of the manufacturer and
the protein concentration was estimated by the Bradford assay
and Coomassie staining after gel electrophoresis. For the EMSA,
the purified proteins were incubated with the pool of selected
oligonucleotides (50 × 103 cpm) in the binding buffer [20 mM

HEPES (pH 7.9), 1 mM DTT, 20% glycerol, 100 mM KCl] during
20 min at room temperature and the samples were loaded on a
5% acrylamide gel (29:1 acrylamide/bis-acrylamide; 0.5× Tris
Borate EDTA).

DNA transfections and CAT assays

CEF cells were used freshly prepared according to standard
methods and transfected with the Ca3(PO4)2 precipitate tech-
nique. In addition to the expression vectors or gene reporters
described in each figure, all transfections contained 100 ng of
the b-galactosidase reporter CMV–b-gal as an internal standard
and the amount of DNA was scaled up to 10 µg with pBluescript
SK+ DNA as carrier. For analysis of the transactivation, the cells
were recovered after scraping and centrifugation in cold PBS and
lysed in 100 µl of 0.25 M Tris-HCl (pH 7.5) by three cycles of
freeze–thawing. For each transfection, a 10 µl sample was ana-
lyzed for b-galactosidase activity and a volume containing a
defined amount of activity was then assayed for CAT activity.
The reactions were done twice for 1 hr (reporter paD3) and twice
for 20 min (reporter 17m5-TATA–CAT) at 37°C. They were
then analyzed by standard thin-layer chromatography and after
autoradiography, the conversion percentage was determined by
a quantitative phosphoImager using a Fujix BAS 2000 apparatus.
The results from three independent experiments performed
with two independent DNA preparations were combined to de-
termine the mean activities shown in the figures.

DNA transfections, immunoprecipitations, GST fusion
protein selection, and Western blot analysis

Cos-7 cells, grown in 5% calf serum-supplemented Dulbecco’s

medium (Sigma Chemical, St. Louis, MO), were transfected like
the CEF cells with recombinant adjusted to 10 µg with pBlue-
script SK+ as carrier DNA. After 36 hr, the cells were harvested
in cold PBS, pelleted, washed, and resuspended in lysis buffer
[400 mM KCl, 20 mM Tris-HCl (pH 7.5), 20% glycerol, 5 mM

DTT, 0.4 mM PMSF] containing 2.5 mg/ml of leupeptin, pep-
statin, aprotinin, antipain, and chymostatin. After three cycles
of freeze–thaw in liquid nitrogen, the resulting cell lysate was
diluted four times with the lysis buffer without KCl to give a
final concentration of 100 mM KCl and then cleared by centrifu-
gation for 5 min at 13,000 rpm. The protein concentration was
determined by the Bradford assay.

Two hundred fifty micrograms of protein extract, adjusted to
1 ml with the 100 mM KCl lysis buffer, was incubated for 2 hr
in a coldroom with agitation either with glutathione–agarose or
with protein G–Sepharose in the presence of the B10 monoclo-
nal antibody produced in mouse and raised against the B epitope
of the estrogen receptor. The Sepharose beads were then recov-
ered by centrifugation and washed three times with 1 ml of
RIPA buffer (1× PBS, 0.1% SDS, 0.5% sodium deoxycholate,
0.5% NP-40). The adsorbed proteins were dissociated by boiling
for 5 min in 20 µl of Laemmli buffer and resolved by SDS–
polyacrylamide gel electrophoresis. Proteins separated by elec-
trophoresis were electrotransferred onto a nitrocellulose filter.
Blocking, washing, and incubation of the membrane with anti-
bodies were carried out in 1× PBS containing 5% skimmed dry
milk and 0.5% Tween 20. As the proteins in our study have
different molecular masses, the filter was cut and each part was
probed with the appropriate antibody. We used the 2B8 mono-
clonal antibody (that recognizes an epitope in the carboxy-ter-
minal part of Pnr) to detect Pnr and PnrD, the B10 monoclonal
antibody for the B-tagged Ush, and the 1D10 monoclonal anti-
body, which recognizes the GST part of the fusion proteins.
After washing (1× PBS, 0.5% Tween 20) and blocking (1× PBS,
5% skimmed dry milk, 0.5% Tween 20), the blot was further
incubated with horseradish peroxidase-linked goat anti-mouse
immunoglobulins (Jackson ImmunoResearch Laboratories,
West Grove, PA). Specific immunocomplexes were visualized
by the enhanced chemiluminescence (ECL) Western blotting
detection system according to the recommendations of the
manufacturer (Amersham International, Les Ulis, France).

Yeast interaction assays

Yeast interaction assays were performed essentially as described
previously (Finley and Brent 1994). Briefly, the yeast strain
EGY48 with an integrated leu2 reporter gene and upstream
LexA operators was transformed with pEG202–Pnr+, pEG202–
PnrD1/D4, or pEG202–PnrVX1/VX4, which allows expression of
the full-length wild-type Pnr or one of its dominant versions,
fused to the LexA–DBD. The different strains were then trans-
formed with the pJG4–5–Ush plasmid, which allows galactose-
dependent expression of the fusion protein containing in its
amino-terminal moiety the bacterial B42 activation domain ef-
ficient also in yeast. After selection on a medium lacking his-
tidine and tryptophane and selecting for the presence of the
pEG202 and pJG4-5 plasmids, the transformed yeasts were
plated on a medium lacking histidine, trytophane, and leucine,
with either glucose, where the B42Ush fusion protein is re-
pressed, or with galactose, where its expression is induced. Lev-
els of LexA fusion proteins in the different strains were moni-
tored by Western blots using the Pnr-specific monoclonal anti-
body 2B8.

Pnr and Ush overexpression and staining for b-galactosidase
activity

The wild-type pnr cDNA as well as the dominant forms pnrD4
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and pnrVX4 isolated from the pBluescript derivatives were sub-
cloned in the appropriate restriction sites of the plasmid
pUAST, which contains several binding sites for the GAL4 ac-
tivator upstream to the basal hsp70 promoter sequences. The
resulting pUAST–Pnr plasmids were used to transform embryos
of a w1118 stock. Transgenic strains were established and
crossed with the driver pnrMD237, an enhancer trap line where a
GAL4-containing transposon is inserted at the pnr locus, giving
an imaginal expression indistinguishable from that of the pnr
gene. They were also crossed with DC–enhancer–sc–lacZ;
pnrMD237/TM6B, Tb flies. The transgenic lines DC-3.2 harbor
the 5.7-kb EcoRI fragment that contains the dorsocentral en-
hancer fragment fused to 3.7sc–lacZ (3.7 kb of the sc promotor
region fused to the lacZ gene; for details see Gomez-Skarmeta et
al. 1995). The transgenic line containing the UAS–Ush con-
struct is described in Cubadda et al. (this issue). Larvae were
dissected and discs stained for b-galactosidase activity accord-
ing to standard methods.
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