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Direct control of transcription

of the Drosophila morphogen bicoid

by the Serendipity 3 zinc finger protein,
as revealed by in vivo analysis

of a finger swap

Francois Payre, Michele Crozatier, and Alain Vincent!

Centre de Biologie du Développement, Unité Mixte de Recherche (UMR) 9925 du Centre National de le Recherche
Scientifique (CNRS]), Université Paul Sabatier, 31062 Toulouse Cedex, France

Determination of the anterior structures of the Drosophila embryo is under control of the maternal gene
product Bicoid (bcd), which specifies distinct domains of embryonic gene expression in a
concentration-dependent manner. We show here that bed transcription is controlled by serendipity & (sry 8), a
zygotic-lethal zinc finger protein gene. This sry 5 germ-line function was revealed by transgenic expression of
a modified Sry 8 protein, Sry DB56, carrying a two-finger swap. Although it almost fully rescues sry &
lethality, Sry DB56 does not substitute for the wild-type protein in activating bcd transcription. Two
overlapping sites binding the Sry 5 protein were identified in the bcd promoter region, a few base pairs
upstream of the putative TATA box. Mutating one site impairs bcd transcription in vivo, indicating that Sry §
acts directly upstream of bed. The specific requirement of sry & for bed transcription in the female germ line
constitutes an unexpected link between a zygotic gene with pleiotropic functions and the establishment of
coordinates of the Drosophila egg. It highlights the fundamental role of ubiquitous transcription factors in

bringing about a specific developmental program.
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In Drosophila, combined genetic and molecular analyses
have defined an elaborate cascade of transcription factors
that controls the basic organization and polarity of the
two major axes, anteroposterior and dorsoventral, of the
embryo (for review, see St Johnson and Niisslein-Volhard
1992; Hoch and Jiackle 1993). Elaboration of the body
plan in the head and thoracic regions is largely controlled
by the anterior patterning system (Niisslein-Volhard et
al. 1987). Four maternal-effect genes, bicoid (bcd), exu-
perentia (exu), swallow (swa) and staufen (stau), are ge-
netically identified components of this anterior system
{Schiipbach and Wieschaus 1986; Frohnhéfer and Niis-
slein-Volhard 1987; St Johnson et al. 1989), with bcd
being the decisive component (Frohnhofer and Niisslein-
Volhard 1986; Driever et al. 1990). The relative severity
of cuticular phenotypes associated with different bcd
mutations defines an allelic series. Weak alleles affect
the anterior-most structures of the head, the labral deri-
vates, whereas strong alleles develop neither head nor
thorax and carry a duplication of the posterior-most
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structure, the telson, at the anterior end. Activity of exu,
sww and stau is required to localize bcd RNA to the
anterior pole of the egg during oogenesis. Localized bcd
RNA is translated after fertilization to give rise to an
anteroposterior gradient of the protein that peaks at the
anterior pole (Driever and Niisslein-Volhard 1988a). Bi-
coid has all the properties of a morphogen, that is, it
determines cell fate along the anteroposterior axis of the
embryo in a concentration-dependent manner (Driever
and Niisslein-Volhard 1988b). The Bed protein contains a
homeo domain and is thought to primarily activate tran-
scription of different zygotic head and thoracic segmen-
tation genes in specific domains of the embryonic head
and trunk regions (Tautz 1988; Driever and Niisslein-
Volhard 1989; Struhl et al. 1989; Finkelstein and Perri-
mon 1990; Hoch et al. 1991; Pignoni et al. 1992; for
review, see Driever 1992). Down-regulation of Bed activ-
ity at the anterior pole has recently been shown to be
under the control of the torso receptor-mediated signal-
ing pathway (Ronchi et al. 1993).

A series of elegant experiments by Driever and Niis-
slein-Volhard (1988b) and Struhl et al. (1989} has dem-
onstrated that (1) for the anterior pattern of segmenta-
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tion, cell position information is largely determined by
the local concentration of Bed protein, and (2) the max-
imum concentration of Bed protein is roughly propor-
tional to the number of bed gene copies. Together, these
data suggest that the level of Bed activity in early em-
bryos reflects the level of bed transcription. However,
nothing is known of the transcriptional control of bed.

We report here that serendipity delta (sry &), which
encodes a transcriptional activator of the C2H2 zinc fin-
ger type, is required for bcd transcription. Sry & was ini-
tially characterized as a zygotic lethal gene with pleio-
tropic mutation effects; single amino acid changes in
different domains of the Sry & protein caused embryonic
and sex-biased lethality. Both somatic and germ-line de-
fects are associated with sry 8 mutations, the relative
severity of which depends on the allele considered
(Crozatier et al. 1992). Whereas a single copy of wild-type
sry  fully suppresses sry § mutant lethality and sterility,
increasing the copy number of sry B, a sry d paralog (Vin-
cent et al. 1985; Ferrer et al. 1994}, does not rescue any of
these phenotypes (Crozatier et al. 1992). Both Sry B and
Sry & are sequence-specific DNA-binding proteins that
bind in vivo to distinct sets of specific sites on polytene
chromosomes (Payre and Vincent 1991; Noselli et al.
1992). In vivo experiments in which the six contiguous
zinc finger domains were reciprocally swapped between
Sry B and Sry 3 indicated that the specificity of chromo-
somal binding of each protein is largely, although not
exclusively, dependent on DNA-specific recognition
{Noselli et al. 1992). To gain further insight into the con-
tribution of separate zinc fingers to the functional differ-
ence between Sry B and Sry 8, as well as to identify some
of their respective gene targets, we expressed modified
Sry 8 proteins containing chimeric Sry B/8 zinc finger
domains. One construct, sry DB56, that encodes a Sry 8
protein in which fingers 5 and 6 are replaced by the ho-
mologous fingers of Sry B, fully suppressed sry & lethality
but brought to light one maternal effect of sry & muta-
tions; embryos laid by sry DB56-rescued females do not
hatch and display a bcd-like phenotype suggesting a mis-
expression of bed. Our data show that Sry & controls bed
activity at the transcriptional level, by binding to a cis-
acting element within the bcd promoter. Identification
of Sry & as a component in regulation of bcd expression
adds yet another step to the cascade of transcriptional
regulatory interactions establishing the polarity of the
anteroposterior axis of the Drosophila embryo. The spe-
cific requirement of sry & for bcd transcription in female
germ-line cells illustrates how fundamental the role of
ubiquitous regulatory factors can be in bringing about a
specific developmental program.

Results

Swapping fingers 5 and 6 between the Sry & and Sry 8
proteins; in vitro binding studies

Previously, we reported the respective DNA recognition
sequences of the closely related Drosophila Sty B and Sry
8 C2H2 zinc finger proteins, 5'-YCAGAGATGCGCA-3’
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and 5-YTAGAGATGGRAA-3’, respectively {Payre and
Vincent 1991). The Sry B and Sry 3 consensus binding
sites, therefore, differ at 4 of the 13 nucleotide positions
(Fig. 1A), and these differences are sufficient for discrim-
inatory binding of Sry B and Sry & to their respective in
vitro recognition sites (F. Payre, unpubl.). The DNA-
binding specificity of Sry B and Sry 8 is dictated in vitro
only by the domain of six adjacent zinc fingers (Noselli
et al. 1992). Amino acid sequence comparison of the two
proteins reveals that fingers 2,3, and 4 are very similar,
whereas fingers 1,5, and 6 are much more divergent {Vin-
cent et al. 1985; Payre et al. 1990). To test for the specific
contribution of fingers 5 and 6 in selective binding of Sry
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Figure 1. DNA-binding properties of the Sry DB56 protein. (A)
Schematic representation of the Sry DB56 protein. Zinc fingers
5 and 6 of Sry 8, right ([shaded boxes), have been replaced by the
corresponding fingers of Sry B, left (open box). This selective
finger swap results in 36 of 58 amino acid changes, with 7 of
these changes being conservative (E— D), {S — T), (K — R). The
13-bp consensus recognition sites of Sry  and Sry 3 are aligned
with nucleotide differences indicated by italics. (B} EMSA of
DNA recognition by the Sry DB56 protein. Purified proteins
made in E. coli were incubated with oligonucleotides contain-
ing either a Sry B {B22) or Sry & (D524) consensus DNA-binding
site. Using moderate ionic strength conditions {150 mm KCl)
Sry DB56 DNA-binding properties are indistinguishable from
Sry 8, except for the relative migration of the formed complex.
In lower ionic strength conditions (80 mm) Sry DB56 binds also
to the oligonucleotide containing a Sry B consensus-binding
site.
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B and Sry & to their respective recognition sequences, we
examined the binding specificity of a chimeric Sry & pro-
tein, Sry DB56, in which fingers 5 and 6 were exchanged
for the corresponding domains of Sry B {Fig. 1A). The Sry
B, Sry 8, and Sry DB56 proteins, purified from overpro-
ducing Escherichia coli strains, were assayed for specific
binding to oligonucleotides containing either a Sry B
{B22) or a Sry & {D524) consensus binding site, in elec-
trophoretic mobility shift assays (EMSAs). Compared
with wild-type Sry 8, Sry DB56 does not display a major
modification of its DNA recognition properties in vitro,
as it binds efficiently to the Sry 3-binding site under all
experimental conditions tested (Fig. 1B). The fact that at
low ionic strength Sry DB56 also binds to the Sry B-bind-
ing site suggests, however, a more relaxed binding spec-
ificity.

The chimeric SryBD56 protein reveals a maternal
sterility effect of sry 8§ mutations

To test for the functional consequences in vivo of swap-
ping fingers 5 and 6 between Sry B and Sry §, we con-
structed transgenic lines expressing the Sry BD56 chi-
meric protein under the control of the sry 8 promoter and
assayed for its ability to rescue sry & lethal mutations.
When the p[sry DB56] transposon was introduced into
sry 8~ hemizygotes there was almost complete rescue of
lethality, for each of the four sry § alleles {Table 1). Sim-
ilar results were obtained using two independent inser-
tions on different chromosomes (Table 1; data not
shown). In all cases, the rescued males were fully fertile.
Strikingly, however, the rescued females mated to wild-
type males do not give any viable progeny, although egg
laying is normal. This correlates with the normal mor-
phology of ovaries from rescued females upon visual in-
spection by light microscopy (data not shown). There-
fore, sty DB56 behaves like a maternal effect-specific
allele of szy 8, thus providing access to at least some sry
& maternal functions.

Maternal phenotype of sry &: bed-like

Embryos laid by sry 8 mutant females rescued by intro-
duction of p[sry DB56] develop to the point of making
cuticle. The cuticular pattern of the embryos (Fig. 2)
shows reductions and/or deletions of distinct anterior
structures, depending on the sry 3 allele. In the case of
the sry 8577 allele, only the anterior-most head structure,
the labrum, is affected. In the case of sry 82, all deriva-
tives of the head are affected. In the case of the sry 8572
or sry 3¢ alleles, thoracic segments are missing and el-
ements of the posterior telson are duplicated at the an-
terior (Fig. 2). In the strongest sry & allele, sry 8'¢ {Croza-
tier et al. 1992}, segmentation defects are also observed
frequently in the anterior abdomen, most often in the
abdominal segments A2, A3, or A4. The fact that similar
results are obtained with the p{sry BD56¢] transposon in-
serted on the two different chromosomes confirms that
the observed phenotype is not attributable to an inser-
tion position effect (Table 1; data not shown). The phe-
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Table 1. Rescue of sry 8 alleles by one copy of the chimeric
sry DB56 gene

sry d

alleles 312 514 3SF! 3SF2

p> 1367 837 1217 1550

Sb/4? 256 146 194 254

F non-Sb 207 138 237 287

M non-Sb 184 143 240 295

VaF% 81 95 122 113
(F) {0) (0) (0.4) (1.5)

VaM% 72 98 124 116
(M) (0.4) (0.5) (30) (80)

Data are for a transgenic line with the p{sry DB56;zy™*] trans-
poson inserted on the X chromosome and introduced into szy &
hemizygous backgrounds using the following cross:

plsry DB56;ry*]; DfX3F
plsry DB56;ry*); TM3, Sb

X; sryd”
33y, Tms, sb

x Q9

Non-Stubble (Sb, a dominant marker of bristles) females and
males have received one copy of the transposon and correspond
to rescued adults. Viability indexes (noted VaF% and VaM% for
females and males, respectively) were calculated as follows:

non-Sb

O = ———
Va% = g

% 100.

Below, and in parenthesis, is the percentage of viable escaper
adults observed in the same crosses but in the absence of the
plsry DB56) transposon {Crozatier et al. 1992). Viability ob-
tained with the p[sry DB56;ry*| transposon on the second chro-
mosome was 100% in the case of the sry 857 and 5'# alleles,
87% and 100% for females and males, respectively, for the sry
3!2 allele, and not determined for the sry 3F! allele.

*The viability of Sb flies is lower than wild-type flies. This
difference is taken into account in our calculations by introduc-
ing a correction coefficient of 1.05, as determined in control
experiments {data not shown].

notype of embryos laid by the p[sry BD56] rescued sry 8~
females is clearly reminiscent of that described for a bed
hypomorphic series (Fronhéfer and Niisslein-Volhard
1987). These results raised the possibility that wild-type
sry & function is necessary for normal levels of bcd ac-
tivity. This hypothesis was supported by the progres-
sively stronger shift toward the anterior in the positions
of the cephalic furrow and the anterior margin of Kriippel
expression that is observed in embryos, when going from
weak to strong sry d mutant alleles (data not shown).
Such a shift in the fate map of the early embryo is diag-
nostic of a deviation from the normal dose of bed™ ac-
tivity (Driever and Niisslein-Volhard 1988). That the
bed-like phenotype is not attributable to a dominant-
negative effect of the chimeric gene was further con-
firmed by examining embryos laid by the very few tran-
sallelic female escapers that emerge in the sry 85!/sry
8572 combination. The cuticular phenotype of these em-
bryos is indistinguishable from that of strong bcd mu-
tant embryos (Fig. 2). Together, these results suggest that
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5SF1/s5F2 bed®

Figure 2. bcd, a maternal effect of sry  mutations revealed in p[sry DB56] rescue experiments. Cuticle preparations of wild-type and
sry 8 mutant, compared to bcd embryos; anterior is at the top in all cases. (@) p[szy DB56); DfX3F—/ +. Cuticle is wild type. (b—e) p[sry
DBS56); DfX3F/sty 8~ ; (b) 85F1, (c) 82, (d) 85F2, (¢) 8'*. Note the gradually more severe anterior defects shown by szy 8 mutant embryos
going from a weak (sry 85F!) to a strong (sry 8'¢) sry 8 allele. (f) embryos laid by sry 85F!/sry 552 transheterozygote escaper females. In
these embryos, as for embryos laid by p[sry DB56|; DfX3F/8'* females head and thorax are replaced by a duplicated telson and one to
several abdominal segments are missing, a phenotype clearly reminiscent of the strong bcd® mutation (g).

one maternal function of sry d is to positively regulate
the level of bed activity.

sry & controls the level of bcd mRNA
accumulation in oocytes

To test whether the reduction of bed activity in sry &
mutant embryos is attributable to a decreased level of
bcd transcription, we prepared RNA from ovaries of sry
3 mutant females rescued by the presence of the p[sry
DB56] transposon, sry 8572 homozygous females (only for
this allele, sterile adult females emerge), and some rare
sty 85 /sry 8572 and sry §'2/sry 832 transheterozygote
escaper females. Northern blot analysis shows that mu-
tations in sry 3 drastically decrease the level of bcd RNA
accumulation, which is undetectable in the strong sry &
allelic combinations (Fig. 3A). This reduction of mRNA
level appears to be specific to bed, as other genes tested,
either strictly maternal such as nanos (Wang and Leh-
mann 1991) and oskar or housekeeping (rp49, rpL17A),
are unaffected in their mRNA levels (Fig. 3; data not
shown). Quantitation of the level of bcd mRNA in dif-
ferent sry 8 mutant backgrounds (indicated below the
blot) shows that sry 3 controls bed expression at the level
of RNA accumulation. The Northern blot data also in-
dicate that the level of bcd RNA in females carrying four
copies of bed is ~1.7 times that of the wild type. This is
independent of the copy number, 1 or 2, of the wild-type
sry & gene, showing that for bcd transcription Sry 8 is not
a limiting factor. Low amounts of bcd mRNA are de-
tected in ovaries of the p[sry DB56); sry 857 or 82 mu-
tant females (Fig. 3A). In situ hybridization on whole-
mount ovary preparations show that this mRNA is nor-
mally localized at the anterior pole of the growing oocyte
(Fig. 3B}, indicating that sry  mutations do not interfere
with bcd RNA prelocalization. Furthermore, the pres-

ence and normal localization of oskar RNA (Ephrussi et
al. 1991) in ovaries of p[sry DB56]-rescued sry 8’4 mutant
females show that the absence of detectable bcd mRNA
is not attributable to a general effect of sry & mutations
on synthesis, transport, and/or localization of mRNA in
oocytes via, for example, general defects of membrane or
cytoskeletal elements (Theurkauf et al. 1992). Therefore,
we conclude that sry 8 is specifically required for bed
transcription during oogenesis.

Wild-type sry 8 activity in germ-line cells is required
for proper oogenesis in addition to bed transcription

Whereas bcd transcription is restricted in the ovary to
the germ line, the Sry 3 protein is present in nuclei of
both the germ line (nurse cells) and somatic (follicle
cells) components of the ovary {Payre et al. 1989). To test
the germ-line effect of sry & mutations, we generated
homozygous sry 8 germ-line clones by X-ray-induced mi-
totic recombination in heterozygous sry 8~ females car-
rying, in trans, a transposon p{ovo®?-8] (Mevel-Ninio et
al. 1994; see Materials and methods). Because of the
dominant effect of ovo®?, a block of oogenesis at previ-
tellogenic stages, developed ovarioles found in irradiated
sty 8 /plovoP?-8] females derive only from sry & ho-
mozygous mutant germ-line cells generated by recombi-
nation. Examination of these ovaries, using differential
interference contrast (DIC) optics and fluorescent probes
for actin and DNA, revealed profound alterations in the
cellular morphology of sry 8~ ovarioles, starting at mid-
oogenesis (data not shown). In no case did we observe
significant egg deposition. Furthermore, no Bed protein
is detected in the few embryos derived from sry 8~ ho-
mozygous germ-line clones (data not shown), confirming
the requirement of Sry  for bcd transcription.
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Figure 3. Defective accumulation of bed A
mRNA in sry 8 mutant ovaries. {4) North-
ern analysis of bcd expression in ovaries of
sry & mutant females. Fifteen micrograms
of total RNA extracted from hand-dissected
ovaries was run in each lane of a formalde-
hyde-agarose gel, transfered to a nitrocellu-
lose membrane, and probed with labeled
bed ¢cDNA (Berleth et al. 1988) together
with rp49 {O’Connell and Rosbash 1984). A
single bcd transcript of ~2.6 kb was de-
tected. The relative level of bcd mRNA ac-
cumulation in ovaries of wild-type flies,
flies containing four copies of bed (Struhl et
al. 1989}, and plsry BD56]| containing flies
in the context of different sry & mutant
combinations was calculated using rp49

and rpL17A (Noselli and Vincent 1992) as rp49 >

internal standards for quantitation of de-
posited RNA, and is indicated below each
lane. Wild-type levels of bcd mRNA are ob-
served with a single copy of sry 8, in the
presence or absence of p|srzy DB56]. Low
amounts of bcd mRNA are detected in ova-
ries of sry 357! and sry §!'2 hemizygous or
sry 85F1/sry 352 transheterozygote females, =
and no signal can be observed in ovaries
from sry 55F2 and sry 5! hemizygous or sry
352 homozygous flies or sry 85F2/sry §!2
transheterozygote escaper females. (B) De-
tection of bced mRNA in whole-mount egg
chambers by in situ hybridization using a
digoxigenin-labeled probe. (a) p[sry DB56);
DfX3F/+ egg chambers. Similar results
were obtained with wild-type ovaries. (b}
plsry DB56]; DfX3F/sry 857}, |c) sry 8'2, and
{d) sty 8'* egg chambers. (d) Small amounts
of an oskar DNA probe (Ephrussi et al.
1991) have been added to the hybridization
mixture. In all panels, anterior is to the left
and posterior to the right. Arrowheads in-
dicate the normal anterior localization of
the low amounts of bcd mRNA detected in
sry 8%} and sry §'2 mutant ovaries at stage
10A of oogenesis. No signal corresponding
to bcd mRNA can be detected at any stage
in sry 8!* mutant egg chambers.

Sry & binds in vitro to bed DNA, upstream
of the putative TATA box

As a first step toward testing for a possible direct inter-
action between Sry 8 and bcd, we looked for in vitro
binding sites of the Sry 3 protein within the bcd genomic
region shown previously to fully rescue the bcd pheno-
type. Three plasmids containing bcd DNA were used for
immunoprecipitation with the Sry & protein. A single
fragment was precipitated with DNA cut with different
restriction enzymes, locating the Sry 8-binding site close
upstream of the bcd transcription start. Immunoprecip-
itation analysis performed in parallel using the Sry DB56
protein indicated that the chimeric protein is able to
bind to the same DNA fragment, and with an efficiency
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similar to that of wild-type Sry & (Fig. 5B). Further map-
ping allowed the Sry &-binding site to be located within
a 70-bp fragment containing the putative bcd TATA box
(Figs. 4 and 5A). The nucleotide sequence of this frag-
ment revealed the presence of two partly overlapping
motifs displaying extensive sequence homology with the
Sry & consensus DNA-binding site (Fig. 5A; see Fig. 1A).
Point mutations were introduced at either of these two
sites. In both cases (N1 and N3 mutations respectively),
binding of Sry & to the bcd promoter region is drastically
decreased (Fig. 5B), whereas elimination of both sites,
using a 12-bp deletion (NO mutation), fully abolishes Sry
3 binding. These results demonstrate that in vitro the Sry
d protein binds specifically to two sites located between
20 and 40 bp upstream of the presumptive bcd TATA
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o Figure 4. Binding of the Sry 3 protein to the bed
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@ : - bp passing a functional bcd gene are indicated; (E)
.- & a3 3 - - - EcoRl; (B) BamHI, () Sall, (H) HindIII, (s) Sau3Al,
.‘ ‘ '_ ; - s - = (P) Pstl. The genomic DNA fragments contained
| 2 = in pbed 8.7, ped 5’ 3’, pksbed, and pbed 342, re-
: L spectively, are indicated under the restriction
B o - 302~ . map as bracketed lines. Bold lines indicate the
. - immunoprecipitated fragments for each bcd ge-
nomic subclone. (Bottom) The different DNAs
' - : - were cut with the indicated restriction enzyme(s),
® & end-labeled, and immunoprecipitated in presence
- of the Sry 8 protein and anti-Sry & antibody. (i)
' bt = Input DNA; (p) precipitated DNA; (p’) precipi-
e tated DNA using a monoclonal antibody directed
- 132= o against the T7 tag of the E. coli-produced Sry &
@ - = protein; (— ) precipitated DNA in the absence of
475 antibody. The 87-bp Tagl-Tagl DNA fragment
‘ - includes the Taql-Pstl bcd genomic sequence

box. Together with the dependence of bcd transcription
on wild-type szy 8 activity, this finding supports the con-
clusion that Sry & directly controls bcd transcription by
binding to a bcd cis-regulatory element.

The Sry 8-binding site is required for
wild-type levels of bed expression

To test the importance of the Sry 8-binding sites for bed
transcription in vivo, we introduced the N1 mutation in
an otherwise intact 8.7-kb bcd genomic fragment within
a P-element transformation vector. The wild-type p|[b-
cdGE] and mutated p[bcdGEN1] constructs were intro-
duced into the fly genome, and transgenic Drosophila
lines were established. We first stained embryos laid by
transformant females with anti-Kriippel antibodies as a
measure of bed activity. Figure 6A shows that as the
number of p[bcdGE] copies increases from one to two,
the anterior boundary of Kriippel expression shifts to a
progressively more posterior position. This reflects in-
creased bcd activity in early embryos as a result of ex-
pression of p[bcdGE], as documented previously in sim-
ilar experiments by Driever and Niisslein-Volhard
{1988). No shift could be detected in the presence of two
copies of p[bcdGEN1] (tested with two independent

(Fig. 5A) plus 17 bp of linker.

transformed lines, Fig. 6A). These results indicate that
the N1 mutation impairs the expression of the bcd trans-
gene. To determine the severity of this reduction in bed
activity the mutated bcd transgene was tested for its
ability to rescue the bed phenotype. One or two copies of
plbcdGE] or p|bcdGEN1| were introduced in females ho-
mozygous for the strong bcd® recessive mutation. While
one copy of p[bcdGE] rescues all of the alterations due to
the bcd® mutation and allows embryos to develop into
fertile adult flies, p|[bcdGEN1] does not rescue the bcd
phenotype. Even with two copies, we still observe a de-
letion of all the head and thoracic structures and, in most
cases, the first or the first two abdominal segments (Fig.
6B). Therefore, there is no improvement of the bcd phe-
notype by the p[bcdGEN1] construct. Together, the re-
sults from both overexpression (Fig. 6A) and phenotypic
rescue experiments (Fig. 6B) establish that alteration of
one Sry 3-binding site in the bcd promoter region results
in a strong decrease of bed transcription to a level insuf-
ficient for significant bcd activity in embryos.

Discussion
Sry 8, a transcription factor upstream of bed

A small number {~30) of coordinate genes that are spe-
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Figure 5. Mutational analysis of the Sry 3-binding site in the
bed promoter. (A) Nucleotide sequence of the Tagl-Pstl bcd
DNA fragment (70 bp), with the two potential Sry 8-binding
sites (sdbl, sdb2} boxed and shaded. T/C — G point mutations
were introduced in the core of either binding site (N1 and N3
mutations) while a 12-nucleotide deletion {NO mutation) re-
moves most of the two binding sites. The presumptive bcd
TATA box is boxed. (B} Immunoprecipation analysis of Sry
3/bcd interaction. The wild-type Sry & or the Sry DB56 protein
was incubated with restriction enzyme-digested plasmid DNA
containing 1.8 kb of sequence upstream of the bcd transcription
start, either wild type or mutated {N1, N3 or NO); (i} Input
DNA,; (p) precipitated DNA.

cifically required during oogenesis for the determination
of the Drosophila embryonic axes were discovered in
genetic screens for maternal-effect mutations (for re-
view, see St Johnson and Niisslein-Volhard 1992). bcd is
the key gene of the anterior system responsible for de-
velopment of head and thorax. The Bcd protein is dis-
tributed in a concentration gradient along the anteropos-
terior axis of the embryo and is a transcription regulator
that is thought to act as a morphogen by eliciting dis-
tinct transcriptional responses from its several targets at
different concentrations. Thus, one exciting feature of
Bcd is its concentration-dependent action (for review, see
Driever 1993). Nothing has been reported, however, con-
cerning the transcriptional control of bcd itself. Failure
to isolate maternal-effect mutations specifically affect-
ing bcd transcription (contrary to mutations affecting
bcd mRNA localization) suggests that factors with more
pleiotropic functions are involved. We report here that
one specific function of the zygotic-lethal sry § gene is to
directly control bcd transcription. This sry 8 germ-line
function was brought to light by expressing a chimeric
Sry 3/Sry $ protein in sry 8 mutant females. Progres-
sively more severe anterior pattern defects are observed
when going from weak to strong sry 8 mutant alleles,
suggesting a progressive reduction of bcd activity. A
gradual decrease in bcd mRNA accumulation in ovaries
corroborates this embryonic phenotype. This observa-
tion suggested that sry § positively regulates bcd tran-
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scription. Because localization of bcd mRNA at the an-
terior pole of the oocyte is a critical prerequisite for its
function, the requirement of sry 8 for bcd mRNA accu-
mulation could, however, also be at the post-transcrip-
tional level. However, this possibility can be ruled out
for several reasons. First, phenotypes resulting from mu-
tations in exu, swa, or stau, three maternal genes re-
quired for localization of bcd RNA to the anterior end of
the egg, show only superficial resemblance to the bcd
phenotype (Fronhofer and Niisslein-Volhard 1987). Sec-
ond, the residual bcd mRNA present in weak sry 8 mu-
tant ovaries is correctly localized. Finally, it has already
been shown that delocalization of bcd mRNA following
removal of cis-acting elements within the 3'-untrans-
lated region does not affect the accumulation level of
this mRNA in ovaries (McDonald et al. 1993).

Sty & directly controls bed transcription

If Sry & directly controls bed transcription, it should be
possible to identify a bcd cis-acting regulatory sequence
binding the Sry & protein and mimic the effect of sry d
mutations by altering this sequence. Two in vitro Sry
3-binding sites are found in a single region that is located
in the proximal bcd promoter, 20 bp upstream of the
putative TATA box. The sequence of these two overlap-
ping sites is almost identical to the Sry & consensus rec-
ognition site, as determined previously starting from
whole Drosophila genomic DNA (Payre et al. 1991}, and
in the orientation conferring the most efficient transcrip-
tional activation by Sry 8 in cell transfection assays (F.
Payre, P. Buono, and A. Vincent, in prep.). Alteration of
one of these Sry 8-binding sites results in a drastic re-
duction in bcd activity, indicating that this site is criti-
cal for bed expression. The clear phenotypic correlation
between the effect of mutations in Sry 8, the alteration of
the Sry 8-binding site in bcd DNA, and mutations in bcd
itself strongly argues in favor of a positive and direct
control of bed transcription by Sry 8.

Double heterozygote embryos mutant for a strong bed
mutation (bcd®) and a null for sry & are wild type (data
not shown). Furthermore, the relative levels of bcd
mRNA in flies carrying either two or four copies of bcd
are not significantly changed by reducing the dose of
wild-type sry & from two to one. Therefore, sry 8 activity
in ovaries is in excess relative to that required for normal
bcd transcription. Yet, bed appears to be highly sensitive
to mutations in sry 9, indicating that the cis-acting ele-
ment binding Sry 8 in the bcd promoter is critical for bed
transcription, as subsequently confirmed by the in vivo
effect of mutating this binding site.

Genetic experiments in which not only the overall
level, but also the shape, of the Bed gradient is modified
have revealed that at least two different regions of the
embryonic fate map are specified in a Bed concentra-
tion-dependent manner (Driever and Niisslein-Volhard
1988b; for review, see Driever 1992). Low concentrations
of Bcd autonomously define thorax identity, whereas
high levels define head. Correlation between the calcu-
lated relative levels of bcd mRNA in various sry 8 mu-
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Transcriptional control of Drosophila bicoid
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Figure 6. Effect of the N1 promoter mutation on bcd activity in early embryos. (A) Anti-Kriippel immunostaining of whole-mount
embryos from females either wild type {w.t.) or carrying one or two copies of p[bcdGE] construct. Position of the anterior boundary
of Kriippel expression was measured with camera lucida examination of ~55 blastoderm-stage embryos of each genotype. Wild-type
position is at 58% egg length (EL), s.D.=1.02; p[bcdGE]1 X at 50.3% EL, s.0.=1.07; p[bcdGE|2x at 47.7% EL, s.D.=1.3; p[bcdGEN1]2X
at 57.9% EL, s.0.=1.2. The same value (s.0.=0.97) was obtained with a second p[bcd GEN1] strain. (B} Cuticle preparations of embryos
from either wild-type females or females homozygous for the bcd® mutation with or without two copies of the p{bcd GEN1] transgene.
Note that whereas one copy of p[bcdGE] is able to restore normal segmentation and hatching (Berleth et al. 1988; data not shown) there
is no significant rescue of the bcd phenotype by two copies of p[bcd GEN1]. Insertions on the first or second chromosome were crossed
into a bcd mutant background to give stocks of the following genotype p[w™, bcdGE or bcdGEN1]/CyO or FM7; bed®/TM2. These
stocks were used to generate flies homozygous for bcd® and either heterozygous (1X) or homozygous (2x) for the transposon.

tant combinations and the severity of the resulting bcd
phenotype suggest that the level of bcd expression re-
quired for complete head formation must be >30% of
wild type level.

The bed regulatory function of Sty 8 revealed by a
designed finger swap

The crystal structure of the five finger GLI-DNA com-
plex has brought new insights on C2H2 zinc finger—
DNA recognition by showing that individual fingers
may contribute from O to 5 direct nucleotide contacts
and/or make extensive protein interactions with other
fingers (Pavietich and Pabo 1993). Furthermore, system-
atic disruption of each of the nine zinc fingers of TFIIIA
has suggested structurally and functionally nonuniform
interactions of zinc fingers with DNA (Del Rio et al.
1993; Rolling et al. 1993). The Sry DB56 protein was
designed to test for the in vivo consequences of the se-
lective exchange of a subset of fingers between Sry § and
its close paralog Sry B (Payre et al. 1990; Ferrer et al.
1994). This finger swap leads to only minor changes in
DNA recognition properties in vitro, as Sry DB56 binds
to Sry 8-binding sites, both consensus or within bcd,
with an affinity similar to the wild-type protein. Sry
DB56 is also able to substitute for Sry § in most, if not

all, of its functions throughout development, except bed
transcription. Therefore, and despite the fact that ex-
changing fingers 5 and 6 introduces 33 amino acid
changes, Sry DB56 behaves as a sry  site-specific allele.
It contrasts with the pleiotropic, yet in part allele spe-
cific, phenotypes associated with different single amino
acid changes in the third Sry & finger (Crozatier et al.
1992). Specific failure of Sry DB56 to promote bcd tran-
scription could be attributable to either inefficient bind-
ing to the bcd promoter in vivo or improper protein—
protein interactions involved in bcd transcription —
these two possibilities not being mutually exclusive. In
this regard, it is interesting to note the peculiar twin
structure of the Sry 8-binding sites in the bcd promoter,
with the two sites partly overlapping. Our data on Sry
DB56 illustrate further the functional versatility of
C2H2 zinc finger motifs in promoter specificity and
modulation of RNA polymerase II transcription.

Zygotic factors and maternal programs

Why was sry 8 not identified in previous genetic screens
for genes involved in establishing the coordinates of the
embryo? While a number of arguments suggest that most
maternal genes specifically involved in establishing po-
sitional information in the egg have been identified, the
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screens have not been designed to identify maternal ef-
fect genes with zygotic functions. Systematic germ-line
clonal analysis of X-linked zygotic lethal mutations has
identified numerous additional genes that affect specific
aspects of embryonic development (Perrimon et al.
1989). In this study 27% of larval-pupal lethal mutations
on the X chromosome were found to be germ-line cell
lethals. Germ-line clones for sry 8 mutations produce
small eggs with severe defects ranging from an abnormal
anterior end and fused dorsal appendages, to a more dras-
tic open chorion phenotype (Schiipbach and Wieschaus
1991}, and in no case do the few eggs laid develop (M.
Crozatier, unpubl.). Although this phenotype still de-
serves a more thorough analysis, it already indicates that
failure to express bcd correctly is only one specific con-
sequence of the effect of sry & mutations, that could not
be recognized in a classic germ-line clonal analysis. Re-
quirement for sry § function at multiple developmental
steps, including oogenesis, probably conceals its specific
role in the control of bcd transcription. Whereas the var-
ious somatic and germ-line phenotypes associated with
sry & mutations correlate with the widespread expression
of Sry & throughout development, they contrast with the
temporal restriction of bed expression. Requirement of
Sry & for bed transcription underscores the fundamental
role of ubiquitously expressed transcription factors in
regulating the expression of specific genes and achieving
specific developmental programs. It also sheds new light
on the molecular dialog between zygotic factors and ma-
ternal genes in building a proper Drosophila egg.

Materials and methods
Fly strains

The four sry 8 ethylmethane sulfonate (EMS)-induced alleles sry
32, sry 84, sty 85", sry 8572 and the Df{3R)X3F (DfX3F) defi-
ciency strains were described in Crozatier et al. (1992). The
bcd" mutant strain was obtained from the Tibingen Stock
Center (Tearle and Niisslein-Volhard 1987). All mutant alleles
were kept out as balanced stocks. P-element-mediated transfor-
mation was done as described in Spradling and Rubin (1982)
using the helper plasmid pn25.7 w.c. as a source of transposase.
The ry®% strain was used as wild-type strain for RNA prepara-
tions, and for injection of the pjszy BD56, ry * ] rescue construct.
The p[bcdGE] and p[bcdGEN1] constructs were injected into a
white {(w™) strain. Flies were grown under standard conditions
at 25°C, and eggs processed for the determination of the cutic-
ular phenotypes as described {Wieschaus and Niisslein-Volhard
1986).

Generation of sry 8~ homozygous germ-line clones

Crosses were conducted to produce flies trans-heterozygous for
a sry  mutation and plovo®!-8] (Mevel-Ninio et al. 1994). Be-
cause szy 3 is recessive, these flies are phenotypically sry 3% but
totally lack developed ovaries, owing to the effect of the ovo”?
dominant female sterile mutation. Following X-ray treatment
(dose 1000 rads) during the first-instar larval stage to induce
mitotic recombination, high frequency germ-line clones of cells
homozygous for szry & that lack the dominant female sterile
mutation were obtained {in our hands, in ~20% of treated flies).
Female flies were dissected between 3 and 20 days after eclos-
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ing, and ovarian morphology was examined using DIC optics
and fluorescent probes for actin and DNA. The few laid embryos
were collected and stained with anti-Bed antibody.

General molecular techniques and
DNA /protein-binding assays

RNA preparation from ovaries and Northern blot analysis were
done according to Vincent et al. (1984}, using random primed
probes. Expression in E. coli and purification of the recombinant
Sry B, Sry 3, and Sry DB56 proteins, EMSA, and immunoprecip-
itation procedures were as described in Payre and Vincent
(1991). A Sacl fragment (positions 4448-5504 from pXDB56, see
below) was used to replace zinc fingers 56 of Sry & by those of
Sry @ in the E. coli production vector pSDA1 (Payre et al. 1989).
The genomic 8.7-kb EcoRI fragments containing the functional
bcd gene (Berleth et al. 1988) and a fragment containing only the
5’ and 3’ bed nontranscribed regions were prepared from the P20
transformation vector (a gift from W. Driever, Massachusetts
General Hospital, Boston) and the Casper bcd BgllI (a gift from
C. Desplan, Rockefeller University, NY), respectively, and
cloned into the pGEM7ZP vector (Promega). pksbcd was ob-
tained from C. Desplan; pbed 342 was constructed by inserting
the bcd genomic region {+ 869 to +1241) as a HindIII-Pstl
fragment in pGEM7ZP. For site-specific mutagenesis the proce-
dure of Kunkel (1985) was used along with modification of some
steps to optimize production of high quality uracylated single-
stranded DNA. Sequences of the oligonucleotides used to intro-
duce the N1, N3, and NO mutations in the pbcdl.8 subclone
[1.8-kb BamHI-Pstl |+ 1241) bcd fragment in pTZ 18R] are N1,
5-CAATTGTGCCATGGGTACATCTCTTCGC-3'; N3, 5'-
CCATCTCTCCATGGCGCTCATCCC-3’; and NO, 5'-GC-
CGCCAATTGTGCCCTTCGCTCATCCC-3'. N1 and N3 oli-
gonucleotides incorporated a Ncol restriction site (underlined)
to facilitate mutant identification. The specific nature of the
introduced mutations was then confirmed by sequencing.

Transformation constructs and transgenic fly strains

plsry DB56] construct The DNA fragment encoding fingers 5
and 6 of Sry B was prepared from a szry B genomic clone as a
Ndel-Smal fragment, position 1494—1663 (the numbering refer-
ring to the sry sequence in Vincent et al. 1985). The Ndel and
Smal sites were created by site-directed mutagenesis using the
oligonucleotides 5'-GAACGCCCTCATTATGCGAGGTGTG-
CC-3' and 5-CGAGAAGCCCGGGCGGCGGAGGCC-3/, re-
spectively. This sry B fragment was then inserted into a geno-
mic clone containing the functional sry d gene {from an Xbal
site, position 2486 to an HindII site, position 6074} {Crozatier et
al. 1992} in replacement of the sry 8 Ndel-Smal fragment {po-
sition 5171-5340). The Smal site was created in the sry d se-
quence, using the 5-CGCGAACCCCGGGAACGACCTCG-
CCC-3' oligonucleotide. This exchange of fragments results in
the selective replacement of fingers 5 and 6 of Sry 8 by the
corresponding fingers of Sry B (plasmid pXDB56). The chimeric
sry 8/sry B [sry DB56) gene was then inserted into the [ry™]
P-element transformation vector pDm23.

p[bcdGE] and p[bcdGEN1/ constructs After introduction of
the N1 mutation, the 1.8-kb BamHI-Pstl bed genomic fragment
was put back into p[bcdGE| [a w* P-vector containing the 8.7-
kb bcd genomic fragment obtained from C. Nisslein-Volhard
(Max Planck Institute, Tibingen, Germany) as CasgbcdE] to
give the p[bcdGEN1] construct.
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In situ hybridization and antibody staining

Whole-mount ovaries were dissected in EBR solution (130 mm
NaCl, 5 mm KCl, 2 mm CaCl,, 10 mm HEPES at pH 6.9) and
hybridized with digoxigenin-labeled DNA probes, prepared
with the genius kit from Boehringer Mannheim, using the pro-
cedure described by Tautz and Pfeifle (1989), with minor mod-
ifications (Ephrussi et al. 1991). Whole-mount immunodetec-
tion on early embryos was as described by Payre et al. {1990),
using a polyclonal anti-Kriippel antibody raised in rabbits (a gift
from M. Levine’s laboratory, University of California, San Di-
ego), or a monoclonal anti-Bed antibody obtained from C. Niis-
slein-Volhard.
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