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We have extended our ‘chromosomal walk’ in the
Antennapedia-complex (ANT-C) by isolating overlapping
DNA sequences spanning the chromosomal segment between
Antennapedia (Antp) and Deformed (Dfd). The transcription
units, homeoboxes and M-repeats were mapped within this
region. Four transcription units Antp, fushi tarazu (ftz), Sex
combs reduced (Scr) and Dfd contain both a homeobox and
an M repeat, whereas at least two additional transcription
units, x and z, were found to lack these elements. The Scr
locus was identified by deletion mapping. It consists of at least
two exonic regions separated by a large intron. The homeobox
is located in the 3’ exon and is 82% homologous to the one
in Antp. Scr encodes a major 3.9-kb RNA. A corresponding
cDNA clone was used as a probe for in situ hybridization to
sections of various embryonic stages. At gastrula stages Scr*
transcripts accumulate in the posterior head and the anterior
thoracic region of the germ band. At later stages a strong
accumulation of transcripts is observed in the suboesophageal
and the prothoracic ganglion of the ventral nervous system.
Key words: Drosophila/homeotic genes/Sex combs reduced/clon-
ing/homeobox

Introduction

The basic principle of organization in insect embryogenesis in-
volves the formation of a series of body segments along the
anterior-posterior axis. Three major classes of genes have been
identified which control this process: maternal-effect genes, ex-
pressed during oogenesis, which specify the anterior-posterior
and the dorso-ventral axes (Gehring, 1973; Niisslein-Volhard,
1979; Anderson and Niisslein-Volhard, 1984); the segmentation
genes, which determine the number and the polarity of the
segments (Niisslein-Volhard and Wieschaus, 1980; Wieschaus
etal., 1984; Jiirgens et al., 1984; Niisslein-Volhard ez al., 1984);
and the homeotic genes which control segment identity (see
Ouweneel, 1976). Homeotic mutants generally transform parts
of a segment (or an entire segment) into the corresponding parts
of another segment.

There are two major clusters of homeotic genes in Drosophila
melanogaster the Bithorax-complex (BX-C) which specifies the
identity of the thoracic and abdominal segments (Lewis, 1978;
Sanchez-Herrero et al., 1985) and the Antennapedia-complex
(ANT-C) which determines the head and the anterior thoracic
segments (Kaufman et al., 1980; Wakimoto et al., 1984; Struhl,
1981, 1983). The ANT-C also includes some segmentation genes
(Wakimoto et al., 1984).
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The homeotic gene Sex combs reduced (Scr) is a member of
the ANT-C. Scr~ mutants show a reduction in the number of
sex comb teeth on the male foreleg, which represents a partial
transformation of the first to the second thoracic segment, and
a partial transformation of the labial palps into maxillary palps
(Lewis ez al., 1980a, 1980b). The same segmental transforma-
tions, prothorax to mesothorax and labial to maxillary, are also
found in homozygous Scr~ embryos (Struhl, 1983; Wakimoto
and Kaufman, 1981). Genetic and molecular mapping of Scr has
given ambiguous results since some of the mutants appear to map
to the right of fiz and some to the left, towards the centromere
(Hazelrigg and Kaufman, 1983; Scott et al., 1983). Multiple sex
combs (In(3)Msc?) appears to be a dominant allele of Scr, since
hemizygous In(3)Msc'/Df(3R)Scr animals have the same
phenotype as Scr~ homozygotes. However, in addition to hav-
ing a reduced number of sex comb teeth on the foreleg,
In(3R)Msc'/+ males also carry a small number of sex comb teeth
on the second legs, indicating a partial transformation in the op-
posite direction, i.e., from meso- to prothorax.

In earlier reports (Garber et al., 1983; Kuroiwa et al., 1984)
we have described the cloning of the distal part of the ANT-C
including the Humeral (Hu), Antp and fiz loci. Here we report
the cloning and molecular analysis of the region between Antp
and Deformed (Dfd) with particular emphasis on the Scr locus.
As expected, Scr contains a homeobox which is a small highly
conserved DNA segment characteristic for homeotic genes and
other controlling genes involved in the spatial organization of
the embryo (McGinnis et al., 1984a, 1984b; Scott and Weiner,
1984; Gehring, 1985). The Scr* transcripts are localized in those
regions of the embryo which are affected in Scr~ mutants.

Results
‘Chromosomal walk’ from Antennapedia to Deformed

Previously we reported the isolation of overlapping chromosomal
DNA segments from the distal part of the ANT-C (Garber et
al., 1983) which includes the region from —40 to +194 kb on
the map shown in Figure 1. The zero coordinate is defined as
the breakpoint of In(3R)Hu which was used to jump into the
ANT-C. We continued our ‘walk’ towards the centromere until
we reached lambda 99 at +254, the Dfd locus, which had
previously been cloned by means of cross-homology to the Antp
homeobox (McGinnis et al., 1984a). By whole genome Southern
blotting, the breakpoints of the chromosomal rearrangements
Df(3R)9A99, Df(3R)4Scb and In(3R)Msc! (sece Table I) were
determined within the cloned chromosome segment. The results
are summarized in Figure 1. The distal breakpoint of Df(3R)9499
has been mapped earlier between +167 and +182 (Garber et
al., 1983) and now more precisely in the 1.7-kb HindIII-BamHI
fragment at +174. This deletion removes proboscipedia (pb),
Scr and fiz, leaving Antp intact (Jiirgens et al., 1984). The distal
breakpoint of Df(3R)4Scb was mapped precisely to the 1.6 kb
Hindlll fragment at +215. The proximal breakpoint of
In(3R)Msc! maps at +190 which confirms the data obtained
previously by Scott et al. (1983).
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Fig. 1. Map of ‘chromosome walk’ in the ANT-C. Top: restriction map of the proximal region of the ANT-C. The numbers and extent of the hybrid phage
clones used in this study are shown under the restriction maps. The black bars indicate the deleted regions of four deficiencies. The chromosomal breakpoint
and directions at various inversions are indicated by arrow. The centromere is to the left, the telomere to the right. The coordinates are given in kb. The
breakpoint of /n(3R)Hu is defined as the O coordinate, H = homeobox, M = M repeat. The boxes in the lower part of the figure represent the localization of
the exons (not drawn to scale), the connecting lines represent the introns of the respective transcription units. The horizontal arrows indicate the direction of
transcription. The map includes unpublished data of S.Schneuwly er al. and W.J.McGinnis et al..

Table 1. Mutations analyzed

Allele Cytology Genes affected in ANT-C  Ref.?
Msct In(3R)84B1;84F1,2 Scr A
Scr Df(3R)84A1,2;84B1,2 lab pb zen Scr fiz Antp B
48ch Df(3R)84B1,;84B2 Scr fiz Antp C
9499 Df(3R)84A41,;84B1,2 pb Scr fiz C
Ns*RC Df(3R)84B1,2;84D Anp D

4A: Lindsley and Grell (1968); BB: Wakimoto er al. (1984); C: Jiirgens et
al., (1984); D: Struhl (1981) and Garber er al. (1983).

Localization of the homeoboxes and M repeats

The Antp cDNA clone (p903) contains a 180-bp DNA sequence,
the homeobox, which cross-hybridizes with homologous se-
quences in fiz and Ubx (McGinnis et al., 1984a, 1984b; Scott
and Weiner, 1984). Using this DNA segment as a probe we have
cloned various other homeotic genes of Drosophila and the cor-
responding genes from other metazoa, including vertebrates (for
review, see Gehring, 1985). Using the Anzp homeobox (p903G)
as a probe, we identified four homologous regions along the
‘chromosomal walk’. These correspond to the three previously
known homeoboxes in Antp, fiz and Dfd (see Figure 1), and a
new one at +222 kb (Figure 2a, lanes e —h) which corresponds
to Scr, as will be shown below.

Antp cDNA carries another repetitive element, the M repeat
(McGinnis et al., 1984a) which is present >100 times per
genome and codes for stretches of polyamino acids within the
homeotic proteins. It also occurs in several other homeotic genes
and in the Norch locus where it has been designated opa (Whar-
ton et al., 1985) but preliminary sequencing data indicate that
it may not code for the same polyamino acid in all'cases. Using
the Pvull-Pvull subclone of the Antp cDNA clone p903 (McGin-
nis et al., 1984a), we detected three areas of cross-homology
to the left of Anfp under reduced stringency conditions of
hybridization: the 5-kb EcoRI fragment of lambda 99 (Dfd), a
0.4-kb fragment at +205 and more weakly the 3.6-kb EcoRI
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Fig. 2. Localization of the homeoboxes. Southern blots of cloned DNA
segments digested with the respective restriction enzymes were probed with
the Antp homeobox probe (p903G) under low stringency hybridization
conditions (see McGinnis et al., 1984a). The clones displayed on the blots
are arranged according to their order along the chromosome (see Figure 1).
The hybridization signals in a, lanes a and b correspond to the homeobox
in Dfd, in lanes e —h to Scr, lanes n and o to fiz, and lane f to Antp. The
clones and enzymes used are the following: a: a, 99 (Kpnl and EcoRlI); b,
99 (EcoRI); ¢, 540 (EcoRI and Xbal); d, 540 (EcoRI); e, 536 (EcoRI and
Xbal); £, 536 (EcoRl); g, 535 (EcoRI and Xbal); h, 535 (EcoRl); i, 533
(EcoRl); j, 526 (Hindlll and EcoRI); k, 526 (EcoRI); 1, 524 (Hindlll and
EcoRI); m, 524 (EcoRI); n, 523 (EcoRI and Xbal); o, 523 (EcoRI).

b: a, 523 (EcoRI); b, 518 (EcoRI); ¢, 518 (EcoRI and Xbal); d, 610
(BamHlI); e, 603 (BamHI); f, 602 (BamHI and Sall). An EcoRI and Hindlll
digest of lambda DNA was used as a standard mol. wt. marker.

fragment containing fiz (data not shown). The location of these
repetitive elements is summarized in Figure 1.

Northern analysis of the transcripts

The transcription units localized in this region were analyzed by
Northern blotting using poly(A)* RNA from various develop-
mental stages and probing with cloned DNA fragments from
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Fig. 3. Northern analysis of the transcripts. Poly(A)* RNA from various
stages of the Drosophila life cycle was fractionated on formaldehyde-
containing 0.8% agarose gels. After transferring the RNA to nitrocellulose
filters, the transcripts were detected by hybridization with nick-translated
DNA from various parts of the ‘chromosome walk’. A HindIlIl digest of
lambda DNA was used as a mol. wt. marker. The same pair of filters was
reused with four different probes after removal of the previous probe. The
various developmental stages are labelled in the figure. O = unfertilized
eggs, E = embryos, L1, L2, L3 = 1st, 2nd and 3rd instar larvae, P =
pupae (1 day old). (a and b) Hybridization profile of the DNA fragment
+222.2 to +230.0. A major 3.9-kb transcript is detected (arrow). (¢ and
d) Hybridization profile of the DNA fragment +217.7 to +220.0. The high
mol. wt. smear in the 6—9 h embryo lane is due to contaminating DNA
and the 3.9-kb band in the same and the adjacent lane is an artefact caused
by incomplete removal of the probe used in a. The size of the Y2 transcript
was estimated by extrapolation to be ~ 380 nucleotides (arrow). (e and

) Hybridization profile of the 1.3-kb HindIll fragment from +168.5 to
+169.8. The high mol. wt. smear is again due to contaminating DNA in
these samples. An early transcript of ~ 520 nucleotides is detected (arrow).
(g and h) Hybridization profile of the 4.8-kb EcoRI fragment from +236.0
to +240.8. A 1.2-kb transcipt z is detected (arrow). The band at 1.8 kb
appears to be an artefact caused by the contaminating rRNA and the high
mol. wt. smearing is due to DNA contamination.

+150 to +246. By this method we found at least three transcrip-
tion units in addition to fiz in this region. The fragments from
+204.0 to +209.0 and from +222.2 to +230.0 which carry
an M repeat and a homeobox, respectively, hybridize to a 3.9-kb
RNA (Figure 3a and b, and our unpublished results). This RNA
can be detected as early as 3 —4 h after oviposition and continues
to be expressed throughout development at least until the pupal
stage. The intensity of the hybridization signal on Northern blots
is about equal to that of Antp. On the basis of the analysis of
the two deletions Df(3R)9A499 and Df(3R)4Scb presented above
we assign this 3.9-kb transcript to the Scr locus. These two dele-
tions overlap in the area from +215 to +174 and remove both
ftz and Scr. Since fiz has been identified definitely by germ line

Molecular analysis of Sex combs reduced gene

transformation (Hiromi ez al., in preparation), we can assign the
second transcript in this section to Scr. This conclusion is con-
sistent with the presence of a homeobox and strongly supported
by our in situ hybridization data on the localization of the
transcripts in the embryo.

The DNA fragments from +217.7 to +220.0 and +227.0 to
+230.0 (Figure 1) hybridize on Northern blots to a small RNA
of ~ 380 nucleotides, the transcripts Y2 and Y3 (Figure 3c and d;
data for Y3 not shown). This RNA is not only present in embry-
onic, larval and pupal stages, but also in the unfertilized egg.
The amount of this RNA present in 6 — 12 h embryos is ~ 10
times higher than that of the 3.9-kb RNA.

The 1.3-kb HindIll fragment from +168.5 to 169.8 hybridizes
to a 0.52-kb RNA (Figure 3e and f). This transcript is only pre-
sent at early embryonic stages, with a maximum between 3 and
6 h after oviposition. We designate the gene coding for this
transcript as gene X, until it can be assigned to a mutant
phenotype. The hybridization signal is several fold lower than
that of fiz.

Finally, a 1.2-kb transcript z was detected by using the 4.8-kb
or 5.7-kb EcoRI fragments from +236.0 to +246.5 as probes
(Figure 3a and h).

Mapping of the Scr transcript

Those chromosomal DNA fragments carrying the Scr exons as
determined by Northern analysis were examined further by S1
mapping. Poly(A)* RNA isolated from 6 — 12 h embryos was
hybridized to chromosome DNA fragments, digested with S1
nuclease and the protected fragments were separated on agarose
gels. The results are shown in Figure 4a and b. First, a 1.0-kb
fragment is protected by the 5.1-kb chromosomal DNA fragment
from coordinates +204.0 to +209.1 (lane a in Figure 4).
Cleavage of this chromosomal fragment with HindlIll yields frag-
ment e which protects a 0.76-kb fragment (lane e in Figure 4b).
Second, a 2.6-kb fragment was protected by the DNA fragment
from coordinate +222.2 to +230.0 (lane g in Figure 4b).
Cleavage of this chromosomal DNA fragment with Xbal yields
fragment i which protects a shorter 1.9-kb fragment (lane i in
Figure 4b). Thus, Scr has at least two exons, a 5’ exon with an
M repeat and a 3’ exon carrying the homeobox.

To determine the structural organization of the Scr gene more
precisely, we screened a cDNA library constructed from
poly(A)* RNA isolated from 3—12 h Drosophila embryos
(kindly provided by Kauvar, Drees, Poole and Kornberg) for
Scr cDNA clones. From ~2 x 10% plaques, six Scr cDNA
clones were isolated. Clones cY20 and cY?22 are identical and
carry the largest insert of 3.2 kb including both exons. The other
four clones are shorter and carry only the 3’ exon. The structure
of these cDNA clones and a summary of the SI mapping ex-
periments are shown in Figure 5.

Mapping of the transcript of gene X

DNA fragments around coordinate + 170 were used to deter-
mine the exonic regions of gene X. Fragments a, e and f (Figure
6) protect a fragment of 370 nucleotides, whereas fragment c,
which overlaps with e, protects a fragment of only 240
nucleotides. Thus gene X was mapped as indicated in Figure 6c.
Since the protected fragment of 370 bases is shorter than the RNA
transcript by ~ 150 bases, there may still be another short exon,
assuming that the poly(A) tail does not exceed 100 bases. Pre-
liminary sequencing data show that there is a polyadenylation
signal (AATAAA) 39 bp downstream of the Xhol site. Therefore,
we may be missing a small exon at the 5’ end of the gene.
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Fig. 4. S1 mapping of the 3.9-kb Scr transcript. (a) Cloned chromosomal
DNA fragments used for the S1 protection experiments. R = EcoRI, (R) =
artificial EcoRlI site, X = Xbal, H = HindIIl. (b) Results of S1 protection.
The letters above each lane correspond to the fragment indicated in (a).
Lanes a, ¢, e, g and i show the results of S protection by poly(A)* RNA
from 6 —12 h Drosophila embryos. Lane b, d, f, g and j show the
protection by yeast RNA as a control. Lanes a—f are probed with the
fragment used for a and b reaction. Lanes g—j are probed with the
fragment used for the g and h reaction. Hincll and EcoRl + Aval + Psil
digests of pBR322 were used as standard mol. wt. markers.
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Fig. 5. Molecular map of the Scr locus and the 3.9-kb transcript. Summary
of the S1 analysis and restriction map of the chromosomal and cDNA.

A indicates the location of the M repeat, B shows the exon junction, and C
represents the homeobox. The direction of transcription is indicated by an
arrow.

The sequence of the Scr homeobox

To determine the nucleotide sequence of the Scr homeobox, the
smallest DNA fragment which cross-hybridizes with the Antp
homeobox was subcloned into the M13 vector and sequenced
by the dideoxy method (Sanger ef al., 1977). The correspon-
ding Scr cDNA fragment was also sequenced. The sequence com-
parisons between the homeoboxes of Scr, Antp, Ubx and fiz are
shown in Figure 7a and Table II. At the DNA level the Scr se-

3760

175 170 165

75m Hindl Smal Xhol Pstl Pstl Hind
*
100 bp ¢ Transcription

Fig. 6. S1 mapping of gene X. (a) Shows the DNA fragments used for SlI
protection analysis. R = EcoRI, B = BamHI, H = Hindlll, S = Sall, Sm
= Smal and X = Xhol. (b) Shows the results of S1 protection. The letters
in each lane correspond to the fragment indicated in (a). 0—6 h embryonic
poly(A)* RNA was used, and the filter was probed with the 6.4-kb BamHI
fragment a. The bands >500 bp were also observed when yeast RNA was
used instead of Drosophila RNA (results not shown). Hinfl or EcoRI +
Aval + Pstl digests of pBR322 were used as mol. wt. markers.

(c) Molecular map of gene X. The vertical arrow shows the location of the
putative polyadenylation signal AATAAA.

quence is 82 % homologous to Antp, 80% to Ubx and 80% to
fiz. The conceptual translation of the Scr homeobox indicates that
there are three stop codons in reading frame 2 and one stop codon
in reading frame 3 upstream of the homeobox in the cDNA, we
conclude that frame 1 is used, which is in agreement with the
sequencing data obtained for other homeoboxes. Since most of
the base changes occur in the third position of the codons, the
homology to other homeoboxes is greater at the protein level.
It is highest for Antp (92 %) and lower for Ubx and fiz (83% and
80%, respectively). The only striking difference between Scr and
the other homeoboxes is found in amino acid 6 and 7 (Thr and
Ser), which are Gln and Thr in Ansp, Ubx and fiz. Amino acids
8—35 and 37 —59 are identical in Scr and Antp. The sequences
on either side of the homeobox in the cDNAs diverge strongly
from one another.

Localization of the Scrt and X% transcripts by in situ hybrid-
ization

The Scr cDNA clones (pcY20) was used as a probe for in situ
hybridization to the Scr* transcripts in wild-type embryos. In
sections of embryos during a germband extension (~5 h after
oviposition) the transcripts accumulate primarily in one region
of the germband on the anterior ventral side of the embryo (Figure
8a and b). According to the fate map (Hartenstein and Campos-
Ortega, 1985) this region corresponds to the labial and prothoracic
segments of the developing embryo. After germband retraction,
when segmentation becomes clearly visible in the nervous system,
the highest density of silver grains is found over the
suboesophageal ganglion and the anterior part of the prothoracic
ganglion (Figure 8c —f). Weaker but significant labeling is found
over the entire nervous system, including the brain. The observed
segmental localization of the transcripts corresponds to the
localization of the defects observed in Scr~ mutants (see In-
troduction). A second site of strong labeling can be detected in
the pharynx region. Since there are no good morphological
markers at this stage, we cannot assign this site to a certain seg-
ment, and later development stages will have to be examined.



a -21 -1
Scr G TAC TGT GAA TCC AAT GGC CAG

Antp GAA

Ubx GT ACA AAT GGT CTG

ftz AT TGC AAA GAC

1 30 60

Scr ACG AAA CGA CAA CGG ACC TCA TAC ACC CGC TAC CAG ACG CTG GAG CTG GAG AAG GAG TTC
Antp  CGC AAA CGC GGA AGG CAG ACA TAC ACC CGG TAC CAG ACT CTA GAG CTA GAG AAG GAG TTT
Ubx  CGA AGA CGC GGC CGA CAG ACA TAC ACC CGC TAC CAG ACG CTC GAG CTG GAG AAG GAG TTC
ftz TCG AAA CGC ACC CGT CAG ACG TAC ACC CGC TAC CAG ACC CTG GAG CTC GAG AAG GAG TTC

61 90
GG CGC CGC AGA ATC GAG ATC GCG CAT

Scr CAC TTC AAC CGC TAC CTG ACC C Gee TGT CTC
Antp  CAC TTC AAT CGC TAC TTG ACC CGT CGG CGA AGG ATC GAG ATC GCC CAC GCC CTG TGC CTC
Ubx CAC ACG AAT CAT TAT CTG ACC CGC AGA CGG AGA ATC GAG ATG GCG CAC GCG A TGC CTG
ftz CAC TTC AAT AGA TAC ATC ACC CGG CGT CGT CGC ATC GAT ATC GCC AAT GCC AGC CTG

121 150 180

Scr  ACG GAG CGG CAG ATC AAG ATC TGG TTC CAA AAC CGG CGC ATG AAG
Antp  ACG GAG CGC CAG ATA AAG ATT TGG TTC CAG AAT CGG CGC ATG AAG
Ubx  ACG GAG CGG CAG ATC AAG ATC TGG TTC CAG AAC CGG CGA ATG_AAG
ftz  AGC GAA AGG CAG ATC AAG ATC TGG TTC CAA AAC CGA CGC ATG AAG TCG

T
CTG AAG AAG GAG ATC

AAG AAG GAT CGC

181 201
Scr  AAG ATG GCC TCG ATG AAC ATC
Antp  AAG ACG AAG GGC GAG CCG GAT
Ubx  CAG GCG ATC AAG GAG CTG AAC
£tz ACG CTG GAC AGC TCC CCG GAG
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-1

b Scr Tyr Cys Glu Ser Asn Gly Gln
Antp Glu

Ubx Thr Asn Gly Leu

ftz Cys Lys Asp

1 10 20

Ubx Arg Arg [Arg{Gly |Arg|Gln Thr r Thr Arg Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe

Scr Thr Lys [Arg|Gln|Arg|Thr Ser r Thr Arg W: GIn Thr Leu Glu Leu Glu Lys Glu Phe
Antp  Arg Lys (Arg|Gly |Arg|Gln Thr r Thr Arg Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe
Arg| Thr [Arg|Gln Thr r Thr Arg Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe

ftz Ser Lys

21 30 40
Scr His| Phe Arg [Tyr| Leu [Thr Arg Arg Arg Arg 1le|Glu Ile His [Ala Leu|Cys
Antp  His|Phe Arg (Tyr|Leu|Thr Arg Arg Arg Arg Ile|Glu Ile His |Ala Leu|Cys
Ubx His|Thr His |Tyr|Leu|Thr Arg Arg Arg Arg Ile|Glu Met His |Ala Leu|Cys
ftz His|Phe Arg [Tyr| Ile [Thr Arg Arg Arg Arg Ile|Asp Ile Asn [Ala Leu|Ser

41 50 60

Scr Thr |Glu Arg Gln Ile Lys Ile Trp Phe GIn Asn Arg Arg t Lys| Trp[Lys Lys] Glu His
Antp  Thr[Glu Arg Gln Ile Lys Ile Trp Phe Gln Asn Arg Arg Met Lys|TrplLys Lys|Glu Asn
Ubx Thr IGlu Arg Gln Ile Lys Ile Trp Phe Gln Asn Arg Arg Met Lys|Leu|Lys Lys|Glu Ile
ftz Ser |Glu Arg Gln Ile Lys Ile Trp Phe Gln Asn Arg Arg Met Lys|Ser|Lys Lys|Asp Arg

61
Scr Lys Met Ala Ser Met Asn Ile
Antp Lys Thr Lys Gly Glu Pro Asp
Ubx Gln Ala Ile Lys Glu Leu Asn
ftz Thr Leu Asp Ser Ser Pro Glu

Fig. 7. Sequence analysis of the Scr homeobox. (a) DNA sequence of the homeoboxes in Scr, Antp, Ubx and fiz (5’ to 3'). All sequences start with the first
nucleotide of the exon carrying the homeobox. The codons are aligned according to the common open reading frame. Stop codons in the other reading frames
are underlined. The sequences for Antp, Ubx and fiz are from McGinnis er al. (1984a, 1984b) and Scott and Weiner (1984). (b) Conceptual translation of the
common open reading frame of Scr, Antp, Ubx and fiz. Amino acids which are invariant in all four homeo domains are boxed in. Amino acids shared by at

least two genes are underlined.

Table II. Comparison of homeobox sequences

Scr Scr Scr Antp  Antp Ubx
Anp  Ubx  fiz Ubx  fiz fiz

Homologous nucleo- 148 144 144 145 138 134
tides (out of 180)

% Homology 82 80 80 81 7 74
Position in codon 123 123 123 123 123 123
Differences 7421 8721 10521 5525 10527 12826
Homologous amino 55 50 48 54 50 46
acid (out of 60)

% Homology 92 83 80 90 83 77

As indicated by Northern experiments, gene X is most strongly
expressed in 3—6 h embryos. The 1.3-kb HindIll fragment
(+168.7 to 170.0) which contains most of the RNA coding region
of gene X was used for in situ hybridization to sections across
early embryos. At the blastoderm stage, a broad band of
hybridization signals is observed from ~ 50 to 65% egg length
(0% = posterior pole), Figure 9a and b. Tangential sections in-
dicate that this band forms a belt around the embryo. The width
of this belt indicates that the transcripts are preferentially located
within two or three segments. At the early gastrula stage, the
silver grains are located over the cephalic furrow and both
anterior and posterior to it. The localization corresponds to the
posterior cephalic and anterior thoracic segments in the fate map.
The signal intensity is considerably weaker than that for Scr.

Discussion

The structure of ANT-C was dissected further by extending the
‘chromosomal walk’ from Antp to Dfd and mapping the
transcripts in this region. A small 0.5-kb transcript encoded by
gene X was mapped between Antp and fiz. Df(3R)9A99 deletes
most of the genes of the proximal ANT-C, including pb, Dfd,
Scr and fiz, but leaves gene X and Antp intact. Therefore, gene
X cannot correspond to Scr. We also cloned the chromosomal
DNA from the Nasobemia (Ns) mutant which maps to the left
of Antp™P (Tottoli, 1977) and found no major change in this
region of the DNA which consists of single copy sequences (data

not shown). At present we cannot assign any particular mutant
to this region.

Genetic complementation tests indicate that Df(3R)4Scb is
Scr—, ftz=, Antp~. We have mapped its distal breakpoint within
Antp and its proximal breakpoint in the intron of the 3.9-kb RNA
encoding region. In the area of overlap between Df(3R)9499 and
Df(3R)4Scb, which genetically includes Scr and fiz, there are only
two transcripts, the 1.9-kb transcript of fiz (Kuroiwa et al., 1984;
Weiner et al., 1984) and the 3.9-kb transcript. The fiz gene has
been identified unequivocally by P factor-mediated germ line
transformation (Hiromi er al., in preparation). Therefore, we
assign the 3.9-kb transcript to the Scr locus. Scr is a homeotic
gene and we have found both a homeobox and an M repeat in
this gene. Northern analysis, S1 mapping and cDNA clones have
identified at least two exons adding up to a total length of 3.6 kb
which is slightly smaller than the mRNA size (3.9 kb) as deter-
mined by Northern analysis. An exon smaller than 100 bp may
have been missed by the methods that we have used. The domi-
nant Msc! inversion which also has an Scr phenotype, as well
as extra sex combs on the second and third legs, has its prox-
imal breakpoint outside the 3.9-kb RNA encoding region. This
inversion may either exert a position effect on Scr or the prox-
imal breakpoint may be located in the controlling region of this
gene which would explain the Scr phenotype. Hazelrigg and
Kaufman (1983) and Scott et al. (1983) have found three
chromosomal rearrangements with breakpoints to the right of fiz
which are also associated with an Scr phenotype. There are
several possibilities to explain these observations. One is that gene
X may have an Scr like function which is supported by our in
situ hybridization data indicating that the X transcripts also ac-
cumulate in the anterior thoracic and posterior head segments.
Alternatively, gene X, which is expressed early in embryogenesis,
may exert a positive regulatory function on Scr. In this case, in-
activation of X would result in an Scr phenotype. Further work
is needed to clarify this point.

In the Scr region two more transcribed segments, Y2 and Y3,
were found both encoding a small RNA of ~ 380 nucleotides.
This RNA is > 10 times more abundant than the 3.9-kb transcript.
Y2 is located within the Scr intron. This is similar to the case
of the troponin T gene, where a small, abundant RNA is encod-
ed within an intron of the troponin transcription unit (Medford
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Fig. 8. Localization of Scr* transcripts in tissue sections of developing embryos. For each section a brightfield and the corresponding darkfield micrograph
are shown. The anterior end of the embryo is on the left, dorsal is on the top. The frozen sections were hybridized with the pcY20 Scr* ¢DNA probe and
autoradiographed for 10 days. (a and b) Sagittal section through an embryo during germ band extension (~5 h). (c and d) Sagittal section through an 18 h
embyro. (e and f) Frontal section through an 18 h embryo. Abbreviations: amg = anterior midgut invagination, br = brain, ph = pharynx region, pmg =

posterior midgut invagination, vn = ventral nerve cord, S = subesophageal ganglion.
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Fig. 9. Localization of gene X transcripts in tissue sections of early
embryos. The 1.3-kb chromosomal DNA fragment (+168.7 to +170.0) was
used as a probe. The autoradiographs were exposed for 30 days. The
brightfield and the corresponding darkfield micrographs are shown. The
anterior end is on the left. (a and b) Sagittal section through an embryo at
the cellular blastoderm stage (3 h). (¢ and d) Frontal section through an
embryo at the beginning of gastrulation (3'2 h). cf = cephalic furrow,

pc = pole cells.

et al., 1984) and also reminiscent of the rat brain ID sequences
which are found in introns and code for small, abundant RNAs
(Sutcliff et al., 1984). Finally, the transcription unit z, which
encodes a 1.2-kb transcript, has been mapped between Dfd and
Scr. Scott et al. (1984) have reported a repetitive element within
this area in the Canton-S stock, which may correspond to z.

The analysis of the homeoboxes and M repeats in the prox-
imal ANT-C has confirmed the strong correlation between these
elements and homeotic genes or other genes involved in the spatial
organization of the embryo. Antp, fiz, Scr and Dfd carry both
a homeobox in the most distal 3’ exon and an M repeat. The
Scr homeobox sequence is most closely related to Antp which
represents the prototype sequence (W.Gehring, in preparation).
The homology between the homeoboxes in these two genes is
82% at the DNA, and 92% at the protein level. The M repeat
appears to code for stretches of polyamino acids like poly-
glutamine or polyasparagine, although in some cases it is not yet
clear which of the open reading frames are used for translation.
The M repeat (also designated opa) has also been found in Notch
and several other genes that do not have a homeobox (Wharton
etal., 1985). It is present in several hundred copies per genome.
At the present time the significance of these polyamino acids stret-
ches is not known. In Ubx a stretch of polyglycine has been found
which is thought to form a hinge region within the protein (Beachy
et al., 1985).

Our in situ hybridization experiments indicate that the Scr+
transcripts accumulate preferentially in the suboesophageal
ganglion and in the anterior part of the prothoracic ganglion.
Fewer transcripts are found in the other parts of the nervous
system including the brain and the posterior ventral nerve cord.
This localization clearly corresponds to the Scr~ mutant
phenotype which is due to the loss of gene function, since in
Scr™ mutant embryos the labial and prothoracic segments are
homeotically transformed.

Materials and methods

Isolation of nucleic acids
Charon phage DNA and plasmid DNA was isolated as described elsewhere (Garber

Molecular analysis of Sex combs reduced gene

et al., 1983; Kuroiwa er al., 1984). Embryonic RNA was extracted by the hot
phenol method (Lepesant et al., 1978). Larval and pupal RNA was extracted
by the guanidium isothiocyanate-hot phenol method (Maniatis ez al., 1982) after
pulverizing frozen larvae or pupae with a pestle and mortar in liquid nitrogen.
Poly(A)* RNA was selected by oligo(dT)-cellulose chromatography (Col-
laborative Research Inc. Type T3).

Cloning

Phages containing wild-type D. melanogaster (Canton S) DNA were isolated from
the library of Maniatis er al. (1978). Restriction fragments were subcloned into
pATI153 (Twigg and Sherratt, 1982), or M13mp8 or M13mp?9 replicative form
DNA that had been cleaved with an appropriate restriction enzyme. Recombin-
ant pAT153 was used to transform competent E. coli HB101, EM1035 or DH-1
cells prepared by the procedure of Morrison (1979). M13 recombinants were
used to transform JM101 host cells. The wild-type embryonic cDNA library was
constructed by Kauvar ez al. and screened with nick-translated chromosomal DNA
(a mixture of +204.0to +209.1 and +222.2 to +230.0) subcloned into pAT153.

Electrophoresis of nucleic acids and transfer 1o filters

40 pg poly(A)* RNA from each developmental stage was fractionated by elec-
trophoresis on a 0.8% agarose gel containing 2.2 M formaldehyde (Lehrach et
al., 1977). After the electrophoresis, the fractionated RNA was directly transferred
by nitrocellulose filters (Schleicher and Schiill BA85) overnight in 20 X SSC
by the method of Southern (1977). Hybridization and washing conditions were
described previously (Kuroiwa et al., 1984).

Transcriptional mapping with nuclease S1

The conditions of hybridization and S1 treatment were described previously
(Kuroiwa et al., 1984). After precipitation of the S1 digest with isopropanol,
fragments were fractionated by alkaline agarose gel electrophoresis. After neutraliz-
ing the gel with a solution containing 0.5 M Tris-HCI pH 7.5 and 1.5 M NaCl,
fragments were transferred to nitrocellulose filters by the Southern method. The
protected fragments were detected by hybridizing with a nick-translated probe
as described previously (Kuroiwa et al., 1984).

Determination of the direction of transcription

To determine the transcription direction, the Ncol-EcoRI 780-bp fragment from
the second Scr exon or the Smal-Hindlll 1120-bp fragment were cloned in M13mp8
and mp9 separately. The single-stranded phage DNA was isolated and hybridiz-
ed with 20 pg of poly(A)* RNA under the S1 mapping condition. After incuba-
tion, the hybridization mixture was treated with S1 nuclease and the protected
fragment was separated on an alkaline agarose gel. After transferring to a
nitrocellulose filter, the protected fragment was detected by hybridization with
a nick-translated DNA probe.

In situ hybridization to sections

A detailed description of the in situ hybridization method used for detecting specific
RNAEs in tissue sections has been published previously (Hafen et al., 1983). The
hybridization probes used in this analysis had a specific activity of
~5—7 x 10® d.p.m./pg.
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