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Summary

Extending our search for homologous domains of the
Drosophila paired gene, two closely linked genes at
the gooseberry locus have been isolated. Both genes
are expressed with a single segment periodicity but
with different spatial and temporal expression pat-
terns. While the transcripts of one gene appear earlier
and are equally distributed between ectoderm and
mesoderm, those of the second gene accumulate
preferentially in neuroblasts. The similarity of these
expression patterns to the 14-band pattern of the
paired gene suggests a functional relationship. Such
a functional link may be reflected in the two structur-
ally homologous domains shared with the paired
gene: a new type of homeo box extended by 18 amino
acids at the 5’ end, and a new domain, the paired box,
consisting of a sequence of 128-135 amino acids.
Thus, together with the PRD repeat, the paired gene
contains at least three different domains, each defin-
ing a gene set thought to be important for devel-
opment.

Introduction

The generation of the metameric pattern in a Drosophila
melanogaster embryo has been demonstrated to be gov-
erned by genes that fall into three categories, the gap
genes, the pair-rule genes, and the segment polarity
genes (Nisslein-Volhard and Wieschaus, 1980; Nisslein-
Volhard et al., 1982). It is thought that the embryo is orga-
nized first by the activity of the gap genes into relatively
large spatial domains comprising several adjacent seg-
ment primordia, which are subsequently subdivided by
the pair-rule genes into repeating units of a double-seg-
ment periodicity, and finally into single segments by the
segment polarity genes (Nusslein-Volhard et al., 1982).
Five pair-rule genes (Scott et al., 1983; Holmgren, 1984;
Kuroiwa et al., 1984; Fjose et al., 1985; Ish-Horowicz et al.,
1985; Poole et al., 1985; Kilchherr et al., 1986; Harding et
al., 1986) and one gap gene (Preiss et al., 1985) have been
isolated and their interaction with other segmentation
genes has been examined by comparing their spatial ex-
pression pattern in wild type with that in various segmen-
tation mutant embryos (Carroll and Scott, 1986; Howard
and Ingham, 1986; Harding et al., 1986). These studies in-
dicate that these genes interact in a regulatory network
(Carroll and Scott, 1986; Harding et al., 1986) rather than
in a strict hierarchical fashion.

We have recently isolated the pair-rule gene paired (prd)

which exhibits a dynamic pattern of expression, switching
from a 7 band pattern of double-segment periodicity to a
14 band pattern with a single-segment repeat during for-
mation of cellular blastoderm (Kilchherr et al., 1986). Thus
prd is first expressed in a pattern similar to that of other
pair-rule genes like fushi tarazu (ftz) (Hafen et al., 1984),
hairy (h) (Ingham et al., 1985), and even-skipped (eve)
(Harding et al., 1986) and later expressed in a manner ex-
pected for segment-polarity genes. Therefore prd might
be involved in the control of the transition from the spatial
organization with a double-segment periodicity to one
with a single.

Based on evolutionary considerations, we have pro-
posed that one approach to investigate the link between
genes integrated in a functional network might consist of
finding not only one but all different domains of a gene
and their structural homologues. In addition to the gener-
ally accepted principle that the structural homology re-
flects a functional relationship, we assume that related do-
mains are found preferentially in the same integrated
gene system, as, for example, in the network of genes
regulating early development. As a consequence, only a
relatively small number of different domains might be
used to make up the genes of such an integrated system.
Following this rationale, we have searched the prd gene
for domains shared with other genes and found the PRD
repeat and two new types of homeo boxes (Frigerio et al.,
1986). While many genes containing a homeo domain
(McGinnis et al., 1984a, 1984b; Scott and Weiner, 1984;
Kuroiwa et al., 1985; Laughon et al., 1985; Reguiski et al.,
1985) are known from genetic studies to be functionally
related (Lewis, 1978; Lewis, 1980a, 1980b; Kaufman et al.,
1980; Denell et al., 1981; Wakimoto and Kaufman, 1981;
Struhl, 1982; Wakimoto et al., 1984), only few genes con-
taining the PRD repeat (Frigerio et al., 1986) are presently
known to play a role in early devetlopmental processes,
namely bicoid (bcd) (Frohnhéfer and Nissiein-Voihard,
1986) and prd (Nusslein-Volhard and Wieschaus, 1980).
For the validity of our approach, itis crucial to demonstrate
a functional link between genes sharing structurally ho-
mologous domains different from the homeo box. Contin-
uing this line of investigation, we show here that the prd
gene contains a third domain about twice the size of the
homeo domain, the paired box, which is homologous to
two genes encoded at the gooseberry (gsb) locus. in addi-
tion, these two genes share with prd the homeo domain
that is extended by 18 amino acids at its 5’ end. If these
two genes indeed represent the gsb locus, their relation-
ship to the prd gene is likely to be of functional sig-
nificance since gsb belongs to the class of segment polar-
ity genes.

Results

Isolation of Genomic Clones Homologous to

the BS Probe of paired

In our attempt to find structural homologues to different
domains of the prd gene, we have been screening the ge-
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Figure 1. Map of the paired Gene and cDNA Probes Used to Screen
for Homologous Domains of paired

At the top, a restriction map of the sequenced paired gene (Frigerio et
al., 1986) is shown. Below, the direction and extent of its transcript and
the location of the intron are indicated. Two cDNA probes used to
screen for homologous domains of prd are shown: the 0.6 kb BS probe
between Smal and BamHI containing a homeo box H and the abutting
05 kb 5 cDNA probe comprising the 5’ end of the cDNA ¢7340.4
(Frigerio et al., 1986). Not shown is the 0.6 kb cDNA probe covering
the carboxy-terminal domain and containing the PRD repeat with
which genes of the PRD gene set have been isolated (Frigerio et al.,
1986).

nome for sequences homologous to a 0.6 kb cDNA probe
cading for the carboxy-terminal of the prd protein. A set of
11 genes was isolated that are expressed during early de-
velopment and have the PRD repeat in common (Frigerio
et al., 1986). When comparing the sequence of one of
these genes, PRD gene 4, which is likely to be bed (Frohn-
hofer and Nisslein-Volhard, 1986), with that of the prd
gene (Frigerio et al., 1986), another homologous domain
was found which turned out to be a homeo domain. Both
the prd and the bed homeo domain deviate considerably
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from each other and from all previously known homeo
boxes such that they might be considered to represent two
new types of homeo domains (Frigerio et al., 1986). In our
screen for additional domains of prd that are shared with
other genes, we used two cDNA probes, one located in the
middle of the prd gene (BS probe in Figure 1) and the other
continuing upstream and including the 5’ end (5’ cDNA
probe in Figure 1). After hybridization at low stringency to
whole genome Southern blots, both probes revealed weak
bands in addition to the strong signal originating from the
prd gene (not shown). In a first set of experiments, the BS
probe was used to screen a genomic library at reduced
stringency of hybridization. Two strongly positive clones,
BSH4 and BSHS, which were negative after hybridization
with sequences flanking the prd gene on either side, were
isolated and analyzed further with respect to their cyto-
logical location on polytene chromosomes.

Surprisingly, both clones hybridized to the same chro-
mosomal bands 60E9-F2 in the telomeric region of the
right arm of the second chromosome (Figure 2). As two
segmentation genes have been mapped to this region, the
segment polarity gene gooseberry and the gap gene
Krilppel (Kr) (NUsslein-Volhard et al., 1984), it is possible
that the two clones contain gsb or Kr or both.

Spatial Distribution of BSH4 and BSH9 Transcripts

To test the supposition that the genomic clones BSH4 and
BSH9 coded for gsb or Kr, subclones derived from these
clones and hybridizing with the BS probe of prd were used
as hybridization probes to study the spatial distribution of
complementary transcripts in embryonic tissue sections.
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Figure 2. Localization of BSH4 and BSH9 on Polytene Chromosomes Carrying gooseberry Deletions

In situ hybridizations of biotinylated BSH4 (a) or BSH9 (b) DNA to salivary gland chromosomes of Df(2R)I[X62/CyO (a} or Df{2R)SB1/CyO (b} larvae
were carried out according to Langer-Safer et al. (1982). Note that in (a) the signal extends only over the CyO chromosome (arrow) and is absent
in the slightly shorter Df(2R)IIX62 chromosome while in (b) the signal on the Df(2R)SB7 chromosome is much weaker than on the CyO chromosome
(arrow). The telomere of the right arm of the second chromosome (2R) is indicated.
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Figure 3. Localization of BSH4 and BSH9 Transcripts in Tissue Sections of Embryos at the Extended Germ Band Stage

The panels show photomicrographs of the same embryos taken under phase-contrast (left) or dark-field illumination (right). Parasagittal sections
through embryos at the extended germ band stage (about 5 hr development at 25°C) were hybridized in situ with 3H-labeled genomic probes ac-
cording to Hafen et al. (1983), with a 1.3 kb BamHI-EcoRI fragment of BSHS containing the homeo box (the BamH] site is located between the paired
box P and the homeo box H in Figure 4) in (a, b), or with the proximal 2.4 kb terminal EcoRI fragment of BSH4 (Figure 4) in (c, d). Autoradiographic
exposure was for 28 days. Tissue sections are oriented with their dorsal side up and their anterior end to the left. amg: anterior midgut invagination.
pmg: posterior midgut invagination. The horizontal bar in (c) indicates a length of 0.1 mm.

As evident from Figure 3, both probes detect similar pat-
terns of transcripts during germ band extension. Tran-
scripts complementary to the BSH9 subclone appear at
the beginning of gastrulation in a pattern of 15 regularly
spaced bands of a single-segment repeat (not shown) still
present at the fully extended germ band stage (Figures 3a
and 3b). In addition, cells on the dorsal side at the anterior
end of the embryo, probably corresponding to the labral
segment primordium (Jlrgens et al., 1986), are labeled
(Figures 3a and 3b). Transcripts hybridizing with the BSH4
subclone exhibit the same spatial distribution as BSH9
transcripts but are delayed with respect to those of BSH9
and appear only during germ band elongation (the celis
labeled at the anterior dorsal end are barely visible in the
section shown in Figures 3¢ and 3d). Furthermore, BSH4
transcripts appear to accumulate in neuroblasts at a
higher concentration than in the ectoderm (Figures 3¢ and
3d) whereas no such difference between meso- and ecto-
derm is evident for BSHS transcripts (Figures 3a and 3b).
The detailed spatial distribution as well as the dynamics
of the BSH4 and BSH9 transcripts are in fact considerably
more complex. As the description would exceed the space
of this paper, it will be the subject of a later study. For the
present discussion, it suffices to stress that both BSH4
and BSH9 transcripts exhibit a single-segment periodicity.
Such a pattern is consistent with that of a segment polarity
phenotype in which homologous regions of each segment
are deleted and replaced by mirror image duplications
of the remaining part of the corresponding segments

(Nisslein-Volhard and Wieschaus, 1980; Nisslein-Volhard
et al., 1982). Therefore, it is likely that BSH4 and/or BSH9
contain sequences coding for gsb. On the other hand, the
observed patterns of transcripts (Figure 3) as well as the
EcoRl restriction maps of BSH4 and BSHS (Figure 4) dif-
fer from those expected for the Kr gene (Knipple et al.,
1985; Preiss et al., 1985).

BSH4 and BSH9 Are Closely Linked within a

gsb Deletion

The question of whether BSH4 or BSHS or both harbor the
gsb gene was examined by in situ hybridization to salivary
gland chromosomes of heterozygous larvae in which one
chromosome carried a deletion of the gsb gene. Two gsb
deletions were used. One, Df(2R)IIX62, uncovers gsb and
zipper; the other, Df(2R)SB1, is located more distally and
uncovers gsb and Kr (Niisslein-Volhard et al., 1984). In situ
hybridization of BSH4 or BSH9 to Df(2R)IIX62/CyO hetero-
zygotes detects a signal only on the CyO chromosome
(Figure 2a). Hence, both BSH4 and BSH9 are located
within this gsb deficiency. On the other hand, BSH4 is out-
side of the other gsb deletion, Df(2R)SB1 (not shown). In
contrast, most of BSH9 is located within Df(2R)SB17 as is
evident from the weak signal on this chromosome after in
situ hybridization of BSH9 to Df(2R)SB1/CyO polytene
chromosomes (Figure 2b). Since the deletion Df(2R)SB1
is distal to Df(2R)IIX62 (NissleinVolhard et al., 1984),
BSH9 is located closer to the telomere than BSH4.
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Figure 4. Map of the Chromosomal Region at 60F1 Comprising Two Genes with Structural Homologies to the paired Gene

An EcoRl restriction map of the region comprising the two clones BSH4 and BSH9 and its orientation with respect to the telomeric region of the
right arm of the second chromosome are shown. BSH4 and BSHS were isolated from a genomic library (Frigerio et al., 1986) in EMBL4 (Frischauf
et al., 1983) by hybridization with the BS probe (Figure 1) at low stringency. The two clones were joined by a “chromosomal walk” (Bender et al.,
1983) in which the clones BSH4.6, a1.2, and «1.4 were isolated. The clone BSH9 crosses the proximal boundary of Df(2R)SB1 (Figure 2b) which
has been mapped to the chromosomal band 60F1 (Niisslein-Volhard et al., 1984). At the top, the orientation and extent of two transcripts correspond-
ing to the two genes carrying the extended prd homeo box H and the paired box P are shown. Above the paired box of the BSH4 gene, a double-
headed arrow indicates that a small portion of the 3’ end of the paired box is located close to the left arrowhead and is separated by an intron from
the main part of the paired box which has been mapped to a 2.7 kb Hindlll fragment with its distal end at the right arrowhead. The paired box and
the extended prd homeo box of BSH4 are further separated by a large intron of about 6 kb.

The in situ hybridization to chromosomes further sug-
gests that BSH4 and BSH9 are closely linked. This was
verified in a “chromosomal walk” in which the two clones
were shown to be separated by only 1.4 kb (Figure 4). Se-
quence analysis of isolated cDNA clones corresponding
to the BSH4 and BSH9 regions showed that the two re-
gions code for separate transcripts on opposite DNA
strands whose 5' ends are separated by less than 10 kb
and possibly as little as 6 kb, as indicated in Figure 4. The
spatial distribution of BSH4 and BSH9 transcripts and the
chromosomal location and close proximity of their tran-
scriptional units strongly suggest that either BSHS or
BSH9 and BSH4 are responsible for the gsb phenotype.
The possible involvement of two genes receives some
support from the observation that only deficiencies and no
point mutations have been isolated for gsb (Nisslein-
Volhard et al., 1984). On the other hand, a defect in BSH9
might suffice to produce the cuticular gsb phenotype
while BSH4 mutants might primarily affect neurectoder-
mal derivatives (Figures 3c and 3d) and hence escape de-
tection in a screen for ectodermal phenotypes.

Extended Homeo Domain of paired, BSH4, and BSH9
Because the BS probe turned out to contain a homeo do-
main (Frigerio et al., 1986), we wanted to know whether
the homologous structures detected were domains re-
lated more closely to the homeo domain of the prd gene.
When cDNA clones of BSH4 and BSH9 containing the en-
tire open reading frame were isolated, sequenced, and
their sequences compared with the prd gene within the re-
gion homologous to the BS probe of prd, one homologous
domain, the prd homeo domain, was found (Figure 5). In-
terestingly, not only does this homeo domain consist of
the characteristic sequence of 60 amino acids, but the ho-
mology between prd, BSH4, and BSH9 extends by 18
amino acids at the 5’ end of the normal homeo box (posi-
tions —181to —1 in Figure 5b). The protein homology in this
extended portion is 83% between BSH4 and prd, 67% be-
tween BSH9 and prd, and 61% between BSH4 and BSH9.
in addition, the homology within the normal homeo do-

main of 60 amino acids is rather high, both between prd
and BSH4 (87%) or BSH9 (85%), as well as between
BSH4 and BSH9 (92%). As shown previously (Frigerio et
al., 1986), the prd homeo domain deviates considerably
from all previously known homeo domains and hence
might belong to a separate class of homeo boxes together
with the homeo domains of BSH4 and BSH. It is probably
significant that wherever Antp-Ubx-like homeo boxes dif-
fer from the new type of homeo domains in positions that
are conserved in the Antp-Ubx type, the amino acids in
prd, BSH4, and BSH9 are again mostly identical (boxed
in Figure 5b). This observation further supports the notion
that amino acids at these positions are characteristic for
a particular class of homeo domains (Frigerio et al., 1986).
Of particular interest is an accumulation of amino acids
characteristic for the prd homeo domain in the second
a-helix of the helix-turn-helix model for homeo domains
(positions 43, 44, 46, and 50 in Figure 5b) because this
region is thought to interact specifically with DNA se-
quences (Laughon and Scott, 1984).

The Paired Box
As mentioned above, whole genome Southern analysis
with a third cDNA probe covering the 5' region of the prd
gene (5’ cDNA probe in Figure 1) also revealed weak
bands, indicating that domains homologous to this part of
the prd gene existed elsewhere in the genome. According
to our concept, such domains are characteristic features
of genes functioning as members of an integrated system.
Therefore, in a first screen, we examined whether the ho-
mologous domains detected by the 5 ¢cDNA probe oc-
curred in any gene known to be related to prd by a structur-
ally homologous domain, i. e., in the genes of the PRD
gene set (Frigerio et al., 1986) or in BSH4 and BSH9.
Although no hybridization of the 5 cDNA probe to any
of the PRD genes was detectable, both BSH4 and BSH9
showed a clear signal after hybridization at reduced strin-
gency (not shown).

Comparison of the sequence of the prd gene region
used as probe (Frigerio et al., 1986) with the sequenced
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Figure 5. Extended Homeo Box Sequence of
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BSHY 6TG GGA AGC GAG GAT GAG AGC GAG GAC GAT GCC GAG CCC AGT GTG CAG TTA AAA AGG AAA The DNA (a) and corresponding amino acid se-
quences (b) from the homeo box regions of the
prd gAG CGC CBC TEC AGG ACC ACC TTT TCC GCTS}CC CAG TTG GAC GAA CTG GAA CGC GCC TTC prd gene (Frigerio et al., 1986), BSH4, and
BSH4 CAG CGT CGC TCC CGC ACC ACC TTC ACC 6CC GAG CAG CTA GAG GCA CTC GAG GGA GCC TTT BSHS are shown. Codons of the common open
BSHY CAA AGG CGT TCC CGG ACG ACA TTC TCC AAC GAC CAG ATC GAC GCC CTA GAG CGC ATC TTC reading frames, which have been determined
from nearly full-length cDNAs comprising the
61 91 entire open reading frames, are aligned. The
prd GAG CGC ACC CAA TAC CCT GAT ATC TAC ACC CGT GAG GAG CTG GCC CAG CGC ACC AAT CTC hOmO'Ogy with previously characterized ho-
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the DNA sequence (Frigerio et al., 1986). In this
121 151 portion, the DNA homology is 72% between
prd ACG GAG GCA CGC ATC CAG GTG TGG TTC AGC AAC CGG CGT GCT CGT CTC CGC AAG CAG CAC BSH4 and prd or BSH9 and 71% between prd
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BSH9 ACC GAG GCC CGT GTC CAA GTT TG TTC TCT AAT CGC C6T 6CT CGT CTG CGC AAG CAA CTG of the homeo box (positions —1 to —54), the
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cDNAs of BSH4 and BSH9 revealed a rather large homol-
ogous domain which we call “paired domain” or “paired
box” (Figure 6). As indicated in Figure 6b (boxed amino
acids), only few nonconservative amino acid changes oc-
cur within this domain of 128-135 amino acids. All three
proteins are homologous over a length of 128 amino acids
while the homology between BSH4 and BSH9 extends by
7 amino acids toward the amino-terminal (Figure 6b). The
homology at the protein level is 88% between prd and
BSH4, 86% between prd and BSHS, and 87% between
BSH4 and BSH9. It is extremely high in the first 75 amino
acids of the paired box (97% between prd and BSH4). In
contrast, the DNA sequences exhibit considerable diver-
gence (69% homology between prd and BSH4, 70% be-
tween prd and BSH9, and 69% between BSH4 and
BSH9). That selection occurs at the protein rather than the
DNA level becomes evident if one considers the DNA
divergence at those wobble positions where the amino
acids have been conserved. Thus one finds 59 nucleotide
differences at 94 wobble positions between prd and
BSH4, which corresponds to complete randomization.

The first half of the paired domain is fairly basic (10 arg
or lys and 2 glu of 64 amino acids) and a large portion of
the second half is highly charged (9 arg or lys and 8 asp
or glu of the 40 amino acids between positions 72 and 111;
Figure 6b). The basic part of the domain might interact
with nucleic acids or acidic proteins whereas the highly
charged portion could be a binding site for itself or other
protein domains.

We have sequenced most of the genomic DNA of BSH9
and a considerable portion of BSH4. Comparison with the
corresponding cDNA sequences shows that the paired
box and the homeo box are separated by an intron in
BSH4 yet closely associated in BSH9 (Figure 4). In addi-
tion, there is at least another intron close to the end of the
paired domain in BSH4 whereas in BSH9 only a single in-
tron at the 5’ end of the paired box has been found (Figure
6). In the prd gene, the paired box and extended prd
homeo box are not separated by an intron (Frigerio et al.,
1986). It might be significant that both in BSH4 and BSH9
nearly the same number of amino acids (19 and 20, re-
spectively) separate the paired domain from the extended
prd homeo domain. in contrast, in the prd gene this link
consists of 40 amino acids (compare Figure 6b with the
prd sequence in Frigerio et al., 1986).

Discussion

In our search for domains of the prd gene that occur as
structurally homologous domains in other genes, we have
found, in addition to the previously characterized PRD re-
peat (Frigerio et al., 1986), two domains that are shared
with other genes: the extended prd homeo box and the
paired box. Both domains are found in two genes, BSH4
and BSH9, that are likely to represent the gsb locus. As-
suming that gsb has been isolated in these clones, two
points need to be emphasized in this context. One, the two
domains are present in both prd and gsb. This is in line
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prd GGA TAT TCT ACG ATG AR GRC ATG AAC AGC GGC CAG GGG CGC GTC AAT CAR CTA GGT GGA

BSH4 GCG 6CC CTT TTC GCA GGG TAT CCC TTT CAA GGA CAA GGC (GG GTA AAT CAG CTT GGG GGC

BSHY ACA CCC TAC TTT GGC GGA TAT CCC TTT CAA GGA CAA GGT COT GTC AAC CAG TT6 GGT GGC
31 61

prd GTT TTC ATC AAC GBT CGT CCT TTG CCC AAC AAT ATT CGT CTT AAA ATC GTC 6AG ATG 6CC

BSH4 GTC TTT ATC AAT GBA CGT CCG TTG CCC AAT CAC ATT CGA CTG ARG ATC GTG GAA ATG GCG

BSHY GTC TTC ATC AAC GGC CGT CC6 TTG CCC AAT CAC ATC CGT CGC CAA ATC GTG GAG ATG GCA
91 121

prd GCC GAT GG6C ATT CGG CCC TBT 6TG ATC TCC AGA CAG CTA CGT GTA TCC CAT GGC TGC GTA

BSH4 GCC AGT GBA GTG CGG CCT TGT GTA ATA TC6 CG6C CAG CTC CGC GTG TCT CAC GGC TGC GTA

BSHS GCA BCT GBA GTC CGT CCC TGT GTC ATC TCC CGC CAG .CTG CGC GTC TCT CAT 6GC T6C GTC
151 181

prd TCG ARG ATC CT6 AAT CGC TAC CAG GAG ACT GGC TCC ATT AGA CCA 66T GT6 ATC 66T GGC

BSH4 TCG ARG ATT CTG AAC CGA TAC CAG GAG ACG GGT TCT ATT AGA CCG GGC GTA ATA GGT GGA

BSHY TCA AAG ATT CTA AAC CGC TTC CAG GAG ACT GGC TCC ATT CBG CCC GGA 6TA ATC GGT G6C
mn 241

prd TCC AAG CCG AGG ATA GCC ACG CCC GAA ATC GAA AAC CGA ATT GAG GAG TAC RAG CGC AGT

BSH4 TCT AAG CCC AAG BTG ACC TCT CCC GAA ATT GAA ACG CGG ATC GAT GAG CTG CGA AAG GAA

BSHY AGC AAG CCC CGT GTA GCC ACG CCA GAC ATT GAG TCC AGA ATC GAG GAA CTT AAA CAG TCG
271 301

prd AGC CCG 6GC ATG TTC TCG TGG GAG ATC AGG GAG AAG CTG ATC CGC GAG 6GT GTC TGC GAC

BSH4 AAC CCC AGC ATA TTC AGC T6G GAA ATA CGC GAA AAG CTG ATA AAGYGAG GGC TTT GC6 GAT

BSHY CAG CCC GGT ATT TTT AGT TGG GAA ATC CGC GCC AAG CTA ATC GAA GCG GGA GTC TGC GAC
33 361

prd AGG AGC ACA GCA CCA TCT GT6 TCC 6CC ATA TC6 CGC CTG GT6 C6C B6C CGA GAT GCT CCA

BSH4 CCA CCA TCA ACA TCG TCG ATC AGT CGC TTA TTG CB6 GGA AGC GAT CGC GGC

BSHY ARG CAA AAT GCT CCG TCG GT6 AGC TCT ATT TCG CGT CTT CTG CGA GGA TCC TCC GGA TCA

a

Figure 6. Paired Box Sequence of prd, BSH4, and BSH9

-0 1

prd Gly Tyr Ser Thr Met GIn Asp Met Asn Ser]Gly Gln Gly Arg Val Asn Gln Leu Gly Gly
BSHA Ala Ala Leu[Phe Ala 61y Tyr Pro Phe Gln Gly Gln Gly Arg Val Asn Gln Leu Gly Gly
B5HY Thr Pro Tyr| Phe 61y Gly Tyr Pro Phe Gln &1y 61n Gly Arg Val Asn Gln Leu Gly Gly

prd a1 he Tie Asn Gly Arg Pro Leu Pro Asr\”e Arg teu Lys Tle Val Glu Met Ala
85H4 Val Phe Ile Asn Gly Arg Pro Leu Pro Asn His fle Arg Leu Lys Ile Val Glu Met Ala
BSHY Val Phe Ile Asn Gly Arg Pro Leu Pro Asn His Ile Avglle val Glu Met Ala
3 ) 4
pre AlafAsp| 61y Ile Arg Pro Cys Val Ite Ser Arg Gln Leu Arg Vol Ser His Gly Cys val
BSH4 Ala Gly Val Arg Pro Cys Val Ile Ser Arg Gln Leu Arg Val) Ser His Gly Cys Val
B85HY Ala|alal 61y Val Arg Pro Cys Val Ile Ser Arg Gln Leu Arg Val Ser His Gly Cys val
51 61
prd Ser Lys Ile Leu Asn Arg Tyr 61n Glu Thr Gly Ser Ile Arg Pro Gly Val Ile Gly Gly
BSHA Ser Lys Ile Leu Asn Arg Tyr G1n Glu Thr Gly Ser Tle Arg Pro Gly Val Ile Gly Gly
BSHY Ser Lys Ile Leu Asn Arg[Phe] 61n Glu Thr Gly Ser Ile Arg Pro Gly Val Ile Gly Gly
n 81
ord Ser Lys Pro Arg 13e Ala Thr Pro 61u Ile Glu[ASn] Arg 1le Glu G1u [Tyr]Lys Arg Ser
BSH4 Ser Lys Pro Lys Val Ser Pro Glu 1le Glu Thr Arg Ile Asp Glu Ley Arg Lys (614
BSKY Ser Lys Pro Arg ¥al Ala Thr Pro Asp Ile Glu Ser Arg Ile Glu Glu Leu Lys[GIn] Ser
91 101
prd Ser|Pro Gly[ef] Phe Ser Trp Glu Ile Arg Glu Lys Leu Ile Arg 6lu Gly Val Cys Asp
BSH4 Pro Tle Phe Ser Trp Glu Ile Arg Giu Lys Leu Ile LysTélu 61y [Phe ATa] Asp
8SH9 Gin|Pro Gly Ile Phe Ser Trp Glu Ile Arg[ATa)Lys Leu Ile[GTu ATalGly val Cys Asp
m 121
prd arg[Ser Thrlala Pro Ser val Ser[Ala] Il Ser Arg Leu Val Arg Gly[Rrg]asp[Ala Pro
BSHa Pro Ser Ser Ser Ile Ser Arg Leu Leu Arg Gly Ser Asp|Arg Gly
BSHY Lys(61n Asn]ala Pro Ser val Ser Ser Ile Ser Arg Leu Leu Arg Gly Ser[Ser 61y Ser
b

The DNA (a) and corresponding amino acid sequences (b) from the paired box regions of the prd gene, BSH4, and BSH9 have been aligned as
described in the legend to Figure 5. Amino acids that are neither conserved nor represent conservative changes in the three genes are boxed in
(b). Optimal homology of the BSH4 protein with that of BSH9 and prd is obtained only if one assumes a deletion of three amino acids at position
111-113 in BSH4. The location of introns is indicated by triangles. Additional introns may occur in the 5 portion of the paired box of BSH4 since

this region of the genomic DNA has not yet been sequenced.

with our previous observation that the PRD repeat is fre-
quently found to be linked to a homeo domain (Frigerio et
al., 1986). Both results are consistent with a relatively
small number of different domains that are used preferen-
tially in the same system of integrated genes, such as that
determining early developmental events. A small number
of such domains mediating specific developmental func-
tions would be sufficient to generate a large number of de-
velopmental genes if each gene consists of a combination
of several domains (Frigerio et al., 1986). Two, since gsb,
a segment polarity gene, and prd, a pair-rule gene, are
both required for proper segmentation, the structurally ho-
mologous domains shared between these genes might be
responsible for the functional link that is likely to exist be-
tween them. The combination of the extended prd homeo
domain with the paired box in these genes raises the
question of whether the postulated functional link is medi-
ated by one or both of the two different domains. That the
function of the paired box is not always associated with
that of the prd homeo box is suggested by preliminary ex-
periments, in which two additional genomic loci have
been isolated that hybridize at reduced stringency with
the paired box but not with the extended prd homeo box.
Hence, the specific combination of both domains in prd
and gsb might be important for their functional linkage. It
further follows that the paired box genes constitute a new
gene set and are not merely a subset of the homeo box
gene set.

It will be interesting to find all paired box and (extended)
prd homeo box genes to determine the size of these gene
sets. In addition, it will be necessary to determine the fre-
quency of two different domains occurring in the same
gene. This should provide a rough estimate on the num-

ber of different domains used in an integrated system of
a certain number of genes. Another question is whether
there are other segmentation genes containing a paired
box which is neither found in the sequence of ftz (Lau-
ghon and Scott, 1984) nor in the sequence of en (Poole
et al., 1985).

It is striking that the spectrum of different homologous
domains thought to be members of a functional gene net-
work regulating development exhibits such an enormous
diversity with respect to length and composition as exem-
plified by the paired domain and the PRD repeat (Frigerio
et al., 1986). The functions of the paired box and of the
PRD repeat are unknown. It has been proposed that the
carboxy-terminal half of the homeo domain specifically
recognizes DNA sequences (Laughon and Scott, 1984).
On the basis of in vitro binding studies and model build-
ing, O’Farrell has recently postulated that the amino-
terminal portion of the homeo domain is a site for protein
dimerization (personal communication). It is interesting in
this context that the prd homeo domain is extended at its
amino-terminal end by 18 amino acids. The striking fea-
ture common to this extended portion of all three prd
homeo domains is a cluster of 5-7 acidic amino acids
within its first ten amino acids followed, after a gap of five
amino acids, by a cluster of six basic amino acids within
eight amino acids (Figure 5b). This extension of the do-
main might be required to specify which proteins may par-
ticipate in the formation of home- and heterodimers.

Although we consider it likely that the homeo domain,
PRD repeat, and paired domain mediate specific develop-
mental functions, a direct demonstration of what these
functions are is still lacking. If we assume a developmen-
tal function for the paired box, it might be interesting to
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look for its conservation in other organisms. A limitation
of the paired box to segmentation genes would further
suggest its restriction to segmented animals.

Experimental Procedures

Screening of a Genomic Library with prd cDNAs at Low Stringency
A genomic library of Drosophila was prepared in EMBL4 according to
Frischauf et al. (1983) and screened with cDNA probes of the prd gene
at reduced stringency (McGinnis et al., 1984a) as described previously.
The cDNA probes were prepared as DNA fragments from subclones
of cDNAs isolated from a Agt10-cDNA library of poly(A)t RNA from
0-4 hr old embryos according to standard procedures (Maniatis et al.,
1982). Poly(A)* RNA was prepared according to the method of Chirg-
win et al. (1979).

DNA Sequencing

All DNA sequences were analyzed on both strands, reading each se-
quence at least twice on independent clones. The DNAs were se-
quenced in the M13 vector mMWB3296 (Barnes et al., 1983; Frigerio et
al., 1986) by the dideoxynucleotide sequencing procedure of Sanger
et al. (1977).

In situ Hybridization to Polytene Chromosomes

In situ hybridizations to polytene chromosomes were carried out with
biotinylated probes according to the method of Langer-Safer et al.
(1982) as described (Frei et al., 1985).

In situ Hybridization to Embryonic Tissue Sections
Tissue sections through young embryos were prepared and hybridized
in situ with 3H-labeled probes according to Hafen et al. (1983).
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