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ABSTRACT An inductive interaction between the seven-
less (sev) transmembrane tyrosine kinase receptor and the
bride of sevenless (boss) transmembrane ligand is required for
the development of the R7 photoreceptor neuron in the com-
pound eye of Drosophila melanogaster. The boss protein is
proposed to contain a large N-terminal extracellular domain,
seven transmembrane segments, and a C-terminal cytoplasmic
tail. The boss protein from Drosophila virilis (boss"") retains
strong amino acid identity with boss from D. melanogaster
(boss™¢!): 73% identity in the N-terminal extracellular domain
and 91% identity in the seven-transmembrane domain, includ-
ing the cytoplasmic tail. By using P-element-mediated DNA
transformation, the boss™ and boss*" genes were shown to
rescue the D. melanogaster boss’ mutation. The expression of
boss"* protein in D. melanogaster is indistinguishable from that
of boss™! protein. Noncoding sequences which may regulate
boss expression were identified based on their conservation
during evolution. The predicted sev protein from D. virilis
(sev'ir) was previously shown to be 63% identical to sev from
D. melanogaster (sev™). A chimeric gene, (sev"”/™¢!), encoding
the extracellular domain of sev''r and the cytoplasmic domain
of sev™! rescues the D. melanogaster sev? mutation through
interaction with either boss"" or boss™e!,

The development of the R7 photoreceptor cell in the Dro-
sophila melanogaster compound eye requires a specific
inductive cue from the adjacent R8 photoreceptor (1). This
interaction is mediated by the sev tyrosine kinase receptor
(2-8) and by its transmembrane ligand, boss (9-11). The sev
receptor is expressed by the R7 precursor cell, as well as
other cells in the developing eye imaginal disc (7, 8), whereas
the boss protein is expressed by only one cell type, the R8 cell
(10). Mutations in either the sev or the boss gene result in the
transformation of the R7 precursor into a nonneuronal cone
cell (12, 13).

As a step toward a structural and biochemical analysis of
the interaction between the boss and sev proteins, we ex-
amined the predicted amino acid sequences of boss and sev
homologs from Drosophila virilis, a species thought to have
diverged from D. melanogaster some 60 million years ago
(14). The sequence of sev from D. virilis was previously
reported (15). Using P-element-mediated DNA transforma-
tion of D. melanogaster, we assessed the ability of boss and
sev isolated from D. virilis to function with their D. melano-
gaster partners. In addition, we have identified genomic
sequences which are potentially important for regulating the
precise pattern of boss gene expression during development.{

MATERIALS AND METHODS

Materials. The D. virilis genomic library was obtained from
J. Tamkun (University of California, Santa Cruz). The clon-
ing vectors were previously described (9). Chloramphenicol
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was obtained from Sigma. The sev™¢! germ-line transforma-
tion construct contains 17.5 kb of wild-type D. melanogaster
DNA (16). Tag I DNA polymerase was obtained from Per-
kin-Elmer/Cetus.

DNA Cloning and Sequencing. DNA cloning, RNA blots,
and sequencing techniques were previously described (9).
Hybridization of DNA blots and plaque lifts of D. virilis DNA
was performed at reduced stringency levels using 35% for-
mamide (17). Washes were for 20 min at 52°C. Twelve A
clones from the D. virilis genomic library were identified and
restriction-mapped. Both boss rescue constructs were se-
quenced as described (9). Nucleic acid sequences and pre-
dicted protein sequences were analyzed with the Genetics
Computer Group package programs (18) using default defi-
nitions of amino acid similarity.

Transformation. A 7.5-kb Xho 1-Sal 1 D. melanogaster
genomic fragment (9) and a 9-kb Sal I D. virilis genomic
fragment containing the entire boss gene were subcloned into
pDM23 (19) for P-element-mediated transformation of a & ry
boss! line as previously described (20). sev’”/mel contains a
fusion of D. virilis sev cDNA and genomic sequences with D.
melanogaster genomic sequences. A D. virilis sev cDNA
fragment was generated from D. virilis poly(A)* RNA [pre-
pared as described (17, 21)] by reverse transcription and
amplification (22) with the polymerase chain reaction (23).
The reverse transcription reaction was primed with the
oligonucleotide 5'-GTCCGCCAGATTGTGCCA-3’, which
anneals to nucleotides 4436-4453 in the D. virilis genomic
sequence (GenBank accession no. M34544). The cDNA
fragment was amplified by using the oligonucleotide above
and the oligonucleotide 5'-GCTGTCGACGCCGCCATC-
GATGA-3’, which anneals to nucleotides 3559-3581 in the D.
virilis genomic sequence (GenBank accession no. M34543).
The cDNA product was cleaved with Cla I and Sal 1.

The order of the sev¥ir/me! fusion is (i) Aha III-Cla I D.
virilis genomic DNA including sequence 60 bp upstream of
the putative initiator ATG; (ii) Cla I-Sal 1 D. virilis cDNA
fragment (above); (iii) Sal I-HindIII D. virilis genomic frag-
ment terminating within intron 7; (iv) EcoRI-Cla I D. virilis
genomic fragment spanning exon 8, including the sequence
encoding the transmembrane domain; (v) HindIII-EcoRI D.
melanogaster genomic fragment encoding all required se-
quences 3’ to intron 8. The resulting chimeric protein fuses
the N-terminal amino acids 1-2165 from the D. virilis sev
protein extracellular and transmembrane domains to the
C-terminal amino acids 2149-2552 from D. melanogaster,
containing the cytoplasmic tail. This fusion gene was sub-

Abbreviation: CAT, chloramphenicol acetyltransferase.

TPresent address: Department of Molecular Biology, Massachusetts
General Hospital, Boston, MA 02114,

$Present address: Howard Hughes Medical Institute and Department
of Molecular and Cell Biology, LSA 519, University of California,
Berkeley, CA 94720.

IThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. L08132 (D. virilis boss) and
L08133 (D. melanogastor boss).



5048 Genetics: Hart et al.

cloned 3’ to the 800-bp sev promoter and 8-kb enhancer (24,
25) for transformation of sev®?;ry°% flies, as described (19).

Analysis of Rescue Constructs. Staining of eye imaginal
discs with anti-sev monoclonal antibody CT(114) (26) and
anti-boss polyclonal antiserum CT2 was done as described
(11). The Rh4/CAT reporter construct (27) and chloramphen-
icol acetyltransferase (CAT) assay (28) were previously de-
scribed, as was light-microscopy analysis of plastic sections
from adult eyes (20, 29). Rescue levels for D. melanogaster
boss rescue constructs were determined in flies carrying two
copies of homozygous viable insertions or one copy of lethal
insertions. CAT activity levels were each determined from 10
adult heads and averaged for at least two independent trials.

RESULTS AND DISCUSSION

The boss Proteins from D. virilis and D. melanogaster Are
Highly Conserved. The D. virilis boss gene (boss*") was
initially detected as a 9-kb Sal I fragment on a genomic DNA
blot probed at reduced stringency with a D. melanogaster
boss (boss™!) cDNA clone which contains the entire open
reading frame. The same conditions were used to identify and
isolate the boss" gene from a genomic library. The Sal I
fragment was shown to contain the entire boss*" gene by
genomic rescue of boss! mutant flies (see below) and was
sequenced. The intron/exon boundaries were determined by
comparison with D. melanogaster boss splice sites and by
using splice-site consensus rules. Both boss™¢! and boss*"
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have six exons; the length of the exons is highly conserved,
whereas variation in the size of introns was observed. A
2.7-kb HindIII-EcoRI fragment from the boss*" genomic
clone contains the bulk of the open reading frame. This
fragment hybridized to a single message of about 3 kb on an
RNA blot of D. virilis head poly(A)* RNA (data not shown).
This is similar in size to the boss™! mRNA.

The boss"ir and boss™¢! proteins are 80% identical and 89%
similar over their entire length (Fig. 1A). This is comparable
to the degree of conservation of the engrailed and hunchback
gene products (80% identical), and greater than that of other
eye-specific gene products sequenced from D. virilis, includ-
ing rough (60% identity) and sev (63% identity). There are two
potential initiator ATG sequences only 9 bp apart in boss™e'.
The boss¥" sequence contains only one potential initiator
ATG, corresponding to the second in-frame ATG of the
boss™e! gene. Should the second ATG codon be utilized, then
the predicted translation products of boss"" and boss™¢
would be identical in length. Signal-peptide cleavage of
boss™! and boss'r is proposed to occur at amino acid
positions 29 and 30, respectively (Fig. 14).

The deduced protein sequences of boss™! and boss"if were
compared by using the Genetics Computer Group’s LIMGAP
program (see Materials and Methods). A graphical represen-
tation of the similarities between the two boss proteins (Fig.
1B) highlights the areas of greatest conservation. In addition
to regions of identity in the extracellular domain, the trans-

/\ D.m.4 MDALQSGRRKPLPVALLCILVTVFCVLECHGADLTSPTKKSAPLRITKPQPTSQQAKPISITTRAPTTVASTTDDEVSSSVDGQLAPLISSTTEGP. .SS

beislill ® ol eflalmasilmila de e os o LEFELS PEDTREEEL S e el sl

[ N |

D.v 1 MSGLQLIWKSPTQLVLFVLLITISCIDLCHAVGAATPTKKSPPVRITKPQPVSSTTTAIPTTNEGSTT.GEQLALLVSSTTEGTASSASSSSNGGSDDSS

102 GTTA..SLVPEICLNGLQLTVNSADEGTVIRKQEEFVKILEGDVVLSVLTKDPDSALFVINRVNQANLIMADFEIGIRAISIDNASLAENLLIQEVQFLQ
3 06 O i L T e - 1 101 PO - ) O 1 4 T T S Y 10 G5 8 1 5 1 T 0 I
100 STTAAGSLVPEICITGLQLSFTNADGEQVVRKQQELVQVIEGDVMLSVITSDPVSALFVINRVNQANLISADFEVGIRAINVDNASLAENLLIQEVQYLQ

200 QCTTYSMGIFVDWELYKQLESVIKDLEYNIWPIPGTRAHLFPKVAHLLHOMPWGEKIASVEIATETLEMYNEFMEAARQEHMCLMHFKSDDNVY IMFGNK
(0O e o WS T T 3 N S 1 T 8 1 L 51 8 o o5 ot e - T 0 O T 8 5L R
200 QCTQYSMGIFIDFDLYKRLESIIRDLEYNVWPIPSARAHLFPKVAHLLHOMPWGEKIASVEIVTETLDIYNEFMDAARQEHMCLMHFKSDDNVYILFGNK

300 LASHFKENGTLFSVPTDRTDDEFLADLPNRAFVLMENEIDLSTAVELDATPTALDEILIGKSVLPSRVLSFAGSIIDLMNWLRGSLSKHCKRGEEHDLYV

L 0 15 61 S e B s S [ T 6 6 0 30 B I 8

0 1 5= 7 L A e O et s B 5 o 8 8 2 1

300 MANHFKENGTVFAVPTERTEHIFLEELPNKSFILMENGIELRTA.DLDPMPTTLDEVLIGKSVLPSRILVFASPIVDLMNWLRGSLAKHCKRDE. .DLYM

400 LESCFNFLNFIEDWRTSEYRQAHDTAEILSLLLMRKLGTAMNFQMYQKKVLTLDKITGESRTELREIASQNFVTNVTTYYHYNRDNHTSLELKTKFGQVF
R O 0 o o o O T R S 1 B el et X TS N o L o 6 8 L O o AT
397 LESCFNFLNFIEDWRTPEYRRTHDTAELLSLLRMRKLSTSMLFQMYQKKQETVDVITGESRMELREIASQNFVTNVTTYYHYNRDNHTSLELKTKFGLVF

500 NCQYSAGDNRRYPFLFDGESVMFWRIKMDTWYAAGLTAAILGLIATLAILVFIVVRISLGDVFEGNPTTSILLLLSLILVFCSFVPYSIEYVGEQRNSHV
O P N 0 O T B A T R o T T W T B
497 NCQFTAGENRRYPFLFDGESVMFWRIKLDTWYATGLTAAILGLIATLAILVFIVVRISLGDVFEGNPVTSILLLLSLILVFCSFVPFSMEYVGEQRNSHV

600 TFEDAQTLNTLCAVRVEIMILVYCFVESLLLCRAVMIASIGSEGGFLSHVNGYIQAVICAFSVVAQVGMSVOLLVVMHVASETVSCENIYYGRWLWGLLA
B 1 1 T 5 T T T T R T T S o S R T L 1 0 N0 1 9
597 TFEDVHTLNTLCGVRVEIMILVYCEVESLLLCRAVMIASIGSEGGFLSHVNGYIQALIICVLSVFVOVGMSVOLLVVMHLASESVSCENTYYGRWLWGLLA

700 YREALLCCVGALIPSIYRSQRNYREGILIVIGSVLIMVIWVAWIALSLFGDEWRDAAIPLGLOASGWAVLVGILIPRTFLIVRGIERSDIAQALPSLTSL
T T 00 1 6 1 8 1 G R T e o B e o 8 o A L T S 1 B L TR R R
697 YDFLLLCSLVSLVPFIYRSQRNYREGILIVIGAVLILIIWSVWIALSMFGDEWRDAAIPLGMOASGWAVLVGILIPRTFLIVRGIERSDIAQALPSLTSL

800 AFAQNNQYSSEQSVYECVNPAMRHCSQDEVNHQSPSEIPTLPLRGGGPRRQQFFANLRQANANINPQRPPPRPQQSPSRSSVSSLPPSPDHNKITRF
BT TR I 1 1 4 T A e O O 5 1 2 0 6 R O L TR
797 AFAQNNQYSSEQSVYECVNPAMRHCSQEEMNHQSPSEIPTLPLRGGGPRRQQFFANLRQANANINERPPPHPQQSPSRSSVCSLPPSPDHSKITRF

T |
100 200 300 400

FiG. 1.

1 T T
500 600 700 800 a.a.

Comparison of predicted boss proteins from D. melanogaster and D. virilis. (A) Sequence comparison. The predicted amino acid

sequences of boss™e! (D.m.) and boss¥ir (D.v.) were aligned by the Genetics Computer Group’s LIMGAP program to maximize identity between
the proteins and minimize gaps in alignment. Vertical lines between the sequences correspond to identities between the two proteins, colons
represent similarities, and single dots represent less similar amino acids. A period in the protein sequence indicates a gap inserted in the sequence
by the alignment program. Predicted signal peptides are italicized and transmembrane domains are underlined. (B) Schematic representation
of divergence between boss™e! and bossVir proteins. Differences in amino acids (a.a.) are indicated along the length of the protein by vertical
lines in the lower bar. The upper bar represents the boss protein. The shaded regions indicate the signal peptide (far left) and the seven
transmembrane domains (right half of the bar). Gaps in protein alignment listed in A are not shown. The N terminus is at the left end of the bar.
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FiG. 2. The boss'I protein is ex-
pressed in the R8 cell in D. mela-
nogaster. (A) boss™¢! protein in
the D. melanogaster eye imaginal
disc. (B) boss"Ir in the D. virilis eye
imaginal disc. (C) boss'ir expres-
sion in a D. melanogaster eye
imaginal disc from a boss! mutant
carrying two copies of the boss"r
genomic rescue construct. The
boss protein is expressed in R8
(arrow) and accumulates in a mul-
tivesicular body in R7 (arrow-
head). (Bar = 6.4 um.)

membrane domains and cytoplasmic tail are particularly well
conserved. The extracellular domain of the mature boss™!
protein is 73% identical and 93% similar to the corresponding
domain of the boss"" protein. Strikingly, the transmembrane
domains and cytoplasmic tails of the two boss proteins are
91% identical and 99% similar. The highly conserved nature
of the transmembrane domain suggests that it plays an
important role in boss function.

A conserved
elements ABCDE F-J KL M-Q

exons 1 2 3 4

A B
B GTAATGCCCATTGGTGTCACTAATAAGTGCATATTATATTGACTGCAAA
(AN RN RRN

GTAATGCCCACCGGTGTCACTAATAACTGCATATTATATTGACTGCAAA
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boss D. virilis genomic sequence: 1 to 9030
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Fic. 3. Dot-matrix homology comparison of the boss genomic
rescue constructs. The DNA sequences of the boss rescue constructs
from D. melanogaster and D. virilis were compared by the Genetics
Computer Group’s COMPARE and DOTPLOT programs. Each dot
represents 15 out of 20 identical nucleotides. Graphical representa-
tions of boss"" and boss™¢! genes are shown on the horizontal and
vertical axes, respectively. Shaded regions correspond to exons, and
black regions to protein-coding sequences.

Conservation of boss Expression and Putative Regulatory
Elements. The apical, R8-specific expression pattern of the
boss protein previously described in the D. melanogaster eye
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FiG.4. Putative regulatory elements of the boss gene. (A) The conserved sequence elements within noncoding genomic segments are lettered
and indicated as black rectangles above the line. The exons are numbered and indicated as gray boxes below the line. (B) Putative regulatory
sequences were identified by their conservation in the boss rescue constructs, which exceeds 75% for 20 or more identical nucleotides with one
or no gaps in alignment for each sequence. Only conserved elements whose linear order is conserved in the boss gene are listed. DNA sequences
which are within another transcription unit mapping 5’ to boss™e! (9) are not included. Sequences were identified and aligned by using COMPARE,

DOTPLOT, and GAP programs from the Genetics Computer Group.
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imaginal disc (10) is also seen in the D. virilis eye imaginal disc
(Fig. 2 A and B). Rescue lines of both D. virilis and D.
melanogaster (see below) also express boss protein in the
same apical, R8-specific pattern [Fig. 2C (boss'ir); data not
shown (boss™¢)]. The expression of boss protein seen in the
D. melanogaster embryonic peripheral nervous system is
also restored by both genomic rescue constructs (data not
shown).

Regions of sequence conservation outside of the boss
protein-coding regions were identified by comparing the
sequences of the D. melanogaster and D. virilis genomic
rescue constructs (Fig. 3). Conserved sequence elements in

A .
boss 2V | wild type seyVirmel
wild type S7LT 3743
bossVi 28+2 28+3

bossvir; sevvirlmel

FiG. 5. Interspecies function of boss and sev genes from D.
melanogaster and D. virilis. The ability of the boss"" and sevvir/mel
transformation constructs to rescue mutations in the corresponding
D. melanogaster genes and to interact with each other was assayed.
(A) The R7 cell is the only source of Rhodopsin 4 (Rh4) expression
in the adult (30). The activity of a Rh4/CAT reporter construct (see
Materials and Methods) containing the Rh4 promoter regulating the
expression of the bacterial CAT gene is indicated for the designated
genotypes. sevVir/meljs a chimeric sev rescue construct containing the
extracellular domain of D. virilis (see text). boss*" is a D. virilis boss
rescue line. R7 development was assessed in the appropriate mutant
flies carrying one copy each of the Rh4/CAT reporter construct and
the rescue constructs as listed. Flies designated boss wild type are
boss! /boss*, and those designated sev wild type are sev®2/sev*. The
ability of sevr/mel and boss¥'" to interact was assayed in sev®;boss!
flies. Similar results were obtained with one and two additional
sevvir/mel and boss¥ir independent insertion lines, respectively. (B)
Light microscopy of sections through adult eyes of the genotypes
designated. The wild-type eye shown is sev* /sev*;boss*/boss*. An
ommatidium which is missing the R7 cell due to partial rescue by the
boss¥ir construct is shown in the boss*'" panel (arrowhead). Anterior
is to the left in the wild-type and boss"" panels and to the right for
the panels showing sections of sevir/mel and bossVir; sevvir/mel, (Bar
= 2.5 um.)
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other genes have been shown to play a role in the regulation
of gene expression (27). Putative regulatory elements in the
two boss rescue constructs were arbitrarily defined as se-
quences which are >75% identical in the two species for =20
nucleotides (allowing for no more than 1 gap per sequence).
These sequences are listed in Fig. 4. We propose a role for
some of these conserved noncoding genomic sequences in the
regulation of boss expression.

boss''r Functions in D. melanogaster. P-element-mediated
transformation with a 7.5-kb D. melanogaster genomic DNA
fragment containing the boss gene rescues the boss’ pheno-
type. Similarly the 9-kb Sal I fragment containing boss"" was
shown to rescue boss! (Fig. 5). As previously shown (10) for
boss™¢!, the boss'' protein is transferred from R8 to a
multivesicular body in R7 in both D. virilis and transgenic D.
melanogaster expressing boss¥r (Fig. 2 B and C). Hence,
boss'ir can successfully interact with sev™el,

A Chimeric sev Protein Containing the Extracellular Domain
from D. virilis and the Cytoplasmic Domain from D. melano-
gaster Interacts with boss"* and boss™!, The sev proteins from
D. melanogaster (sev™) and D. virilis (sev"') share only 60%
identity in their extracellular domains. To address the sig-
nificance of these changes in the boss/sev interaction, the
function of a chimeric sev protein containing the extracellular
and transmembrane domains from D. virilis and the intracel-
lular domain from D. melanogaster (sevi'/™e!) was compared
with sev™el, The sev'i"/mel construct was introduced by P-
element-mediated DNA transformation into D. melanogaster
sev® flies. Three independent lines were generated which
rescued 100% of R7 cells as determined histologically (Fig.
5B). Additionally, as the R7 cell is the only adult source of
Rhodopsin 4 (Rh4) gene expression (30), a reporter construct
with the Rh4 promoter driving the expression of the bacterial
CAT gene (27) was also used to determine the amount of
rescue obtained with the various boss and sev rescue con-
structs (Fig. 5A). CAT activity levels correlated with the
rescue of R7 cell fate as assessed histologically. The relative
ability of D. virilis boss and sev transgenes to interact with D.
melanogaster genes was addressed by comparing the level of
phenotypic rescue. The intraspecies and interspecies com-
binations showed similar levels of R7 rescue (Fig. 5).

To assess the relative ability of these proteins to interact in
a more sensitive assay, the amount of R7 rescue obtained
with the sev rescue constructs was compared by using a D.
melanogaster boss rescue line, boss™e!G%, in which the
expression of boss™¢! is limiting. One copy of boss™/%° in a
boss! background yielded a CAT activity level of 17 + 4.
Similar results were obtained in flies with one copy each of
boss™elG%9 and sev™e! transgenes in a sev®; boss! background
(CAT levels of 24 + 3). In contrast, one copy each of
boss™eIG% and the sev¥ir/mel rescue construct in a sev®%Z; boss’
background gave CAT levels of 0.8 + 0.7. However, the
expression from the sev™¢! transgene was significantly greater
than expression from the sev*"/mel transgene, as assessed
with an antibody to an epitope shared between sev™! and
sevVir/mel (data not shown). Hence, the difference in the level
of activity of the two sev proteins with boss™¢!0% may simply
reflect differences in the level of expression.

Concluding Remarks. The boss proteins from D. virilis and
D. melanogaster share considerable homology. Not only
does the strong conservation of the region containing the
seven transmembrane domains suggest that it plays an im-
portant functional role, biochemical experiments using trun-
cated forms of boss indicate that this domain is essential for
boss function (31). Given the high degree of conservation
between boss'r and boss™®! proteins, it is not surprising that
both interact with the sev™! and sevir/m! proteins. Evidence
for interaction between the boss and sev proteins is also
provided by the sev-dependent internalization of both bossY
and boss™! mediated by sev™!. In addition, the extracellular
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domains of sev'" and sev™!, though only 63% identical,
function in a similar fashion with boss" and boss™!. Since
we can only roughly quantify the relative levels of sev™®! and
sevVir/mel expression in the developing eye disc, it is not
possible to rigorously compare the relative efficiency of R7
induction in the interspecies combinations.

The expression of the boss"" gene in D. melanogaster is
indistinguishable from the expression of boss™el; it is ex-
pressed in the R8 cell in developing eye disc and in sensory
structures in the embryo. DNA sequence analysis of boss*"
and boss™¢! genes revealed 20 stretches of nucleotide se-
quence which share >75% identity over =20 nucleotides. We
propose that some of these conserved elements regulate the
spatial and temporal pattern of boss expression.
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