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ABSTRACT

Mutations in the torpedo gene, which encodes the fruitfly homolog of the epidermal growth factor
receptor (DER), disrupt a variety of developmental processes in Drosophila. These include the survival
of certain embryonic ectodermal tissues, the proliferation of the imaginal discs, the morphogenesis of
several adult ectodermal structures and oogenesis. forpedo is genetically complex: a number of alleles of
the gene differentially affect the development of specific tissues, such as the eye, wing, bristles and ovary.
In addition, torpedo mutations exhibit interallelic complementation. Molecular analysis of 24 loss-of-
function mutations in the forpedo gene provides insights into the mechanistic basis of its genetic com-
plexity. We observe an intriguing correlation between molecular lesions and mutant phenotypes. Alleles
that differentially affect specific developmental processes encode receptors with altered extracellular
domains. Alleles that fully or partially complement a wide range of embryonic and postembryonic torpedo
mutations encode receptors with altered intracellular domains. From these findings we conclude the
following. First, the torpedo protein may be activated by tissue-specific ligands. Second, the torpedoreceptor
tyrosine kinase may phosphorylate multiple substrates. Third, signal transduction by torpedo appears to
require the physical association of receptors. Finally, the extracellular domain of the Torpedo protein may

play an essential role in mediating receptor-receptor interactions.

ECEPTOR tyrosine kinases (RTKs) form a family of
signal transduction molecules that has been con-
served in metazoans for at least 800 million years. Ty-
rosine kinases that are structurally related to the epi-
dermal growth factor receptor (EGF-R), for example,
mediate cell-cell communication in organisms ranging
from nematodes (AROIAN ¢t al. 1990) to dipterans
(LIVNEH et al. 1985; WADSWORTH ef al. 1985) to humans
(ULLRICH et al. 1984; COUSSENS ef al. 1985; YAMAMOTO
et al. 1986; KrRAUS et al. 1989; PLowMAN et al. 1990, 1993).
The EGF-R protein-tyrosine kinase is a transmembrane
protein with a single membrane-spanning domain. The
extracellular (amino-terminal) portion of the receptor
contains four subdomains (SI-SIV), of which SII and SIV
are cysteine-rich, and SI and SIII are relatively cysteine-
poor. The intracellular (carboxyl-terminal) portion of
this protein consists of a short juxtamembrane domain,
a tyrosine kinase domain and a carboxyl-terminal tail
(see YARDEN and ULLRICH 1988).

Much of our understanding of the biochemistry of
signal transduction by EGF-R and its relatives comes
from vertebrate tissue culture studies (reviewed in
UrLricH and SCHLESSINGER 1990; SCHLESSINGER and
ULLrichH 1992). This work has lead to a model for EGF-R
function that is depicted in Figure 1. In the absence of
ligand, EGF-R preferentially exists as a monomer. Upon
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ligand binding, which is mediated by the extracellular
portion of the protein, the receptor forms dimers.
Oligomerized receptors undergo phosphorylation on
tyrosine residues located in the carboxyl terminus of
the molecule by a transmolecular mechanism. This
autophosphorylation is thought to allow the specific
binding of substrate and coupling molecules—via
their SH2 domains—to phosphorylated tyrosine resi-
dues in the carboxyl-terminal portion of the receptor.
Receptor activation involving autophosphorylation
appears to promote receptor-substrate interactions
and may stimulate substrate phosphorylation. The
physical association with and/or phosphorylation of
cellular proteins by EGF-R then initiates a biochemi-
cal cascade resulting in the transmission of a signal
into the cell.

Cell culture studies have shed light on the role of
EGF-R in the control of cell proliferation, differentiation
and survival. Studies using ligands for EGF-R in organ
culture and in whole organisms similarly have provided
insights into the role of receptor function in specific
tissues [see CLIFFORD and ScHUPBACH (1992) for refer-
ences]. Gene disruption provides another means of ana-
lyzing the role of this receptor in vertebrate develop-
ment. This technique has been used to investigate the
role of transforming growth factor-a, an activator of
EGF-R (DERWNCK et al. 1984), in mouse development
(LUETTEKE et al. 1993; MANN et al. 1993).
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FiGure 1.—Simplified model for signal transduction by receptor tyrosine kinases of the EGF receptor subfamily (adapted from
SCHLESSINGER and ULLRICH 1992). In the absence of ligand, the receptor chiefly exists as a monomer. (A) In the monomeric form,
the receptor binds ligand with low affinity (thin arrow). (B) Ligand binding stimulates receptor dimerization. Ligand binding by
one receptor may be sufficient for dimer formation (see piscussioN). (C) In the dimeric form, receptors display high affinity ligand
binding (heavy arrow). (D) Dimerized receptors autophosphorylate on tyrosine residues located in the carboxyl-terminal domain
of the molecule through a trans-molecular mechanism. (E) Cellular substrates bind to specific phosphotyrosines via their SH2
domains. (F) Bound substrates are phosphorylated by the activated receptor.

Studies in vertebrate systems have been comple-
mented by the genetic analysis of receptor function in
Drosophila and Caenorhabditis. The versatile genetics
of the worm and fly facilitate examination of the de-
velopmental roles of these receptors through pheno-
typic analyses, the structure/function analysis of these
molecules through molecular genetics, and the iden-
tification of additional components of the signalling
pathway through the isolation of suppressor and en-
hancer mutations.

The torpedo gene encodes the Drosophila melano-
gaster homolog of the vertebrate epidermal growth fac-
tor receptor, DER (PRICE et al. 1989; SCHEJTER and SHILO
1989). Over 40 mutant alleles of the gene, including
both loss-of-function and two gain-of-function lesions,
have been isolated (see LINDSLEY and ZimM 1992). Phe-
notypic characterization of these mutations has shown
that the torpedo receptor tyrosine kinase performs mul-
tiple functions in Drosophila development.

In the embryo torpedo is necessary for the establish-
ment of cell identity in the ventral ectoderm, the survival
of amnioserosa and ventral ectodermal cells, the for-
mation of the central nervous system, germband retrac-
tion and the production of denticles, hooklike out-
growths of the ventral epidermis. Temperature-shift
studies show that the torpedo product is required at sev-
eral points in embryonic development (CLIFFORD and
ScHUPBACH 1992; Raz and SHiLo 1992, 1993). torpedo
does not appear to regulate the major phases of cell
proliferation in the Drosophila embryo (CLIFFORD and
SCHUPBACH 1992).

During the larval and pupal stages of development,
the torpedo product is needed in the imaginal discs for
the proliferation or viability of cells. A partial loss of gene
activity results in a severe size reduction in several imagi-

nal discs (CLIFFORD and ScHUPBACH 1989). Clones of cells
lacking functional torpedo product are recovered in
adult animals less frequently than clones of genetically
wild-type cells. Moreover, mutant clones generally are
smaller than wild type, which indicates that the growth
of mutant tissue is impaired (BAKER and RusIN 1989;
Diaz-BexjuMEA and GArcia-BELLIDO 1990; XU and RusIN
1993; our unpublished observations). In the developing
retina, gain-of-function mutations in torpedo lead to a
great increase in the number of cells entering S phase
(BAKER and RUBIN 1992; ZAK and SHILO 1992), but few of
these cells undergo mitosis (BAKER and RuBIN 1992).

torpedo is required in the pupa for imaginal disc mor-
phogenesis. A variety of abnormalities are seen in the
ectodermal tissues of adult flies suffering a partial loss of
torpedo gene activity. These include roughened com-
pound eyes, shrunken or missing ocelli, the deletion of
certain wing veins, the duplication or elimination of sen-
sory bristles and the elimination of tarsal claws (CLIFFORD
and ScHUpBACH 1989). Clones of ectodermal tissue pos-
sessing reduced torpedo activity show similar develop-
mental abnormalities (Diaz-BENJjuMEA and GARCIA-
BELLIDO 1990).

If the torpedo gene encodes a single activity, it should
be possible to arrange all alleles in a simple hypomor-
phic series progressing from weak to intermediate to
complete loss-of-function mutations. Roughly half of the
loss-of-function torpedo alleles, however, cannot be fit
into such a series. These mutant alleles show comple-
mentation behavior consistent with the idea that they
differentially affect specific gene functions. Certain le-
thal mutations fully or partially complement (CLIFFORD
and ScHUPBACH 1989; RAZ et al. 1991), suggesting that
the proteins encoded by these alleles are defective in
different receptor activities. Other alleles appear to dif-
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ferentially affect gene activities required for specific de-
velopmental processes such as oogenesis and imaginal
disc patterning and/or morphogenesis (BAKER and
RuBIN 1989; CLiFrORD and ScHUPBACH 1989). The remain-
ing mutations, in contrast, behave genetically as if they
reduce all gene activities in a uniform fashion (CLIFFORD
and ScHUpBACH 1989).

To gain insight into the mechanistic basis of torpedo’s
genetic complexity, we have identified the presumptive
molecular lesions of 24 loss-of-function alleles of tor-
pedo. The examined mutations fall into four phenotypic
categories. Class I alleles disrupt all gene activities in a
uniform fashion, class II mutations are embryonic lethal
lesions that fully or partially complement a variety of
embryonic and pupal lethal torpedo alleles and the class
III and class IV mutations differentially affect the de-
velopment of specific tissues (CLIFFORD and SCHUPBACH
1989). From this analysis we find a striking correlation
between phenotypic classes and molecular lesions.
Tissue-preferential alleles (with one exception) alter single
amino acids in the extracellular domain of the receptor.
The class II alleles, on the other hand, alter the intracel-
lular portion of the molecule. We interpret the results of
our molecular genetic study within the framework of a cur-
rent biochemical model for EGF-R function.

MATERIALS AND METHODS

Nomenclature: Mutations in the gene encoding the Dro-
sophila epidermal growth factor receptor homolog have been
isolated independently by a number of workers. Consequently,
the locus has been named Ellipse (BAKER and RusIN 1989),
faint little ball (NUSSLEIN-VOLHARD et al. 1984), torpedo
(ScuupBacH 1987) and [(2)57DEFa (O’DONNELL et al. 1989).
On the basis of the homology of its product to the vertebrate
EGF receptor, the gene has been designated DER (LIVNEH
et al. 1985), DEGFr (Diaz-BENJUMEA and GARcia-BELLIDO 1990)
and Egfr (LINDSLEY and ZiMM 1992). In this work, we refer to
allloss-of-function alleles of the gene as torpedo mutations, and
the protein product of the locus as Torpedo.

The torpedo gene encodes two proteins which are approxi-
mately 90% identical and differ only at their amino termini
(SCHEJTER et al. 1986; SCHEJTER and SHiLo 1989) (Figure 2).
Since all mutations characterized in this study affect residues
common to both isoforms of the receptor, we refer to both
protein products of the gene as Torpedo.

Stocks: The origins and phenotypes of torpedo mutations
analyzed in this work, with the exception of top™, are described
in CLIFFORD and ScHUPBACH (1989). The top* allele was isolated
in an X-ray mutagenesis by J. PRICE (PRICE ¢f al. 1989); itis a
weak zygotic embryonic lethal mutation that shows abnormally
severe wing vein defects in combination with the viable mu-
tation top’.

G. StrUHL kindly provided a chromosome containing the
visible mutations straw, pawn and cinnabar, which was used
for clonal analysis. The M(2)c’’® mutation was obtained from
the Mid-America Drosophila Stock Center. See LINDSLEY and
ZivmM (1992) for descriptions of the marker mutations used in
this work.

Reclassification of torpedo alleles: The top’*' and top/t”
mutations were originally placed in class IV because they ex-
hibit unexpectedly mild wing vein defects in frans to viable
alleles. Further analysis indicates that the weak wing venation

abnormalities observed for these alleles are due to dominant
suppression by a plexus ( px) mutation present on the top/*’
and top’F’ chromosomes. The px mutation, which produces
excess wing veins, was previously shown by Diaz-BENJuMEA and
Garcia-BELLIDO (1990) to enhance ectopic wing vein produc-
tion by the gain-of-function torpedo mutation Elp’. Removal of
px from the dp cn a top™ px sp chromosome by recombina-
tion leads to a more severe wing vein phenotype in trans to
top’. While 62% of L4 veins (n = 84) and 96% of anterior
crossveins (n = 84) from cn top’ bw/dp cn a top’™ bw animals
were defective, 39% of 1.4 veins (n = 56) and 55% of anterior
crossveins (n = 56) from cn top’ bw/dp cn a top’™ px sp flies
were gapped or missing.

Complementation analysis: Crosses were performed at
room temperature (~22°). Four to six top*/CyO or top*/SM1
females were mated to an equal number of top’/CyO or top’/
SM1 males. For embryonic lethal heteroallelic combinations,
embryos were collected on apple juice agar plates as described
in WiescHAUS and NUSSLEIN-VOLHARD (1986). The trans
heterozygous phenotype, in most cases, is based on the ex-
amination of 50-150 dead embryos. For postembryonic lethal
heteroallelic combinations, matings were performed in vials.
Mutant viability was calculated from the number of eclosing
top™/CyO (or SM1), top?/CyO (or SM1) and top*/top’ adults.

Mosaic analysis: To allow identification of torpedo and wild-
type clones, we constructed mutant and control chromosomes
marked with straw, pawn, cinnabar and brown. The markers
stw and pwn, which produce yellowish and truncated bristles,
respectively, allow identification of clones in the cuticle
(GARcia-BELLIDO and DapENa 1974). In a cn background, eye
tissue that also is genotypically bw is completely unpigmented.

To maximize clone size, Minute" marked cells were induced
in a M(2)¢*/+ background. The dominant mutation
M(2)c* reduces the mitotic rate of cells; therefore cells within
clones enjoy a growth advantage in the imaginal disc (FERRUS
1975; MoraTa and RiroLL 1975).

stw pwn cn bw sp, stw pwn cn top*“*? bw sp and stw pwn cn
top**®® bw sp mosaics were produced by irradiating 48 * 12-
hr-old progeny of stw pwn cn top* bw (sp) /CyO females mated
to pr en M(2)?**/Cy0 males in a Torrex 150D X-ray machine
(12 min at 145 kv and 5 mA, using an aluminum filter). Irra-
diated animals completed development at 25°, stw pwn cn bw,
stw pwn cn top"*° bw and stw pwn cn top“® bw mosaic animals
were generated by y-irradiation (1800 rad from a cobalt source
at 36— 60 hr of development). These irradiated animals com-
pleted development at 22°.

stw pwn cn top* bw (sp)/pr cn M(2) 7" flies were examined
for eye clones under a dissecting microscope at 25X, then
stored in 70% ethanol prior to mounting. Wings, heads and
bodies were dissected apart, cleared with 10% NaOH and
mounted in Faure’s medium as described in WiEscHAUS and
NUSSLEIN-VOLHARD (1986).

Isolation of genomic DNA: Total genomic DNA was pre-
pared from embryos, larvae, pupae and adults essentially as
described in BENDER et al. (1983).

Polymerase chain reaction (PCR): Fragments of the torpedo
gene were amplified by the polymerase chain reaction (Sai
et al. 1988) using the primers shown in Figure 2. DNA isolated
from five embryos or 1,/10 of an adult provided sufficient tem-
plate for a typical PCR amplification. PCR buffer contained 50
mM KCIl, 10 mm Tris (pH 8.3), 0.01% gelatin and either 1 mm
or 2 mM MgCl,. Amplification conditions for each genomic
fragment are shown in Table 1.

Denaturing gradient gel electrophoresis (DGGE): Twenty
prospective mutant alterations described in this work were
identified and molecularly mapped through a DGGE (Myers
et al. 1985) protocol developed by M. Gray. Fragments of the
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FIGURE 2.—The revised torpedo genomic sequence. The protein sequence is shown above the nucleotide sequence. Amino acid
1 of Torpedo corresponds to the initiation methionine for the type 2 receptor; residues specific to the type 1 receptor are not
numbered. Signal pepide residues are italicized, cysteines in the extracellular domain are outlined, transmembrane domain
residues are underlined and the tyrosine kinase domain is in bold italics. Nucleotide coordinates of the torpedo gene are based
on LIvNeH et al. (1985). Coding sequences are in upper case; noncoding and intron sequences are in lower case. Primer sequences
are boldfaced, and the direction of the arrows indicates whether the primer corresponds to the coding or noncoding strand of
the gene. Names of amplification primers are boldfaced; names of sequencing primers are in regular type. Three nucleotides absent
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Type 1 Exon

k]

acaaaa accaa aaca

15A >

M L L RRRNGP @€@P F P L L L L L L AHOE®€TI €I WpPASAARUDIRTYA ARGOQNN
ATGCTGCTGCGACGGCGCAACEGCCCCTGCCCCTTCCCCCTGE TGC TTCTGCTCCTGECCCACTGCATT TGCAT TTGGCCCGCCTCGGCGECCCGCEATCGCTACGCCCGCCAGAACAAT

cecersscasans tedaeasasaceateanerrroa ....atagcttggaagagggcttgattoat
»

R QO RHOQODTIUDRDIRDRDR RTPFILYRSS S AONZ RU QRS GG ANTFUA ALTGTLGA AN
CGCCAGCGCCATCAGGATATAGATCGCGATC GGGATCGAGATCGAT TCCTATACCGCAGCAGTTCGGCCCARAATCGACAGAGGGGCEGGGCCAACTTCGCCCTGGGACTGGGAGCCAAC

¢ VT I P T S L EDKNI KD NETFUV XK G K I
GGAGTCACCATTCCCACCAGTCTGGAGGATAAGAACAAGAACGAGTTCGTCAAGGGGAAAAGt aagt gcacegcaaggatctatccatcttedtcaageogcccatoatctatcaaa. ..
<« 13A <<

Type 2 Exon

eveevisaeaaaanns R Cedsaaaaean gaagtaaacaaacaattctgoogagattogogtgtttgtacagttggtgaatataagcaaatcgaccgegecatcgatate
» 25\ >

M M I I §S M N M S T SR GL WD S S S I L SV LILI L AGCMASTITTS S SV S
ATGATGATTATCAGCATGTGGATGAGCATATCGCGAGGATTGTGGGACAGCAGCTCCATCTTGTCGGTGCTGCTGATCC TCGCCTGCATGGCATCCATCACCACAAGC TCATCGGTCAGE

N A G Y V DN GNMEKV
AATGCCGGCTATGTGGATAATGGCAATATGAAAGGt aagctctttteca cttctgtamactogatata.....c.occciiiiiiiriiiienns PP cevan
<« 23A <<

Common Exons

cttcaacaccacccaacntgtggegtgeatataattgaacagtttagggtcaaccgaaacaa ttag ccacagtattatattattacaacgatttecectttt

» 314 >>

€I 6T X S R L SV P S NI KZEUHHTYRNZGLRDT®BRYTNUZ ®TYVDGN
gtcaactctctttgeagTCTGCATCGGCACTAATCTCOECTCTOCGTGCCCTCCARACAAGGAACATCATTACCGARACCTCAGAGATCGGTACACGAACTGTACGTATGTGGATGGCAR
>» 402 bod

L KL TWLPNENVNULDTILSV FULDNTIRETUVTSGYTITIULI S HVDVEKI KVYVVYVTFZPK
CTTGAAACTGACCTGGCTACCCAACGAGAAT TTGGACCTCAGCTTCCTAGACAACATACGGGAGGTCACCGGCTATAT TCTGATCAGT CATATGGACGTTAAGAAAGTGGTGTTTCCCAA
<< 599 <<

gtaagtgctcaattaattaataagcetttaaattcgaacaaaacaagtttgaagaaaattgtataacttactaataagteaagttaaagectatattgttattggactagacctaatacect

L Q@ I IRGRTTLTFS5ULSVEETETZ KT YA ANTLTFVTZYSsSZ KMYTTLETITFP
gtactetttcttacagACTACAAATCATTCGCOGACGCACGCTGTTCAGC TTATCCGTGGAGGAGGAGAAGTATGCCTTGTTCGTCACT TATTCCAAAATGTACACGC TGGAGATTCCCG
> 755 >

D LRDVYVLNGO QVGFHNUNTYNILOEHMPERTTIOQG®®WWSETIVSNGTUDA AYTYNY
ATCTACGCGATGTCTTAAATGGCCAAGTGGGCT TCCACAACAACTACAATCTCTGCCACATGCGAACGATCCAGTGGTCGGAGATTGTATCCAACGGCACGGATGCATACTACAACTACG

D FTAPERETU G?PK EHES ST HG EWGESGPI EKNTZ GOQI KT FS s K LT Es &P Q€
ACTTTACTGCTCCGGAGCGCGAGTCTCCCAAGTGCCACGAGAGCTGCACGCACGEATGTTGGEGCGAGGETCCCAAGAAT TGCCAGAAGT TCAGIAAGC TCACCTGCTCOCCACAGTGTG
>> 1065 >>

A G GREY GP KPRESG®ECHTLTFUE EAGG®E®T OGP TQKDEI ACKNTFTFDE A

CCGGAGGTCGTTGCTATGGACCAAAGC CGCGGGAGTGTTGTCACCTCT TCTGCGCCGGAGGATGCACTGGTCCCACGCAAAMIGATTOCATCGCCYGCARGARC TTCT TCGACGAGGCAG
<< 1191 <<

vV S KEEGPUPMRBRIEKTYNZPTTJYVLETNTPZESGI KT YA AYGATU CYVEKEZE EPGH
TATCAAAGGAGGAATGCCCGCCCATGCGCAAGTACAATCCCACCACCTATGTTCT TGAAACGAATCCTGAGGGAAAGTATGCCTATGGTGCCACCTGCGTCAAGGAGTGTCCCGGTCATC

L L RDNGAGEYVRSEP QD KMDIEKTGGET EVPENTGP EP KT PGV TV L
TGTTGCGGGATAATGGCGCCTGCGTGCGCAGCTGTCCCCAGGACAAGATGGACAAGEGGGGCGAGTGTGTGCCCTECAATGGACCGTGCCCCARAAACCTGCCCGGGCGTTACTGTCCTGC

H A G X I DS F R NETV I DGX¥IRTIULDOQTT FSGFOCDVYANTYTMG®GT?PR
ATICCOGCAACATIGACTCGTTCCGGAATTGTACGGTGATCGATGGCAACAT TCGCATT TTGGAT CAGACCTTCTCGGGCT TCCAGGATGTCYATGCCAACTACACGATGGGACCACGAT
>> 1452 >» << 1552 <<

Y 1 P LDPERU RETVYVT FSTVKETITSGYLNTIZETGT HZPQGQQFRNILSYTFHRNILE
ACATACCGCTGGATCCCGAGCGACGGGAGCTGT TCTCCACGGTGAAGGAGATCACCGGGTAT CTGAATATCGAGGGAACCCACCCGCAGTTCCGGAATCTGTCGTACTTTCGCAATCTGG

E TI HG R QL MESMTFAATLAIVIKSSULYSsSLEMZBRNILEKZGQTISSGSsS VYV

AAACAATTCATGGCCGCCAGCTGATGGAGAGCATGTTTGCCGCTTTGGCGATCGTTAAGTCATCCCTGTACAGCCTGGAGATGCGCAATC TGAAGCAGAT TAGI TCCGGCAGTGTGGTCA
> 1793

I QHNRDIL €YV S NTIRMWEPATIOQIKTETPEU QKT VWVVNENTILTRADTILE
TCCAGCATAATAGAGACCTCTGCTACGTAAGCAATATCCGT TGGCCGGCCATTCAGAAGARGCCCGAACAGAAGG TG TGGGTCAACGAGAA TCTCAGGGCGGATCTATGC Gt aagttct
>» <«< 1889 << <«< 1915 <<

E KNG T I € s pDog €€NEUDSGU EWGAGT
tnicaatcttg&tatcaqtqcaacacaatatcataatgcatatttttqcaatttgcaqAGAAMATGGAACCATTTGCTCGGATCAGTGCAACGAGGACGGCTGCTGGGGAGCTGGCACG

from the published torpedo sequence are underlined.
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po €T EEKNPFPNPTFTNGT EI ADEGY I SN
GATCAGTGCCTTACCTGCAAGAACTTCAATT TCAATGGCACCTGCATCGCORMCTGTGGTTATATATCCAAgGtaagtataaacagcacacaagataaatcaaatgaacatcagttaaceg
<< 2118 <<

A Y XK FDNZ RTZ EKTI EH?PEU ERT G ENGAGADHG CQEU GV HY
acgcttgttactctcotteagTGCCTACAAGTTTGACAATAGAACGTGCAAGATATGCCATCCAGAGTGCCGGACT TGCAATGGAGCTGGAGCAGATCACTGCCAGGAGTGCGTCCATGT

R D GQ HCEEV S ECPKNIKTYNDRGYVY CREG ECHATU EDGETGPKRTTIGTI
GAGGGACGGTCAGCACTGTGTGTCCGAGTGCCCGAAGAACAAGTACAACGATCGT GG TGTCTGCCGAGAGTGCCACGCCACCTGCGATGGATGCACTGGGCCCAAGGACACCATCGGCAT

G AETTENTILATITINNDA ATV VIEXKR RTSELLKXKDDI KU CPUDGYTFWETYVHTPOQE
TGGAGCGTGTACGACUPOCAATTTGACCATTATCAACAATGACGCCACAGTAAAACGC TGCC TGCTGAAGGACGACAAGTGCCCCGATGGGTATTTCTGGGAGTATGTGCATCCGCAAGA
<< 2443 <<

Q 6 S L XKPLAGRA AV EREKZEH?PTILIEETLG CECTNYGYHEGOQVESKGETHTYK
GCAGGGATCGCTGAAGCCAT TGGCCGGCAGAGCAGT TTGCCGAMAGTGCCATCCCCT TTGCGAGCTGTGCACGAACTACGGATACCATGAACAGGTGTGC TCCAAGTGCACCCACTACAA

R RBOQECEETETGCPADUHTYTDEEGOQRTETSEFORUHEPETEGNG®S®TGPOGADDE
GCGACGGGAGCAGTGCGAGACCGAGTGTCCGCOCGATCACTACACGGATGAGEAGCAGCGCGAGTGC TTCCAGCGCCACCCGGAATGCAATGGTTGCACGGITCCGACTOCCGACGAT TG
> 2683 >> << 2768 <<

XK S @R NF XKLFDANETGPYVNSTMFNZ T S KCPLEMRUHYVNYOQ QY
CAAGTCTTGCCGCAACT TTAAGTTGT TCGACGCGAATGAGACGGGTCCCTATGTGAAC TCCACGATGTTCAATTGCACCTCGAAGTGTCCCTTGGAGATGCGACATGTGAACTATCAGTA

T AIGP Y EEAASUPPRSSKIDZITAMANILDYANMIETIITIGAYILYPRPIICI
CACGGCCATTGGACCC TACTRICICAGCTAGTCOGCCAAGGAGCAGCAAGATAAC TGCCAATCTGGATGTGAACATGATC TTCAT TATCACTGGTGC TGP TCTGGTGCCGACGATCTGCAT

» 2910 » <« 3007 <<

L £ ¥ Y¥TIT X1 ERQKOKAKTIKETVIXMTMALSGRETDSTETPTILRTEPSNTIG
CCTCTGCGTGGTCACATACATT TG TCGGCAAAAGCAAAAGGCCAAGAAGGAAACAGTCAAGATGACCATGGC TCTGTCTGGNCGCGAGGAT TCCGAGCCGCTGCGTCCCTCGAACATTGG

A NL CKULRIVIEKDA ATEZLRIEKG GO GVLI GNMNGCAYrY  GRYVYYXKGVWNV PR GENUV
AGCCAACCTATGCAAGTTGCGCATTGTCAAGGACGCCGAGTTGCGCAAGGGCGGAGTCCTTOGAATGGRAGCCTTTGGACGAGT GTACAAGGGCGT TTGGGTGCCGGAGGGTGAGAACGT
» 3212 >»

XK I PV AI KBLLIXGSY® GCGAZX S 5 XX Fr1LRZXZAY I NAZASZIEZR &V VNILIILIEKILL
CAAGATTCCAGTGGCCATTAAGGAGCTOCTCANGTCCACAGGC GCCGAGTCAAGCGAAGAGT TCCTCCGCGAAGCCTACATCATGGCCTCTGAGGAGCACGTTAATCTGC TGAAGCTCCT
<< 3289 <<

A V C N 8§ 8 0 NN L I T QL MPLGCLLDYVRNNRPRDIKTIG SSEKALLWDNVPWS
GGCCGTGTGCATGTCCTCACAAATGATGC TAATCACGCAACTGATGCCGCTTGGCTGCCTGTTGGACTATGTGCGAAATAACCGGGACAAGATCGGCTCTAAGGCTCTGCTCAACTGGAG

T 0 I A KGMUGESE Y L E X KXKRLV R RDLAARNVY LV Q? P SLV KITDIGIL
CACGCAAATCGCCAMIGGCATGTCGTATCTGGAGGAGAAGCGACTGGTCCACAGAGACTTGGCTGCCCGCAATGTCCTGGTGCAGACTCCLTCGCTGGTGAAGATCACCGACTTTGAGCT
>» as0s > <« 3617

A XKL L 8 8D 8§ N X Y X A AGG G K NUPTIKUPNILALTECTIRNRVTITSS$KSSDVYN
GACCAAGTTGCTGAGCAGCGAT TCCAATGAGTACAAGGC TGCTGGCGGCAAGATGCCCATCAAGT GGTTGGCACTGGAGTGCATCCGCAATCGTGTATTCACCAGCAAGTCCGATGTCIG
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FIGURE 2.—Continued
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torpedo gene were amplified from genomic DNA by PCR. After
phenol/chloroform and chloroform extraction, followed by
ethanol precipitation, 1/10 of the product of the PCR ampli-
fication was cut with a restriction enzyme (s) to yield fragments
approximately 200—-800 base pairs in length. Digested mutant
and control DNA samples were electrophoresed in polyacryl-
amide gels containing a gradient of the denaturants urea and
formamide for 20 hr at 60° and 70 V, then visualized by

ethidium bromide staining. For most mutants characterized,
amplified fragments comprising 80% or more of the coding
region were examined (Figure 3).

A physical mismatch within a melting domain of a duplex
DNA molecule destabilizes the domain, thereby lowering its
melting temperature. This property was exploited to increase
the sensitivity of the electrophoretic screen. DNA fragments
produced from heterozygous (mutant/balancer or mutant/
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TABLE 1

PCR ampilification conditions for genomic fragments

Duration (sec)

[Mg**]

Primers (mm) Denaturation  Annealing  Synthesis
15A-13A 1 30 (94°) 60 (55°) 90 (72°)
25A-23A 2 30 (94°) 60 (60°) 90 (72°)
314-1889 1 30 (94°) 60 (60°) 150 (72°)
314-1915 1 30 (94°) 60 (60°) 150 (72°)
755-1889 1 30 (94°) 60 (55°) 150 (72°)
1793-3007 1 30 (94°) 60 (60°) 120 (72°)
2683-4229 1 30 (94°) 90 (55°) 150 (72°)
2910-3617 2 30 (95°) 60 (60°) 90 (72°)
32124229 1 30 (94°) 90 (55°) 150 (72°)
32124810 1 30 (94°) 60 (55°) 150 (72°)

parental) template DNA, half of which were heteroduplex
molecules, were analyzed by DGGE.

Once a band showing aberrant electrophoretic mobility was
detected, it was often possible to determine which product of
the restriction digest contained the mutant lesion through
double restriction digests and DGGE. In most cases, we could
map prospective mutant lesions to genomic fragments less
than 600 base pairs in length. Following its localization, each
of these molecular lesions was identified by sequencing the
fragment of the gene to which it maps.

None of the genomic fragments amplified from the top’,
top9*4, top™’% and top*"? chromosomes showed abnormal mo-
bility in denaturing gradient gels. Molecular lesions present on
these mutant chromosomes were identified by sequencing
fragments of torpedo encoding the extracellular domain of the
receptor.

Sequencing: Mutant lesions were identified by sequencing
single-stranded DNA produced from genomic DNA via the
polymerase chain reaction. Double-stranded fragments were
amplified from total genomic DNA as described above. After
purification with the Magic PCR Preps kit (Promega), 1/10 of
the double-stranded product was reamplified with a single in-
ternal or end primer. Singlestranded product from the sec-
ond round of PCR amplification was extracted once with
phenol/chloroform, then washed four times with 500 pl of
distilled H,O on a Microcon-100 filter (Amicon). One-fourth
of the purified singlestranded DNA was sequenced using the
Sequenase dideoxy kit (U.S. Biochemical Corp.).

Each mutation was verified by sequencing genomic frag-
ments amplified from at least two independently prepared
DNA samples. These samples were derived from homozygous,
as well as heterozygous (mutant/parental or mutant/
balancer) mutant animals.

Because we did not sequence the entire torpedo gene on
each mutant chromosome, we cannot rule out the possibility
that some torpedo alleles contain multiple molecular lesions.
Nevertheless, we believe that the relevant DNA alteration was
identified in most cases (see DISCUSSION).

Revised torpedo sequence: The genomic sequence of for-
pedo shown in Figure 2 is a revised version of the DER sequence
submitted to GenBank (LIVNEH et al. 1985; SCHEJTER and SHILO
1989). Nucleotides 1-632 of the published sequence, which
encode the first common exon and its flanking sequences,
have been replaced by nucleotides 251-632 (SCHEJTER 1989).
The identities of several ambiguous codons in the cytoplasmic
portion of the molecule also have been resolved. Finally, three
nucleotides (underlined in Figure 2) have been added to the
region of the gene encoding the tyrosine kinase domain of the
receptor. This last revision changes the identity of eight amino
acids in subdomains VI and VII of HaNks et al. (1988) and

adds a residue to subdomain VI; the updated protein se-
quence (... DLAARNVLVQTPSLVKITDFG . . .) more closely
matches those of other members of the EGF-R subfamily of
tyrosine kinases.

RESULTS

torpedo alleles show qualitative phenotypic differ-
ences: Genetic analysis has shown that many mutations
in the torpedo gene differentially affect the development
of tissues that require receptor activity. In a previous
study (CLIFFORD and ScHUPBACH 1989) we used interal-
lelic complementation analysis to assay the degree to
which a collection of loss-of-function alleles affect each
developmental process. The mutations examined dis-
played qualitative as well as quantitative phenotypic dif-
ferences in the affected tissues. From this work, we con-
cluded that torpedo encodes several differentially, but
not independently, mutable activities. On the basis of
their complementation behavior, we have divided the 24
torpedo alleles examined in this study into four func-
tional categories (Table 2). These categories largely cor-
respond to the four phenotypic classes defined in our
earlier genetic studies.

The 12 class I lesions appear to disrupt all gene ac-
tivities in a uniform manner. Alleles of this category
range in severity from the partial loss-offunction, adult
viable mutation to[)’ to the complete loss-of-function,
embryonic lethal allele top’*”’. All homozygous lethal
class I mutations enhance the female sterile and adult
morphological defects of top’ and rarely survive in com-
bination with the semiviable allele top“.

The class IT mutations, in contrast, are embryonic le-
thal lesions that fully or partially complement the de-
velopmental defects of top’ and top®. These four alleles
also substantially complement the postembryonic lethal-
ity of the pupal lethal lesion top”“*’. The class IIA alleles
top™!, top?“**** and top*"*’ more fully complement top’,
top and top®©? than does the class IIB allele top®**’,
which was previously designated a class IV mutation.

The complementation behavior of the class III and IV
torpedo mutations is consistent with their differentially
affecting a subset of tissue-specific gene functions. The
class III lesions top*? and top’® enhance the oogenesis
defects of viable alleles to a lesser extent than do class
I mutations of equivalent severity. The six class IV mu-
tations show more severe or less severe adult morpho-
logical defects in combination with top’ than do class I
alleles exhibiting an equivalent homozygous phenotype.
In trans to aviable allele, top* and top*® show unusually
severe bristle defects, top** unexpectedly severe wing
vein abnormalities, top“ and top™?® unusually weak eye
defects and top™’% abnormally severe eye defects.

Further genetic analysis has lead us to reclassify a sec-
ond forpedo mutation examined in this study. The class
I allele top’™! was originally placed in class IV because it
exhibits mild wing vein defects in trans to viable alleles.
We now have evidence that the weak wing venation ab-
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normalities observed for this alleles result from domi-
nant suppression by the plexus mutation present on the
mutant chromosome rather than an intrinsic property
of the top/*! allele itself (see MATERIALS AND METHODS).

Interallelic complementation: We have extended our
previous genetic analysis of torpedo by performing pair-
wise complementation tests between 20 of the alleles
molecularly characterized in this study. Examples of
positive complementation, in which the phenotype of
the trans-heterozygote is less severe than that of either
homozygote, and instances of weak negative comple-
mentation, in which the heterozygous phenotype is
more severe than anticipated, were seen (Figure 4).
Some of these genetic interactions were also described
by Raz et al. (1991). The observed pattern of interallelic
complementation argues that the physical association of
receptors is essential for signal transduction by torpedo
(see DISCUSSION).

Most instances of positive complementation involve
four embryonic lethal mutations: the class IIA alleles
top"”", top**** and top*"*’, and the class 1IB allele top®*’’
(Figure 4). All four mutations survive in trans to the
postembryonic class I lethal allele top®“*’~10 to 50% of
the trans-heterozygotes survive to adulthood, while the

remainder die as pupae. The class IIA alleles are semi-
viable in combination with the class IV pupal lethal mu-
tations top"” and top*”'’. Class IIA mutations, in addi-
tion, partially suppress the embryonic lethal phenotypes
of the class L alleles top"?°, top®"”*, top?*? and top/*'. For
example, while head morphogenesis and/or germband
retraction abnormalities are seen in roughly 80% of
top™?° homozygotes and 60% of top”"”* homozygotes,
we observe these defects in less than 5% and 30% of
top™?° /top® ®* and top®™”" /top**’ heterozygotes, respec-
tively (Figure 4; data not shown). Likewise, more than
90% of animals homozygous for top® >, top™** or top/""
show a severe embryonic lethal phenotype, but more
than 80% of top®® /top’*? and top® /top’* trans-
heterozygotes display a significantly milder phenotype
(Figures 4 and 5, E-G; data not shown). Positive comple-
mentation between top”"’? and the class IIA alleles
top®“*? and top®® was also seen by Raz et al. (1991).
Further, all three Class IIA lesions partially complement
the severe class IIB mutation top®”’ (Figure 4). The
moderate Class ITA mutation top*“** and the severe class
IIA allele top®® show weak embryonic lethal pheno-
types in trans to top®*’" (see also Raz et al. 1991). Some
top'”" /top?**! heterozygotes even survive to adulthood.
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TABLE 2

Molecular alterations associated with torpedo mutations

Homozygous Genomic Nucleotide Amino acid Proposed
Allele phenotype® position alteration alteration Mutagen structure”
Class I
1 \Y% 406 TCT to TTT Ser™ to Phe EMS lig” kin* ter”
cf \Y 406 TCT to TTT Ser® to Phe EMS lig” kin* ter®
JEI1 S 824 TCC to TTC Ser'™ to Phe EMS lig” kin™ ter”
2G31 M/S 926 TGG to TAG Trp'* to Amber EMS lig® kin" ter”
1K35 S 1168 CAA to TAA GIn® to Ochre EMS lig” kin® ter’
3B92 S 1318 TGT to AGT Cys®" to Ser EMS lig” kin* ter®
EC20 p 1513 GAT to AAT Asp®™ to Asn EMS lig” kin™ ter*
ED26 S 1755-176% ACTGTACAGC ALeu®® (o Ser'®® EMS lig” kin™ ter”
EE39 M/S 1864 CAG to TAG GIn*™ to Amber EMS lig" kin® ter®
1P02 S 3731 TGG to TGA Trp'*™ to Opal EMS lig* kin® ter”
2W74 we 3763 ACC to ATC Thr'®® (o Ile EMS lig* kin~ ter”
1F26 we 3844 CCG to CIG Pro!"® to Leu EMS lig* kin" ter"
Class ITA
101 w 3666 CCC to TCC Pro'®* to Ser EMS lig* kin~ ter”
2C82 M 3825 GGT to AGT Gly""" to Ser EMS lig* kin~ ter*
2L65 S 3856 TCG to TIG Ser'"” to Leu EMS lig* kin~ ter*
Class IIB
2X51 S 3989 GAT to GAGA +1 frameshift EMS lig* kin* ter’
Class III
SH2 we 839 CTG to CAG Leu' to Gln ENU lig- kin* ter”
38 M/S 1657 CAG to TAG GIn®™ to Amber EMS lig? kin” ter”
Class IV
EB P 931 GAG to AAG Glu'® to Lys EMS lig” kin* ter*
EE38 A% 1099 CGT to TGT Arg* to Cys EMS lig” kin* ter”
CA \% 1336 CGG o TGG Arg*® o Trp EMS lig~ kin"* ter*
EDI6 P 2039 GGA to AGA Gly’® to Arg EMS lig- kin* ter”
4A W 2469 TGC to AGC Cys®™ to Ser yRay lig” kin* ter”
EA P/W 2611 GGA to GAA Gly™ to Glu EMS lig” kin™ ter*

“ Phenotypes at room temperature. V, adult viable; P, pupal lethal; W, weak embryonic lethal; M, moderate embryonic lethal; S, severe

embryonic lethal; ts, temperature-sensitive allele.

Abbreviations: lig, extracellular domain; kin, tyrosine kinase domain; ter, carboxyl-terminal domain; +, wild type; —, mutant; 0, deleted.

Striking positive complementation is observed between
certain frans-heterozygous combinations of class IIA
mutations. The weak embryonic lethal mutation top’?!
fully complements the moderate embryonic lethal mu-
tation f0p°“®? and the severe embryonic lethal mutation
top?-%: top'”! /top?“*? and top’"! /top?"*’ animals are com-
pletely viable, morphologically normal and fertile (Fig-
ure 4, data not shown).

Certain class I and class IV postembryonic lethal al-
leles also exhibit positive genetic interactions with one
another. The degree of complementation between
these mutations, however, is less complete than that oc-
curring between class IIA mutations. For example,
top™“*° /top*'® trans-heterozygotes usually survive to
adulthood, but exhibit eye, wing and bristle abnormali-
ties (Figure 4, data not shown).

We also observe examples of negative complementa-
tion. The pupal lethal class IV alleles top*® and top™, for
example, survive in combination with the class IV mu-
tation top™ less frequently than do the class I embryonic
lethal alleles top'*?® and top?"”* (Figure 4; CLIFFORD and
ScuUpBACH 1989). The class IV mutation top* appears to
show weak negative complementation in combination
with a variety of alleles (Figure 4). In their genetic analy-
sis, Raz et al. (1991) observed negative complementa-
tion between the moderate embryonic lethal mutation

f16/*3 (not examined in this study) and top'"%?, top’**!,
top’“87 and top/*!.

We also observe differences in the complementation
behavior of alleles showing similar homozygous pheno-
types. The top™, top'?® and top*”* show similar weak
embryonic lethal phenotypes at room temperature. Yet,
in combination with top? %, top?! or top/!, the phe-
notype of top™ is enhanced so that roughly 25% of the
heterozygotes show a moderate or severe embryonic le-
thal phenotype. In contrast, fewer than 5% of animals
heterozygous for top™? or top?”* and top®*, top*™’ or
top/*! show these phenotypes. In fact, the embryonic le-
thal phenotypes of top'™?® and top”™’* are weakly sup-
pressed by top*® (Figure 4, data not shown).

Class IIA alleles do not disrupt tissue-specific gene
functions: Since the class IIA mutations fully comple-
ment the pupal lethality of top“ and top”“*’, we pro-
posed that they might preferentially disrupt a function
of the torpedo gene required specifically for embryogen-
esis (CLIFFORD and SCHUPBACH 1989). Under this hypoth-
esis, the viability of animals trans-heterozygous for a class
IIA allele and a pupal lethal mutation would result from
the pupal lethal allele supplying normal gene function
during embryogenesis and the class IIA allele supplying
gene function during postembryonic development. If
this were the case, we would expect class 1IA lesions to
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complement the postembryonic lethality of all pupal le-
thal torpedo alleles and to show mild adult morphologi-
cal abnormalities in combination with these mutations.
Further, if the class IIA alleles primarily affect receptor
function in the embryo, cells homozygous for these al-
leles should develop more-or-less normally as long as
homozygosity is induced after embryogenesis.

To address this possibility we examined the pheno-
types of the class IIA alleles top'”’, top®“** and top®** in
combination with the pupal lethal alleles top"”® and
top*™”'®, which are more severe loss-of-function muta-
tions than either top™ or top"“*’. All three alleles show
reduced viability in trans to top"™ and top™”'* (Figure 4);
furthermore, heterozygous animals that survive to adult-
hood exhibit severe eye, wing and bristle defects (data
not shown). These results argue that top'”, top**** and
top®"** disrupt the development of imaginal tissue.

In addition, we have shown that the class IIA muta-
tions top*? and top®"** strongly disrupt the develop-
ment of imaginal tissues using genetic mosaic tech-
niques (see MATERIALS AND METHODS). Clones of cells
homozygous for top*** and top®"** were recovered in the
compound eye at a lower frequency than wild-type or
top*“*” clones. Also, the eyes of some irradiated top”“*?
and top®"*’ heterozygous flies contained small scars simi-
lar to those seen in irradiated animals heterozygous for
the amorphic class I allele top“®. These scars are likely
to result from the abnormal development of cells in a

viable

semiviable

ZI postembryonic lethal
late embryonic lethal

weak embryonic lethal
weak/moderate embryonic lethal

moderate embryonic lethal
moderate/severe embryonic lethal

- severe embryonic lethal

Ficure 4.—Interallelic complemen-
tation between torpedo alleles. See
MATERIALS AND METHODS for details of
the crosses. Homozygous mutant phe-
notypes are indicated along the di-
agonal. Animals of viable mutant
genotypes show at least 50% survival
to adulthood relative to their top*/+
sibs. Animals of semiviable mutant
genotypes exhibit 10-50% survival to
adulthood, with the balance dying
during pupal development. Embry-
onic lethal phenotypes are shown in
Figure 5. Examples positive comple-
mentation between torpedo alleles are
highlighted. The names of the class
IIA alleles are boldfaced and that of
the class IIB allele is underlined.

mutant clone (Table 3, data not shown). Likewise,
top®“*? and top®®’ clones in the leg-like top“” clones—
were recovered less frequently than genetically wild-type
clones (Table 3). Mutant leg clones were also smaller than
wild type. While most wild-type clones in the leg consisted
of at least 50 bristles, top”™? and top?*’ mosaic legs con-
tained fewer than 10 marked bristles (data not shown).
Mosaic analysis therefore indicates that top”™ and top™*
impair the development of imaginal disc cells and behave
as severe loss-of-function alleles in the imaginal discs.

These experiments show that the class IIA alleles
top™", top*“** and top®** do not preferentially disrupt
embryogenesis. Instead, the receptors encoded by these
alleles are not fully functional in any of the various tis-
sues examined. Therefore, the extensive complemen-
tation of pupal lethal alleles displayed by these class ITIA
mutations may result from their products interacting
with other mutant receptors to transduce signals.
Complementation between class IIA and pupal lethal
alleles appears to occur in embryonic as well as in imagi-
nal tissues. top™'®, a pupal lethal allele complemented
by the class IIA mutations, must be defective for a gene
function required for embryonic development, since
animals trans-heterozygous for top™'® and any of a num-
ber of embryonic lethal mutations die during embryo-
genesis (Figure 4).

Sequence analysis of torpedo alleles: Genetic analysis
reveals qualitative differences between torpedo alleles
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FIGURE 5.—Cuticular phenotypes of embryonic lethal torpedo mutants. Phase contrast photomicrographs of embryonic cuticles
fixed inside the vitelline membrane. Anterior is to the left; dorsal is up. (A) Wild-type embryonic cuticular pattern. The head
skeleton (arrow) and filzkorper (arrowheads) are below the plane of focus. Rows of denticles lie on the ventral surface of the
embryo. (B) top®"” /top®"7* animal showing a weak embryonic lethal phenotype. The head skeleton is collapsed, and the denticles
are reduced in size. Because the animal has not fully retracted its germband, the filzkorper (arrowheads) are located more dorsally
and anteriorly than in wild type. (C) top’”' /top'™” trans-heterozygote showing a moderate embryonic lethal phenotype. Most
anterior cuticle and head skeleton structures are missing. The embryo has not undergone germband shortening; the posterior
end of the animal, with rudimentary filzkorper (arrowheads), lies behind the head. The number and size of the denticles are
reduced. (D) top/*' /top/*" animal exhibiting a severe embryonic lethal phenotype. Cephalic structures are absent. Germband
shortening has not occurred. The animal lacks denticles and most ventral cuticle. (E) top®*®’ homozygote showing a severe
embryonic lethal phenotype. (F) top® /top™* trans-heterozygote. This animal exhibits a weak to moderate embryonic lethal
phenotype characterized by the production of denticle-bearing ventral cuticle and partial germband retraction (necrotic tissue
surrounding a hole in the posterior cuticle is marked by an arrow). (G) top™”? homozygote showing a severe embryonic lethal
phenotype. (H) top’* homozygote showing a weak embryonic lethal phenotype. This animal suffers head skeleton defects and lacks
denticles, but secretes considerably more cuticle and undergoes more complete germband retraction than an animal showing a
severe embryonic lethal phenotype. An arrowhead marks a spot of filzkorper material.

and a complex pattern of interallelic complementation.
To gain insight into the mechanistic basis of torpedo’s
genetic complexity we have performed a molecular
analysis of mutant alleles. Nucleotide alterations asso-
ciated with 24 loss-of-function mutations in the torpedo
gene, which represent each of the four phenotypic
classes, have been identified (see MATERIALS AND METH-
ops). Five mutations described below, top"?’, top*,
top®, top®”" and top>!, were also characterized by
Raz et al. (1991).

Nonsense mutations: Five alleles characterized in
this study are nonsense mutations (Table 2, Figure 6).
The predicted proteins encoded by top’”, top®“’!, top’

and top""’’ terminate within the extracellular domain of
the receptor; these putative secreted molecules lack the
bulk of the ligand binding domain, as well as the entire
transmembrane, tyrosine kinase and carboxyl-terminal
domains. The top'"”? product, on the other hand, is trun-
cated within the tyrosine kinase domain of the receptor,
resulting in the deletion of kinase subdomains X and XI
of HANKS et al. (1988) and the carboxyl-terminal tail of
the protein.

While most embryos homozygous for each of the non-
sense mutations show a severe zygotic lethal phenotype,
a fraction of top'™”, top**" and top*’? animals-10, 15
and 11%, respectively—exhibit a somewhat weaker
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TABLE 3

Recovery of top?®® and top?'® clones in the eye and leg

Frequency of

Frequency of Frequency of

Genotype Eyes Clones Scars eye clones eye scars Legs Clones leg clones
stw pwn cn bw sg) 116 12 0 0.103 0.000 120 14 0.117
stw pwn cn top*“*? bw sp 94 1 4 0.011 0.042 118 1 0.008
stw pwn cn top?* bw sp 204 3 2 0.015 0.010 119 1 0.008
stw pwn cn bw 408 23 0 0.056 0.000 468 32 0.068
stw pwn cn topte® bw 356 15 1 0.042 0.003 479 33 0.069
stw pwn cn top®® bw 374 0 0 0.000 0.027 713 8 0.011

terminal phenotype (Table 4). However, even embryos
homozygous for the deletion allele top'®* occasionally
exhibit a moderate lethal phenotype (Table 4). It there-
fore seems likely that genetic background affects the
final cuticle morphology of the mutant embryo. Itis also
possible that the top’"%, top?®*! and top™’’ nonsense
mutations are leaky.

Genetic background variation does not appear to be
sufficient to explain the phenotype of the nonsense mu-
tation top®®. Animals homozygous for this exceptional
allele are 2-fold more likely than embryos homozygous
for any other nonsense mutation, and 10-fold more
likely than null embryos, to exhibit a moderate pheno-
type. Ten percent of top”/top®® embryos, in fact, exhibit
an embryonic lethal phenotype characterized by the
production of essentially wild-type amounts of ventral
cuticle (Table 4, Figure 5H). The partial loss-of-function
character of top’® may be explained in several ways. One
possibility is suppression by a second-site lesion that is
linked to top”®. Alternatively, the hypomorphic behavior
of top®® could result from readthrough of its amber
codon or from translational reinitiation at a downstream
methionine codon.

Deletion mutation: Nine contiguous nucleotides are
deleted from the top® ?® chromosome, resulting in the
loss of three amino acids located in subdomain III of the
ligand binding domain of the protein (Table 2, Figure
6). Given the amorphic phenotype of top™*¢ (Table 4),
the three residues eliminated by this mutation appear to
be essential for receptor function. Biochemical studies
of the human EGF receptor implicate subdomain IIT of
the molecule in receptor-ligand interactions (LaAx et al.
1989, 1991; WU et al. 1990). The portion of the ligand
binding domain deleted by the top**? lesion is poorly
conserved among receptor tyrosine kinases of the EGF-R
subfamily (Figure 7G); such variability might be ex-
pected of a region of the molecule that is specialized for
interaction with a specific ligand or set of ligands. It is
possible, however, that the Top®P? receptor is defective
in receptor-receptor interactions or stability.

Frameshift mutation: In the top®®’! chromosome, a
thymidine residue at genomic position 3989 is replaced
by guanidine and adenine (Table 2, see also Raz et al.
1991). The protein encoded by this frameshift allele
lacks most of its carboxyl-terminal tail (Figure 6), which

includes tyrosine residues thought to mediate receptor-
substrate interactions (reviewed in SCHLESSINGER and
UrLricH 1992). The carboxyl terminus of Torpedo is
essential for receptor activity, as top®*’! homozygotes
show a severe loss-of-function phenotype (Table 4). De-
spite this defect, Top™®! does appear to be able to form
functional heterodimers with other mutant receptors
(Figure 4). For a discussion of this phenomenon, see Raz
et al. (1991).

Missense mutations: Nucleotide alterations associ-
ated with 17 torpedo mutations lead to amino acid sub-
stitutions. Three of these amino acid replacements se-
verely disrupt receptor activity, while the remainder
result in a partial reduction of protein function.

Extracellular domain mutants: Twelve missense mu-
tations alter residues lying within the ligand binding do-
main of the Torpedo protein. Five of these affect amino
acids located in the relatively cysteine-poor subdomains
I and I1I, which, in the case of the human EGF receptor,
contain determinants of ligand binding (LAX et al. 1989,
1991). The viable top’ and top? chromosomes, which
were isolated independently but show similar pheno-
types, contain the same amino acid alteration. The two
alleles were induced on different parental chromosomes
that can be distinguished by their characteristic se-
quence polymorphisms (Figure 8). In both cases, a non-
conserved serine residue in subdomain I is changed to
phenylalanine (Table 2, Figures 6, 7A and 8). The nucle-
otide alteration associated with the severe lesion top/*!
results in a Ser to Phe substitution in a highly variable
region of extracellular subdomain 1 (Table 2, Figures 6
and 7B). Chemical cross-linking studies indicate that the
homologous region of HER is in close proximity to the
ligand (WOLTJER et al. 1992). The T to A substitution
associated with the weak embryonic lethal allele top#?
leads to the replacement of a Leu residue five amino
acids carboxyl-terminal to the serine affected by the
top’®’ mutation with Gln. This portion of the molecule
may form an amphipathic a-helix, as all receptors of the
subfamily show a conserved spacing of hydrophobic resi-
dues separated by hydrophilic amino acids (Ala/Val/
Met-X-X-Leu/Val-X-Leu/Met/Ile-X-X-Leu-X-X-1le /
Val). The second hydrophobic residue of this sequence
is altered in the Top®™® protein (Table 2, Figures 6
and 7B).
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TABLE 4
Phenotypic distributions of select null, nonsense and missense alleles
Unhatched embryos”
Total Hatched a Percent Moderate + weak
Allele embryos embryos Severe Moderate Weak Normal Other Lost mutant Total mutant
184" 467 214 123 2 0 113 13 2 26.8 0.016
38" 331 150 51 19 10 85 3 13 24.2 0.363
ED26" 595 403 151 9 0 18 12 2 26.9 0.056
EE39" 446 293 89 8 S 39 7 7 22.4 0.110
1K35°¢ 574 408 134 0 0 25 4 3 233 0.000
1P02° 679 451 151 15 1 43 13 3 24.6 0.096
2G31°¢ 353 216 78 13 1 39 2 4 26.0 0.152
2L65°¢ 651 211 147 11 2 212 34 34 24.6 0.081
2X51° 568 378 107 5 0 63 15 0 19.7 0.045
3B92° 665 442 179 5 0 12 22 5 27.6 0.027
JEI 4 523 344 126 3 2 23 22 3 25.0 0.038

“The severe, moderate and weak phenotypes are shown in Figure 5.
" Induced on a b pr en sca chromosome.

“Induced on a ¢n bw sp chromosome.

“Induced on a dp cn a px sp chromosome.

The nucleotide alteration associated with the partial
loss-of-function, pupal lethal mutation top"“*” produces
an Asp to Asn substitution in subdomain III of the ligand
binding domain (Table 2, Figures 6 and 7F). Although

the affected residue is not conserved among members of
the EGF-R subfamily, most proteins in the subfamily do
possess at least one negatively charged amino acid be-
tween the conserved Gly and Phe residues (Figure 7F).
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(A)
+x xx + ++ +
HER 1 LEEKKVCQGTSNKLTQLGTFED
BER2 22 STQVCTGTDMKLRLPASPET
HER3 20 SEVGNSQAVCPGTLNGLSVTGDAEN
HER4 23 SDSQSVCAGTENKLSSLSDLEQ
Xmrk 1 DPDRRVCQGTSNQMTML---DN
Let23 23 NSNAQLWKRCVSPQDCLCSGTTNGISRYGTG-N
Top 42 AGYVDNGNMRVCIGTKSRLSVPSNKEH
Topl, Top®Y F
(B)
s TR + o+ 4+ + ++ 4+ + x HE ox x o +x
HER 79 NLQIIRGNMYY-———- ENSYALAVLSN-—-YDAN—-—————= KTGLKELPMRNLQE ILHGAVRFSNNPALC
HER2 98 RLRIVRGTQLF--——-- EDNYALAVLDNGDPLNNTTPVTGASPGGLRELQLRSLTE ILKGGVLIQRNPQLC
HER3 101 NLRVVRGTQVY-————- DGRKFAIFVMLN---YNTNSSH——-——- ALRQLRLTQLTEILSGGVYIERKNDKLC
HER4 101 NLRIIRGTKLY-———- EDRYALAIFLN~---YRRKDGNF - -~~~ GLOELGLKNLTE ILNGGVYVDQNKFLC
Xmrk 76 NLRLIRGQNLY---—-. EGNFTLLVMSN~--YQRNPSSPDVYQVGLKQLOLSNLTEILSGGVKVSHNPLLC
Let23 133 RLRVIYGDEVF=wwe-- HDN~-ALYIHKNDK VHEVVMRELRVIRNGSVTIQDNPKMC
Top 126 KLQIIRGRTLFSLSVEEEKYALFVTYSK-- MYTLE IPDLRDVLNGQVGFHNNYNLC
ToptEl F
TOPSHZ Q
©) (D)
* ++x x i+ F+xt+ +2x ++ ++ F tax
HER 133 CNV-ESIQWRDIVSSDFLSNM HER 189 IICAQQC-SGRCRGKSPSDCC
HER2 162 CYQ-DTILWKDIFHKNNQLAL HER2 218 TVCAGGC--ARCKGPLPTDCC
HER3 156 CHM-DTIDWRDIVRD---RDA ERBB3 208 TICAPQC-NGHCFGPNPNQCC
HER4 156 CYA-DTIHWQDIVRNPWPSNL HER4 211 TVCAEQC-DGRCYGPYVSDCC
Xmrk 137 CNV-ETINWWDIVDKTSNPTM Xmrk 193 LLCAEQC~-NRRCRGPRPIDCC
Let23 181 CYIGDKIDWKELLYDPDVQ-- Let23 242 KSCS-QC--FYSNSTSSYECC
Top 179 CHM-RTIQWSEIVSNGTDAYY Top 234 LTCSPQCAGGRCYGPKPRECC
TOpEB b 4 TOPEEBB c
(E) (F)
*+ 2t FhEE 4+ atd ox + % x + + ++ 4+
HER 268 VKKCPRNYVVTDHGSCVRACG HER 339 TSISGDLHILPVAFRG--DSF
HER2 296 VTACPYNYLSTDVGSCTLVCP HER2 368 KKIFGSLAFLPESFDG--DPA
HER3 287 VASCPHNFVV-DQTSCVRACP HER3 355 TKILGNLDFLITGLNG--DPW
HER4 290 VKRCPBNFVV-DSSSCVRACP HER4 360 TKINGNLIFLVTGIHG--DPY
Xmrk 272 VKECPSNYVVTE-GACVRSCS Xmrk 342 TKINGDIILNRNSFEG--DPH
Let23 323 VKECC-PELLIENDVCVRHCS Let23 386 EQIDGHL-IIEBAFT-Y-——--
Top 314 VKECP-GHLLRDNGACVRSCP Top 372 TVIDGNIRILDQTFSGFQDVY
T°p3392 s TOPECZO N
TopCA W
(G) (H)
+ + ++ +  » tteebt P e b S T T
HER 412 FSLAVV-SLNITSLGLRSLKEIS HER 483 HALCSPEGCWGPEPRDCVSCR
HER2 441 YSLTL-QGLGISWLGLRSLRELG BER2 512 HQLCARRALLGSGPTQCVNCS
HER3 428 PFSLLIMRNLNVTSLGFRSLKEIS HER3 501 DPLCSSGGCWGPGPGQCLSCR
HER4 433 SLL-ILKQQGITSLQFQSLKEIS HER4 504 NELCSSDGCWGPGPDQCLSCR
Xmrk 415 FSFVVVQVRHLQWLGLRSLKEVS ¥mrk 480 NNECSEDGCW-PGPTMCVSCL
Let23 445 WALAIYQCDDLEELSLNSLKLIK Let23 521 DKNCNKRGCWGKEPEDCLECK
Top 453 FAALAIVKSSLYSLEMRNLKQIS Top 525 SDQCNEDGCWGAGTDQCLTCK
PopBD26 — TopED16 R
(D )
** * + » x x+ ® * %
Let23 660 CLOSSGMNNVCVENDLPNYYI Let23 697 SISCKTCSSAGRNVVQONKCV-
Top 655 CL-~-LKDDKCPDGYFWEYVH Top 692 HPLCELCTNYGY-HEQV-CSK
ToplA s TopEA E

FiGure 7.—Conservation of extracellular domain amino acids affected by missense and deletion mutations. Aligned protein
sequences for the human epidermal growth factor receptor (HER) (ULLRICH et al. 1984), p185°"2 (HER?) (CoOUSSENS et al. 1985),
p160°™*® (HER3) (Kraus et al. 1989) and p180°™® (HER4) (PLOWMAN ef al. 1993) receptor tyrosine kinases, the melanoma-
associated receptor tyrosine kinase of Xiphophorus (Xmrk) (WITTBRODT ef al. 1989), the fet-23 receptor tyrosine kinase of Cae-
norhabditis elegans (Let23) (AROIAN ef al. 1990) and the torpedo receptor tyrosine kinase of D. melanogaster (Top) (LIvNEH et al.
1985; this work). *, invariant residue; +, amino acid conserved among at least five proteins. Conservative amino acids: D/E; F/Y;
I/L/M/V; H/K/R; N/Q; S/T. Torpedo residues altered by missense and deletion lesions are shown below the aligned sequences.
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5‘ nucleotide 406 of both mutant torpedo alleles

cn bw top! b pr cn sca topCJ
G A T C G A T C G A T C G A T C

- . . ~
- ~. J - Fl('.L'Rl;._/&—Nuclcoudc alterations of top’
e . —— and top"/. Autoradiographs of sequencing
- -— -— I 1’" t Icotite sequemeREig)
e . gels showing the nucleotide sequences of top
- 4 — z . and top” and the wild-type chromosomes, ¢n
e g, ? - bw and b pr n sca, on ‘\\'hi('!l they were in-
g — ‘ duced. The identical C to T transition at

Seven mutations affect residues within the cysteine-
rich repeats of the protein. In the human EGF receptor,
these subdomains (II and IV) appear to serve as struc-
tural elements of the ligand binding domain (LaAX et al.
1989, 1991). The two most severe mutations in this
group change cysteine residues to serine. The product
of top’”, a severe embryonic lethal allele, lacks a cys-
teine residue in subdomain II; the receptor encoded by
top™, a weak embryonic lethal allele, lacks a cysteine
located in subdomain IVB of the ligand binding domain
(Table 2, Figures 6 and 7, E and I). Nucleotide alter-
ations associated with the weakest mutations in this
group, top"’® (viable), top“® (semiviable), top™ (late
embryonic lethal), top™ (pupal lethal) and top"™'® (pu-
pal lethal), alter non-cysteine residues in subdomains II
and IV. In the Top“ and Top*® proteins, charged resi-
dues are changed to hydrophobic or oppositely charged
amino acids (Table 2, Figures 6 and 7, C and E); in
Top**, a charged residue is replaced by cysteine (Table
2, Figures 6 and 7D); in Top™ and Top*"'®, charged
amino acids substitute for glycines (Table 2, Figures 6
and 7, H and J). Charged residues, which can form salt
bridges, and glycines, which provide flexibility to the
polypeptide chain, may play important roles in main-
taining protein structure. The relative severity of muta-
tions in the cysteine-rich motifs is consistent with the
idea that disulfide bonding plays a central role, and ionic
interactions a more peripheral role, in maintaining the
structure of the extracellular domain.

Tyrosine kinase domain mutants: Nucleotide changes
associated with five missense mutations lead to the al-
teration of residues in the kinase domain of Torpedo.
The recent determination of the crystal structure of the
catalytic subunit of murine cAMP-dependent protein ki-
nase has revealed that the catalytic core domain of a
protein kinase is composed of two lobes. Amino-
terminal residues of the kinase domain form the smaller
lobe, which is comprised of two B-sheets and two
a-helixes; carboxyl-terminal residues of the domain
form the larger lobe, which contains two B-sheets and
seven a helixes (KNIGHTON et al. 1991). All of the kinase
domain torpedo mutations affect residues located within

is indicated by an arrowhead. The silent DNA
polymorphism at nucleotide 401 that distin-
guishes the ¢n bw and b pr ¢n sca chromo-
somes is indicated by an arrow.

the large lobe of the domain, between B-strand 9 and
a-helix H (Figure 9), a portion of the kinase domain that
contacts substrate molecules.

The nucleotide alteration associated with the weak
embryonic lethal allele top’”’ mutation produces a con-
servative Pro to Ser change in the loop connecting
B-strand 9 to a-helix F of the kinase domain (Table 2,
Figures 6 and 9). This amino acid lies in a portion of the
tyrosine kinase domain proposed to act as a determinant
of protein kinase specificity. In this region of the kinase
domain,the consensus sequence for protein-tyrosine ki-
nases is X-Pro-lle/Val-Lys/Arg-Trp-Thr/Met-Ala-Pro-
Glu, while that for serine/threonine kinases is Gly-Thr/
Ser-X-X-Tyr/Phe-X-Ala-Pro-Glu (HANKs et al. 1988).
The Let-23 protein-tyrosine kinase, however, possesses
Ala, rather than Pro, at this position (AROIAN et al. 1990).

In the Top™™ protein, Ile replaces Thr'*, a highly
conserved residue situated at the carboxyl-terminal end
of helix F (Table 2, Figures 6 and 9). This amino acid
change generates a contiguous stretch of four hydro-
phobic residues with fairly extensive side chains (Leu-
Leu-Ile-Phe); such a sequence may not assume a stable
a-helical conformation.

The remaining three kinase domain mutants map to
the loop connecting helix G and helix H. In the product
of the moderate embryonic lethal mutation top®“*?, the
Gly residue just carboxyl-terminal to helix G is changed
to Ser. In the Top'™ receptor, proline''", a residue in
the loop connecting helixes G and H, is replaced by the
nonconservative amino acid leucine. The product of the
severe zygotic embryonic lethal allele top®’ suffers a Ser
to Leu substitution at the residue abutting, or within, the
amino terminus of helix H (Table 2, Figs. 6 and 9). The
serine altered in Top? is less highly conserved than the
residues affected by other kinase domain torpedo mu-
tations, as alanine, proline, serine and threonine can be
found at this position in tyrosine kinases (HANKS et al.
1988).

Temperature-sensitive mutations: Three torpedo mis-
sense mutations, top*’"?, top"?* and top®"”’, are temper-
ature-sensitive. Animals homozygous for these alleles
show a severe embryonic lethal phenotype at 29° and a
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Domain VII Domain VIII Domain IX Domain X Domain XI
B9 helix F helix G helix H
CDPK 183 .. .DFG@GR’! ————— WTLCGTPEYLAPEII LSKGYNKAVDWWALGVLIYEMAA-GYPPFFA DQPIQIYEKIVSG-KVRFPSH FSSDLKDLLRNLLQVD...
HER 831 ...DFGLAKLLGAEEKEYHA EGGKVPIKWMALESI LHRIYTHQSDVWSYGVTVWELMTFGSKPYDG IPASEISSILEKGERLPQPPI CTIDVYMIMVKCWMID...
HER2 863 ...DFGLARLLDIDETEYHA DGGKVPIKWMALESI LRRRFTHQSDVWSYGVTVWELMTFGAKPYDG IPAREIPDLLEKGERLPQPPI CTIDVYMIMVKCWMID...
HER3 852 ...DFGVADLLPPDDKQLLY SEAKTPIKWMALESI HFGKYTHQSDVWSYGVTVWELMTFGAEPYAG LRLAEVPDLLEKGERLAQPQI CTIDVYMVMVKCWMID...
HER4 861 ...DFGLARLLEGDEKEYNA DGGKMPIKWMALECI HYRKFTHQSDVWYSGVTIWELMTFGGKPYDG IPTREIPDLLEKGERLPQPPI CTIDVYMVMVKCWMID...
Xmrk 827 ...DFGLSKLLTADEKEYQA DGGKVPIKWMALESI LQWTYTHQSDVWSYGVTVWELMTFGSKPYDG IPAKEIASVLENGERLPQPPI CTIEVYMIILKCWMID...
Let23 1028 ...DFGLSKILKHDADSITI KSGKVAIKWLAIEIF SKHCYTHASDVWAFGVTCWEIITFGQSPYQG MSTDSIHNFLKDGNRLSQPPN CSQDLYQELLRCWMAD...
Top 1032 . .DFGLAKLLSSDSNEYKA AGGKMPIKWLALECI RNRVFTSKSDVWAFGVTIWELLTFGQRPHEN IPAKDIPDLIEVGLKLEQPEI CSLDIYCTLLSCWHLD...

l
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FIGURE 9.—Conservation of kinase domain amino acids affected by missense and nonsense mutations. Aligned protein sequences
for the human, Xiphophorus, Caenorhabditis and Drosophila members of the EGF receptor subfamily of tyrosine kinases. See
Figure 7 for references. The domains of HANKs et al. (1988), as well as structural features determined from the crystal structure
of the murine cAMP-dependent protein kinase (CDPK) (KENIGHTON et al. 1991), are indicated. Helix, a-helix; 8, B-sheet. Torpedo
residues altered by missense and nonsense mutations are shown below the aligned sequences. Class I mutations are in plain text;

class II mutations are boxed.

weak embryonic lethal phenotype at 18° (NUSSLEIN-
VOLHARD et al. 1984; CrLiFFORD and ScHUPBACH 1989,
1992; Raz and SHiLO 1992).

The nucleotide change associated with the top*”? mu-
tation alters a leucine in subdomain I of the ligand bind-
ing domain to the polar residue glutamine. The affected
amino acid may lie within an amphipathic a-helix (see
above).

In the product of the top?"7* allele, a polar amino acid
in helix F of the kinase domain is replaced by a hydro-
phobic residue. The conditional allele sev**? contains a
homologous alteration which changes the peptide se-
quence Ile-Leu-Thr-Leu to Ile-Leu-Ile-Leu; MULLINS and
RuBIN (1991) provide evidence that this mutant Seven-
less protein is temperature-sensitive for activity, rather
than synthesis. This alteration could produce a
temperature-sensitive product in a number of ways. Per-
haps the bulky, relatively inflexible side chain of isole-
ucine produces steric hindrance resulting in the desta-
bilization of the a-helix. This instability might worsen
with increasing temperature. Another possibility is that
the isoleucine residue participates in hydrophobic in-
teractions with neighboring nonpolar amino acids. The
strength of these novel interactions may be greater at
higher temperatures.

The nucleotide alteration in the top*"*° chromosome
leads to the substitution of Leu for Pro in the random
coil linking helixes G and H of the tyrosine kinase do-
main. There appears to be a strict requirement for a
proline within this portion of the kinase domain, as ev-
ery protein kinase in the database of HANKS ez al. (1988)
possesses at least one proline within two residues of
Pro''". Loss of this amino acid could increase the flex-
ibility of the loop, a defect that might become more
extreme at higher temperatures.

1F26

Correlation between amino acid changes and mutant
phenotypes: We observe a striking nonrandom distri-
bution of lesions within the gene. Mutations producing
a general disruption of gene functions (class I) are scat-
tered throughout the coding region of torpedo, while
those affecting a subset of gene functions (classes II, III
and IV) are clustered within specific functional domains
of the Torpedo protein (Figure 6).

Class I mutations appear to reduce the activity of the
Torpedo protein in all tissues. A variety of biochemical
defects (ligand binding, receptor dimerization, tyrosine
kinase activity, substrate interaction) could lead to a gen-
eral disruption of receptor activity. Likewise, altering
residues at many locations in the protein could lead to
defects in stability, post-translational processing or trans-
port to the membrane. Consistent with this expectation,
we find that some class I lesions alter amino acids located
in the extracellular domains while others affect amino
acids lying in the cytoplasmic domain of Torpedo.

The class IIA mutations analyzed in this study, top’%,
top?®®? and top®*>, may disrupt a subset of receptor ac-
tivities required in every tissue (see DISCUSSION). The
nucleotide changes associated with these alleles alter
amino acids lying in the portion of the tyrosine kinase
domain that physically interacts with substrates; thus it
is possible that the Top'”!, Top**® and Top**® proteins
are unable to phosphorylate one or more ubiquitous
substrates. Receptor autophosphorylation sites, as well
as cellular proteins, could serve as these substrates. The
class IIB allele t0p**’ encodes a receptor lacking a
carboxyl-terminal domain. While this molecule should
possess kinase activity, it should not be able to physically
associate with SH2 domain-containing cellular proteins.

The product of the class III allele top®*? carries an
amino acid substitution in subdomain I of the ligand
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binding portion of the receptor. Chemical cross-linking
studies with the human epidermal growth factor recep-
tor show that bound EGF lies in close physical proximity
to this portion of the molecule, which suggests the in-
triguing possibility that the top*? missense mutation al-
ters aregion of Torpedo involved in ligand binding. The
class III mutation to;b”, on the other hand, is a nonsense
mutation located in the extracellular domain of the pro-
tein that exhibits a partial loss-of-function phenotype
(Table 4). The weak female sterile phenotype of this
mutation in ¢rans to top’ might indicate that the mecha-
nism by which this mutation is suppressed operates
more efficiently in the ovary than in other tissues.

All class IV alleles are missense mutations that pro-
duce amino acid substitutions in the ligand binding do-
main of the receptor (Figure 6). top“, top™, top®®,
top®’% and topF=® differentially affect the development
of adult ectodermal structures, the eye, wing veins and
bristles. The molecular nature of these mutations suggests
the possibility that their products may be preferentally im-
paired in binding tissue-specific ligands. As fop™ shows a
slightly antimorphic phenotype in the wing (data not
shown), its product may not dimerize properly.

DISCUSSION

Mutations in the forpedo gene show a complex pattern
of interallelic complementation. Based on genetic stud-
ies, we have divided the alleles into four phenotypic
classes. Molecular analysis reveals that mutations of cer-
tain classes cluster within particular subdomains of the
receptor. Class II mutations, embryonic lethal lesions
that completely or partially complement a variety of em-
bryonic and pupal lethal torpedo alleles, map to the por-
tion of the gene encoding the intracellular domain of
the Torpedo protein. The class IV mutations differen-
tially affect the development of specific adult tissues,
such as the eye, wing veins or bristles. These tissue-
preferential alleles alter single amino acids in the ex-
tracellular domain of the receptor. Likewise, the class III
mutation top™?, which differentially affects oogenesis,
changes aresidue in the extracellular domain of Torpedo.

Do the identified molecular alterations correspond to
the mutant lesions?: Given the large coding region of
torpedo (~4.4 kb), we chose to search for mutant lesions
by DGGE rather than by sequencing the entire gene. For
this reason, we cannot rule out the possibility that some
mutant chromosomes contain molecular lesions in ad-
dition to the ones identified. Nonetheless, we believe
that the relevant DNA alterations have been identified
in most cases for the following reasons. First, only a
single PCR fragment amplified from each mutant chro-
mosome showed a mobility shiftin the DGGE assay (80%
or more of the torpedo coding region was typically ex-
amined) (Figure 3). Second, nucleotide alterations as-
sociated with the torpedo alleles are consistent with their
mode of generation. Molecular characterization of a
large collection of lesions induced at the rosy locus by

ethyl methanesulfate (EMS) or ethylnitrosurea (ENU)
(summarized in LINDSLEY and ZimM 1992) has shown that
these alkylating agents usually generate G/C to A/T sub-
stitutions. Nineteen of twenty-three nucleotide alter-
ations detected in chromosomes carrying EMS- or ENU-
induced torpedo mutations are G to A transitions (Table
2). Third, studies in which EMS-induced mutations in
the sevenless (MuLLINS and RUBIN 1991), Toll (SCHNEIDER
et al. 1991) and dorsal (Isopa et al. 1992) loci were
identified by sequencing the entire coding region of the
gene indicate that double hits are infrequent. Twenty-
seven of 29 alleles characterized in these studies possess
single molecular alterations.

In addition, the biochemical properties of certain mu-
tant gene products are consistent with their proposed
molecular structure. The receptors encoded by top/*!
and top”®”?, which are predicted to carry missense al-
terations in their extracellular domains, possess kinase
activity (SCHEJTER and SHILO 1989). The Top'®?, Top!*®%,
Top®®* and Top®® proteins, which are predicted to
lack autophosphorylation sites, are kinase™ in both in
vive and in vitro assays.

Further, the locations of the top’ and top“ mutant
lesions are confirmed by genetics. A wild-type chromo-
some produced by a recombination event between the
top’ and top™ mutations (J. PRICE and T. SHUPBACH, un-
published) carries a sequence polymorphism specific to
top“ at nucleotide 401 and a polymorphism specific to
top’ at nucleotide 1545 (data not shown).

Alleles that differentially affect the development of
specific tissues encode receptors with altered extracel-
lular domains: Eightalleles examined in this study show
tissue-preferential effects. These mutations show
complementation behavior consistent with the idea that
they peferentially disrupt a subset of torpedo-dependent
developmental processes (see above). Seven of these al-
leles encode receptors carrying amino acid substitutions
in their extracellular domains (Table 2). Several mecha-
nisms can account for the genetic behavior of these mu-
tations. One possibility is that the amino acid alterations
resulting from the class III and IV missense mutations
destabilize the Torpedo protein in a tissue-preferential
fashion.

A second is that alterations in the extracellular do-
main of Torpedo differentially affect the development
of certain tissues by disrupting different aspects of re-
ceptor dimerization. If the kinetics of signal transduc-
tion differ among tissues, mutations decreasing the rate
of dimer formation could preferentially disrupt the de-
velopment of one cell type, while those disrupting the
maintenance of stable dimers could preferentially dis-
rupt the development of another cell type.

A third possibility is that amino acid substitution in the
extracellular domain of the receptor preferentially dis-
rupt the binding of tissue specific ligands. Indeed, Tor-
pedo does appear to be activated by tissue-specific
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ligands. gurken, a gene that exclusively regulates Dro-
sophila oogenesis, is required in germ cells and acts up-
stream of torpedo in the signalling pathway (SCHUPBACH
1987). gurken encodes a molecule showing similarity
to transforming growth factor-a (TGF-a) (NEUMAN-
SILBRERBERG and SCHUPBACH 1993), a ligand for EGF-R
(DERYNCK ef al. 1984), and thus may represent a
germline-specific ligand for Torpedo. The product of
the spiiz gene of Drosophila, which also encodes a
TGF-a homolog (RUTLEDGE et al. 1992), may represent
another ligand for Torpedo. Animals that lack zygotic
spitz expression die during embryogenesis and show a
subset of the defects seen in severe torpedo mutants
(MayEr and NUSSLEIN-VOLHARD 1988; Raz and SHILO
1992; RUTLEDGE et al. 1992). The three mechanisms are
not mutually exclusive.

Torpedo may phosphorylate multiple substrates:
The most dramatic examples of complementation be-
tween mutant receptors involve the products of the class
IIA embryonic lethal torpedo alleles: top’?! /top>“®* and
top'?' /top®® trans-heterozygotes are indistinguishable
from genetically wild-type animals (Figure 4). Since the
molecular lesions associated with these three alleles alter
codons coding for amino acids in a region of the kinase
domain that is likely to contact receptor substrates
(KNIGHTON et al. 1991), we favor the idea that these mu-
tant receptors are impaired in their ability to interact
with substrate molecules. Because top’%, top®“®? and
top*™? disrupt the development of every tissue tested, we
propose that their products are defective in interacting
with ubiquitous cellular substrates (either cytosolic pro-
teins or specific tyrosine residues in the carboxyl-
terminal domain of Torpedo itself). Complementation
between Top'” and Top®®, for example, would occur
because the two mutant receptors fail to interact with
different sets of substrates. The lack of complementa-
tion between Top®*® and Top?®, on the other hand,
would result from the inability of both mutant receptors
to interact with one or more common substrates.

The class 1 proteins Top'™ and Top™™ partially
complement Top'®”, Top*® and Top®™® (Figure 4).
Since the residual activity possessed by these class I pro-
teins allows only weak complementation of Top'”,
Top*®2 and Top® %, we favor the idea that the amino
acid alterations produced by top’™® and top®*”* impair
receptor interactions with all substrates.

Other mechanisms can account for the complemen-
tation occurring between alleles that encode receptors
with altered kinase domains. One alternative is that
complementation reflects the mutual stabilization of
mutant receptors. Another is that receptorreceptor,
receptor-substrate or even receptor-ligand interactions
that are defective in homodimers are stable in het-
erodimers. Further studies are required to determine
which of these possibilities is correct.

Signal transduction by torpedo may require the physi-
cal interaction of receptors: Biochemical studies of

the human EGF receptor suggest that receptor
oligomerization—stimulated by ligand binding-is essen-
tial for signal transduction by this molecule (Figure 1;
reviewed in ULLRICH and ScHLESSINGER 1990). The ex-
tracellular domain of EGF-R plays a dual role in receptor
dimerization. This portion of the molecule contains not
only determinants of ligand binding (LaxX et al. 1989,
1991; WU et al. 1990; WOLTJER ef al. 1992) but also de-
terminants mediating the physical association of recep-
tors (SPIVAR-KROIZMAN et al. 1992).

The pattern of complementation between torpedo al-
leles is consistent with the the idea that signal transduc-
tion by Torpedo depends upon the physical association
of receptors. In several cases partial complementation is
observed between a Torpedo molecule with an altered
extracellular domain but normal tyrosine kinase and
carboxyl-terminal domains (abbreviated as lig™ kin™ ter”
in Table 2) and a Torpedo protein with an altered ty-
rosine kinase domain but normal extracellular and
carboxyl-terminal domains (abbreviated as lig* kin ™ ter”
in Table 2). Top®® and Top*% represent one such pair
of mutant receptors. A simple interpretation of this
complementation is that the mutant receptors form a
functional heterodimer. In this model, formation of the
heterodimer would be mediated by the intact extracel-
lular domain of the lig™ kin~ ter* receptor and activation
of the receptor complex would be mediated by the intact
tyrosine kinase domain of the lig™ kin* ter” receptor.

If the biochemical defect of a kin™ receptor could be
complemented simply by the expression of a kin* mol-
ecule in the same cell, then all Torpedo proteins pos-
sessing an intact tyrosine kinase domain should comple-
menta given kinase-impaired receptor equally well. This
is not the case (Figure 4). Instead we find that the ca-
pacity of a kinase impaired molecule, such as Top®%, to
form an active signal transduction complex with a lig™
kin* ter” Torpedo protein is roughly inversely propor-
tional to the severity of the lesion in the extracellular
domain, such that receptors with the most severely af-
fected extracellular domains (as judged by homozygous
mutant phenotypes) show the weakest complementa-
tion with lig” kin~ ter” proteins. This finding is consis-
tent with the idea that intermolecular complementation
depends upon the physical association of mutation re-
ceptors and is mediated through the extracellular do-
main of the molecule.

The pattern of interallelic complementation argues
that the extracellular domain of Torpedo plays a critical
role in mediating complementation between mutant re-
ceptors. This requirement is illustrated by the positive
complementation behavior of the class II alleles, whose
products appear to possess normal ligand binding and
carboxyl-terminal domains and an altered tyrosine ki-
nase domain. While the lig* kin~ ter" product of the
severe class IIA allele t0p®%* fully complements the lig*
kin™ ter” molecule encoded by the weak embryonic le-
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thal class IIA mutation top’”, it only partially comple-
ments the pupal lethal alleles top*® and top™’¢, which
encode lig~ kin® ter* receptors (Figure 4). Likewise,
top®® is complemented more fully by the severe em-
bryonic lethal mutation f0p***! (lig* kin"* ter® product)
than by the severe embryonic lethal alleles top”®*? and
top (lig~ kin* ter* products) (Figure 4).

Further evidence that the ligand binding domain of
Torpedo is required for complementation between mu-
tant receptors is provided by the genetic behavior of
top™, top™?% and top™”*. top™ encodes a lig” kin* ter*
receptor, while top™?® and top?"”* encode lig* kin~ ter*
products; all three alleles, at room temperature, show
similar homozygous embryonic lethal phenotypes. How-
ever, top™ generally shows more severe phenotypes in
combination with top?%, top?™! and top/®' than do
top™® and top”™’* (Figure 4). In an analogous fashion,
the semiviable mutation top“ (lig~ kin* ter* product)
partially complements fop”™?¢ and top?”’* but fails to
complement the pupal lethal allele top*® (lig~ kin* ter”
product) (Figure 4).

Alleles whose products have altered extracellular do-
mains generally complement other mutant alleles less
completely than do equally (or, in some cases, more)
severe alleles encoding receptors with altered kinase or
carboxyl-terminal domains. These observations argue
that the extracellular domain of Torpedo is necessary
for interallelic complementation. Full complementa-
tion occurs between certain lig" receptors and partial
complementation between lig* and lig™ receptors.

Alternatively, the complementation behavior of the
class II mutations may reflect the increased cell surface
expression or stability of their protein products relative
to those encoded by other classes of torpedo alleles. If
they are expressed at higher levels than receptors en-
coded by the class I, III and IV alleles, the products of
the class II alleles would have a greater probability
of interacting with—thereby stabilizing or forming
functional heterodimers with—other mutant Torpedo
molecules.

Does signal transduction require ligand binding by
both receptors?: top’®’? and top/F!, which encode pro-
teins with altered ligand-binding domains (Table 2), be-
have as total loss-offunction mutations when homozy-
gous or in trans to chromosomal deficiencies. However,
since these alleles partially complement torpedo muta-
tions encoding receptors with altered kinase domains
(Table 2, Figure 4), the Top®®?* and Top™ proteins ap-
parently can form some functional heterodimers.

Missense mutations within the extracellular domain
of Torpedo could abolish receptor function, yet still al-
low intermolecular complementation, in a number of
ways. One possibility is that the amino acid alterations
produced by top®®? and top/*! only affect protein sta-
bility. If this were the case, complementation would re-
flect stabilization of the Top®*®% and Top'™ proteins

through the co-expression of another species of mutant
receptor.

Another possible mechanism for the inactivation of
Top®®* and Top’®! is that they bind ligand and initiate
dimer formation normally, but do not form stable re-
ceptor complexes. The formation of short lived het-
erodimers between these molecules and kinase-
impaired Torpedo proteins might be sufficient for weak
signal transduction.

A third possibility is that these mutant Torpedo pro-
teins are defective in ligand binding and, consequently,
in the initiation of dimer formation. The stability of
dimers containing these proteins, however, might be
normal. Biochemical studies suggest that receptor
dimerization and signal transduction may require ligand
binding only by one member of the pair. Epidermal
growth factor stimulates the dimerization of EGF-R and
HER?2 in vivo (QUIAN et al. 1992; SPIvAK-KROIZMAN et al.
1992), as well as the aggregation of purified EGF-R and
HER2 extracellular domains in solution (SPIVAK-
Kro1zman et al. 1992). Neither HER2 nor its purified
extracellular domain possesses EGF binding activity.
When coexpressed with kinase™ EGF-R, HER2 protein
autophosphorylates and associates with PL.C-y in re-
sponse to EGF stimulation (SPIVAK-KROIZMAN et al.
1992). In an analogous manner, the Top®* and Top™
proteins might be completely defective in ligand binding,
yet still be able to associate with and be activated by a
ligand-bound Torpedo molecule with a defective kinase
domain.

Conclusions: We have molecularly characterized 24
loss-of-function mutations at the torpedo locus of Dro-
sophila, which encodes a receptor tyrosine kinase of the
EGF receptor subfamily. Genetic interactions between
21 of these alleles were examined (this work; CLIFFORD
and ScHUPBACH 1989). Based on the correlation ob-
served between the genetic behavior and amino acid
alterations of these mutations, we draw the following
conclusions: (i) Torpedo may be activated by tissue-
specific ligands, (ii) Torpedo may phosphorylate mul-
tiple substrates within the same tissue, (iii) signal trans-
duction by torpedo appears to require the physical
interaction of receptors, (iv) the extracellular domain of
Torpedo plays a critical role in mediating receptor-
receptor interactions. Our results complement and ex-
tend the previous work of Raz et al. (1991), and are
consistent with models of receptor tyrosine kinase func-
tion derived from tissue culture studies.

Using a functional (genetic) assay, we have identified
residues in the extracellular and intracellular domains
of Torpedo that are essential for signal transduction.
Since a number of the affected amino acids are con-
served between the the fly and vertebrate receptors, it
should be possible to investigate the biochemical con-
sequences of these mutant alterations on receptor func-
tion by engineering them into the human epidermal
growth factor receptor.
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