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ABSTRACT Mutations at the flightless-I locus (flit) of
Drosophila melanogaster cause flightiessness or, when severe,
incomplete ceilularization during early embryogenesis, with
subsequent abnormalities in mesoderm invagination and in
gastrulation. After chromosome walking, deficiency mapping,
and transgenic analysis, we have isolated and characterized
Oightless-I cDNAs, enabling prediction of the complete amino
acid sequence of the 1256-residue protein. Data base searches
revealed a homologous gene in Caenorhabditis ekgans, and we
have isolated and characterized corresponding cDNAs. By
using the polymerase chain reaction with nested sets of degen-
erate oligonucleotide primers based on conserved regions of the
C. elegans and D. melanogaster proteins, we have doned a
homologous human cDNA. The predicted C. ekgans and
human proteins are, respectively, 49% and 58% identical to the
D. melanogaster protein. The predicted proteins have signifil-
cant sequence similarity to the actin-binding protein gelsolin
and related proteins and, in addition, have an N-terminal
domain consisting of a repetitive amphipathic leucine-rich
motif. This repeat is found in D. melanogaster, Saccharomyces
cerevisiae, and mammalian proteins known to be involved in
cell adhesion and in binding to other proteins. The structure of
the maternally expressed flightless-I protein suggests that it
may play a key role in embryonic cellularization by interacting
with both the cytoskeleton and other cellular components. The
presence of a highly conserved homologue in nematodes, flies,
and humans is indicative of a fundamental role for this protein
in many metazoans.

A number of mutations causing disturbances of behavior
have been mapped to a genetically well-characterized region
of the Drosophila melanogaster X chromosome (1-3). To
further define loci of interest, a chromosomal segment was
microdissected and cloned (4), chromosomal walks were
performed, breakpoint rearrangements and mutational le-
sions were mapped, and transgenic organisms were con-
structed (5, 6). One of these loci is flightless-I (fQiI), some
mutations of which lead to loss of flight ability due to
myofibrillar abnormalities in the indirect flight muscles; more
severe alleles cause lethality in early embryogenesis (2, 3).
Importantly, only some parts of these embryos are cellular-
ized (3) and ventral furrow formation and gastrulation are
abnormal. Cellularization during early embryogenesis is crit-
ically dependent on the actin-based cytoskeleton. The for-
mation of membrane furrows, which come down between
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nuclei, is brought about by a hexagonal array of actin and
myosin filaments that form around the nuclei in the cortex of
the syncytial blastoderm (7-10).
Here we report the molecular cloning and characterization

of D. melanogaster fli cDNAs and of homologous cDNAs
from Caenorhabditis elegans and from humans.** The pre-
dicted proteins contain a gelsolin-related area likely to be
involved in actin binding, as well as an amphipathic leucine-
rich repeat (LRR) region likely to be involved in protein-
protein interactions. These findings have significant implica-
tions for our understanding of early embryogenesis and
muscle development.

MATERIALS AND METHODS
Germ-Line Transformation and Genetic Crossing Pro-

grams. Chromosome walking following chromosome micro-
dissection and cloning was as described (5, 6). A 10.2-kb
genomicXho I fragment was ligated into the Xho I site ofpW8
(11), a P-element vector that carries a white+ (w+) marker, to
yield the construct pFLI (see Fig. 1). This was injected into
w embryos as described (5). Standard genetic crosses intro-
duced the transgene into different genomes harboring chro-
mosomal rearrangements or alleles of the fli locus. Two of
these rearrangements, Df17-257 and Df16-129, are deficien-
cies that remove the fli locus. Crosses of the type w' Df
17-257/y+ Ymal+; pFLI/+ male by w1 Dfl6-129/FM7 female
yielded the appropriate experimental and control genotypes.
Tests of viability and flight capacity were conducted (2). The
FM7 and y+ Ymal+ chromosomes are as described (12).

Molecular Cloning of D. melanogaster cDNAs. D. melano-
gaster cDNAs were isolated from AgtlO libraries (13) using
the two EcoRI fragments that detected the 5.1-kb fli tran-
script (see Fig. 1) on Northern blots (data not shown). cDNA
fragments were subcloned in pGEM1. Two EcoRI fragments
of 2.3 and 1.5 kb from the phage with the largest insert,
together with a third, overlapping 1.5-kb fragment from
another phage, were sequenced on both strands (6) using
Sequenase (United States Biochemical). Compressions were
resolved with dITP. A 420-bp BamHI/Sal I fragment span-
ning the internal EcoRI site was subcloned from both cDNA
and genomic clones and sequenced to confirm the EcoRI
junction.

Molecular Cloning of C. elegans cDNAs. C. elegans cDNAs
were isolated from a mixed stage library in AZAPII (Strata-

Abbreviation: LRR, leucine-rich repeat.
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gene, no. 937006) using synthetic oligonucleotides corre-
sponding to GenBank entry CELB0303 nucleotides 1478-
1557 and to nucleotides 2231-2175 (complement) joined to
1565-1543 (complement). The two,80-mers were annealed
and extended with deoxynucleoside triphosphates and DNA
polymerase I (Klenow fragment). The resulting 145-bp du-
plex was gel-purified, labeled by random priming, and used
to screen the library. Inserts from two positive clones were
subcloned in pBluescript SK- (Stratagene) using ExAssist
helper phage. The 4.6-kb insert from the larger clone was
isolated and the coding region was sequenced completely on
both strands.

Molecular Cloning of Homo sapiens cDNAs. Degenerate
oligonucleotide primers including the following were synthe-
sized (14): outer primers, 5'-TGYGTIGTITAYTTYTG-
GCA-3' and 5'-TTRTCIARDATCATDATRTC-3'; inner
primers, 5'-WSICAYTTYAARMGIAARTT-3' and 5'-
ARRTCRTCYTGRCARAARTC-3' (where Y is T or C, R is
G or A, D is G or A or T, W is A or T, S is G or C, and M
is A or C). The PCR was carried out on a GeneAmp PCR
system 9600 (Perkin-Elmer) using GeneAmp PCR reagents.
Each oligonucleotide was present at a final concentration of
2 ,M and 0.5 ,g of genomic DNA was added per reaction
mixture (100 1,u). After 1.5 min at 95°C, PCR was carried out
for 40 cycles (95°C, 50°C, and 72°C, each for 30 sec) followed
by 4.5 min at 72°C. An aliquot (1,l) ofthe first PCR was used
as template in the second reaction. Aliquots of the second
reaction mixture were end-repaired with DNA polymerase I
(Klenow fragment) and phosphorylated with T4 polynucle-
otide kinase. Fragments were isolated by electrophoresis and
cloned into M13mplO for sequencing. PCR fragments were
used to screen human hippocampal and fetal brain cDNA
libraries (Stratagene, nos. 936205 and 936206). Inserts were
subcloned in pBluescript SK- and the longest one of 4.1 kb
was sequenced on both strands.
Computer Methods. Sequences were assembled and ana-

lyzed with Staden (15) and Genetics Computer Group (GCG)
(16) software. Nucleotide sequence data bases were searched
by using TFASTA (17) or TBLASTN at the National Center for
Biotechnology Information (Bethesda, MD). Two-way and
multiple amino acid sequence alignments were obtained using
the GCG programs GAP and PILEUP, with gap weight 3.0 and
gap length weight 0.1. End gaps were weighted like other
gaps.

RESULTS AND DISCUSSION

Genetic Localization of thefli Locus and Transgenic Rescue.
Extensive molecular genetic analysis of a 250-kb chromo-
somal walk narrowed the fli locus to a 16-kb region. A
restriction map of the region containing thefli gene, together
with the positions ofthe other transcription units in this area,
is shown in Fig. 1. Germ-line transformation (11) using the
10.2-kb Xho I fragment (denoted pFLI) yielded a single
transformant line, in which the transgene mapped to chro-
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FIG. 1. Restriction map of the fli region. Restriction sites are
shown for EcoRI (E), BamHI (B), Bgl II (Bgl), Sal I (S), and Xho I
(X). The breakpoints of chromosomal deficiencies are shown. Four
transcription units (tweety, flightless, dodo, and penguin) and their
direction of transcription (where known) are indicated. The 10.2-kb
Xho I fragment used for germ-line transformation is indicated.

mosome 4 (data not shown). This transforming fragment
contains only one complete transcription unit (Fig. 1), and it
completely restores flight ability to flightless mutants-e.g.,
fliP (alleles described in refs. 2 and 3). Two lethal alleles at
this locus, D44 and 2/19B, correspond, respectively, to a
small deficiency and an insertion in one of the two genomic
EcoRl fragments (Fig. 1) that detect this transcription unit
(unpublished results). This transcription unit thus corre-
sponds to the fli gene.
Overlapping chromosomal deficiencies (Fig. 1) have al-

lowed us to delete the fli landscape and simultaneously
introduce the transgene so that the appropriate genotypes for
testing are all generated from the same crosses (e.g., geno-
types A, B, and C; Table 1). Flies that are homozygous
deficient for the landscape are white-eyed (genotype A; Table
1) and all die by the midpupal stage. Homozygous deficient
individuals carrying a wild-type copy ofpFLI are viable, with
orange colored eyes (genotype B; Table 1). Their viability is
about two-thirds that of their full sibs (genotype C; Table 1).
All deficiencies in this region are lethal in the homozygous
condition (e.g., genotype D).
When flies of the various genotypes were tested, one copy

of the fli+ locus was sufficient to give normal flight ability
(genotype E; Table 1). On the other hand, a single copy ofthe
transgene is insufficient to restore flight ability to homozy-
gous deficient flies (genotype B; Table 1; 6% of these indi-
viduals exhibit some flight ability). By contrast, 99%o of their
full sibs (genotype C) fly normally. Part of the regulatory
region ofthefli gene may be missing from pFLI, or its activity
may be reduced because this insertion is on the f3-hetero-
chromatin-like fourth chromosome (18). Alternatively, the
lack of full restoration of flight ability by the transgene could
be due to the deletion of part or all of three neighboring
transcription units (Fig. 1).

Molecular Cloning of flu cDNAs. To characterize the fli
transcription unit, 13 cDNAs were isolated, and the longest

Table 1. Survival to adulthood and flight ability of flies of various genotypes bearing deficiencies (Df) for the fli locus in the presence or
absence of a single wild-type transgenic copy of the locus

Genotype
B C

A wI Df 16-129 wI Df 17-257 D E
wI Df 16-129 w1 Df 17-257 w Balancer wI Df 16-129 wI Df 16-129
wI Df 17-257 plus transgene plus transgene wI Df 16-129 w Balancer

No. of surviving adult females 0 249 378 0 393
Flight ability 6%* 99%/t - 95%*
*One hundred and six tested.
tTwo hundred and thirteen tested.
tOne hundred and nineteen tested.

If I.
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clone and another that overlapped its 3' end were sequenced.
The composite sequence consisted of 4672 bases plus a
poly(A) tail and contained a single large open reading frame.
The predicted protein (Mr 143,683) (Fig. 2) contains neither
a signal sequence nor any potential transmembrane hydro-
phobic regions nor a phosphatidylinositol anchor site.

Molecular Cloning of afli Homologue from C. elegans. Data
base searches revealed significant sequence similarity be-
tween the D. melanogasterfli-encoded protein and predicted
protein sequences from the C. elegans cosmid B0303 (19).
B0303 appeared to encode amino acids 1-442 (Fig. 2) of a
putative fli protein homologue, allowing for introns. Two C.
elegans cDNAs were isolated by using a probe based on
cosmid B0303 (19). The larger was sequenced (4529 bp),
enabling prediction of the complete amino acid sequence of
the protein (Mr 144,756). Alignment of the C. elegans protein
(1257 amino acids) with the fli protein (1256 amino acids)
revealed 49% identity (69% similarity when conservative
substitutions are considered).
Comparison of the cDNA sequence with the complete

genomic sequence (GenBank entries CELB0303 and
CELB0523) shows that the C. elegans gene consists of 14
exons and 13 introns covering 8647 bp from the 5' end of the
cDNA to the poly(A) attachment site. For comparison, the D.
melanogaster fli gene consists of four exons and three
introns, covering 5195 bp (unpublished results). Only the first

intron in the D. melanogaster gene corresponds exactly in
position to one of the C. elegans introns (intron 2). A gene
encoding tRNATrP (sup-5, present in CELB0523) lies in intron
9 of the C. elegans fli gene homologue.

Molecular Cloning of a Human FLI Homologue. Alignment
of the D. melanogaster and C. elegans protein sequences
revealed stretches of completely conserved sequence (Fig.
2). Degenerate oligonucleotide primers were designed by
reverse translation of these sequences, and PCR was used to
detect fli homologues in DNA from various organisms (14).
One set of four primers gave a discrete band of 850 bp with
human genomic DNA. These primers correspond to residues
963-969, 1013-1019, 1178-1172, and 1188-1182 of the fly
protein (Fig. 2). The sequence of this fragment suggested that
it encoded a human homologue of the fli protein. This
fragment was used to screen human brain cDNA libraries; six
positive clones were isolated, and the longest ofthese (4.1 kb)
was sequenced. The encoded protein had 58% identity to the
D. melanogaster protein (74% similarity when conservative
substitutions are considered). Southern blotting experiments
using the cDNAs as probes indicate that a single copy of the
gene is present in both the haploid human and fly genomes
(unpublished results).
An alignment of the three proteins is shown in Fig. 2 and

suggests that the human coding region is almost complete.
Data base searches using the three sequences revealed sig-
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FIG. 2. Alignment of the amino acid sequences of the predicted D. melanogaster fli protein and its C. elegans and human homologues.
Residues identical in all three are highlighted. Amino acid 154 is a phenylalanine residue encoded by TTC in both the C. elegans cDNAs, whereas
in the genomic sequence (CELB0303) the serine codon TCC is present. We have isolated additional human cDNAs but have not yet obtained
a clone encoding the initiation codon. The D. melanogaster LRRs are at amino acids 1-21, 22-44, 45-67, 68-92, 93-115, 116-139, 140-162,
163-186, 187-211, 212-234, 235-257, 258-280, 281-305, 306-328, 329-351, and 352-374 and the LRRs of the C. elegans and human proteins
are at 1-24, 25-47, 48-70, 71-95, 96-118, 119-142, 143-165, 166-189, 190-214, 215-237, 238-260, 261-283, 284-308, 309-331, 332-354, and
355-377. The consensus sequence for the LRRs of the predicted proteins is P--(L/I)--L--L--L(D/N)L(S/N)-N-L--(L/V).
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FIG. 3. Schematic view of the predicted D. melanogaster, C.
elegans, and human proteins together with proteins containing
related domains (refs. 20-37; GenBank entry ATRLPKC). Hatched
box, LRRs; solid box, domain present in Mbhl, gCap39, fragmin,
and severin, and as two copies in gelsolins, villins, and the fli protein
homologues; shaded box, villin headpiece.

nificant similarity to two known protein families. The first
contains actin-binding proteins such as gelsolins and villins,
mouse Mbhl, and the slime mold proteins severin and
fragmin, all ofwhich cap or sever actin filaments (20-24). The
second family consists of proteins containing various num-
bers of a LRR (25-37). These relationships are illustrated
schematically in Fig. 3.
Alignments with the Gelsolin Family. Alignment of the

human FLI protein with human gelsolin reveals 31% identity
(52% similarity). Alignment ofthe D. melanogaster fli protein
and D. melanogaster gelsolin (24) reveals 27% identity (48%
similarity). The region of similarity between the fli proteins

and members ofthe gelsolin family extends from near residue
500 to the C termini of the fli proteins (Fig. 3).

Alignments with theLRR Family. All three proteins possess
16 LRRs at their N termini (Fig. 3). In general, LRR domains
are thought to have a role in specific protein-protein inter-
actions (25, 26). For example, the LRR-containing human
glycoprotein lb a and P heterodimer is involved in the
adhesion of human platelets to vascular subendothelium
mediated by the von Willebrand factor (27), while the LRR of
the rat lutropin-choriogonadotropin receptor putatively
forms the extracellular hormone-binding domain (28). LRRs
also appear to be involved in the interaction ofyeast adenylyl
cyclase (29) with the ras protein (30). Other protein-protein
interactions involving LRRs are exhibited by the pig RNase
inhibitor, which forms a 1:1 complex with RNase (31), and
the human carboxypeptidase subunit which forms a tet-
rameric complex with the catalytic subunit (32). Four LRR
family members from D. melanogaster are chaoptin [a pho-
toreceptor cell-specific glycoprotein known to be involved in
cell adhesion (33)], connectin [a cell adhesion molecule
expressed on particular muscles and their innervating mo-
toneurons during embryogenesis (25)], the Toil transmem-
brane protein [involved in the specification of dorsal-ventral
polarity (34)], and the slit protein [involved in the develop-
ment of glial cells and commissural axons (26, 35)]. These and
other proteins (36, 37) containing LRRs are shown schemat-
ically in Fig. 3. Since repeats of this type are present in a
variety ofproteins involved in protein-protein interactions, it
is likely that the LRRs of the three fli protein homologues are
also involved in such interactions.

Actin-Binding Aspects of the Gelsolin and fli Families. The
functional implications of the structure of the Drosophila fli
protein and its C. elegans and human homologues are in-
triguing. All three exhibit extensive similarity to the gelsolin-
like family over the six segments of gelsolin known to be
involved in actin binding. In human gelsolin, actin monomer
binding sites occur in segments 1 and 4-6, while F-actin
binding sites occur in segments 2 and 3 (Fig. 4). Segment 1 of
human gelsolin, which contains a high-affinity monomeric
actin-binding site, has been examined by site-directed muta-
genesis (39). To examine functional aspects of the fli proteins
in the context of these mutagenesis results, we performed
multiple alignments of gelsolins, including D. melanogaster
gelsolin (24), and gelsolin-like proteins, from various orga-
nisms. Segment 1 of such an alignment is shown in Fig. 4,

1 2 3
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FIG. 4. Alignment of segment 1 of human gelsolin with members of the gelsolin family of actin-binding proteins and comparison with the
corresponding regions of the three flu protein homologues. Family members include viffin, gCap39, Mbhl, macrophage capping protein (mcp),
fragmin, and severin (refs. 20-24 and 38). h, Human; m, mouse; p. pig; d, D. melanogaster; c, chicken. Residues identical in all the gelsolin
family are highlighted, as are residues in the three fli proteins that match them. Residues where at least one substitution tested by in vitro
mutagenesis alters actin binding are marked with an asterisk (39). Two large boxes indicate the two domains present in gelsolin and villin and
the three shaded areas in each of the six segments (numbered 1-6) represent repetitive, conserved motifs. Hatched bars, motif b; shaded bars,
motif a; solid bars, motif c.
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together with the sites where mutagenesis alters actin bind-
ing. In members of the gelsolin family not including the fli
protein homologues, 20 residues are absolutely conserved in
segment 1, and many others are highly conserved over this
wide phylogenetic spectrum. Of the invariant residues, 15 are
conserved in the D. melanogaster protein, 12 are conserved
in C. elegans, and 13 are conserved in humans. Of the 12
residues where some mutagenesis-induced changes have
been found to alter actin binding (Fig. 4), 8 are conserved in
D. melanogaster, and 6 are conserved in both C. elegans and
humans. The differences that do occur naturally in these
residues have yet to be tested by in vitro mutagenesis (39). It
seems likely from the sequence similarities and the in vitro
mutagenesis results that the actin-binding properties of the
three fli proteins are similar to those of gelsolin.

Cellularization Processes in Early Drosophila Embryogene-
sis. How do these different properties of the actin-binding and
LRR domains relate to the biological context in which the fli
protein functions? A number of alleles of varying severity
(W-2, EN3, EF498, HC183, and DA534) have been analyzed
by germ-line clone analysis (3) where various amounts of
wild-type fli product are presumably available for the devel-
oping egg. In the most extreme case (W-2), only some parts
of the embryo cellularize correctly (figure 7 in ref. 3),
gastrulation is abnormal, and the mesoderm does not invagi-
nate.
The formation of membrane furrows which come down

between nuclei to complete cellularization at stage 14 is
controlled by the organization and dynamics of the actin-
based cytoskeleton. This process is predominantly under the
influence of maternal products and it appears that the actin-
myosin network draws the membranes around the nuclei
(7-10). Since the fli protein is clearly involved in cellulariza-
tion, has potential actin-binding and LRR protein-binding
domains, and is a maternal product, it could play a critical
role in the cytoskeletal processes of early embryogenesis by
acting as a bifunctional linking protein that tethers actin to
other cellular components, possibly including membrane
proteins. It is also possible that an effector molecule could
interact with the LRR domain of the fli protein, modulating
its actin-binding activity and thereby regulating the behavior
ofthe cytoskeleton. In later development ofthe indirect flight
muscles, the fli protein may again be needed for similar
events of muscle differentiation. Alternatively, it may play a
structural role in indirect flight muscle. The conservation of
the fli protein in distantly separated organisms indicates that
this protein may serve a critical cellular function in most
higher eukaryotes. The confirmation of the actin binding
properties of the gelsolin-related domain and the identifica-
tion of the cellular component with which the LRR domain
interacts will be important milestones in understanding the
biology of the fli proteins.
As has been pointed out in relation to the extensively

studied gelsolin protein (24), ". . the lack of a genetically
manipulable organism has hindered our developing a more
complete definition of what it is that gelsolin does.. . ." The
availability of the human, C. elegans, and D. melanogaster
fli genes should facilitate the functional analysis of these
gelsolin family members using the D. melanogaster genetic
and transgenic systems. To this end, we are already testing
the function of the C. elegans and human cDNAs in trans-
genic flies. In addition, we have cloned the mouse homologue
of fli (unpublished results) and are using gene targeting to
examine the role of this gene in mammalian systems. Finally,
chromosome mapping of the humanFLI gene homologue will
allow investigation of its possible role in inherited disorders

involving developmental abnormalities or muscle degenera-
tion.
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