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diaphanous is required for cytokinesis in Drosophila and shares domains of

similarity with the products of the limb deformity gene
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SUMMARY

We show that the Drosophila gene diaphanous is required
for cytokinesis. Males homozygous for the dial mutation
are sterile due to a defect in cytokinesis in the germline.
Females trans-heterozygous for dial and a deficiency are
sterile and lay eggs with defective eggshells, failure of
cytokinesisis observed in thefollicle cell layer. Null alleles
are lethal. Death occursat the onset of pupation dueto the
absence of imaginal discs. Mitotic figuresin larval neuro-
blastswerefound to be polyploid, apparently dueto a defect

in cytokinesis. The predicted 123x103 M, protein contains
two domains shared by the formin proteins, encoded by the
limb deformity gene in the mouse. These formin homology
domains, which we have termed FH1 and FH2, are also
found in Bnilp, the product of a Saccharomyces cerevisiae
gene required for normal cytokinesisin diploid yeast cells.

Key words: cytokinesis, mitosis, spermatogenesis, oogenesis, P
element, Drosophila

INTRODUCTION

To complete mitosis successfully, a cell must carry out two
separate processes: karyokinesis, or chromosome segregation,
and cytokinesis, or the division of the entire cell. In animal
cells, cytokinesis is believed to be mediated by the contractile
ring, atransient cytoskeletal structure located midway between
the spindle poles at the cell cortex. Actin and myosin, which
are concentrated at the cleavage furrow in a variety of cdlls,
are believed to generate the force leading to contraction of the
ring and, ultimately, the separation into two daughter cells
(Satterwhite and Pollard, 1992).

Despite increasing knowledge about mitosis and the cell
cycle, many aspects of cytokinesis remain poorly understood.
For example, it is not clear how actin and myosin are recruited
to the contractile ring, nor how the contractile ring is attached
to the cell membrane. The position of the contractile ring is
believed to be determined by a signal originating at the mitotic
spindle (Rappaport, 1986), but the nature of this signal is not
known. Lastly, few of the structural and regulatory proteins
involved in cytokinesis have been identified.

The isolation of mutations that disrupt cytokinesis in
organisms such as yeast or Drosophila promises to be a useful
approach for identifying genes required for cytokiness.
Indeed, mutations identified through genetic screens in
Drosophila (Karess et al., 1991), or through a ‘reverse genetic’
approach inS. cerevisiae (Wattset a., 1987) and Dictyostelium
(DeLozanne and Spudich, 1987), have demonstrated that
myosin function is required for cytokinesis. More recently, the
peanut locus has been shown to be required for cytokinesisin
Drosophila and to encode a homolog of Cdc12 and related
proteins required for cytokinesis in yeast (Neufeld and Rubin,
1994).

The diaphanous (dia) locus was identified in a P element
screen for recessive male-sterile mutations (Castrillon et al.,
1993). Here we present evidence that dia is generally required
for cytokinesis. A failure in cytokinesis during spermatogene-
sis results in multinucleate spermatids. A defect in oogenesis
in females is associated with a failure of cytokinesis in the
somatically derived follicle cells, which surround each devel-
oping egg chamber. We further show that null dia alleles result
in early pupal lethality and that the lethal phenotype is consis-
tent with a defect in cytokinesis. Lastly, we have defined two
evolutionarily conserved domains that are common to the
protein products of diaphanous, the limb deformity locus of
mouse and chicken, and BNI1, a yeast gene identified on the
basis of its interaction with CDC12.

MATERIALS AND METHODS

Drosophila markers and manipulations

All crosses were performed at 25°C on yeasted cornmeal molasses
agar. Genetic markers and balancers are described and referenced by
Lindsley and Zimm (1992). Letha dia mutations were balanced with
IN(2LR)Gla, Bc. RNA from germlineless flies was prepared from the
progeny of females homozygous for the tud® mutation.

Remobilization of P element to generate new alleles

The dia! chromosome was brought together with a transposase source
by crossing dial/CyO flies to flies carrying the P[ry+, A2-3] trans-
posase source on the third chromosome (Robertson et al., 1987). In
the next generation, the P[ry+, A2-3] chromosome was crossed out,
and ry~ derivatives of the dial chromosome were selected to establish
lines.

Of the 226 rosy™ lines generated, 17 were homozygous lethal. The
results of several genetic tests argue that these events are lethal alleles
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of the dia locus: (1) the cytologically visible deficiency Df(2L)TWa4,
which deletes the entire dia region, fails to complement any of these
lethal mutations; (2) complementation tests indicate that these 17
lethal events are due to mutations in the same locus; (3) the lethal
events fail to complement the original dial alele and (4) a genomic
fragment containing a single intact transcription unit can fully rescue
the male-sterile and lethal phenotypes (discussed in more detail
below).

Nucleic acid manipulations and analysis

Standard protocols were performed as described (Sambrook et a.,
1989). For plasmid rescue, genomic DNA prepared from adults
homozygous for dial was digested to completion with Xbal and Nhel,
self-ligated and transformed into competent E. coli cells following a
standard protocol (Ashburner, 1989) with selection for kanamycin
resistance. The 140 bp fragment from one of the plasmid rescue clones
was gel-purified, labelled and used to screen a Drosophila genomic
library (EMBL 3 vector) provided by J. Tamkun. The 3.6 kb dia cDNA
was obtained by screening a 12-24 hour embryonic library (Brown
and Kafatos, 1988). fod cDNAs were cloned from an adult testis
library provided by T. Hazelrigg.

RNA amplification (RT-PCR) was performed as described in
Kawasaki (1990). Synthetic oligonucleotides were synthesized to the
5" end of the 3.6 kb cDNA and to the 140 bp fragment flanking the P
element insertion site (see Fig. 7). The synthetic oligonucleotide com-
plimentary to the genomic 140 bp fragment is 5-ATGGTACCCAA-
GAAAAAGTGTTCGGAGGG-3'. The first 8 bases were added to
create an Asp718I/Kpnl site to facilitate subcloning. The sequence of
the oligonucleotide complementary to the 5" end of the cDNA is 5'-
CTTCCGGGGATCCAGGGATTG-3. This oligonucleotide was
designed around a naturally occurring BamHI site. 20 picomoles of
each oligonucleotide were used per PCR reaction.

To avoid the complication of sequence polymorphisms that are
common in non-isogenized Drosophila stocks, RT-PCR was
performed on RNA from adult flies carrying Df(2L)TW84, which
deletes the entire dia locus. 0.3 pg of tota RNA from
Df(2L) TW84/CyO adults or 0.3 pg of poly(A)* RNA from 8-16 hour
embryos (Oregon-R) were used for cDNA synthesis preceding PCR.
75 picomoles of random hexanucleotides were used to prime cDNA
synthesisby M-MLV reverse transcriptase. Amplification was carried
out with 2.5 units of Taq polymerase in 35 cycles on a Perkin-Elmer-
Cetus DNA thermal cycler using the following parameters: (1) raise
temperature to 95°C, then hold 15 seconds; (2) lower to 55°C, then
hold 30 seconds; (3) raise to 72°C, then hold 30 seconds. A total of
four polymorphisms were identified among the Df(2L)TW84/CyO
PCR products sequenced. Sequencing of an additional embryonic RT-
PCR clone revealed no significant differences.

The 3.6 kb dia cDNA and various PCR products were subcloned
into M13 mp18 and mpl19 for sequencing by the dideoxy chain ter-
mination method. Sequences were assembled using Assemblylign
(IBI/Kodak) and analyzed using the BLASTP sequence comparison
program (Altschul et al., 1990). The BLOSUM62 matrix was used for
scoring.

Predictions of coiled-coil structure from protein sequence were
performed using the algorithm of Lupas et a. (1991). The mean score
for globular proteins and coiled-coil sequences calculated by this
method are 0.77 and 1.63, respectively.

Germline transformation and phenotypic rescue

pDC4 was constructed by ligating the 11 kb Sall fragment from
A138R to the w* P element vector pCaSpeR 4 (Pirrotta, 1988)
digested with Xhol. P element-mediated germline transformation into
aw!18 packground was performed as described by Spradling (1986),
except that a coinjected plasmid carrying P[ry+, A2-3] (Robertson et
al., 1987) served as the transposase source. Genetic crosses were
carried out to generate mutant flies carrying one copy of the P[w",
pDC4] third chromosome. The second chromosomes of al dia aleles

described in this paper are marked with cn, which allowed us to
confirm that the rescued flies were mutant for dia.

Double-labelling of follicle cells

All steps were carried out at room temperature. Ovaries from 5-day-
old females were dissected out and ovarioles were teased apart in
PBS, fixed in PBT (PBT is PBS, 0.1% Tween-20) + 3.7% formalde-
hyde for 30 minutes, and washed 3x 5 minutes in PBT. To minimize
non-specific propidium iodide staining, the ovaries were incubated
overnight in PBS + 10 ug/ml RNAse (shorter incubations may be suf-
ficient), and washed 3x 5 minutes in PBT. The ovaries were then
stained in PBT + 25 pg/ml BODIPY-Concanavalin A (Molecular
Probes) + 0.5 pug/ml propidium iodide (Sigma). Following three 10
minute washes, the ovaries were viewed immediately. Concanavalin
A strongly binds to the epithelial sheath of the ovariole, which is
closely apposed to the fallicle cell layer; the follicle cells could be
visualized by focusing just below this layer.

Cytological examination of dividing neuroblasts

Aceto-orcein squashes of thelarval CNS were performed as described
by Karess and Glover (1989).

RESULTS

Spermatogenesis phenotype

The male-steriledial allele wasidentified in a P element screen
for mutations affecting spermatogenesis. Although both sper-
matocytes and spermatids are initially present in dial testes,
these cells degenerate and are not replenished. By 5 days after
eclosion, most mutant testes are devoid of germinal contents.
Female fertility is not significantly affected, and the viability
of both males and females is normal. The locus maps to
polytene interval 38E (Castrillon et al., 1993).

During spermatogenesis, a spermatogonium (the product of
astem cell division) undergoes four rounds of mitotic division
to give rise to a cyst of 16 spermatocytes, meiosis then
produces a cyst of 64 haploid spermatids. Wild-type chromo-
somal segregation and cytokinesis result in spermatids that
each contain two major cytological structures of identical size
and shape (Fig. 1A): apale round nucleus (arrowhead), and an
adjacent dark nebenkern (arrow). The nebenkern results from
the fusion of all the mitochondria in a spermatid (see Fuller,
1993); its size thus serves as a marker for the amount of
cytoplasm inherited by a spermatid.

The contents of testes from 50 newly eclosed dial males
were examined. dial testes contain far fewer spermatids than
normal, due to the reduced germinal content. The majority of
spermatids were large and multinucleate (Fig. 1B). These
abnormal spermatids contained either 2, 4 or 8 nuclei, with the
size of the nebenkerne proportional to the number of nuclei.
Of 159 unelongated spermatids identified, 51 (32%) contained
one nucleus (phenotypically normal), 26 (16%) contained two
nuclei, 81 (51%) contained four nuclei, and 1 (1%) contained
8 nuclei.

The presence of spermatids containing 2 or 4 nuclei within
a common cytoplasm can be explained by a failure in cytoki-
nesisin one or both of the meiotic divisions. Likewise, therare
spermatid containing 8 nuclel can be explained by a failure of
cytokinesis in three consecutive cell divisions, the first being
the mitotic division preceding meiosis. The nuclei in defective
spermatids are amost always of wild-type size, indicating that
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Fig. 1. Cytokinesis defect in
dial testis. Photographs are
of unfixed testis contents
visualized by phase-contrast
microscopy. Bar represents
10 pm for both A and B.

(A) Part of a64-cell cyst of
wild-type spermatids. Each
spermatid containsasingle
pale nucleus (arrowhead) and
asingle dark nebenkern
(arrow). Although thiscyst is
intact, spermatid cysts
typically rupture into smaller
groups of cells due to the

absence of afixation step. (B) Group of six dial spermatids, each containing four nuclei (arrowheads) associated with asingle large nebenkern

(arrow). Inset: single dia! spermatid containing eight nuclei.

chromosome segregation is normal in spite of the failure of
cytokinesis. In contrast, in mutants that cause nondisjunction
during meiosis, nuclei are of variable size (Gonzalez et .,
1989; Karess and Glover, 1989).

The finding that the initial failure of cytokinesis can occur
at distinct points along the spermatogenesis pathway suggests
why the germline in dial testes is eventually depleted. Since
the 5-9 stem cells present in each testis continually divide to
give rise to spermatogonia (Hardy et al., 1979), failure of
cytokinesis during stem cell divisions should result in the
permanent inactivation of these cdlls.

Oogenesis phenotype
In trans to a chromosomal deficiency or a null alele such as
dia?, the dial allele exhibits an oogenesis phenotype. Although
the viability of such trans-heterozygous adults is normal and
the male germline phenotype is similar to that of dial males,
female fertility is dramaticaly decreased. The ovaries of
dial/dia? females are smaller than wild type. Egg chambers of
all stages are present, the great mgjority of which contain 15
nurse cells and one oocyte. However, the eggs laid by dial/dia?
females are shorter than wild-type and have short, fused, or
extra dorsal appendages (Fig. 2). Only 10% of the eggs hatch.
This eggshell phenotype suggested a defect in the somati-
caly derived follicle cells, which surround each developing
egg chamber and secrete the eggshell. Indeed, follicle cells in
mutant ovaries have an abnormal appearance when viewed by

differential interference contrast (DIC) microscopy (Fig. 3B).
Their nuclel vary considerably in size (arrowheads) relative to
wild-type controls (Fig. 3A). Some of the cells appear to
contain two nuclei (arrows).

To visualize the follicle cell layer better, ovaries were
double labelled with a fluorescent Concanavalin A derivative
(to stain plasma membranes) and with propidium iodide (to
stain nuclei) and examined by confocal microscopy. Individ-
ual follicle cells containing two nuclei were frequently
observed in egg chambers from mutant mothers (Fig. 3D,
arrows); such cells were not found in wild-type egg chambers
(Fig. 3C). Therefore, it appears that cytokinesis fails to occur
in some follicle cells. The abnormally large nuclei seenin Fig.
3B are likely due to nuclear fusion following the failure of
cytokinesis.

Null mutations result in early pupal death and
absence of imaginal discs

Lethal dia mutations, including null mutations, were
generated by imprecise excision of the P element in the dial
alele. Null alleles such as dia? result in early pupal lethality
and absence of imaginal discs. This phenotype is consistent
with dia being an essential mitotic gene. Due to the presence
of maternal gene products, an embryo with a null mutation in
such a gene can develop into alarva (Gatti and Baker, 1989).
However, since imaginal disc cells divide during the larva
stages, by which time zygotic gene expression is required,

Fig. 2. Short egg phenotype. (A) Wild-
type egg; (B) egg laid by dial/dia?
mother. Eggs from dial/dia? females are
significantly shorter and somewhat wider
than wild type and have smaller dorsal
appendages. Thisis an example of a
mildly affected egg.
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Fig. 3. Cytokinesis defect in oogenesis. Top two panels are of unfixed ovaries flattened under a coverdlip and viewed with DIC; bar represents
20 um. Bottom two panels are of fixed ovaries labelled with BODIPY -Concanavalin A and propidium iodide viewed by confocal microscopy;
bar represents 5 um. (A) Wild-typefollicle cells. Nuclei are of equal size. The large egg chamber occupying the lower two-thirds of thefield is
at stage 8. (B) dial/dia? follicle cells, stage 8 egg chamber. Nuclei are of variable size (arrowheads). Some cells appear to contain more than
one nucleus (arrows). The cytokinesis defect is apparent in earlier egg chambers, but is more easily observed in larger, more mature egg
chambers. (C) Wild-type follicle cells. Each cell contains one nucleus. (D) dial/dia? follicle cells. Some cells contain two nuclei (arrows). Note

that the nuclei within such a binucleate cell are of equal size.

such larvae will have defective or absent discs and will die at
the onset of pupation.

Homozygotes for |ess severe alleles such as dia3 also die as
early pupae, but third instar larvae contain imagina discs,
albeit somewhat smaller than normal. Homozygotes for the
weakest letha alele, dia®, have imaginal discs of normal
appearance but die as late pupae or pharate adults. Very few
(less than 1%) of dia® flies eclose. These flies are sickly and
have a weak ‘rough eye' phenotype (not shown), consistent
with a mitotic defect that affects a small fraction of cells.
Testes from these surviving adults are almost completely
devoid of germinal content.

Polyploidy in dividing neuroblasts from the larval
CNS

The larval central nervous system (brain and ventral ganglion)
isarich source of dividing cells (neuroblasts) and is the most
suitable tissue for examining mitosis in larvae. Chromosome

morphology and segregation can be examined in aceto-orcein-
stained preparations of the larval CNS (Gatti et al., 1974). In
wild type, a mitotic figure consists of 3 pairs of major chro-
mosomes (Fig. 4A, arrowheads).

In larvae homozygous for a weak lethal allele, dia®, only
asmall fraction of neuroblasts are polyploid and the number
of mitotic figuresis not affected (Table 1). Homozygotes for
astronger allele, dia3, exhibit ploidy ranging from 2n, 4n and
8n to extreme hyperploidy (Fig. 4B,C). In addition, signifi-
cantly fewer mitotic figures are present in dia3 homozygotes
than in wild type (Table 1). However, the fraction of mitotic
figures in anaphase is the same as in wild type (see Table 1),
whereas mutations that disrupt spindle function result in a
decrease in the number of anaphases (Gatti and Baker, 1989).
In addition, chromosome morphology is generally normal,
although a small number of mitotic figures contain highly
condensed chromosomes. Homozygotes for a null allele,
dia?, have very few mitotic figures (Table 1), and all are
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Fig. 4. Aceto-orcein stained mitotic chromosomes from larval neuroblasts. Cellsin A and D are from dia?/+ larvag; cellsin B, C, E, and F are
from dia®/dia3larvae. A, D, E and F are at same magnification; bar represents 3 um. For B, bar represents 5 um, and for C, bar represents 18
um. (A) diaZ/+. Wild-type mitotic figure consists of three pairs of major chromosomes and a pair of small fourth chromosomes which are not
readily apparent in this micrograph. (B) dia3/diaS tetraploid cell containing 12 major chromosomes. (C) dia3/dia3 hyperploid cell. This mitotic
figure consists of hundreds of chromosomes packed together. Inset: magnification of boxed region, revealing individual chromosome.

(D) dia?/+. Wild-type anaphase figure. Cleavage furrow is evident (arrowheads). (E) dia3/dia3. Cleavage furrow is not evident in this mutant
cell in anaphase. (F) dia3/dia3. Even though anaphase is clearly hyperploid, chromosomes are being segregated equally, indicating a

functioning spindle. Again, cleavage furrow is absent.

Table 1. Quantitation of mitotic defectsobserved in dia

mutants

Mitotic .

figures Ploidy %
Genotype per brain %2n  %4n  %8n  %>8n Anaphase
dia%/+ 215 (32) 100 0 0 0 18
dia®/dia® 222 (26) 97 3 <1 0 17
dia®/dia3 76 (21) 11 28 17 44 20
dia%/dia? 5(1) 0 0 0 100 ND

For each genotype, mitotic figures from five larvae were counted and
averaged; standard deviation is shown in parentheses. Due to the high level of
polyploidy, the exact number of chromosomes in most abnormal mitotic
figures could not be determined. Brain size was comparable for all genotypes.
ND=not determined.

enormously hyperploid, similar to the example shown in Fig.
4C.

The morphology of anaphase figures provides direct
evidence that cytokinesis is defective in dia3 cells. Cleavage
furrows are sometimes evident in wild-type anaphase figures,

especially in well-isolated cells (Fig. 4D). Cleavage furrows
have not been observed, however, in any dia3 anaphases and
the cells appear completely round even when the chromosomes
have finished migrating to opposite poles (Fig. 4E).

Despite the cytokinesis defect, chromosome segregation
appears to be relatively normal in polyploid cells. In bipolar
dia® anaphases, the spindles are well organized and the chro-
mosomes are equally segregated, with no lagging chromo-
somes or other abnormalities. This is true even in anaphases
that are clearly hyperploid (Fig. 4F). In more extremely hyper-
ploid cells, anaphases are typically multipolar. Such multipo-
lar spindles have also been observed in other mutants that
produce hyperploid cells (Gatti and Baker, 1989; Karess et .,
1991).

Taken together, the male-sterile, female-sterile and lethal
phenotypes associated with dia mutations demonstrate that dia
is required for cytokinesis in both the soma and germline and
in mitosis as well as meiosis.

Cloning and characterization of dia genomic region
A 140 bp fragment of DNA extending from the 5’ end of the
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Fig. 5. Schematic diagram of the
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B) == (140 bp fragment)

1.6 the dia locus. The exact site of insertion
was determined by sequencing the 140
bp fragment and both ends of the 3.4 kb
Nhel-Xbal fragment into which the P
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‘ 1 4138C

D) fod

1 4138R element inserted. (B) 140 bp genomic

fragment obtained by plasmid rescue.
(C) Genomic clonesA4138C and
A4138R. Only relevant portion of each
cloneis shown on this map.
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F) pDC4

2
dia
.3
dia (strong)
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(D) Genomic extent of fod and dia
transcription units. This was determined
by northern analysis and hybridization
of cloned cDNAs to the genomic clones.
The direction of dia transcription (from
left to right) was determined by
hybridization of cDNA subfragmentsto
the genomic clones. The direction of fod

(null)

transcription was not determined. The
intron/exon boundaries of dia are not

known but, based on its size, the gene must contain at least one intron. (E) Extent of genomic deletions associated with lethal alleles. For each
allele, a genomic probe which failed to hybridize (because of a complete deletion of that genomic DNA) isindicated by a box; a probe which
detected a polymorphism relative to a progenitor strain (due to a deletion breakpoint within the DNA corresponding to that fragment) is marked
by an error bar. For example, the deletion associated with dia® could be no larger than 3.4 kb, but could be substantially smaller. For dia?, the
extent of DNA estimated to be deleted from the 2.4 kb Xbal-BamHI fragment isindicated by dashed lines. (F) 11 kb genomic fragment from
A4138R used to make pDC4 construct. This fragment extends from one end of the genomic insert in A4138R to agenomic Sall site.

P element to agenomic Nhel site was cloned by plasmid rescue
(Fig. 5A, B). Overlapping genomic clones of the diaphanous
region (Fig. 5C) were obtained by screening a genomic library
with the 140 bp fragment.

Northern analysis revealed two transcription units near the
P insertion site; both were found to be expressed throughout
development (data not shown). cDNAS for both genes were
obtained and mapped onto the genomic clones. As discussed
below, we showed by germline transformation with a genomic
fragment that one transcription unit represents dia; the other
we have named friend of diaphanous (fod) (Fig. 5D). The P
insertion disrupts the 5" untranslated end of the dia gene, since
both the 140 bp fragment and fragments to the right of the
insertion site detect the dia but not the fod transcripts (Fig. 5).

Mapping of dia P element excision events

The extent of the genomic deletion associated with each lethal
alledle was determined by Southern analysis using DNA
prepared from homozygous third instar larvae; the results for
three representative aleles are shown in Fig. 5E. The 3.4 kb
Nhel-Xbal fragment is deleted in thedia? allele. Moreover, the
polymorphic band detected when dia? DNA was probed with
the 2.4 kb Xbal-BamHI fragment was very faint, indicating that
almost all of this genomic DNA is deleted. Thus, at least 5 kb
of DNA from the dia locus are deleted by the diaZ mutation.
The dia? alele, either when homozygous or in trans to
Df(2L)TWB84, resultsin early pupal lethality, complete absence
of imaginal discs and extremely hyperploid neuroblasts.
Although severa alleles among the 17 lethal dia mutations
recovered have a similar phenotype, none is more severe. Fur-

thermore, the femal e-sterile phenotype of dial in trans to dia?
is as strong as that observed in dial/Df(2L) TW84 females. On
the basis of both the genetic and molecular data, we conclude
that dia? represents a null allele.

Northern analysis of dia

In wild-type adult males and females, two dia transcripts of 4.4
and 4.8 kb are observed in northern analysis (Fig. 6, lanes 1
and 2). In adults homozygous for dial, two dia transcripts are
also observed, but they are larger than the corresponding wild-
type transcripts (Fig. 6, lane 3). Reversion to the wild-type
pattern is observed in a phenotypic revertant line in which
remobilization of the P element resulted in its precise excision
(Fig. 6, lane 4). Both dia transcripts are present in flies that
lack a germline (Fig. 6, lane 5); therefore, the expression of
neither dia transcript is limited to the germline. Of the two fod
transcripts, the 3.5 kb species, which is specific to the male
germline (Fig. 6, compare lanes 1, 2 and 5) is absent in dial
flies (Fig. 6, lane 3); this is expected, however, since mature
males of this genotype have no germline (Castrillon et d.,
1993).

Germline transformation and phenotypic rescue

P element-mediated germline transformation alowed us to
confirm that the disrupted gene is dia. An 11 kb fragment of
genomic DNA was subcloned into the Drosophila germline
transformation vector pCaSpeR 4 (Pirrotta, 1988) to yield the
recombinant plasmid pDC4 (Fig. 5F). The 11 kb fragment
encodes the entire dia transcription unit. A portion of the fod
transcription unit also lies within the transgene, but is not
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Fig. 6. Effect of dia mutations on fod and dia transcripts.
Autoradiograph of northern blot probed with dia and fod cDNASs.
Each lane was loaded with 5 pg of poly(A)" RNA. Thedia and fod
transcript sizes, in kilobases, are indicated to the right of the figure.
An RNA loading control (the same blot reprobed with an a1-tubulin
cDNA) is shown in the bottom panel. Lane 1, wild-type males; lane 2,
wild-type females; lanes 3-8, RNA from mixture of adult males and
females. Lane 3, dial/dial; lane 4, dial revertant.; lane 5, germlineless
progeny of tud¥/tud! females; lane 6, diad/+ ; P[w*, pDC4]; lane 7,
dia¥/dia3; P[w*, pDCA4]; lane 8, diad/dia®; P[w*, pDC4]. Flies
homozygous for the lethal dia and diaS alleles survive only if they
have inherited P[w*, pDC4], which supplies dia function.

expressed at detectable levels (Fig. 6B, lane 7, compare to
lanes 6 and 8). pDC4 plasmid DNA was injected into embryos
to generate transgenic flies. One transformant line was identi-
fied that carried a copy of pDC4 (P[w*, pDC4]) on the third
chromosome. As shown in Fig. 6, lanes 6-8, this construct
provided wild-type levels of the 4.8 kb dia transcript and
somewhat lower levels of the 4.4 kb RNA. Thistransgene fully
rescued the mutant phenotypes of al the alleles described in
this paper: dial males and dial/dia? females are rescued to
wild-type levels of fertility, and dia?, dia3 and dia® flies are
rescued to wild-type levels of viability and fertility.

Cloning of the 5" end of the dia protein-coding
sequence

The longest dia cDNA that we have identified (from an
embryonic library) is 3.6 kb in length, significantly shorter than
the dia transcripts detected by northern analysis. DNA sequenc-
ing revealed a single long open reading frame (ORF) extending
to the 5 end of the cDNA. Therefore, this cDNA appeared to
be missing some protein-coding sequence at its 5' end.

An RNA amplification strategy (RT-PCR) was devised to
clone the missing 5 cDNA sequence (see Experimental Pro-
cedures). RT-PCR reactions using the primers shown in Fig. 7
consistently resulted in a single product of 0.9 kb (data not
shown). Two PCR products from each of two separate
reactions were cloned and sequenced to resolve any Tag poly-
merase errors. Four sequence polymorphisms were identified;
for each the correct base could be unambiguously determined,
since the other sequences matched at these sites.

Analysis of dia protein sequence

The consensus PCR sequence contains along ORF contiguous
with the ORF from the 3.6 kb cDNA. The PCR and cDNA
seguences were linked and the complete predicted amino acid
sequence of the diaphanous protein was generated (Fig. 7). The
nuclectides flanking the first start codon are a close match to
the Drosophila trandational start consensus sequence
(Cavener, 1987). The next methionine in the ORF occurs 77
amino acids into the ORF.
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No N-terminal signal peptide or obvious transmembrane
domain is present in the 123x103 M, protein. The protein does
contain an unusual proline-rich domain near its middle. This
proline-rich domain contains six repeats of 5 to 8 consecutive
prolines separated by short stretches rich in the amino acids
glycine, methionine, aanine or arginine, with a few inter-
spersed prolines (Fig. 8C).

The diaphanous protein sequence was compared to protein
sequences in available databases with the BLASTP program
(Altschul et al., 1990). When the ‘filter’ directive was used to
mask off segments of low compositional complexity, such as
the proline-rich region, aregion of about 130 amino acids was
identified that was conserved in the yeast protein Bnilp, and
in both mouse and chicken formins (Fig. 8B). Mutations in
BNI1 (bud neck involved) affect bud site selection and cytoki-
nesisin diploid strains, and have a synthetic lethal interaction
with CDC12, a gene required for cytokinesis in S cerevisiae
(Hartwell, 1971; H. Fares and J. Pringle, personal communi-
cation). In mice, the formin proteins are produced by the limb
deformity gene; mutations in this gene result in limb malfor-
mations (Kleinebrecht et a., 1982; Woychick et al., 1985,
1990; Jackson-Grusby et al., 1992). In searching a six-frame
tranglation of the DNA databases we found a fourth example
of this conserved domain: a peptide encoded by apartial cDNA
sequence from arice expressed sequence tag (EST) (Fig. 8B).

The formins and Bnilp, like diaphanous, contain a large
proline-rich domain located near the middle of the proteins
(Fig. 8A,C). Although a number of proteins contain proline-
rich domains (e.g. Mermod et al., 1989), those of the formins
and Bnilp are the most similar to diaphanous in that they
contain multiple stretches of consecutive prolines (Fig. 8C);
proline-rich regions in other proteins usually consist of inter-
spersed prolines or long stretches of polyproline. We have
given the name FH1 (formin homology domain 1) to the
proline-rich domains found in diaphanous, formin and Bnilp,
and the name FH2 to the conserved 130 amino acid region in
these proteins (Fig. 8). It is striking that not only the sequence
composition of the FH1 and FH2 domains, but also the spacing
between these domains, is conserved among diaphanous,
Bnilp, and the formins (Fig. 8A).

Secondary structure analysis, using the algorithm devised by
Stock and colleagues, revealed two regions of the diaphanous
protein that are very likely to form coiled-coil domains
(defined as a mean score >1.0; see Materials and Methods and
Lupaset al., 1991). One of these, spanning amino acids 441 to
500 (mean score 2.1), ends just at the beginning of the FH1
domain. The second, spanning amino acids 863 to 1053 (mean
score 1.3), begins 17 amino acids before the end of the FH2
domain, just after the region of highest sequence similarity.
Thusit appearsthat coiled-coil domains flank the FH1 and FH2
domains of diaphanous. Moreover, sequence analysis aso
predicts the existence of coiled-coil domains at equivalent
positions in mouse formin 1V and Bnilp (H. Fares, persona
communication).

DISCUSSION

Interpretation of mutant phenotypes

In this paper, we present the genetic and molecular character-
ization of the diaphanous locus. Mutationsin dia affect arange



3374 D. H. Castrillon and S. A. Wasserman

1 CAAGAAAAAGT GTTCGGAGEGAGCGGT GTGCACAGCT TGTCAGCTTGT TTTTTGTACAGAGCGT CGOGCAATAAAACAAACAAAAAGACATAGT CCAAAAACAACAACCACAACAAAAGC 120
121  CGITTGATCGCGAGI TTGT GTGCGT GT GCGAGT GTGGCTCTATTTGT GTGAGAGT GGCAAGCCATTATTTTTCTGGT CTTATGACGT AAACCACCGAAAAAAAT CAAAAGTGAGCAGECG 240
241  ACACAGATATCAAAACGAAGAATGTCTCGTCACGAGAAAACGAAAT CCACGEGECEECEERCT CCTGGACAGT CTGT TCGGAAGACCCT CGAAGT CCAAGGGAGGAACCATCAGCAGTGEC 360

1 MSRHEIKTIKSTGGGLLDS SLFGRPSIKSKGGTI SSG 33

361 ACCCTGGOCCATGGCEGACGACCOGT GTCOBOGGACAACT AT GTGGT GCOOBGE0GT GRAGGACT TTGAGCAGT ACAT CCAGCAGCT AAGOGT TGOGGAGCTGGATGOGAAGT TTCTGEAG 480
3 TLAHGGRGPVSADNGYVVPGVEDTFEQVYI QQLSVAELTDAEKTFTLE 73

481 ATCATCGAGGACATGAACATTCOGAAGGACAAGAGEGAGCCCCTGT TGGOCAAAT CGAAGGAGGAGOGACAGAAGAT GATTAT GTGGCACT TGAAAGGTAMAACTCACTGGAGOGTAGC 600

741 1 EDMNI PKDIKREZPLILAKSKEEROQKMI MWHLI K GIKNSTLERS 113
601 GOCAACTCOOGCT TCGAGAA@CCATAGACT ATGT GGAATACCTGCAGAAT GGGGAGCACAGCACGCACAAGGT GTACCAATGT GT GGAATCTCTGOGCGT GEOGCTCACCAGCAATCCG 720
114 A N S R F E K | EYLQNGEHSTHIKYVYYQCVESLRVALTSNFP 153

721  ATCTCGTGGATCAAGGAGT TTGGAGT GGOGGGCAT CGBGACGAT TGAGAAGCT GCTGGOCCGGT CAAAGAAT AAT GOCAGCT ACGAGAAGAT CGAGT TCGAGGCGATTCGGTGOCTGAAG 840
154 1 S Wl K EFGVAGI GTI EKLLARSIKNNASYZEIKI EFEAI RCLK 193

841 GOGATCATGAACAACACATGEGGTCTGAACGT GGTGCT CAATCOGGAT CAGCATAGT GTGGT GCT GCT GCT GROGCAAT OCCT GGAT COOCEGAAGCOGCAGACGATGTGTGAAGCCCTC 960
194 Al MNNTWGL NVVLNPDOQHSVVLLLAOQSLDPREKPO QTMCEA.L 233

961 AAGCTGCTGACCTCGTTCT GCATTGTCT ATGAGOCISAATGGCT ACGAGAAGGT TCTCCGA@(‘ATAACCACT ATTGCAGCCA(‘ATCCT TTAAAGCGAGOGAGOGCT TTCEACCCATAGT G 1080
234 K L L ASFOC Y GY EKVLRA A K AS ERF 273

1081 GATGCCTTGTTTGCATCGGAT CAGCAGGAT COCAAACGGGACT TGGCATGCCACAGCCTGAT TTTTATTAATACTCTCACCAAT ACCCCCACGGATTTGAACTTCCGOCTGCACTTGOGA 1200
274 D ALFASDQQDPKRDLACHSTL LI FI NTLTNTWPTWDLNFRLMHLR R 313

1201 TGTGAGATTATGOGCATGGGTCTATACGATCGOCTAGAT GAGT TCACCAAAAT CGT GGAGEOCAGCAAT AATGAGAACCT GCAGCAGCACT TCAAGAT CTTCAACGAGATCOGOGAGGAT 1320
34 CEIl MRMGLVYDRLDETFTEKI VEASNNERNTLG QOQHTFEKI FNETITRETD 353

1321 GACTTCGAGGAGTTTGTGCAGOGCT TOGATAATGTCACCTTCAACAT GGACGACGOCACCGAT TGCT TOGAT GTGCTGAAGAACCT GGT GACTGACACCACT TCCGA&IJCT ACT TCCT G 1440

3%4 DFEEFVQRFDNVTFNMDDATDC CFDVLIKNLVYVTDTTSETP 393
1441 TCCATCCTGCAGCATTTGCTGTACATCAGGGATGACTTCTACTTCOGACCTGCCT ATTATCAGCT GATTGAGGAGT GCATCTCACAAAT CGTCTTCCACAAGGGTTACTGTGATCCGAAT 1560
3949 s 1 L QHLLYI RDDFYFRPAYYOQLI EECI SQI VFHIKUGYTCDTPN 433

1561 TTCGAGAACCGGAACTTTAATATAGACACCTCGCTACT GCTGGACGACATTGT GGAGAAGECCAAGGOCAAGGAGT CGAAGOGGT CGGAGGAGTACGAGAAGAAGATCGAGCAGCTGGAG 1680
433 F ENRNFNI DTS LLLDDI VEKATKATKETGSIKRSTETETYTETKSEKIEOQLE 473

1681 AGTGCCAAGCAAGAGGECGGAAGCGAAGGOGGCTCATCT GGAGGAGAAAGT CAAGT TGAT GGAGGCTAAT GGT GTGGCGECTCCGT CC£C£AATAAGCT ACCCAAGGT AAACATACCCATG 1800
474 S A K Q EAEAKAAHLEEKV KL MEANGVAAPSFP K L P K V N 513

1801 CCACCGCCACCACCAGGAGGAGGAGGAGCACCT OOCCCACCECCGECCACCT ATGOCBEGACGAGCAGGT GGTGGRACCT COGCCT CCACCACCACCT COCAT GOOGGGAAGGGCAGGTGGA 1920
514 P PP PPGGGGAPPPPPPPMPGRAGGGPPPPPPPPMPGRAGSG 553

1921  COGCCACCACCTOCT CCACCEOOCGRAAT GEGAGGCOCACCGOCT CCACCCAT GCCT GGCAT GAT GOGCCCAGGAGGGGGACCT CCACCACOGOCCAT GATGATGEGGCCCATGGTTCCC 2040
554 PP PPPPPPGMGGPPPPPMPGMMRPGGGPPPPPMMMGEPMVYP 593

2041  GTTCTGOCTCATGGCTTAAAACCGAAGAAGAAGT GGGACGT CAAGAAT CCCAT GAAGCGGEGOCAACT GEAAAGCCATTGT CCCCIIJCAAAATGT CCGACAACBCATTCT GGGT! CAAGT GC 2160
594 Vv L P HGL KP KKIKWDVKNPMKRANWK vV P K M S D A F WYV C 633

2161 CAGGAGGATAAGCTGGOCCAGGATGACTTCCTCGCAGAACT GBOCGTGAAATTCTCTTCTAAACCT GTAAAGAAAGAACAGAAGGAT GOGGT GGACAAGCCAACGACGCTGACAAAGAAA 2280
634 Q EDKLAQDDFLAELAVKFSSKPVKIKEOQKDAVDIKZPTTTULTKK 673

2281 AATGTCGATCTTCGTGTGCTCGACTCGAAGACTGCT CAGAACT TGECTATTATGT TGGGAGGAT CGCT GAAGCAT CTGT CCTACGAACAGAT CAAGATCTGCTTGCTGOGCTGOGACACC 2400

674 NV DL RVLDSKTAQNLAI ML GGSLIKHLSYEQI KI CLLRCDT 713
2401 GACATCCTGTCCTCCAATATCCTGCAGCAACT TATCCAGI' ACCTTCOGCCGOCAGAGCAACT CAAACGT TTGCAGGAGAT CAAGGCAAAGGGCGAACCGCT ACCCI)OGATTGQACAGT TT 2520
714 DI L S S NI L QQL I Q L PPPEQQLIKRLQEI KAKGEUPLP Q 753

2521  GCAGCCACAATAGGGGAAATTAAACGCCTTTCGOOGOGACT TCACAACCT GAACTTCAAGCT GACCTAT GOGGACAT GGT GCAGGAT ATCAAACCCGACATTGTGGCAGGAACGGCAGCA 2640
7% A ATI GEI KRLSPRLHNLNFKLTYADMYVYQDI KPDI VAGTAA 793

2641 TGOGAAGAGATCOGGAATAGCAAAAAGTTCTCAAAGATCTTGGAGCT GATTCTGCT GCTTGGAAAT TACAT GAACT OGGGCT CCAAAAACGAGGCCGCCTTTGGCT TTGAGATCAGTTAT 2760

7949 C E EI RNSKKZFSKI L ELI LLLGNYMNSGSIKNEAAFGFEI SY 833
2761 TTAACCAAACTGT! CCAATACGAA%ATGCHEATAATAAGCAGACATTGCT GCACTACCTGGCTGACCTGGT GGAAAAGAAAT TCOCAGAT GCACTAAACTTCTACGACGATCTGT! CC-I?AT 2880
834 L T K L S N K DADNIKOQTLULHYLADLVEIKIKFPDALNFYDHDTL S 873

2881  GTTAATAAAGOGTCGOGGGT CAACAT GGATGCCAT CCAAAAGGOCAT GCGGCAAAT GAATTCGGOGGT TAAGAACCT GGAAACT GAT CTCCAGAACAACAAGGT GOOGCAGTGTGATGAT 3000
84 V N K AS RVNMDAI QK AMRQMNSAVKNLZETIDLIQNNIKVZPOQCDTD 913

3001 GACAAGTTTAGOGAGGT GATGGGCAAGT TTGOCGAGGAGT GCAGACAACAAGT GGACGT GCT GGECAAAAT GCAGCT GCAAAT GGAGAAGCT GTACAAGGACCTCAGCGAGTACTATGCC 3120
914 DK F SEV MGKFAEECROQQVDVLGKMOQLOMETEKTLY-KDLGSTELVYJYA 953

3121 TTCGATCCCAGCAAATACACAATGGAGGAGTTCT TTC£GGACATCAAGAC'I_I' TCAAGGATGCCT TCCAAGCGEEO0CACAACGACAAT GTCOGGGT ACGCGAGGAGCTGGAGAAGAAGTGT 3240
954 F DP SKYTMETETFFAD K T K DAFQAAHNDNVRVRETETLTEKIKR 993

3241  CGTCTGCAGGAGGECCOGAGAGCAGT CTGCTCGAGAGCAACAGGAGCGCCAACAGOGT AAGAAGGCAGT GGTTGACAT GGAT GOCCCGCAGACGCAGGAAGGUGT GATGGACAGTCTGTTG 3360
94 RL QE AREQSAREQQEROQQQRKEKAVVDMDAP QT QEGVYMDSTLL 1033

3361 GAGGOGCTGCAAACGGECT CAGCCTTTGGCCAACGAAAT CGACAGGOCCGEE0GACAACGACOGGCEEGAGOGGAGCGGAGEECACAGC T CAGCCGGAGT CGATCROGGACBOGTGTCACC 3480
1034 E AL QT GSAFGORNROQQARRORPAGAERRAQLGSRSRSPRTRVT 1073

3481 AACGGACAACT AATGACCCGCGAAATGATCCT CAACGAGGTTCT, AC{{ZT CC@GT AGAAGTAATGGAACGAGCAATTCOCCTCTGTACATATATAAATAGATATCTGTAGOGATATAAGG 3600
1074 N G Q L M T R L NE VL G 1091

3601 GOCTGGGCTCATTAGOOGTGAGTCOGT GTGCGTOGCCT TGCTTGCATAT TAACT CAATTGGOGTGT CCAAGAGAT TTGACGAAT TGGAT GCCCAGCAGGAAGGACTGTATCAAGAGCCGE 3720
3721 AAAGTACTAATTAACTGGAACTAGAGT CACAGGT GGATTTTCCGAAATTATTAATTGCT GTAACGGAGT CCTTGGT TTATAGGATTGAGT TTTCCGTTTGAATTGATTGGAGTATTTATT 3840
3841 TAATTGATTGITTAATAAATAACATTTTGT TTAGAATTTATAATATGCAAATAACACATACAAGATCACTTTTATTTAATTAAAATGATTGGCAGGCCTTTTAATTTCAGCTGTACATTT 3960
3961 TATTTTACTGCTATGACTGICCCAATATTAAAGTACCAATTTTACAAGT CGAATATACTATAAAAAAACTTCTAGT TGAAACTAAATTCATGTCAAGAAATTAGCAATGCATATCGATGA 4080
4081 AAACTCCAACTTCGCTACCTATACGAAAAAACTAAATATATAGATATTTTTGATACGCTTTTACTTCTGAAATTATGTCGT TGTAAGT CTAAATACTTAAAAATGAAACTGAAAGCAACT 4200
4201 TTAAGATTTATCTGTATCTTGTGGTCTTTACATACTGTATTCCTATTTTACTGTGGCATGI TCCAATCATTTTGCTGI GCACTTCGT TTTCGAGSCACTCAGTAGAGCAGAGGCGAGATT 4320
4321 TATATCAAAGCAAAATTCCTTTTGTATTTAATTTGITTTTAAGCGAAACTTTTTTGAACTTGTTTACCTTAAAATCCTATTTTAATCCGCGCTATACATAACATTGTITAATAAATGTCTA 4440
4441 TTTTTCGACAATGACGGTATATTGAAAATAAAAAAAAAAAA 4481

Fig. 7. Composite dia cDNA nucleotide sequence with predicted protein sequence (Genbank U11288). The synthetic oligonucl eotides used for
RT-PCR correspond to the underlined bases at 1-21 and 922-953. The 5' end of the 3.6 kb cDNA correspondsto the ‘A’ at position 862.
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Fig. 8. FH1 and FH2 domains of

A ) diaphanous, mouse formin 1V, and
mouse formin (V) | t % ] Bnilp. (A) Schematic representation
of diaphanous (1091 amino acids),
Bnii | mouse formin 1V (1206 amino acids)
P J % ] and yeast Bnilp (1953 amino acids)
(Woychick et al., 1990; Genbank
. L31766). All three proteins contain a
diaphanous 751 EREAATIGER KRLSEL;I NEKLTEQDMV QDIKPDIVAG 1] proline-rich domain, labelled FH1,
Bnilp 1513 IYLOLMVNLE SYWGS TVVTSHEREY NE% RKE DKEVS 2H0E] and a second region of sequence
formin IV 912 PO§LHELAQH PNFA CI P .
ormin 1V 2 [EOF] off ocT IBRAVFSEGI TS /%{L T s kGl similarity, labelled FH2. The FH2
domains are approximately 160
diaphanous 801 ExES LB YMNE] @E GRS HLVK LN K DISDNK@TL reﬂdqesfrom the end of the FH1
B) . Bnilp 1323 ENLRNVF L ANGNEMN SIS K ORBTE TheRaNTH domains. Three of the four mouse
ormin IV 2 sk ARGNYMNECHRTTN Y S NEM i i i
rice EST 16 RLEL V WKTONRNNVE T. L JeTDEKNT ISOfor.mS‘ aswell aBCh.ICken formin,
contain both of the regions of
diaphanous 850 WERLADLYEK xEEpALNgYD KASR Smllarlty (Trumppetd., 19-92)'
Bnilp 1610 Ef TR, SENDILE L DVVE (B) Alignment of FH2 domains from
formin IV 1012 VI LR YMDQFAGTDK SVEJSLPEPQD F diaphanous, mouse formin IV and
rice EST 65 F| QEIT RTEGSHLSAE NOBTPRTQAN P Bni 1p’ and the translation product Of
arice EST (Genbank D24760).
diaphanous 501 PSPNKLPKVNIPMPPPPPGGGGAPPPPPPPMPGRAGGGPPPPPPPPMP 548 Within a stretch of 68 amino acids
549 GRAGGPPPPPPPPGMGGPPPPPMPGMMRPGGGPPPPPMMMGPMVPVLE 596 beginning at residue 790
C) formin IV 644 PPAPPTPPPLPPPLIPPPPPLPPGLGPLPPAPPIPPVCPVSPPPPPPPPPP 694 diaphanous shares 35% and 34%
695 TPVPPSDGPPPPPPPPPPLPNVLALPNSGGPPPPPPPPPPPPGLAPPPPP 744 sequence identity with mouse formin

1239
1292

Bnilp
MALFGKPKGETPPPPPLPSVLSSSTDGVIPPAPPMMP

PPPPPPPPPPVPAKLFGESLEKEKKSEDDTVKQETTGDSPAPPPPPPPPPPPP

IV and Bnilp, respectively. Dots
indicate invariant residues; we note
the highly conserved octapeptide

1291
1328

motif: LxxGNXMN. Slash marks indicate end of EST sequence. (C) Sequence of the FH1 domains. The proline-rich FH1 domains of
diaphanous, mouse formin and Bnilp each contain multiple stretches of consecutive prolines.

of cell types and result in diverse phenotypes, including male
sterility, female sterility and lethality. Examination of mutant
tissues suggests that a single underlying cellular defect, a
failure of cytokinesis, is responsible for all of these pheno-
types. Furthermore, analysis of null mutations indicates that
diaislikely to be required for cytokinesisin all cells.

Sterile phenotypes
Failure of cytokinesisduring meiosisisreadily apparent in dial
spermatids. The presence of rare spermatids containing 8
nuclei indicates that cytokinesis can also fail in the mitotic
divisions preceding meiosis. Finally, the fact that testes
become devoid of germinal contents suggests that cytokinesis
can aso fail during stem cell divisions. Because the 5-9
germline stem cells present in each testis continually divide
(Hardy et al., 1979), failure of cytokinesisin stem cells should
block the initiation of spermatogenesis.

dial/dia? females lay short eggs with defective dorsal
appendages. These defects are presumably secondary to the
failure of cytokinesis observed in the follicle cell layer.
Eggshell synthesis is a complex process requiring the precise
migration and positioning of speciaized follicle cells to lay
down the various layers and structures of the eggshell
(Spradling, 1993). The presence of abnormally large, binucle-
ate follicle cells would likely interfere with follicle cell
migration and with the construction of eggshell structures such
as the dorsal appendages.

Both the male- and female-sterile phenotypes appear to be
due to a failure in cytokinesis. However, the cells affected in
spermatogenesis are of germinal origin whereas the cell type

affected in oogenesisis of somatic origin. This specificity may
be due to the fact that in females the somatic follicle cells
undergo a greater number of mitotic divisions than germline
cells. By the time follicle cell mitoses cease at stage 6 of
oogenesis, an egg chamber consists of approximately 1000
follicle cellsbut only 16 germline cells. A clone of 16 germline
cells arises through 5 rounds of mitosis, starting with a stem
cell division. It is believed that a group of approximately 16
follicle cells originaly envelop a single egg chamber
(Spradling, 1993). Even if there were a direct progenitor for
each of these 16 follicle cells, follicle cells must undergo at
least two more rounds of mitotic divisions than the germline
cells. We suggest that the requirement for these extra mitotic
divisions, and the accompanying additional opportunities for
the lack of dia function to have phenotypic consequences, is
the cause of the apparent selectivity of the cytokinesis defect
for follicle cells.

The failure of cytokinesis that we have observed in follicle
cells has aso been observed in Drosophila females lacking
peanut function (Neufeld and Rubin, 1994). In addition, other
femal e-sterile mutants that produce short eggs and short dorsal
appendages have been described (Spradling, 1993). Since
many of these lines are relatively uncharacterized, it is con-
ceivable that a similar underlying defect is responsible for the
phenotypes of some of these mutants.

Lethal phenotype

The lethal dia phenotypes are likely the result of a gradua
dilution of materna diaphanous gene product over many cell
cycles. Presumably, when the amount of protein in a cell falls
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below a certain critical point, cytokinesis fails in subsequent
cell cycles. In flies homozygous for the null alele dia?, the
defect is manifested early, perhaps in the first few larval cell
divisions, such that by the end of larval development, very few
neuroblasts are present and al are highly hyperploid. In
contrast, in partial-loss-of-function dia3 mutants, the cytokine-
sis defect apparently is manifested after a variable number of
normal cell cycles. The number of cells and the degree of poly-
ploidy is therefore intermediate between dia? and wild type.

The survival of embryos homozygous for null dia mutations
is likely due to a maternal contribution of dia mRNA or
protein. Consistent with this hypothesis, dia transcripts are
detectable in 0-3 hour embryos. Maternal dia gene product
may be required for cytokinesisin postblastoderm mitoses and
perhaps for cellularization of the syncytial blastoderm, a
process similar in some respects to cytokinesis.

Role of diaphanous

We believe that dia is specifically required for cytokinesis; as
such, the protein might be a component of the contractile ring
or regulate its function. Other aspects of the cell cycle,
including DNA replication, spindle assembly and function, and
nuclear reformation appear to proceed normally in dia mutants.
The chromosomes of salivary glands from larvae homozygous
for a null alele reach wild-type levels of polytenization
(unpublished data), demonstrating that dia is not required for
DNA replication. Chromosome segregation occurs in mutant
spermatids, follicle cells and neuroblasts.

In dia mutant cells that have failed to undergo cytokinesis,
nuclear reformation appearsto occur normally, although fusion
of nuclei occursin neuroblasts and possibly in follicle cells. In
Drosophila and other species, fusion of nuclel is common in
cellsthat become multinucleate due to afailure of cytokinesis.
This phenomenon has been observed in the Drosophila cytoki-
nesis mutant spaghetti-squash?! (sgh?) (Karesset al., 1991; see
also Gatti and Baker, 1989) and in a hamster cell line mutant
defective for cytokinesis (Hatzfeld and Buttin, 1975). In dial
spermatids, fusion of nuclei does not take place. This may be
due to the fact that the spermatogenesis differentiation
program, which includes the condensation of nuclei for
packaging into spermheads, proceeds to some extent in these
spermatids.

The partial loss-of-function sgh? allele results in a mutant
phenotype similar to dia3 homozygotes die as early pupae,
have small imaginal discs and exhibit a high frequency of
polyploid neuroblasts in third instar larvae. In addition,
cleavage furrows are missing in anaphase figures of sgh! neu-
roblasts. Viable, sterile alleles of sgh have not been described.
The sgh gene encodes the regulatory light chain of nonmuscle
myosin, consistent with a requirement for myosin function
during cytokinesis in Drosophila (Karess et al., 1991).

Significance of formin homology domains

Diaphanous, the formins and Bnilp contain two regions of
sequence similarity, FH1 and FH2. Although no primary
seguence similarity was detected in the N-terminal domains of
these proteins, this portion of the mouse and chicken formins
is much less conserved than the C-terminal domain (Trumpp
et al., 1992; Jackson-Grusby et al., 1992). The fact that each
of the proteins containing an FH2 domain also containsan FH1
domain, that the spacing between the two domains is aso

conserved and that the two domainsin each protein are flanked
by regionslikely to form coiled-coil domains strongly suggests
that the FH1 and FH2 domains function together.

Mutations in the mouse limb deformity gene, which encodes
multiple formin isoforms, cause moderate to severe aplasia of
both limbs and kidneys (Kleinebrecht et al., 1982; Woychick
et al., 1985; 1990; Zeller et al., 1989). Within the limb bud,
defects are observed in the apical epidermal ridge. However,
complete loss-of-function mutations have not been identified,
and little is known about the role of the formins at the cellular
level. It remains possible that a defect in cytokinesis is respon-
sible for the observed deformities.

A peptide representing a portion of the FH1 domains of the
formins has been shown to bind in vitro to the SH3 domain of
the Abl protein (Ren et al., 1993) and this sequence is a rea-
sonable match with a recently defined consensus binding site
for SH3 domains (Yu et a., 1994). However, the FH1 domains
of diaphanous and Bnilp do not fit the defined consensus.
Another possibility is that the FH1 domain serves as a hinge
between two functionally separate domains. Hinge regions of
proteins are also often rich in proline (e.g. Koenig and Kunkel,
1990), but tend to be smaller than the FH1 domain and have
more evenly dispersed proline residues.

One intriguing possihility is that the FH1 domain binds to
profilin, which is involved in the regulation of actin polymer-
ization (Carlsson et a., 1977). Profilin binds with extremely
high affinity to poly(L-proline), a feature that has been
exploited to purify profilin from crude cell extractsin asingle-
step (Tanaka and Shibata, 1985). Profilin is therefore expected
to interact in vivo with at least one as yet unidentified protein
containing a proline-rich region. Dictyostelium discoideum
cells mutated for both profilin genes form multinucleate cells
due to a defect in cytokinesis (M. Schleicher, personal com-
munication). Furthermore, male-sterile alleles of chickadee,
which encodes the Drosophila homolog of profilin (Cooley et
al., 1992) affect the proliferation of the germline (Castrillon et
a., 1993). In this regard, it is notable that dia and the
Drosophila profilin gene can both mutate to germlineless phe-
notypes.

The diaphanous protein might also interact directly with the
product of the peanut gene (Neufeld and Rubin, 1994). Like
diaphanous, peanut is required for cytokinesis in Drosophila.
The peanut protein is similar throughout its length to the S.
cerevisiae proteins Cdc3, Cdcl0, Cdcll, and Cdcl2, al of
which are required for cytokinesis (Hartwell, 1971; Kim et al.,
1991). Since CDC12 has a synthetic lethal interaction with
BNI1 (H. Fares and J. Pringle, personal communication), there
may be a direct interaction between the products of these two
genes and, by analogy, between peanut and diaphanous.
Whether or not this is the case, the observation that there are
regions of similarity common to diaphanous, the formins and
Bnilp indicates that these proteins are likely to share a
common biochemical function.
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