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Summary 

We have identified a Drosophila gene, peanut @nut), 
that is related in sequence to the CDC3, CDCTO, 
C/X71, and CDC72 genes of S. cerevisiae. These 
genes are required for cytokinesis, and their products 
are present at the bud neck during cell division. We 
find that pnul is also required for cytokinesis: in pnut 
mutants, imaginal tissues fail to proliferate and instead 
develop clusters of large, multinucleate cells. Pnut 
protein is localized to the cleavage furrow of dividing 
cells during cytokinesis and to the intercellular bridge 
connecting postmitotic daughter cells. In addition to 
its role in cytokinesis, pnut displays genetic interac- 
tions with seven in absentia, a gene required for neu- 
ronal fate determination in the compound eye, sug- 
gesting that pnut may have pleiotroplc functions. Our 
results suggest that this class of proteins is involved 
in aspects of cytokinesis that have been conserved 
between flies and yeast. 

Introduction 

Organisms throughout the phylogenetic spectrum have 
evolved a variety of approaches to the task of cell division. 
Particularly diverse are the mechanisms of cytoplasmic 
division or cytokinesis. For example, cytokinesis in animal 
cells is achieved by a contractive mechanism in which a 
cleavage furrow forms at the cell cortex during anaphase 
and rapidly constricts to partition the cell. The orientation 
and timing of cleavage furrow formation have been shown 
to respond to the underlying mitotic spindle (Rappaport, 
1988). In contrast, cytokinesis in most higher plants and 
fungi occurs by a process of vesicle fusion, in which new 
cell wall and membrane material is deposited between 
dividing cells. The division plane in these cases is estab- 
lished prior to nuclear division, for example, by the prepro- 
phase band of microtubules in plants (Pickett-Heaps and 
Northcote, 1988) and by selection of a bud site in budding 
yeast (Chant and Herskowitz, 1991). 

The force driving the furrowing process in animal cells 
has been attributed to the contractile ring, a narrow band 
of actin filaments and bipolar myosin II filaments located 
adjacent to the cell membrane beneath the cleavage fur- 
row (reviewed by Schroeder, 1990). Although clearly influ- 
enced by the spindle, the molecular nature of the signals 
governing assembly and function of the furrow apparatus 
remains a mystery. Similarly, the molecular composition 
of this structure has not been well established. In addition 
to actin and myosin, proteins such as spectrin, a-actinin, 

profilin, and several unidentified proteins have been 
shown by biochemical or immunohistochemical methods 
to associate with the contractile ring (Yonemura et al., 
1991; Edamatsu et al., 1992), but the rolesof these mole- 
cules in cylokinesis are unknown. 

The budding yeast Saccharomyces cerevisiae pos- 
sesses a novel cytoskeletal structure in the region of the 
cell where cytokinesis occurs. A ring of highly organized 
10 nm filaments forms at the future site of bud emergence 
and is present during bud growth as a monolayer of fila- 
ments spaced at 28 nm intervals that encircle the neck 
region between the bud and mother cell (Byers and 
Goetsch, 1978a). Mutations in four cell division cycle 
genes, CDC3, CDClO, C/X71, and CDCIP, cause a dis- 
ruption of cytokinesis, giving rise to multinucleate cells 
with abnormal bud growth (Hartwell, 1971). The ring of 
10 nm filaments is absent in these mutants (Byers and 
Goetsch, 1978b), suggesting that this structure plays an 
important role in cytokinesis. Antibodies generated 
against the CDQ, CDC70, CDCl 1, and CDC12 gene prod- 
ucts localize to the bud neck, leading to the conclusion 
that these genes probably encode the bud neck filament 
proteins (Haarer and Pringle, 1987; Ford and Pringle, 
1991; Kim et al., 1991). Recently, the nucleotide se- 
quences of CDC3, CDClO, CDCll, and CDClP have been 
reported (GenBankaccession numbers L18548-L18551). 
The products of these genes define a novel family of struc- 
turally related proteins with no significant sequence simi- 
larity to other known filamentous proteins. 

It is unclear whether the 10 nm filament ring reflects 
the specialized budding mechanism of S. cerevisiae or 
whether such filaments may be involved in cytokinesis in 
other organisms. No similar structure of highly ordered 
filaments has been identified in the cleavage furrows of 
animal cells. In this report, we describe the identification 
of a novel Drosophila gene, which we have named peanut 
@nut), that is related in sequence to the yeast CDC3, 
CDC70, CDC7 7, and CDC72genes. We find that mutations 
in pnut cause a disruption of cytokinesis and that pnut 
protein is localized to the cleavage furrow of dividing cells. 
Our results demonstrate that this class of proteins func- 
tions in two mechanistically distinct types of cell division. 

Results 

pnul Is an Enhancer of seven in absentia 
We identified the pnut locus in a genetic screen for muta- 
tions that disrupt photoreceptor development in the com- 
pound eye. In response to an inductive signal from an 
adjacent cell in the developing eye, the presumptive R7 
photoreceptor normally adopts a neuronal fate (reviewed 
by Zipursky and Rubin, 1994). The seven in absentia (sina) 
gene is required for this induction: presumptive R7 cells 
that lack sina function are unresponsive to the inductive 
signal and fail to develop as photoreceptor neurons (Car- 
thew and Rubin, 1990). Weak alleles of sine that reflect a 
partial loss of sina activity give rise to a somewhat reduced 



Table 1. Enhancement of sins Phenotype by pnut Mutant Alleles 

Genotype Ommatidia Lacking R7 (%) 

pnot+/ i; sina’hina’ 22 * 6 (n = 466) 
pnutY +; sinaVsina’ 79 f 10 (n = 463) 
pnu?V +; sina’/sina4 37 + 10 (n = 966) 
pnut-/ +; sina’kina’ 62 + 6(n = 1106) 
pnuP/ +; .sina’/sina’ 82 + 7(n = 714) 

Compound eyes from adult flies of the indicated genotype were fixed 
and sectioned as described (Carthew and Rubin, 1990) and individual 
ommatidia were scored for the presence of R7 ceils. n, number of 
ommatidia scored. 

number of R7 photoreceptor cells in the adult eye. To iden- 
tify factors that may interact with sina, we screened for 
dominant mutations that increase the severity of a weak 
sina allele. This screen identified nine independent muta- 
tions (R. W. Carthew, T. P. N., and G. M. R., unpublished 
data), including a single allele of pnut, pnut’. A disruption 
inoneof the twocopiesofpnut, byeitherthepnut’mutation 
or by chromosomal deficiencies for the pnut region, 
strengthens the phenotype of the hypomorphic sina al- 
lele, further reducing the number of R7 photoreceptors 
-Cfold (Table 1). Therefore, pnut formally behaves as a 
dominant enhancer of sina. 

Recombination and deficiency mapping placed the pnut 
locus in the 44C region of the second chromosome. To 
isolate additional pnut alleles, a series of second chromo- 
some P element enhancer trap lines (C)‘Kane and Gehring, 
1987; L. S. Higgins and G. M. Ft., unpublished data) was 
tested for the ability to complement the pnut’ mutation. 
We identified two lines, rN498 and rQ348, that fail to com- 
plement pnut’; each contains a single P element insertion 
at cytological position 44Cl-2 (data not shown). Each line 
also behaves as a dominant enhancer of sina, albeit to a 
lesser degree than thepnur’ mutation (Table 1). A molecu- 
lar null allele was generated by imprecise excision of the 
rN498 P element. This allele, pnuP, which lacks nearly 

all of the pnut coding region (see legend to Figure 3), was 
used for the phenotypic analysis described below. 

pnut Is Required for Cytokinesis 
Homozygous pnutxplpnuP (pnur) animals do not survive 
to adulthood but instead die shortly after pupation. Dissec- 
tion of pnur third instar larvae revealed severely reduced 
imaginal discs, the epithelial structures that give rise to 
adult tissues. In most cases no discs could be seen under 
the dissecting microscope. Gatti and Baker (1989) have 
shown that such a discless, pupal-lethal phenotype often 
reflects an underlying defect in mitosis. In such mitotic 
mutants, early divisions during embryogensis are presum- 
ably supported by maternally supplied gene products, but 
later proliferation of imaginal tissues is dependent on the 
mutant zygotic genome. To look for mitosis defects in pnut 
mutants, we examined nuclei from orcein-stained brain 
preparations of third instar pnur larvae. The number of 
neuroblasts undergoing mitosis in pnur brains is similar 
to that of wild-type controls, indicating that initiation of 
mitosis is not impaired. Chromosome condensation and 
anaphase separation also appear normal. However, pnur 
brains contain a large number of polyploid cells. Most of 
these cells are tetraploid (Figure 1 B), but occasionally we 
observed nuclei with ploidy of eight or greater (Figure 1C). 
The absolute number of polyploid cells is variable, but 
such cells were observed in all pnuf brains examined. In 
addition, cells containingtwo metaphase nuclei wereoften 
observed (data not shown). 

This pattern of mitotic defects is similar to those of pre- 
viouslydescribed Drosophila mutations that disrupt cytoki- 
nesis (Gatti and Baker, 1989; Karess et al., 1991). To deter- 
mine whether the proliferation defect observed in pnuf 
imaginal discs is due to a disruption of cytokinesis, we 
examined the nucleus to cell ratio of these tissues. Imagi- 
nal discs from wild-type and pnur third instar larvae were 
double labeled with a rabbit polyclonal serum against Dro- 
sophila a-spectrin, which labels the cell membrane, and 

Figure 1. Metaphase Chromosomes from Wild-Type and pnur Third lnstar Larval Neuroblasts 

(A) Wild-type diploid cell with a pair of telocentric X chromosomes and two pairs of metacentricautosomes. (B)pnut tetraploid cell. (C)Approximately 
octaploid pnuf cell. Scale bar, 2 urn. 
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Figure 2. Multinucleate Cells in pnuf Tissues 

(A) Confocal image of a wild-type lymph gland stained with anti-a-spectrin antibody (green), which labels the cell membrane, and with the nuclear 
dye propidium iodide (red). 
(B) pnof lymph glands stained as above. The majority of pnuf cells are of larger size than wild type and often contain multiple nuclei. 
(C) pnut leg imaginal disc cell stained with anti-a-spectrin antibody (green) and with the centrosome-specific antibody anti-DMAPGO (red). This 
image is a superimposition of six confocal optical sections. The DMAP60 antibody identifies five centrosomes in this cell. 
(D and E) Fluorescent photomicrographs of wild-type (D) and pnuf (E) ovarian follicle cells stained with anti-a-spectrin antibody (green) and the 
nuclear dye Hoechst 33256 (blue). 

Scale bar in (E) represents 15 pm in (A) and (B), 5 urn in (C), and 25 nm in (D) and (E). 

with the nuclear dye propidium iodide. These preparations 
were then examined by confocal microscopy. This method 
provides clear identification of cell outlines and allows de- 
termination of the number of nuclei per cell. Wild-type tis- 
sues prepared in this way contain cells of uniform size 
with single nuclei (Figure 2A). In contrast, pnut tissues 
contain a large number of multinucleate cells, with two to 
six nuclei per cell (Figure 28). These cells range in size 
from an approximately normal 5 pm to greater than 20 pm 
in diameter. Nuclei in the larger cells are also considerably 
larger than normal diploid nuclei and are presumably poly- 
ploid. In addition, staining of pnur imaginal tissues with 
an anti+tubulin antibody (data not shown) or with an anti- 
body that localizes to centrosomes (antiMAP60; Figure 
2C) revealed cells with multipolar mitotic spindles and ex- 

tra centrosomes. We found large, multinucleate cells in 
all pnuf imaginal tissues examined, with the most severe 
effects seen in the lymph glands and imaginal rings of the 
salivary glands, in which nearly all cells contain multiple 
nuclei. Similar defects were also observed in the ovarian 
follicle cells of pnut mutants. pnuf flies carrying a P ele- 
ment construct that places expression of the pnut gene 
under the control of the Drosophila hsp70 promoter (see 
Experimental Procedures) can be rescued to adulthood 
by providing pnut expression during development by heat 
shock. Transformants placed at a noninducing tempera- 
ture (22%) as adults are sterile, and the ovaries of such 
females progressively degenerate (data not shown). Mem- 
brane and nuclear staining of these ovaries revealed sev- 
eral follicle cells with multiple large nuclei (Figure 2E). 
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Figure 3. Genomic Organization at the pnot 
LOCUS 

(A) Restriction map of cloned phage genomic 
DNA. The pnut transcript is represented by a 
bar, with the closed region of the bar represent- 
ing the coding sequence. The insertion site of 
the rN498 and r-0348 P elements in the 5’ end 
of the pnut transcript is shown. The deadpan 
(dpn) transcription unit is represented by the 
hatched bar. The 10 kb BamHl fragment used 
for transformation rescue of pnuP is depicted 
as a bold line. The region of DNA deleted in 
the pnuP excision allele is represented by the 
broken line. This deletion begins at the inser- 
tion site and extends downstream beyond the 
region of genomic DNA shown here. The distal 
limit of the deletion was not determined. It ex- 
tends at least 17 kb, but cannot contain any 
other essential genes as its lethality can be 
rescued by both pnut rescue constructs. Re- 
striction enzyme abbreviations: B, BamHI; H, 
Hindlll. 
(B) Nucleotide sequence of the pnut transcript 
5’ end and upstream genomic DNA. The first 
nucleotide of the 2.5 kb cDNA is boxed and is 
designated as +I. The insertion sites of the 
rN498 and rC348 P elements are represented 
by triangles. P element orientation is indicated 
by the closed half of the triangle, which reprs 
sents the region of the PZ element (Mlodzik 
and Hiromi, 1991) that is included in the rescue 
plasmid. 
(C) Predicted amino acid sequence of the pnut 
protein. Conceptual translation of the long 
open reading frame of the pnut 2.5 kb cDNA 
produces a 539 amino acid polypeptide of 60 

kDa. The predicted pnut sequence is compared with the sequences of seven related proteins: the Cdc3p, CdclOp, Cdcl Ip, and CdclPp proteins 
of S. cerevisiae (GenBank accession numbers L16548-L16551); two murine proteins, Diff6 and H5 (Nottenburg et al., 1990; Kato, 1991); and a 
Drosophila Diff6 homolog, DmDiff6 (GenBank accession number X67202). Residues identical to the pnut sequence are boxed. The P loop motif 
(amino acids 149-156) and putative coiled-coil region (amino acids 427-515) are overlined. 

Taken together, these results strongly indicate that the 
failure of proliferation observed in pnut- imaginal tissues 
is due to a defect in cytokinesis. 

Isolation of the pnuf Gene 
To initiate the molecular cloning of pnut, genomic DNA 
adjacent to the rN498 and rQ348 P insertions was recov- 
ered by plasmid rescue in Escherichia coli (Pirrotta, 1986) 
and used to screen a Drosophila genomic DNA library. 
DNA blotting and restriction analysis of DNA from this re- 
gion demonstrated that the two P elements had inserted 
at nearly identical sites, - 5 kb upstream of the deadpan 
gene (Figure 3A). Genomic DNA flanking the insertion 
sites was used to screen a cDNA library prepared from 
eye-antenna1 imaginal disc RNA. Six related cDNA 
clones, ranging in size from 1.2 to 2.5 kb, were isolated. 
The three largest cDNA clones spanned the P insertion 
point, indicating that the P elements had inserted into this 
transcription unit. The precise site of P element insertion 
was determined by sequencing the junctions between P 
element and genomic DNA. We found that the two P ele- 
ments are located 8 nt apart, in the coding region near 
the 5’ end of the transcript (Figure 38). The largest cDNA 
was used to probe a blot of imaginal disc RNA and hybrid- 

ized to a single transcript of 2.5 kb (data not shown), indi- 
cating that we had cloned an approximately full-length 
transcript. Comparison of the nucleotide sequences of the 
cDNA and corresponding genomic region revealed an ab- 
sence of introns in this transcript. 

To confirm that the 2.5 kb cDNA corresponds to thepnut 
transcript, we introduced DNA from this region into pnur 
flies by P element-mediated germline transformation. Two 
rescue constructs were used. The first contained a 10 kb 
genomic fragment encompassing the 2.5 kb transcription 
unit (Figure 3A). This construct completely rescues pnur 
mutants to full viability and fertility. The second construct 
contained the coding region of the 2.5 kb transcript sub- 
cloned into the pHS-CaSpeR vector, which carries the Dro- 
sophila hsp70 promoter (Pirrotta, 1988). Rescue of pnur 
flies carrying this construct requires induction by heat 
shock (every24 hr for 1 hr at 38%) during larval and pupal 
development. As further confirmation that we had correctly 
identified the pnut transcription unit, protein immunoblot 
analysis using monoclonal antibodies (MAbs) generated 
against a product of the 2.5 kb cDNA identified a single 
protein species of 60 kDa that is present in wild-type larval 
extracts and absent in pnur extracts (data not shown). 
These data demonstrate that the 2.5 kb transcription unit 
corresponds to pnut. 



Figure 4. Pnut Protein Localization 

Cells were fixed as described and stained with MAb 4C9, an antibody raised against the amino-terminal 116 amino acids of the pnut protein. 
(A-C) Fluorescent photomicrographs of Drosophila S2 cells in progressive stages of cytokinesis stained with MAb 4C9 and Hoechst 33256. (A) 
S2 cell during early furrow formation, with a slight concentration of MAb 4C9 staining at the furrow membrane. (B) Cell nearing completion of 
furrowing with intense staining of the cleavage furrow. (C) Postmitotic daughter cells with staining of the intercellular bridge. Note the absence 
of staining in the midbody. 
(D-l) Confocal images of MAb 4C9-stained Drosophila embryos. Nuclei were labeled with chromomycin A. Embryos in mitotic cycle 14 display 
a low level of general membrane staining and a concentration of staining in cleavage furrows(D) and intercellular bridges(E). During cellularization 
of the syncitial blastoderm, pnut protein is localized to the advancing membrane front (F) and becomes highly concentrated in the cytoplasmic 
connections between cells and yolk following cellularization, as seen in longitudinal (G) and tangential (H) views. (I) shows a 14 hr embryo with 
staining localized to the ventral nerve cord. 
(J) Confocal image of a third instar eye imaginal disc stained with MAb 4C9, showing concentrated staining in the apical membranes of developing 
photoreceptor cells. 
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pnut Is Similar to the Bud Neck Filament Genes 
of S. cerevisiae 
Nucleotide sequencing of the 2.5 kb pnut cDNA revealed 
a single open reading frame of 1617 bp predicted to en- 
code a 539 amino acid polypeptide of 60 kDa (Figure 3C). 
Searches of the current data bases revealed a similarity 
to the CDCS, CDClO, CDCll, and CDClP gene products 
of the budding yeast S. cerevisiae (Get-Bank accession 
numbers L16546-L16551). These genes are required for 
cytokinesis and are thought to encode components of a 
ring of 10 nm filaments located at the bud neck (see Intro- 
duction). Similar proteins have recently been identified in 
mouse (Diff6 and H5; Nottenburg et al., 1990; Kato, 1991) 
and Drosophila (Dmdiff6; GenBank accession number 
X67202), but the role of these proteins has not been deter- 
mined. 

The sequence identity between pnut and these proteins 
ranges from 35% for Cdcl 1 p to 54% for Dmdiff6, over a 
region of 300-400 amino acids (Figure 3C). Three of the 
proteins, pnut, CdcSp, and H5, contain amino termini of 
- 100 amino acids with limited sequence similarity. None 
of the proteins shows significant sequence identity to 
known filamentous proteins. However, an algorithm that 
predicts the likelihood of coiled-coil structure based on 
comparison to the sequences of known coiled-coil do- 
mains (Lupas et al., 1991) finds a high probability of such a 
domain in the carboxyl terminus of most of these proteins, 
including pnut (residues 427-515; p > 0.97). In addition, 
each of these proteins contains an ATP/GTP-binding site 
motif (P loop; Saraste et al., 1990) that may be involved 
in their assembly or regulation. 

Pnut Protein Is Localized to the Cleavage Furrow 
of Dividing Cells 
MAbs generated against a glutathione S-transferase 
(GST)-pnut fusion protein were used to label Drosophila 
S2 tissue culture cells (Figures 4A-4C). Cells in interphase 
stain at a low intensity, with a slight concentration of stain- 
ing at the plasma membrane. Localization of this staining 
first occurs in late anaphase cells, as membrane staining 
increases at the newly forming cleavage furrow (Figure 
4A). Such staining was only observed in cells that had 
initiated cleavage. The intensity of staining at the furrow 
increases as it progresses inward (Figure 48) and appears 
to occur at the expense of overall membrane staining, 
which decreases during cytokinesis, suggesting that pnut 
protein may be recruited to the furrow from other regions 
of the membrane. Following mitosis, staining persists well 
into interphase at the intercellular bridge connecting 
daughter cells (Figure 4C). 

A staining pattern essentially identical to this was ob- 
served in dividing cells of the embryo and imaginal discs. 
Gastrulation stage embryos labeled with anti-pnut MAbs 
show a general membrane staining of interphase cells, 
with staining concentrated in the cleavage furrows of divid- 
ing cells (Figure 4D) and the cytoplasmic bridges connect- 
ing postmitotic daughter cells (Figure 4E). Prior to the cel- 
lular blastoderm stage, the embryo exists as a syncitium 
of nuclei that undergoes cellularization following mitotic 
cycle 13. This process resembles cytokinesis in some as- 

pects, and the advancement of membranes between the 
syncitial nuclei is comparable to furrowing in dividing cells 
(reviewed by Schejter and Wieschaus, 1993). Following 
cellularization, the newly formed cells remain connected 
for several minutes to the underlying yolk by narrow cyto- 
plasmic channels. Embryos of these stages stained with 
anti-pnut antibodies show intense staining of the advanc- 
ing membrane front and of the later yolk connections (Fig- 
ures 4F-4H), suggesting that pnut may have a role in cellu- 
larization similar to its function during cytokinesis. In 
addition, we detected a high level of diffuse staining in 
O-2 hr embryos (data not shown), presumably reflecting 
maternally supplied pnut protein. 

lntense staining was also detected on the cell surfaces 
of the embryonic central nervous system and on the apical 
membranes of developing photoreceptor cells in the eye 
imaginal disc (Figures 4l-4J). We also observed punctate 
cytoplasmic staining in a subset of eye disc and larval 
central nervous system cells (data not shown). 

Discussion 

The morphological aspects of mitosis in budding yeast are 
quite distinct from those of higher eukaryotes. In yeast 
cells, no furrowing process occurs. Rather, a new bud 
begins to emerge near the beginning of S phase (Hartwell, 
1974) and grows continuously throughout the cell cycle. 
Following DNA replication, the nucleus migrates to the 
neck between the mother cell and bud, where it elongates 
andeventuallydivides. Cytokinesis isfinallyaccomplished 
in the neck region by fusion of vesicles with the cell mem- 
brane (Byers and Goetsch, 1976a). Throughout this pro- 
cess, the diameter of the neck and underlying ring of 10 
nm filaments remains constant (Byers and Goetsch, 
1976a), and no contractile activity is evident. In contrast, 
the furrow apparatus of animal cells forms only after the 
onset of anaphase and then rapidly contracts to bisect the 
cell. Following the completion of furrowing, the contractile 
ring of actin filaments disassembles (Schroeder, 1972), 
leaving the daughter cells connected by a narrow intercel- 
lular channel for up to several hours (Byers and Abramson, 
1966; Sanger et al., 1965). 

Despite these mechanistic differences in division be- 
tween flies and yeast, we have found that mutations in 
pnut cause a disruption of cytokinesis similar to that of 
the c&3, c&10, cdcll, and c&l2 mutants. Moreover, 
pnut protein localizes to a ringed structure in the region 
of cytokinesis, as do the products of the neck filament 
genes. We do not know whether these similarities are ser- 
endipitous or whether they reflect functions conserved be- 
tween the Drosophila and yeast proteins. No structure re- 
sembling the coil of regularly spaced 10 nm filaments has 
been reported in cleavage furrows. However, electron mi- 
crograph studies of the intercellular bridge connecting 
pairs of daughter cells from a human bone marrow cell 
line (Mullins and Biesele, 1977) identified segments of the 
bridge in which the membrane was organized into wave- 
like rippleswith adistinct periodicityof 34-43 nm, although 
no underlying repeating structures were observed. In addi- 
tion, electron micrographs of similar bridges between Dro- 
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sophila embryonic cells (Rickoll and Counce, 1980) re- 
vealed electron-dense material adjacent to the cell 
membrane with a periodicity of -60 nm, suggestive of a 
similar structure of coiled filaments. We find that anti-pnut 
antibodies strongly stain these bridges in embryonic and 
imaginal disc cells (Figure 4E). Moreover, antisera raised 
against a second Drosophila neck filament homolog, 
Dmdiff6, localize in a pattern identical to that of anti-pnut 
antibodies (J. Fares and J. Pringle, personal communica- 
tion), suggesting that pnut and Dmdiff6 may assemble into 
a multicomponent structure as in S. cerevisiae. 

The role of the bud neck filaments in yeast cytokinesis 
is not known, although several possibilities have been pro- 
posed. Byers and Goetsch (1976a) have suggested that 
the filamentous ring either may play a structural role, coun- 
teracting the outward pressure on the cell surface in the 
neck region, or may be involved in the localization of spe- 
cific components to this area, such as factors required for 
cell wall deposition. Each of these activities, modified to 
a more general level, could also be applicable to a role 
in contractive cytokinesis. Following disassembly of the 
contractile ring, the cell membrane remains constricted 
about the microtubules spanning the intercellular bridge. 
Filaments of 10 nm may be involved in maintaining the 
narrow dimensions of the cell in this region after the actin 
filaments have been disassembled. The bud neck of yeast 
cells and the intercellular bridge of animal cells are both 
-- 0.5 pm in diameter (Byers and Goetsch, 1976a; Mullins 
and Biesele, 1977; Rickoll and Counce, 1980), and per- 
haps the 10 nm filaments are specially adapted to form 
a structure of this size. Alternatively, these proteins may 
act earlier to localize actin or other components of the 
contractile ring to the presumptive cleavage furrow. Our 
observations do not allow us to distinguish between these 
possibilities. Comparison of pnut protein localization with 
that of filamentous actin, as detected by rhodamine- 
conjugated phalloidin, detected no differences in the tim- 
ing of arrival at the cleavage furrow (data not shown); con- 
centration of neither protein was observed in the cleavage 
plane cortex prior to the onset of furrowing. 

Two additional Drosophila mutants that specifically af- 
fect cytokinesis have been described. Mutations in spa- 
ghetti-squash and pebble result in a disruption of cytokine- 
sis with no effect on earlier stages of the cell cycle (Karess 
et al., 1991; Hime and Saint, 1992; Lehner, 1992). The 
terminal phenotype of spaghetti-squash, which encodes 
the nonmuscle myosin light chain, is similar to that of pnut, 
with a pupal-lethal phase and rudimentary imaginal discs 
(Karess et al., 1991). The relatively late timing of such 
defects in spaghetti-squash and other mitotic mutants has 
been attributed to the action of maternal gene products 
during embryonic divisions. Our finding of pnut protein in 
the early embryo prior to zygotic transcription lends sup- 
port to this idea. In contrast, zygotic transcription of pebble 
is required for cytokinesis during embryonic cell divisions 
(Lehner, 1992; Hime and Saint, 1992). 

We originally identified mutations in pnut by their effect 
on photoreceptor development. A disruption in one of the 
two copies of pnut (presumably resulting in a 50% reduc- 
tion in the level of thepnut translational product) increases 

the severity of a weak sina allele -4-fold, suggesting that 
the level of pnut activity is a limiting factor in signaling 
through sina. In light of the role of pnut in cytokinesis, one 
interpretation of these results is that a reduction in pout 

activity causes a delayed exit from mitosis, leaving the 
presumptive R7 cell in a state refractive to inductive signal- 
ing. R7 induction is immediately preceded by a final round 
of cell division (Wolff and Ready, 1991), and studies with 
temperature-sensitive alleles of sevenless (Mullins and 
Rubin, 1991) have shown that successful induction re- 
quires a continuous signal for a period of 6 hr following 
this final cell division. Therefore, even a slight delay in the 
cell cycle due to reduced pnut activity may be enough to 
decrease further the ability of the presumptive R7 cell in 
sina flies to respond properly to inductive signals. 

Alternatively, the effect of pout mutations on cell signal- 
ing may reflect the pleiotropic functions of this family of 
proteins. In addition to defects in cytokinesis, cdc3, cdc70, 
cdc77, and cdc72 mutants display a disruption in the posi- 
tioning of new bud sites (Flescher et al., 1993). One model 
of bud site selection proposes that factors remaining at 
the previous site of cytokinesis direct assembly of compo- 
nents required to form a new adjacent bud (Chant and 
Herskowitz, 1991; Snyder et al., 1991). In thisview, agen- 
eral role of the 10 nm filaments would be to localize specific 
factors to defined regions of the cell membrane: to the bud 
neck in the case of cytokinesis and to a position adjacent to 
the previous filament ring in the case of bud site selection. 
In this regard, murine Diff6 was isolated in a screen for 
molecules whose abundance varied with that of a cell sur- 
face glycoprotein involved in lymphocyte homing (Notten- 
burg et al., 1990). In addition to the localization of pnut 
protein in the cleavage furrow, we find that it is concen- 
trated at the apical surfaces of developing photoreceptors 
in the eye imaginal disc and at the cetl membranes of 
neurons in the embryonic ventral nerve cord. Pnut may 
be acting in these cases to localize molecules, such as 
components of the signaling apparatus, to specific do- 
mains of the cell surface. 

Experimental Procedures 

Genetics 
The mutagenesis screen for dominant enhancers of sina will be de- 
scribed elsewhere (R. W. Carthew, T. P. N., and G. M. R., unpublished 
data). In brief, sina’ UdfhW hi males were mutagenized with EMS 
and cross5d to sine* knifM3 t/d females. Fl progeny (sins’ t/d/sine’ 
kni) were anesthetized and assayed for the presence of R7 photorecep- 
tors by the reduced cornea1 pseudopupil method (Franceschini and 
Kirschfeld, 1971). We screened -30,000 flies. The second chromo- 
some mapping stock (a/ dp b pr c px sp) was used to determine the 
meiotic position of the pnut’ mutation. The map position was further 
refined by inclusion in the deficiencies Df(2R)44Cf and Df(2Rj193A 
(Hooper and Scott, 1989). These deficiencies fail to complement the 
recessive lethality associated with the pnut’ chromosome and behave 
as strong dominant enhancers of sina. 

Recessive lethal lines rfV49S and rQ348, containing the P[/acZ, ry+] 
element (PZ element; Mlodzik and Hiromi, 1991) came from a collec- 
tion of enhancer trap lines with Bgalactosidase expression patterns 
in the eye imaginal disc (L. S. Higgins and G. M. R., unpublished data). 
The fN498 P element was mobilized by introducing a chromosome 
carrying the A23 source of transposase activity (Robertson et al., 
1988). Of 248 lines that lost the ry+ marker associated with the P[/ecZ, 
ry+] element, 19% reverted to viability, indicating that the recessive 
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lethality of rN498 was due solely to the P element insertion. Two ry 
nonrevertant lines that carry small deletions in the pnut region were 
identified by PCR and DNA blot analysis. One of these lines, desig- 
nated pnoP, lacks all pnut sequences downstream of the rN498 P 
insertion site (located 75 bp into the Pnut coding region). 

The prrutXp chromosome was kept over the compound balancer 
SMG-TMGb that carries the dominant body-shape marker Tubby. This 
allowed us to distinguish homozygouspnutXPthird instar larvae (pheno- 
typically non-Tubby) from their heterozygous siblings (phenotypically 
Tubby). 

Cytologlcal Examinatlon of Dividing Cells 
Aceto-orcein squashes of third instar larval ganglia were prepared as 
follows. Brain complexes from homozygous pnutxP third instar larvae 
or heterozygous controls were dissected in 0.1 M NaCI, transferred 
to 50% acetic acid for 30 s, and placed in a drop of 2% natural orcein 
(Bio/medical Specialties) in 50% acetic acid on a siliconized slide for 
5 min. The stained brain complexes were squashed under a siliconized 
coverslip and examined with phase-contrast optics. 

Molecular Biology 
All nucleic acid labeling and hybridization procedures were performed 
with nonradioactive techniques. Digoxigenin-labeled DNA probes 
were made and detected according to the the specifications of the 
manufacturer (Genius System, Boehringer Mannheim). 

Genomic DNA fragments of 0.8 and 3.0 kb flanking the rN498 and 
rC348 P elements were isolated by plasmid rescue as described (Pir- 
rotta, 1986). These fragments were used to probe a Drosophila geno- 
mic DNA library in 5FIX (Stratagene) made by K. Moses. Seven over- 
lapping clones were recovered, and a restriction map of this genomic 
region was constructed. pnut cDNA clones were isolated from an eye- 
antenna1 imaginal disc library in 5gtlO (made by A. Cowman) using 
genomic probes spanning the insertion site. The longest (2.5 kb) cDNA 
clone was subcloned into Bluescript KS II(+) (Stratagene) for further 
analysis. 

RNA for blot analysis was prepared from a mixture of third instar 
imaginal discs as described (Moses et al., 1989), denatured and size 
fractionated (Berk and Sharp, 1977) blotted onto Magnagraph nylon 
membranes (Micron Separations), and probed with the digoxigenin- 
labeled cDNA subclone. 

Plasmid DNA was sonicated and subcloned into MldmplO for se- 
quencing by the dideoxynucleotide chain termination method (Sanger 
et al., 1977) with the AutoRead kit (Pharmacia). Sequence reactions 
were analyzed on a Pharmacia LKB automated laser fluorescent DNA 
sequencer. The 2.5 kb pnut cDNA clone was sequenced on both 
strands. The precise sites of the P element insertion were determined 
by sequencing the junctions between P element and genomic DNA 
in the rescue plasmids, using a primer complementary to the 5’ end 
of the PZ element (~‘-CCTCTCIUCAAGCAAACGTGC-3’). 

Data base searches and other sequence manipulations were per- 
formed with the Genetics Computer Group sequence analysis software 
package. 

Transformation Rescue 
A 10 kb BamHl fragment of genomic DNA containing thepnurtranscrip 
tion unit was cloned into the transformation vector pW8 (Klemenz et 
al., 1987). A second rescue construct consisted of a 1768 bp EcoRI- 
Aflll fragment from the 2.5 kbpnutcDNA, cloned into the pCaSpeR-hs 
vector (Pirrotta, 1988). This vector contains the Drosophila hsp70 pro- 
moter and 3’ untranslated region and provides heat-inducible expres- 
sion. The resulting plasmids were injected into w”‘~ embryos as de- 
scribed (Karess and Rubin, 1984). Two transformant lines from each 
construct were established and crossed to pnuixp to assay rescue of 
the recessive lethality. 

Antlbody Production 
Segments of the pnutgene were amplified by PCR and subcloned into 
the pGEX-3X (Smith and Johnson, 1988) and pRSET-C (Invitrogen) 
vectors to produce GST and Hiss fusion proteins. Three nonoverlap 
ping segments were cloned: fusion I, amino acids 1-l 16; fusion II, 
amino acids 120306; fusion Ill, amino acids 317-527. The resulting 
constructs were used to produce and purify bacterial fusion protein 
as described (Invitrogen protocol; Smith and Johnson, 1988). GST- 

pnut II and GST-pnut Ill fusion proteins were insoluble and were there- 
fore run on SDS-polyacrylamide preparative gels and extracted from 
gel slices. Each GST fusion protein was injected into Swiss Webster 
mice, and antisera were tested for embryo staining and for ELISA 
reactivity to the Hiss fusion proteins (Harlow and Lane, 1988). Each 
serum produced a similar pattern of localization in embryos. Hybrid- 
oma cell line 4C9 was generated from a mouse immunized with GST- 
pnut fusion I. Specificity of MAb 4C9 was confirmed by two methods. 
First, protein immunoblots (Harlow and Lane, 1988) of third instar lar- 
vae extracts identified a single 4C9-positive band of 60 kDa that was 
present in extracts of wild-type larvae and absent in pnur extracts. 
Second, mosaic tissues containing clones of pnuf cells generated by 
the FLP-FRT recombination system (Xu and Rubin, 1993) were 
stained with MAb 4C9. Eye-antenna1 discs of mosaic larvae contained 
patches of cells that did not stain with MAb 4C9, adjacent to twin spots 
of strongly staining cells. 

lmmunofluorescent Staining 
Embryos were fixed and immunostained according to the protocol of 
Pate1 et al. (1987). S2 Drosophila culture cells were fixed on slides 
for 10 min in -70°C acetone and then processed for immunostaining 
as described (Pate1 et al., 1987) with wash and incubation times of 30 
min. Ovaries were fixed and stained as described by Hay et al. (1990). 
Mouthhook-brain complexes with attached imaginal discs, lymph 
glands, and salivary glands were fixed and stained as described (Xu 
and Rubin, 1993). MAb 4C9 was used at a I:4 dilution. Rabbit poly 
clonal serum 354, which is specific for Drosophila a-spectrin (Byers 
et al., 1987) was used at a 1:200 dilution. Rabbit anti-DMAPGO (a gift 
of D. Kellog) was used at 2 uglml. Texas red- and FITCconjugated 
IgGs (Jackson Laboratories) were used at a 1:300 dilution. Nuclei were 
stained with Hoechst 33258 (0.5 &!/ml) or propidium iodide (IO pgl 
ml). To reduce background staining by propidium iodide, RNAase A 
(1 mglml) was included in some secondary antibody incubations. All 
tissues were mounted in Vectashield mounting medium (Vector Labo- 
ratories). 

Microscopy 
Confocal images were generated with a Zeiss confocal microscope 
and prepared for publication with Adobe Photoshop and Aldus Page- 
maker software. Standard photomicrographs were prepared with a 
Zeiss Axiophot microscope. 
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