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giant nuclei is essential in the cell cycle transition from meiosis to mitosis
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SUMMARY

At the transition from meiosis to cleavage mitoses, activation. Gnu is normally expressed in the nurse cells and
Drosophilarequires the cell cycle regulators encoded by the oocyte of the ovary and is degraded during the embryonic
genesgiant nuclei(gnu), plutonium (plu) and pan gu(png). cleavage mitoses. Ovarian death and sterility result from
Embryos lacking Gnu protein undergo DNA replication  gnu gain of function. gnu function requires the activity of
and centrosome proliferation without chromosome pan guand plu.

condensation or mitotic segregation. We have identified

the gnu gene encoding a novel phosphoprotein Key words:Drosophila melanogasteMitosis, DNA replication,
dephosphorylated by Protein phosphatase 1 at egg Fertilization, Oogenesis, Protein phosphatase 1.

INTRODUCTION phase and mitosis in the subsequent embryonic cleavage cycles
(Freeman et al., 1986; Freeman and Glover, 1987; Shamanski

Natural developmental mechanisms ensure that oocytes aadd Orr-Weaver, 1991; Axton et al., 1994; Elfring et al., 1997,
eggs arrest to await fertilization. These exhibit remarkabl&enger et al., 2000). Regardless of embryonic genotype,
evolutionary flexibility, with different species using a variety of oocytes, eggs and embryos derived frpia, png or gnu
discrete arrest points, illustrating the diversity of regulatorjhomozygous females will be referred to herplaspngor gnu
mechanisms that have evolved to arrest the fundamental celbcytes, eggs or embryos.
cycle oscillator (Sagata, 1996). THerosophila oocyte is Pan gu and Plu co-immunoprecipitate from egg and embryo
normally arrested by its chiasmate chromosomes at metaphasdracts suggesting they act in a complex. However, the level
of the first meiotic division (Jang et al., 1995). Movement ofof Plu is reduced in nulpbng mutants (Elfring et al., 1997)
the oocyte into the oviduct is accompanied by its hydration aniéaving open the possibility that Plu is a downstream effector
activation (Heifetz et al., 2001) to complete both meioticof Pan gu. The levels of the mitotic Cyclins A and B and Cdk1
divisions resulting in three polar bodies and one femal&inase activity are decreased in embryonic extracts mutant for
pronucleus that share a common cytoplasm. In unfertilised eggsg gnuor plu (Fenger et al., 2000) providing a link between
the four meiotic products arrest with condensed chromosomethie giant nuclei phenotype with known cell cycle regulators. In

At fertilization, Cdks and their activators are present inaddition, a genetic screen fonggenetic interactors identified
excess in theDrosophila embryo as a result of maternal enhancement bgyclin B Experimental restoration of Cyclin
provisioning. From mitotic cycle 8, global Cyclin A and B B levels in apng background was able to restore polar body
levels oscillate, generating fluctuations in Cdk1 activity (Edgachromosome condensation, though the zygotic nuclei
et al., 1994). However, prior to cycle 8 the global levels ofventually became polyploid (Lee et al., 2001). Thus Cyclin B
Cyclin A and B appear not to oscillate and global Cdk1 levelgs a critical, but probably not the sole, targepaf), plu and
and activity, as measured by histone H1 kinase levels arghuaction. Here we describe the cloning of gmgene. We
tyrosine phosphorylation status, are constant (Edgar et aalso describe an analysis of t@uover-replication phenotype
1994). Recent evidence suggests that Cyclin degradation aadd investigatgnu function using epitope-tagged constructs.
Cdk activity oscillation are localised (Su et al., 1998; Huang
and Raff, 1999), which may explain how syncytial nuclei are
able to exit mitosis despite the presence of high Cyclin levelSIATERIALS AND METHODS
and Cdk1 activity in the rest of the embryo.

plu, png and gnu are three genes required maternally toDrosophila stocks and libraries
inhibit DNA replication in the unfertilised egg and to couple SStocks (Lindsley and Zimm, 1992) were maintained &C286nder
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standard conditions (Roberts and Standen, 1998). The single extamere taken using an Eclipse 800 microscope (Nikon) with a MRC
gnu mutation [(Freeman et al., 1986) Tubingen stgckf%9 was Radiance Plus laser scanning confocal system (Biorad) and
produced in a screen for female steriles by EMS mutagenesis bhserSharp software (Biorad) or a Nikon Optiphot attached to the
ru th st knfi roe P € ca gnu complementedDf(3L)fzD21 and BioRad MRC600 confocal microscope head. A Kahlman-averaging
Df(3L)BrdR15but was uncovered Hyf(3L)fzM21andDf(3L)D5rv5 filter was used to reduce background. Our observations of GFP
The phage library was constructed by C. Gonzal&aimHI-cleaved  fluorescence are significant, since they were compared with
ADASH (Stratagene). The cosmids were in NotBamNot CosPer vectadentically-fixed oocytes and embryos not containing gha-GFP

(Tamkun et al., 1992) and Lorist6 (Siden-Kiamos et al., 1990). transgene and imaged with identical confocal settings.
] o DNA was stained with propidium iodide, primary antibodies used
P-element induced male recombination were YL1/2 rat IgG anti-alpha tubulinig/ul (Serotec Ltd) used at

gnuwas mapped by P-element induced male recombination (Chen #1500 dilution; T47 mouse monoclonal anti-lamin (Frasch et al.,
al., 1998) relative tdr|s2325(a P-element insertion verified by inverse 1986), rabbit polyclonal againBrosophilaPCNA antigen (Ng et al.,
PCR). Thegnustockru gnu knfi th p° €5/ TM3 Sthas visible flanking  1990) 1:500; mouse monoclonal anti-bromodeoxyuridine (BrdU:
markersru andkni[ri] . The source of transposase izadta2-3 CyO Becton Dickinson). Secondary antibodies (Jackson) used were
Six independent recombinant chromosomes were recovered and fillorescein (FITC)-conjugated AffiniPure F(gbfragment donkey

indicated thagnuis proximal relative tarr|s2323 anti-rat 1gG (H+L) minimal cross reaction diluted to 1:400, the
equivalent FITC anti-rabbit was used for PCNA, FITC anti-mouse for
Transgenes lamin and BrdU. For Fig. 1D, embryos were treated with 0.5 mg/ml

A 3.5 kbXba fragment from phage clone 23.13.3 was transferred intdrdU in Schneider'®rosophilamedium for 5 minutes.

the Xbd site of pCaSpeR4 (Sambrook et al., 1989). This comprised ) )

the complete ORF of CG5272, with 1.6 kb b&Bd 0.9 kb 3sequence  Protein extracts and immunoblots

and the CG5258\HP2) coding region including the stop codon but Proteins were extracted in 50 mM Tris-HCI pH 6.8, 100 mM NacCl,
lacking the 3UTR. This construct, inserted (Spradling, 1986) on thel mM benzamidine-HCI, 1 mM phenylmethylsulphonyl fluoride
second chromosome (F1l) and an independent insertion (M2APMSF), 2 mM dithiothreitol (DTT), 1 mM N&O4, 50 mM NaF, 10
restored fertility to homozygowugnufemales such that they produced mM B-glycerophosphate on ice. An equal volume »fSDS loading
fertile adult progeny. The premature stop codon &pd site were  buffer was added and the sample boiled for 5 minutes. The
introduced by site-directed mutagenesis using the QuikChangephosphorylated form (in the ovary) and the dephosphorylated form (in
(Stratagene) strategy with the primers CTGAGGCAGGAGGAAT-the embryo) of Gnu and of Gnu-GFP were detected in the absence of
ACTAGTTGAAAAGTGCGCG and CGCGCACTTTTCAACTS- phosphatase inhibitors but the phosphorylated form was not stable in
TATTCCTCCTGCCTCAG. The mutated fragment was cloned intounboiled extracts without their use. The samples were centrifuged
EcaRI/Xbd-cut pCaSpeR4. This construct inserted on the secondt 20,000 g. Supernatants were separated on 10% 37.5:1
chromosome (stock GS3A) and independent insertion (GS2B) did ngacrylamide/methylenebisacrylamide), 0.1% SDS, pH 8.8 gels and
rescue the sterility of homozygogsufemales. The eggs laid by such transferred to PVDF by semi-dry electrophoresis. All blots were
females failed to undergo any normal cleavage cycles and adtandardised by amount of material (embryos or ovaries) loaded, blots

developed giant nuclei. were checked for protein loading by Indian ink staining and
) subsequently re-blotted with anti-actin antibody as an internal loading
Production of GFP-tagged = gnu constructs control. Rabbit anti-Gnu-peptide antiserum Rb86 (Moravian

The 3.5 kbXba fragment in pBluescript SK was treated to remove Biotechnology) was preabsorbed on fixed 5- to 24-hour embryos

the downstream CG5258IHP2) gene and destroy a vect®anHl and used at 1:2000 dilution, mouse anti-GFP monoclonal antibody

site, byPmd/BanHI digestion, end filling and re-ligation. gnu 3 (Zymed) was used at a 1:750 dilution and detected using a peroxidase-

BanH| site was created by site-directed mutagenesis with the primenjugated secondary (Vector) at a 1:30,000 dilution and Supersignal

GCCAAGCAATTCTTCGGATCCTATATCCTGTAGG and CCTA-  substrate (Pierce).

CAGGATATAGGATCCGAAGAATTGCTTGGC. Enhanced GFP

(Cormack et al., 1996) was amplified using the restriction site-tagged

primers CGGGATCCAAAGGAGAAGAACTTTTCACTG and CG- RESULTS

GGATCCTATTTGTATAGTTCATCCATGC and inserted into the new

gnu3' BarHI site. The entire insert was amplified by PCR using thegnu eggs and embryos develop giant polyploid

restriction enzyme-tagged primers GCTCTAGAGCTCAGCTGTT- nuclei in which DNA replication is uncoupled from

TCTTAGCC and GGAATTCAAGCATACTAGCGTGCCGC and the nyclear division

product was inserted intecaRI/Xba-digested pCaSpeR4 to create a < : .

genomicgnu-GFP construct. This construct, inserted on the secon(PNA. replication In gnu eggs anq empryos mlghF be

chromosome, restored fertility to homozygamsi females (GG4c). contllnu_ous or cyclic, .W'th gaps in which thgr_e_ s no

Eggs laid by such females hatched and produced fertile adults. THPlication. To determine between these possibilities, we

rescue was complete since no giant nuclei were observed fxamined the distribution of the DNA polymerase-

unfertilised eggs or fertilised embryos from homozyggmuisfemales ~ processivity factor, PCNA (Yamaguchi et al., 1991) and

with the construct. nuclear lamins ignuembryos. Ingnuembryos, the majority
For Gnu-GFP mis-expression, a UA§pu-GFP construct was of giant nuclei stained for PCNA indicating that they were in

produced by PCR using the restriction-tagged primers AAGGAS phase. However PCNA was excluded from a number of

AAAAAGCGGCCGCATTATTTGTAAAATTACCG and GCTCT-  nyclej (Fig. 1A,B) even in the presence of a nucleus

é;éﬁ&?;giTtgnTleiZAﬁSFaCmggfwgesuggl%%@&?gbgg(%;? containing PCNA within the same embryo, suggesting that

plate. Y giant nuclei exit S phase and that the nuclei in a siggle

cut pSK. The fragment was excised and inserted Nt Xbd-cut . ..

UASp (Rarth, 1998). The inserts of all transformation constructs Wergmbryo do not always cycle in §ynchrony: The majorlty_of the

sequenced in their entirety and no coding changes were found.  nuclei were surrounded by an intact lamina but occasionally,
giant nuclei were observed in which the nuclear lamins had

Embryo and ovary fixation, staining and microscopy dissociated (data not shown).

Protocols were from Sullivan et al. (Sullivan et al., 2000). Pictures When BrdU incorporation was used to detect DNA
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the sequence of tHerosophilagenome (Adams et al., 2000).
gnuwas mapped proximal térl by P-element-induced male
recombination, placingnu within a region of 131 kb and 10
predicted genes betweelrl and the distal breakpoint of
Df(3L)BrdR15 Sequencing genes from thau chromosome

in this region revealed a C to T mutation in gene CG5272
resulting in a premature stop codon (Fig. 2). This mutation was
not present on other linesds(3)131-19 and fs(3)135-17
Tubingen stock centre) made in the same mutagenesis screen
asgnu (data not shown).

In transgenicDrosophilg a 3.5 kbXba fragment from a
phage containing CG5272, complemented the female sterility
of the gnu mutation, however, transformants containing the
same construct, except for a premature stop codon introduced
into CG5272 by site-directed mutagenesis, did not rescue the
gnumutation. Thereforgnuis CG5272.

cDNAs GM10421 and LD12084, corresponding to ESTs in
the BDGP database (http://www.fruitfly.org) that matched
CG5272 were sequenced, confirming tipatiis a small gene
with a single intron encoding a 240 amino acid protein with a
predicted molecular mass of 27 kDa (Fig. 2). The premature
stop codon irgnu mutants would produce a truncated protein
lacking the C-terminal 94 residues. The deduced Gnu sequence
was used to search the protein databases. No close matches
were found, therefore Gnu is a novel protein.

Fig. 1. DNA replication ingnuembryos. (A-D) Fluorescently . .

immunostained eggs and embryos frgmuhomozygous mothers. A GnU is specific for early development

nuclear lamina surrounded each of the giant nuclei in one embryo Rabbit anti-Gnu antiserum Rb86, raised against a synthetic
(A) but in this same embryo, only one nucleus staine®fosophila peptide comprising aal17-131 is specific for Gnu and for Gnu-
PCNA (B). In another embryo, (C) DNA staining revealed three.  GFP but does not recognise a truncated product ofjniue
giant nuclei and, (D) following 5 minutes incubation, only one had - mytant (Fig. 3A). The expression profile of a functional Gnu-
incorporated BrdU. This indicated that not all of the nuclei are in S GFP fusion protein under the control of tjreupromoter was
phase. (E,F) A fim confocal section of an unfertilised egg (E) and examined by immunoblotting and detection with a

embryo (F) stained fds-tubulin in green and DNA in red. . .
Microtubule asters were initiated in the fertilised embryo from monoclonal antibody against GFP. Gnu-GFP was expressed

duplicating centrosomes, but were not present in the unfertilised egd? ovaries and 0- to 3-hour embryos (Fig. 3A,B) and in
Scale bars: 5am (A-D), 25um (E,F) . unfertilised eggs, but not in larval tissues or in adult testes (not

shown). The epitope-tagged protein had very similar
expression to native Gnu detected with an anti-peptide
replication ingnu embryos, some, but not all, of the giant antiserum, but had a somewhat longer half-life in cleavage
nuclei incorporated BrdU (Fig. 1C,D). Taken together, theembryos. We did not detect Gnu in embryos more than 1 hour
results from these cell cycle markers suggest that some nuckfter egg deposition (Fig. 3B), in larvae or in adult testes (not
were in S phase whilst others in the same embryo were not aown). The mobility of Gnu and of Gnu-GFP from ovaries
that DNA replication ingnu embryos is cyclic or of limited Was slower than from unfertilised eggs or embryos suggesting
duration. Gnu is post-translationally modified. The mobility of the
It was previously reported that, gnu eggs and embryos, €mbryonic isoform matched the predicted size of the fusion
the nuclei neither condense chromosomes nor divide but tigotein (54 kDa). GFP mobility in extracts from ovaries and
centrosomes replicate and organise asters apparently normagpbryos from aibiquitin-driven GFP line were identical (data
(Freeman and Glover, 1987). We examined microtubule astef®t shown), therefore it is only the Gnu moiety of Gnu-GFP
in gnueggs and embryos by staining with an antibody againghat is modified.
tubulin. We found that asters were indeed initiatedgtn . S
embryos in a regular array throughout the embryos, but thagh! is dephosphorylated upon egg activation
in unfertilised eggs, the tubulin coated the giant nuclei and nth ovary extracts with phosphatase inhibitors, the slow moving

asters were observed (Fig. 1E,F). form of Gnu-GFP was observed (Fig. 3A,C). If phosphatase
. . inhibitors were omitted from the ovary extraction, the amount
Gnu is a small novel protein of slow moving form was reduced in favour of the fast moving

gnulies between the distal breakpoint@f{3L)fzD21at 70E5- form with the same mobility as Gnu-GFP from embryos
6 and the distal breakpoint df(3L)BrdR15 at 71A1-2. (Fig. 3C). To ascertain which protein phosphatases (PPs)
Microdissected clones of polytene chromosome DNAare involved, specific inhibitors of serine/threonine protein
(Saunders, 1990) from the region were used as starting poirghosphatases were tested for their ability to stabilise the
to construct a genomic walk. By sequencing the ends of tr@dow moving form (Fig. 3C). Okadaic acid (OA) at low
inserts of phage and cosmid clones, we anchored the walk ¢oncentration (1 nM), sufficient to inhibit PP2A, did not
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1 taaggatcgtttticagcactgatcatggttctatgactaggattttatgagttgcctga 60 Fig. 2.gnuDNA and deduced protein sequence (EMBL
Accession Number AJ557828). The genomic sequence of
61 tcacagaattttcggtaattttaaccgctcttaatgcggtcgcattaaaaaagcagttaa 1 20 gnufrom an isogenig/; cn bw SpStOCk ( Adams et al.,
1 21 ttacagttagttgcattttg CAAATCTTATTGCACGTTTTTTTTTGTCGTCTTTTTTGBO 2000) is shown with the exons in upper case and the
predicted amino acid sequence shown below the DNA
181 CTCGTGGAAAATATTATTTGTAAAATTACCGAATGGAGCGCTACAATCGCGTCTMMAGAGSE]UENCe. The consensus splice sites are in italic and the
1 MERTYNRVYT R 9 polyadenylation signal is doubly underlined. The site of
the C to T mutation on thgnuchromosome (base 709) is
241 gt agtattgctaatacttttgtaaacaagtttaaaatatatcctttaactttcaat agAT 300 indicated by a solid black box. The ESTs GM10421 and
10 D 10 LD12084 begin at bases 141 and 151 respectively

(denoted by). On sequencingnufrom OregonR and
301 CCCGCATCCCCACTGACCCCACTCACTCCCCTCTCCACCGAAGCTTTTACATTWAGAﬁom our genomic rescue construct the f0||owing
n PAsSPLTPLTPLSTEAFTFETDS0 polymorphisms were found: 917C and 113 G. A, 165
eegra T in our genomic rescue construct (numbers refer to
ases witly; cn bw sprersion first and polymorphism
second). All of these polymorphisms are in untranslated
421 CCGAAGAACAATAATCTTACGGTTCCTAACAGTCGACCGGCATTGTCCGGGTTABRACGHEYIONS except 324 CA in OregonR which is a silent
51 P K N NNLTVPNSP RTPALTSGL KR 70 mutation in the coding sequence. Overall there is no
polymorphism in the deduced protein sequence. The
481 CTATCGGAATCCACTTTGCCCCGTCGATTTTCACAGAAATTTATGCGCACGCGEH#GCGTAESIdues altered in the productiongofuSTORboxed),
717 L S EsSTLPRRFSQKFMRTRSV 9 were 692 C> A and 694 A- T, resulting in a premature

TAG stop codon in place of the lysine at 142 ai&pa
541 TTTTCGCCCACAAGTCAAAGTACCCTTATAAATGGGGAGACCAGGCTACTGGBRBAATCTjte (ACTAGT).

91 F S P T S QS TULI NGETRLIL G E S110

361 GTCACGCCCACTGGAGGCGTTGGCAGGAAGGGTACCGCGAGATACGGACTCHRZUGG
31. v T PTGGV GRKGTARYGLFGMS©50

601 GGAGATTCGAAACTACTGAGAACTAAGAGAGAAGACAGACCAAAGCCGGATATIICGACTG | . ‘ 1
111 G D S KL L RTKRETDT RTPIKPDI R L1230 nu accumulates in oocytes of stage 11 egg

chambers and is cytoplasmic in eggs and
661 CAGCAGGAAACGCGGCTGAGGCAGGAGGIGTTGAAAAGTGBGAAAGATTAAN20  embryos
13 QQE T RLRQEESKLKSARKI K150 In ovaries, Gnu-GFP was first observed in fixed
721 GTGGAGGACCCAAGAAGTCCCACTCCCAGTATCCATCATTCACGCTATAAGCCmIGCTCROCYtes of stage 11 egg chambers (Fig. 4A). In
151 VEDPRSPTPSI HHSRYKPCs17  subsequent stages it accumulated in the oocyte but
was not observed in nurse cells (Fig. 4B). In eggs,
781 CCGGTGGAGCACCCCACTTTGAGTCCTCGGGTCAAATCCCTGCTCGATCGCABEBGAAKE . GFP  was cytoplasmic and showed no
177 P V E H P T L P R V K L L DRT N 1 . . .. . .
s s ¢ % association with the replicatively inactive polar body
841 GCGCATCTCACAGAGCTGTTCACGCGCCAGGAGATCGACATCGAGGTGCTCATuAAAfIrOMosomes (Fig. 4C,D). In syncytial embryos
191 AHL T EL FTRQEI DI EV LI QM 210 Gnu-GFP was again cytoplasmic at all stages of the
cell cycle. Although the nuclear envelope stains
901 ACCCTGGAGGACTTGGCGGCACTGGGCGTTCGCGGCGCCCGEGAGATCCGAIIGECAhewhat more distinctly, Gnu is neither strongly
20 T L EDLAALGVRGARETI RLAM 23 ; s ’ : ;
localised within, nor excluded from zygotic nuclei

961 AATATTATCCAACTGGCCAAGCAATTCTTCTGATTTTATATCCTGTAGGATTTCIGQRUAA (F|g- 4E,F)-
231. N1 I QL A K QF F * 240

Gnu post-translational modifications are not
1021 TTTTAAACTGTTTTATGTCATGTGGATTTGAATTTGTATGTGAGARTERAGTTT10 80  dependent on pgn

Gnu-GFP mobility in ovaries and eggs in both null
and weakpng backgrounds was indistinguishable
from wild type (Fig. 3E). Therefore, Pan gu is neither
stabilise slow moving Gnu-GFP, however OA at a highethe kinase that phosphorylates Gnu nor part of a pathway
concentration (50 nM), sufficient to inhibit PP1 (Mackintoshleading to Gnu dephosphorylation. Even if Pan gu does not
and Mackintosh, 1994), stabilised slow moving Gnu-GFP. linfluence Gnu modification, it might regulate Gnu localisation.
2Dm, a specific inhibitor of PP1 (Bennett et al., 1999), alsdo test this possibility we examined Gnu-GFP localisation in
stabilised slow moving Gnu-GFP. We conclude that PP1 caapngbackground. We found that Gnu was cytoplasmigrig
dephosphorylate Gnu in ovary extracts. embryos and it was excluded from the giant nuclei (Fig. 4G-
To determine the developmental time-point at which Gnu).
dephosphorylation occurs, we crossed the gengmicGFP
transgene into mutant backgrounds that cause the oocyte @U mis-expression in the ovarian germline results
arrest development during meiosisiftexandgrauzore (Page  in sterility
and Orr-Weaver, 1996)], or immediately following meiosis butWe mis-expressed Gnu-GFP Drosophilaovaries using the
prior to the first zygotic mitosisipadheadPellicena-Palle et UAS-GAL4 system (Rgrth, 1998; Brand and Perrimon, 1993).
al., 1997)]. Gnu-GFP mobility in ovaries and eggs in thes&emales containing th@aternal alpha4tubulin>GAL4:VP16
mutant backgrounds was indistinguishable from wild-typedriver andUASp gnu-GFRsee Materials and Methods) were
(Fig. 3D) indicating that Gnu is dephosphorylated beforesterile and did not lay eggs. Staining of their ovaries revealed
meiotic arrest induced byortexandgrauzone most likely at  Gnu-GFP was expressed from stage 5 onwards (Fig. 5A). Egg
egg activation. chambers up to stages 8-10 had wild-type morphology.

1081 AATGTGGTCTTAgtattttigcge
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Fig. 4.Gnu localization in ovaries and embryos. Confocal sections of

R.‘ $‘+ 54 kDa ovaries frongnufemales rescued by the homozygous genamic

GFP construct (stock GG4c). (A) Gnu-GFP fluorescence (green;

E ovaries embryos DNA stained red) was first observed in oocytes of stage 11 egg
o B = . 7 = chambers. (B) In subsequent stages, the fusion protein accumulated
g5 £ 5 & £ 8 in the oocyte but was not observed in nurse cells. (C) Gnu-GFP
8§ % ‘g ‘g 2 ‘g ‘g fluorescence was not found to be specifically associated with the
polar bodies (D). (E-F) Syncytial embryo in interphase of cycle 10.
. P — The Gnu-GFP fluorescence was cytoplasmic (E) and not excluded
S . WS 4 54KDa from nuclei (F). (G-1) Confocal sections of a giant nucleus from flies
homozyogus fopng®318and also containing a single heterozygous
Fig. 3. Developmental expression and post-translational copy of the genomignu-GFPconstruct. (G) DNA, (H) Gnu-GFP
modification. (A) Immunoblot with anti-peptide antiserum detected fluorescence, (1) merged image with DNA in red and Gnu-GFP
native Gnu protein in wild typey(1118]) Drosophilaovaries (O) fluorescence in green. Scale bars: if0(A,B), 10um (C-F),

and 0-3 hour embryos (E) and detected functional Gnu-GFP fusion 20 pm (G-I).
protein in ovaries from stock GG4c: homozyggus, rescued by a
homozygous insertion of the genongicu-GFPconstruct (GG).

(B) Expression in staged 0- to 4-hour embryos of Gnu (anti-Gnu) in  Control females containing the same driver andA&Sp
w[1118]embryos (loading control: anti-actin), Gnu-GFP (anti-GFP) GFP construct had wild-type ovarian morphology and were

in GG4c embryos. (C-E) Functional fusion protein detected with  fartjle (Fig. 5B). GFP was present throughout their nurse
anti-GFP antibody. (C) Proteins extracted from GG4c ovaries in thecells though the nuclei had slightly higher levels than
presence of the protein phosphatase inhibitors fluoride (NaF), ! .
L the cytoplasm (Fig. 5B). We concluded that GFP does not
?gz?varéaldit%-(wg a),2[3D-g|§/c(eDr§>thosphatef?GP),_okadauc ac'(é showypgrticulas agffinity) for nurse cell nuclei or impede
and Inhibitor-2 (I-2Dm). xtracts of ovaries, eggs an X ) et
embryos from flies containing a single insertion of the gengmie oogenesis, therefore the nuclear accumulation and sterility

GFP construct incortex(cort), grauzonggrad) anddeadheaddhd) arising from Gnu-GFP mis-expression resulted from the Gnu

mutant backgrounds or wild-type control homozygous for the moiety.

genomicgnu-GFPconstruct. (E) Extracts of ovaries and embryos We compared the mobility of ectopic Gnu-GFP from ovaries
from flies containin_g a single heterozygous insertion of the genomicto that of Gnu-GFP from ovaries expressing the genomic
gnu-GFPconstruct in homozygoysngbackgroundspngt®*8and construct. Mis-expressed Gnu-GFP from ovaries was identical

png3318are null and weak alleles respectively. The wild-type control g the dephosphorylated embryonic form (Fig. 5G). Thus nurse
is from flies homozygous for the genorgiou-GFPconstruct. cells do not phosphorylate Gnu, suggesting that the Gnu kinase
activity is restricted to the oocyte.

To test whether the sterility associated with Gnu mis-
However subsequent stages were characterised by largepression was a consequence of Gnu alone, we mis-expressed
amounts of irregularly localised, often fragmented, chromatitnu in ovaries in apng mutant background. Females
resulting from the degeneration of nurse cell nuclei. No stageomozygous for pngt®8 and containing thematernal
14 egg chambers could be distinguished. Suprisingly, givealphadtubulin>GAL4:VP16and UASp gnu-GFPconstructs
that Gnu-GFP, expressed from its own promoter, wafaid eggs (Table 1). Staining of their ovaries revealed they were
unlocalised in embryos, mis-expressed Gnu-GFP wasorphologically normal with no abnormal egg chambers or
exclusively nuclear in nurse cells (Fig. 5D-F). fragmented DNA (Fig. 5C). The egg laying rates for such
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homozygous
genomic
gnuGFP

matadtub>=GAL4-VP16
UASp gnuGFP ovaries
no transgene ovaries

ovaries
embryos

g

Fig. 5. Gnu mis-expression in ovaries results in sterility. Confocal
sections of ovaries and egg chambers from females containing
(A,D-F) thematernala4 tubulin>GAL4:VP16andUASp gnu-GFP,
(B) maternala4 tubulin>GAL4:VP16with UASp EGFRconstructs
in a wild-type background, (Ghaternala4 tubulin> GAL4:VP16
with UASp gnu-GFRn a homozygougng!©58null background.

(A) Gnu-GFP mis-expressed in ovaries is nuclear and disrupts
oogenesis with inappropriate nurse cell degeneration and

fragmented chromatin (arrow). (B) Ectopic GFP is cytoplasmic and
nuclear and does not disrupt ovary morphology. (C) Ectopic Gnu-
GFP is largely nuclear but oogenesis is not disrupted and ovarian
morphology is normal. DNA is red and GFP fluorescence, green.

Fig. 6. Abnormal actin reorganisation in ovaries mis-expressing Gnu.
(A) Propidium-stained DNA, (B) FITC-phalloidin stain for F-actin.

(C) Merged image of A and B. DNA red, F-actin green. (D) Gnu-
GFP in nurse cell nuclei. (E) Rhodamine-phalloidin stain for F-actin.
(F) Merged image of D and E Gnu-GFP green, rhodamine-phalloidin
red. Gnu-GFP mis-expression was compatible with some aspects of
F-actin organisation, such as ring canals (E arrowhead, F). At the
equivalent of wild-type stage 10, the actin cytoskeleton aggregated
(E arrow) and did not develop the contractile meshwork

(B arrowhead, C) that in the wild type ovary dumps nurse cell
cytoplasm into the oocyte and retains nurse cell nuclei in oogenic
stages 10B and 11. Confocal sections were taken of egg chambers
from females containing theaternala4 tubulin>GAL4:VP1§A-C)
andUASp gnu-GFRD-F) constructs in wild-type background.

function is not caused by an effectmfg on Gnu-GFP mis-

(D-F) A single stage 8 egg chamber. (D) Propidium iodide-stained €Xpression levels or timing. The effect of a homozygous null

DNA, (E) GFP fluorescence, (F) merged image of D and E, with

plu mutation in combination with Gnu-GFP mis-expression

DNA in red and Gnu-GFP fluorescence in green. Not all nurse cell was indistinguishable from that of the npiigmutation (Table

nuclei contain Gnu-GFP (arrowhead). Scale barurB0(G) Anti-
GFP blot shows that Gnu-GFP expressed from the GAL4-UAS
system is unmodified, in contrast with that expressed from the
genomicgnu-GFPconstruct.

1).

Since the Gnu gain-of-function phenotype resembles that of
Profilin mutants (Cooley et al., 1992) we examined the actin
cytoskeleton of egg chambers (Fig. 6). Defects were first seen
at stage 10, when nurse cells mis-expressing Gnu failed to
assemble the actin meshwork and did not dump their

females were similar to wild type (Table 1) indicating that thecytoplasmic contents into the oocyte. We do not know whether
restoration of ovarian function was complete. The eggs did n¢the disruption of actin reorganisation is the primary
hatch but, when stained for chromatin, exhibited a giant nucleionsequence of excess Gnu, or whether premature egg

phenotype identical to that in Fig. 4G-l, typical phg

chamber death results in the dramatically abnormal aggregates

embryos. The earliest mis-expression and amount of Gnu-GR® F-actin. What is clear from our epistasis experiments is that
fluorescence in ang background was the same as in a wild-this ‘dump-less’ phenotype is specific, in that it also requires
type background indicating that the restoration of ovaryPan gu and Plu.
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Table 1. Epistasis ofgjnu with pgnand plu

Eggs/fly/day Eggs % surviving females
Genotype Mean s.d. Hydrated Hatched Phenotype 4 days 7 days
OregonR 33.2 13.7 Yes Yes Wild type 100 100 13
png[1058]/png[1058] 215 10.6 Yes No pngloss 100 92 13
w/w; maodT GAL4VP16/UASp gnuEGFP 0.1 0.4 No No gnugain 71 33 21
png[1058]/png[1058]; matrdT GAL4VP16/UASp gnuEGFP 30.7 12.0 Yes No pngloss 100 100 17
png[1058]/w; matdT GAL4VP16/UASp gnuEGFP 0.5 0.8 No No gnugain 63 8 24
png[1058]/png[1058]; matrdT GAL4VP16/UASp EGFP 24.8 7.8 Yes No pngloss 100 100 12
png[1058]/w; matdT GAL4VP16/UASp EGFP 28.4 8.0 Yes Yes Wild type 100 100 7
w/w; maodT GAL4VP16/UASp EGFP 30.7 9.4 Yes Yes Wild type 100 100 13
matodT GAL4VP16/w; UASp gnuEGFP/+ None No No gnugain
mato4T GAL4VP16/w; UASp gnuEGFP plu[6]/plu[6] Many Yes No pluloss

Thegnugain-of-function (gain) phenotype consisted of reduced lifespan, disintegrating ovary (Fig. 5A, Fig. 6D-F), few flaccidectzid ared these did
not hatch. The@gnnull (loss) phenotype consisted of normal viability and ovarian morphology (Fig. 5C), many hydrated eggs with giant nilarie¢o(Bim
4G-l) were laid and these did not hatch. The double mutant combination exhibipgphtbes phenotype. Gnu overexpression combined with a null allgle of
resulted in thelu loss phenotype.

DISCUSSION when gross aberrations in the organisation of the actin
cytoskeleton resulted in failure to transfer nurse cell cytoplasm
We have mapped tlmugene using chromosome walking and into the oocyte. Gnu mobility from such ovaries was identical
P-element-mediated male recombination and have identifiedta the dephosphorylated form suggesting that the protein kinase
C to T nonsense mutation in gene CG5272 (Adams et al., 200tjat phosphorylates Gnu is not present or active in the nurse
on thegnuchromosome. A wild-type copy of this gene rescuedcells.
the gnu mutant phenotype in transgeritosophila whereas Sincegnu, plu andpng mutations have the same phenotype,
transformants with the same fragment, but in which the OR®e were previously unable to determine whether the gene
had been mutagenised, did not complemengthemutation.  products act in series or in parallel. Here we have used
gnuis therefore gene CG5272 and encodes a novel 27 kOhe dominant ovarian phenotype resulting from Gnu mis-
protein with no obvious domains or homologues shared witexpression to investigate the epistasigraf pngandplu. Loss

other organisms. of pngor plu function blocked the ovarian phenotype caused
. by Gnu mis-expression. This result implies that ectopic Gnu
Gnu phosphorylation destroys egg chambers only through Pan gu and Plu. It is

We deduce from its mobility shift on immunoblots thattherefore likely that wild-type Gnu function in the egg and
Gnu is phosphorylated before it is needed in oocytesgmbryo also requires Pan gu. Although Gnu-GFP is more
is dephosphorylated upon egg activation, and that thisbviously excluded from the largpnggiant nuclei (Fig. 4H)
phosphorylation is independent of Pan gu protein kinasthan from zygotic nuclei (Fig. 4E) we do not favour the
activity. A specific inhibitor of PP1, [-2, stabilised explanation that Gnu requires Pan gu for nuclear localisation.
phosphorylated Gnu in vitro, implicating PP1 as the relevanfirstly, Gnu-GFP is not specifically nuclear in wild-type
phosphataseDrosophila contains four PP1 genes of which embryos (Fig. 4E) and secondly, irpag null ovary, ectopic
PP1 87Bprovides 80% of total PP1 activity (Dombradi et al., Gnu-GFP is able to concentrate in the polyploid nurse cell
1989) and is required for mitotic progression (Axton et al.nuclei (Fig. 6C). The remaining possibilities are that Gnu acts
1990), though none have previously been ascribed a role in eggstream of Pan gu and Plu or that it acts in a complex with
activation or fertilisation. Pan gu and Plu.

PP1 87Band PP2A28D mutations genetically suppress a We have mis-expressed Gnu in polytene salivary glands
weakpngallele (Lee et al., 2001) However, these data are nand ovarian follicle cells (data not shown). In both cases Gnu
consistent with our finding that PP1 activates Gnu. Ifwas exclusively nuclear, but its expression had no obvious
unphosphorylated embryonic Gnu is the active form and Gneffect on tissue morphology. However, not all nurse cell
and Pan gu act in the same pathway, then reducing the dosenoiclei in an egg chamber contained Gnu-GFP, suggesting that
the activating phosphatase should enharmeggphenotype. It that the presence of Gnu-GFP reflects the transcriptional
may be that these phosphatases oppageaction directly by  activity of the nucleus or depends upon its cell cycle status.
dephosphorylating the Pan gu substrate (Lee et al., 2001) Why is Gnu nuclear in polytene cells and cytoplasmic in the
that they are the cell cycle regulators targeted by Gnu, Plu amtiploid syncytial blastoderm and larval neuroblasts (data not

PnP as discussed below. shown)? Gnu contains no obvious nuclear import sequence,
. . suggesting that Gnu binds a factor that is cytoplasmic in eggs
Gain-of-function phenotype and embryos (including those with giant nuclei; Fig. 4H), and

Gnu mis-expression using the UAS-Gal4 system (Rarth, 1998)uclear in polytene tissues. Polytene and diploid tissues have
in Drosophilaovaries resulted in sterility due to an inability to different Cyclin profiles. Embryos are replete with maternal
lay eggs. Dissection of the ovaries revealed that early oogene§igclins A, B and E whereas polytene tissues have no Cyclin
was unaffected. Gnu was expressed in egg chambers from stafger B (Lehner and O’Farrell, 1989; Lehner and O’Farrell,
5 onwards and was localised solely to the nurse cell nuclei. NiB90; Richardson et al., 1993) and Cyclin E is expressed
normal egg chambers could be discerned at stage 10 or laperiodically in nurse cell nuclei and constantly in the
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germinal vesicle (Lilly and Spradling, 1996). Our Drosophilageneplutoniumis a small, ankyrin repeat proteBMBO J.13,

observations fit the Cyclin E pattern, ectopic Gnu was not 462-470. ) ,
present in all nurse or follicle cell nuclei and wasBennet D., Szoor, B. and Alphey, L(1999). The chaperone-like properties
of mammalian inhibitor-2 are conserved inDaosophila homologue.

concentrated in germinal vesicles. Biochemistry38, 16276-16282.
. . Brand, A. H. and Perrimon, N.(1993). Targeted gene expression as a means
Downstream targets of giant nuclei genes of altering cell fates and generating dominant phenotypmslopment 18

The DNA replication in gnu embryos resembles the _401-415.

o . . Chen, B., Chu, T., Harms, E., Gergen, J. and Strickland, S(1998).
endoreduplication observed Drosophilaovarian nurse cells Mapping of Drosophilamutations using site-specific male recombination.

and larval salivary glands and this raises the question of howgeneticsi49, 157-163.
the normal mechanisms that license DNA replication once pe&Jooley, L. Verheyen, E. and Ayers, K(1992).chickadeesncodes a Profilin
cell cycle are subverted ignu embryos. In yeast, Cdkl required for intercellular cytoplasm transport duriigsophilacogenesis.

i : : ; . Cell 69, 173-184.
activity, modulated by Cyclin levels, is responsible for resettlng:ormack’ B. P, Valdivia, R. H. and Falkow, S(1996). FACS-optimized

replication origins (Hayles et al., 1994) raising the possibility” mytants of the green fluorescent protein GEéne173 33-38.
that over-replication ingnu embryos may result from Dombradi, V., Axton, J. M., Glover, D. M. and Cohen, P. T. W/(1989).
inappropriate Cdkl1 activity. Indeed, ignu plu or png Cloning and chromosomal localization DfosophilacDNA encoding the

embryos, levels of Cyclin A and B proteins and Cdk1 activity ?‘;ﬂyngglgunb:m ?:]Spégt‘esigqpuheﬁi%ﬁtfeéil& g‘:\‘;ﬁigggggg_%sl%r"’ation between

are reduced (Fenger et aI_., 2000). Restored Cyclin B levels Cfgar, B., Sprenger, F., Duronio, R., Leopold, P. and O'Farrell, R1994).

suppress a weghkng mutation (Lee Qt al., 2001). ) Distinct molecular mechanisms regulate cell-cycle timing at successive
Several features of earlprosophila embryogenesis may  stages oDrosophilaembryogenesisGenes Dev8, 440-452.

have necessitated the evolution of these specialised regulat&#§ing. L., Axton, J., Fenger, D., Page, A., Carminati, J. and Orr-Weaver,

. L T. (1997).DrosophilaPlutonium protein is a specialized cell cycle regulator
of the cell cycle. Firstly, distinct cell cycle fates befall the required at the onset of embryogenestel. Biol. Cell8, 583-593.

polar body and zygotic nuclei within a common cytoplasmgenger, D. D., Carminati, J. L., Bumney-Sigman, D. L., Kashevsky, H.,
Secondly, many cell cycle regulators are in excess, so that thedines, J. L., Elfring, L. K., Orr-Weaver, T. L (2000). PAN GU: a protein
first 13 cycles are rapid and lack @ Gy phases, but S and kinase that inhibits S phase and promotes mitosis in €adgophila

; developmentDevelopmeni27, 4763-4774.
M phases must alternate accurately. Finally, correct cell cycl,geasch ,&_ Glover D‘_J M. and Saumweber, H(1986). Nuclear antigens

regulation is achle\_/ed by a Smal_l subset of the available Celrfollow different pathways into daughter nuclei during mitosis in early
cycle control proteins (e.g. Cyclins A and B) (Edgar et al., Drosophilaembryos.J. Cell Sci.82, 155-172.

1994). In this context, Gnu, Plu and Pan gu act coordinately f&eeman, M. and Glover, D.(1987). Thegnumutation ofDrosophilacauses
ensure that the cell cycle oscillations experienced by the nucleiinappropriate DNA synthesis in unfertilized and fertilized e@mnes Dev

are temporally and locally apt 1, 924-930.
p y y apt. Freeman, M., Nisslein-Volhard, C. and Glover, D(1986). The dissociation

. . . . . of nuclear and centrosomal divisiongnu, a mutation causing giant nuclei
This work was initiated in the Department of Biochemistry, in Drosophila Cell 46, 457-468.

Imperial College London, continued at the University of DundeeHayles, J. Fisher, D., Woollard, A. and Nurse, R1994). Temporal order of
before being brought to its present conclusion in the Zoology S-phase and mitosis in fission yeastis determined by the state of the p34cdc2
Department at Oxford. We are extremely grateful to the Cancer mitotic B-cyclin complexCell 78, 813-822. o o
Research Campaign (now Cancer Research UK) for Core ProgramrHé'ffeltDZ’ Y., m J. a;td Vl‘go'f”%“_ '\l"-zgé-l(ig%li-z?“'a“o” triggers activation
support to D.M.G. and Project Grant support to J.M.A. D.M.G. anq_moan rosopniiacocytes.Dev. Biol 234 416-2.24. .
. . . : g, J. and Raff, J.(1999). The disappearance of cyclin B at the end
R.D.C.S. also received Medlqal Research Council (MRC) Project of mitosis is regulated spatially iDrosophilacells. EMBO J.18, 2184-
Grant support when at Imperial College, and X.-H.Z., JM.A. and 595
L.S.A. are currently members of an MRC Co-operative Group (withyang, J. K., Messina, L., Erdman, M. B., Arbel, T. and Hawley, R. S.
MRC Project Grant support to J.M.A.) in Oxford. During the course (1995). Induction of metaphase arrestDrosophilaoocytes by chiasma-
of this work, L.M.F. received a support to study for the PhD degree based kinetochore tensidBcience268 1917-1919.
of the University of Dundee from the Science and Engineeringee, L. A, Elfring, L. K., Bosco, G. and Orr-Weaver, T. L.(2001). A genetic
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