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SUMMARY

Subcellular localization of mRNAs within the Drosophila  localization and translation. The nature of the genetic
oocyte is an essential step in body patterning. Yps, a interaction indicates that ypsacts antagonistically toorb.
Drosophila Y-box protein, is a component of an ovarian We demonstrate that Orb protein is physically associated
ribonucleoprotein complex that also contains Exu, a with both the Yps and Exu proteins, and that this
protein that plays an essential role in mRNA localization. interaction is mediated by RNA. We propose a model
Y-box proteins are known translational regulators, wherein Yps and Orb bind competitively tooskar mMRNA
suggesting that this complex might regulate translation as with opposite effects on translation and RNA localization.
well as mRNA localization. Here we examine the role of the

yps gene in these events. We show thatps interacts  Key words:yps Oogenesis, RNA localization, Translation,
genetically with orb, a positive regulator of oskar mMRNA Drosophila melanogasteiy-box protein

INTRODUCTION the abdomen. Both transcripts are synthesized in the nurse
cells, germline-derived cells attached to the developing oocyte,
Subcellular RNA localization is a strategy used by cells t@and subsequently transported into the oocyte through
generate cellular asymmetry. Examples include RNAgytoplasmic bridges called ring canals. Within the nurse cells,
localized to the dendrites and axons of neurons, the procesdesl and osk mMRNA share a common pattern of localization
of oligodendrocytes, the lamellopodia of mobile fibroblastsmid-way through oogenesis: both accumulate in apical patches
the progeny of dividing yeast cells, and the eggs of manwithin the nurse cell cytoplasm (St Johnston et al., 1989;
species [reviewed in Bashirullah et al., and HazelrigdPokrywka and Stephenson, 1995; Karlin-Mcginness et al.,
(Bashirullah et al., 1998; Hazelrigg, 1998)]. Localization1996). This transient nurse cell localization may represent a
to a particular subcellular domain allows the localizedcommon intermediate step in the localization pathway of these
accumulation of the protein products of mRNAs, and in somenRNAs. Following transport to the oocyte, the mRNAs are
cases restricts protein products from other cellular regionsorted, bcd to the anterior, anask to the posterior, by a
where their presence would be detrimental. Fine control ovarolarized microtubule network and microtubule-based motors
the spatial distribution of proteins within cells is often achievedTheurkauf et al., 1992; Pokrywka and Stephenson, 1995;
by linking mRNA localization to translational regulation, Brendza et al., 2000; Schnorrer et al., 2000). While Bcd protein
such that only localized mRNA is translated [reviewed inis not expressed until early embryogenesis, when its mRNA
Macdonald and Smibert, and Lipshitz and Smibert (Macdonaldndergoes cytoplasmic polyadenylation (Salles et al., 1994),
and Smibert, 1996; Lipshitz and Smibert, 2000)]. osk mMRNA is translated during oogenesis by a process of
In Drosophila eggs, subcellular RNA localization is an localization-dependent translation, which further restricts its
essential step in anteroposterior and dorsoventral patternipgotein product to the oocyte’s posterior pole (Kim-Ha et al.,
of the embryo [reviewed in Cooperstock and Lipshitz1995; Markussen et al., 1995; Rongo et al., 1995).
(Cooperstock and Lipshitz, 2001)]. In the anteroposterior The regulatory events underlying localization-dependent
patterning system, transcripts that encode key developmentaanslation of mMRNA are a current area of intense investigation.
regulators are localized to the anterior or posterior poles of thgeveral factors have been shown to mediate translational
developing oocyte. For examplgcoid (bcd mRNA, which is  repression of unlocalizedsk mRNA, including Bruno (Bru),
localized to the anterior pole, encodes a transcription factgkpontic (Apt) and Bicaudal C (BicC) (Kim-Ha et al., 1995;
required for the development of embryonic head and thoracM/ebster et al., 1997; Saffman et al., 1998; Lie and Macdonald,
structuresoskar(osk mRNA, localized to the posterior pole, 1999a). Several other proteins are implicated in the
encodes a protein required for formation of the germ cells andanslational derepression of localizedsk mMRNA. These
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include two proteins, p50 and p68, which bind the 04KT8R.  in mouse spermatocytes, and both proteins bind sequences
p50 also binds thesk3'UTR and may mediate translational within the 3 UTR of Prm1, a translationally repressed mRNA
repression as well as derepression (Gunkel et al., 1998Davies et al., 2000).
Factors that enhancesk translation include Vasa (Vas), Based on the involvement of vertebrate Y-box proteins in
Aubergine (Aub), Staufen (Stau) and Oo0l8 RNA-Bindingtranslational regulation of stored germ cell mRNAs, we
Protein (Orb) (Wilson et al., 1996; Markussen et al., 1997hypothesized that Yps might play a similar roléimsophila
Chang et al., 1999; Micklem et al., 2000). Stau and Orb areogenesis, and that the Exu RNP complex might function both
also key factors in theskmRNA localization pathway, as is to localize mRNAs and to regulate their translation. We
Osk protein itself (Ephrussi et al., 1991; Kim-Ha et al., 1991describe here a genetic analysis of yjps gene. Our results
Christerson and McKearin, 1994; Lantz et al., 1994; Kim-Hahow thatypsregulates the localization and translatiorosk
et al., 1995; Markussen et al., 1995; Rongo et al., 1995). OskRNA by antagonizing the function of Orb, a known enhancer
protein is autoregulatory in the sense that, wademRNA  of osk translation and mRNA localization (Christerson and
localization is required for Osk translation, Osk protein isMcKearin, 1994; Lantz et al., 1994; Chang et al., 1999).
required for maintaining the posterior localization of its ownFurthermore, we present evidence that both Yps and Exu
mRNA (Kim-Ha et al., 1995; Markussen et al., 1995; Rongadnteract with Orb in Drosophila ovaries, and that this
et al.,, 1995). The mechanisms by which the above factoisteraction is mediated by RNA. Our work represents the first
regulateosktranslation remain only partially understood. genetic analysis addressing the germline functions of a Y-box
The Drosophila exuperantia (eyugene is required for protein, and provides the first known link between Y-box
localizing bcd mRNA to the anterior pole of the oocyte proteins and events that underlie localization-linked translation
(Frohnhofer and Nusslein-Volhard, 1987), and also plays af mRNAs.
secondary role in localizingskmRNA (Wilhelm et al., 2000).
A GFP-Exu fusion protein, which provides feku function,
associates with cytoplasmic particles that are transported anWTERlALS AND METHODS
microtubules within the nurse cell-oocyte complex. The . .
transport characteristics, and effectepfimutations on RNA In s'.tu hﬁ:bnqlz.at'c.m ; ) iihel |
localization, suggest that these particles are transport vehicl Os(')t)u ybridization was performed as described (Wilhelm et al.,
that target RNAs from their sites of synthesis in the nurse cells ™
to their final destinations in the oocyte (Wang and Hazelriggdmmunofluorescence
1994; Theurkauf and Hazelrigg, 1998; Cha et al., 2001). GFRmmunofluorescence was performed essentially as described (Lantz
tagged Exu provided a biochemical handle for the purificatio®t al., 1994) with minor modifications. Ovaries from 1- to 2-day-old
of several components of these particles, including at leagimales were dissected into PBTxPBS, 0.1% Triton X-100) and
seven proteins and RNA (Wilhelm et al., 2000). One of thestixed for 9 minutes in 6:1 heptane:fixative (6% formaldehyde, 16.7
proteins is the product of thgpsilon schachte(yps gene, MM KPQ4, pH 6.8, 75 mM KCI, 25 mM NaCl, 3.3 mM Mg}l
previously identified in a degenerate PCR screen foPvaries were blocked and permeablized for 3-5 hours in 1% BSA in

Hav. ; iap W PBST (XPBS, 0.1% Triton X-100, 0.05% Tween-80), wash&ti(B
glrosé%%fg)laY box proteins (Thieringer et al., 1997; Wilhelm et minutes in PBT, and incubated overnight at 4°C in primary antibody

L iluted in 0.1% BSA in PBST (1:20 for anti-Orb 6H4, or 1:500 for
The presence of Yps, a Y-box protein, in the Exu R'\”:gnti-OskC or 1:500 for anti-Yps). The ovaries were then wasked 3

complex led us to rethink the role of this complex in théminutes in PBT, then incubated for 3-4 hours at room temperature
patterning of theDrosophilaegg. Y-box proteins are a family (RT) in secondary antibody (fluorescein-conjugated anti-mouse
of nucleic acid binding proteins, present in many invertebrater rhodamine-conjugated anti-rabbit Fabfragments, Jackson
and vertebrate species [reviewed in Graumann and Marahi@hmmunoresearch) in PBT. Following finakB) minute washes in
and Matsumoto and Wolffe (Graumann and Marahiel, 1998?BT, the ovaries were mounted in Fluoromount-G (Southern
Matsumoto and Wolffe, 1998)]. All members of this family Biotechnology Associates).
contain a nucleic-acid binding domain, the cold shock domairb
first identified in a set of bacterial proteins that are induced i
response to low temperature [reviewed in Phadtare et al, .
(Phadtare et al., 1999)]. Fu coli, the major cold shock protein g;%cer]n ggg(r:fisbcé%nt (‘ggéig] (SF;) frgggg; ppoe_lzprﬁ?uc;tegrﬁgd has

. " . yos from
CspA binds to RNA, acts as an RNA chaperone to alter RNfyf(31 )skgTM3-GFP parents were collected and aged 7 hours at
secondary structure, and enhances translation of its target RNA°C.” The embryos were scored for GFP expression and placed
(Jiang et al., 1997). In vertebrates, Y-box proteins playndividually in Eppendorf tubes. Single embryo DNA samples were
regulatory roles in both transcription and translation. Severalrepared by homogenizing each embryo irubBuffer (10 mM Tris,
Y-box proteins are highly expressed in germ cells. ExamplegH 8.2, 1 mM EDTA, 25 mM NacCl, 200g/ml proteinase K (Roche))
include theXenopusprotein FRGY2, and the mouse proteins followed by incubation at 37°C for 30 minutes and at 95°C for 2
MSY2 and MSY4 [reviewed in Sommerville (Sommerville, B“"\fl‘xtesz-mzﬁz' ia?plﬁisf%rﬁoll'yrr;eraile rﬂ;?;” ge?sgfk(‘n(g:ﬁgyl

; imiaeti i i v , 4.5 uni i Y S i ,

1999)]. Evidence from RNA injection experiments and in vitrog rkin-EIn?er PCR buffer. 1.8pquM%,§;I10 M of each ANTP. and
assays indicates that FRGY2 is a translational repressor mol of each primer) were subjected to 30 cycles of 1 minute at
stored maternal mRNAs (Richter and Smith, 1984; Crawfor 4op P J y

. ) . ) C, 2 minutes at 67°C and 3 minutes at 72°C. The primers used
and Richter, 1987; Tafuri and Wolffe, 1993; Matsumoto et al.gmpjified a fragment including both the start codon and cold shock

1996). FRGY2 may also function in the nucleus, possiblyjomain (CSD) ofyps and include appended restriction sites. The

linking transcriptional and translational regulation (Bouvet andollowing are the primer sequences: l56G GGA TCC ATG GCC
Wolffe, 1994). MSY2 and MSY4 exist in an mMRNP complexGAT GCC GCG GAG AGT A3(Fig. 1); d, 5GCG AAG CTT GAA

eletion mapping
Fhe TM3-GFP balancer chromosome, designated TKG4, expresses
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TTC CTA CTT GCG GCG ATT CTT CTT CAT C3Fig. 1). To  formaldehyde gel (1% agarose, 20 mM Mops, 0.5 mM sodium acetate,
confirm genotypes, each DNA sample was subject to PCR with GF®1 mM EDTA, 6.5% formaldehyde), transferred to a Magna NT
primers. NGF-1: £TG GTA ACC ATG AGT AAA GGA GAA3 nylon membrane (MSI) on a vacuum blotter (LKB) following the
and GFP-Xhol: £TC GAG TTT GTA TAG TTC ATC CAT3 PCR  manufacturer’s instructions, and crosslinked by UV light in a
reactions with the GFP primers were done with 1.5 mM Ma@t Stratalinker.

an annealing temperature of 55°C. The blot was probed with thesscDNA LD01538 (BDGP) insert,
) . excised from pBluescript by digestion witba and Kpnl, and32P-
Generation of yps mutations labeled with the RadPrime random-primer labeling kit (BRL)

The EP(3)3078 P-insertion line was obtained from the Berkelewccording to the manufacturer’s instructions.
DrosophilaGenome Project (BDGP, unpublished data) (Rorth, 1996; )
Rorth et al., 1998) Excisions of the EP(3)3078 P-element wer¥Vestern analysis
generated by standard procedures (Hamilton and Zinn, 1994). y, Ovary protein was prepared by dissecting ovaries from 1-2 day old
EP(3)3078/TM3virgin females were crossed en massevidS2-  will8 control andypsgMZ/Df(3L)BK9 females. For each mg ovary
3/TM2UbA2-3 males. Dysgeniev; EP(3)3078/SA2-3 males were  tissue, 10ul homogenization buffer (100 mM benzamidine HCI, 1
crossed tav; CxD/TM3virgin females, and male progeny bearing themg/ml Pepstatin A, 100 mM PMSF, 1 mg/ml phenanthroline)
CxD balancer and white eyes (indicating excision of the EP elementyas added, and the tissue was homogenized with a pestle. The
were collected. These males were crossed individuallywfo concentration of protein was determined by a BioRad Protein Assay
CxD/TM3virgin females to establish stocks. Each excision line wasccording to the manufacturer’s instructions. The remaining
crossed tdf(3L)BK9and those viable as hemizygotes were tested bjnomogenate was diluted 1:1 ik Raemmli buffer (80 mM Tris, pH
PCR for a deletion ityps (Two hemizygous lethal lines were also 6.8, 15.4 mg/ml dithiothreitol (DTT), 2% SDS, 10% glycerol, 0.006%
obtained and balanced with thi#&3-GFP balancer (see above), and Bromophenol Blue), boiled for 5 minutes, and passedhfough a
non-GFP embryos were collected for PCR. However, by PCR analys6-gauge syringe needle. The protein preparations were frozen in
the yps gene appeared intact in these two cases, and since furthigguid N2 and stored at —80°C until use. Prior to loading on a gel, each
analysis of ayps null allele showed thayps is not required for protein preparation was boiled for 5 minutes.
viability, these two lines probably contain second-site lethal Approximately 0.03 mg ovary protein per lane was run on a 12%
mutations.) DNA samples for PCR were made from single flies opolyacrylamide gel (Sambrook et al., 1989). One set of samples was
embryos following the protocol described above for single embrystained with Coomassie Blue (Sambrook et al., 1989), and the
PCR. Primers for the initial screening were b and d (Fig. 1). Deletionsemainder of the gel was transferred to a Magna NT nylon filter (MSI)
were confirmed by Southern blot (Sambrook et al., 1989) usppg a with a semi-dry electrophoretic transfer cell (BioRad) for 25 minutes
cDNA probe. For amplification of the CSD, the primers used were: ct 15 V. After blocking overnight at 4°C in 4% BSA in TBST (10 mM
5'ATC AAC CGC AAC GAC ACC AGA GAG3 and d (Fig. 1), with  Tris, pH 8.0, 150 mM NacCl, 0.05% Tween-20), and washirn$03
an annealing temperature of 55°C. As a positive control for theninutes in TBST at RT, the blot was incubated for 1 hour at room
presence of template DNA in the PCR reaction, an unrelated regidemperature at a 1:5000 dilution in TBST of an antibody raised to the
of the second chromosome was amplified. The sequences of theterminal portion of Yps, including the CSD (Wilhelm et al., 2000).
control primers are as follows:EBP10-1: 5CAC GAA TTC GAG Blots were washed for<d0 minutes in TBST, then incubated with an
CTG ATT CTG GAG GAG C3 and 3EBP10-1: 5CAT CTC GAG alkaline-phosphatase conjugated anti-rabbit secondary antibody
CTT CTG TGC AGA TCT CTG?3 Breakpoints of thgpgM2deletion  (Jackson Immunoresearch) at 1:5000 in TBST for 30 minutes. The
were determined by PCR amplification of the surrounding DNA usindlot was washed>30 minutes in TBST, then incubated in staining
primer a, 5GCT CTA GAC GCG TAA CAG CAC ACT GGA G3 solution (100 mM Tris, pH 9.5, 100 mM NacCl, 5 mM MgC0.66
and primer d (Fig. 1), as described above except with an annealimgg/ml NBT (Roche), 0.165 mg/ml BCIP (Roche)) until bands
temperature of 54°C. The amplified fragment was subcloned into thdeveloped, before being washed and dried.
Xbd and EcaRl sites of PBS-SK and sequenced.
Generation of recombinants

Northern analysis yps’M2, orbmel recombinants were recovered using PCR to identify the
Ovary poly(A")RNA was prepared as follows. 50-100 hand-dissected/ps’™?2 and orb™e! mutations. VirginypgM2TM3,Sh females were
ovaries fromw!118 or ypgM2/Df(3L)BK9 females were homogenized mated en masseto orb™elry/TM3,Sb,ry males, to generate
with a pestle in 1 ml homogenization buffer (50 mM Tris, pH 7.5, 60ypsMZorbmelry female progeny. These females were crossed to
mM NacCl, 20 mM EDTA, pH 8.0, 1% SDS, 10@/ml proteinase K), TM2,ry/MKRSy,Sbmales, and singl8b,rymales among the progeny
incubated for 1 hour at 37°C, and phenol-chloroform extracted andere crossed individually tadCxD/TM3Sb females to generate
ethanol-precipitated by standard procedures (Sambrook et al., 198®)dividual lines of each potential recombinant. After mating for several
The pellet was redissolved in 26010 mM EDTA, pH 8.0, and RNA  days, each male was removed from the cross and subjected to single-
was precipitated overnight at 4°C by addition of 1230 M LiCl. fly PCR as described above for single embryos. Primiets 5CCA
The RNA was pelleted by centrifugation, washed in 70% ethanol, an@TA TCA GAG CAT CGA TAG CAC C3and CSD-HE (see above)
redissolved in 0.5 ml 10 mM EDTA, pH 8.0. The solution was heate@mplify a novel 100 bp band yps™2 mutants, and were therefore
to 70°C for 10 minutes, cooled on ice for 5 minutes, then mixed witised to identify single males carrying ties’™?2 allele. Annealing
100yl 10 M LiCl and added to 0.2 g pretreated oligo-dT celluloseconditions for these primers were 55°C and 1.8 mM MgQi detect
(Stratagene) in 1 ml LB (0.5 M LiCl, 10 mM Tris pH 7.5, 1 mM the orb™Me' mutation, single fly-PCR was performed on the same DNA
EDTA, 0.1% SDS). The oligo-dT cellulose was pretreated bywith the primers orb'55TGC TGA TAC GGC CAC ATC TGC3and
hydrating in 1 ml EB (2 mM EDTA, 0.1% SDS) and washingir3 orb 3: 5TGA AGC GGA TTG TCA GGC AGG3 with an annealing
LB. The RNA was allowed to bind the oligo-dT cellulose by temperature of 63°C and 2 mM MgCThese primers span tbeome!
incubation at RT for 15 minutes, and loaded onto a BioRad poly-pregeletion and amplify a fragment that is approximately 500 bp smaller
chromatography column. The flow-through solution was reloadeih theorbmelallele than in the corresponding wild-type DNA fragment.
once, the column was washed with 1 ml LB, and polyRNA was  Recombinants betwegmps™2 and theorb™303 and orbF343 mutations
eluted from the column with 1 ml EB. The poly)RNA was ethanol were generated with a similar strategy as dob™e, except that
precipitated twice and redissolved in diethyl pyrocarbonate (DEPCYecombinant lines mutant farb were detected by backcrossing to
H20 at a final concentration of Op/ul. either orbF303 or orbF343 and assaying for early oogenesis arrest

1 ug poly(A)RNA per lane was electrophoresed on aassociated with these alleles (Lantz et al., 1994).
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Fertility assays yps expression in ovaries
The genotypes tested for female fertility wend18 ypsM2jypgM2 Northern blot analysis, using gps cDNA to probe
orb™eJorpme! ypsgM2orbmelypgM2orpme!, orb™orb™3%3,  holy(A*)RNA isolated from hand-dissected ovayiesvealed

ypsM2orbmelypgM2orb303, orb™eforbP343 and ypgM2 orbMelyps™? - the’presence of two species of transcripts: a broad mRNA band
yps'M2 gerBffiBV'rgl'” fe'&nﬁales I?f thesehgefrlw_otypes We“? collelcted Zg%igrating at approximately 1.7 kb, which may contain several
crossed tav males. er a owmgt e flies to mate for at least . F : : : :
hours, eggs were collected on apple juice plates at 4 hour intervals ; n?g:]lgt\s/vt_)rf) Smgj?\rn?ézr]?’o?n[;jre?/i?tzgg SU?Jllfsbhgggigll\Fli (Fig.
aged 25 hours at 25°C, and the percentage of eggs hatched was sc . Lo . .

g P g 99 sequences (Thieringer et al., 1997; Wilhelm et al., 2000) with
Immunoprecipitation genomic DNA reveals the gene structure shown in Fig. 1. The
Immunoprecipitations and RNAse treatments were as describegkon-prediction computer programs FGENE and FEX (see
previously using whole fly extracts (Wilhelm et al., 2000). OrbMaterials and Methods) both give high scores to an alternate
immunoblots used the anti-orb 6H4 mouse monoclonal antibodfourth exon, which could account for the size difference of
(Developmental Studies Hybridoma Bank) at a concentration of 1:28pproximately 600 bp between the larger and smaller
using conditions described previously (Lantz et al., 1994). transcripts. In addition, this predicted exon contains multiple

consensus polyadenylation signals, which could produce the
broad 1.7 kb band observed on northern blots. If used, this exon

RESULTS would replace the last 15 amino acids of the known protein
sequence with 23 alternative amino acids.
yps maps to 68F3-F6 We also examinegpsexpression in ovaries by whole-mount

We mapped/psto polytene interval 68F3-F7 by chromosomein situ hybridization (Fig. 2B)ypsis transcribed throughout

in situ hybridization, using gps cDNA probe (Fig. 1). The oogenesis, and its transcripts are evenly distributed in nurse
smallest published deficiency that removes this region isells, and at lower levels in the oocyte. A low level of
Df(3L)BK9 (Leicht and Bonner, 1988). To confirm that this expression is also detected in the follicle cells.

deficiency deletegpswe constructed Bf(3L)BKYTM3-GFP ) )

stock. TheTM3-GFPbalancer chromosome expresses GFP i>eneration of an internally deleted  yps allele

the kruppel expression pattern (Casso et al., 2000). Embryo$he P-element insertion EP(3)3078 was obtained from the
were collected fronDf(3L)BKYTM3-GFPparents, and scored BerkeleyDrosophilaGenome Project. The original EP(3)3078
for GFP expression commencing at the germ-band extensiamsertion chromosome is homozygous lethal, but this lethality
stage. Those not expressing GFP (homozygous deficiengyoved to be due to a second-site mutation, which we removed
embryos) were selected for single-embryo PCR usipg by recombination. The insertion site of EP(3)3078 lies 259 bp
primers. Embryonic genotypes were confirmed by PCRipstream of thgpstranslation start. In order to generate a null
amplification of a fragment of thgfp gene (see Materials and allele, we screened for imprecise excisions of the EP(3)3078
Methods). We were unable to amplifyps DNA from  element that delete portions of tlges coding region (see
homozygouDf(3L)BK9 embryos, indicating that the deletion Materials and Methods for details of the screen). We identified
uncoversyps In support of this result, we found by the sameten imprecise excisions from which we could not PCR-amplify
method that the larger 68F deficienci€d(3L)vind and a DNA fragment extending from thgstranslation start site
Df(3L)vin7 also uncoveyps(Fig. 1) Df(3L)BK9was used in to a site downstream of the cold shock domain (CSD) (using
our subsequent genetic analysis/p§ primers b and d in Fig. 1). One excisigps'™?, additionally

Fig. 1. A physical map of thgpsgene, and the
yps’™2 deletion mutationypswas mapped to
polytene region 68F3-F7 by chromosome in situ
hybridization. Three deletions that uncoyps

are indicatedDf(3L)vin4, Df(3L)vin7 and
Df(3L)BK9. Alignment of knowrypscDNAs

with genomic sequence predicts the exon

structure ofypsshown in the diagram. Each Df (3L) vin 4
division of the black line represents 100 bp of DEGLIVINZ s
genomic DNA, while the thick green and blue Df (3L) BKO

boxes represent exons. The precise locations of

the B end of the transcripts have not been

mapped. The cold shock domain (CSD) is shown EP(3)3078
in light blue, and the start (ATG) and stop (TAG) —_
codons are marked. The EP(3)3078 insertion
(represented by a red triangle) was mapped 259
bp upstream of the start codon (BDGP). The

limits of theypg/M2 deletion are represented by

the blue line at the bottom. The positions of PCR
primers used for the excision screen (see text) i
indicated by the red arrows labeled a-d. The i
chromosome drawing is reproduced after the :
drawings of Bridges (Bridges, 1941). ypsia

ATG TAG

—» b—»
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A B C
WT yps_i,\-l'l M WT YPSJ.\IL’ M

2.3 ®2.37
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Fig. 2.ypsexpression in ovaries. (A) A northern blot of ovary pol{RNA probed with gypscDNA. Two forms of the/pstranscript are
detected in wild-type ovaries (lane WT): a minor band of approximately 2.3 kb and a major broad band of approximateitty rklayw
actually represent several transcripts of similar size. The positions of RNA molecular mass markers (M) are indicatgthomntlozary
poly(A*) mRNA fromyps’M2/Df(3L)BK9females, thggpsmRNAs are truncated and present at greatly reduced levels (I2Y&)yps49 serves
as a loading control for both samples. (B) Whole-mount in situ hybridizatiogpfa@NA to wild-type ovaries. psis expressed in the germ
cells from early oogenesis on, and its transcripts are distributed evenly throughout the nurse cells and can be detwwdeekinate
oocyte.ypsis also expressed at a low level in the follicle cells. (C) A western blot of ovary protein, probed with an antibody tontireulsl te
of Yps (a region that includes the CSD) reveals a single protein isoform migrating at approximately 50 kDa (lane WTh bxpeatid
from yps/M2/Df(3L)BK9ovaries (lane yp¥?), Yps is not detected.

failed to PCR-amplify with primers spanning the majority of

the CSD (primers c and d in Fig. 1), as well as the initial prime Table 1. The maternal effect lethal phenotype of
pair used for screening. Using a primer upstream of the origin. hypomorphic orb alleles is suppressed bypg?
EP(3)3078 insertion, coupled with a primer downstream of th Genotype Eggs hatched/total % hatched
CSD (primers a and d in Fig. 1), a novel DNA fragment wa(a)
amplified fromypsM2 DNA and sequenced. Analysis revealed Oregon R 2876/3180 90
thatypsM2contains a deletion of 1.8 kb of genomic DNA (Fig. ypglM"y‘/y%S’Mlz 153513//1116139 2321
. . or| mel or me!

;)n,ti\r/(vehgg Dr.emoves both the translation start codon and tryp M2 orbmellypghi ortmel 1529/1838 a3

The yps™? allele produces truncated transcripts that are(g)
present at significantly reduced levels in ovaries (Fig. 2A, lanw!118 1888/2083 94
yps’M?), and no protein is detected on western blots (Fig. 2Cyps™yps™2 1616/1890 86
lane ypdV?). By immunocytochemistry, using antibodies Orl;]mﬂorbme M2 1 F303 156/2554 6

. ; - . . ; ypsM2 orbmefypsM2 orl 507/1265 40

against the amino terminus (including the CSD) or against th
full-length Yps protein, we detected no Yps proteilypsM?2 Females of the indicated genotypes were mated with wild-type males.
homozygous and hemizygous ovaries (not shown). Their eggs were collected and allowed to develop for 25 hours at 25°C, and

The ypgM2 mutation has no effect on zygotic viability: Scored for embryo hatching.

M2 M2 M2 . - (A) The maternal effect lethal phenotypeoobme/orb™elis completely
yps’ /yps’ andyps’ /Df(3L)BK9flies survive at expected rescued bypsM2. There is a slight reduction in the hatching rate of eggs

frequencies. B(?th homozygous and. hem!zyng;B]Mz_ from ypsM2ypsM2 mothers compared to wild-type controls, in this case
females are fertile, and although there is a slight reduction iOregon R. (Similar hatching rates were also observed in eggs from
the hatching rates of their embryos, these rates are comparahemizygouyps'2/Df (3L)BK9females; data not shown.) Eggs from

1118 orb™ejorbmelfemales have a pronounced reduction in hatching, while in the
to Oregon Randw control females (Table 1). double mutantypgM2orbmelyps/M2orbme! the hatching rate is rescued to that

. .. of ypsM2ypgM2 single mutants.
Yps and Exu proteins localize independently of each To rule out the possibility of breakdown or contamination of stocks, we
other confirmed the genotypes of all of the individoab™e/orb™e'and
; ; ; ypgM2orbmelypsM2orhmel females in these assays by PCR, using primers that
P_rewously, we Sh.OW.Ed that YpS and Exu proteins aSSOCIaFe detect unique DNA fragments for both thra™e'andyps’M2 alleles (see
vivo as well as in in vitro binding assays, and colocalizéy;ierials and Methods).
throughout oogenesis (Wilhelm et al., 2Q0Bpth proteins Note: our hatching rate for embryos framb™eforbme' mothers is higher
accumulate in the oocytes of young egg chambers, associithan previous reports (Christerson and McKearin, 1994). While we are not
with particles in the nurse cell cytoplasm, and localize to bot ZUfetf’ftLhelfeason fOLthiSfdiSC{)epanCyr it may fri]mply fef'iCttg‘fjeata accuracy
: : . - due to the large number of embryos scored in the present study.

e S 210 sl i sage oo I e T ey

<) ned rescued byps™2 While hatching of eggs fromrbmefor mothers is
be required for the localization of the other. However, we founiextremely low, significant rescue is observed when females are doubly
this not to be the case. In ovarieyp&M?/Df(3L)BK9females  mutantyps™2orbmelypgM2orbF30s,

. . i 1418
expressing agfp-exu transgene, GFP-Exu was localized In this and subsequent assays!&8stock was used as the control.
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Fig. 3. Yps and Exu proteins are localized

independently of one another. Ovaries in A a GFP-Exu anti-Y
B are from female flies carryinggdp-exu
transgene. (A) GFP-Exu in control egg chami
illustrates the wild-type localization state of th
protein. Exu accumulates in the oocyte from
early oogenesis, and during mid-oogenesis
becomes concentrated at the anterior and
posterior poles of the oocyte. Within the nurs
cells, Exu is localized to cytoplasmic particles
(B) GFP-Exu is expressed and localized
normally inyps’™M2/Df(3L)BK9ovaries.

(C) Control ovaries labeled with an antibody t
Yps reveal that, like Exu, Yps accumulates e:
in the oocyte, becomes concentrated at the
anterior and posterior poles of the oocyte dur
mid-oogenesis, and is associated with particl
the nurse cell cytoplasm. Yps is also express
the follicle cells, unlike Exu. (D) In
exwPC0%exPCO2pvaries, Yps is expressed and =2

localized normally. yps exu

control control

normally throughout oogenesis (Fig. 3B). Conversely, using apps interacts genetically with  orb
antibody against Yps, we found no defects in Yps localizatiofve reasoned that if Yps normally functions to regulztk

in ex.tP©02(a null allele) ovaries (Fig. 3D). RNA localization or translation, we might detect genetic
. ) o interactions with known repressors or activators of these

Ypsis not required for  osk mMRNA localization in the events. In fact, we detected a robust genetic interaction

oocyte betweenypgM2 and mutations in thepol8-RNA binding

Yps is a member of an ovarian ribonucleoprotein (RNPprotein (orb)gene. Orb is an RNA binding protein with strong
complex hypothesized to function in mRNA localization similarity to CPEB, a protein required for cytoplasmic
and/or translational regulation (Wilhelm et al.,, 2000).polyadenylation of mRNAs ilXenopusoocytes (Lantz et al.,
Therefore, we expected thgtsmutants could be defective in 1992; Hake and Richter, 1994; Stebbins-Boaz et al., 1996;
one of these processes. BecaoskmRNA is present in the Chang et al., 1999). The phenotypesods mutants indicate
Exu-Yps complex, we asked whethgrsmight play a role in  that Orb is required fasskmRNA localization and translation,
oskmRNA localization or translation. By whole-mount in situ and that Orb may directly regulate cytoplasmic
hybridization to ovaries, we found thagkmRNA localization  polyadenylation ofosk mRNA (Christerson and McKearin,

is normal inyps’™2 oocytes (Fig. 4B). Alsopsk MRNA  1994; Lantz et al., 1994; Chang et al., 1999). Stabglleles
remains subject to localization-dependent translatigp#V2  are female-sterile and cause oogenesis to arrest at very early
ovaries: Osk protein is detected only at the posterior pole aftages, indicating an early requirement for the protein. Weaker
the oocyte, and appears with normal developmental timing (sedlelic combinations allow oogenesis to be completed, but are
below, and Fig. 5B). maternal-effect lethal. In these combinations, the localization

Fig. 4.ypgM2rescues theskmRNA localization A
defects obrbMe/orbF303females. In wild-type
ovaries,0skmRNA accumulates in the oocytes ¢
young egg chambers (stages 1-7), is transientl
localized to the anterior of the oocyte in stage-¢
early stage-9 egg chambers, and then become
localized to the posterior pole of the oocyte by
9. (A) Egg chambers from contral18) ovaries.
In the stage-10 egg chamber on the righk control yps
MRNA is localized at the posterior of the oocyte (o )
(B) ypgM2lypsMZegg chamberssiskmRNA
accumulates normally in the oocytes of young-
stage egg chambers on the left. In the stage-1(
chamber in the center of the paredkmRNA is
localized normally to the posterior pole of the
oocyte. (CrbmelorbF303egg chambers. In the
stage-10 egg chamber in the center of the pant ( , ¢
oskmRNA is not localized at the posterior pole  orb yps, orb

the oocyte. (Dyps'™M2orbmelypsM2orbF303gg

chambers. In the stage-10 egg chamber on the dgkitRNA is localized at the posterior pole of the oocyte, although its level is reduced
compared to wild type.
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anti-Orb

control

yps

orb

yps, orb

Fig. 5.yps™2 rescuemrb-associated defects askprotein expression, but does not alter the expression or localization of Orb protein. The
ovaries in A-D were labeled with an antibody to the Osk protein. Arrows in A-D indicate the posterior poles of stage-1qApayids
(control) egg chambers. Osk protein is present at the posterior pole of the stage-10 oocyte. (B) An identical patternl i gps&fz/gpsM2
egg chambers. (C) lorb™e/orbF393 mutant egg chambers, Osk protein is not detected at the posterior pole of the oocyte. (D) In many
yps'™M2orbmelypsgM2orbF303 doubly mutant egg chambers, Osk protein is present, localized at the posterior pole. The ovaries shown in A-D
were also labeled with an antibody to the Orb protein (E-H). (E) In control egg chambers, Orb concentrates in the oocsifedog@anesis,
and is present at lower levels in the nurse cells. During mid-oogenesis the protein accumulates at the anterior andrpmsjgres of the
oocyte. (F) An identical pattern is observegps™2/ypsM2 egg chambers. (G) lorb™e/orbF303egg chambers, Orb accumulates in the nurse
cells to a higher level than in wild type. During mid-oogenesis, Orb is particularly concentrated in the nurse cells thhelmmdge (arrow).
Orb rarely accumulates at the anterior or posterior poles of the oocyte.y(psNBorbmelyps™M2orbF303 ovaries, the distribution of Orb is
identical toorb™e/orbF393 gvaries.

of bothgrk andoskmRNA is disrupted at mid-oogenesis, and a point mutation that expresses only one of the two Orb protein
Osk protein is frequently not translated. These aberrations le@gbforms (Lantz et al., 1994), and displays an intermediate
to embryonic defects in both anteroposterior and dorsoventrghenotype. HomozygousrbF303 females are completely
patterning (Christerson and McKearin, 1994; Lantz et al.sterile, and oogenesis arrests shortly after egg chambers have
1994; Roth and Schupbach, 1994; Chang et al., 1999). budded from the germarium (Lantz et al., 1994). Gitweallelic

Four alleles obrb have been described, three of which werecombinations we used in this study are expected to provide
used in our studyorb™e! a hypomorphic allele, is associated varying levels of functional Orb protein, from least to most, in
with a 500 bp deletion within the gene that is predicted to yielthe following order: orbF343orbF343 < orbF303orbF303 <
a transcript in which the second exon, which encodes a porti@mrb™e/orbF343 < orb™e/orbF303 < orbmejorbme!,
of theorb 5UTR, is missing, and exons 1 and 3 are spliced We constructed/ps™M2 orbme! ypgIM2 orhF303 and ypsM?2
directly together (Christerson and McKearin, 1994). Orborb™343 doubly mutant chromosomes (see Materials and
protein is expressed orb™e'homozygous ovaries, although at Methods), and tested the fertility of these females. We found
reduced levels, and with abnormal distributi@hristerson  that ypgM? rescues the embryonic hatching defects of the
and McKearin, 1994; Chang et al., 1999). Homozygousveakestorb allelic combination,orb™e/orbme. While the
females complete oogenesis, but many of their progeny dieatching rate of eggs laid loyb™e/orbme!females was 44% in
with defects in both anteroposterior and dorsoventrabur assay, this rate increased to 83%pg’™?2 orbmelypgM2
patterning.orbF343is a protein null; in homozygous females, orb™! females, the same as the hatching rate of eggs from
oogenesis arrests during cyst formation, so that egg chambenqss/™2 single mutants (Table 1A). We confirmed the genotypes
are not formed (Lantz et al., 1994). A strong allel®™393 is  of all orb™eJorb™e! and ypgM?2 orbMelypgM2 orbmel females
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used in our assay by single-fly PCR to detect the unique DN Table 2.0skmRNA localization and protein accumulation
fragments associated with these alleles (see Materials a in mutant ovaries

Methods). In the case ofb™/orbF303 only 6% of eggs laid
by mutant females hatched (Table 1B). Additional losgpsf

Genotype Late stage 9 Stage 10

increased the hatching rate to 40%. As previously reported, vgj})n%gg chambers witbskmRNA atég%‘;o(sltg&f}:)po'e of th&fgfﬁ%o%)
found that no eggs hatch fronorb™eforbP343 mothers  ypgmzypgm2 58/61 (95%) 65/68 (96%)
(Christerson and McKearin, 1994). We observed a very weeorbmorbF303 15/68 (22%) 7178 (9%)
rescue of this phenotype ipps/M2 orbMelypsM2 orphF343 ypgM2 orbmelypgM2orhF303 42/63 (66%) 54/121 (45%)
mothers, S]S,\ljgh .that rare escapers complete em_bryogeneS|s i(B) Egg chambers with Osk protein at the posterior pole of the oocyte
hatch. yp did not rescue the female sterile phenotypea1is 70/70 (100%) 105/105 (100%)
of the strongest allelic combinationgyrbm303orbF303 or  ypgMzypgm2 31/31 (100%) 58/58 (100%)
orbF3430orbF343, Thus, rescue of tharb maternal effect lethal orbmJZVoer3°3 N 1/38 (3%) 2/87 (2%)

. N me
phenotype byps/™2 requires the presence of some functionalyPs"orbmlyps™zorb 3/46 (7%) 40/93 (43%)
Orb p_rOtem' and the degree Of_res_cue reflects the level of O (A) oskmRNA localization in the oocytes of late stage-9 and stage-10 egg
supplied by each mutant combination. chambers. Whole-mount in situ hybridization was performed on the indicated

) ) genotypes. Shown are the fractions of egg chamberoskiinRNA

ypsJM2 rescues orb-associated defects in - osk mRNA localized to the posterior pole of the oocytes™2 and control ovaries show
localization and translation similar patterns obskmRNA localization. InorbMeforbF303 mutants, the

. . . . ercentage of egg chambers with localiasemRNA is greatly reduced. In
Defects inosk mMRNA localization have been described for SszMzorbgmeyypsl%ngoerSMmutants, significant rescue%gkmﬁNA

orbMe}orbF343 ovaries (Christerson and McKearin, 1994), andiocalization is apparent.

we found an identical phenotype dnb™e/orb303 ovaries. In (B) Osk protein accumulation in late stage-9 and stage-10 oocytes. Ovaries

these femaleaskmRNA acoumlates normaly in the oocyte SILS e seneupes ot sbelod it 4 atbosy o i 0o o

during prewtgllogemc S_tages' During m'_d'OOQeneSIS' howeveprotein. The control angpgM2/ypgM2 ovar?es exhibit an identical pattern of

oskmRNA fails to localize to the posterior pole of the oocyteosk protein accumulation: by late stage 9, and continuing through stage 10,

(Fig. 4C). As shown in Fig. 4D, this defect is strikingly rescuecOsk protein is present at the posterior pole of every oocyte. In contrast, in

in yps’™M2orbmelypgM2orbF303egg chambers. The amount and orb™JorbF3%3 oocytes Osk protein is rarely detectedyjps™?orb™e}

distribution ofoskmRNA is not completely normal, however; YPS''2orbF*double mutant oocytes, however, Osk protein is frequently

. . . N . . present, although with a timing lag.

its signal is reduced, and it is often less tightly localized to th

posterior pole than in wild type. We analyzed this further by

comparingoskmRNA localization in early stage-9, late stage-

9 and stage-10 oocytes [for staging, see Spradling (Spradlingsb™e/orbF303 oocytes (Fig. 5C), as has been reported for

1993)]. We divided stage 9 into early and late stages on trab™elorbF343 egg chambers (Christerson and McKearin,

basis of follicle cell migration: egg chambers in which thel994). In contrast, Osk protein is present at the oocyte posterior

columnar follicle cells had migrated less than half of theén manyypsM2orbmelypsM2orbF303 egg chambers (Fig. 5D).

distance between the anterior tip of the egg chamber and thide examined the timing of appearance of Osk protein to

anterior margin of the oocyte were considered early stage Betermine if this time-course was altered in mutants; these data

Chambers in which the columnar follicle cells had migratedare presented in Table 2B. By late stage 9, all ofwHé®

more than half of this distance were considered late stage @ntrol oocytes had detectable Oskar protein at their posterior

During early stage 9%9sk mRNA is in the process of being poles, and the protein was retained at the posterior during

relocalized from the anterior to the posterior of the oocytesubsequent stages of oogenesis. The same was observed in

leading to variability between samples that made precisgpgM2 mutant oocytes. In contrast, Osk protein was first

quantitation at this stage difficult. By late stage 9, however, theeliably detected at the posteriorypis™M2orbmelypgM2orhF303

osk mRNA localization process is complete: 100% of lateoocytes at stage 10. Thus, while there is substantial rescue of

stage-9 controlw!119 oocytes had posteriorly localizedk the Oskar protein defect in thgpsgM2orbmelypgM2orbF303

mMRNA, and localization was maintained in stage 10 (Tablelouble mutant, there is a temporal delay in detecting the

2A). In ypgM2 ovaries, osk mRNA localization was protein.

comparable to control oocytes at both stagesthfie/orbF303 _ _

there was a striking reduction in the percentage of oocytes withPs *2 does not rescue  orb-associated defects in

localizedoskmRNA at both late stage 9 (22%) and stage 1@rb protein distribution or  grk mRNA localization

(9%). This defect was substantially rescued at both stages Tie distribution of Orb protein in wild-type egg chambers has

yps'M2orbmelypsM2orbF303 gvaries: the percentage of double been described previously (Lantz et al., 1994; Chang et al.,

mutant egg chambers with posteriorly localiz’z=sk mMRNA  1999) and is shown in Fig. 5E. Orb is concentrated in the

peaked at late stage 9 at 66%, and fell to 45% at stage 10. Towcyte cytoplasm of young egg chambers (stages 1-6), and is

percentage of egg chambers with correct RNA localization also detected in the nurse cell cytoplasm, particularly in the

stage 10 (45%) closely parallels the degree of rescue of tmeirse cells closest to the oocyte. By mid-oogenesis (stages 8-

maternal effect lethal phenotype (40% hatching; Table 1B). 10), Orb is localized to the cortex of the oocyte, with peak
In wild-type egg chambers, Osk protein is translated at theoncentrations at the anterior margin and the posterior pole

posterior pole of the oocyte following localization of its mMRNA (Fig. 5E, arrow). Inyps’™2 mutant egg chambers, the amount

(Rongo et al., 1995) (Fig. 5A). The same is trueye¥™2  and distribution of Orb appears identical to control egg

mutant egg chambers (Fig. 5B). We found that Osk proteioshambers (Fig. 5F). lorbme/orbF303 mutant egg chambers

is absent, or greatly reduced, at the posterior pole dfFig. 5G), the amount and distribution of Orb is abnormal. In
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Fig. 6.yps™M2 does not rescuerb-associated
defects ingrk mRNA localization. (A) Inw1118
(control) mid-stage egg chambegsk mRNA is
localized to the dorsal anterior corner of the
oocyte. (B) An identical pattern is observed in
ypsM2lypgM2 egg chambers. (C) lorb™e/orbF303
egg chambergrk mRNA is spread along the
entire anterior margin of the oocyte. (D) In
yps'™M2orbmelypgM2orbF303 doubly mutant egg
chambersgrk mRNA localization is identical to
orbme}orbF303 egg chambers.

mutant stage 8-10 egg chambers,
frequently persists in the posteriormost ni
cells that border the oocyte at higher le
than in wild-type (Fig. 5G, arrow). Within the oocyte, the presence of RNA for their physical interaction (Wilhelm et al.,
protein rarely localizes to the anterior or posterior poles. Th2000), so we asked whether RNA was necessary for
expression pattern of Orb iypgM2orbmelypgM2orbF303 interactions between Orb and Yps or Orb and Exu. For this,
double mutants is identical torb™e/orbF303 mutants (Fig. we assayed the ability of Orb to coimmunoprecipitate with Exu
5H). Therefore,ypgM2 does not rescue therb™eorbF303  or Yps in extracts that had been treated with RNAse A (Fig.
phenotype by increasing the level, or altering the localizatiodB). Immunoblots of these immunoprecipitates demonstrated
of Orb protein itself. that Orb’s ability to coimmunoprecipitate with Exu and Yps is
Embryos from orb mutant mothers have dorsoventral dependent on the presence of RNA. Together these results
polarity defects in their chorions, usually fused and/or reducesluggest that Orb is part of a ribonucleoprotein complex
dorsal appendages (Christerson and McKearin, 1994; Roth andntaining Yps and/or Exu and that RNA is an essential
Schupbach, 1994). In mid-oogenesis in wild-type ovagds, component of the complex.
MRNA becomes localized to the dorsal-anterior corner of the )
oocyte (Fig. 6A). This RNA localization pattern is normal inA small proportion of  ypsM2orb™mellyps IM2orp F303
ypsM2 eqg chambers (Fig. 6B), and no chorionic patterning?d9 chambers exhibit a bipolar phenotype
defects were observedypsM2 mutant eggs. lorb™meorbF343  We observed a novel phenotypeys’™2orbmelyps/M2orpF303
egg chambergirk mRNA is mislocalized: instead of localizing egg chambers, never seen in either single mutant alone. During
to the anterior dorsal corner of the oocgid mMRNA is spread  all stages of oogenesis, we observed bipolar egg chambers,
out along the entire anterior margin of the oocyte (Christersomeaning that the oocyte lies in the middle of the egg chamber
and McKearin, 1994). The same is true of many mid-stageith nurse cells on either side of it (not shown). Females
orbMeYorbF303 oocytes (Fig. 6C). We found that theb-  bearing strong alleles @b produce egg chambers in which
associated dorsoventral patterning defects are not rescuedtle oocyte is mispositioned; however, these alleles cause egg
the ypsM2orbmefypsM2orbF303 double mutant: eggs laid by chambers to arrest in the germarium or shortly after budding
ypsM2orbmelypsM2orbF303 mothers had fused, reduced, or
absent dorsal appendages, anidmRNA was diffused along

orb

the anterior margin of the oocyte in many mid-stage eg A B B i
chambers (Fig. 6D). While we cannot rule out a role/fmin oz & g 6 2
dorsoventral patterning, the rescued phenotypes we ha 150 == c>=u 150 == il
observed inypsM2orbmelypgM2orbF303 double mutants are 300 o

e . . LR L 100 == .
specific for the anteroposterior patterning defect®rbfe} 75 & 75 »
orbF3%3mutants.

50m 50m=

Orb is part of an RNP complex containing Yps and 37mm 37w
Exu
Since yps mutants rescue theosk mRNA localization %= 25mm

and translation defects associated witb mutants, we

investigated whether or not Yps and Orb are part of the sanmyg. 7.Orb coimmunoprecipitates with Exu and Yps in an RNAse-
biochemical complex. We immunoprecipitated Yps fromsensitive manner. (A) Immunoblot for the presence of Orb in Exu
Drosophila extracts and assayed for the presence ofnd Ypsimmunoprecipitates from GFP-Exu extracts using anti-GFP
Orb by immunoblot. We found that Orb specifically (GFP), anti-Yps (YPS) or rabbit IgG antibodies. Orb protein
coimmunoprecipitates with Yps (Fig. 7A). Because wespecifically coimmunoprecipitates with b.oth Exu and Yps.
previously demonstrated that Exu and Yps bind directly to eacf®) mmunoblot for the presence of Orb in Exu and Yps

other (Wilhelm et al., 2000), we also wished to determine itar?]munoprempltates from RNAse-treated GFP-Exu extracts using

. . ; ti-GFP (GFP), anti-Yps (YPS) or rabbit IgG antibodies. Orb
Exu protein was in a complex with Orb. Immunoblots of G":P'protein does not coimmunoprecipitate with either Exu or Yps when

Exu immunoprecipitations showed that Exu and Orb argnase-treated extracts are used, indicating that RNA is required for
a|50_ part of the same biochemical complex (Fig. 7A)- Weprb to associate with Exu and Yps. In both panels, the right lane
previously showed that Exu and Yps do not require thehows ovary extract prior to immunoprecipitation.
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from it (Lantz et al., 1994). In contrast, the bipolar eggoogenesis. Third, we have demonstrated a robust genetic
chambers we observed ypsgM2orbmelypgM2orbF303 females  interaction betweegpsandool18 RNA-binding proteiforb),
included mid- and late-stage egg chambers. The frequency afknown regulator obskmRNA translation and localization:
bipolar egg chambers was low: in one sample of stage-9 oawurypsnull allele rescuesrb-associated defects askmRNA
older egg chambers, 5% (12/219) were bipolar. This resulbcalization and translation (Table 1, Table 2, Fig. 4, Fig. 5).
suggests thayps may also serve an as-yet-uncharacterized In intermediate allelic combinations ofb, oskmRNA fails
function in early oogenesis (see Discussion). to localize to the posterior pole of the oocyte, and Osk protein
is not translated (Christerson and McKearin, 1994; Lantz et al.,
1994; Chang et al., 1999). The localization and translation of
DISCUSSION osk mRNA is subject to a complex autoregulatory loop,
wherebyoskmRNA must first be localized to the posterior pole
We previously showed that Ypsilon Schachtel (Yps), ef the oocyte to be translated, and subsequently Osk protein is
DrosophilaY-box protein, is a subunit of a cytoplasmic RNA- required to maintain the localization of its own mRNA (Kim-
protein complex hypothesized to regulate subcellular RNAHa et al., 1995; Markussen et al., 1995; Rongo et al., 1995).
localization inDrosophilaovaries (Wilhelm et al., 2000). In Because the localization and translation processes are so
the present study, we generated a loss-of-function allele of trentwined, it can be difficult to establish which process a
yps gene, and analyzed its effects on the localization anckegulatory factor affects. In the case of Orb, however, evidence
translation ofoskar(osk mMRNA, a known component of this suggests that its primary function may be translational
RNP complex. regulation ofosk (Chang et al., 1999). IXenopus CPEB,
Y-box proteins are present in a diverse set of speciesyhich is virtually identical to Orb in its RNA-binding domain,
including worms, flies, frogs, mice and humans [reviewed imegulates translation of stored maternal mRNAs by binding a
Graumann and Marahiel, and Matsumoto and WolffeJ-rich region of 3UTRs (the Cytoplasmic Polyadenylation
(Graumann and Marahiel, 1998; Matsumoto and WolffeElement) and promoting cytoplasmic polyadenylation
1998)]. All members of this family of proteins contain a well-[reviewed in Richter (Richter, 1999)]. The roleosks poly(A)
defined nucleic acid binding domain, the cold shock domaitail in translation is controversial. Results from in vitro systems
(Schindelin et al., 1993; Schindelin et al., 1994; Schroder ateveloped to study translation Drosophila ovaries suggest
al., 1995). In vertebrate germ cells, Y-box proteins are majahat the length obsKks poly(A) tail is not critical for regulating
cellular components [reviewed in Matsumoto and Wolffeits translation (Lie and Macdonald, 1999b; Castagnetti et al.,
(Matsumoto and Wolffe, 1998)]. Biochemical evidence2000). However, in vivo studies aflsk mRNA suggest that
indicates that some of these proteins bind mRNA and regulapoly(A) tail length does affect its translation (Chang et al.,
translation. For example, FRGY2 Xenopusand MSY2 and 1999). These latter results indicate that polyadenylation of the
MSY4 in the mouse, repress translation of mMRNAs in oocytessk transcript is dependent on the function arb, as is
and spermatocytes (Richter and Smith, 1984; Ranjan et aaccumulation of Osk protein, suggesting that Orb serves a
1993; Bouvet and Wolffe, 1994; Fajardo et al., 1994; Fajardsimilar function to that of CPEB. In addition, Orb binds
et al.,, 1997; Gu et al., 1998; Davies et al., 2000). In somatispecifically to theosk3'UTR (Chang et al., 1999). Given this
cells, Y-box proteins are also implicated in translationakvidence, it appears that Orb may function as a translational
regulation. The p50/YB-1 proteins are highly conserved acrosnhancer of Osk, although a direct role dsk mRNA
vertebrate species (Matsumoto and Wolffe, 1998) and cdncalization cannot be ruled out.
enhance or mask translation in a concentration-dependentThe orb genotypes that are rescued in double mutant
manner [reviewed in Evdokimova and Ovchinnikov combinations withypgM2 all include theorb™e mutation, a
(Evdokimova and Ovchinnikov, 1999)]. The mechanismhypomorphic allele that produces some functional Orb protein
by which such translational masking and enhancement i hristerson and McKearin, 1994; Chang et al., 1999). In
accomplished is not well understood, although it appearsontrast, females homozygous for a null all&e343) or a
to involve modulation of MRNA secondary structure strong allele ¢rb™393) show no rescue by thy@gM2 mutation.
(Evdokimova and Ovchinnikov, 1999). These results indicate that rescue ygygM? requires the
Prior to this work, only one member of the Y-box family hadpresence of some functional Orb protein, and that Yps may
been genetically characterized, t@e elegansheterochronic normally act antagonistically to Orb. In the presence of Yps,
gendin-28, which functions in the development of somatic cellthe low amount of functional Orb protein presentoit™e!
lineages (Moss et al., 1997). Targets of Lin-28 activity have nahutants is not capable of promoting norn@dk mRNA
yet been reported, and while it is predicted to be an RNAlocalization and translation, whereas in the absence of Yps, the
binding protein, its mode of action is not known [reviewed inreduced Orb protein is sufficient.
Ambros (Ambros, 2000)]. The null allele gfps that we Our data indicate thayps is unlikely to regulate the
generatedyps’™2, produced by excising a P-element, containsexpression or localization of Orb protein itself. First, the
an internal deletion in the gene that removes the start codalistribution and levels of Orb produced by hypomorpiric
and the N-terminal half of the protein, including the entire coldalleles are not altered inyps’™2 background. In addition, our
shock domain. Several lines of evidence indicate tskt genetic analysis ofps, orbdouble mutants shows thgisgM?2
mMRNA, which encodes a primary organizer of the germ plasnspecifically rescues defects osk mRNA localization and
is a target of Yps’ activity. First, we have previously showntranslation, but notorb-associated defects in dorsoventral
that oskmMRNA is coimmunoprecipitated with both Yps and chorion patterning ogrk mRNA localization. Taken together,
Exu proteins from ovary extracts (Wilhelm et al., 2000).these results indicate a specific effecyp$on orb’s function
SecondoskmRNA colocalizes with Yps and Exu throughout in localizing and/or translatingskmRNA.
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Previous work has shown that, in the minorityodi™®'egg  novel phenotype, not observed yps’™2 or orbMe/orbF303
chambers in which Osk protein is detectable, Orb protein caiemales: a small proportion (5%) of mid- and late-stage egg
be detected at the posterior pole as well (Chang et al., 199%hambers are bipolar. Strong allelic combinationsrbfalso
This correlation has been interpreted as evidence of generate a high proportion of egg chambers with the oocyte
requirement for Orb for the on-site expression of Osk (Chanmispositioned (Lantz et al., 1994), but these egg chambers
et al., 1999). We find that, when ovaries are doubly mutant farrest oogenesis before budding from the germarium, or shortly
ypsandorb, this correlation disappears. While Orb can rarelythereafter. The low frequency of late-stage bipolar egg
be detected at the posterior pole of the oocytgps, orb chambers observed igpsM2orbmelypgM2orbF303 females
mutants, Osk protein is frequently present even in the absenoey result from partial rescue of egg chambers that would
of detectable Orb (Fig. 5). However, our results also show thaiormally have arrested at very early stagesrbie! /orbF303
loss of Yps cannot eliminate the requirement for Orb in Oskbvaries, with a phenotype similar torbm303orbF303 egg
expression. It is possible that, in the absence of Yps, a vechambers. Alternatively, this may be a novel phenotype
low concentration of Orb, which is undetectable byresulting from the additive loss of bogipsandorb. In either
immunocytochemistry, is sufficient to localize or enhance thease, this phenotype suggests an earlier, as yet uncharacterized
translation obskmRNA at the posterior pole. Alternatively, in function ofyps In support of this idegpsis expressed in the
the absence of Yps, the function of Orb might be accomplishegermarium (Wilhelm et al., 2000).
at regions other than the posterior, sinceyis, orbdouble In addition to its expression in female germ ceffsis also
mutants Orb protein is present throughout the oocyte. expressed in the testes and in somatic cells (Thieringer et al.,

Althoughosktranslation is significantly rescuedyps, orb  1997; Wilhelm et al., 2000) (J. M. and T. H., unpublished data).
ovaries, the amount of Osk present at the posterior appeaie therefore believe it unlikely thatsk mRNA is the only
reduced compared to wild type. In addition, as shown in Tablarget of Yps. In fact, most Y-box proteins are thought to be
2B, Osk is not reliably detected yps, orbegg chambers until general factors that regulate the translation of large classes of
stage 10. In wild-type ovaries, however, Osk can be detectedRNASs [reviewed in Matsumoto and Wolffe (Matsumoto and
in stage-9 oocytes, and sometimes as early as stage 8 (Kim-Kmlffe, 1998)]. FRGY2, for example, is thought to be a general
et al., 1995; Markussen et al., 1995; Rongo et al., 1995) (Tabteasking factor for stored maternal mRNAs in the oocyte
2B). We believe that the temporal delay in detecting Osk i§Tafuri and Wolffe, 1993). However, we have no evidence to
due simply to a reduction in Osk expressionyips, orb  suggest that Yps serves such a general role in translational
egg chambers during all stages of oogenesis, such thapression. The fact that Yps is localized to specific subcellular
accumulation of the protein to levels detectable by our methasites in the nurse cells and the oocyte argues against it being a
does not occur until stage 10. We also hypothesize that, duedeneral regulator of translation. We favor the hypothesis that
this reduction in the accumulation of Osk proteirys, orb  Yps is specific to a limited number of target MRNAs. Perhaps
ovaries,0skmRNA localization is not efficiently maintained. Exu, which has been shown to coimmunoprecipitate with both
As shown in Table 2A, in late stage 9, 66%yp$, orboocytes  Yps protein andskmRNA, or another protein in the complex,
displayed localizedosk mRNA, while in stage 10 the confers sequence specificity on Yps’ RNA-binding activity.
percentage fell to 45%. This number closely parallels the An interesting possibility is suggested by studies of the
percentage ofps, orbstage-10 oocytes with detectable Oskp50/YB1 Y-box proteins. p50/YB1 is nearly completely
protein (43%) and the number of eggs (40%) that hatched frooonserved across vertebrate species, including human, mouse,
mutant mothers (Table 2B, Table 1B). rabbit and chick, and is expressed in both germline and somatic

Biochemically we have detected an association between Ypells [reviewed in Evdokimova and Ovchinnikov (Evdokimova

and Orb. Orb protein was found to coimmunoprecipitate witland Ovchinnikov, 1999)]. The most abundant protein in mRNP
Yps (Fig. 7). This association is mediated by RNA, since theiparticles in a variety of cells types, p50/YB1 has been shown
coimmunoprecipitation is RNAse-sensitive. Similarly, Orbto act as a translational repressor at high concentrations and a
coimmunoprecipitates with Exu, in an RNA-dependenttranslational enhancer at low concentrations. Recent work has
manner (Fig. 7). Exu and Yps also coimmunoprecipitate, buishown that, at low concentrations (i.e. when mRNAs are
independently of RNA, and bind each other in vitro, indicatinginmasked) p50/YB1 also binds actin, and at higher p50/YB1:
that their interaction is probably direct (Wilhelm et al., 2000). mRNA ratios (conditions under which translation is repressed)
Despite their direct association, Yps is localized normally imp50/YB1 and actin do not bind (Ruzanov et al., 1999). This
exunull ovaries, and Exu protein is localized normallyyps  suggests a mechanism by which unmasked mMRNAs may be
null ovaries. Thus Yps and Exu appear to be recruited to thenchored to regions of the cytoplasm. This is particularly
ovarian complex independently. Do the associations detectéatriguing in the light of evidence thaskmRNA is anchored
by immunoprecipitation reflect biologically significant by an actin-dependent mechanism to the posterior pole of the
interactions that occur in vivo? Several other lines of evidenceocyte, where it is translated (Erdelyi et al., 1995; Tetzlaff et
suggest that these proteins interact in vivo, andoslianRNA  al., 1996; Glotzer et al., 1997; Lantz et al., 1999). While Yps
is part of this complex. First, all three proteins, askimRNA,  cannot be an essential component of a posterior RNA anchor,
colocalize throughout oogenesis. Secondsk mMRNA it may play a role in the association @k mRNA with the
associates with both Exu and Yps (Wilhelm et al., 2000), andctin cytoskeleton, which may in turn affect translation.
Orb binds directly toosk mMRNA (Chang et al., 1999). And  One model supported by our data is that Yps and Orb both
finally, the genetic results presented in this work are stronggind to oskmRNA, and have opposite effects on translation:
evidence for a biologically significant interaction of Yps andYps represses, and Orb activates translation. Our
Orb in Drosophilaovaries. immunoprecipitation experiments (Fig. 7) show that both

Doubly mutantyps’M2orbmelyps/M2orbF30%varies display a proteins are present in an RNP complex and that their
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association is mediated by RNA, suggesting that both proteinsbalancer chromosomes fBrosophila melanogasteMech. Dev91, 451-
simultaneously bind a common RNA target. This target is 454. _
Iikely to beoskmRNA. oskmRNA is a member of this RNP Castagnetti, S., Hentze, M. W., Ephrussi, A. and Gebauer, £2000).

. . . Control of oskar mRNA translation by Bruno in a novel cell-free system
complex (Wilhelm et al., 2000), Orb is known to biogk from Drosophilaovaries.Developmeni27, 1063-1068.

mRNA (Chang et al., 1999), and our genetics results show thaha, B. J., Koppetsch, B. S. and Theurkauf, W. E2001). In vivo analysis
a ypsloss-of-function mutation suppresses the defectssin of Drosophila bicoid mRNA localization reveals a novel microtubule-
mRNA localization and translation associated with reduceg dependent axis specification pathwagll 106 35-46.

. . . Chang, J. S., Tan, L. and Schedl, 1999). TheDrosophilaCPEB homolog,
function orb alleles (Fig. 4, Fig. 5). Yps could prevent orb, is required for oskar protein expression in oocy@es. Biol.215 91-

translation by preventing Orb from promoting cytoplasmic 1gs.

polyadenylation. At the posterior of the oocyte, where Orb andhristerson, L. B. and McKearin, D. M. (1994). orb is required for
Yps both concentrate during mid-oogenesis, and whske anteroposterior and dorsoventral patterning dubmgsophila oogenesis.

; ; ; ; Genes Devs, 614-628.

MRNA is localized anq translated, concentration dlﬂerenqeéooperstock, R. L. and Lipshitz, H. D.(2001). RNA localization and
between_ the two proteins could push the complex from _be'ngtranslational regulation during axis specification in Evesophilacocyte.
a negative to a positive regulator of translation. Additional Int. Rev. Cytol203 541-566.

factors at the posterior could also interact with either Orb ofrawford, D. R. and Richter, J. D. (1987). An RNA-binding protein from

i i ; i inti ; Xenopus oocytes is associated with specific message sequences.
Yps to modify their functions, as might association with the Development 0. 741.749

actin _CytOSkeleton'_ T_hls model acc_:ounts for Why yps Davies, H. G., Giorgini, F., Fajardo, M. A. and Braun, R. E.(2000). A
mutation cannot eliminate the requirement for Orb, but can sequence-specific RNA binding complex expressed in murine germ cells
reduce the amount of Orb required for sufficieosk contains MSY2 and MSY®ev. Biol.221, 87-100.

translation. In the rescued genotypes, there may be enough Gityrussi. A., Dickinson, L. K. and Lehmann, R.(1991). Oskar organizes

at the oocyte posterior to allow for on-site cytoplasmic tcrfngeegn;?jggm and directs localization of the posterior determinant nanos.
polyadenylation ofosk mRNA, in the absence of negative ggeyyi, M., Michon, A. M., Guichet, A., Glotzer, J. B. and Ephrussi, A.
regulation by Yps. It is also possible that, in the absence of (1995). Requirement for cytoplasmic tropomyosin in oskar mRNA
Yps, Orb can stimulate polyadenylationask mRNA before localization.Nature 377, 524-527.

it becomes localized, although it remains subject tdEvdokimova, V. M. and Ovchinnikov, L. P.(1999). Translational regulation
’ by Y-box transcription factor: involvement of the major mRNA-associated

translaﬂonql repression by other factors, such as qunhc a_ndprotein’ p501nt. J. Biochem. Cell BioB1, 139-149.

Bruno, until it reaches the posterior pole. Future studies wikkajardo, M. A., Butner, K. A., Lee, K. and Braun, R. E.(1994). Germ cell-
test this model by determining if Yps and Orb bind specific proteins interact with thédntranslated regions of Prm-1 and Prm-
competitively toosk mRNA, and if so, how their combined _ 2 MRNA.Dev Biol.166, 643-653.

P . . Fajardo, M. A., Haugen, H. S., Clegg, C. H. and Braun, R. E1997).
blndlng affects the translation obsk mRNA, and its Separate elements in thewhtranslated region of the mouse protamine 1

polyadenylation state. _These StUd_ieS_Sh0U|d contributé NOtymRNA regulate translational repression and activation during murine
only to our understanding of localization-dependent mRNA spermatogenesi®ev. Biol.191, 42-52.
translation inDrosophilg but also to a better understanding of Frohnhofer, H. G. and Nusslein-Volhard, C.(1987). Maternal genes

; ; ; ; : ; required for the anterior localization of bicoid activity in the embryo of
the biological roles of the widespread family of Y-box proteins. Drosophila Genes. Deul, 880-890.

. . .. Glotzer, J. B., Saffrich, R., Glotzer, M. and Ephrussi, A.(1997).
Special thanks to Woongjoon Moon for the chromosome in situ cytopiasmic flows localize injected oskar RNADrsophilacocytesCurr.

hybridization, and to Kathleen Smith for excellent technical gijgl. 7, 326-337.
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