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Summary

The DEAD-box RNA helicase Vasa (Vas) is required for interaction is reduced, suggesting that this interaction is
germ cell development and function, as well as for crucial for translational regulation of grk. In addition, we
embryonic somatic posterior patterning. Vas interacts with  show that reduction in Vas-elF5B interaction virtually
the general translation initiation factor elF5B (clIF2, also  abolishes germ cell formation in embryos, while producing
known as dIF2), and thus may regulate translation of a less severe effect on somatic posterior patterning. We
specific mMRNAs. In order to investigate which functions of conclude that interaction with the general translation
Vas are related to translational control, we have analyzed factor elF5B is essential for Vas function during
the effects of site-directedvas mutations that reduce or  development.

eliminate interaction with elF5B. Reduction in Vas-elF5B

interaction during oogenesis leads to female sterility, with

phenotypes similar to avasnull mutation. Accumulation of  Key words: Translation, Germ cells, DEAD-box, Axis-patterning,
Gurken (Grk) protein is greatly reduced when Vas-elF5B  Gurken,Drosophila clF2, Vasa

Introduction proteins. Bruno (Bru) is involved in repressing translation of

Early Drosophila development is orchestrated by maternal®Sk @nd grk (Kim-Ha et al., 1995; Webster et al., 1997,

RNAs and proteins stored within the oocyte and embryofilardo and Ephrussi, 2003; Nakamura et al., 2004), and

Coordinated translational regulation and cytoplasmicoMaug (Smg) is involved in repressing translatiomos
localization of specific maternal transcripts determinSmibert et al., 1996; Dahanukar et al., 1999; Nelson et al.,
developmental decisions such as axis patterning and ger@904). Although recent work has linked both Bru and Smg
cell specification (reviewed by Johnstone and Lasko, 2001} the cap-binding step of translation initiation (Wilhelm et
During oogenesis, the T®Fsignaling molecule Gurken al, 2003; Nakamura et al., 2004; Nelson et al., 2004),
(Grk) establishes polarity within the oocyte along both thdranslational repression ofsk grk andnosprobably targets
anteroposterior and dorsoventral axes (Neuman-Silberbefgultiple steps of translation (Lie and Macdonald, 1999;
and Schiipbach, 1993; Gonzalez-Reyes et al., 1995; Roth etark et al., 2000; Nakamura et al., 2004). In general, details
al., 1995) (reviewed by Nilson and Schipbach, 1999)°f the mechanisms of translational derepression and
Subsequently, at the posterior end of the oocyte and earfgtivation for spemﬂc transcripts remain obscure. In several
embryo, a specialized region of cytoplasm, called pole plasn@fganisms, translational activation of maternal mRNAs
accumulates RNAs and proteins required for germlinénvolves cytoplasmic polyadenylation. The activity of the
development (reviewed by Mahowald, 2001). Pole plasniProsophila cytoplasmic polyadenylation element-binding
assembly is initiated through the localized translation oprotein, called 0018 RNA-binding protein or Orb (Lantz et
oskar (0sk mRNA (Ephrussi et al., 1991; Kim-Ha et al., al., 1992) is implicated in activating translationask and
1991). Vasa (Vas) protein am&nos(no§ mRNA are among Possibly of other mRNAs (Chang et al., 1999; Castagnetti
several molecules that accumulate in the pole plasrdnd Ephrussi, 2003).
downstream of Osk. Localized translationrafs mRNA in Our work addresses the function of the highly conserved
the pole plasm produces a Nos protein gradient that IREAD-box RNA helicase Vas, which is required for the
essential to determine abdominal fate, thus directly linkingprogression of oogenesis and for pole plasm assembly
germ cell development to posterior somatic patterning in théSchipbach and Wieschaus, 1986; Hay et al., 1988; Lasko and
embryo (Lehmann and Nisslein-Volhard, 1991; Wang andshburner, 1988; Liang et al., 1994). Based on sequence
Lehmann, 1991). similarity with yeast Ded1p (reviewed by Linder, 2003), and
osk grk andnosRNAs are all under complex translational the finding that expression of several proteins is reduceasin
regulation in the developing oocyte, mediated through cismutants, Vas has been suggested to function in translational
acting elements in their untranslated regions (UTRs)regulation (reviewed by Johnstone and Lasko, 2001). Females
Genetic and biochemical analysedrosophilaovaries and bearing hypomorphiwas mutations complete oogenesis but
embryos have identified several translational regulatorproduce embryos lacking germ cells and lacking posterior
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segments, indicating an essential roleviasin both processes CGGAACAGTCTGGCCAGATCC. Mutagenesis was followed by
(Schiipbach and Wieschaus, 1986). An earlier function for Va$junt-end ligation, and was verified by sequencing. Basitoding
during oogenesis, was also demonstrated through the studyrégion was then digested out of pBluescript usthg a+nd Notl, and
null mutations that are viable but produce no embryos (Styhlgubcloned into aXhd/Not digested plasmidP[w* Pvas-gfp]
et al., 1998; Tomancak et al., 1998). Althowgisnull cocytes ~ (Nakamura et al., 2001), derived from pCaSpeR2. In addition, each
display minimal disruption ofjrk RNA accumulation, Grk vascoding region was PCR amplified out of pBluescript and

. ) ' subcloned into aNcd/Xhd digested pEG202 vector, used for
protein levels are severely reduced, leading to the hypothesis o

. . pression in yeast.

that Vas could play a role igrk translational control (Styhler
et al., 1998; Tomancak et al., 1998). Vas also appears Weast interaction trap assays
represent an important link between meiotic cell cycleThe yeast strain EGY48 was co-transformed with ‘bait’ constructs
progression and developmental events such as establishmentiohed in pEG202, ‘prey’ constructs cloned in pJG4-5, ahaca
polarity. In response to a meiotic checkpoint, activated by geporter plasmid pSH18-3p-Galactosidase activity was monitored
delay in DNA double-strand break (DSB) repair duringusing a plate-based assay as described previously (Golemis et al.,
oogenesis, Vas is post-translationally modified, and thid997) and in liquid culture (Reynolds et al., 1997).
corresponds to a downregulation in Grk protein accumulatio, i, expression and western blotting

(Ghabrial and Schipbach, 1999). P . . :
. . o . reparation of yeast protein extracts was performed according to

In previous work, we |dent|f|_ed_a translgnon factor dII:Z'the Yeast Protocols Handbook (Clontech). For every transformed
now called elF5B, as a Vas-binding protein (Carrera et algain, a 5 ml overnight culture in selective media was used to
2000). A genetic interaction between null allelesitf2 and  inoculate a 50 ml culture in YPD media, incubated &C3ith
vas suggested a functional link between these two proteinghaking (220-250 rpm) until Qfg=0.4-0.6. Cells were centrifuged
elF5B/dIF2 has since been demonstrated in mammaliast 1000g for 5 minutes at 4C, resuspended in 50 ml colcb®|,
systems to be required for all cellular translation and to act aentrifuged at 100@ for 5 minutes at 2C and frozen in liquid
the 60S ribosomal subunit joining step of translation initiatiornitrogen. Pellets were thawed in pre-warmed Cracking Buffer (8 M
(Pestova et al., 2000b). Subsequent work has indicated tHéfea, 5% SDS, 40 mM Tris-HCI [pH6.8], 0.1 mM EDTA, 0.4
translation can be regulated at the stage of subunit joining9/™m! Bro_mﬁ_%henol Blllie)"l S“Ffp'ﬁmegted with 1 mM EMSR 1
(Ostareck et al., 2001; Searfoss et al., 2001). These resuff$!easeé inhibitor cocktail (Roche Diagnostics) and [10B-

. : ercaptoethanol/ml buffer. Samples were transferred into
suggest that Vas could function as a translational regulator icrocentrifuge tubes containing glass beads, and heated@t 70

specific MRNAs through interaction with eIFSB. _ for 10 minutes. They were then vortexed for 1 minute, and
To test this hypothesis, we created spedifis mutations  centrifuged at 20,00¢ for 5 minutes at C. Supernatants were
that severely reduce its interaction with elF5B. These mutamiept on ice while pellets were boiled at 1G0for 3-5 minutes,
forms of Vas still localize correctly, allowing us to investigatevortexed for 1 minute and centrifuged at 20,@0@r 5 minutes at
which developmental functions of Vas require an interactiod°C, and then combined with the first supernataBimsophila
with elF5B, and are therefore likely to involve a translationapvarian proteins were extracted by homogenization in phosphate-
regulatory role. We found that the Vas-elF5B interaction wa§uffered saline (PBS)/1 mM PMSFA protease inhibitor cocktail
essental fo the progression of oogeness and for rom{Ioche DIEIOSie), Sample were cenvuged a ISgOOLE |
g)églrveesesrzo\?agfaﬁ;ke.lII:rISSwQISOQr,u\(/:ViZI ff%l:rédertrgaéetﬁ] iggg;@gﬂg@uﬁer. For western blotting, proteins were resolved on SDS-PAGE
. ; els and transferred onto nitrocellulose membranes, blocked
but we observed a much less stringent requirement for thigemight at 4°C in PBS/2% skim milk/0.05% Tween-20 (PBSTM).
interaction in posterior somatic segmentation. We concludgiembranes were incubated for 1 hour at room temperature with
that interaction with elF5B is essential for Vas function, anchrimary antibodies diluted in PBSTM, washed with PBSTM, then
propose that Vas achieves translational regulation in thiacubated for 1 hour at room temperature with HRP-conjugated
germline through elF5B binding. The Vas-elF5B interactionsecondary antibodies (Amersham Pharmacia) diluted 1:5000 in
represents a significant opportunity to investigate how a tissuBSTM. Membranes were washed with PBSTM and proteins were

; P ; ; t 1:5000. Mouse anti-actin (ICN Biomedicals) was used at 1:5000.
ztz)eepcifci)ct t:;nssc!ﬁg?sn initiation 1o activate the  translation OiaMouse antie-Tubulin (Sigma) was used at 1:5000. Rabbit anti-4E-

BP was used at 1:2000.

Materials and methods Immunohist.oF:hemistry anq in situ hybridization . . .
_ _ _ Immunostaining of ovaries and embryos with rabbit anti-Nos
Plasmid construction and mutagenesis (1:1000), rabbit anti-Osk (1:500), rabbit anti-Tud (1:250) and rat anti-
Amino acid reference numbers used are based on the Vas protdias (1:2000) was performed as described previously (Kobayashi et
predicted by the genomic sequence. Vagcoding region was PCR al., 1999). Fluorescent antibody staining was detected using goat anti-
amplified from the originalas cDNA that lacks one copy of a 39 rabbit Alex&46"m anti-rat Alex&33"m and anti-mouse Alex&8nm
nucleotide tandem repeat, encoding amino acids 141-153 (Lasko asdcondary antibodies (Molecular Probes). Immunostaining with
Ashburner, 1988), and inserted ilxhd/Notl digested pBluescriptto mouse anti-Grk (1:10) in ovaries was performed as follows: ovaries
use as a template for mutagenesis. Specific deletionasmvere  were dissected in PBST (PBS/0.3% Triton) and fixed for 20 minutes
generated using PCR-mediated mutagenesis, using the followirig 200ul of 4% formaldehyde/PBS + 6Q0 heptane. Samples were
primers: A616-618, 5 TTTCTACGCACCTGTGGTGCC and '3 rinsed with PBST, and blocked for 1 hour in PBS/1.0% Triton/3%
AGTCTGGCCAGATCCCTCCAAGA616, 3B CCGGACTTTCTAC- BSA. Samples were incubated with primary antibodies diluted in
GCACCTGTG and 3 (same as forA616-618); A617, B3 PBST for 1 hour at room temperature, rinsed and then washed
GACTTTCTACGCACCTGTGGTG and '3AACAGTCTGGCCA- overnight in PBST. Samples were then incubated with secondary
GATCCCTC; A618, B3 (same as for A616-618) and '3  antibodies for 1 hour at room temperature, washed in PBST, incubated
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A Fig. 1. The Vas C terminus is required for elF5B
[FrrELA] 578 Fg ) - a X -
289, [DEAD] [Ericr] interaction. (A) Schematic of Vas, showing motifs
[A-csaxT T characteristic of DEAD-box proteins. (B) Deletions
% 661 in Vas were tested against elF5B for direct

[ | interaction in the yeast two-hybrid system, using a
plate-based assay frgalactosidase activity. Four

B replicates were tested for each sample, and were

compared to a positive control (full-length Vas, 1-

1 661 +  661) and a negative control (Vas 1-310). Interaction
280 446_565;1 *+  with elF5B is indicated by +, and absence of
1 — 3 1 0 * interaction by —. (C) Further deletions in Vas, ending
1 445 - between residues 595 and 621, were tested against
1 I 7 8 - elF5B in the same system. (D) The region
1 I 504 - surrounding residues V616, P617 and D618 of Vas
-1 I .8 - (indicated by a box), was compared with
:=5621 . homologous proteins in other species, and with more
e —————————— + distantly relatedrosophilaDEAD-box proteins
1 I - | | + (elF4A, Ddx1 and Dhh1l). Residues that are identical
between homologous proteins are shown in red.
Cc
1... I 595 -
1... I 00 - Results
L —— " The C-terminal region of Vas is required
1... I G 1 0 - for interaction with elF5B
1. 12 " Vas contains many well-defined sequence motifs
.. 15 " that are conserved among DEAD-box helicases
1. — 1 8 +  (Fig. 1A) (Linder et al., 1989). Previous work
1. | 2 1 + has shown that interaction with elF5B involved
residues C-terminal to amino acid 310 of Vas
D oA D (Carrera et al., 2000). In order to map more
> S precisely the region of Vas required for
E' ’:ii?’l‘zga“er Ir: E g : g g : E : g ; E : : cI: g interaction with elF5B, we created a series of
A: b troArGQalvEDlPLEDAG large deletions \_N|th|n Vas and 'gested these in the
D, FELG LSGAQOV[VPKIWLEEVA yeast two-hybrid system against the clone of
% Touvin LTDAHOQE|VPAlWLEETIA elF5B that we previously isolated in a yeast two-
e Saseliis LSDAQOD|VPAlWLEETA hybrid screen (Fig. 1B). We confirmed that the
H. sapiens LTDAQOD|IVPA|[WLEETIA C-terminal half of Vas was required for
interaction with elF5B, and specifically
eIF4A YHTTIEEMPANTIADLI implicated the region from residue 595 to 621 of
Ddx1 GRSCNNTNLTEVRGCC Vas in elF5B-interaction. We then tested a series
Dhhl KESLKSIDNYESOQESS of Vas constructs that began at the N terminus

and ended between residues 595 and 621 (Fig.

1C). This analysis implicated residues 616-618

of Vas as being crucial for elF5B interaction. We
for 20 minutes in 0.fig/ml DAPI, washed in PBST and then mounted examined whether this region of Vas was conserved in
in 70% glycerol/PBS. In situ hybridization was performed ashomologous proteins in different species (Fig. 1D). Both V616
described previously (Kobayashi et al., 1999), except that DMSO wagnd P617 are identical among Vas homologs, while D618 does
omitted during fixation, and PBS/0.1% Tween-20 was used instead gyt appear to be conserved. Some neighboring residues are also
MAB throughout the protocol. invariant among Vas homologs. Although a proline
Fly strains and techniques corresponding to P617 is found in elF4A, in general, more

yw flies were used for P element-mediated germline transformatioffliStantDrosophilaDEAD-box proteins such as elF4A, Ddx1
vasalleles used for subsequent analyses wag® (Schiipbach and and Dhh1 are not highly conserved within this area (Fig. 1D).
Wieschaus, 1986) andas’H165 (Styhler et al., 1998). To visualize These results suggest that this region of Vas has been conserved
GFP in ovaries, they were dissected in PBS and fixed in 4%ithin its homologous proteins for a specific function, and is
formaldehyde/PBS/0.2% Tween-20. Samples were washed in PB%t a general feature of DEAD-box proteins.

and mounted in 70% glycerol/PBS. For live GFP visualization in

embryos, they were collected on a sieve and washed w@h tHen - e .

dechorionated with bleach and washed again with.HEmbryos Ck;e?“ﬁn IoFfE;sge_zctlflc tyas mutations that reduce or

were then mounted in Halocarbon oil (series 400) and examine@??''Sn € n e.rac on .
immediately. For visualization of dorsal appendages, eggs werd/e targeted residues 616-618 of Vas to create specific
collected on a sieve and washed withOtithen mounted in Hoyer's mutations in an attempt to disrupt elF5B-interaction. We
medium and incubated overnight a®60 deleted all three residueAf16-618), as well as each residue
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Fig. 2. Deletions within residues 616-
618 of Vas impair elF5B-interaction.
(A) Specific Vas deletions, which were
transformed into yeast strain EGY48,
were tested for their level of protein
expression in yeast on a western blot
probed with anti-Vas. As a loading
control, the blot was also probed with
anti-Actin (ICN Biomedicals). (B) Vas
deletions were tested for interaction
with elF5B in the yeast two-hybrid
system using a liquid assay for
galactosidase activity. The positive
control for interaction is the full-length
Vas protein (1-661). The value shown

p-gal
activity

400+

300+

200+

100+

Research article

p-gal
activity

7504

:

250

for each sample represents the average

of three replicates, and the error bars

represent s.d. (C) Vas deletions were 0-
also tested for interaction with Osk, WP
using the same system. o wo

individually (A616,A617 andA618), and tested these in the are concentrated around the nurse cell nuclei (Lasko and
yeast two-hybrid system against elF5B, using a liquid assay féxshburner, 1990). Within the oocyte, Vas is also distributed
[B-galactosidase activity to quantify the level of interaction. Allthroughout the cytoplasm, and in later stages accumulates in
of these mutant forms of Vas expressed protein efficiently anthe developing posterior pole plasm, where it remains
stably in yeast (Fig. 2A). We found that thé16-618 deletion concentrated in the early embryo. The subsequent functions of
completely eliminated detectable interaction with elF5B (FigVas all require this posterior localization, thus we wanted to
2B). The single amino acid deletions also all showed @&stablish whether specific mutations that reduce Vas-elF5B
reduction in elF5B-interaction relative to the full-length Vasinteraction also affected Vas localization. To do this, we
protein, ~1.7-fold forA616, tenfold forA617 and 20-fold for expressed GFP-fusions of various forms of Vas in transgenic
A618 (Fig. 2B). In order to verify that these mutations in Vadlies under the control of the endogenaas promoter. We
affected elF5B-interaction specifically and not interactiontested the levels of expression of the transgenic fusion proteins
between Vas and Osk, which is crucial for pole plasm assembbn western blots, using endogenous Vas protein as an internal
(Breitwieser et al., 1996), we also tested the Vas deletiorsontrol (Fig. 3). Expression of the wild-type transgenic protein
against Osk in the same assay (Fig. 2C). We found that relativeas comparable with that of the endogenous protein (Fig. 3C).
to the full-length Vas proteify616-618 showed a modest (less Despite generating multiple transgenic lines for each, the
than twofold) reduction in Osk interaction. The single amindA616-618,A616 andA618 proteins were always expressed at
acid deletions, however, showed no reduction of thidower levels than the wild-type transgenic protein, when each
interaction (Fig. 2C). We conclude that these individual Vasvas compared with levels of endogenous Vas (Fig. 3F,1,0).
deletions specifically disrupt interaction with elF5B withoutHowever, theA617 transgenic protein was expressed at levels
affecting the interaction between Vas and Osk. Furthermorepmparable with the wild-type transgenic protein (Fig. 3L).
the interaction site of a third known Vas-binding protein, Using GFP fluorescence, we monitored the localization of
Gustavus (Gus) maps to a region near the N terminus of Vdse transgenic fusion proteins in ovaries from flies bearing two
(Styhler et al., 2002), very distant from the residues we foundopies of each transgene in a wild-type background (Fig. 3).
were crucial for elF5B interaction. Thus, fesmutations we  We found that in all of the deletion mutants, GFP-Vas protein
have generated that affect elF5B interaction do not affect iwistribution mimicked that of the endogenous protein,
interaction with any other known binding protein, and do notccumulating in the perinuclear region of nurse cells in earlier
affect any conserved motif that is implicated in any functiorstages (Fig. 3D,G,J,M), and concentrating in the pole plasm in
common to DEAD-box proteins, such as ATP binding, ATPlater stages (Fig. 3E,H,K,N). In flies expressing4b&6-618
hydrolysis, RNA binding and RNA unwinding (Pause andtransgenic protein (Fig. 3D,E), the GFP signal was weak
Sonenberg, 1992; Tanner et al., 2003) (reviewed by Tanner abdcause of low protein expression, but even in this case, correct
Linder, 2001). localization could be detected. From these data, we conclude
that elF5B interaction is not required to achieve Vas
elF5B interaction is not required for localization of localization.
Vas to the pole plasm To avoid complications resulting from dose effects, we chose
During oogenesis, Vas protein is present throughout tht focus the remainder of our analysis onvag61’ mutation
cytoplasm of nurse cells and is enriched in nuage particles thiaécause of its high level of protein expression and the strong
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B C Fig. 3.Localization and expression
of transgenic GFP-fusion proteins.
\ === GFP-Vas+ For each transgenic genotype,
-—\as localization of GFP is demonstrated
in early and late stages of oogenesis:
A (A,B) vas'; (D,E) vag616-618
. (G,H) vag616, (J,K) vagitlr,
F (M,N) vag’®18 Protein expression in
— GFP-VasA616-618 ovaries of transgenic flies is
demonstrated on western blots
- \/as probed with anti-Vas. (C) Vas+;
a7 (F) Vas\616-618; (1) VaA616;
(L) VasA617; (O) Vaa618. Flies
| contained two copies of each
— transgene in the wild-type
GFP-VasA616 background. For each sample, the
- Vas faster migrating band represents
endogenous Vas and the slower
migrating band represents the
K. L transgenic GFP-Vas.
- |

W GFP-VasA617

-— Vas embryos (Fig. 4C). Thus, the
vag617 transgene does not rescue
the oogenesis arrest caused by the
vag’H165mutation, indicating that

—— GFP-VasA618 interaction between Vas and
- s elF5B .is crucial f_or the
progression of oogenesis.

Dorsal appendages provide a
sensitive assay for dorsoventral
patterning, and ingrk mutants,

effect of this mutation on elF5B interaction. Comparing theventralization of the eggshell can be observed as a fusion or

wild-type vas™ and the vag®l7 transgenes allowed us to absence of dorsal appendages. In sevasdlleles, including

determine the phenotypic consequences of specificallyas165 dorsal appendage defects, indicative of a

reducing elF5B interaction, and to separate the functions ofentralization phenotype, are observed (Styhler et al., 1998;

Vas that require that interaction from those that depend soleljinker et al., 1998; Tomancak et al., 1998). In agreement with

on its localization and expression. previous reports (Styhler et al., 1998), we observed that 63%

_ o _ N of eggs produced byag’H165females exhibited one fused or
Vas-elF5B interaction is required for female fertility semi-fused dorsal appendage, 12% had no dorsal appendages
and for grk regulation and 25% had two dorsal appendages. We examined dorsal

In order to investigate the requirement of the Vas-elF5Bappendages in our transgenic lines and found that in
interaction during oogenesis, we examined wWa#6l7  vadH165p{yadl6l? females, 67% of eggs exhibited one semi-
transgene in the background ofvas null allele, va$™165  fused or fused dorsal appendage (Fig. 5C-E), 11% formed no
(Styhler et al., 1998). The wild-typeas' transgene, and the dorsal appendages (Fig. 5F) and 22% had two dorsal
vag617 transgene express comparable levels of protein in th@ppendages (Fig. 5B). Conversely, 82% of control
vas null background (Fig. 4A). Mostag’H165 egg chambers va$H165P{vas'} eggs had two dorsal appendages (Fig. 5A).
arrest early in oogenesis, producing few mature eggs, none ©hus, thevag617 transgene does not rescue the ventralization
which hatches into embryos (Styhler et al., 1998) (Fig. 4B)phenotype of thead’H165 mutation.

Strikingly, vag’H165P{vag®%17 females exhibit a very similar ~ We then assessegrk RNA and protein expression in
arrest in oogenesis to that vad’H165jtself, producing few vadH165p{vag%ln ovaries, and found that it also was
mature eggs that do not hatch (Fig. 4D). In b@#H165and  indistinguishable in early stages of development from that
vasH165p{vagdi6l? females of the same age (3-4 days), theobserved fovad’H165(Fig. 5H,1,K,L) (Styhler et al., 1998yrk
number of stage 14 eggs per ovary ranges widely from 0-32NA is strongly enriched in the oocyte (Fig. 5H,l); however,
with an average of nine, roughly a third the average of wildthe protein level is severely reduced (Fig. 5K,L). In control
type. Examples of severely atrophiedadt165 and vadH165pP{vas'} ovaries, concentration of botirk RNA and
vagH165plvadi6ln ovaries are shown in Fig. 4B,D. Similar protein in the oocyte resembles wild type (Fig. 5G,J). Thus, the
to vas$Hl6s (Styhler et al., 1998), eggs produced byvag%l7transgene does not support efficient expression of Grk
vagH165pl{vadibln females sometimes exhibit a duplicated in a vasnull background. We conclude that the requirements
micropyle at both the anterior and posterior ends (data ndbr Vas for the progression of oogenesis, for dorsoventral
shown). By contrast, ovaries fromad’H165P{vas'} females patterning of the egg chamber, and dok regulation, all rely
produce abundant mature eggs that can hatch into viabbm its interaction with elF5B.
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A i
T § 5 3
S % & 8
@) = S >
GFP-Vas BE—
Fig. 4. Vas-elF5B interaction is required for the Vas -

progression of oogenesis. (A) Western blot of
ovarian extracts from wild-type (OreRjpd’H165
vag’H165p{vas} and va§H165F,)P{vas¢‘617} females 4E-BP W SHED e S
was probed with anti-Vas. The same blot was

probed with anti-4E-BP as a loading control.

(B) Ovaries fromvasPH165females produce few B 1
mature stage 14 eggs owing to a developmental :

arrest during oogenesis. (C) Expression of a wild- B
typevas' transgene rescues this defect of the f o ‘1‘7—&&
va$H185mutation, allowing the production of LA .1“:'7:‘
abundant stage14 eggs. (D) Ovaries from : -3%
vad’H165p{vag®17 females resemble those of

vad’H165 exhibiting a similar developmental arrest

during oogenesis and producing few mature eggs. Istrres A

Y
&

Fig. 5.Vas-elF5B interaction is important for the

establishment of dorsoventral polarity in the egg, andfior
regulation. Dark-field photographs of dorsal appendage
phenotypes (A-F). Eighty-two percentvad’H165P{vas'}

eggs have two dorsal appendages (A). Dorsal appendages in
va$H165plyvadiln eggs reveal a range of phenotypes: 22%
have two dorsal appendages (B), 67% exhibit one semi-fused
or fully fused dorsal appendage (C-E) and 11% have no dorsal
appendages (F). (G-lgrk RNA and Grk protein were

visualized in the early stages of oogenesis, through in situ
hybridization and immunostaining. (J-L) Grk protein is shown
in red; DAPI staining of DNA is shown in blue. (G,J) In
vad’H165plyas'} ovaries, both RNA and protein are enriched

in the developing oocyte. (H-L) In bottad’H165and
va$H165plvadi6l? gvaries,grk RNA is enriched in the

oocyte (H,l); however, Grk protein is barely detectable (K,L).
Grk protein was examined in single confocal sections using the
same laser settings for each genotype.

background of a hypomorphigas allele, vad’P®, as
vad’H165 p{vag6l? ovaries produce few late-stage egg
chambers. Thead™® allele, in which Vas is detectable
only in the germarial stages of oogenesis (Lasko and
Ashburner, 1990), completes oogenesis normally, but the
embryos produced lack pole cells and posterior
segmentation. Sequencing of tkad’® allele did not
reveal any alteration in the coding sequence (Liang et al.,
1994), thus this mutation is believed to affect only the
Pole plasm components assemble in level of vasexpression and not the nature of Vas protein.
vasPP;P{vas4617} ovaries In wild-type stage 10 egg chambers, strong posterior
Pole plasm assembly requires the sequential posteriaccumulation of Osk, Vas and Tud protein is evident (Fig.
localization of multiple proteins and RNAs (reviewed by6B,F,J), while invad’® ovaries, which have severely reduced
Mahowald, 2001). Osk, which is at the top of a compleXevels of Vas protein (Fig. 6A), posterior Osk is abundant, but
hierarchy of factors involved in pole plasm assembly, is requiredeither Vas nor Tud is detected at the posterior (Fig. 6C,G,K).
for recruitment of Vas to the posterior (Lasko and AshburneiVe next compared the accumulation of these three proteins in
1990). Downstream of Vas localization, Tud protein is recruiteddas’®; P{vas'} and vas’®; P{vag’®1% ovaries, which contain
(Bardsley et al., 1993), and Osk, Vas and Tud are required faomparable levels of Vas protein as assayed by western blotting
pole cell formation and posterior segmentation. In order tdFig. 6A). We found that Osk, Vas and Tud protein can all be
investigate the requirement for the Vas-elF5B interaction imeadily detected at the posterior of stage 10 oocytes (Fig. 6D-
pole plasm assembly, we examinedwhe¢1” transgene in the E,H-I1,L-M), at apparently equivalent levels for both transgenic
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A o a 2 Fig. 6. Pole plasm assembly in the presence of reduced
o ‘o o ) Vas-elF5B interaction. (A) Western blot of ovarian
Q g g g extracts from wild-type (OreRyad’®, vas’P;P{vas'}
GFP-Vas i andvad’®;P{vag®617} females was probed with anti-Vas.

The same blot was probed with aatifubulin as a
Vas e loading control. (B-M) Stage 10 ovaries from OreR,
vad’®, vad’P;P{vas'} and vad’P;P{vag®61%} females were
labeled for Osk (B-E), Vas (F-1) and Tud (J-M) by
immunostaining.

a-Tubulin —— — — —

background. For simplicity, transgenic embryos will
be referred to by the genotype of the mother. Using
detection of GFP-Vas as a marker in live embryos at
the cellular blastoderm stage, we found that the
majority ofvad’®;P{vas" } embryos had formed pole
cells at this stage, indicating that the wild-type
transgene rescues thias phenotype (Fig. 7A). By
contrast, only onevas’®;P{va1% embryo out of
216 examined exhibited pole cells at the same stage,
indicating that expression of thexg*17 transgene
could not rescue thisas phenotype (Fig. 7B). We
verified this result using Nos as an independent
marker for pole cells. Although 58% wid’P;P{vas’
}Yembryos exhibited Nos-positive cells at the posterior
of the embryo at the cellular blastoderm stage (Fig.
7C), 81% ofvad’P;P{vag®®1% embryos examined did
not have any Nos-positive cells (Fig. 7D). Five percent
of these embryos formed one to three Nos-positive
cells at the posterior (Fig. 7E), while in 14% of
embryos, Nos-positive cells were visible, but at
inappropriate positions (Fig. 7F). These results
demonstrate that, downstream of initial pole plasm
assembly, the Vas-elF5B interaction is vital for
embryonic germ cell formation.

a-Osk

a-Vas

Reduction in Vas-elF5B interaction does not

abolish somatic posterior segmentation or

Nos deployment

Expression offushi tarazu(ftz RNA serves as a
molecular marker for the incipient segmentation
genotypes. Thus, GFP-\&817 not only localizes correctly to pattern of the embryo. The wild-type patterrftafexpression

the posterior, but it is also able to recruit the downstream pols in seven transverse stripes (Hafen et al., 1984), and mutations
plasm component Tud. We conclude that interaction witlin posterior group genes suchwasinhibit the expression of
elF5B is not required for the role of Vas in the initial assemblystripes 4-6. In contrast teas’, in which all embryos exhibit

of the pole plasm. severe posterior segmentation defects (Schipbach and
_ S Wieschaus, 1986), we observed that halfad’®;P{vag’17}

Vas-elF5B interaction is critical for germ cell embryos have a wild-type segmentation pattern, as inferred

formation from a wild-type ftz distribution (Fig. 8A). In fact, when

It has previously been impossible to differentiate whether thallowed to complete development, mawgs’P;P{vag617}
embryonic phenotypes produced by hypomorplas alleles  embryos hatched into viable larvae. A further 20% of the
such asad’® were simply due to a lack of posterior Vas proteinvad’®;P{vag’1%} embryos exhibited a weak posterior group
in the oocyte, resulting in a failure of recruitment of pole plasnphenotype in which stripes 4-6 &iz were present but were
components, or whether Vas has an additional regulatomgduced in width and intensity relative to the other stripes (Fig.
function within the pole plasm. Analysis of theg%617transgene  8B), although the remaining 30% exhibited a stronger
in theva$’® background allowed us to address this question, gshenotype (Fig. 8C), more closely resembling that of
Vas protein is expressed abundantly from this transgengas’® (Schiipbach and Wieschaus, 1986). Over 90% of
localizes correctly and is able to recruit Tud, an essential facteas’®;P{vas'} embryos expresseitz in the normal pattern of
for germ cell specification (Ephrussi and Lehmann, 1992). Weeven stripes (data not shown). From this analysis, we conclude
examined pole cell formation in the progeny of flies bearinghat thevag®61’ transgene can partially rescue the abdominal
either thevas™ transgene or theag’®17 transgene in thead®  segmentation defect of theas’P allele, suggesting that the



4174 Development 131 (17) Research article

Fig. 7.Vas-elF5B interaction is vital for
pole cell formation. Pole cells were
visualized at the cellular blastoderm stage
using either GFP-Vas or immunostaining fo
Nos protein. The pictures shown are
representative for each genotype.

(A,B) Using GFP-Vas as a marker in live
embryos, pole cells could be detected at theC
posterior of the majority ofas’®;P{vas’}
embryos (A), but in fewer than 1% of
vad’P;P{vag’®1% embryos (B). (C) Using
immunostaining for Nos as a marker for

pole cells, Nos-positive cells could be
detected at the posterior in 58% of
vag’P;P{vas'} embryos. (D,E) In 81% of vas*
vas’D;P{vag’1%} embryos, no Nos-positive E
cells were apparent at the same stage (D),
whereas in 5%, one to three Nos-positive
cells could be detected at the posterior (E).
(F) In 14% ofvad’®;P{vag’®1%} embryos,
several Nos-positive cells were detected but
were positioned elsewhere within the

embryo. vas*e’”

Vas-elF5B interaction is less crucial for posterior patterningor Vas-mediated translational activation acting through its
than it is for pole cell specification. association with elF5B.

nostranslation is tightly regulated such that it is repressed A role for Vas in positively regulatingrk translation is
outside of the pole plasm and active in the pole plasm (Gavinsistent with previous work (Styhler et al., 1998; Tomancak
and Lehmann, 1994). In existilgsmutants nosis unlocalized et al., 1998; Ghabrial and Schupbach, 1999). Vas-mediated
and untranslated, and the absence of a Nos protein gradieagulation ofgrk is in turn regulated in response to a meiotic
prevents abdominal formation (Gavis and Lehmann, 1994heckpoint, activated when DNA double-strand break (DSB)
Wang et al., 1994). We examined Nos protein distribution imepair is prevented during meiotic recombination (Ghabrial et
vad’D;P{vag®®1?} embryos directly. Consistent with thiez  al., 1998; Ghabrial and Schiipbach, 1999). In response to this
expression data, 55% vad’P;P{vag61%} embryos exhibited a checkpoint, Vas is posttranslationally modified, and Grk
detectable Nos gradient (Fig. 8E,F). In contra$’®;P{vas'} accumulation is reduced. It will be important to understand the
embryos, a Nos protein gradient could be observed in 95% ofture of the DSB-dependent modification of Vas, and to
the embryos (Fig. 8D). Thus, tha<%17 transgene partially determine whether it affects the Vas-elF5B interaction, in order
rescues the Nos accumulation defect of #aeP allele, to gain insight into the mechanism connecting cell cycle
suggesting that either the Vas-elF5B interaction is dispensabiegulation with oocyte patterning.
for Nos translation, or that the low level of interaction between The RNA-binding and unwinding activities of wild-type Vas
VasA617 and elF5B is sufficient to activate Nos. and several mutant forms of Vas have previously been assessed
through in vitro assays (Liang et al., 1994). Two mutant forms
of Vas, encoded by theas?14 andva<L11 alleles, were found

Discussion to be severely reduced for binding to an artificial RNA
The Vas-elF5B interaction is essential for oogenesis, substrate, and a third form, encodedviag’®, was defective
dorsoventral patterning, and Grk expression for RNA unwinding but not for binding. Althougrad® leads

We have analyzed a mutant form of Vas,AG&7, which has 1o defects in oogenesis;as®! phenotypically resembles
greatly reduced ability to interact with elF5B. As residue 61%7as’>, andvas’’4is a weak temperature-sensitive allele (Lasko
is not involved in binding to any known Vas-interacting proteinand Ashburner, 1990). In the light of our present results, it is
other than elF5B, and it is outside the region of Vas thagurprising that a mutant form of Vas that cannot interact with
contains the well-characterized catalytic domains that arBNA would nevertheless support oogenesis. Perhaps in vivo,
present in all DEAD-box proteins, we are confident thathe RNA-binding and helicase activities of Vas are stimulated
Vash617 specifically disrupts the Vas-elF5B interaction, and®’ €nhanced through a co-factor or through posttranslational
that this mutation can be used to identify developmentanodifications, and the in vitro assay used in our earlier study
processes that are sensitive to an association between Vas &ty not accurately reflect Vas activity in vivo.

the general translational machinery. We found that the Vas- o

elF5B interaction is crucial for the progression of oogenesidire there target RNAs for Vas-elF5B regulation in

for correct dorsoventral patterning of the egg, and fothe pole plasm?

expression of high levels of Grk in the developing oocyteReduction of the Vas-elF5B interaction by expressind\ga3
These results are most easily explainedyri€ is a target severely reduces pole cell formation. This happens despite the
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Fig. 8. Reduced Vas-elF5B binding does
not abrogate somatic patterning or Nos
deployment. RNA in situ hybridization for
ftzwas used as an indicator of somatic
segmentation at the cellular blastoderm B
stage. (A) Fifty percent afad’®;P{vag'®17%}
embryos revealed a nornfé distribution

of seven transverse stripes. (B,C) In 20% of
vad’P;P{vag’®1% embryos, stripes 4-6 were
weaker and less defined than the others (B),
and in 30%, more severe defects such as
deletions and fusions of these segments
were apparent (C). (D) Nos protein,
visualized through immunostaining in 0- to
2-hour-old embryos, was present at the
posterior of 95% ofas’®;P{vas’}

embryos. (E,F) Posterior Nos was

detectable in 55% of thead’P;P{vag'617
embryos (E), and undetectable in the
remaining 45% (F).

vas®

ability of vag’D;P{va#617% oocytes to accumulate Osk, Vas effects ongcl cannot fully explain the severe consequences of
and Tud at the posterior pole, demonstrating an essential rdlee Va€\617 mutation on pole cell formation, because the
for Vas in pole cell specification that is dependent upon iteumber of pole cells formed in materngdl-null embryos
association with elF5B, and that cannot be substituted by Os& somewhat higher than ivad®;P{vag6l% embryos
and Tud. The simplest interpretation of these results is that VdRobertson et al., 1999). This suggests that evatlifs a
derepresses translation of a localized RNA required for pol&arget, the Vas-elF5B interaction may regulate translation of
cell specification, in a manner analogous to what appears to bere than one target RNA involved in pole cell formation.
the case fogrk. ) ) ) )

We considered the possibility that the Vas-elF5B interactions the Vas-elF5B interaction required for posterior
could targetosk mRNA. It has previously been shown that patterning?
whereas Osk protein accumulates normallyvas mutant  Although the Vas-elF5B interaction is vital for pole cell
ovaries, Osk levels are severely reduced at the postenasof specification, it is perhaps less so for posterior patterning and
mutant embryos (Harris and Macdonald, 2001), suggesting establishment of the Nos gradient. Previous analysis of
role for Vas in posterior accumulation of Osk after its initialhypomorphic mutations in posterior-group genes, including
recruitment, and/or in stabilizing Osk at the posterior. Wevashas indicated that a higher level of activity is required for
observed comparable and substantial levels of Osk at thmle cell specification than for posterior patterning. For
posterior invas’P;P{vag®l%} and vas$’D;P{vas’} embryos example, all embryos produced by females homozygous for
(data not shown), arguing against a direct role for the Vastas®14 (Lasko and Ashburner, 19909sk91 (Lehmann and
elF5B interaction in activating translation ok mMRNA. A Nuisslein-Volhard, 1986) andtud¥C (Schiipbach and
requirement for Vas in Parl-mediated phosphorylation antVieschaus, 1986), lack pole cells, but some have normal
stabilization of Osk has been suggested (Breitwieser et appsterior patterning and are able to hatch. Our present results
1996; Markussen et al.,, 1997; Riechmann et al.,, 2002). Asuggest two alternative explanations for these observations.
VasA617 localizes normally and is able to interact with OskOne possibility is that the Vas-elF5B interaction is required for
we would not expect this mutation to have any effect on thiposterior patterning, but that the residual activity present in
Osk modification pathway. Thus, our findings are consistenfasA617 is sufficient to achieve the low activity level that is
with a model whereby Vas influences Osk activity throughmecessary. Alternatively, the Vas-elF5B interaction may be
effects on phosphorylation, anchoring and/or stability, perhapdispensable for posterior patterning, and the fact that we do not
through Parl, rather than directly regulatogktranslation. observe complete rescue of this phenotype withvemdél?

Another candidate target for the Vas-elF5B interaction igransgene may be due to an indirect effect of this mutation,
germ cell-lesggcl), the activity of which is important for pole resulting from a general destabilization of the pole plasm that
cell specification but not for posterior patterning (Jongens aiccurs in embryos that do not form pole cells (lida and
al., 1992). Unfortunately, with current reagents, and with neWobayashi, 2000). In such embryos, pole plasm components
antisera we have generated, we cannot reliably detect Gldcalize initially but become fully delocalized by the
protein even in wild-type embryos prior to pole bud formationplastoderm stage (Lasko and Ashburner, 1990). Consistent
thus we cannot presently address the effectgcbtranslation  with this idea, all of the pole plasm components examined that
of any mutation that abrogates pole cell formation. In additionare downstream of Vas, includingsRNA, could be detected
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at the posterior ofvad’®;P{vag®®l% embryos, although to Together with these studies, our work suggests that in the
variable degrees (data not shown). Drosophilagermline, specific translational repression events
Previous work has suggested thasmay be a target for may target elF5B and the ribosomal subunit joining step of
Vas-mediated translational regulation (Gavis et al., 1996)nitiation. Vas, which potentially functions at thé BTR
Outside of the pole plasmmos translation is repressed through interaction with specific repressor proteins, may act
through the binding of Smg, and possibly other repressors, to alleviate a translation block occurring at this step. Such a
its 3 UTR (Smibert et al., 1996; Dahanukar et al., 1999model is consistent with what is known about translational
Crucs et al., 2000; Nelson et al., 2004). Smg achieves thiggulation ofgrk. For examplegrk translation is repressed
regulation at least in part through interaction with the elF4Eby Bru, which binds to a Bruno-response element within its
binding protein Cup, thus influencing the cap-binding stag® UTR (Filardo and Ephrussi, 2003). Vas interacts with Bru
of translation (Nelson et al., 2004). Within the pole plasm, ifWebster et al., 1997), suggesting that Vas could function as
complexes with Osk and Vaspstranslational repression is a derepressor by overcoming Bru-mediated repressignkof
overcome, potentially through a direct interaction betweetranslation. However, the inability of aas transgene to
Osk and Smg (Dahanukar et al., 1999), which may displacemeliorate the phenotype ofnosGAL4VP16-driven
Smg-Cup interaction (Nelson et al., 2004). Our analysis obverexpression of Bru, might argue against this model
VasA617 does not support an important role for the Vas{Filardo and Ephrussi, 2003). The mechanism by which Bru
elF5B interaction in activatinguos translation in the pole regulategrk remains unclear. Translational repressionsk
plasm, as clearly translation nbsis far less sensitive to the by Bru relies on direct interaction with Cup, linking Bru with
level of this interaction than is translation gfk in early  elF4E (Nakamura et al., 2004). However, mutationsup
oocytes. The primary function of Vas immos accumulation that prevent interaction with Bru do not appear to affect Grk
may therefore be in anchoringos MRNA in complexes expression, suggesting that Bru may operate through a
within the pole plasm, consistent with recent observationdistinct mechanism to regulatgk translation (Nakamura et
that nos mRNA is trapped at the posterior by complexesal., 2004). In addition, in vitro translation assays have
containing Vas (Forrest and Gavis, 2003). It of course remairsiggested that Bru can mediate translational repression
possible that the low level of residual elF5B binding providedhrough a cap-independent mechanism (Lie and Macdonald,
by Vaf\617 is sufficient to fulfill a role of Vas in activating 1999). Thus, Bru may be capable of regulating translation at

translation of this transcript. more than one stage. Based on the observations for the

] ) ] mammalian hnRNP proteins on the LOX mRNA, and the
How might Vas-elF5B interaction regulate Ski2p and Slhlp helicases in yeast, specific translational
translation of grk and potentially other target repressors such as Bru could target the subunit joining step
MRNAs? of initiation.

Cap-dependent translation initiation in eukaryotes requires elF5B is thought to form a molecular bridge between the
many translation initiation factors, and involves several maitwo ribosomal subunits, and to play a fundamental role in
steps (reviewed by Pestova et al., 2001). Most knowstabilizing the initiator Met-tRNAt in the ribosomal P site
mechanisms of translational regulation impinge on thdreviewed by Pestova et al., 2000a). Inhibition of elF5B
recruitment of the cap-binding complex elF4F to the mRNAActivity could occur while the factor is bound to the initiation
which represents the rate-limiting first step of initiation. mMRNAcomplex, at the start codon, and block its ability to link or
circularization through proteins such as Cup serves astabilize the ribosomal subunits. Through circularization of
important role in translational control by allowing BTR-  the mRNA, this block could be achieved by trans-acting
bound regulatory factors to influence translation initiation afactors at the '3UTR, and the Vas-elF5B interaction may be
the B end of the transcript. (Nakamura et al., 2004; Nelson d@hvolved in alleviating these specific repression events,
al., 2004; Wilhelm et al., 2003). potentially through displacement of a repressor protein.
60S ribosomal subunit joining represents the interfac@lternatively, Vas could play a role in recruitment of elF5B
between translation initiation and elongation, and the Vago specific transcripts. As elF5B is required for all cellular
elF5B interaction suggests a distinct mechanism ofranslation, a general mechanism must exist to recruit this
translational control occurring at this last stage of initiationfactor to all transcripts. However, in a scenario where
Although this step has not historically been considered a targegpressor proteins may be blocking the subunit joining step,
for regulation, several examples have emerged to suggest tlether through a direct effect on elF5B, or another mechanism,
subunit joining may in fact be subject to regulation.it is conceivable that elF5B could become limiting for
Translational repression of mammalian 15-lipoxygenaséransiation. In this situation, Vas could play a role in recruiting
(LOX) mRNA is mediated by hnRNP proteins that bind to athis factor to specific transcripts.
specific 3UTR regulatory element, and which are thought to
act by blocking the activity of either elF5 or elF5B (Ostareck This work was supported by PHS research grant RO1HD36631 to
et al., 2001). An additional link between mRNAr8gulatory OE-[')-HrWe {il[grgéﬁiefouétko g}? ;%'g\é\"g% F{e(;g:eaﬁr %lgtz Oggi?g?(r;;ﬁ ?en%?
H W H ussi I- , EllZ VIS I- , Yy u
r[)elgfg-sl,aoin;og&i%n ?/(gglslttY,SEgSzidfrgmls r(lglé/;?ososf ettW a|theftz cDNA, Akira Nakamura for th@[w* Pvas-gfp]plasmid, Trudi
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2001). These proteins are required to achieve the Selec“‘f‘ﬁomson for anti-Tud, and Jacalyn Vogel for anti-Actin. We thank

translation of poly(A) mRNAs, relative to poly(A)mRNAS,  Beili Hu for assistance with microinjection, and Laura Nilson, Travis
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