Localization-dependent translation
requires a functional interaction between
the 5" and 3’ ends of oskar mMRNA
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The precise restriction of proteins to specific domains within a cell plays an important role in early
development and differentiation. An efficient way to localize and concentrate proteins is by localization of
mMRNA in a translationally repressed state, followed by activation of translation when the mRNA reaches its
destination. A central issue is how localized mMRNAs are derepressed. In this study we demonstrate that, when
oskar mRNA reaches the posterior pole of the Drosophila oocyte, its translation is derepressed by an active
process that requires a specific element in the 5’ region of the mMRNA. We demonstrate that this novel type of
element is a translational derepressor element, whose functional interaction with the previously identified
repressor region in the oskar 3’ UTR is required for activation of oskar mRNA translation at the posterior
pole. The derepressor element only functions at the posterior pole, suggesting that a locally restricted
interaction between trans-acting factors and the derepressor element may be the link between mRNA
localization and translational activation. We also show specific interaction of two proteins with the oskar
MRNA 5’ region; one of these also recognizes the 3’ repressor element. We discuss the possible involvement
of these factors as well as known genes in the process of localization-dependent translation.
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The targeting of newly synthesized proteins to specific
intracellular locations plays a major role in the establish-
ment of cell polarity. Membrane-associated and -se-
creted proteins are targeted cotranslationally to the en-
doplasmatic reticulum as mRNA-ribosome complexes,
and they are translocated to the appropriate compart-
ment through the budding and sorting of vesicles (Pfeffer
1996; Teasdale and Jackson 1996). In contrast, cytoplas-
mic proteins appear to be targeted mainly by prelocal-
ization of their transcripts. As a single mRNA can be
translated many times, localizing transcripts is an effi-
cient mechanism for generating a concentrated source of
localized protein. There is increasing evidence that RNA
localization is often combined with local translational
control (St Johnston 1995). This allows simultaneous
spatial and temporal control of protein synthesis within
a particular region of the cell. In the case of neurons it is
speculated that localized mRNAs may be regulated
translationally in response to synaptic activity (Crino
and Eberwine 1996; Steward 1997). The combination of
translational control with RNA localization can also
serve to restrict protein activities to defined regions in
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the cytoplasm, thereby preventing deleterious interac-
tions from occurring elsewhere in the cell. This seems to
be the case for myelin basic protein, which causes mem-
branes to compact (Ainger et al. 1993), and for develop-
mental determinants whose activities specify the basic
body axes and early differentiation of the embryo (St
Johnston 1995; Wickens et al. 1996).

Most of our current knowledge of how localized
MRNAs are controlled translationally has come from
studies in Drosophila of the determinants of embryonic
polarity encoded by bicoid (bcd) (Frohnhéfer and Nuss-
lein-Volhard 1986), nanos (nos) (Lehmann and Nusslein-
Volhard 1991), and oskar (osk) (Lehmann and Nusslein-
Volhard 1986). In all three examples, the mRNA is made
in nurse cells, transported into the adjacent oocyte, and
subsequently localized within the cell (Berleth et al.
1988; Macdonald and Struhl 1988; Ephrussi et al. 1991;
Wang and Lehmann 1991). Translation of these mMRNAs
is silenced transiently during their transport and until
the protein is required (Driever and Nusslein-Volhard
1988; Ephrussi and Lehmann 1992; Smith et al. 1992;
Wang et al. 1994). The importance of controlling trans-
lation during mRNA transport is underlined by the fact
that premature or ectopic translation leads to severe de-
velopmental defects (Ephrussi and Lehmann 1992; Gavis
and Lehmann 1992; Smith et al. 1992; Kim-Ha et al.
1995).
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In a wide range of organisms, including Drosophila,
Xenopus, and mouse, many mRNAs appear to be si-
lenced by underadenylation, and their translation is ac-
tivated by cytoplasmic elongation of their poly(A) tail
(Richter 1996). In Drosophila, the poly(A) tail of anteri-
orly localized bcd mRNA increases from [0 nucleotides
in oocytes, where it is translationally silent, to 150
nucleotides in early embryos, coincident with its activa-
tion (Sallés et al. 1994). Experiments with injected bcd
mMRNAs show that a poly(A) tail of 150 nucleotides res-
cues the bcd phenotype of embryos, whereas a mere 50
nucleotides, as present in the oocyte, do not suffice.

For nos, osk, and very likely a number of other local-
ized mRNAs, translational regulation does not involve
modulation of the length of the poly(A) tail (Sallés et al.
1994; Gavis et al. 1996a; Lieberfarb et al. 1996; Webster
et al. 1997). In contrast to bcd, localization of osk and
nos MRNAs is required for their translation (Gavis and
Lehmann 1994; Markussen et al. 1995; Rongo et al.
1995). Upon fertilization, nos mMRNA is activated only if
it resides at the posterior pole (Gavis and Lehmann
1994). Similarly, osk mMRNA remains repressed transla-
tionally in mutants that prevent osk RNA localization to
the posterior pole (Markussen et al. 1995; Rongo et al.
1995).

Localization and translational repression of nos and
osk transcripts require regulatory sequences in the 3’
UTR (Kim-Ha et al. 1993, 1995; Dahanukar and Wharton
1996; Gavis et al. 1996a,b; Smibert et al. 1996). RNA-
binding proteins that mediate repression have been iden-
tified. A 130-kD protein named Smaug is thought to pre-
vent translation of nos transcripts that have failed to
become localized (Smibert et al. 1996). Smaug repression
is mediated by multiple sites, namely the SREs or TCE
(Smaug response elements or translation control ele-
ment) within the nos 3 UTR (Smibert et al. 1996; Da-
hanukar and Wharton 1996; Gavis et al. 1996a, respec-
tively). The TCE mediates localization and activation of
nos mMRNA, indicating that these aspects of nos transla-
tional regulation are tightly linked and perhaps interde-
pendent (Dahanukar and Wharton 1996; Gavis et al.
1996a). In the case of osk, premature translation is pre-
vented by Bruno, a 68-kD protein encoded by the arrest
(aret) locus (Kim-Ha et al. 1995; Webster et al. 1997).
Bruno recognizes a repeated conserved sequence (BRE,
for Bruno response element) in the osk 3’ UTR, and co-
localizes with osk mMRNA to the posterior pole. The aret
mutant phenotype (Schipbach and Wieschaus 1991;
Castrillon et al. 1993) and the colocalization of the pro-
tein with other mRNAs in the oocyte suggest that
Bruno-mediated repression is not limited to osk mMRNA
(Schupbach and Wieschaus 1991; Castrillon et al. 1993;
Webster et al. 1997).

Controlling the translation of localized mMRNAs is cen-
tral to the establishment of polarity in embryos and most
likely also in somatic cells. Other than cytoplasmic
polyadenylation, surprisingly little is known about the
mechanisms that cause translational activation of local-
ized transcripts. In this report we show that translation
of localized osk mMRNA is activated specifically through

Localization-dependent translation of oskar mRNA

a discrete element situated at the 5’ end of the transcript.
This element is only active at the posterior pole and is
only required when the transcript is repressed through
the BRE, suggesting that it functions as a derepressor
rather than as a simple enhancer of translation. We show
a direct correlation between translational derepression
and the binding of a 50-kD (p50) and a 68-kD protein
(p68) to this element. One of the 5’ binding proteins, p50,
also interacts with the BRE in the 3’ UTR, and this bind-
ing appears to be required for full translation repression.
Our data demonstrate that translational activation of lo-
calized osk mMRNA is caused not by the local inactiva-
tion of repressor, but rather by an active and specific
derepression event mediated by a prelocalized machin-
ery. Our findings add the notion of ‘“‘derepressor ele-
ment”, in addition to repressor removal and poly(A) tail
lengthening, as means to achieve translational activa-
tion.

Results

An element in the 5’ end of osk mRNA is required
for translation

Regulatory elements for both RNA localization and
translational repression are situated in the 3" UTR of
osk, as they are in nos. In contrast to nos, however, 3’
UTR-mediated localization at the posterior pole is not
sufficient for translation, as heterologous transcripts lo-
calized under the control of the full-length osk 3" UTR
are not translated (Rongo et al. 1995; Serano and Cohen
1995; A. Ephrussi, unpubl.). This indicates that the osk
3’ UTR, although it may participate, is not sufficient for
translational activation, and that sequences elsewhere in
the transcript are required for translation of osk mRNA.

To identify possible translation regulatory signals in
osk mRNA, we generated mutant osk transgenes and
measured their translation capacity by their ability to
suppress the abdominal and germ-line defects of osk em-
bryos. Because the 5’ end of a transcript is a likely loca-
tion for translational control elements, we first analyzed
this region of osk mMRNA in some detail. The wild-type
osk RNA contains a 15-nucleotide 5' UTR, followed by
an exon containing two in-frame start codons (Fig. 1,
here designated m1 and m2) that generate two Oskar
isoforms (Markussen et al. 1995; Rongo et al. 1995). Pre-
viously we have shown that an osk transgene in which
m1 is mutated and thereby the sequence upstream of m2
is transformed into an elongated 5’ UTR, is fully active
(oskML1L, Fig. 1; Markussen et al. 1995). A deletion in the
oskM1L transgene removing 249 nucleotides from this
extended 5 UTR abolishes its rescuing activity
(oskM1LA1; Fig. 1), with respect to both abdomen and
germ-line formation. Because the full-length osk 3" UTR
is sufficient for efficient RNA localization, and the
mMRNA produced by the transgene is present at normal
levels (data not shown), we attribute the failure to rescue
the osk phenotype to impaired translation rather than
reduced RNA levels at the posterior pole. Taken to-
gether, these results indicate that the region between m1
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Figure 1. Identification of a translation control element be-
tween the first and second start codons of osk mMRNA. The
cartoon shows the alternative usage of the two start codons, m1
and m2, in wild-type osk, which gives rise to a long and a short
isoform of Oskar (Markussen et al. 1995). Full rescue activity of
the wild-type construct was used as a standard and is indicated
(+). Failure to rescue is also indicated (). (o0skM1L) Mutation of
m1l into a leucine (CTG) turns the sequence upstream of m2
into a 5° UTR. This transcript encodes short Oskar, which
shows full rescue activity with respect to abdomen formation
and fertility (Markussen et al. 1995). (oskM1LA1) Deletion of
249 nucleotides from the 5" UTR of oskM1L abolishes osk ac-
tivity; the two independent lines tested, oskM1LAl1-2 and
oskM1LA1-9 produced 0% and 2% hatchers, respectively, and
none of the hatched females were fertile (males were not tested).

and m2 osk functions as an RNA element necessary for
its translation.

The 5’ end of osk MRNA mediates derepression
of translation

To analyze this new translation element in more detail,
we fused the 5’ end of osk, including m1, in-frame to a
lacZ reporter gene under localization and repression con-
trol of the osk 3" UTR (Fig. 2). Monitoring the transla-
tional status of a series of reporter gene constructs
seemed preferable to an equivalent mutagenesis study in
the context of the entire osk gene, as osk mMRNA trans-
lation not only requires gene activities that localize the
RNA, but also involves additional positive feedback in-
volving Oskar protein itself, as well as downstream pole
plasm components (Markussen et al. 1995, 1997; Rongo
et al. 1995).

A construct with the 15-nucleotide osk 5 UTR and
the translation start codon m1 as well as 414 nucleotides
downstream of m1l allows translation of the localized
reporter MRNA (m1**“*lacwt; Fig. 2A). The lacZ reporter
transcript m1%**lacwt recapitulates normal osk regula-
tion with respect to mRNA localization, repression of
premature translation, and translational activation at
the posterior pole. Truncation of the osk mRNA 5’ re-
gion to only the first 117 nucleotides downstream of m1
does not allow translation of the localized reporter tran-
scripts (m1**’lacwt; Fig. 2B). We failed to detect any p-
galactosidase activity from m1**“lacwt, even in over-
stained samples, indicating that translational repression
is efficient and that an element required for activation is
lacking. RNA quantification confirms the results of in
situ mMRNA hybridization and indicates that the steady-
state amounts of reporter mMRNA produced by
m1*%lacwt and mi1**7lacwt are essentially identical
(Fig. 7, lanes 4,5, below). These results confirm that the
5" end of the osk transcript contains signals required for
translation of localized osk mRNA. Furthermore, these
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experiments reveal that the positive element not only
acts downstream, on m2, as demonstrated in M1LAlosk,
but also upstream, on m1.

The positive element could be essential for osk mMRNA
translation in general, or it could be required to over-
come repression at the posterior pole. Therefore, we
asked whether the element is necessary for translation of
a transcript that is not repressed. To address this ques-
tion, we constructed a transgene (m1***lacLS5; Fig. 2C;
Fig. 7, lane 7, below) lacking a functional repressor re-
gion, by introducing point mutations (LS5) into one of
the Bruno-binding consensus sequences of the proximal
BRE in the 3' UTR, thereby weakening the translational
block. This mutation causes slight premature transla-
tion in that moderate B-galactosidase staining is detected
in the nurse cells, where the transcript is synthesized,
and in young oocytes. The level of posterior translation
is not affected by the LS5 mutation, as determined by a
time course of PB-galactosidase stainings comparing
m1***lacwt and m1***lacLS5 (data not shown). Trunca-
tion of the 5’ element, which in the case of a functional
BRE abolishes translation completely (Fig. 2B), does not
affect posterior translation when the BRE is mutated
(Fig. 2D, m1**"lacLS5; Fig. 7, lane 6, below). Hence, this
positive element is required to activate posterior expres-
sion of transcripts that are repressed translationally by
the BRE. The element functions as a true derepressor,
rather than a general enhancer of translation (Leathers et
al. 1993; Tanguay and Gallie 1996), as LS5 mutant tran-
scripts that retain the positive element (m1*“#lacLS5) do
not appear to be translated more efficiently at the poste-
rior pole than those that lack the element (m1**”lacLS5).

A discrete region at the 5’ end of osk mRNA is bound
specifically by a 50- and a 68-kD protein

Assuming that translational derepression of osk mMRNA
is mediated by RNA-binding proteins, we decided to lo-
calize the regulatory element by first mapping the sites
of specific protein interactions within the 5’ region and
subsequently testing the effect of mutations in these
sites in vivo. Initial UV cross-linking experiments, in
which the entire sequence between m1 and m2 was la-
beled, revealed a protein doublet with an apparent mo-
lecular mass of 50 kD (p50) and a 68-kD (p68) protein
(Fig. 3B). p50 binding is detected in extracts of ovaries,
embryos, and Schneider cells, whereas p68 binding is
restricted to the ovary (data not shown). Although both
proteins interact specifically with the m1-m2 region un-
der the same buffer conditions, distinct UV cross-linking
protocols were used for optimal visualization of these
two interactions (see Materials and Methods for details).
To map the binding sites of p50 and p68 more precisely,
subfragments of the entire 417 nucleotide m1-m2 region
were generated and tested for protein binding (Fig. 3A).
This analysis revealed that the region recognized by both
p50 and p68 resides within a 130-nucleotide stretch be-
ginning 40 nucleotides downstream of m1 (Fig. 3A, frag-
ment g and Fig. 3B, lanes 1,5,9,10). Sequences outside of
this 130-nucleotide fragment were not recognized by p50
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Figure 2. The 5 end of osk mRNA con-

W tains sequences required to alleviate trans-
lational repression at the posterior pole.
Functional analysis of the 5 end of osk
mMRNA in chimeric reporter transgenes by
analysis of RNA distribution and reporter
gene activity. In the schematic representa-
tion of the transcripts, sequences derived
from the osk 5’ end are indicated in green,
the osk 3" UTR is presented as a line, and
the TAA proximal translation repressor el-
ement is indicated as a black box (region AB,
Kim-Ha et al. 1995). Panels on the right
shows in situ transcript distribution (RNA)
and translation profile for the lacZ reporter
T . as PB-galactosidase staining (B-Gal). (A)
m1*4lacwt RNA, containing 414 nucleo-
tides downstream of m1, is localized and
regulated translationally like wild-type osk
mRNA. (B) m1'*’lacwt RNA, consisting of
the osk 15-nucleotide 5° UTR and 117
B nucleotides downstream of ml fused in-
frame to lacZ reading frame, and followed
by the wild-type osk 3’ UTR, is localized
and repressed like wild-type osk RNA, but
fails to be translated at the posterior pole.
(C) m1**“lacLS5 contains a 5-nucleotide
substitution (see Materials and Methods) in
the second Bruno-binding consensus se-
guence (Kim-Ha et al. 1995) in an otherwise
- wild-type reporter transcript. This mutation
causes moderate premature translation, de-

tectable as light blue B-galactosidase stain-

3 ing in nurse cells. (D) m1**7lacLS5 is iden-
) tical to m1''lacwt, with the exception of
i the 5-nucleotide substitution (LS5) in the

BRE. This RNA is translated efficiently in
spite of the absence of the 5’ element. The
LS5 mutation was identified in a linker-
scanning mutagenesis series spanning what
we find to be the essential part of the proxi-
mal BRE. Premature translation of LS5-con-
taining transcripts is detected by blue B-ga-

o

L

lactosidase staining in the nurse cells and young oocytes. Mutation of additional Bruno-binding consensus sequences results in
stronger staining of nurse cells and early oocytes (data not shown). Interestingly, premature translation in m14*lacLS5 is always less
pronounced than in m1**7lacLS5. All transgenes were assayed in the w**'® background and support similar steady-state levels of RNA

(see Fig. 7, lanes 4-7).

or p68 (Fig. 3A, fragment c), nor did we detect any other
specific protein binding. Further reduction of the 130-
nucleotide RNA fragment from either the 5’ or the 3’ end
reduced binding of both p50 and p68 (Fig. 3A, fragments
h,i). Inversion of either the 5’ or 3’ half abolishes both
p50 and p68 binding, indicating that both halves are es-
sential for RNA recognition by these proteins (Fig. 3, A,
fragment k, and lanes 3,4,7,8). Sequence inspection of
this region failed to reveal any repeated motifs, binding
sites for known RNA-binding proteins, or obvious sec-
ondary structure. Linker scanning mutations within the
130-nucleotide fragment so far have failed to show any
differential effect on the binding of p50 and p68 (data not
shown). This indicates that the proteins either recognize
the same element or bind to different elements localized

within the same higher order RNA structure. The recog-
nition sites for p50 and p68 are entirely deleted from
oskM1LA1 mRNA (see Fig. 1) and partially deleted from
m1**’lacwt and m1**7lacLS5 (see Fig. 2B,D), indicating
that these protein/RNA interactions may be involved in
translational derepression.

The size of the p68 protein was intriguing in its simi-
larity to what we estimate to be the size of the transla-
tion repressor Bruno, as extrapolated from the mobility
of the latter in SDS-PAGE after UV cross-linking to a 3’
UTR probe containing the proximal BRE (see below).
Therefore, we used an antiserum directed against Bruno,
which efficiently precipitates a Bruno/RNA complex
(Fig. 5, lane 6, below), to test whether p68 is in fact
Bruno. p68 is not recognized by the Bruno antiserum
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Figure 3. Mapping specific protein/RNA interactions in the m1-m2 fragment of osk mMRNA that is essential for its translation. (A)
The 5’ end of osk mMRNA, including the first and second start codons, m1 and m2, respectively, is diagrammed schematically. A partial
restriction map of the region, showing sites used for subcloning is shown at the top. (E) EcoRlI; (Bs) BstEll; (Bg) Bglll. Transcripts used
as probes for the UV cross-linking assay are identified by lowercase letters. The coordinates of the subfragments are indicated at the
bottom. Position 1 is the first nucleotide of m1, position 417 is the last nucleotide of m2. The entire m1-m2 region (a) or subfragments
of the region, created with available restriction sites or by PCR were labeled radioactively and incubated with oocyte extract. Proteins
cross-linked to labeled RNA were separated by SDS-PAGE and visualized by autoradiography. The signal intensity obtained with the
full-length m1-m2 probe was used as a standard and is indicated by (+++). Significantly reduced but detectable binding, and complete
loss of binding are indicated (+) and (=), respectively. (B) UV cross-linking assay revealing the specific interaction of p50 and p68 with
RNA fragment g. RNA probes (bottom) were incubated with oocyte extract and cross-linked by method 1 (lanes 1-4 and 9,10) or
method 2 (lanes 5-8). (Lane 10) p68 complex with RNA fragment g was incubated with anti-Bruno antiserum and subjected to
immunoprecipitation. The minimal region recognized (fragment g) was determined as shown in A. Probes used in each lane are
indicated below. Arrows pointing rightward indicate RNA in sense orientation; arrows pointing leftward indicate RNA in antisense
orientation.

(Fig. 3B, lane 10), demonstrating that p68 and Bruno are
two distinct proteins. Furthermore, binding of p68 to the
derepressor element is not affected by competition with
RNA molecules containing the proximal BRE, showing
that the two proteins have distinct binding specificities.

To determine whether the element we identified in
vitro indeed corresponds to the functionally defined de-
repressor element, we introduced into an otherwise
wild-type reporter construct a 65-bp inversion that dis-
rupts protein binding to this RNA region in vitro (Fig. 3B,
lanes 3,7). The inversion introduces neither stop or ad-
ditional start codon or splice sites, nor does it create any
obvious RNA secondary structure that might obstruct
translation. Furthermore, the reporter construct con-
tains both m1 and m2, so as to mimic osk mMRNA regu-
lation as accurately as possible. The protein expression
pattern of the wild-type control transgene m1lm2lacwt
(Fig. 4A) recapitulates that of endogenous osk in that the
MRNA is repressed transiently during transport to the
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posterior pole but is translationally active from stage 10
onward. The inversion m1INVm2lacwt (Fig. 4B) causes
the mMRNA to remain repressed at stage 10 and later,
although the RNA is localized efficiently. Thus the re-
gion delimited in vitro by mapping protein/RNA inter-
actions mediates the posterior release of the transla-
tional block imposed by Bruno. We will discuss the in-
dividual involvement of p50 and p68 in derepression
below.

The 50-kD protein also interacts with the 3’ repressor
region

We also examined the entire osk 3’ UTR in our cross-
linking assay and detected the binding of a 50-kD protein
doublet, this time to the two regions known to function
as translation repressor elements (Fig. 5, showing protein
interaction with region AB; Kim-Ha et al. 1995). In ad-
dition, we detected the interaction of Bruno. The inter-
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Figure 4. Inversion of the 3’ half of the p50/

p68-binding RNA fragment prevents posterior

derepression in vivo. The orientation of the 3’

half of the fragment is indicated by an arrow.
. (A) mlm2lacwt, wild-type ml-m2 region,
fused 3 nucleotides downstream of m2 to the
lacZ reporter, under the regulatory control of
wild-type osk 3" UTR. Reporter RNA and pro-
tein distributions, as detected in situ by RNA
J hybridization and B-galactosidase activity, are
virtually indistinguishable from those of en-
dogenous osk. (B) m1INVm2lacwt, the p50/
p68-binding fragment in the m1-m2 region of
the reporter transgene was mutated by inver-
sion of the 3’ half (see probe c). As in the wild-
type construct, the RNA is efficiently local-
ized; however, translation is not derepressed.

activator and the 3’ repressor RNA element. The same
competitor does not reduce the interaction of Bruno with
the BRE, but rather increases its binding (Fig. 5, cf. lane
1 with lane 3). This suggests that access of Bruno to the
RNA is increased because of a reduction in free p50 by
competition with the 5’ element. This is also consistent
with our linker scanning experiments, which show that
p50 and Bruno compete for binding to similar sites in the
repressor element. To test whether p50 and Bruno can
bind simultaneously to the BRE, which contains mul-
tiple Bruno-binding consensus sequences, we modified
the immunoprecipitation assay such that the RNA probe
was digested only after precipitation with anti-Bruno an-
tiserum, rather than before. This allows coprecipitation,
by way of Bruno, of proteins bound to the same RNA

Figure 5. p50 binds both to the 5’ end of osk MRNA and to the
repressor element in the 3" UTR. An RNA competition assay
was performed to determine the binding specificity of p50. A
radioactive RNA probe consisting of the essential subfragment
of the proximal repressor element (region AB; Kim-Ha et al.
1995) was incubated and UV cross-linked to proteins in the
oocyte extract in the absence of competitor RNA (lane 1). Com-
petitions were carried out with a 100-fold excess of either re-
pressor fragment (rep, lane 2), EcoRI-Bglll fragment containing
the 5’ activator in sense orientation (5'/act-s, lane 3), or the
same EcoRI-Bglll fragment in antisense orientation (5'/act-as,
lane 4). Immunoprecipitation of proteins UV cross-linked to
radiolabeled repressor fragment (lane 5) by anti-Bruno antise-
rum (lane 6) or preimmune serum (lane 7). Simultaneous bind-
ing of p50 and Bruno was tested by treating with RNase A only
after the immunoprecipitation. (Lane 8) Anti-Bruno antiserum;
(lane 9) preimmune serum. We noted that in some cases (as
shown here) the intensity of the upper band of the p50 doublet
was reduced after coprecipitation. The locations of the 5’ and 3’
competitors in the osk transcript are indicated below. The ra-
diolabeled probe is indicated by an asterisk. The reverse experi-
ment, with activator element RNA as a radioactive probe, and
cold activator and repressor RNA elements as unlabeled com-
petitors, yielded the same result with respect to p50 (data not
shown).
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Figure 6. Reduction of p50 binding correlates with premature translation. (A) A truncated EcoRI-Dral repressor RNA fragment shows
a >10-fold decrease in p50 binding but Bruno binding is unaffected. A radioactive probe consisting of either the full-length repressor
region (lanes 1-3) or a truncated form with 24 nucleotides deleted from the 5’ and 25 nucleotides from the 3’ (lanes 4-6) were incubated
with oocyte extract in the presence of 100-fold molar excess of specific competitor (EcoRI-Dral fragment, lanes 2,5) or nonspecific
competitor (polylinker of pSP72, lanes 3,6) and subsequently UV cross-linked. The same deletion mutation in the context of the first
380 nucleotides of the osk 3’ UTR had essentially the same effect on p50 and Bruno binding. The locations of the Bruno-binding
consensus sequences with respect to the 5’ and 3’ truncations (light gray) are indicated below. (B) In vivo analysis of the effect of the
5'A24/3'A25 truncation of the proximal repressor element in an otherwise wild-type lacZ reporter gene (m14*#lac5’'A24/3'A25). The
mutation does not affect RNA localization or levels of reporter transcripts (cf. with Fig. 2A, and see Fig. 7, lane 4,9); however,

translation is detectable already from stage 6/7 onward.

molecule. Under such conditions, p50 is recovered (Fig.
5, lane 8), showing that RNA molecules exist to which
both p50 and Bruno are simultaneously bound. Com-
pared with simple cross-linking, after immunoprecipita-
tion the Bruno/p50 ratio is shifted in favor of Bruno (cf.
lanes 5 and 8). Because the experimental design is biased
toward detection of Bruno-containing complexes and en-
dogenous ribonucleolytic activity in the oocyte extract
may cleave the RNA before precipitation, this experi-
ment does not allow us to evaluate the relative amounts
of p50 and Bruno bound in vivo to a single BRE.

The 5’ and 3' RNA elements show no obvious simi-
larity in sequence or secondary structure. Nevertheless,
p50 recognizes both elements specifically. The fact that
these two regions compete efficiently for p50 binding
suggests that the same domain in the protein interacts
with the two RNAs, perhaps recognizing similar higher
order RNA structures. It is also possible that p50 recog-
nizes the two regions through distinct domains whose
affinities for RNA are modulated allosterically.

Correlation of p50 binding to the BRE
with translational repression

The fact that all linker scanning mutations tested have a
similar effect on p50 and Bruno binding suggests that the
proteins recognize similar sequence motifs or structures
in the repressor element. However, deletion of sequences
flanking the Bruno-binding consensus sequences within
the proximal BRE, including the fourth consensus motif,
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affects the binding of the two proteins in vitro very dif-
ferently. p50 binding is reduced, whereas Bruno binding
is either unchanged or even slightly increased when 24
nucleotides from the 5’ end and 25 nucleotides from the
3’ end of the EcoRI-Dral repressor fragment are deleted
(5'A24/3'A25, Fig. 6A, cf. lanes 1 and 4). To determine
the possible function of p50 in translational regulation,
we examined in vivo the expression of a transgene bear-
ing these deletions.

p50 was identified originally through its binding to the
5" derepressor RNA element. One possible function of

1 2 3 4 5 B T 8 9 1w M

Figure 7. Comparative quantification of reporter transcripts
by RNase protection. The amounts of input mRNA, isolated
from ovaries, were first adjusted to equalize endogenous osk
mMRNA and then quantified with respect to reporter transcripts.
(Lane 1) Antisense Ribo probe alone; (lane 2) probe digested;
(lane 3) probe digested in the presence of 10 pg total ovar-
ian RNA (Oregon-R); (lane 4) m1***lacwt; (lane 5) m1**lacwt;
(lane 6) m1**7lacLS5; (lane 7) m14*4lacLS5; (lane 8) mim2lacwt;
(lane 9) m1INVm2lacwt; (lane 10) m1***lacBREbcd; (lane 11)
m144lac5’'A24/3' A25.
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Figure 8. The derepressor element functions at the posterior
but not at the anterior pole of the oocyte. Flies were generated
that bear two distinct reporter transgenes: m14**lacBREbcd and
mi14**lacwt. m1***lacBREbcd has the osk mMRNA 5’ end
(m1%*%), including the derepressor element, and the first 370
nucleotides of the osk 3’ UTR, including the proximal repressor
element (BRE). The bcd 3’ UTR, which directs the chimeric
transcript to the anterior pole of the oocyte was fused down-
stream of the BRE. m1**lacwt was described in Fig. 2A. It is
localized to the posterior pole of the oocyte and repressed trans-
lationally until stage 9, because of the presence of a wild-type
osk 3" UTR (wild type). The amount of transcript produced by
each transgene was assessed separately (see Fig. 7, lanes 4,10).

p50 could be to act in derepression by a mechanism re-
quiring its interaction with both the 5’ and the 3’ ele-
ments, perhaps resulting in displacement of Bruno. If
this were the case, a mutation interfering selectively
with p50 binding to the BRE should perturb translational
derepression and thus no B-galactosidase staining should
be detected at the posterior pole. Alternatively, p50
could be a Bruno corepressor and act to prevent prema-
ture translation of osk mRNA. If this were the case, the
mutation 5'A24/3'A25 should weaken the translational
block and B-galactosidase staining should be detected be-
fore stage 9/10.

The mutation 5'A24/3'A25 in an otherwise wild-type
transgene (M1***lac5’A24/3' A25) causes the RNA to be
translated at stage 7 (Fig. 6B), when wild-type transcripts
are still silent (Fig. 2A). The observed premature trans-
lation is not caused by elevated amounts of transcript or
aberrant RNA localization, as both the level and the dis-
tribution of reporter mMRNA are indistinguishable from
those of the wild-type control, m1***lacwt (see Figs. 2A
and 7, lanes 4,11). This result suggests that Bruno bind-
ing to the BRE is alone not sufficient to repress prema-
ture translation. Furthermore, it indicates that p50 could
act as a corepressor of osk translation through its inter-
action with the 3’ repressor RNA element.

Translational derepression requires activities localized
to the posterior pole

Mutations in the genes involved in osk mMRNA localiza-

Localization-dependent translation of oskar mRNA

tion to the posterior pole also affect osk translation, lead-
ing to the idea that osk RNA localization is required for
translation (Markussen et al. 1995; Rongo et al. 1995).
Our results demonstrating the existence of a mechanism
for active derepression of osk mRNA at the posterior
pole suggest that RNA localization serves to bring osk
mMRNA into an environment containing prelocalized ac-
tivities required for derepression. We wished to test this
notion in a wild-type genetic background, to exclude the
possibility that the mutations affecting localization af-
fect derepression directly.

To this end we constructed a chimeric gene containing
sequences involved both in translational repression and
derepression, linked to the bcd 3 UTR (Fig. 8,
m1***lacBREbcd). The transcript of this gene is localized
to the anterior pole like endogenous bcd transcript. In
contrast to a posteriorly localized counterpart
(m1***lacwt) expressed in the same oocyte, the anteri-
orly localized RNA remains repressed despite the pres-
ence of the 5’ derepressor element. Endogenous bcd is
translated only after fertilization, hence the lack of an-
terior translation of the chimeric transcript at stage 9/10
could be explained if it were regulated like bcd mRNA.
However, the m1%**lacBREbcd transcript is not subject
to bed translational control, as equivalent chimeric con-
structs that lack the osk BRE show efficient translation
at stage 10 (Ephrussi and Lehmann 1992; Rongo et al.
1995; N. Gunkel and A. Ephrussi, unpubl.). Hence, al-
though the cis-acting derepressor element is essential for
translational activation of osk mRNA, other compo-
nents of the derepression machinery are required that do
not colocalize with the RNA but are localized and re-
stricted to the posterior pole.

Discussion

Translation of osk mRNA is tightly linked to its local-
ization at the posterior pole. osk mMRNA is repressed
translationally in the nurse cells where it is produced,
during its translocation into the growing oocyte, and
within the oocyte until stage 8/9 when it is localized at
the posterior pole. Once osk mMRNA is at the posterior
pole, its translation is activated. Despite growing evi-
dence that the mode of regulation of osk mMRNA applies,
at least in part, to other localized mRNAs (Standart and
Jackson 1994; Micklem 1995; Macdonald and Smibert
1996; Seydoux 1996), so far little is known about the
mechanisms by which translation is repressed before and
during transport, or about how translation is activated.
Furthermore, it is unclear how translational activation is
linked to localization of the mRNA.

We have investigated the mechanism of translational
recruitment of localized osk mMRNA and obtained evi-
dence for an active derepression event that is controlled
by a discrete RNA element situated between the first
and second start codons of osk. This element was defined
by a combination of in vitro protein-binding experiments
and functional tests in vivo. The correspondence be-
tween protein binding and derepressor function suggests
that a locally restricted interaction between trans-acting
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factors and the derepressor element may be the link be-
tween mMRNA localization and translational activation.
In addition to this novel activator element, we have
found evidence that the binding of the previously iden-
tified Bruno protein to the osk 3" UTR is not sufficient
for repression of premature osk translation.

Repression of osk transcripts prior to localization

Translational repression of osk mMRNA at developmental
stages when RNA localization is incomplete is mediated
by discrete RNA elements, the BREs. These RNA ele-
ments, which contain redundant sequence motifs, are
recognized by a specific RNA-binding protein of 70 kD,
Bruno. Therefore, Bruno was postulated to mediate
translational repression of unlocalized osk mRNA (Kim-
Ha et al. 1995).

In the present study we have identified an additional
BRE-binding protein, p50, that recognizes motifs similar
to those recognized by Bruno. Linker-scanning analysis
of the BRE shows that the Bruno-binding consensus se-
guences are crucial for p50 binding (N. Gunkel and A.
Ephrussi, unpubl.). However, deletion mutations, which
are likely to have a greater effect than base substitutions
on the overall structure of the BRE, reveal that the pro-
teins are differentially sensitive to the manner in which
the consensus sequences are presented within the
mMRNA (Fig. 6A). p50 and Bruno can bind the BRE inde-
pendently, as the BRE is bound by p50 in extracts that
lack Bruno protein (Kim-Ha et al. 1995), and a mutant
RNA containing BRE consensus sequences binds Bruno
efficiently but not p50. The fact that p50 was not iden-
tified in earlier studies is most likely attributable to dif-
ferences in the binding assays used to detect the pro-
teins. Only when using probes whose cross-linking effi-
ciency was enhanced by incorporation of thio-UTP were
we able to detect significant p50 binding using the con-
ditions that permitted the identification of Bruno (Kim-
Ha et al. 1995). The conditions developed for our study
do not require thio-UTP incorporation into the probe for
detection of p50 (or Bruno).

Several lines of evidence suggest that, independently
of Bruno, p50 plays a role in translational repression at
the 3’ end. First, a mutant BRE, which in vitro binds p50
poorly and Bruno as well or better than the wild-type
BRE, does not efficiently repress osk mRNA translation
in vivo during the early stages of oogenesis (Fig. 6B,
m1**%lac5’A24/3' A25). Second, transcripts lacking the 5’
derepressor element remain translationally repressed
even during the later stages when osk mRNA is localized
at the posterior pole and Bruno protein is no longer de-
tected (Webster et al. 1997). These observations suggest
that during several stages of oogenesis, p50 is present and
competent to repress osk translation, both when the
mMRNA is in transit and when it is localized at the pos-
terior pole. The fact that premature translation of a re-
porter transcript containing a p50-compromised BRE is
only observed in young oocytes but not in nurse cells
(Fig. 6B) could indicate that p50 is not required for trans-
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lational repression in nurse cells, or that p50 is present
only in oocytes.

The involvement of a second repressor protein in osk
translational control is not unexpected. Indeed auber-
gine (aub), a gene required for efficient osk MRNA trans-
lation, is required even when Bruno-mediated repression
is alleviated by mutations in the BRE (Wilson et al.
1996), leading the investigators to speculate that the aub
gene product enhances translation by counteracting the
action of a second repressor. It is interesting to note that
the requirement for aub function in osk translation is
conferred not only by the osk 3" UTR but also involves
the 5’ end of osk MRNA. Consistent with this possible
involvement of the osk 5’ end in translational repres-
sion, we find that in transgenic flies containing an inef-
ficient BRE (LS5), premature translation increases when
the 5’ end is truncated (Fig. 2, cf. m1***lacLS5 with
m1**7lacLS5). Understanding the extent to which the 5’
end of the osk transcript might contribute to overall
translational repression will require mutations that se-
lectively disrupt 5’ repressor function without simulta-
neously affecting derepressor function. However, so far it
has not been possible to define a p50-binding specificity
distinct from that of p68 and to abolish selectively the
binding of one or the other protein. Hence, our data do
not allow us to affirm that p50 functions as a repressor
not only by binding to the BRE but also through its in-
teraction with the osk 5’, or that p68 is the derepressor
protein.

A novel RNA element mediates translational
activation of osk mRNA at the posterior pole

The functional linkage of translation and RNA localiza-
tion suggests several mechanisms by which osk transla-
tion could be activated at the posterior pole. The trans-
lation repressor proteins Bruno and p50 could be de-
graded by an activity localized at the posterior pole or
else be displaced competitively by a derepressor protein.
Alternatively, Oskar protein expression could be acti-
vated by concentration of the mRNA, resulting in the
accumulation of small amounts of Oskar protein by
leaky translation, thus initiating a positive feedback loop
in which Oskar protein stimulates its own translation
(Markussen et al. 1997). Our experiments indicate that
none of these mechanisms is involved in the initial
event of translational derepression. In the absence of the
derepressor element, osk transcripts remain repressed
(Figs. 1, 2B, and 4B), arguing against a passive, local re-
pressor inactivation model. Therefore, the mode of ac-
tion of the derepressor element is distinct from that of
previously described cases, in which repression is re-
leased passively by inactivation of a repressor protein
and no additional RNA elements are required (Kwon and
Hecht 1993; Walker et al. 1996). The derepressor ele-
ment does not coincide with the BRE, suggesting that a
competitive displacement of the repressor protein from
the BRE is unlikely to be the mechanism leading to de-
repression. Finally, a combination of leaky translation
and positive feedback of Oskar protein on its own trans-



lation as a mechanism for derepression is unlikely, as
reporter transcripts can be derepressed in the absence of
endogenous Oskar (data not shown).

The mechanisms by which 3" UTR-binding proteins
repress translation are still not understood and it is un-
clear how the 5’ derepressor element overcomes transla-
tional repression. The fact that transcripts lacking the
derepressor element are localized but not translated
demonstrates that the element plays little or no role in
RNA localization and that localization does not suffice
for translational derepression. Therefore, the derepressor
element is distinct from the nos translation control ele-
ments, which mediate both localization and derepres-
sion (Dahanukar and Wharton 1996; Gavis et al. 1996a).

The derepressor element could open an alternative
route for translation initiation that is not affected by a
repressor protein (e.g., by a cap-independent mecha-
nism). However, preliminary experiments using bicis-
tronic transcripts indicate that the region between ml
and m2 does not contain an internal ribosome entry site
(N. Gunkel, A. Jenny, and A. Ephrussi, unpubl.). In ad-
dition, derepression of osk MRNA translation appears to
be independent of cytoplasmic polyadenylation, as tran-
scripts that remain repressed because of a mutation in
the derepressor element and those that are translated
have poly(A) tails of the same length (M. Muckenthaler
and A. Ephrussi, unpubl.).

Properties of a derepression machinery: evidence
and hypothesis

Translational recruitment of osk mRNA is always ac-
companied by posterior localization of the mRNA, indi-
cating that localization may trigger the release from
translational repression. We imagine that RNA localiza-
tion directs osk transcripts into a cytoplasmic subcom-
partment containing trans-acting factors that interact
specifically with the 5’ element to mediate derepression.
The spatial restriction of the derepression machinery
could be achieved by prelocalization of at least some of
the components to the posterior pole, or by the localized
activation of uniformly distributed factors. During the
early stages of oogenesis, osk mMRNA initially fills the
entire cytoplasm of the growing oocyte and yet no Oskar
protein is detected, even in the posterior region. This
suggests that the derepressor proteins are expressed or
activated only at certain stages of oocyte development,
possibly through signals from the posterior pole. The ex-
istence of localized derepressors is supported by our ob-
servation that reporter transcripts bearing the bcd 3’
UTR into which the osk repressor element is inserted are
localized to the anterior of oocytes and embryos and not
derepressed, even when they contain the derepressor el-
ement (Fig. 8).

The DEAD-box RNA helicase Vasa (whose SDS-PAGE
mobility is similar to that of p68; Hay et al. 1988; Lasko
et al. 1988; Liang et al. 1994), the 120-kD double-
stranded RN A-binding protein Staufen (St Johnston et al.
1991, 1992), and Aubergine, whose gene has not yet been
cloned, play a role in translation of osk mMRNA (Kim-Ha

Localization-dependent translation of oskar mRNA

et al. 1995; Markussen et al. 1995; Rongo et al. 1995;
Wilson et al. 1996). We have examined ovary extracts
from vas®” (which produces only a truncated Vasa pep-
tide of 35 kD; Tomancak et al. 1998), stau®3, and aub
mutants and find no alteration in the binding of p50 and
p68 to the osk 5" RNA element (N. Gunkel, T. Yano, and
A. Ephrussi, unpubl.). One explanation is that vas, stau,
and aub might indeed be involved in enhancement as
was proposed, rather than in derepression of translation.
However, our results cannot exclude that the mutant
Aubergine or Staufen proteins, although inactive in vivo,
still bind RNA in vitro. Alternatively, the vas, stau, or
aub gene products may act downstream of the protein
that interacts directly with osk mMRNA. Therefore, it is
still an open question whether vas, stau, or aub play any
additional role in derepression. On the basis of the data
presented in this report, Staufen and Aubergine could be
required to overcome p50-mediated repression, as both
are necessary for osk translation even in the absence of
BRE-mediated repression (Kim-Ha et al. 1995; Wilson et
al. 1996).

The importance of communication between the 5" and
3’ ends of mMRNAs in translational regulation has been
hypothesized for some time. Only recently have such
proposed interactions begun to receive experimental
proof, with the demonstration of a direct interaction be-
tween RNA-bound poly(A)-binding protein Pablp and
elF-4G, a component of the 40S initiation complex (Ta-
run and Sachs 1996). Our data expand the closed loop
model of translation initiation (Jacobson 1996), by impli-
cating the functional interaction of a specific 5 RNA
element and a 3’ element as a prerequisite for proper
temporal and spatial regulation of translation.

Materials and methods
DNA constructs

osk™ and oskM1L transgenes are as described (Markussen et al.
1995). Nucleotide positions refer to the A in the first start codon
(m1) of osk, for mutations in the 5’ end, and to the T in the stop
codon of osk, for mutations in the 3" UTR (EMBL database
M65178). All mutations were verified by DNA sequencing.
0skM1LA1 has a deletion of 249 bp from the m1-m2 region
starting at position 24. Reporter transgenes were made in the
context of osk*. m1***lacwt was constructed by fusing in-frame
the 430-bp osk 5’ region lacking m2 (including the 15-bp 5’
UTR) to a 3-kb lacZ fragment, equivalent to the Pstl fragment of
pMC1871 (Pharmacia). Downstream of lacZ, a 1040-bp wild-
type genomic osk fragment, beginning with the stop codon of
osk and containing the 3' UTR, was added. m1**’lacwt contains
only the first 157 bp of the osk 5' region of m1*“4lacwt. In
m1**7lacLS5 and m1***lacLS5 one Bruno motif has been mu-
tated to ATcTaTTgaTcC (starting at position 179 of the osk 3’
UTR; lowercase letters indicate substituted nucleotides).
mlmz2lacwt was constructed by fusing in-frame the 436-bp m1-
m?2 region of osk to the lacZ fragment. m1INVm2lacwt is iden-
tical to m1lm2lacwt except for the inversion of a 62-bp fragment
starting at position 105. m14**lac5’'A24/3'A25 contains a trun-
cated form of the EcoRI-Dral repressor element in an otherwise
unaltered osk 3" UTR. The two deletions in this construct re-
move nucleotides 130-154 and 245-270 of the osk 3" UTR.
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m14**lacBRE bcd is identical to m14*4lacwt with respect to the
5’ translation control elements and the proximal BRE in the 3’
UTR. However, the RNA transport, localization, and 3’ process-
ing signals downstream of position 376 have been replaced by a
726-bp bed 3’ UTR fragment, starting at bp 87 downstream of
the bcd stop codon.

Transgenic flies

Transgenic flies were generated by P-element-mediated trans-
formation (Spradling and Rubin 1982) using w***2 flies as recipi-
ents. Wild-type and mutant osk transgenes were tested in the
maternal mutant background osk>*/oskDf(3R)P*T1%3 (Lehmann
and Nusslein-Volhard 1986). Rescue of the osk phenotype was
determined as follows: Eggs were collected on apple juice plates
and hatch rates scored by counting hatched and unhatched eggs
after aging for 30 hr at 25°C. Fertility of hatchers was tested by
mating the female offspring with wild-type males. For each re-
porter construct, at least four independent transgenic lines were
characterized. All reporter constructs produced transcripts that
were both transported to the oocyte and localized to the poste-
rior pole equally efficiently. The effect of RNA elements on
translation was assessed by comparison of lines that produced
the same amount of RNA as determined by an RNase protection
assay.

Analysis of RNA and protein expression

In situ labeling of RNA was performed essentially as described
(Ephrussi et al. 1991), but with several modifications to improve
tissue integrity and signal-to-noise ratio (available upon re-
guest). B-Galactosidase activity in ovaries of 2- to 3-day-old vir-
gins was determined in situ as described (Clark et al. 1994). Each
set of compared constructs was stained for the same length of
time. Ovaries were mounted in Aqua Poly/Mount (Polysciences
Inc.).

For the RNase protection assay, the mRNA was isolated from
ovaries of [50 2-day-old virgins/lane by three rounds of poly(A)
selection with Dynabeads (Dynal). The template used to pro-
duce antisense lacZ RNA probe was a Bbsl-linearized pSP72
plasmid containing a 3-kb BamHI lacZ fragment (in antisense
orientation with respect to the T7 promoter) derived from
pDF313 (Ferrandon 1994). The unprotected probe spans 347
nucleotides and contains 55 nucleotides of pSP72 polylinker
and 292 nucleotides encoding the B-galactosidase carboxyl ter-
minus. The template for the internal osk control probe was a
Bcll-linearized pSP73 plasmid containing a PCR fragment of the
osk open reading frame (in antisense orientation with respect to
the T7 promoter) spanning the coding region from nucleotide
1795 to 2070 (Ephrussi et al. 1991). The 250-nucleotide unpro-
tected probe comprises 200 nucleotides of osk sequence and 50
nucleotides of polylinker sequence. The RNase protection assay
was done essentially as described by Ausubel et al. (1987-1998).
The annealing temperature was 45°C for lacZ probe and 50°C
for osk probe. Fifty micrograms of RNase A and 4 units of
RNase T1 (Worthington Biochemical) were used. The amounts
of input RNA for reporter RNA quantification were normalized
to endogenous osk mMRNA.

In vitro RNA-protein interaction assay

RNA-protein-binding assays were performed using fresh ex-
tracts. The ratios of p50, p68, p90, and Bruno are variable in
different extract preparations. Protein extracts were prepared
from ovaries of well-fed 2- to 3-day-old females (20°C), dissected
in cold Ringer’s solution. After removal of excess Ringer’s, two
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to three volumes of ice-cold homogenization buffer [(25 mm
HEPES (pH 7.5), 400 mm NaCl, 0.1 mm EDTA, 0.1 mm EGTA, 1
mm PMSF, 10% glycerol] were added and the ovaries were ho-
mogenized with a plastic pestle in a 1.5-ml microcentrifuge
tube on ice. The lysate was cleared by centrifugation at 20,000
rpm for 10 min at 4°C. Protein extract equivalent to one ovary
(5-10 pg) was incubated in a 10-pl reaction mix containing 2 pl
of 5x reaction buffer [250 mm Tris-HCI (pH 8.3), 375 mm KCl, 15
mm MgCl,], 0.5 pl of 100 mm DTT, 1 pl of 10 mg/ml heparin,
and 5 fmoles of 32P-labeled RNA probe for 30 min on ice. Op-
timal UV cross-linking conditions for p68 were achieved using
a Ultra Lum HRI-100 UV X-linker (1 min at 15°C, UV method
1) and for p50 using a Stratalinker (800 mJ on ice, UV method 2).
Complexes were digested with 10 pg of RNase A for 20 min at
37°C to improve resolution of the RNA/protein complexes in
subsequent gel electrophoresis. After addition of loading buffer,
the samples were heated to 90°C for 5 min and subjected to
SDS-PAGE (10%) and autoradiography. For the experiment in
Figure 5, the binding mix was preincubated with competitor
RNA for 10 min on ice before addition of the radioactive probe.
The exact concentration of the competitor RNA was deter-
mined by UV spectroscopy and electrophoresis of a dilution
series of RNAs on an ethidium bromide-stained agarose gel.
Efficient cross-linking of p68 required the incorporation of thio-
UTP into the labeled probe. Cross-linking of p50 did not require
this modification. However, in experiments in which p50 an
p68 were compared, thio-probes were used.

Immunoprecipitation assay

Either before or after RNase A digestion of UV cross-linking
reaction mixtures were incubated with anti-Bruno polyclonal
antibody (Webster et al. 1997) for 1 hr at 4°C. The resulting
immunocomplexes were recovered with protein A-Sepharose
(Pharmacia), and analyzed by SDS-PAGE (10%) electrophoresis
followed by autoradiography.
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