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Localization and translational control of Drosophila melanogaster gurken and oskar mRNAs rely on the
hnRNP proteins Squid and Hrp48, which are complexed with one another in the ovary. Imp, the Drosophila
homolog of proteins acting in localization of mRNAs in other species, is also associated with Squid and Hrp48.
Notably, Imp is concentrated at sites of gurken and oskar mRNA localization in the oocyte, and alteration of
gurken localization also alters Imp distribution. Imp binds gurken mRNA with high affinity in vitro; thus, the
colocalization with gurken mRNA in vivo is likely to be the result of direct binding. Imp mutants support
apparently normal regulation of gurken and oskar mRNAs. However, loss of Imp activity partially suppresses
a gurken misexpression phenotype, indicating that Imp does act in control of gurken expression but has a largely
redundant role that is only revealed when normal gurken expression is perturbed. Overexpression of Imp
disrupts localization of gurken mRNA as well as localization and translational regulation of oskar mRNA. The
opposing effects of reduced and elevated Imp activity on gurken mRNA expression indicate a role in gurken
mRNA regulation.

The restriction of proteins to discrete subcellular regions can
be accomplished by a coordinated program of mRNA local-
ization and translational control. These mechanisms are used
prominently during oogenesis in Drosophila melanogaster,
where several localized proteins direct body patterning. The
dorsoventral axis of the oocyte and later the embryo are es-
tablished by a process that involves the specific expression of
Gurken (Grk) protein at a dorsal position near the anterior of
the oocyte. Similarly, patterning along the anteroposterior axis
relies on restricted expression of Bicoid (Bcd) and Oskar (Osk)
proteins at the anterior and posterior poles, respectively, of the
oocyte and embryo. In each case, the deployment of the pro-
tein is a consequence of localization of the mRNA to the
appropriate region within the oocyte, coupled with transla-
tional controls to enhance accumulation of the protein at this
destination (reviewed in reference 12).

These programs of posttranscriptional control of gene ex-
pression require RNA binding proteins that recognize regula-
tory elements within the mRNAs and mediate association with
the localization or translational control machinery. Although it
has proven difficult in most cases to demonstrate that a par-
ticular protein/RNA interaction contributes to regulation, mul-
tiple RNA binding proteins are required for correct expression
of grk mRNA; these include Squid (Hrp40), Hrp48 (also
known as Hrb27C), Bruno (Bru), Vasa, and Otu (8, 9, 13, 31,
41, 45, 49). Each of these proteins is also required for correct

expression of osk (11, 14, 20, 30, 32, 40, 44, 47, 51), revealing
substantial similarities in the control of grk and osk mRNAs.

Mutants defective for Sqd, Hrp48, and Otu have a common
grk mRNA localization defect (9). Normally, grk mRNA is
transiently localized to the anterior of the oocyte at stage 8 of
oogenesis and then becomes restricted to the dorsal side of the
anterior. In the mutants, grk mRNA persists along the anterior
and fails to localize dorsally. Because localization of grk
mRNA has been suggested to result from two vectorial move-
ments—one toward the anterior and a second directed dorsally
(19)—these genes could act specifically in the second move-
ment. Sqd and Hrp48 have also been implicated in transla-
tional regulation and act to limit the translation of grk mRNA
to the fraction of the mRNA that is properly localized at the
dorsal side of the oocyte (9, 31). The mechanistic details of
how these proteins contribute to localization and translational
control remain to be determined, but it does appear that they
function as part of a regulatory RNP complex, since Hrp48
interacts physically with both Sqd and Otu (9). Two compo-
nents of the complex, Sqd and Hrp48, have been suggested to
assemble with the mRNAs in the nucleus and associate with
other factors in the cytoplasm (22–24, 31). It is likely that
additional members of this complex have not yet been identi-
fied.

One candidate for another regulatory factor is Imp, the
Drosophila homolog of a family of proteins that act in post-
transcriptional regulation in a variety of animals (34, 50). One
of the founding members of the family, ZBP-1, binds to a
localization element in the chicken beta-actin mRNA (15) and
appears to direct localization to the leading edge of embryonic
fibroblasts (7). Another founding member, the Xenopus
Vg1RBP/VERA protein, binds to signals directing localization
of Vg1 and VegT mRNAs to the vegetal pole of the oocyte (4,
5, 10, 16). Mammalian homologs, the Imp proteins, have been
suggested to act in mRNA localization (36), mRNA stability
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(6), and translational regulation (28). A recent report exam-
ined the RNA binding properties of Drosophila Imp protein,
focusing specifically on the osk mRNA and its possible regu-
lation by Imp (26). Although mutation of candidate Imp bind-
ing sites in the osk mRNA did block accumulation of Osk
protein, loss of Imp activity did not cause a similar defect.

Here we also characterize the Drosophila Imp protein and
show that it interacts with Sqd and Hrp48, two proteins that
regulate expression of osk and grk mRNAs. Mutation of the
Imp gene does not substantially alter grk or osk expression.
Nevertheless, the Imp mutant partially suppresses a grk misex-
pression phenotype, arguing that it does contribute to grk reg-
ulation but may act redundantly and does not have an essential
role. Consistent with this interpretation, overexpression of Imp
interferes with localization of grk mRNA.

MATERIALS AND METHODS

Fly stocks and transgenics. A full-length Imp cDNA (expressed sequence tag
[EST] clone SD07045) was cloned into a UASp vector (33), and transgenic stocks
were generated by standard methods. Multiple independent P[UAS-Imp] stocks
produced similar phenotypes, with some differences in severity, when expressed
from the P[mat�4-GAL4VP16] V37 driver.

Fly stocks l(1)G0072 (now called ImpG0072), Df(1)HCl33, P[mat�4-
GAL4VP16] V37 and Dp(1;Y)v�y� were obtained from the Bloomington stock
center. Secondary mutations on the w67c23 ImpG0072 chromosome were removed
by extensive backcrossing to w1118 flies. The kinesin-LacZ reporter (3) was
obtained from David Stein, the fs(1)K101 and sqd1 flies were from Trudi Schup-
bach, and the TauGFP flies were from Daniel St Johnston.

Plasmid rescue was performed to confirm that the P element of ImpG0072 is
inserted into the Imp gene. The lethality of ImpG0072 was confirmed to be due to
the P element by isolation and characterization of revertants: five excision lines
were obtained using the P�23 transposase, and none of them shows the lethality
observed in ImpG0072.

Homozygous ImpG0072 flies were obtained by the following cross scheme.
Df(1)v-L2/Dp(1;Y)v�y� males were crossed with ImpG0072/FM7c females. Prog-
eny ImpG0072/Dp(1;Y)v�y� males were crossed with ImpG0072/FM7c females to
get ImpG0072 homozygous flies. Homozygous fs(1)K101 ImpG0072 flies were ob-
tained by the same strategy, using an fs(1)K101 ImpG0072 chromosome obtained
by recombination.

Generation of Imp antibody and purification of His-Imp. The coding region of
the Imp gene was amplified by PCR and cloned into pET3b vector (Novagen).
The Imp protein was expressed in Escherichia coli Codon-Plus (Stratagene) and
partially purified. Polyclonal antibody against Imp was raised by Josman, LLC.

The Imp coding region was also cloned into PET15a vector (Novagen) to allow
expression of Imp with an amino-terminal 6� His tag. The 6� His-Imp fusion
protein was expressed in E. coli Codon-Plus RP (Stratagene) and purified using
Probond resin (Invitrogen).

Immunodetection and in situ hybridization. Ovaries were dissected and
stained as described previously (17, 18). Primary antibodies were used at the
following dilutions: rabbit anti-Imp, 1:600; rat anti-Vasa, 1:500; rabbit anti-
Oskar, 1:4,000; rat anti-Staufen, 1:100; rabbit anti-Stau, 1:1,000; mouse anti-
Gurken [1D12 from the Developmental Studies Hybridoma Bank], 1:10; mouse
anti-beta-galactosidase (40-1a; Developmental Studies Hybridoma Bank), 1:40.
Secondary antibodies were labeled with Cy5 (Jackson Immunoresearch Labora-
tories) or Alexa Fluor 488 (Molecular Probes). Stained ovaries were mounted in
Vectashield medium (Vector Labs) and imaged with a Leica TCS-SP confocal
microscope.

Live imaging of egg chambers was performed as described previously (39)
using flies expressing TauGFP maternally to mark microtubules (25).

To quantitate the loss of dorsal localization of Imp in sqd mutant oocytes,
images acquired by confocal microscopy were analyzed for signal intensity using
the ImageJ software (NIH). For each of four oocytes of each genotype, four
nonoverlapping boxes were drawn at random within the dorsal cortical region
adjacent to the nucleus or along the cortical region near the posterior pole. The
signal intensity of each region was measured, to yield an average value, and the
ratios of the dorsal and posterior values were determined. For the wild-type
oocytes, the ratios were 1.54, 1.79, 1.83, and 2.00. For the sqd mutant oocytes, the
ratios were 1.07, 1.14, 1.14, and 1.24.

In situ hybridization was performed as described previously (42). Linearized

plasmids containing the osk 3� untranslated region (UTR) (pY107 cut by
BamHI), the bcd 3� UTR (p908 cut by MluI), and the grk 3� UTR (p848 cut by
BglII) were used as templates for synthesis of antisense RNA probes. The probes
were labeled with digoxigenin-conjugated nucleotides (Roche Diagnostic
GmbH).

Western blot analysis. Protein samples were electrophoresed in a 10% sodium
dodecyl sulfate–polyacrylamide gel and electroblotted to a polyvinylidene diflu-
oride membrane. Proteins were detected by chemiluminescence (Western Light;
Tropix). Primary antibodies were affinity-purified rabbit polyclonal anti-Imp at
1:3,000, mouse monoclonal anti-�-tubulin at 1:20,000 (gift from Tim Stearns),
mouse monoclonal anti-Sqd at 1:100 (gift from Trudi Schubach), and rabbit
polyclonal anti-Hrp48 at 1:20,000 (gift from Don Rio).

Immunoprecipitation. Ovaries of w1118 flies were hand-dissected in phos-
phate-buffered saline buffer, washed with lysis buffer (50 mM Tris-Cl [pH 8.0],
150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 0.1% NP-40, 2 mM Pefabloc,
5 mM benzamidine. 2 �g/ml pepstatin, and 2 �g/ml leupeptin) three times,
homogenized, and cleared by centrifugation at 13,000 rpm for 25 min at 4°C.
Aliquots of the extract (300 �l; equivalent to 50 ovary pairs) were incubated with
primary antibody at 4°C for 1 h. Subsequently, 20 �l of protein A/G PLUS
agarose beads (Santa Cruz Biotechnology) preequilibrated with lysis buffer were
added to the extract and incubated at 4°C for 30 min. Agarose beads were spun
down and washed three times with lysis buffer. Next, they were incubated with
lysis buffer with or without 50 ng/ml RNase A/T1 (Ambion) for 15 min at 4°C.
Finally, beads were recovered by centrifugation and washed with lysis buffer
three times. Sodium dodecyl sulfate loading buffer (2�, 50 �l) was added to the
beads and boiled at 100°C for 5 min. Samples were assayed by Western blotting.

Filter binding assay. Probes were generated by in vitro transcription in the
presence of [32P]UTP and gel purified. Details of the plasmids used to prepare
the osk and grk RNAs described in the legend to Fig. 4 are available on request.
Twenty microliters of reaction mix containing labeled probe (�0.1 nM in final
concentration) and various amounts of purified Imp protein in filter binding
buffer (10 mM Tris-Cl [pH 8.0], 25 mM NaCl, 0.2 mM EDTA, 0.1 mg/ml tRNA,
5 mg/ml heparin, 1 mM dithiothreitol) were incubated on ice for 1 h. Filter
binding buffer (80 �l) was added to each reaction mixture, and the samples were
filtered though nitrocellulose membrane filters (Millipore) preequilibrated with
filter binding buffer at 4°C for at least 1 h. The membrane filters were washed
three times with 1 ml filter binding buffer and assayed for radioactivity by
scintillation spectrometry. Dissociation constants (Kd) were calculated using Ka-
leidagraph (Synergy Software).

RESULTS

Imp associates with hnRNP proteins Sqd and Hrp48. Co-
immunoprecipitation experiments with ovary extracts were
performed to test for association of Imp with proteins known
to act in posttranscriptional regulation. We found that Imp
coimmunoprecipitates with Sqd and with Hrp48 (Fig. 1). Both
Sqd and Hrp48 are, like Imp, RNA binding proteins, and their
association with Imp could involve only protein/protein con-
tacts or could depend on RNA binding. The coimmunopre-
cipitations were also performed after treatment with RNase,
and in each case, the interaction is disrupted. An additional
RNA binding protein, Nanos, was also tested by the same assay
but did not coimmunoprecipitate with Imp. Thus, the RNA-
dependent association of Imp with Sqd and Hrp48 is specific
and is not a common property of all RNA binding proteins.

Imp is concentrated at the site of grk mRNA localization.
Imp protein is cytoplasmic and present in essentially all cells of
the ovary, both somatic follicle cells and the germ line nurse
cells and oocyte (see Fig. S1 in the supplemental material).
Within the germ line, Imp displays a changing pattern of abun-
dance in different cells. At the earliest stages of oogenesis, Imp
is initially uniform in the dividing germ line cells of each cyst
but becomes rapidly concentrated in the oocyte (see Fig. S1 in
the supplemental material). This enrichment is lost by stage 7,
after which the level of Imp in the oocyte is noticeably reduced.
Although the uniform level of Imp in the oocyte decreases,
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Imp levels become elevated in during stages 8 and 9 in the
narrow zone between the nucleus and the anterior and dorso-
lateral margins of the oocyte (Fig. 2A). This is precisely the
region in which grk mRNA and protein accumulate, with Grk
protein then trafficking to the follicle cells to provide a local-
ized signal in the pathway that specifies dorsal fates (29). The
enrichment of Imp could be specific and perhaps related to the
localization or translation of grk mRNA. Alternatively, all cy-
toplasmic proteins might display a concentration in this re-
stricted region of the ooplasm. To distinguish between these
options, we examined other cytoplasmic proteins that also ap-
pear in the oocyte. Unlike Imp, neither Vasa (Fig. 2D and E)
nor Spindle E (data not shown) proteins were enriched be-
tween the nucleus and the oocyte margins, despite being
present throughout the ooplasm. Thus, the regional concen-
tration of Imp is specific.

To determine if the concentration of Imp correlates with
localization of grk mRNA, we examined Imp protein distribu-
tion under conditions when the anterodorsal localization of grk
mRNA is altered (Fig. 3). In sqd mutant ovaries, grk mRNA
remains concentrated at the anterior of the oocyte but is no
longer restricted to the dorsal region (31). The concentration
of Imp at the dorsal side of the nucleus is substantially reduced
in the mutant ovaries, and the degree of residual localization

correlates well with the level of residual localized Grk protein
expression. Furthermore, Imp still appears concentrated along
the anterior of the oocyte, just as does grk mRNA. To quan-
titate the loss of dorsal localization, anti-Imp fluorescence in-
tensity levels were measured in the dorsal cortical region and
in a more posterior cortical region for multiple wild-type and
sqd mutant oocytes (see Materials and Methods). The dorsal/
posterior ratio was 1.54 to 2.00 for the wild type, reflecting the
dorsal concentration, and 1.07 to 1.24 for the sqd mutant,
confirming that dorsal localization of Imp is reduced (Fig. 3).
Thus, Imp not only colocalizes with grk mRNA but may rely on
the grk mRNA localization machinery or grk mRNA itself for
that distribution. Consequently, Imp could bind directly to grk
mRNA and act in regulation of its expression.

Imp protein also colocalizes with osk mRNA at the posterior
pole of the oocyte (Fig. 2B), raising the possibility that it is
associated with osk mRNA. Munro et al. (26) examined this
association in detail and found that Imp remained colocalized
with osk mRNA that had been mispositioned in various mu-
tants, very strongly arguing that Imp is bound, directly or
indirectly, to osk mRNA.

Imp binds to grk mRNA. The RNA binding activity of pu-
rified Imp was monitored using a quantitative nitrocellulose
filter binding assay. RNA probes for the assay were prepared
from different parts of the grk and osk mRNAs (Fig. 4C) as well
as from bcd mRNA 3� UTR, which serves as a negative control
(there is no indication of any role for Imp in bcd expression).
Imp binds with highest affinity to the grk mRNA 5� UTR (Kd is
134 nM) and the 5� part of the coding sequence (Kd of 192 nM)
(Fig. 4A and D). Other parts of the grk mRNA, including the
3� coding region and 3� UTR, bind with much lower affinity (Kd

of 1.6 and 4.3 �M, respectively). Weak binding is also observed
for the osk 3� UTR (various segments bind with a Kd of 0.77 to
3.4 �M) (Fig. 4B and D). The negative control RNA is largely
unbound at similar Imp protein concentrations. The high-af-
finity binding of Imp to grk mRNA, taken together with the

FIG. 1. Imp is coimmunoprecipitated with Sqd and Hrp48.
(A) Western blot of immunoprecipitation (IP) from ovary extract with
anti-Imp antibodies or preimmune serum (Pre) with (�) or without
(�) RNase A/T1 treatment. Proteins on the blot were detected with
anti-Imp and anti-Sqd. An amount of ovary extract equal to 5% of that
used for the immunoprecipitations was loaded in lane WCL. (B) West-
ern blot of immunoprecipitation from ovary extract with Hrp48 or
Nanos (Nos) antibodies with or without RNase A/T1 treatment. The
blot was probed with anti-Imp. (C) Western blot analysis of Imp
protein. Similar amounts of ovarian protein from w1118 or ImpG0072/
Df(1)HC133 mutant females were probed for Imp and for �-tubulin as
a loading control. The ImpG0072 hemizygous mutant has dramatically
reduced levels of the two immunoreactive bands of Imp protein (one
prominent and indicated as Imp, the other less abundant and slightly
larger). The identities of the bands were confirmed in blots probed
separately for Imp or Tubulin. wt, wild type.

FIG. 2. Distribution of Imp protein in the ovary. (A) Imp is tran-
siently concentrated in an anterodorsal zone flanking the oocyte nu-
cleus on the anterior and lateral sides (arrowheads). This localization
can be detected as soon as the nucleus migrates to the anterior of the
oocyte and is largely lost by mid-stage 9. (B) Imp is concentrated in a
crescent at the posterior pole of the oocyte. (C to E) The anterodorsal
concentration of Imp in the oocyte is specific. Egg chambers were
double labeled for Imp (C) or Vas (D). Both proteins can be detected
throughout the oocyte cytoplasm. In the overlay of the two signals (E),
the ratio of green to red is substantially greater in the lateral and
anterior sides of the nucleus than elsewhere in the cytoplasm, indicat-
ing that Imp is specifically concentrated at these regions of the oocyte.
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colocalization of the mRNA and protein in the oocyte, strongly
suggests that Imp binds grk mRNA in vivo. It also appears
possible that Imp binds directly to osk mRNA in vivo. How-
ever, the lower affinity of the in vitro interaction with osk
mRNA raises the possibility that binding occurs in the context
of an RNP complex in which multiple proteins contact the
mRNA and a high affinity is achieved through multiple con-
tacts, much as has been suggested for the binding of a local-
ization complex to the bcd mRNA (1). Obvious candidates for
additional complex components are the Imp-associated pro-
teins Sqd and Hrp48, both of which are concentrated with Imp
and osk mRNA at the posterior pole of the oocyte (11, 30, 51).

Imp mutants have no overt ovarian phenotype but suppress
the dorsalization of fs(1)K10. For genetic analysis of Imp func-
tion, we used a P element insertion mutant, ImpG0072, in which
the transposon is inserted into the Imp gene. ImpG0072 is semi-
lethal, with rare escapers surviving as adults for up to several
days. Two forms of Imp protein are detected in wild-type
ovaries by Western blot analysis (Fig. 1). The most abundant

form is about 70 kDa, consistent with the reported structure of
the Imp protein. Both protein forms are present at greatly
reduced levels in ImpG0072/Df(1)H133 females. The ImpG0072

chromosome was extensively backcrossed to the wild type to
remove secondary mutations. Reversion of the mutation by
excision of the P element restored full viability and expression
of Imp protein.

Homozygous ImpG0072 females, although unhealthy and
prone to getting stuck in the growth medium, can produce eggs
before they die. The eggs appear phenotypically normal and, if
fertilized by wild-type sperm, form viable and fertile adults.
Not surprisingly then, the Imp mutants have no substantial
defects in distribution or activity of localized mRNAs that
contribute to embryonic body patterning (data not shown).
Nevertheless, Imp could play a redundant role, perhaps in
regulation of grk or osk, given its concentration at the sites
where these mRNAs are localized and its association with
Hrp48 and Sqd.

As a more sensitive assay for a role in the dorsoventral
pathway, we sought to determine whether the Imp mutation
could modify an existing dorsoventral patterning defect. Mu-
tation of fs(1)k10, which encodes a transcriptional factor, re-
sults in mislocalization of grk mRNA and protein along the
anterior margin of the oocyte during midoogenesis, instead of
restriction to the anterodorsal corner. Consequently, eggs laid
by mutant fs(1)K10 mothers are strongly dorsalized and display
expansion and fusion of the two dorsal appendages that nor-
mally lie near the dorsal midline (27, 35, 38, 48) (Fig. 5D).
When fs(1)k10 females are also homozygous for the ImpG0072

mutation, the dorsalization phenotype is partially suppressed
(Fig. 5C and D). In keeping with the absence of a detectable
ImpG0072 mutant phenotype, the fs(1)K10 eggshell phenotype
is only fully suppressed in very rare cases. More commonly, the
embryos from the Imp fs(1)K10 mothers display some degree
of reduced dorsalization, as scored by the effects on the dorsal
appendages. No substantial change in the grk mRNA distribu-
tion of the fs(1)K10 mutant accompanies the partial suppres-
sion of the eggshell phenotype (data not shown). This is not
surprising, given the normal appearance of grk mRNA distri-
bution in Imp mutants. However, because the eggshell pheno-
type provides a very sensitive measure of grk patterning activ-
ity, it can presumably reveal defects not discernible by the in
situ hybridization assay. We conclude that reduction of Imp
activity has a very weak effect on dorsoventral patterning.

Overexpression of Imp alters dorsoventral polarity and ex-
pression of grk. As an alternate assay for Imp activity in dor-
soventral patterning, we overexpressed the protein in the germ
line cells of the ovary using the GAL4/UAS expression system
(2, 33). Overexpression of Imp produces a strong and highly
penetrant effect: dorsalization of the eggshell. In the wild type,
embryos have an eggshell in which the two anterior dorsal
appendages lie close to the dorsal midline and are separated
from one another (Fig. 6E). Only 17% of the embryos from
Imp overexpression mothers (n 	 255) have the wild-type
dorsal appendages. The remainder of the embryos show vari-
ous degrees of dorsalization, in which the dorsal appendages
fuse and form an anterior ring around the embryo (Fig. 6F to
H). The Imp overexpression also causes a partial dumpless
phenotype (a defect in transfer of nurse cell contents to the

FIG. 3. Anterodorsal localization of Imp in the oocyte is dependent
on Sqd. Panels A, C, and E are stained for both Grk protein (red) and
Imp protein (green). Panels B, D, and F are magnifications, with only
the Imp signal shown. In a wild-type oocyte (A), Grk is highly concen-
trated adjacent to the nucleus, and Imp is concentrated in a similar
pattern. In sqd mutant oocytes (B and C) Grk protein remains at the
anterior of the oocyte but now at both dorsal and ventral positions in
the optical sections. The Imp localization is greatly reduced at the
dorsal surface, primarily along the lateral cortex. The residual concen-
tration of Imp between the oocyte nucleus and the nurse cells parallels
the distribution of grk mRNA.
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oocyte), such that the embryos are smaller than normal (data
not shown).

Consistent with the eggshell dorsalization phenotype, grk
mRNA and protein fail to be tightly restricted to the an-
terodorsal corner of the oocyte and are instead dispersed along
the anterior margin. At stage 9, 97% of Imp overexpression
oocytes display an abnormal circular ring of grk mRNA (Fig.
6B), with only 3% having the normal anterodorsal restriction
(n 	 31) (Fig. 6A). By stage 10, localization has improved, with
52% showing the ring and the remainder appear wild type (n 	
33). For Grk protein, 79% of stage 9 oocytes have an anterior
ring of Grk (Fig. 6D), with 21% displaying the normal wild-
type anterodorsal distribution (n 	 53) (Fig. 6C). Much as for
the grk mRNA, the localization improves by stage 10, with 56%
having an anterior ring and 44% being wild type (n 	 45).

Wild-type controls show normal anterodorsal localization of
both grk mRNA and protein at both stages. To address the
possibility that the grk mRNA localization defect is an indirect
consequence of altered microtubule organization, microtu-
bules were monitored by imaging TauGFP in live egg cham-
bers (25). No substantial differences were observed in compar-
ison of wild-type and Imp overexpression oocytes (Fig. 6E and
F, respectively). Similar results were obtained when microtu-
bules were imaged by immunodetection in fixed samples (data
not shown).

In wild-type oocytes, grk mRNA is initially spread across the
anterior of the oocyte and becomes tightly restricted to the
dorsal anterior before stage 9. Because localization improves
in the Imp overexpression oocytes as development of the oo-
cyte advances, it is possible that the actions that restrict the

FIG. 4. Imp binds with high affinity to grk mRNA. (A and B) Filter binding assays of Imp binding to portions of the grk mRNA (A) and osk
mRNA 3� UTR (B). The binding assays were performed with various concentrations of Imp to allow calculation of dissociation constants.
(C) Diagram of the grk mRNA and osk mRNA 3� UTR, indicating the regions used as probes. (D) Summary of dissociation constants obtained
from the binding assays.

FIG. 5. Suppression of the fs(1)K10 phenotype by reduction of Imp activity. Panels A to D are eggshells from wild-type (A) or fs(1)K10 ImpG0072

(B to D) mothers showing weak (B), moderate (C), or strong dorsalization (D). The dorsal appendages are well separated in the wild type (A) and
fused ventrally in the strongly dorsalized eggshells (D). Quantitation of the phenotypes is provided in panel E.
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mRNA dorsally are active but less effective or retarded. Alter-
natively, there may be mechanistically distinct phases in local-
ization—one acting earlier and one later—with overexpression
of Imp primarily or exclusively disrupting the early phase.
Localization during the later phase would gradually restore the
wild-type distribution of grk mRNA and protein.

Imp overexpression disrupts oocyte polarity and expression
of osk. osk mRNA is tightly localized to the posterior pole of
wild-type oocytes from stage 9 throughout the remainder of
oogenesis, and Osk protein only accumulates after localization
of the mRNA (14, 20, 32). In Imp overexpression ovaries, osk

mRNA (as well as Stau protein, which typically marks the
distribution of osk mRNA) (21) appears at two positions within
individual oocytes: some of the osk mRNA is localized in a
crescent at the posterior pole, the normal site of localization,
and some of the osk mRNA appears in a discrete body in the
ooplasm (Fig. 7D and G). These bodies, which are never seen
in the wild type (Fig. 7C and E), are present in 79% of stage 9
egg chambers (n 	 113) and 55% of stage 10 egg chambers
(n 	 99). Osk protein is present at both sites of osk mRNA
concentration (Fig. 7H), demonstrating that translation of osk
mRNA is not negatively affected by Imp overexpression. More-
over, the accumulation of Osk is no longer dependent on the
posterior localization of the mRNA, revealing a loss of the

FIG. 6. Imp overexpression alters dorsoventral patterning and reg-
ulation of grk mRNA. Both grk mRNA (A and B) and protein (C and
D) are misexpressed in Imp overexpression egg chambers. Panels A
and C are the wild type, while panels B and D express one copy of
P[UAS-Imp] under the control of the mat�4-GAL4VP16 driver. Panels
E and F show microtubule organization in live wild type (E) and Imp
overexpression (F) oocytes, as detected by TauGFP. Both show a
gradient of microtubule density, highest at the anterior. There are no
substantial differences between the mutant and wild type. Panels G to
J show eggshells (anterior to the left) of wild-type or Imp overexpres-
sion oocytes (one copy of P[UAS-Imp] with the mat�4-GAL4VP16
driver). All eggshells of wild-type oocytes are normal (G) (n 	 105).
Imp overexpression produces eggshells (n 	 255) of which 17% are
wild type, 20% are moderately dorsalized (H), and 58% are strongly
dorsalized (I). The remaining 4% have fused but slightly expanded
dorsal appendages (J).

FIG. 7. Imp overexpression disrupts polarization of the oocyte
along the anteroposterior axis. The distribution of bcd mRNA in wild-
type (A) and Imp overexpression (B) egg chambers is indistinguish-
able. In contrast, the posterior localization of osk mRNA in the wild
type (C) is disrupted by overexpression of Imp, with the mRNA often
present in a discrete body (or rarely, bodies) in the ooplasm (arrow-
head) as well as at the posterior pole (D). A similar effect is observed
for Stau protein (green signal in panels E and F, wt and Imp overex-
pression, respectively), which also serves to mark the distribution of
osk mRNA. Notably, Osk protein (red signal in panels E and F) also
appears in the ooplasmic bodies containing osk mRNA and Stau pro-
tein. The Stau and Osk signals are also shown separately in panels G
(Stau) and H (Osk) for clarity. The kinesin-
-gal marker (red signal
in panels I and J), which is heavily concentrated at the posterior
pole in the wild-type and colocalized with Stau (green signal), is
dispersed in Imp overexpression oocytes (J), with no evidence of
concentration in a central zone. The Stau and kinesin-
-gal signals
are also shown separately in panels K (Stau) and L (kinesin-
-gal)
for clarity.
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regulation that normally prevents accumulation of Osk from
unlocalized mRNA.

Imp is concentrated at the site of osk mRNA localization
and is associated with osk mRNA (26). Thus, the osk mRNA
localization defect arising from overexpression of Imp may
involve a direct effect on osk mRNA. However, another con-
sequence of Imp overexpression suggests that osk mRNA mis-
localization may result, at least in part, from a more primary
defect in microtubule organization. In wild-type stage 9 oo-
cytes, the microtubule polarity marker Kin-
-gal (3) is concen-
trated at the posterior pole (Fig. 7I). When Imp is overex-
pressed, posterior localization of Kin-
-gal is greatly reduced
(Fig. 7L). However, the effects on microtubule organization
must be subtle, as there are no obvious differences in micro-
tubules imaged in wild-type and Imp overexpression oocytes
(Fig. 6E and F), and bcd mRNA remains normally localized at
the anterior of Imp overexpression oocytes (Fig. 7B).

DISCUSSION

Deployment of proteins that control patterning in the oocyte
relies on coordinated programs of mRNA localization and
translational control. Many RNA binding proteins contribute
to these programs, and some interact with one another in
regulatory RNPs. Here we have shown that Imp is associated
in an RNA-dependent manner with Sqd and Hrp48 and is thus
part of a complex whose other members have clearly estab-
lished roles in control of grk and osk expression. Imp does not
have an essential role in regulation of either grk or osk
mRNAs, as both mRNAs are expressed with no obvious de-
fects in Imp mutant ovaries. However, loss of Imp activity does
partially suppress the grk misexpression defect in fs(1)K10 mu-
tant oocytes, providing strong evidence that Imp contributes to
regulation of grk. This view is reinforced by the colocalization
of Imp with grk mRNA in vivo. Imp’s role must be largely
redundant, only becoming detectable when grk expression is
perturbed. Overexpression of Imp has a much more dramatic
effect, transiently blocking the dorsal localization of grk mRNA
and disrupting localization and translational control of osk
mRNA.

The evidence that Imp, Sqd, and Hrp48 interact physically is
complemented by striking similarities in grk and osk expression
defects that arise from loss of sqd or Hrp48 activity or from
overexpression of Imp. In each case, grk mRNA accumulates at
the anterior of the oocyte, fails to become dorsally localized,
and leads to misexpression of Grk protein. The defects of sqd
and Hrp48 mutants in osk expression may result from both
direct and indirect effects: a direct effect via binding to osk
mRNA and an indirect effect owing to alterations in microtu-
bule organization (11, 26, 30, 51). The same is true for Imp
overexpression. In Imp overexpression oocytes, the poste-
rior localization of Kin-
-gal is disrupted, indicating some
degree of microtubule defects. In addition, Imp, like Sqd
and Hrp48, colocalizes with osk mRNA to the posterior pole
of the oocyte.

The correlations between the consequences of excess Imp
activity and loss of sqd or Hrp48 activity may be significant and
suggest that Imp competes with these proteins at some level,
either for binding to a common substrate or by exerting op-
posing effects on such a substrate. Alternatively, Imp could

inactivate Sqd or Hrp48. Imp overexpression does not substan-
tially alter the amount of Sqd or Hrp48 (data not shown),
ruling out one form of inactivation. In addition, sqd and Hrp48
mutants display one phenotype, altered polytenization of nurse
cell nuclei (9), which does not occur when Imp is overex-
pressed, arguing against any simple model in which Sqd and
Hrp48 are inhibited by Imp.

Sqd and Hrp48 could compete with Imp at the level of RNA
binding: excess Imp would displace Sqd or Hrp48 from shared
or closely positioned binding sites on regulated mRNAs, yield-
ing the same phenotype as if Sqd or Hrp48 were eliminated by
mutation and thus not available for binding. This model seems
unlikely, since Imp binds best to the 5� UTR and 5� coding
regions of grk mRNA (regions implicated in grk mRNA local-
ization) (43, 46), while Sqd and Hrp48 bind to the 3� UTR (9,
31) (osk mRNA is considered below). However, Imp does bind
with lower affinity to the grk mRNA 3� UTR, and the assays
with Sqd and Hrp48 have not tested for binding to the grk
mRNA 5� UTR.

Competition could also occur for events that transpire after
RNA binding, with bound Imp promoting one outcome for the
mRNA and bound Sqd and Hrp48 promoting another. For
example, localization of grk mRNA has been suggested to
involve two vectorial movements within the oocyte, one di-
rected anteriorly and one directed dorsally (19). In this model,
Imp could promote the anterior movement, while Sqd and
Hrp48 could contribute to the dorsal movement (a role in
keeping with known phenotypes). Increasing the number of
copies of one protein that become bound to the mRNA, even
without a reduction in the binding of other proteins, could
enhance association with the machinery that drives one vecto-
rial movement and thus alter the balance between the two
movements. This type of interpretation would explain the par-
tial suppression of the fs(1)K10 ventralization phenotype by
the Imp mutant. In the absence of K10, the competition would
be skewed in favor of the Imp-promoted outcome. Removing
Imp, even if it acts redundantly, could shift the competition
back toward the balance normally achieved in wild-type ova-
ries. This model might appear to be at odds with the known
distributions of Imp, Hrp48, and Sqd. Specifically, Imp is co-
localized with grk mRNA even after the proposed second vec-
torial movement of localization, while Hrp48 and Sqd are
never detectably colocalized with the mRNA. However, the
proposed competition would not require displacement of Imp
from the mRNA, and Hrp48 and Sqd might act very early in
the localization process (perhaps beginning in the nucleus
where the proteins are concentrated) to orchestrate events that
only occur later. Thus, the positions of the proteins in the ovary
only rule out the possibility that they are all persistently asso-
ciated with one another but do not argue against the models
described here.

The defect in grk mRNA localization caused by overexpres-
sion of Imp is accompanied by ectopic accumulation of Grk
protein, whose distribution mirrors that of grk mRNA along
the anterior of the oocyte. In wild-type ovaries, grk mRNA is
transiently concentrated along the anterior of the oocyte at
stages 7 and 8, but there is no corresponding anterior ring of
Grk protein (37). Thus, the anterior accumulation of Grk when
Imp is overexpressed reveals a defect in the control of grk
mRNA translation, as well as localization. The premature
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translation could be an indirect consequence of derailing grk
mRNA localization, or it could indicate a more direct effect of
excess Imp on translation.

Does Imp act in regulation of osk mRNA? Our discussion of
Imp has focused on regulation of grk mRNA, since this role is
supported by multiple lines of evidence. Overexpression of
Imp also dramatically alters osk expression, acting indirectly by
altering microtubule organization and perhaps acting directly
through binding to osk mRNA. The data implicating Imp in
osk regulation, whether direct or indirect, are substantially less
compelling than for regulation of grk. Most importantly, we
have no loss-of-function evidence that implicates Imp in osk
mRNA regulation or in control of microtubule organization.
Second, the binding of Imp to the osk mRNA 3� UTR is
relatively weak, with Kd values near or above 1 �M.

Munro et al. (26) specifically explored the possible regula-
tion of osk by Imp. They identified sequences (Imp binding
elements [IBEs]) in the osk mRNA as Imp binding sites. In-
activation of the IBEs eliminates accumulation of Osk protein.
The osk mRNA initially localizes normally to the posterior of
the oocyte but is later delocalized and dispersed in the oop-
lasm, apparently an indirect consequence of a failure to accu-
mulate Osk protein, which is required for anchoring of osk
mRNA (26). Because loss of Imp activity did not cause similar
defects, they concluded that another factor (factor X) must
bind the IBEs for osk mRNA translation. Factor X could act
redundantly with Imp, or factor X alone could mediate the
action of the IBEs. Munro et al. argue for the latter option and
propose a regulatory interplay between Imp and factor X, in
which they compete for binding. By that model, overexpression
of Imp would be expected to have consequences similar to
mutation of the IBEs. The consequences of Imp overexpres-
sion differ when comparing our work to that of Munro et al.
They present evidence that Imp overexpression reduces the
level of Osk at stage 10 and do not report on osk mRNA
localization. We also find a reduction in the accumulation of
Osk protein at the posterior pole, but this is accompanied by
mislocalization of a fraction of Osk protein to a discrete body
in the ooplasm, a feature not observed for the IBE mutants.
This body also contains osk mRNA, a localization defect that
is clearly different from the dispersal of osk mRNA caused by
mutation of the IBEs. To consider the possibility that the
difference between our results and those of Munro et al. may
reflect different levels of Imp overexpression, we varied the
dosage of the P[UAS-Imp] transgene: increasing from one to
two copies greatly enhanced the shift of osk mRNA and pro-
tein to multiple discrete bodies in the ooplasm but did not
eliminate Osk accumulation (data not shown). Thus, in our
extensive analysis, the effects of Imp overexpression on osk
mRNA localization and translation are markedly different
from the IBE inactivation phenotype. We cannot explain why
our results differ from those of Munro et al.; further charac-
terization of their Imp overexpression mutant might provide
insight.

Imp mutants do not have an osk misexpression phenotype,
but the in vitro binding properties of Imp and the conse-
quences of Imp overexpression suggest that Imp plays a redun-
dant role, much as we have argued in the case of grk mRNA.
It would not be surprising for Imp to act in regulation of osk,

as well as grk, since Imp is associated with proteins known to
regulate both mRNAs.
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