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Redundant RNA recognition events
in bicoid mRNA localization

PAUL M. MACDONALD and KAREN KERR
Department of Biological Sciences, Stanford University, Stanford, California 94305, USA

ABSTRACT

A cis-acting signal in the 3’ UTR of the Drosophila bicoid mRNA directs both the transport of the mRNA from the nurse
cells to the oocyte and its anterior localization within the oocyte. Here we demonstrate that the signal mediates
redundant RNA recognition events, A and B, that initiate largely overlapping programs of mRNA localization during
oogenesis. Recognition event A requires a region encompassing stem-loops IV/V of the predicted secondary struc-
ture, and can be eliminated by a single nucleotide mutation. Localization initiated through event B begins slightly later
in oogenesis, and requires sequences that have not been narrowly defined. Using forms of the 3’ UTR lacking this
RNA recognition redundancy, we reexamine the roles of the swallow, staufen, and exuperantia genes, which are all
required for normal bicoid mRNA localization. Our results reveal that exuperantia first becomes essential for local-
ization at a time when well-defined microtubule tracks between the nurse cells and oocyte disappear. Thus, exuper-
antia may specifically facilitate a form of nurse cell-to-cocyte mRNA transport not dependent on the microtubule

tracks.
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INTRODUCTION

RNA recognition events underlie various stages of gene
expression. Nuclear processing of pre-mRNAs requires
the accurate recognition of splice sites and the RNA
signals that direct cleavage and polyadenylation. Once
in the cytoplasm, additional RNA recognition events
mediate other processes, including initiation of trans-
lation, translational regulation, and programmed deg-
radation. Current understanding of the mechanisms
responsible for each of these processes has depended
in large part on the characterization of the accompa-
nying RNA recognition events.

A further stage in the use of some mRNAs involves
localization to specific regions within the cytoplasm.
The phenomenon of mRNA localization is widespread:
examples have been described in a variety of cell types
(reviewed by St Johnston, 1995). Not surprisingly, such
mRNAs harbor cis-acting signals that specify where
and how they are to be localized (reviewed by Mac-
donald, 1992). Each localization signal presumably me-
diates one or more RNA recognition events, whereby
the RNA is associated with some component of the
localization machinery. We expect that detailed char-
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acterization of the RNA recognition events will reveal
much about the mechanisms of localization.

The Drosophila bicoid (bcd) mRNA is representative
of an important class of localized maternal mRNAs.
Proteins encoded by these mRNAs act as body pat-
terning determinants, and their activities must be re-
stricted to certain regions of the oocyte or embryo.
Prelocalization of the mRNAs is an essential step in
limiting the distribution of the determinants; if mRNA
localization fails, expression of the determinants is al-
tered dramatically, and the resulting body patterning
defects are lethal (reviewed in St Johnston, 1995).

Localization of bed mRNA occurs during oogenesis
and early embryogenesis (Berleth et al., 1988; St
Johnston et al., 1989). The mRNA is synthesized in
ovarian nurse cells, but moves to the oocyte. Within
the oocyte, bed transcripts become restricted to the an-
terior margin, and are maintained there into embryo-
genesis. This localization program is directed by a signal
within the 3' UTR of the bcd mRNA (Macdonald &
Struhl, 1988). Efforts to determine how the signal is
recognized by the localization machinery have fol-
lowed two general approaches. In one, candidate rec-
ognition factors, identified as mutants defective in bcd
mRNA localization, exuperantia (exu), swallow (sww),
and staufen (stau), have been characterized. The exu
protein has RNA binding activity, but the binding is
nonspecific and therefore unlikely to act in recognition
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of the localization signal (Wang & Hazelrigg, 1994;
Macdonald et al., 1995). Although sww protein has
weak homology to an RNA binding motif, there is no
evidence of RNA binding (Chao et al., 1991). In con-
trast, stau does appear to act in RNA recognition. The
stau protein contains multiple copies of a double-
stranded RNA binding domain (St Johnston et al., 1992),
and the results of an indirect assay suggest that stau
binds to an array of several helical regions within the
bcd 3’ UTR (Ferrandon et al., 1994, 1997). In the ab-
sence of stau activity, bed mRNA is localized normally
during oogenesis, but becomes partially delocalized in
the embryo, and so the stau RNA recognition event
apparently serves to tether the mRNA after its initial
localization (St Johnston et al., 1989). Thus, none of the
mutants provides a strong candidate for a protein that
first recognizes bcd mRINA to initiate localization.

A second approach to understanding recognition of
the bcd mRNA localization signal has been to identify
the essential parts, and both direct and indirect strat-
egies have been used. In the indirect approach, fea-
tures of the bed 3' UTR conserved during evolution
were identified (Macdonald, 1990; Seeger & Kaufman,
1990), with the expectation that some or all of these
features will be important for bcd mRNA localization.
The most striking conserved feature was a stereotyp-
ical secondary structure that can be formed by the 3
UTR. Thus far, it has proven difficult to test the role of
the hypothesized structure, largely because of func-
tional redundancy in the bcd 3' UTR (see below). How-
ever, in their analysis of stau protein interaction with
the bed 3' UTR, Ferrandon and coworkers (1994, 1997)
provided evidence indicating that at least a modest
subset of the predicted base pairing interactions do
occur. Although the overall structure remains largely
hypothetical, it still serves as a useful starting point for
exploring the organization of the bcd localization signal.

In the direct strategy for identifying essential parts
of the bcd localization signal, the 3" UTR has been
systematically mutated (Macdonald et al., 1993). Al-
though a single region essential for localization {and
bed function) could be defined using deletion mutants
of about 50 nt, even that region proved to be nones-
sential (for both localization and bcd function) if de-
leted in parts. Thus, the bcd localization signal contains
redundant localization information. This poses a sig-
nificant problem in identifying and characterizing rel-
evant RNA recognition events, which are likely to
involve specific protein-RNA interactions. In particu-
lar, we can predict that mutating any single protein
binding site in the signal will not severely affect local-
ization, making it difficult to prove that a particular
binding protein acts in that process. This problem could
be overcome by defining nonredundant yet functional
forms of the localization signal, which would then be
useful for detailed characterization of the RNA recog-
nition events of mRNA localization.
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Here we show how RNA recognition redundancy
can be stripped from the localization signal. Our results
demonstrate that two redundant recognition events
initiate largely overlapping programs of bcd mRNA
localization during oogenesis, and that these events
are distinct from the later stau-dependent recognition
event. Further, we show that a minimal localization
signal competent for only one recognition event can be
inactivated by a single point mutation. This RNA there-
fore provides an ideal substrate for biochemical iden-
tification of RNA binding proteins that associate the
mRNA with the localization machinery. Finally, we re-
solve ambiguity in the time when exu activity is first
required; these results suggest a specific model for exu
action.

RESULTS

In a previous deletion analysis of the bed mRNA 3’
UTR, one small deletion (A14S) was found to have a
novel property: the earliest wild-type movement to
the oocyte during stages 4-6 of oogenesis did not oc-
cur, although all later phases of localization proceeded
normally (Macdonald et al., 1993). To determine if a
more subtle mutation could have the same effect, we
created a bed transgene bearing a single nucleotide
mutation (4496 G>U) in the same region. As shown in
Figure 1B, 4496 G>U mRNA behaves just like A14S
mRNA, preventing localization only during the earli-
est stages of the process. This mutation therefore dis-
rupts one recognition event, in which the bed mRNA is
recognized by the localization machinery; we refer to
this as recognition event A. Recognition event A pre-
sumably entails the binding of one or more proteins to
the site disrupted by mutation 4496 G>U. There are
no good candidates for a gene encoding such a bind-
ing protein, because mutations in genes known to af-
fect bed localization cause defects only at later stages.
Clearly, this recognition event is not a prerequisite for
later events in localization, because most of the local-
ization program occurs normally (Fig. 1B) and the A14S
mutant provides full bed function for embryonic de-
velopment (Macdonald et al., 1993).

A second recognition event (B), unaffected by the
4496 G>U mutation, must begin during stage 6, when
recognition event A is becoming dispensable. It is pos-
sible that the programs of localization directed by the
two recognition events are not extensively overlap-
ping, and that event A-dependent localization ceases
as event B-dependent localization begins. Alterna-
tively, event A may continue to support localization
even after the second recognition event occurs. If so,
the two events could be redundant, each indepen-
dently promoting association with the localization ma-
chinery. To test the latter option, we set out to strip
RNA recognition redundancy from the bed 3’ UTR; a
localization signal lacking this redundancy might then
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FIGURE 1. A single nucleotide change in the bed 3" UTR disrupts
early mRNA localization to the oocyte. Diagrams at left show the
predicted structure (Macdonald, 1990) of the 3 UTR (in simplified
outline form). In later figures, deleted portions of the 3" UTR are
grey. The 4496 G>U mutation is indicated by an arrowhead. A:
Localization patterns of the bed +lacZ transgene mRNA as revealed
by in situ hybridization to whole-mount ovary preparations. In this
and all other figures, stages of oogenesis progress from left to right.
The mRNA is concentrated in the oocyte from stage 4-5 onward and
lines the anterior margin of the oocyte beginning at stage 9. B:
Localization of the bed+lacZ 4496 G>U transgene mRNA. Early
localization to the oocyte in stages 4-5 is absent, although the mRNA
can be detected in the nurse cells. Beginning in stage 6, traces of
oocyte localization appear (arrowhead). By stage 8, localization to
the oocyte is strong. The subsequent concentration of the mRNA at
the anterior margin of the cocyte is indistinguishable from wild
type. To best show the earliest time of oocyte localization, the sam-
ple shown in B was more extensively stained than that shown in A.
Consequently, some background staining appears throughout the
early-stage egg chambers, both in the germ line cells (where bed
mRNA is transcribed) and the somatic cells (where bed transcription
does not occur).

display a prolonged dependence on event A. Three
progressively smaller parts of the 3" UTR were tested
for localization activity. These parts correspond to do-
mains of the predicted structure (Macdonald, 1990; See-
ger & Kaufman, 1990) of the complete 3’ UTR: stem
loops IV and V (IV/V), stem loops IVb and V (IVb/V),
and stem loop V alone (V) (see Figs. 1, 4). Stem loop V
was retained in each version because it includes the
sites of the A14S and 4496 G>U mutations and is thus
implicated in recognition event A, When placed into a
bedA21+1acZ transgene (which by itself lacks almost
all of the bed 3' UTR and has no localization activity;
Macdonald et al., 1993), neither IVb/V nor V directed
any aspect of bed mRNA localization; the mRNAs ap-
peared at the normal time, but remained dispersed
throughout the nurse cells (data not shown). In con-
trast, IV/V directed localization to the oocyte be-
ginning at stage 4-5, and the mRNA became highly
concentrated at the anterior margin of the oocyte from
stage 8-9 onward (Fig. 2A). Much later, in early em-
bryos, the IV/V-localized mRNA was not correctly re-
stricted to the anterior pole. This embryonic localization
defect is similar to that found in embryos from stau
mutant mothers (St Johnston et al., 1989), and is con-
sistent with evidence suggesting that stau protein in-
teracts with multiple different regions of the bed mRNA
3" UTR, some of which lie outside of the IV/V region

1415

(Ferrandon et al., 1994, 1997). The IV/V localization
activity —wild type in oogenesis and stau-like defects
in embryos—was retained when tested in another re-
porter transgene with a completely different sequence
context (see Materials and Methods). This consistent
activity of the IV/V localization signal in different con-
texts indicates that it is robust, and should not be
impaired by subtle sequence changes that do not spe-
cifically affect an RNA recognition element (see legend
to Fig. 2).

We next addressed the role of recognition event A in
IV/V localization, using the 4496 G>U point mutation
to eliminate event A. In the context of the complete bcd
3’ UTR, this mutation affects localization only during
stages 4-6 (Fig. 1B). In striking contrast, the point-
mutated [V/V region is almost completely defective in
all phases of localization (Fig. 2B). Thus, recognition
event A is important for the entire program of local-
ization directed by IV/V. We conclude that the IV/V
region comprises a localization signal stripped of rec-
ognition redundancy: recognition event A is retained,
but event B is lost. Furthermore, we conclude that,
during most of oogenesis, from stage 6 onward, bed
mRNA localization is directed by redundant recogni-
tion events, requiring either event A or event B, but
not both.

Genetics of RNA recognition in bed
mRNA localization

Redundancy in RNA recognition may involve either
multiple binding sites recognized by the same factor,
or multiple binding sites bound by different factors. In
the latter scenario, loss of a single recognition factor is
unlikely to have a dramatic effect on localization. This
could explain why genetic approaches have failed to
reveal how bcd mRNA is initially recognized by the
localization machinery during oogenesis: none of the
genes known to affect bed mRNA localization alter the
earliest step in the process (Stephenson et al., 1988; St
Johnston et al., 1989). If there are indeed different rec-
ognition factors with redundant functions, forms of
the bed localization signal lacking recognition redun-
dancy provide the tools to identify the missing recog-
nition factors genetically. Specifically, the [V/V region
supports only recognition event A, and mutations in a
gene required for that event should abolish all IV/V-
directed localization. Similarly, the intact bed 3" UTR
bearing the 4496 G>U mutation does not support
recognition event A, and thus provides a way to iden-
tify genes required for recognition event B (assuming
there are only two redundant recognition events dur-
ing oogenesis).

As an immediate application of this general ap-
proach, we have reexamined the roles of genes already
known to act in localization of bed mRNA —sww, exu,
and stau. The sww and exu mutants disrupt localiza-
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FIGURE 2. Stripping RNA recognition redundancy from the bed mRNA localization signal. Sequences represented by the
structures at left were inserted into the bedA21+IacZ reporter construct. A: Localization directed by the IV /V subdomain of
the bed 3' UTR. Movement of the mRNA to the oocyte and the subsequent localization at its anterior margin mimic that
of the endogenous bed mRNA. As the oocytes mature into embryos, the mRNA becomes spread out over the anterior third
of the embryo (data not shown), just as observed for endogenous bed mRNA in embryos from sfar™ mothers (St Johnston
et al., 1989). Transgenes bearing smaller portions of this subdomain, either TVb/V or V, displayed no localization (data not
shown). The ability of IV/V to direct localization is unexpected, because larger fragments of the 3" UTR were previously
found to lack localization activity (Macdonald & Struhl, 1988). The explanation for this difference is not known, although
two factors may be involved. First, in the earlier experiments, localization was measured in embryos, not ovaries, and a
less-sensitive assay was used. Second, the earlier deletions do not cleanly remove domains of the predicted structure, and
may disrupt proper folding (but note that the structure is predicted, not proven). B: Localization activity of the I[V/V
subdomain bearing the 4496 G>>U mutation. Using standard in situ hybridization procedures, no localized mRNA is
detected, although the mRNA can be detected in the nurse cells (RNase protection analysis indicates that the mRNA is
present at a level similar to that of the TV/V mRNA; data not shown). Extensive overdevelopment of the in situ hybrid-
ization signal revealed some localization in stage 9, but only in a minor fraction of the egg chambers (data not shown).
Disruption of localization is specific to the 4496 G>U mutation, because mutations 4504-5 AU>UG had no effect on

localization (data not shown).

tion at stages when both recognition events A and B
are active, and the wild-type proteins presumably act
in some aspect of localization not unique to one event.
Nevertheless, the mutants might have different effects
on localization directed by the different recognition
events. In sww and exu mutant backgrounds, we mon-
itored the activities of localization signals competent
only for recognition event A (IV/V) or recognition event
B (bed 3' UTR 4496 G>U). In the sww mutant flies,
both localization signals were defective in localization
beginning at stage 10B (data not shown), just as ob-
served for localization of endogenous bcd mRNA
(Stephenson et al., 1988; St Johnston et al., 1989). Thus,
sww acts only in a process shared by both recognition
events.

The results were quite different in exu mutant flies.
Localization directed by IV/V can be detected until
as late as stage 9 or early 10A, when the mRINA fails
to remain concentrated at the anterior of the oocyte
(Fig. 3A). In contrast, the bed 3" UTR 4496 G=>U local-
ization signal supports only traces of localization in
exu mutants (Fig. 3B), despite the fact that this sig-
nal normally initiates localization during stage 6 (see
Fig. 1B). The initial description of bcd mRNA localiza-
tion in exu mutants is consistent with these results;
localization is completely defective from stage 10 on-
ward, but minor defects are reported to appear earlier

(St Johnston et al.,, 1989). Interpretations of the seem-
ingly different requirements of recognition events A
and B for exu are considered in the Discussion.

Mutants lacking stau activity have normal bed mRNA
localization during oogenesis, but fail to properly tether
the mRNA in the embryo (St Johnston et al., 1989). An
earlier role for stau could be obscured by the redun-
dant A and B RNA recognition events, and so we also
tested the A- and B-specific localization signals in stau
mutant flies. No ovarian localization defects were
found, supporting the conclusion that stau acts only
late in bcd mRNA localization {data not shown).

DISCUSSION

We can now identify two RNA recognition events suf-
ficient to initiate the localization of bed mRNA. Event
A directs localization from stage 4-5, and can be elim-
inated by a single nucleotide substitution mutation
within the stem-loop V portion of the bed 3" UTR. Event
B directs localization beginning at stage 6, and does
not have the earlier event A-dependent localization as
a prerequisite. As currently defined, the minimal RNA
that mediates recognition event A corresponds to stem-
loops IV and V of the predicted structure of the bcd
mRNA 3" UTR. Although the stem-loop V region is
necessary for event A, it is not sufficient, because RNAs
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corresponding to IVb and V, or V alone, lack localiza-
tion activity. Thus, recognition event A may involve
the binding of a localization factor or factors to mul-
tiple sites, or to a binding site made up of sequences
that are dispersed in the primary structure. Alterna-
tively, parts of the IV/V region may act only indirectly
by contributing to an RNA structure required to present
the binding site properly. In either case, this minimal
region is significantly smaller than that defined previ-
ously (273 nt versus 628 nt) (Macdonald & Struhl, 1988)
and thus more amenable to structural analysis. More-
over, our finding that a point mutation can disrupt
event A-dependent localization demonstrates that the
site or sites bound by recognition factors can be de-
fined by mutational analysis. Our understanding of
the RNA sequences or structures involved in recogni-
tion event B is much less complete.

A primary goal of the analysis of the RNA recogni-
tion events of bed mRNA localization is to identify and
characterize the binding factors; knowledge of their
identities and interactions with other proteins should
provide insights into the mechanisms of localization.
Factors involved in recognition events A and B have
not been identified, although the IV/V RNA now pro-
vides an ideal substrate to identify and isolate some of
these factors. It is possible that the same binding factor
acts in both events. If so, differences in binding affin-
ity, or requirements for cofactors, could explain the
different times at which the two events begin to direct
localization. Alternatively, events A and B may involve
different binding factors. This option is attractive be-
cause it suggests why genetic analyses have failed to
reveal the identities of the binding factors: loss of ei-
ther factor would eliminate only one of the two redun-
dant recognition events, not causing an easily detectable
phenotype.

Analysis of other localized mRNAs suggests that
redundancy within localization signals may be com-
mon, but probably not universal. For the Drosophila
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FIGURE 3. Localization directed by RNA recogni-
tion events A and B in exu* mutant ovaries. A:
Localization directed by the IV/V subdomain in
exu* mutant ovaries. As in wild type, the mRNA is
concentrated in the oocyte beginning at stage 4-5.
Localization to the anterior margin of the oocyte
can be detected until stage 9 or 10A (right-most egg
chamber). The intensity of anterior staining is less
than in wild-type ovaries (compare to Fig. 2A), and
appears to diminish as oogenesis proceeds. Note
that exu? is a null, bearing a nonsense codon early
in the reading frame and making no detectable pro-
tein (Macdonald et al., 1991; Marcey et al., 1991).
Thus, the observed anterior localization is not due
to residual exu activity. B: Localization directed by
the bed 3’ UTR bearing the 4496 G>U mutation in
exu? mutant ovaries. The mRNA can be detected
in the nurse cells, but no localized mRNA appears
in the oocyte. We occasionally observe traces of
mRNA localized to the anterior margin of the oo-
cyte in stage 9 egg chambers.

K10 mRNA, the transport and localization signal has
been narrowly mapped to a single short region, and
lacks redundancy (Serano & Cohen, 1995). In contrast,
multiple portions of the 3" UTRs from some other lo-
calized mRNAs support localization, although effi-
ciency may be compromised (Davis & Ish-Horowicz,
1991; Kislauskis et al., 1994; Lantz & Schedl, 1994; Gavis
et al., 1996). In no case is it known if the redundancy
represents multiple redundant binding sites for the
same localization factor or factors, or if redundancy is
achieved through the use of qualitatively different bind-
ing sites and factors.

Additional RNA recognition events
in bed mRNA localization

Information about RNA recognition events involved
in localization of bed mRNA has also come from anal-
ysis of BLE1, a 53-nt region of the 3" UTR taken from
stem-loop V. Two copies of BLE1 (2XBLE1) support
apparently normal localization from stage 4-5 through
stage 10A of oogenesis, although a single copy of BLE1
has no localization activity (Macdonald et al.,, 1993).
Because 2XBLE1 and IV/V initiate localization at the
same stage and have sequences in common, it seems
likely that 2 BLE1 supports recognition event A. Nev-
ertheless, we are not yet able to make instructive com-
parisons between IV/V and 2XBLE1 to learn more
about event A. One complication in such a comparison
is that the localization programs directed by 2XBLE1
and IV/V may well encompass more that just event A,
and are clearly not identical; 2XBLE1-directed local-
ization ends by stage 10A, whereas IV/ V-directed
localization continues through oogenesis. Another com-
plication is the dependence on two copies of BLE1 for
localization activity, whereas IV/V (and bcd itself) does
not require such a duplication. The basis for this de-
pendence remains unknown, and therefore introduces
uncertainty in comparing 2XBLE1 to IV/V.
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Other RNA recognition events are required for later
stages in localization. One has been suggested by anal-
ysis of 2XBLE1. Certain point mutations in 2XBLE1
specifically affect perdurance of mRNA localization at
the anterior margin of the ococyte in stage 10A, and the
same mutations greatly reduce binding of an ovarian
protein, exl, to 2XBLE1 RNA in vitro (Macdonald
et al., 1995). This step also appears to involve func-
tional redundancy, because inactivation of the exl bind-
ing site in the context of the complete bed 3’ UTR or
IV/V alone does not have a significant effect on local-
ization (Macdonald et al., 1993; our unpubl. results). A
further recognition event occurs late in oogenesis or
early in embryogenesis and involves the stau protein.
Stau includes multiple copies of a double-stranded RNA
binding domain (St Johnston et al., 1992), and the pro-
tein appears to interact with helical stem regions of
stem-loops III, IV, and V of the predicted structure of
the bed 3" UTR (Ferrandon et al., 1994, 1997). The exl
and stau binding sites do not seem to overlap with one
another, in that exl binds to sequences not predicted to
form helices in either 2XBLE1 or stem-loop V (Mac-
donald et al., 1995; our unpubl. data). However, be-
cause the binding site or sites involved in recognition
event A have not yet been narrowly defined, overlap
with the binding sites for exl or stau is possible, and
progress through the stages of localization may re-
quire restructuring of ribonucleoprotein complexes.

exu Function

Delineation and separation of RNA recognition events
A and B has also provided new insight into the re-
quirement for exu in bed mRNA localization. Notably,
in exu mutants, localization directed by event A can
extend until stage 9 or 10A, whereas event B-directed
localization is almost undetectable. There are two sim-
ple interpretations of these results. In one model, exu
has different roles for localization directed by the dif-
ferent events. Specifically, exu would perform an early
event B-specific function beginning at stage 6-7. A later
function, either common to both events or limited to
event A, would begin at stage 9-10A. Because exu
protein has RNA binding activity (Wang & Hazelrigg,
1994; Macdonald et al., 1995), the event B-specific early
function could be in RNA recognition. However, exu
RNA binding activity is nonspecific (Wang & Hazel-
rigg, 1994; Macdonald et al., 1995), and the low levels
of correctly localized mRNA that persist in exu null
mutants (Fig. 3A) would argue against such a role for
exu. In the second and simpler model, which we favor,
exu performs a single function for localization initiated
by both recognition events. The exu-dependent step
can now be shown to begin at stage 6-7, when event
B-initiated localization is eliminated in exu mutants.
Why is there a delay in the elimination of event
A-initiated localization (as well as loss of endogenous
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bcd mRNA localization)? In exu mutants, localization
initiated by event A remains active from stage 4-5 to
stage 6-7, and a substantial amount of mRNA be-
comes localized to the oocyte during this interval. Con-
tinued localization until stage 9-10A could simply
reflect perdurance of the previously localized mRNA.
The ratio of localized to unlocalized mRNA appears to
decrease as oogenesis proceeds, consistent with a grad-
ual dilution or loss of the localized mRNA coupled
with accumulation of newly synthesized and unlocal-
ized mRNA.

Previous models for exu function have included both
movement of bed mRNA from the nurse cells to the
oocyte and its anterior localization within the oocyte
(Berleth et al., 1988; Macdonald et al., 1991; Marcey
et al., 1991; Wang & Hazelrigg, 1994). Particular em-
phasis has been placed on the latter role, because exu
protein is transiently concentrated at the anterior of
the oocyte (Wang & Hazelrigg, 1994). However, this
accumulation could be a byproduct of bed localization,
rather than a contributing factor. Indeed, one aspect of
our results supports this interpretation. Specifically,
we find that, in exu mutants, mRNAs transported to
the oocyte by recognition event A proceed to be local-
ized to the anterior margin of the oocyte (Fig. 3A);
thus, exu is not absolutely required for anterior local-
ization in the oocyte. We suggest a more restricted
model of exu function, in which exu acts only in move-
ment of bcd mRNA from nurse cells to oocyte begin-
ning during stage 6. Other factors are then required for
anterior localization. Such a role for exu is especially
attractive in light of studies on the organization of the
microtubule cytoskeleton during oogenesis (Theurkauf
et al., 1992), taken in conjunction with our demonstra-
tion that exu function is initially required at stage 6-7.
Up to stage 6, microtubules extend into the nurse cells
from a microtubule-organizing center in the oocyte.
These microtubles have been suggested to provide
tracks for directed movement of mRNAs from the nurse
cells into the oocyte (Theurkauf et al.,, 1992), and in-
deed bcd mRNA localization is sensitive to micro-
tubule disruption (Pokrywka & Stephenson, 1991). The
initial phase of recognition event A-dependent local-
ization is likely to occur by this mechanism. At stage 7,
cytoskeletal organization undergoes a dramatic change,
and microtubules adopt an anterior to posterior den-
sity gradient in the oocyte (Theurkauf et al., 1992).
This form of polarity is intriguing and often discussed,
because it suggests that the selective use of minus- and
plus-end directed motors can explain how some fac-
tors are localized to the anterior of the oocyte, and
other factors to the posterior (Theurkauf et al., 1992;
Clark et al., 1994, 1997; Li et al., 1994; McGrail et al.,
1995; Karlin-McGinness et al., 1996). Another impor-
tant consequence of the cytoskeletal reorganization,
not so widely discussed, is the loss of obvious micro-
tubule pathways for movement of mRNAs from nurse
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FIGURE 4. Forms of the bed mRNA 3’ UTR used in this analysis. A portion of the 3’ UTR is shown, presented in the form
of the structure predicted in 1990 (Macdonald, 1990) by a combination of computer folding (Zuker, 1989) and phylogenetic
comparison. The major stem loops (III, IV, and V) are shown in their entirety, with most of stems 1 and II indicated by
shaded bars. Endpoints of the truncated versions (IV /V, IVb/V, and V) are indicated with arrows and labeled accordingly.
The sequences removed in the A14S deletion are indicated with a bracket, and the site of the 4496 G>U mutation is
indicated by a labeled arrow. Refolding of the RNA using the current Zuker and Turner mfold 2.3 program and parameters
{http:/ /www.ibc.wustl.edu/ ~zuker/ma/form] .cgi) generates similar structures, with the most variation occurring through-

out stem loop IV and the proximal part of stem loop V.

cells to oocyte (Theurkauf et al., 1992; Karlin-McGinness
et al., 1996). Nevertheless, nRNAs continue to be trans-
ported from nurse cells to oocyte after the reorganiza-
tion (Pokrywka & Stephenson, 1991; Karlin-McGinness
et al., 1996; data presented here). We suggest that the
specific and possibly sole function of exu is to facilitate
this transport in the absence of well-organized micro-
tubule tracks.

MATERIALS AND METHODS

Transgenes

The bed mRNA transgene (bed+1acZ) tagged by addition of
lacZ sequences near the 3’ end of the 3' UTR was that used
previously (Macdonald et al., 1993). A transgene (bcdA3’
UTR +IacZ) lacking most of the 3' UTR, but otherwise iden-
tical to bed +lacZ, was used to test subdomains of the 3' UTR
for localization activity (Macdonald et al., 1995). The sub-
domains were amplified by PCR and had the following end-

points: IV/V, 4389-4663; 1Vb/V, 4413-4633; V, 4413-4573
(nucleotide coordinates from GenBank accession no. X51741).
Fach subdomain was amplified with 5’ BamH I and 3’ Bgl II
sites to facilitate cloning. The IV/V region was also shown to
be active in another reporter, osk/gfp. The osk/gfp transgene
includes the gsk promoter and 5’ UTR, a coding region con-
sisting of the first 37 amino acids of 0sk™OFT protein (Markus-
sen et al., 1995; Rongo et al., 1995) fused to green fluorescent
protein (Chalfie et al., 1994), and a short 3" UTR made of
synthetic linker sequences (including a unique Xba I site)
and the final 32 nt of the nanos mRNA [which provide the
polyadenylation signal (Wang & Lehmann, 1991)]. The osk/
&fp reporter transgene includes none of the sequences in-
volved in either osk or nos mRNA localization (Kim-Ha et al.,
1993; Gavis et al., 1996). For inclusion of IV/V in the osk/gfp
reporter transgene, Xba I and Spe I sites were added to the 5’
and 3’ ends, respectively, and used for cloning into the re-
porter Xba I site. Point mutations were introduced into the
bed 3' UTR or the IV/V region by PCR and were confirmed
by DNA sequencing. All bed 3' UTR mutants described here
are presented in graphic form in Figure 4.


http://www.rnajournal.org

Downloaded from www.rnajournal.org on February 14, 2006

1420

Flies

Transgenic stocks were created by P element-mediated trans-
formation. Multiple independent lines were obtained and
analyzed for each transgene, all in the w!!'® genetic back-
ground. For transgenes to be tested in different genetic back-
grounds, third-chromosome insertions were identified by
segregation tests, and the flies were balanced on the second
and third chromosomes. The balanced stocks were then
crossed to sww'’, exu?, and stau™ stocks for analysis.

mRNA analysis

Localization patterns were determined by in situ hybridiza-
tion using probes specific for lacZ or gfp sequence tags
(Kim-Ha et al., 1993, 1995). RNA levels were determined by
RNAse protection assays (Macdonald et al., 1986).
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