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Localization signals are RNA regulatory elements that direct the localization of mRNAs to subcellular sites.
Localization signals presumably function by mediating RNA recognition events through which the mRNA
becomes associated with the localization machinery. At present little is known about individual RNA recog-
nition events, which in turn has limited progress in identifying the frans-acting binding factors involved in these
events. Here we describe a detailed characterization of the RNA elements required for the RNA recognition
event, event A, that initiates localization of bicoid mRNA in the Drosophila ovary. One element is a helix in
which nucleotide identities are not important, suggesting that it plays a primarily structural role. Immediately
adjacent to the helix is a recognition domain in which the identities of some, but not all, nucleotides are
important for function. Comparison of two related but different RNAs that both support recognition event A
further defines the important features of the recognition domain.

Control of gene expression occurs by a variety of mecha-
nisms. Some of these act to regulate transcription and can
restrict expression to a particular tissue or cell type. Greater
precision in spatial control of gene activity, at a subcellular
level, can be achieved only posttranscriptionally. One mecha-
nism that provides such precision is mRNA localization, the
process by which certain mRNAs are selectively targeted to
specific regions within the cytoplasm of an individual cell. Once
localized, an mRNA can serve as a source for local translation,
allowing the encoded protein to be concentrated at or even
restricted to a single site within the cell. Many examples of
localized mRNAs from animal cells have been described: some
were derived from the germ line gametes, where mRNA lo-
calization can play a crucial role in organization of the basic
body plan, and others were derived from specialized somatic
cells, where the localized mRNAs often contribute to cellular
asymmetries (reviewed in reference 21). Recent work has es-
tablished that the phenomenon of mRNA localization is not
restricted to animals and has provided examples from both
plants and yeast (1, 12, 24). Most, if not all, of these mRNAs
contain a localization signal, the regulatory element or ele-
ments that direct localization. The signals commonly appear in
the mRNA 3’ untranslated regions (UTRs) and must direct
association with the localization machinery (13). One approach
to identifying the factors that mediate this association has been
to first characterize the localization signals; RNA sequences or
structures that are required for localization are the likely bind-
ing sites for the localization factors.

One mRNA localization signal that has been characterized
in some detail is that of the Drosophila bicoid (bcd) mRNA.
The program of bed mRNA localization involves multiple steps
and is carried out during oogenesis and early embryogenesis
(23). In Drosophila melanogaster, the oocyte develops while
connected via cytoplasmic bridges to 15 sister cells, the nurse
cells. The nurse cells synthesize mRNAs and proteins for trans-
port to the oocyte, whose nucleus is transcriptionally inactive
(19). Transcription of bcd mRNA begins in the nurse cells
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during stages 4 and 5 of oogenesis, and the mRNA is imme-
diately concentrated in the oocyte. As oogenesis proceeds,
transport to the oocyte continues, and starting at stage 8 bcd
mRNA becomes localized within the oocyte at the anterior
margin, flanking the nurse cells. Anterior localization persists
into embryogenesis, until the mRNA disappears shortly after
formation of the cellular blastoderm (23). Sequences both nec-
essary and sufficient for this program of localization are found
in the bed mRNA 3’ UTR (17). Progress in understanding how
these sequences act has focused attention on specific RNA
recognition events and on RNA elements that mediate the
recognition events (4, 5, 14-16).

Two redundant RNA recognition events, designated event A
and event B, serve to initiate largely overlapping programs of
bed mRNA localization (Fig. 1) (14). Event A occurs first and
is solely responsible for the earliest transport to the oocyte
during stages 4 to 6 of oogenesis. Subsequently, event B-de-
pendent localization is initiated, and either RNA recognition
event is sufficient for continued localization. Identification of
these events was achieved by mutating the bcd localization
signal, rather than analysis of mutants lacking frans-acting fac-
tors; the genes known to act in localization of bcd mRNA all
contribute only to the later steps in the process (14, 20, 23), and
factors that mediate RNA recognition events A and B remain
to be identified. Elimination of event A, by either a point
mutation (change from G to U at position 4496 [4496 G—U];
numbering from GenBank accession no. X51741) or a small
deletion (A14S, which removes nucleotides 4490 to 4507) in
the stem-loop V region of the predicted structure of the bed 3’
UTR, prevents early (stages 4 to 6) localization, but all later
steps proceed normally. Elimination of event B (whose se-
quence requirements remain poorly understood) is achieved
through use of a subdomain of the localization signal consisting
of stem-loops IV and V (IV-V) and has no detectable effect on
localization during oogenesis, although a final step in embry-
ogenesis is defective. When events A and B are both prevented
through use of a mutated form of IV-V, all steps of localization
are almost completely abolished. Whether events A and B
contribute directly to later stages of localization or only indi-
rectly as prerequisites remains uncertain (14).

The sequences required for event A are contained in the
IV-V region of the 3’ UTR. Shorter RNA segments from IV-V
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FIG. 1. RNA recognition events and localization signals that direct bcd
mRNA localization. The upper diagrams show stage 5 (left) and stage 7 (right)
egg chambers. The germ line nurse cells and oocyte are surrounded by a layer of
somatic follicle cells. At these stages bcd mRNA (dark shading) is localized to a
single cell, the oocyte. RNA recognition events, A and B, are indicated at the
developmental stages when they first arise. The three horizontal arrows indicate
the programs of bcd mRNA localization directed by mutant forms of the bcd
localization signal. Mutant 4496 G—U is defective in event A and initiates
localization late, when event B occurs. The IV-V localization signal is competent
only for event A, but its localization appears like that of the wild type because
events A and B are redundant from stage 7 onwards. The 2XBLE1 RNA
localization signal acts indistinguishably from that of IV-V during these stages
and also does not support event B. Both IV-V and 2XBLE] have later defects:
2XBLE1 fails to support localization beyond stage 10 of oogenesis, and IV-V
displays a defect in embryogenesis. The diagram at the bottom shows the pre-
dicted structure of the bed mRNA 3’ UTR. Stem-loops IV and V together make
up the IV-V localization signal. A portion of the IV-V region includes BLE1,
which when dimerized makes 2XBLEL. Note that although the existence of
certain parts of the structure now has experimental support (this work and
reference 5), this diagram is only a model and may not be completely correct.

lack localization activity, suggesting that sequences contribut-
ing directly or indirectly to binding sites are dispersed in the
primary IV-V sequence (14). One such binding site is likely to
be in the terminal portion of stem-loop V, the site of the point
mutation (4496 G—U) that eliminates event A. Notably, a
short sequence (BLE1; nucleotides 4464 to 4517) from the
terminal portion of stem-loop V by itself lacks localization
activity but can, when dimerized to form 2XBLE], support a
partial program of mRNA localization (Fig. 1; see Fig. 5 for a
diagram of dimerized BLE1) (15). Localization begins nor-
mally at stage 4 or 5, coincident with the onset of event A-de-
pendent localization, but ceases prematurely at stage 10. Al-
though the question of why dimerization allows the isolated
BLE1 to function remains open, the fact that 2XBLEI is active
clearly implies the presence of an important binding site within
the sequence. Here we describe the results of extensive muta-
tional analyses of the terminal portion of stem-loop V and of
2XBLEI to better characterize the putative binding site. Our
results reveal essential structural features as well as nucleo-
tides that appear to form the actual binding site for a factor
involved in recognition event A. This detailed information
about the binding site should facilitate identification of the
protein or proteins with which it interacts.
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MATERIALS AND METHODS

Localization signals. Point mutations were incorporated into oligonucleotides
and introduced into bcd DNA by PCR; all mutations were confirmed by sequenc-
ing. Mutant nomenclature is based on the original numbering of the bed genomic
DNA sequence (GenBank accession no. X51741). Mutations in stem-loop V
were tested in the context of the complete 3’ UTR, using two different reporter
transgenes. One reporter, bed+lacZ, is adapted directly from the bed gene by
insertion, near the end of the 3’ UTR, of a portion of the Escherichia coli lacZ
gene (15). The second reporter is osk/gfp, which consists of the oskar promoter,
the region coding for green fluorescent protein, and a minimal 3" UTR bearing
a unique Xbal site and a polyadenylation signal (14). An EcoRV-Stul bcd
genomic DNA fragment containing almost all of the 3’ UTR was first modified
by addition of Xbal linkers and then cloned into the Xbal site of the osk/gfp
reporter. Mutants tested in the bed+lacZ reporter were those with affected
nucleotides at 4470 and 4471, at 4472 and 4473, at 4474 to 4482, at 4483 and
4484, at 4472 and 4473 as well as at 4483 and 4484, at 4470 and 4471 as well as
at 4485 and 4486, between 4488 and 4489, and at 4492 and 4493. All other
mutations were tested in the osk/gfp transgene.

Altered versions of 2XBLE1 (with both copies of BLE1 bearing the same
mutation) were incorporated into the bed+lacZ reporter transgene as described
previously (16).

Flies. Transgenic Drosophila stocks were created by P-element-mediated
transformation. Multiple independent lines were obtained and analyzed for each
transgene, all in the w’/’8 genetic background.

Analysis of mRNA localization. Ovaries were dissected from healthy well-fed
3- to 4-day-old females and prepared for in situ hybridization as described
previously (8). Digoxigenin-labeled RNA hybridization probes complementary
to the lacZ and green fluorescent protein reporter mRNAs were prepared by in
vitro transcription (25, 27).

RNA folding. Computer prediction of RNA folding (28) was performed over
the Internet on Michael Zuker’s mfold server (http://www.ibc.wustl.edu/~zuker/
rna/forml.cgi). Foldings were made by using parameters at default settings,
except that the temperature was set at 30°C. For 2XBLEI1, only two possible
folds within 10% of the most optimal folding were predicted. The optimal fold
was used to draw the structure in Fig. 5B. The other fold differs in that the large
central bulge now forms two terminal loops, while the terminal loops now form
a large central bulge. The helices of the favored structure still form, but now have
the opposite orientation, i.e., directed towards the central bulge rather than
towards the terminal loops.

RESULTS

The point and small deletion mutations known to affect
RNA recognition event A lie near the end of stem-loop V in
the predicted structure of the bed mRNA 3" UTR (14). To
better define the features of stem-loop V involved in event A,
we created additional mutations and determined their effects
on mRNA localization. All mutations were tested in the con-
text of reporter mRNAs carrying the complete bed mRNA 3’
UTR, such that event A was monitored in the presence of
event B. Thus, event A activity was revealed by localization of
mRNA to the oocyte during the earlier stages of oogenesis
(Fig. 1). When event A is defective, localization is dependent
on event B and begins later; the event B-dependent localiza-
tion provides a simple control to ensure that the transgenic
mRNA is expressed and is competent for localization.

Each of the mutations tested alters a particular feature of
the predicted structure of the RNA, which includes a terminal
loop and an extensive helical region that is distorted at several
positions by bulged nucleotides (see Fig. 3). Examples of the
data are shown in Fig. 2, and all of the results are summarized
in Fig. 3.

The role of the terminal loop was tested by replacement with
a GAAA tetranucleotide. In structurally characterized RNAs a
tetraloop forms a stable loop when adjacent to a helix (2, 3,
26). The tetraloop mutation had no effect on event A, as the
early localization to the oocyte remained normal (Fig. 2B).

Each of the three predicted bulges was eliminated by dele-
tion or by substitutions that would support base pairing. The
outer bulge (closest to the loop) consists of an unpaired C in
the left (5'-most) strand of the helix. Its importance was tested
by introducing a complementary G in the right strand of the
helix. There was no effect on event A-dependent localization
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FIG. 2. Localization of mRNAs bearing mutations in the stem-loop V region
of the bed 3" UTR. In all panels transgenic mRNAs were detected by in situ
hybridization to whole-mount ovaries. Developmental stages advance from left
to right. Structural features mentioned here can be seen in Fig. 3. (A) The
wild-type mRNA localization signal directs localization to the oocyte as soon as
the mRNA appears, beginning at stage 4 or 5. (B) Localization of the mRNA
bearing the tetraloop mutation at positions 4474 to 4482 is normal. (C) Elimi-
nation of the distal bulge in mutation of position 4488b has no effect on local-
ization. (D) Elimination of the central bulge in RNA bearing a mutation at
positions 4492 and 4493 completely abolishes the event A-dependent localization
step. The mRNA accumulates in the nurse cells (grey staining) but is not con-
centrated in the oocyte. (E and F) Evidence of base pairing in the predicted stem
structure. The 4483,4484 GA—CU mutation disrupts two predicted base pairs
and is defective in event A-dependent localization (E), but restoration of base
pairing through compensatory changes in RNA bearing the 4472,4473 UC—AG
and 4483,4484 GA—CU mutations restores localization (F). (G to J) RNAs
bearing mutations that define a proposed recognition domain. The upper two
predicted base pairs are not essential, as mutation at positions 4494 and 4495 (G)
or at positions 4462,4463,4494, and 4495 (H) has no effect on event A. In
contrast, alteration of nucleotides at positions 4496 and 4497 eliminates local-
ization (I). Introduction of compensatory changes in RNA bearing mutations at
positions 4460 and 4461 as well as at positions 4496 and 4497 partially restores
event A-dependent localization (J). Note the accumulation of the mutant mRNA
(grey staining) in the nurse cells of the central egg chamber in panel J, with no
obvious concentration in the oocyte. Slightly later the mRNA does become
localized to the oocyte, as seen in the egg chamber at the right. This delay in
event A-dependent localization is observed consistently and reveals that simple
base pairing at these positions in the structure is not sufficient for complete
activity. Rather, both base pairing and nucleotide identity are important, impli-
cating this region of the structure in recognition (i.e., protein binding). (K and L)
Mutations in the proximal portion of stem-loop V have no effect on event A.
Mutations at positions 4457 and 4458 (K) and 4500 and 4501 (L) disrupt a base
pair of the predicted helix below the recognition domain but produce normal
mRNA localization.
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FIG. 3. Summary of mutagenesis of stem-loop V. The RNA structure is that
predicted for the stem-loop V region. For convenience, the extensive predicted
helical region is divided into three parts, outer, middle and inner, as discussed in
the text. Replacement nucleotides of primary mutations are indicated by arrow-
heads at the immediate left and right of the structure. At the far right, arrows
point to secondary compensatory mutations that restore predicted base pairing
interactions disrupted by certain primary mutations. All but four of the muta-
tions are simple substitutions in which there is no change in the total number of
nucleotides. For the four mutations that involve either addition or deletion of
nucleotides, the affected regions are indicated by brackets at the immediate right
of the structure. Mutations defective in RNA recognition event A-dependent
mRNA localization are shaded, while those retaining event A activity are not.
The mutation involving positions 4460 and 4461 as well as 4496 and 4497 has
partial event A activity and is indicated by an asterisk.

(Fig. 2C), revealing that the bulge is not required for that
process. In contrast, mutations altering the other two bulges
eliminated event A-dependent localization, and the mRNA
appeared in the nurse cells during the early stages of oogene-
sis, rather than in the oocyte (Fig. 2D and 3). The central bulge
involves a UA dinucleotide on the right strand of the helix and
was mutated by deletion of both nucleotides. The inner bulge
consists of a C on the left strand of the helix and a UC on the
right strand. In the mutated RNA the UC was replaced with a
G, to allow base pairing with the bulged C on the opposite
strand. Because these mutations disrupt event A, we conclude
that features of this region are essential for RNA recognition
by a localization factor or factors.

Portions of the predicted helix were mutated in two nucle-
otide units, using compensatory mutations to test for base
pairing. The predicted helical region is considered in three
parts: an outer segment between the central bulge and the
loop, a middle segment between the central and inner bulges,
and an inner segment proximal to the inner bulge. For the
outer segment all of the mutational data support the existence
of the helix. Each dinucleotide mutation tested (all of which
collectively cover six of the nine predicted base pairs) elimi-
nated event A (Fig. 2E and 3). Compensatory mutations re-
stored the predicted base pairing while exchanging nucleotides
between the two strands of the helix. In each case event A
localization was regained for these doubly mutated RNAs (Fig.
2F and 3). These results lead to three conclusions. First, the
region of stem-loop V from the central bulge to the loop is
extensively base paired and thus largely helical. Second, this
helical region is required for RNA recognition event A. Third,
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the identities of particular base pairs within the helical region
are not crucial for event A, as base pair replacements (i.e., the
compensatory mutations) have no marked effect on event A (at
least for the six base pairs tested). Notably, the only predicted
bulge within the outer segment of the predicted helix can be
converted to a base pair with no effect on event A (see above).

The middle segment of the predicted helix lies between the
central and inner bulges and includes the site of a point mu-
tation (4496 G—U) previously shown to eliminate event A
(14). A dinucleotide mutation (4494,4495 AA—UU) that
would disrupt the two distal base pairs has no effect on event
A (Fig. 2G). Similarly, a mutation that exchanges bases across
the helix at these positions does not impair event A (Fig. 2H).
Therefore, event A does not require specific nucleotides or
base pairing at these positions. In contrast, either of two dinu-
cleotide mutations (4460,4461 UC—AG and 4496,4497
GA—CU) that would disrupt the two proximal base pairs
abolishes event A (Fig. 21 and 3). When these dinucleotide
mutations are combined to introduce compensatory changes
that would restore base pairing, event A is only partially re-
stored (Fig. 2J and 3). The results indicate (i) that nucleotides
at these positions must be base paired and (ii) that the iden-
tities of some, if not all, of the four affected nucleotides are
important for RNA recognition event A (see Discussion).

The inner segment of the predicted helix extends proximally
from the inner bulge. Dinucleotide mutations that disrupt the
first four base pairs in either strand of the predicted helix have
no effect on event A-dependent mRNA localization (Fig. 2K
and L and 3). Similarly, exchanging bases across the predicted
helix does not interfere with event A (Fig. 3). Thus, neither
nucleotide identity nor base pairing is required in this region
for event A.

We conclude that the RNA element involved in recognition
event A consists of two parts. One is a recognition domain,
made up of the proximal two predicted bulges and the se-
quences between them (the middle part of the predicted helix
shown in Fig. 3). The identities of some, but not all, of the
nucleotides in this region are important for recognition. Nu-
cleotides whose identities are not important could still play a
structural role, as in maintaining correct spacing. The second
part is a flanking helix (the outer part of the predicted helix
shown in Fig. 3). The role of the helix could be structural, e.g.,
facilitating correct folding of the recognition domain. The helix
could also be a substrate for binding of a protein that recog-
nizes double-stranded RNA, although this protein could not be
solely responsible for event A. These roles are not mutually
exclusive, and the helix could contribute to both structure and
protein binding.

Mutational analysis of BLE1. 2XBLE]1 is a dimerized por-
tion of stem-loop V from the bed mRNA 3" UTR that directs
a large part of the bcd localization program. Although
2XBLEL is an artificial localization signal, it nevertheless re-
tains key features of the intact bed localization signal, including
the ability to direct mRNA localization to the anterior of the
oocyte and a dependence on exu for a specific phase in its
activity (15). 2XBLE1 has served as an attractive model for the
analysis of localization signals, as its activity is sensitive to point
mutations, allowing for the study of correlations between in
vivo activity and in vitro binding to proteins (16). There are two
phases in the action of 2XBLEI: the initial recognition by the
localization machinery beginning at stage 5 of oogenesis that
directs localization to and within the oocyte and the Exl-bind-
ing-protein-dependent persistence of localization during stage
9. Only the latter step has been studied in any detail (16). The
early step appears to be identical to the recently defined RNA
recognition event A-dependent step of bcd mRNA localization
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FIG. 4. Mutational analysis of the 2XBLE1 localization element. (A to D)
Localization patterns directed by wild-type and mutant forms of 2XBLE1 during
stages 5 to 9 of oogenesis. (A) Wild type. The mRNA is concentrated in the
oocyte beginning at stages 4 and 5. Localization is less efficient than that directed
by the complete bed 3’ UTR, and nurse cell staining is evident. (B) Mutant
bearing 4496 G—U. No oocyte localization is detected, and the mRNA is dis-
persed throughout the nurse cells. (C) Mutant bearing 4514 U—C. Localization
is indistinguishable from that of the wild type. (D) Mutant bearing 4484 A—U.
Localization to the oocyte (arrows) is extremely weak, with most of the mRNA
dispersed throughout the nurse cells.

(14), as both direct mRNA localization from the nurse cells to
the oocyte, they occur with the same developmental timing,
and both depend on sequences from stem-loop V.

To better appreciate how BLEL is initially recognized by the
mRNA localization machinery, and as an aid in understanding
RNA recognition event A, we performed a systematic mu-
tagenesis of the element. Single nucleotide mutations were
introduced into both copies of BLE1 in a 2XBLE1 reporter
transgene, and mRNA localization was monitored during
stages 5 to 9 of oogenesis, when 2XBLEI] is active but not yet
dependent on Exl protein. Examples of the data are shown in
Fig. 4, and all of the results are summarized in Fig. SA. As for
stem-loop V, interpretation of the mutants of 2XBLE1 is fa-
cilitated by comparison with an RNA structure. Computer
prediction suggests a structure containing RNA elements very
similar to those of the stem-loop V region but present in two
copies. We describe the effects of the mutations in three group-
ings according to their positions within the predicted 2XBLE1
structure.

Mutations of one group (region III in Fig. 5B) are from the
central portion of the 2XBLEL1 structure, including the inter-
nal loop and immediately flanking helical regions. All of these
sequences lie outside of the region of stem-loop V implicated
in RNA recognition event A. Not surprisingly, none of these
mutations has any effect on the early, Exl-independent local-
ization of the reporter mRNA (Fig. 4C and 5). There is no
evidence to suggest that the predicted base pairs exist, and this
portion of the RNA may be entirely unstructured. This region
includes the binding site for Exl protein (16).

Mutations of another group (regions Ia and Ib in Fig. 5B) lie
within a domain identical to the terminal loop and the adjacent
helical region of stem-loop V. These mutations mimic similar
mutations in stem-loop V: no changes in the loop have any
effect on localization (Fig. 5), while all changes that disrupt
predicted base pairings greatly reduce or eliminate localization
(Fig. 4D and 5). Thus, it is very likely that this region adopts
the structure demonstrated for stem-loop V.

Mutations of the final group (regions lla and 1lb in Fig. 5B)
lie within an adjacent region that corresponds to the recogni-
tion domain of stem-loop V and has a similar, although not
identical, structure. Mutations in this region of 2XBLE1 have
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FIG. 5. Summary of mutagenesis of 2XBLE1. (A) Summary of 2XBLE1
mutant analysis. Data for seven of the mutations (those noted with an asterisk)
are from reference 16. Localization was monitored at stages 5 to 9 of oogenesis.
A plus sign indicates mRNA localization to the oocyte that is similar or identical
to that of wild-type 2XBLE1. A minus sign indicates little or no oocyte local-
ization. (Some of the mutants labeled with a plus sign, i.e., those that fail to bind
Exl protein, do have a localization defect, but it occurs in a later step in the
process [16].) (B) Predicted structure of 2XBLE1 RNA. Nucleotides from the
bcd mRNA are in uppercase, and linker sequences that flank and join the two
copies of BLE are in lowercase. The 5’ and 3’ ends are indicated in the lower
right quadrant. The structure is divided into regions, labeled I, II, and III, to
facilitate description of the mutations in the text. The regions corresponding to
the helix domain of stem-loop V are indicated by arrows. Notably, all mutations
that would eliminate a base pair of these helices disrupt localization, while
mutation 4491 U—C, which greatly strengthens a base pair, retains normal
localization. The regions corresponding to the recognition domain of stem-loop
V are shown with several additional base pairings between bcd and linker se-
quences, as predicted by computer analysis. We argue that this region adopts a
slightly different structure, that shown in Fig. 6 (see text and legend to Fig. 6).

effects (Fig. 5) consistent with the notion that it is functionally
equivalent to the stem-loop V recognition domain. The inter-
pretation is simplest for mutations at positions 4494 to 4497,
where substitution mutations were tested in both 2XBLE1 and
stem-loop V. The same effects were observed in both RNAs:
mutations at 4494 and 4495 had no effect on localization, while
changes at 4496 and 4497 eliminated event A (Fig. 4B and 5).
Mutations affecting the proximal bulge were of different types
in stem-loop V and 2XBLE], but they led to the same result:
conversion of 4498 and 4499 from UC to G in stem-loop V
abolished localization, as did 4498 U—A and 4499 C—G in
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FIG. 6. Proposed organization of the stem-loop V recognition domain. Se-
quences from the helix and recognition domains of stem-loop V, and from the
corresponding regions of 2XBLE1, are shown. All of the predicted base pairings
in the helix that have been tested by mutation are required for event A. Muta-
tional data for the recognition domain are less straightforward and are summa-
rized by a shading scheme to allow comparison. Nucleotides that when mutated
eliminate event A-dependent mRNA localization are indicated by background
shading. Nucleotides that can be mutated with no effect on event A are indicated
by grey letters. Nucleotides from the recognition domain not tested by mutation
are indicated by black letters with no background shading. The results are in
complete agreement except for the A indicated by arrowheads. This A was
removed in a two-nucleotide deletion from stem-loop V and was replaced with
a U in 2XBLEL. Thus, the discrepancy could be due to the different types of
mutations tested. The primary differences among the different recognition do-
mains all occur at positions where mutations have no effect or were not tested.

2XBLEI. For the final mutation in this region of 2XBLE1 the
interpretation is less straightforward, since dinucleotide muta-
tions that alter the same nucleotide in stem-loop V had differ-
ent effects: in 2XBLEI, 4493 A—U had no effect on localiza-
tion, while in stem-loop V, deletion of 4492 and 4493
eliminated event A-dependent localization. However, the dif-
ferent results may well reflect differences in the mutations
tested: deletion versus substitution and a change of two nucle-
otides versus one nucleotide. The striking similarities in func-
tion and overall structure, together with the mutational data,
strongly support the argument that both stem-loop V and
2xXBLE1 mediate interaction with the same recognition factor
or factors.

Although the proposed recognition domains of stem-loop V
and 2XBLE]1 are very similar, there are some differences that
may help define the structure of this region (Fig. 6). The
differences appear because in 2XBLE1 one strand of the do-
main is contributed by the synthetic oligonucleotide linkers
placed at the ends of BLE1 and used to join the two copies of
BLE1. The two nucleotides of this strand shown to be essential
in stem-loop V are provided fortuitously by the linker, but all
other nucleotides differ. The UU of the left strand of stem-
loop V, which can be mutated to AA in stem-loop V with no
effect on event A, is replaced by a single C in 2XBLELI. Thus,
it appears that neither the identities nor the exact number of
nucleotides at this position is important. The bulged C at the
base of the recognition region in stem-loop V was not tested by
mutation, but the conversion to an A in 2XBLE1 suggests that
the identity of this nucleotide is also not important for func-
tion. These results allow us to tentatively define the essential
features of the RNA element from stem-loop V that acts in
RNA recognition event A (Fig. 6).

Nuclear accumulation of mutant bed mRNAs. A subset of
the mutations introduced into the stem-loop V region of the
bed 3" UTR were associated with an unusual phenotype, nu-
clear accumulation of the mRNA (Fig. 7). This effect can be
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FIG. 7. Nuclear accumulation of mutant mRNAs. The transgene, mRNA bearing the 4457,4458 UU—AG mutation is localized to the oocyte in stage 5, displaying
no nuclear accumulation (A [center egg chamber]). Subsequently, high levels of the mRNA are detected in the nurse cell nuclei (A [right egg chamber]). Nuclear
accumulation remains intense as oogenesis proceeds (B). A portion of the egg chamber shown in panel B, containing the oocyte nucleus, is outlined and is shown at
greater magnification in panel C. The oocyte nucleus lies beneath the vertex of mRNA localized to the anterior margin and anterolateral cortex of the oocyte. There
is no nuclear accumulation of the mRNA in the oocyte nucleus, which does not transcribe bcd mRNA. Therefore, concentration of the mutant transcripts in the nuclei
is more likely the result of nuclear retention or stabilization rather than of nuclear import. The conclusion is only tentative, as the nurse cells and oocyte have quite
different functions and nucleocytoplasmic trafficking could differ substantially between them. Later in oogenesis nuclear accumulation is gradually lost (D), disappearing

by stage 10b (E).

attributed to the mutations in the bed mRNA (rather than to
the site of transgene insertion in the genome, for example), as
it appears consistently in independent transgenic lines (Table
1). There is no correlation between RNA recognition event A
activity and nuclear accumulation: some, but not all, of the
mutations that eliminate event A lead to nuclear accumulation;
similarly, some mutations with no effect on event A result in
the nuclear accumulation phenotype, and some do not (Table
1). Furthermore, although all mutations giving rise to this
effect are at the lower portion of the sequences of stem-loop V
considered here, there is no obvious explanation of why certain
mutations lead to nuclear accumulation while others do not
(Table 1).

The developmental progression of nuclear accumulation is
quite consistent, beginning at stage 6 or 7, becoming most
prominent during stages 8 and 9, and disappearing by stage 10b
(Fig. 7). RNA levels appear to be transiently increased during
the phase of nuclear accumulation, raising the possibility that
the mutations stabilize a labile nuclear form of the mRNA.
Because there is as yet no indication that the phenotype is
related to mRNA localization, we have not attempted to con-
firm that the mRNA levels are indeed elevated.

DISCUSSION

RNA signals that direct localization of mRNAs during oo-
genesis and in early-stage embryos tend to be functionally
redundant (6, 7, 9, 11, 14, 15), a feature that has hindered
progress in defining the essential features of the signals. In
previous work we identified a nonredundant form of the becd
localization signal, 2XBLE1, whose entire program of local-
ization could be eliminated by a single point mutation (16). We
also showed that the earliest step of localization directed by the
complete bed 3" UTR did not involve redundant RNA recog-
nition events and that a point mutation in the bcd 3" UTR
could eliminate this early localization, although later steps
proceeded normally (14). Given mutations with such dramatic
effects on localization, we can begin to define in detail the
RNA elements responsible for association of bcd mRNA with

TABLE 1. Nuclear accumulation of mRNA

Mutation(s) in bed mRNA® % Nuclear = Event

accumulation” A
Tetraloop 0,0 +
4483,4484 GA—CU 0,0 -
4472,4473 UC—AG and 4483,4484 GA—CU 0,0,0 +
4470,4471 AA—UU 0,0,0 -
4470,4471 AA—UU and 4485,4486 UU—AA 0,0,0 +
4488b + G 0,0,0 +

4465,4466 GG—CC 0,0
4489,4490 CC—-GG 0,0 -
0, 0.

4465,4466 GG—CC and 4489,4490 CC—GG , 0,0 +
A4492,4493 0,0 -
4494,4495 AA—UU 0,0,0 +
4462,4463 UU—AA and 4494,4495 AA—-UU 6, 10, 13 +
4460,4461 UC—>AG 0,0,0 -
4496,4497 GA—CU 0,0 -
4460,4461 UC—AG and 4496,4497 GA—CU 74, 66,57  +/=°
4498,4499 UC—-G 71,96,90 -
4457,4458 UU—AG 74, 58 +
5000,5001 GA—UU 0,0,0 +
4457,4458 UU—AG and 5000,5001 GA—UU 0,0 +
4455,4456 GU—CA 6,2 +
5002,5003 AC—=UG 0,4 +
4455,4456 GU—CA and 5002,5003 AC—-UG 89, 85 +

“ All mutations in each group (indicated by spaces) affect the same part of the
structure. Position in the table corresponds to position in stem-loop V.

® Multiple independent transgenic lines were examined for each mutation.
Values are the percentages of appropriately staged egg chambers displaying
nuclear accumulation of the transgene mRNA. At least 100 egg chambers were
scored for each transgenic line.

¢ +/—, partial event A activity.
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the localization machinery. We have taken that approach here,
focusing on stem-loop V of the bed 3" UTR and on 2XBLEI.
These RNAs appear to mediate the same RNA recognition
event, event A, and the analysis of both RNAs provided a more
elaborate description of the underlying structure than would
have been possible with either RNA alone.

From our studies we have defined two RNA structural ele-
ments that are required for event A-dependent mRNA local-
ization: a recognition domain and a flanking helix (Fig. 6). Our
data place constraints on the structure of the recognition do-
main, but the mutational approach taken here is not sufficient
to provide a complete description of its structure. Although the
use of additional mutations would add to our understanding of
how the recognition domain is organized, the information
available now is sufficient to direct attention to this region in
searches for RNA binding proteins expected to act in event A.
Further definition of the structure by an approach less depen-
dent on the generation of many transgenic fly stocks might be
more easily undertaken once these proteins have been isolated.
The second RNA element required for event A is a flanking
helix. It may play a purely structural role in promoting correct
folding of the recognition domain, thereby facilitating binding
of a localization factor. Although the helix could also mediate
a protein contact, only a limited degree of binding specificity is
attainable, as numerous bases can be exchanged across the
helix with no obvious loss of localization activity. However,
specificity in binding could be achieved by protein-protein con-
tacts, rather than protein-RNA contacts. Notably, the same
helical region has also been implicated in a late, staufen-de-
pendent step of localization. Staufen protein contains multiple
double-stranded RNA binding motifs (22), and an indirect
assay suggests that Staufen binds to this helix (5). Nevertheless,
Staufen is not required for RNA recognition event A (14).
Thus, if Staufen actually binds to the helical region of stem-
loop V, a factor involved in event A may need to be displaced.

The bcd localization signal is the second for which there is
clear evidence of a requirement for highly structured RNA
motifs. Characterization of the TLS element of the Drosophila
K10 mRNA revealed that a stem-loop structure mediates lo-
calization of that mRNA (18). Although the TLS directs nurse
cell-to-oocyte mRNA transport, the step requiring bed stem-
loop V, the two elements have substantial differences. The only
similarity is the presence of an essential helical region, and the
TLS does not have an obvious counterpart to the stem-loop V
recognition domain (18). Thus, these two elements are unlikely
to interact with the same recognition factors.

The RNA element characterized here is required for RNA
recognition event A, but in the context of the bed 3" UTR it is
not sufficient. The IV-V subdomain of the bed 3" UTR (con-
sisting of stem-loops IV and V of the predicted structure)
supports event A, but stem-loop V alone does not (14). Thus,
other regions of IV-V must also contribute to event A. These
sequences have been roughly mapped by deletion analysis (ref-
erence 15 and unpublished data) and include the distal portion
of stem-loop IV. How do the different parts of IV-V contribute
to RNA recognition event A? There are two simple options.
First, the different regions could provide separate binding sites,
either reiterated sites for a single factor (or set of factors) or
qualitatively different sites that bind distinct factors. All sites
would have to be occupied for localization activity, much as
certain transcriptional enhancer elements require binding of
homo- or heterodimers for function (10). In this scenario the
element we have defined could correspond to a single binding
site. Second, the different regions could be folded into a single
binding site for one or more factors. For this option the ele-
ment defined here would be only a part of a larger structure.
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Comparison with 2XBLE1 suggests that the former option is
the more likely. In 2XBLE1 the bcd sequences are from stem-
loop V; all stem-loop IV sequences are absent. Nevertheless,
2XBLEI1 supports a program of localization whose early steps
are indistinguishable from those directed by RNA recognition
event A. The unique feature of 2XBLEI is the presence of two
copies of the RNA element—helix and flanking recognition
domain—defined here. Thus, the simplest explanation of
2XBLE] activity is that it provides reiterated binding sites for
a localization factor. This factor might normally bind to mul-
tiple sites in IV-V. Alternatively, duplication of a site normally
present in a single copy might compensate for the lack of a
second binding site that appears in IV-V but not 2XBLEL.
Examination of the IV-V sequence and predicted structure
does not reveal an obvious second copy of the RNA element
defined here, but this could reflect our still-incomplete under-
standing of its structure.

The finding that certain mutations in the bed 3' UTR lead to
nuclear accumulation of the mRNA is unexpected, as none of
the previously characterized 3’ UTR deletion mutants or
2XBLE1 mutants displayed this property (15, 16). Because
nuclear accumulation is not correlated with a recognized
mRNA localization event, the significance of this phenotype is
uncertain. Nuclear accumulation may arise because certain
mutations fortuitously increase the affinity of the mRNA for a
nuclear protein. However, it seems more likely that a normally
labile nuclear population of bcd mRNA is stabilized, as nuclear
accumulation appears to involve a transient increase in mRNA
levels. An explanation of this phenomenon will clearly require
substantial additional analysis.
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