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The process of mRNA localization, often used for regulation of gene expression in polarized cells, requires
recognition of cis-acting signals by components of the localization machinery. Many known RNA signals are
active in the contexts of both the Drosophila ovary and the blastoderm embryo, suggesting a conserved
recognition mechanism. We used variants of the bicoid mRNA localization signal to explore recognition
requirements in the embryo. We found that bicoid stem-loop IV/V, which is sufficient for ovarian localization,
was necessary but not sufficient for full embryonic localization. RNAs containing bicoid stem-loops III/IV/V did
localize within the embryo, demonstrating a requirement for dimerization and other activities supplied by
stem-loop III. Protein complexes that bound specifically to III/IV/V and fushi tarazu localization signals
copurified through multiple fractionation steps, suggesting that they are related. Binding to these two signals
was competitive but not equivalent. Thus, the binding complexes are not identical but appear to have some
components in common. We have proposed a model for a conserved mechanism of localization signal recog-
nition in multiple contexts.

Subcellular localization of mRNAs is a process widely used
to concentrate accumulation of proteins at specific sites (3, 23,
26, 37, 45). In most cases, the mechanism of localization in-
volves directed movement, and mRNAs appear to traffic along
cytoskeletal elements. Molecular motors, including members
of the dynein, kinesin, and myosin families, are required for
localization of many mRNAs, and multiple motors may con-
tribute to a single localization event (2, 4–7, 11, 20, 27, 36, 42,
49, 53). It is generally believed that the motors power translo-
cation directly, moving along microtubules or microfilaments
with mRNAs as cargo. The association of mRNAs with motors
or other transport intermediates relies on signals contained
within the localized mRNAs, most commonly found in 3� un-
translated regions (UTRs) (3, 45).

Developing Drosophila oocytes and embryos localize a large
number of mRNAs, many of which display similar programs of
movement (3). In the ovary, most localized mRNAs are effi-
ciently transported into the oocyte from their sites of transcrip-
tion in the associated nurse cells during early stages of oogen-
esis. In the syncytial blastoderm stage of embryogenesis,
mRNAs encoding the pair rule segmentation proteins are lo-
calized apically, between the peripheral nuclei and the embryo
cortex. Despite widely overlapping patterns of mRNA local-
ization in each context, only one case of conservation between
localization signals has been observed. Both the fs(1)K10 and
orb mRNAs are concentrated in the oocyte early in oogenesis
and accumulate transiently at the anterior of the oocyte during
stage 7–8 (25, 40). An A- and U-rich sequence predicted to
form a stem-loop structure has been identified as the fs(1)K10

localization signal (41), and a similar element is found within
the less precisely mapped orb signal (25). None of the other
mRNAs known to localize within the ovary appear to contain
a similar signal. The general theme of localization signals with
related functions but no obvious sequence similarities extends
to the pair rule genes: signals for the hairy (h) and fushi tarazu
(ftz) mRNAs have been mapped to their 3� UTRs, but there
are no obvious similarities (10, 13).

The absence of similarities among most localization signals
suggests that each is recognized by dedicated localization fac-
tors. If so, it seems unlikely that a signal would retain activity
in a foreign setting, where cognate recognition factors would
presumably not be expressed. However, the demonstration
that certain localized mRNAs from Drosophila germ line cells
were localized when ectopically expressed in ovarian follicle
cells provided the initial indication that this notion is incorrect
(21). This phenomenon was investigated more closely by Bul-
lock and Ish-Horowicz (9), who used an RNA microinjection
assay to show that many localized mRNAs from ovaries can
also be apically localized in embryos. Remarkably, the con-
verse is also true, and pair rule mRNA signals that direct apical
localization in embryos are competent to support the fs(1)K10-
like program of early localization in ovaries. Furthermore,
BicaudalD (BicD) and Egalitarian (Egl), localization factors
that appear to mediate contacts between RNA signals and
microtubule-based motors, are required for embryonic exam-
ples of mRNA localization and are implicated in mRNA lo-
calization events in the ovary as well (9, 14, 22, 33, 35, 48).
Thus, there is at least partial conservation of both the signals
and machinery used for mRNA localization. The apparent
absence of similarities in the sequence of the signals active for
both ovarian and embryonic localization is quite curious.

The bicoid (bcd) mRNA localization signal, which is nor-
mally active in the ovary and retains its activity in foreign
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settings, has been studied in detail and provides a good exam-
ple to use in addressing questions about conservation of local-
ization machinery. The early phase of bcd localization is di-
rected by stem-loop IV/V, a subdomain of its 3� UTR (30) (see
Fig. 3). Subtle mutations that disrupt predicted secondary
structural elements of IV/V block early localization, even when
introduced into the complete bcd 3� UTR (29). Thus, IV/V is
both necessary and sufficient for the program of early ovarian
localization similar to that supported by fs(1)K10 and heterol-
ogous embryonic localization signals. This apparent similarity
between the activity of IV/V and that of embryonic signals is
reinforced by the behavior of subtle mutations within IV/V
that block activity in the ovary (29, 34) and also inhibit apical
localization by the full-length bcd signal in the embryo (9; data
presented here). If the recognition machinery is highly con-
served between ovaries and embryos, as has been suggested,
then the IV/V localization signal would be expected to support
apical localization in the embryo.

We have tested that prediction and found that the IV/V
domain of the bcd signal is necessary but not sufficient for
robust apical localization within the embryo. Other regions of
bcd RNA and the ability to dimerize are also required. On the
basis of these results and the properties of isolated protein
complexes that bind both ovarian and embryonic localization
signals, we have suggested that a general strategy for recogni-
tion of localization signals is conserved, even though the rec-
ognition machinery does not appear to be highly conserved,
and the signals themselves bear no obvious sequence similarity.

MATERIALS AND METHODS

Plasmids. The plasmid used to synthesize bcd cRNA contained 22 nucleotides
(nt) of the 5� UTR and the full-length coding sequence and the 3� UTR. Plasmids
for transcription of bcd cDNA with subdomains of the bcd 3� UTR were con-
structed by modification of a bcd cDNA with 22 nt of the 5� UTR and the first
42 nt of the 3� UTR. DNA fragments corresponding to 3� UTR subdomains were
inserted at the 3� end of the truncated 3� UTR and contained the following
nucleotides: stem-loop III, 1890 to 2052; stem-loops IV/V, 2053 to 2327; stem-
loops III/IV/V, 1890 to 2327 (coordinates of the sequence with GenBank acces-
sion no. nm_169157). The LS11 mutant of IV/V was from reference 34, and an
LS11 mutant of III/IV/V was constructed by the same approach. The 3� UTR
deletion series �5 to �20 were derived from the corresponding plasmids in
reference 31 and constructed by subcloning into a plasmid containing a bcd
cDNA with 22 nt of its 5� UTR. The series of plasmids used to test the impor-
tance of the bcd dimerization motif, p875(w,w), p875(m,w), p875(w,m),
p875(m,m), p875(L,R), and p875(HIV) were generously provided by Christine
Brunel and are described in reference 52. The plasmid encoding the bcd coding
sequence is described in reference 1, and the green fluorescent protein (GFP)
sequence is described in reference 43.

The D. melanogaster ftz RNAs for injection were prepared from a full-length
cDNA or from a cDNA lacking the 3� 121 nt. The �1 and �2 mutations (see Fig.
5B) were introduced into these template DNAs by Quikchange (Stratagene)
mutagenesis. The Drosophila hydei ftz DNA template corresponds to a 538-bp
HindIII/NcoI fragment of genomic sequence (GenBank accession number
X79494) containing the predicted ftz localization element (FLE) and 333 bp of
5� flanking sequences.

For RNA binding assays, the ftz RNA used encompassed most of the 3� UTR
(nt 2392 to 2835 of the ftz gene; accession no. X00854), either in the wild-type
form, with the �1��2 deletion mutations (Fig. 5B), or with nt 2478 to 2680
deleted in ftz �FLE.

Fly stocks. w1118 Drosophila melanogaster was used as the wild type, and
P[sryDB56]/�; sry �14/Df(3R) X3F (38) was used in bcd RNA null experiments.

Fluorescent RNA synthesis. Fluorescent RNAs were synthesized in accor-
dance with the manufacturer’s (Molecular Probes) instructions. Typically, the
transcription reaction contained 500 ng of linearized plasmid DNA, T7 RNA
polymerase, 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, 0.35 mM UTP, 2 mM
7mG(5�)ppp(5�)G cap analogue, and 0.13 mM Alexa 488-labeled UTP (Molec-

ular Probes). RNAs were treated with DNase I, spun through a Sephadex G50
column, extracted with phenol chloroform, precipitated with ethanol in the
presence of ammonium acetate, and resuspended in water.

Fluorescent RNA injections. Dechorionated embryos were affixed to glass
coverslips and injected with 500 ng of fluorescent RNA per �l under series 700
halocarbon oil (Halocarbon Products Corporation, River Edge, N.J.). RNAs
were injected into the yolk-filled cytoplasm closest to the dorsal surface of
syncytial blastoderm embryos and examined for localization 10 to 12 min after
injection or monitored via time-lapse microscopy over a 10-min period with a
Leica TCS SP2 inverted confocal microscope. The results of the injections were
consistent between injections on different days and from RNA produced in
different transcription reactions. In a single injection experiment, RNAs were
characterized as having strong apical localization activity if the RNA was con-
centrated at the apical surface (this apical concentration may be less than the
wild-type concentration in some cases), as weakly localized if particles were
present but not concentrated in the apical cytoplasm, or as having no apical
localization (see Table 1).

Ovaries were dissected from well-fed 3-day-old females into series 95 halocar-
bon oil on glass coverslips. Individual egg chambers were teased apart with
forceps and transferred to the stage of a confocal microscope, where nurse cells
were injected with RNA. The degree of anterior RNA localization was deter-
mined after 30 min of observation. Injections into P[sryDB56]/�; sry �14/
Df(3R)X3F were performed with egg chambers removed from females raised at
18°C (containing little or no bcd mRNA [38]) that were injected at room tem-
perature. No difference was detected between the results from these injections
and those from injections into females with the same genotype raised at room
temperature (data not shown).

RNA binding assays. Preparation of probe and competitor RNAs and mobility
shift assays were performed as described previously (1), except for the reaction
conditions when the FLE was used as a probe: 35 mM HEPES (pH 7.4)–1 mM
MgCl2–70 �g of heparin per ml–60 �g of yeast tRNA per ml–1.2 mM spermi-
dine–150 mM KCl–1% glycerol. ftz-derived RNAs were folded by heating to
50°C in the same buffer and slowly cooling to room temperature.

Purification of embryonic recognition complexes. Complexes were purified
from unstaged embryo extract under the same conditions and by the same
procedure previously used for purification of ovarian complexes (1) up through
the second density gradient sedimentation: ammonium sulfate fractionation,
DEAE anion exchange, Sephacryl S-400 (Pharmacia) gel filtration, and 5 to 35%
Nycodenz (Sigma) density gradients.

RESULTS

bcd IV/V RNA is not sufficient for efficient apical embryonic
localization. Previous demonstration of apical localization in
the embryo by the bcd localization signal relied on an assay in
which fluorescent RNAs were injected into a subcortical zone
of live syncytial blastoderm embryos and tracked by time-lapse
microscopy or viewed after fixation (9, 10, 24, 53). We also
found that labeled full-length bcd transcripts injected into em-
bryos rapidly formed particles that moved unidirectionally to-
ward the apical surface, becoming apically enriched after 2 min
and displaying a heavy apical concentration within 10 min (10,
53) (Fig. 1 and Table 1). Control RNAs lacking a localization
signal, such as the GFP coding region, could also form parti-
cles, but these particles moved only randomly in the cytoplasm.
While they sometimes approached the embryo periphery, GFP
RNA particles never became concentrated between the apical
side of the nuclei and the cortex. Thus, the injection assay
robustly differentiates between localized and unlocalized
RNAs.

To test the localizing activity of the IV/V localization signal
by the injection assay, we generated bcd transcripts in which
the 3� UTR was replaced with the IV/V region. Unlike the
full-length bcd RNA, the bcd IV/V RNA did not direct strong
apical localization. After injection, it appeared in particles, but
only a small portion of these moved toward the apical surface.
By 10 min postinjection, this limited localization appeared as
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weak subapical fluorescence clearly different from the strong
apical localization of the full-length bcd RNA (Fig. 1 and Table
1). The bcd IV/V RNA was also distinct from control RNAs
with no localization activity, which never displayed even a weak
concentration at the apical surface. Varying the concentration
of RNA injected did not alter the weak localization of the bcd
IV/V RNA (data not shown). The residual low activity of this
subdomain of the bcd localization signal appeared to be similar
to that of certain mutant forms of the hairy signal, which are
considerably impaired but not completely inactivated (10).

Stem-loops IV/V are sufficient for localization in the oocyte.
The weak localization activity of the IV/V signal in the embryo
could signify differences in the machinery used for the ovarian
and embryonic localization programs. Alternatively, the strong
activity of the IV/V signal—observed when it was expressed in
transgenic ovaries—might be impaired when the RNA is in-
troduced by injection. To address this possibility, we compared
the full-length bcd RNA to the bcd IV/V RNA after injection
into stage 9 nurse cells and found that the two RNAs had
similar localization activities: each formed particles in the cy-
toplasm that moved rapidly, clustered at and passed through
ring canals, and localized to the anterior of the oocyte. Ante-
rior concentration of both RNAs was observed within 10 min
and was very strong after 30 min. Although the full-length bcd

RNA localized somewhat more consistently (5 of 7 injections)
than the bcd IV/V RNA (6 of 11 injections) (Fig. 2) (negatively
scored injections included those in which the injection proce-
dure disrupts the nurse cell), the extreme difference between
the activities of the two signals observed in the embryo injec-
tion assay cannot be attributed to an inherently weak localiza-
tion activity of the IV/V RNA or to significantly reduced ac-
tivity in injection assays.

Another potential explanation of the weak activity of the
IV/V signal for apical localization in embryos is that the IV/V
RNA mediates association with the bcd RNA, such that its
apparent localization activity in the ovary reflects association
with endogenous bcd transcripts. Indeed, exogenously ex-
pressed osk 3� UTR RNA is dependent upon the presence of
endogenous osk RNA for its localization (18). Furthermore,
interactions between two or more bcd mRNA molecules are
possible since the bcd 3� UTR contains a dimerization domain
(51, 52) and there is evidence of dimerization after injection
into early-stage embryos (16). Although the IV/V RNA lacks
this dimerization domain, it might nevertheless assemble into
particles that contain endogenous bcd transcripts and thus be
colocalized. The very weak localization activity of IV/V in
blastoderm embryos would then simply reflect the absence of
endogenous bcd mRNA at the site of injection (maternally

TABLE 1. Localization activity of injected RNAsa

Injected RNA Nucleotides in
constructa

Embryonic apical
localization

Anterior oocyte
localization

Activity n Activity n

bcd cDNA 185–2493 ���� 13 �� 7
Coding sequence � IV/V 185–1717, 2053–2327 � 34 �� 11
bcd cDNA in bcd RNA null 185–2493 �� 7
bcd coding sequence � IV/V in bcd RNA null 185–1717, 2053–2327 �� 15
bcd 3� UTR 1676–2493 ���� 44

� 28
GFP coding sequence � LS11 IV/V 185–1717, 2053–2327 � 23
GFP coding sequence � III/IV/V 185–1717, 1890–2327 �� 36
GFP coding sequence � LS11 III/IV/V 185–1717, 1890–2327 � 33
GFP coding sequence � III 185–1717, 1890–2052 � 27
�5 (II) 185–1844, 1889–2493 ��� 21
�6 (III) 185–1890, 1939–2493 � 42
�7 (III) 185–1906, 1958–2493 � 70
�8 (III) 185–1945, 1993–2493 � 18
�9 (III) 185–1987, 2038–2493 � 38
�10 (IVa) 185–2025, 2063–2493 �� 13
�11 (IVa/V) 185–2054, 2096–2493 � 4
�12 (V) 185–2085, 2128–2493 � 5
�13 (V) 185–2122, 2160–2493 � 10
�14 (V) 185–2132, 2181–2493 � 28
�15 (V) 185–2172, 2216–2493 ��� 23
�16 (IVb/V) 185–2189, 2242–2493 � 82
�17 (IVb) 185–2245, 2268–2493 � 52
�18 (IVa/IVb) 185–2258, 2307–2493 � 9
�19 (IVa/IVb) 185–2284, 2323–2493 � 8
�20 (II/IVa) 185–2313, 2390–2493 � 7
Dimerization mutant w,m 1676–2493 � 37
Dimerization mutant m,w 1676–2493 � 31
Double mutant m,m 1676–2493 � 77
bcd 3� UTR � HIV dimerization motif 1676–2493 � 57
bcd 3� UTR � group 1 intron dimerization motif 1676–2493 � 46
FLE 2077–2835 � 12

a ����, 90 to 100% have strong localization; ���, 75 to 90% have strong localization; ��, 40 to 75% have strong localization; �, 10 to 40% have strong
localization; �, less than 10% show localization and many show weak localization; �, no localization.

b Nucleotide positions are derived from GenBank accession nm_169157 for bcd constructs and from GenBank X79494 for ftz constructs.
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contributed bcd mRNA is largely gone in the late-stage blas-
toderm embryos used for the injection assay, and any bcd
mRNA remaining is concentrated at the anterior pole, distant
from the site of injection). To address this possibility, the nurse
cell injection assays were repeated with recipient ovaries from
flies in which bcd mRNA transcription is largely eliminated
(38). There was no significant difference in these ovaries be-
tween the strength of localization for the full-length bcd and
bcd IV/V RNAs, which occurred in the majority of injections (5
of 7 for full-length bcd RNA and 10 of 15 for bcd IV/V RNA)
(Fig. 2). We conclude that endogenous bcd RNA does not

assist the localization of IV/V RNA in the ovary and that IV/V
has only very weak intrinsic localization activity in the embryo.

Stem-loops III and IV/V direct apical localization. Although
the IV/V RNA has very limited ability to direct apical embry-
onic localization, it does appear to be required for the activity
of the full-length bcd RNA. A point mutation that largely

FIG. 1. Apical embryonic localization of bcd RNA requires stem-
loop III. Representative confocal images of fluorescent RNA injected
into live syncytial blastoderm embryos. At the left are images obtained
immediately after injection, and at the right are images obtained 10
min later. bcd transcripts (A and B) localized strongly to the apical
surface 10 min after injection. Constructs containing stem-loops IV/V
of bcd RNA localized weakly to the apical surface (C and D). GFP
RNA formed particles, but they never became concentrated apically
(E and F). Constructs containing stem-loops III/IV/V of the bcd 3�
UTR were concentrated apically after injection (G and H). The in-
jected RNA was often not visible at the injection site, presumably
because of refraction of light by yolk, but the RNAs were always visible
after they migrated into the yolk-free apical cytoplasm. Scale bars are
20 �m.

FIG. 2. Stem-loops IV/V are sufficient for anterior oocyte localiza-
tion in the presence or absence of endogenous bcd RNA. Fluorescent
RNA constructs were injected into the cytoplasm of nurse cells and
imaged 30 min after injection. bcd RNA formed particles in the nurse
cell cytoplasm, which passed through ring canals and become localized
to the anterior margin of the oocyte (A). Mutant bcd RNA in which
the 3� UTR was limited to just stem-loops IV/V localized efficiently to
the anterior margin in both wild-type (wt) egg chambers (B) and
egg chambers that lacked endogenous bcd RNA, P[sryDB56]/�;
sry �14/Df(3R) X3F (C). Scale bars are 20 �m.
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eliminates IV/V activity in the ovary also impairs apical local-
ization (9, 30), and multiple deletions within the IV/V region
also block apical localization of the full-length bcd RNA (see
below). Thus, another region of the 3� UTR must work to-
gether with IV/V to direct apical localization. The organization
of the bcd 3� UTR includes four highly structured domains
(stem II and stem-loops III, IV, and V; Fig. 3), as well as one
relatively unstructured domain that is dispensable for localiza-
tion (8, 28, 32). To identify regions that are important for
apical localization, we used the injection assay to test deletion
mutants removing segments of the 3� UTR in roughly 50-nt
increments (31).

Stem II is not essential for apical localization, as the �5
mutant, which lacks most of one strand, retained substantial
activity. A mutation that removes the complementary strand of
stem II (�20) showed inhibited localization, but this mutant
also lacks a substantial portion of stem-loop IV. Mutations
within stem-loop III, which include �6 through �9, consistently
displayed reduced localization activity. The most severe defects
were observed for deletions in IV/V, with the single exception
of �15, which retained strong localization activity and thus
defines a nonessential portion of stem-loop V. Any deletion
mutant removing part of the remainder of stem-loop V, or the
distal part of stem-loop IV, strongly impaired or abolished
apical localization (Table 1).

The deletion mutants indicate that the IV/V region is of
primary importance for localization. Because mutations in
other regions do not produce as severe defects, there may be
some redundancy in the other required elements. Neverthe-
less, on the basis of the severity of the defects of the deletion
mutants, stem-loop III is the best candidate subdomain to
constitute, together with IV/V, a functional apical localization
signal. To test this prediction, we made a bcd RNA with a
III/IV/V 3� UTR. This bcd III/IV/V RNA had readily detect-
able apical localization activity, although it was not as active as

the full-length bcd RNA (Fig. 1 and Table 1). In contrast,
stem-loop III alone had no localization activity, as bcd III
transcripts were not localized (Table 1). We conclude that
most of the bcd 3� UTR is required for full activity in apical
localization but that III/IV/V is a minimal signal required to
provide substantial activity.

A dimerization motif is required for full apical bcd RNA
localization. The role of stem-loop III in apical localization
could be to provide binding sites for localization factors other
than those that recognize IV/V. Alternatively, the contribution
of stem-loop III may be its ability to dimerize. Localization
elements with weak or undetectable activity in isolation can be
dramatically strengthened when expressed as multimers (10,
17, 31), and therefore dimerization of IV/V might increase its
activity. Dimerization of stem-loop III involves base pairing
between complementary sequences in the terminal loop and a
bulge on the 3� strand of the stem. When either sequence is
altered, as in mutant w,m or m,w constructs (m and w indicate
mutant and wild type, respectively), dimerization is largely
eliminated. However, in the m,m double mutant with compen-
satory changes to restore complementarity, dimerization is
largely restored (16, 51, 52).

We used these mutants to assess the contribution of dimer-
ization to apical localization. When introduced into the full-
length bcd 3� UTR, both the w,m and m,w configurations
strongly inhibited apical localization. The m,m configuration
restored a low level of localization, but this mutant remained
substantially less active than the wild type (Table 1). These
results suggest that dimerization contributes to the activity of
the bcd signal but that the mutations in the dimerization motif
have additional consequences that affect localization.

To determine if stem-loop III can be replaced with other
dimerization motifs, we tested bcd RNAs in which stem-loop
III was replaced with sequences that promote dimerization of
human immunodeficiency virus (HIV) RNA (44) or group I
introns (12, 19). Injected RNAs containing the HIV dimeriza-
tion motif had a low level of localization activity, similar to that
of the m,m mutant and much less than that of wild-type bcd
RNA. The bcd RNA with the group I intron motif had even
less activity (Table 1). Collectively, the data indicate that
dimerization is important for apical bcd localization but that
the stem-loop III dimerization motif provides additional re-
quired features.

Identification of an embryonic III/IV/V binding activity. A
large multiprotein complex from ovaries binds specifically to
IV/V RNA and has been strongly implicated in its localization
(1). Some of the IV/V binding complex components are not
present in the embryo, so the exact same complex cannot
contribute to embryonic localization directed by III/IV/V. Nev-
ertheless, subtle mutations inhibit both IV/V activity in the
ovary and the activity of the full-length signal in the embryo (9,
29, 30), and the results presented above clearly imply that IV/V
has a major role in apical localization in the embryo. Conse-
quently, there may be a related binding complex in the embryo.
To search for such a complex that binds III/IV/V RNA, we
used the gel mobility shift assay that allowed detection of the
ovarian IV/V RNA binding complex.

Factors present in Drosophila embryo extracts bound to ra-
diolabeled III/IV/V RNA and retarded its mobility through a
native polyacrylamide gel (data not shown). This binding ac-

FIG. 3. bcd 3� UTR structure and mutations. Schematic represen-
tation of the structure of the bcd 3� UTR showing stem-loops II to V.
The regions removed by the �5, �6, �7, �8, �15, and �16 deletion
mutations are shown, as is the site of the LS11 linker-scanning muta-
tion. m1 and m2 are the sites of the substitution mutations that disrupt
in vitro dimerization when they are individually present or restore in
vitro dimerization when both are present.
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tivity was extensively purified by fractionation of embryo ex-
tracts, by the purification scheme originally used for the ovar-
ian complex (see Materials and Methods). To assess the
specificity of binding in highly purified fractions, competition
binding experiments were performed by adding increasing
amounts of unlabeled competitor RNA prior to the addition of
radiolabeled III/IV/V RNA probe (Fig. 4). In such competition
binding assays, unlabeled III/IV/V RNA competed effectively
for binding with the III/IV/V probe (Fig. 4, lanes 2 to 7). In
contrast, a III/IV/V RNA bearing the LS11 linker scanning
mutation, which inhibits activity of both IV/V in ovarian local-
ization (34) and III/IV/V in embryo apical localization (Table
1), was an ineffective competitor (lanes 8 to 13). IV/V RNA
alone was also a poor competitor (lanes 14 to 19), as was a
fragment from the bcd coding region (lanes 20 to 25).

These results show that the binding activity has specificity for
III/IV/V RNA. Moreover, the sensitivity of binding to the
LS11 mutation strongly suggests that the activity contributes to
localization. The inability of IV/V to compete for binding is
consistent with its very limited apical localization activity and
appears to place restrictions on the role of IV/V when it acts in
the context of III/IV/V. Specifically, it seems unlikely that III
and IV/V act as independent binding domains. If they did, the
IV/V competitor would be expected to at least alter the mo-
bility of the bound complex.

Some of the components of the ovarian IV/V binding com-
plex have been identified by Western blot analysis and include
Modulo (Mod), Swallow (Sww), poly(A) binding protein,
Smooth, and Nod. Mod is the most abundant of these (1).
Preliminary mass spectrographic analysis of the embryonic III/
IV/V binding activity has failed to detect any of these proteins.
Thus, the two complexes appear to be substantially different.

ftz and III/IV/V binding activities cofractionate and overlap.
Dynein, BicD, and Egl are all implicated in apical localization

of both pair rule and bcd mRNAs, indicating that bcd relies on
at least some of the same localization machinery used by the
pair rule mRNAs (9, 53). None of these factors is thought to
bind directly to localization signals, and the possibility that the
different transcripts also rely on shared recognition factors is
open. The pair rule mRNA localization signals are relatively
large (greater than 100 nt), suggesting that they may be rec-
ognized by multiple factors, possibly by a large multiprotein
complex similar to the ovarian complex involved in IV/V rec-
ognition. However, there are no obvious sequence similarities
between the characterized pair rule localization elements and
the bcd signals.

To address the issue of signal recognition and determine
whether related or distinct factors bind to the different RNAs,
we focused on the ftz signal, which is similar in size to III/IV/V
and thus ideal for competitive binding assays. This signal di-
rects anterior localization in oocytes, both when expressed as a
transgene (9) and when injected (Table 1). A comparison of
the D. hydei and D. melanogaster ftz RNAs, both of which
localize in D. melanogaster embryos (Fig. 5C), revealed two
conserved regions within a minimal localization element (the
FLE) (9) that are predicted to form stem-loop structures (Fig.
5A and B). Deletions that disrupt a single stem-loop had no
effect on localization within the context of the full-length tran-
script, but disruption of both stem-loops (in ftz �1��2) elim-
inated localization activity (Fig. 5C). Thus, the ftz �1��2 RNA
is likely to be defective in binding to some or all of the factors
involved in the localization of ftz mRNA.

We examined whether the most highly purified fractions of
specific III/IV/V binding activity also had FLE binding activity.
Initial experiments with FLE RNA prepared by the method
used for III/IV/V RNAs did not reveal binding (data not
shown). However, the bcd RNA is much more structured than
predicted for the FLE RNA, which may not fold correctly
under the same conditions. Consequently, various folding reg-
imens were tested. When folded in the presence of 1 mM
magnesium ion, FLE RNA was bound by factors in the purified
embryo fractions, and this binding was effectively competed by
addition of unlabeled FLE competitor RNA (Fig. 6, lanes 1 to
7). The binding activity is specific and is sensitive to mutations
that affect localization activity. The ftz �1��2 RNA was a very
poor competitor for binding (lanes 8 to 13), as was an ftz RNA
with the entire localization signal deleted, ftz �FLE (lanes 14
to 19). Similarly, an unrelated RNA from the bcd coding re-
gion also failed to compete for binding (lanes 26 to 31). The
specificity of the binding activity and its sensitivity to mutations
that inhibit localization suggest that it acts in recognizing ftz
RNA for apical localization.

The presence of an ftz localization signal binding activity in
the same extensively purified fractions that contain III/IV/V-
binding activity implies that the complexes have components in
common or that they have physical and chemical properties in
common that determine their fractionation behavior. To dis-
tinguish between these options, we examined whether the III/
IV/V and FLE RNAs could compete with one another for
binding. Both are effective competitors, although neither sim-
ply shifted the probe RNA to its initial position (Fig. 6, lanes
20 to 25, and data not shown). The simplest interpretation of
these results is that the FLE binding activity is a multiprotein
complex and that the III/IV/V RNA can compete for binding

FIG. 4. Gel mobility shift assays detecting a complex that binds
specifically to localized bcd RNAs. The migration of radiolabeled bcd
III/IV/V RNA in a native gel (lane 1, probe indicated by an arrow) was
retarded by a complex present in the purified embryonic fraction (lanes
2, 8, 14, and 20); the position of the RNA associated with the complex
is indicated by a horizontal bar. To determine the specificity of binding,
aliquots of extracts were incubated with 3.5, 7, 11, 16, or 22 pmol of
unlabeled III/IV/V (lane 3 to 7), III/IV/V LS11 (lanes 9 to 13), IV/V
(lanes 15 to 19), or bcd coding sequence (cds) (lanes 21 to 25) RNA
before addition of 1.2 pmol of labeled III/IV/V RNA.
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to a subset of the components. Thus, the novel position of the
FLE probe RNA following competition either reflected a par-
tial binding complex (lacking a subset of proteins stripped off
by binding to III/IV/V) or a hybrid entity containing the intact
ftz binding complex, the FLE RNA, and the III/IV/V RNA. In
either case, the results demonstrate that the FLE and III/IV/V
binding complexes are not identical but suggest that some
components are common to both.

DISCUSSION

Recent evidence has pointed to the conservation of machin-
ery and signals among different programs of mRNA localiza-
tion in the Drosophila ovary and embryo. Transport to the
oocyte and apical localization in the embryo both rely on mi-

crotubules (24, 39, 50, 53), and there are apparently shared
requirements for two proteins, BicD and Egl, thought to be
part of a complex linking localized mRNAs to cytoskeletal
elements (9, 33, 35, 48). The evidence for a conserved system
to recognize localization signals rests on the ability of localized
mRNAs from one setting—ovary or blastoderm embryo—to
function when introduced into the other by injection or ectopic
expression. Moreover, for the better-characterized signals, in-
cluding those from the fs(1)K10 and bcd mRNAs, cis-acting
mutations that inhibit localization in the ovary also interfere
with apical localization in blastoderm embryos (9). These fea-
tures suggest that recognition systems in the different cell types
may be related or identical. Our results argue very strongly
against the notion of identical recognition systems (as did the

FIG. 5. Two stem-loops are essential components of the FLE. (A) Alignment of partial DNA sequences from the ftz 3� UTRs of D. melanogaster
(Dme) and D. hydei (Dhy), which diverged from one another �60 million years ago. ftz sequences from both species supported localization upon
injection into D. melanogaster embryos (see panel C). Arrows bracket the FLE (nt 1374 to 1579), which is the minimal region necessary and
sufficient to mediate localization (9). Identical nucleotides are shaded; underlining indicates the positions of two highly conserved blocks, SL1 and
SL2, that are thermodynamically predicted to form stem-loop structures (http://www.bioinfo.rpi.edu/applications/mfold/). (B) Predicted RNA
secondary structures of D. melanogaster ftz SL1 and SL2. Positions conserved with respect to D. hydei ftz are in uppercase. Most of the nonconserved
positions are found within predicted single-stranded regions, consistent with the importance of double-stranded regions for hairy pair rule
transcript localization (10). Bases deleted in �1 and �2 are indicated. (C) Summary of injection of ftz transcript variants (D. melanogaster ftz, unless
stated otherwise), showing the role of SL1 and SL2 in localization (n 	 number of embryos scored; see Table 1 for categorization of localization
efficiency). In the context of the complete ftz mRNA, mutation of either SL1 or SL2 alone had little effect, while mutation of both blocked
localization. In contrast, either mutation eliminated localization of the ftz1-1621 transcript, which lacks 121 nt from the 3� end (numbered in
accordance with reference 9; position 1621 corresponds to position 2671 in the ftz gene [GenBank accession no. X00854]). These 3� sequences are
not sufficient for localization (9) but can make contributions that are somewhat redundant with the FLE. Images show representative examples
of ftz and ftz �1��2 mRNA distribution 10 min after injection. Scale bar 	 50 �m.
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presence of ovary-specific proteins in the IV/V RNA binding
complex), since the IV/V signal has extremely weak activity for
apical localization in the embryo despite its robust activity in
the ovary. Nevertheless, the III/IV/V bcd signal is recognized
and this could indicate that the recognition machinery is at
least partially conserved. Alternatively, the apical localization
of III/IV/V RNA in the embryo and the binding of III/IV/V
RNA to the complex that recognizes the FLE could be fortu-
itous and an artifact.

The mutational analysis of the bcd localization signal argues
that the recognition events in different contexts are related.
Both instances of localization are sensitive to particular point
and linker-scanning mutations in the IV/V region. Larger de-
letions within the IV/V region abolish apical embryonic local-
ization. A subset of these, including �17 to �19, have been
tested in the context of lacZ reporter transcripts, and all elim-
inate anterior localization in the oocyte (K. Kerr and P. M.
Macdonald, unpublished results). Thus, it appears that similar
bcd sequences are required in both the ovary and the embryo,
suggesting that the recognition machinery is related. However,
we cannot exclude the possibility that the mutants alter the
structure of the signal, rather than affecting individual protein
binding sites. If so, then the argument for shared recognition
factors in the ovary and embryo is less compelling.

A general model for signal recognition. Because the bcd
mRNA is not expressed in the embryo at the time when apical
localization occurs, its ability to be localized there requires that
a recognition system normally used to bind apically localized
mRNAs is co-opted or that a cryptic recognition system is
present. Our demonstration that the bcd III/IV/V RNA can
compete for binding of a protein complex specific for localiza-
tion-competent FLE RNA very strongly supports the first

model. The precise nature of the competition, however (con-
version of the FLE RNA probe-protein complex to a complex
with novel mobility in the gel), argues that the interactions of
the different localization signals with the recognition com-
plexes are not equivalent, since the III/IV/V competitor does
not displace all factors bound to FLE RNA.

Why should the bcd localization signal, with no obvious
sequence similarities to the ftz signal, direct an ftz-like program
of localization and compete with the ftz signal for binding to a
presumptive localization complex? One explanation follows
from the model proposed for recognition of the bcd IV/V RNA
(1). In the ovary, a large complex of proteins binds IV/V RNA
with high affinity and specificity, and this binding activity ap-
pears to represent the sum of multiple low-affinity and low-
specificity interactions by individual proteins. We propose that
this general combinatorial recognition strategy is conserved,
even if the complex components differ substantially in different
cell types. The binding specificity of such a complex would be
generated by the spatial juxtaposition of associated proteins
with low specificities, or of proteins with high specificity for
short (and thus low-complexity) sequences.

Conserved elements in functionally interchangeable binding
substrates for localization recognition complexes could be dif-
ficult to identify, for three reasons. First, different signals may
have different subsets of protein binding sites, reducing the
likelihood of extensive sequence or structural identities. Sec-
ond, conserved low-complexity binding sites could only be
readily discerned if present in multiple copies, a situation that
would only be expected if the recognition complexes had mul-
tiple identical subunits. Third, because the individual binding
sites appear to be presented in the context of an ordered
tertiary structure, they would not necessarily appear in a fixed
order in the linear RNA sequence. Thus, we suspect that the
bcd and ftz localization signals, as well as many others, do
indeed have strong structural or sequence similarities, but they
cannot be easily recognized by visual examination.

Contribution of stem-loop III to the function of the bcd
localization signal. How, specifically, does stem-loop III con-
tribute to localization of bcd RNAs in the embryo? One known
function of stem-loop III is to promote dimerization. Dimer-
ization of the full-length bcd 3� UTR is a two (or more)-step
process (51, 52) initiated by base pairing between complemen-
tary nucleotides in the terminal loop of stem-loop III (LIIIb)
and in a bulged loop on the 3� strand of stem III (LIIIa).
Notably, these predicted base pairs are conserved in bcd genes
from all of the Drosophila species examined (28). In a second
step, for which the required sequence elements in the 3� UTR
are not well defined but do not include most of IV/V, dimers
are stabilized by an essentially irreversible reaction, presum-
ably a conformational change.

Results from three different assays address the importance
of dimerization for bcd RNA localization. The first assay, using
transgenes expressed in the ovary, involved several mutants
lacking parts of stem-loop III (31). For some transgenes, the
only assay of activity was rescue of the bcd mutant phenotype:
although all rescued, this need not imply that localization was
completely normal, as small amounts of bcd localization can
support wild-type embryonic development. The localization of
one of the mutants, �7, was tested more directly by visualiza-
tion of the distribution of an attached lacZ reporter RNA. This

FIG. 6. Binding of embryonic proteins to the ftz localization signal
is partially competed by bcd III/IV/V RNA. Electrophoretic migration
of radiolabeled FLE RNA in a native gel. In the absence of added
protein (lane 1), the RNA appears in one predominant band, as well as
several less abundant bands (arrows); the multiple bands probably
represent different conformers. The FLE RNA was bound by factors
present in an embryonic extract (lanes 2, 8, 14, 20, and 26); the position
of the RNA associated with the complex is indicated by the horizontal
bar. To determine the specificity of binding, aliquots of extracts were
incubated with 3.5, 7, 11, 16, or 22 pmol of unlabeled ftz (lanes 3 to 7),
ftz �1��2 (lanes 9 to 13), ftz �FLE (lanes 15 to 19), III/IV/V (lanes 21
to 25), or bcd coding sequence (cds) (lanes 27 to 31) RNA before
addition of 1.2 fmol of labeled ftz RNA.
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RNA spreads laterally from the anterior of the oocyte but
remains enriched in the anterior of embryos. Thus, the mutant
has at least a modest localization defect, although this could be
due to inability to dimerize, loss of binding sites for recognition
factors, or both.

The injection assays described here also addressed the role
of dimerization. The III/IV/V RNA is the minimal segment
from the bcd 3� UTR that is sufficient for strong apical local-
ization in the embryo, but it is not as active as the full-length 3�
UTR. Stem-loop III is expected to promote the initial step in
dimerization of III/IV/V while lacking sequences required for
the subsequent step (51). Thus, there is a correlation between
dimerization and apical localization. Further evidence that
dimerization is important is provided by the point mutations
that disrupt the LIIIa-LIIIb base-pairing interaction and pro-
duce severely inhibited localization activity. However, the fail-
ure of compensatory changes that restore LIIIa-LIIIb pairing
to fully restore apical localization indicates that stem-loop III
contributes more to apical localization than dimerization ac-
tivity alone. This conclusion is reinforced by the very limited
activity of RNAs in which stem-loop III is replaced with other
dimerization motifs.

In a different type of RNA injection assay (15, 16) dimer-
ization appeared to be the only role of stem-loop III. When the
bcd 3� UTR RNA was injected into the anterior of early pre-
cellularization embryos, it recruited Staufen, a protein re-
quired for anchoring of endogenous bcd mRNA (46, 47). The
resulting particles were transported along astral microtubules
during mitosis (a novel program of localization not displayed
by endogenous bcd mRNA). When base pairing between LIIIa
and LIIIb was disrupted, Stau-containing particles still formed
but astral transport was eliminated, reminiscent of the effect on
apical localization. However, unlike the case of apical localiza-
tion, astral transport was restored completely by compensatory
mutation of LIIIa and LIIIb to restore base pairing. Moreover,
heterologous dimerization domains can substitute for stem-
loop III to promote astral transport (52), even though they do
not for apical localization. It is also noteworthy that apical
localization can be directed by the bcd 3� UTR either in iso-
lation or in the context of the entire bcd mRNA with the
coding region, while only the isolated bcd 3� UTR is active for
astral transport. The basis for these differences is not clear.

Which assay provides a faithful picture of the role of dimer-
ization in the normal program of bcd mRNA localization?
Specifically, is the contribution of stem-loop III only in dimer-
ization, or does stem-loop III have an additional role in rec-
ognition, as suggested by the apical localization assay? The
failure of compensatory mutations or heterologous dimeriza-
tion domains to fully restore apical localization of III/IV/V
clearly indicates an additional role for stem-loop III. It seems
unlikely that stem-loop III would fortuitously mediate a rec-
ognition interaction in apical localization that is completely
unrelated to what occurs in the ovary. We suggest that both
dimerization and the recognition of stem-loop III by binding
factors are events that contribute to bcd localization and that
the degree to which either is required in a particular heterol-
ogous assay will reflect the degree of conservation of the het-
erologous recognition system.
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