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Abstract

The asymmetric localization of messenger RNA (mRNA) and protein determinants plays an
important role in the establishment of complex body plans. In Drosophila oocytes, the anterior
localization of bicoid mRNA and the posterior localization of oskar mRNA are key events in
establishing the anterior-posterior axis. Although the mechanisms that drive bicoid and oskar
localization have been elusive, oocyte microtubules are known to be essential. Here we report that
the plus end—directed microtubule motor kinesin | is required for the posterior localization of
oskar mRNA and an associated protein, Staufen, but not for the anterior-posterior localization of
other asymmetric factors. Thus, a complex containing oskar mRNA and Staufen may be transported
along microtubules to the posterior pole by kinesin I.

The Drosophila oocyte provides an excellent model system for studies of how the localization
of mRNAs helps to establish complex body plans (1,2). During the late stages of oogenesis,
bicoid (bcd) and oskar (osk) mMRNAs are localized to the anterior and posterior poles of the
oocyte, respectively. Subsequent localized expression of Bicoid protein is necessary for
anterior patterning, whereas localized expression of Oskar is necessary for posterior patterning
and germ cell development. Genes required for the localization of bcd mMRNA (e.g.,
exuperentia and swallow) and osk mRNA (e.g., staufen and orb) have been identified (1,2),
but the mechanisms of localization are not well understood.

Before stage 7 of oogenesis, the oocyte nucleus and a microtubule organizing center (MTOC)
are positioned at the posterior pole, generating a high concentration of microtubule minus ends
near the posterior cortex (3-6). During stages 7 and 8, MTOC components switch to the anterior
end, resulting in the reorganization of microtubules to place plus ends toward the posterior
cortex (3-6). The oocyte nucleus then migrates from the posterior to the anterior end in a
microtubule-dependent manner (1,2,7).

The localization of bcd and osk mMRNAS between stages 8 and 12 is sensitive to microtubule-
depolymerizing drugs, consistent with active transport of the mRNAs along microtubules by
motor proteins (5,8,9). According to this model, bed is moved to the anterior cortex by minus
end—directed motors, such as dyneins, and osk is moved to the posterior cortex by plus end—

directed motors, such as kinesins. Indeed, a dynein light chain can bind directly to Swallow, a
putative RNA-binding protein necessary for anterior bcd localization (10).

If osk is transported to the posterior pole along microtubules, one or more of the more than 20
Drosophila kinesin superfamily members (11) might drive the movement. We focused our
attention on Kinesin heavy chain (Khc) and its encoded protein KHC. KHC is the force-
producing subunit of the tetrameric adenosine triphosphatase kinesin | (conventional kinesin),
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which in Drosophila and other metazoan animals serves as a motor for plus end—directed fast
axonal transport of membranous organelles (12).

To determine if kinesin 1 is involved in oocyte patterning, we used mitotic recombination to
generate mosaic female flies that contained clones of homozygous Khe null germ line stem
cells (13-16). Western blots confirmed the depletion of KHC in embryos produced from such
germ line clones (Fig. 1) (17). The production of eggs and embryos by the mosaic females
suggests that germ line stem cells can proliferate and proceed through oogenesis without
kinesin I. However, embryogenesis failed, despite fertilization by wild-type males. Most
embryos arrested before blastoderm formation, but a few proceeded into early gastrulation
stages. This maternal lethal effect was completely rescued by a wild-type Khc transgene (14,
18). Thus, germ line expression of KHC was required for normal embryogenesis, contrary to
previous results from studies of a hypomorphic temperature-sensitive Khc allele (13).

Examination of embryos that reached the blastoderm stage revealed an absence of pole cells,
the germ line precursors. To assay for earlier defects, we examined the distributions of osk and
bcd mMRNASs in Khe null oocytes (19). The localization of bcd mMRNA was normal (Fig. 2, A
and B), concentrated at the anterior during stages 8 to 10 (193 observed). In contrast, the
localization of osk mMRNA was defective (Fig. 2, C to F). It normally accumulates transiently
at the anterior pole early in stage 8 and then moves to the posterior pole (20,21). In Khc null
stage 8 to 10 egg chambers, osk mMRNA accumulated excessively at the anterior pole and was
never concentrated at the posterior pole (72 observed). This localization defect was completely
rescued by a wild-type Khc transgene. Thus, although KHC was not required for anterior
localization of either bcd or osk, it was required for the posterior localization of osk. Perhaps
kinesin | transports osk mMRNA along microtubules toward their plus ends and the posterior
pole.

Given that microtubule-disrupting drugs prevent the posterior localization of osk mMRNA during
oogenesis (5,8), we considered the possibility that the absence of KHC blocks osk localization
indirectly by disturbing oocyte microtubules. The shift of the oocyte nucleus from posterior to
anterior poles during stage 6, which is microtubule-dependent (7), appeared normal in Khc null
oocytes. Furthermore, the anterior localization of the MTOC component Centrosomin was
normal (Fig. 3, A and B). As described above, the anterior localization of bcd mRNA, which
is microtubule-dependent (9), was not affected by the loss of KHC.

We tested microtubule organization further by localizing a hybrid protein composed of the
motor domain of KHC fused to a reporter enzyme, p-galactosidase (B-Gal). KHC::B-Gal is
thought to localize in regions of cells with high concentrations of microtubule plus ends (22).
It is important to note that this chimeric protein did not rescue patterning defects in Khc null
oocytes. In wild-type stage 9 to 10a oocytes, KHC::B-Gal concentrated at the posterior pole in
79 cases (Fig. 3C) and elsewhere in 2 cases. In Khc null oocytes, KHC::B-Gal concentrated at
the posterior pole in 11 instances (Fig. 3C) and elsewhere in 4 instances. This suggests that in
73% of the stage 9 to 10a null oocytes with detectable amounts of KHC::B-Gal, microtubule
plus ends were concentrated at the posterior pole. This, and the indications that microtubules
in the anterior end are normal, suggests that osk mMRNA mislocalization in Khc null oocytes is
not due to a disruption of microtubule organization. In Khc null oocytes, KHC::p-Gal staining
was often not detected in oocytes, although it was visible in nurse cells. Perhaps efficient
transport of the hybrid protein from nurse cells to oocyte requires the presence of native KHC.

Orb protein is concentrated along the posterior and lateral oocyte cortex during stages 7to9
(23). It is thought to hold osk mMRNA at the posterior pole and help regulate its translation
(24,25). To determine if the osk mislocalization in Khc null oocytes was secondary to a
mislocalization of Orb, we stained with antibodies to Orb (anti-Orb) (22). The distribution of
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Orb in Khe null oocytes was normal (Fig. 4). Thus, the failure of osk localization may be due
to a defect in osk transport rather than in posterior retention.

Posterior transport of osk mRNA is thought to depend on Staufen protein (26). Staufen is
transiently localized at the anterior end of the oocyte during stage 8 where it may form a
complex with osk mRNA (27). If kinesin | transports such osk-Staufen complexes along
microtubules to the posterior pole, then Staufen protein should be mislocalized in Khc null
oocytes. Immunostaining with anti-Staufen (28) confirmed this prediction (Fig. 5). In wild-
type stage 8 to 10 oocytes, Staufen concentrated at the anterior end early, appeared in granules
along the cortex, and then concentrated at the posterior end. Granular Staufen distribution was
detected in 61 of the 69 oocytes observed. This is consistent with the hypothesis that Staufen
and osk mMRNA form complexes at the anterior cortex that are transported to the posterior pole.
In Khc mutant oocytes, Staufen protein overaccumulated in the anterior end during stage 8,
was not detected in granules, and did not concentrate at the posterior pole (>90 oocytes
observed). Normal Staufen distribution patterns were restored in Khc null oocytes by the
addition of a wild-type Khc transgene (18).

Thus, KHC, the force-generating component of the plus end—directed microtubule motor
kinesin I, is required for the posterior localization of both osk mMRNA and Staufen protein. The
participation of kinesin I in this mMRNA motility process could be direct. It might attach
specifically to osk-Staufen complexes at the anterior pole and transport them toward the
posterior pole. However, our initial tests for coimmunoprecipitation of KHC and Staufen from
Drosophila ovary cytosol have not revealed any robust association, so perhaps the linkage is
less direct. It is generally accepted that Kinesin | transports membranous organelles toward
microtubule plus ends (12). Thus, osk and Staufen could localize to the posterior pole by virtue
of association with mitochondria or other organelles carried by kinesin I. An alternative to
these models is derived from the effect of a loss of KHC on the particulate staining pattern of
Staufen (Fig. 5). Before stages 7 to 8, while microtubules are still oriented with their plus ends
toward the anterior, kinesin | might deliver to the cortex materials necessary for the assembly
of transport-competent osk-Staufen complexes. Thus, the lack of visible Staufen particles in
Khc null oocytes may indicate that their assembly or persistence depends on kinesin | activity.
New studies, using green fluorescent protein tags to follow the localization dynamics of osk
MRNA, Staufen, and organelles, may distinguish between these models and provide further
insight into the mechanisms that drive the movements of maternal determinants for early
developmental patterning.
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Fig 1.

Depletion of KHC in embryos produced from germ line stem cell clones. Embryos from wild-
type female flies (left lane) or females that carried Khc2?/Khc27 germ line clones (right lane)
were homogenized and tested for the presence of KHC by Western blotting with anti-KHC
(16). Anti-actin staining (Act) showed that the two lanes had equivalent protein loadings.
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Fig 2.

Localization of anterior-posterior mMRNA determinants in Khc null oocytes. In situ
hybridization was used to test the distribution of bcd and osk mRNAs. bed is shown in (A)
stage 10A wild-type and (B) stage 10B Khc2?/Khc2? egg chambers. osk is shown in (C) stage
8 wild-type, (D) stage 8 KhcZ//Khc??, (E) stage 9 wild-type, and (F) stage 9 Khc27/Khc?7 egg
chambers.
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Fig 3.

Polarity of the oocyte microtubule cytoskeleton in Khe null oocytes. The localization of MTOC
material was tested with antibodies to Centrosomin. (A) Wild-type and (B) Khc27/Khc?’ stage
10A oocytes. The orientation of microtubule plus ends was tested by localizing a KHC::-Gal
fusion protein. (C) Wild-type and (D) Khc27/Khc? late stage 9 egg chambers. The wild-type
genotype included two copies of the fusion gene, whereas the mutant included one copy.
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Fig 4.
Distribution of Orb, an osk MRNA binding protein that may anchor osk to the posterior cortex.
Anti-Orb was used to stain stage 9 egg chambers. (A) Wild-type; (B) Khc2//Khc?,
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Fig 5.

Distribution of Staufen, an osk mMRNA binding protein thought to be required for posterior
osk transport. Anti-Staufen was used to stain egg chambers. (A) Stage 8 wild type, (B) stage
8 Khc27/Khc??, (C) stage 9 wild type, and (D) stage 9 Khc27/Khc?’.
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