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Abstract

Localization and local translation of oskar mMRNA at the posterior pole of the Drosophila oocyte
directs abdominal patterning and germline formation in the embryo. The process requires
precise recruitment and regulation of motor proteins to form transport-competent mRNPs.
Using high- and super-resolution imaging, we determine the steps in motor recruitment to
oskar mRNPs. We show that the posterior-targeting kinesin-1 is recruited upon nuclear export
of oskar mMRNPs, prior to their dynein-dependent transport from the nurse cells into the oocyte.
We demonstrate that DmTropomyosinl-I/C is an atypical RNA-binding, nucleocytoplasmic
shuttling Tropomyosinl isoform that binds the oskar 3'UTR through recognition of a
supramolecular RNA motif created upon dimerization of oskar molecules. Our data show that,
in the oocyte, kinesin-1 is recruited by DmTropomyosinl-1/C to a dynamically changing, small
subset of oskar MRNPs and is activated by the functionalized spliced oskar RNA localization

element, revealing an ergonomic, coordinated mechanism of cargo transport.

Highlights:

- Drosophila Tropomyosinl-I/C is an RNA-binding, nucleocytoplasmic shuttling protein

- DMTm1-I/C dynamically recruits Khc to oskar mRNPs

- DmTm1-1/C preferentially binds an RNA motif formed upon dimerization of oskar 3' UTRs

- The exon junction complex/spliced oskar localization element complex is endowed with

kinesin activating function
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Introduction

Within cells, diverse macromolecules, complexes, and organelles are distributed by a small
set of cytoskeleton-associated motor proteins. Appropriate delivery is achieved by cargo-
associated guidance cues that are responsible for recruiting the appropriate
mechanoenzyme?!. Such actively transported cargoes include mRNAs, whose asymmetric
localization and local translation within cells have been shown to be essential for various
cellular functions, such as migration, maintenance of polarity and cell fate specification?. In the
case of messenger ribonucleoprotein (MRNP) patrticles, the guidance cues are the mRNA
localization elements (LE) that suffice to drive localization of any RNA molecule that contains
them®. A few LEs, their RNA binding proteins (RBP) and the factors that link them to the
mechanoenzyme have been well characterized*’. In these cases, the entire localization
process is driven by a single type of motor. Other mRNAs, such as Xenopus laevis Vg18 or
Drosophila melanogaster oskar (oskar)®! rely on the coordinated action of multiple motor
proteins - cytoplasmic dynein and kinesin-1 and -2 family members - for their localization within

developing oocytes.

oskar mRNA encodes the posterior determinant Oskar protein, which induces abdomen and
germline formation in a dosage-dependent manner in the fly embryo'?. oskar mRNA is
transcribed in the nurse cells of the germline syncytium and transported into the oocyte,
similarly to e.g. bicoid and gurken mRNAs*® 4, This first step of oskar transport is guided by
a well described LE, the oocyte entry signal found in the 3'UTR of the mRNA°, which is
thought to recruit the Egl-BicD-dynein transport machinery® °. In the oocyte, oskar mRNA
localization to the posterior pole is mediated by kinesin-11t 15 16 This second step of oskar
transport requires splicing?’, which assembles the spliced localization element (SOLE) and
deposits the exon junction complex (EJC) on the mRNA, to form a functional EJC/SOLE
posterior targeting unit!®, The EJC/SOLE was shown to be crucial for maintaining efficient
kinesin-1 dependent transport of oskar mMRNPs within the oocyte!! ¥, which is essential for

proper localization of the mRNA to the posterior pole.
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In a forward genetic screen, a group of DmTm1 (formerly DmTmIl) mutants (Tm1%) was
identified in which oskar mRNA accumulation at the posterior pole of the oocyte fails'* 1° (Fig.
la,b). Although the small amount of Oskar protein produced at the posterior pole is sufficient
for embryo progeny of Tm1%homozygous females to form an abdomen and develop into adult
flies, it is insufficient to induce primordial germ cell formation. Consequently, the Tm1%
progeny are sterile, resulting in a so-called ‘grandchildless’ phenotype!®. It was subsequently
demonstrated that the microtubule mediated intra-ooplasmic motility of oskar mRNPs is
affected in Tm1% mutants!! (Supplementary Table 1), similar to what has been observed when
kinesin-1 is absent!!. Although there is biochemical evidence that kinesin-1 associates with
oskar mRNPs?°, what mediates its association with the mRNA and where in the egg-chamber

this occurs is not known.

Here, we demonstrate that DmTm1-I/C, a product of the DmTmL1 locus, is an RNA binding
tropomyosin that recruits kinesin heavy chain (Khc) to oskar mMRNA molecules as soon as they
are exported from the nurse cell nuclei. Within the ooplasm, Khc recruitment is transient and
dynamic and this dynamicity depends on the presence of DmTm1-1/C. Our data indicate that
the EJC/SOLE triggers kinesin-1 activity within the oocyte during mid-oogenesis to ensure

proper localization of oskar mRNA.
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Results

Tm1-l maintains kinesin-1 on oskar mRNA

To obtain mechanistic information regarding the motility defect in Tm1% oocytes, we
developed an ex vivo assay that allows co-visualization of MS2-tagged oskar mRNPs and
polarity-marked microtubules (MTs) in ooplasm and determination of the directionality of oskar
MRNP runs (Fig. 1c, Supplementary Fig. 1a and Supplementary Movie 1), thus giving insight
into the identity of the motor(s) affected by the Tm1% mutations. Using this assay, we found
that in wild-type ooplasm plus end-directed runs of o0skMS2 RNPs dominated about two to one
over minus end-directed runs (Fig. 1d). Plus-end dominance was lost both in ooplasm lacking
Khc and in extracts prepared from Tm1% mutant oocytes (Fig. 1d). This indicates that plus
end-directed, Khc-mediated motility is selectively compromised in the Tm1% mutants. The
remaining plus end directed runs might be due to residual kinesin-1 activity, to other plus end-
directed kinesins, or to cytoplasmic dynein, which has been shown to mediate the bidirectional
random walks of mMRNPs along MTs?. To test if the loss of Khc activity might be the cause of
oskar mislocalization in Tm1% oocytes, we tethered a minimal Khc motor, Khcs0:?> 23, to the
MS2-tagged oskar mRNPs. Co-expression of Khcs: —MCP and oskMS2 restored the plus end
dominance of oskar mRNP runs (Fig. 1d), as well as localization of oskar mRNA (Fig. 1e,f),

confirming that loss of kinesin-1 activity might cause oskar mislocalization in Tm1% mutants.
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Figure 1: Localization of oskar mRNA in wild-type control (a) and in Tm1e9%/Tm1¢9° (b) egg-chambers.
(c) Kymograph of o0skMS2-GFP mRNPs (cyan) travelling along polarity marked MTs (red, EB1 protein)
in an ex vivo ooplasmic preparation. Scale bars represent 1 s and 1 um, respectively. (d) Distribution
of o0skMS2-GFP mRNP runs towards plus (white) and minus ends (gray). Numbers within the bars
indicate number of runs. P value of Chi? test against wild-type is indicated above each bar. oskar mRNA
(green) and Oskar protein (magenta) distribution in Tm1°9/Tm1e9%°® egg-chambers expressing
oskarMS2(6x) (e) or oskarMS2(6x) and Khc1-MCP (f). (g) oskar mRNA (magenta) distribution in
Tm1e9/Tm1e9° egg-chambers rescued with EmGFP-Tm1-1 (green). Scale bars represent 50 um. See
also Supplementary Figs 1 and 4 and Movie 1.

The DmTml locus encodes 17 different transcripts and 16 different polypeptides
(Supplementary Fig. S2a). By performing semi-quantitative RT-PCR analysis, we found that
the transcripts of Tm1-C, | and H are selectively missing or their amount is greatly reduced in
Tm1%* and Tm1°®° homozygous ovaries, respectively (Supplementary Fig. S2b,c). An

EmGFP-Tm1-I transgene expressed in the female germline rescued oskar mislocalization
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(Fig. 1g) and the consequent grandchildless phenotype of Tm1% mutants (all female progeny
— 20+ - contained at least one ovary with developing egg-chambers), indicating that function

of the Tm1-1/C isoform is essential for oskar mMRNA localization.

To determine whether the reduction in Khc-dependent oskar mRNP motility in Tm19 oocytes
is due to an inefficient activation of the motor or rather to insufficient recruitment of kinesin-1,
we analysed the composition of oskar mMRNPs ex vivo. Our object-based colocalization
analysis of single snapshot images corrected for random colocalization (Supplementary Fig.
le-h) revealed that both Khc-EGFP (Fig. 2a and Supplementary Movie 2) and EmGFP-Tm1-
I (Fig. 2b and Supplementary Movie 3) are recruited to a significant fraction of oskMS2-
mCherry mRNPs, indicating that both proteins are components of oskar transport particles
(Fig. 2c). In Tm1% mutant extracts, we observed a significant, 2-4 fold reduction in the fraction
of Khc-positive oskar mRNPs compared to the wild-type controls (Fig. 2d). This indicates that
the observed motility and localization defects in Tm1% are due to insufficient kinesin-1
recruitment to oskar mRNPs. When we performed immunoprecipitations from ovarian lysates,
Khc and Staufen, but no other tested oskar RNP components (Bruno, Y14, BicD or dynein),
co-immunoprecipitated specifically with the EmGFP-Tm1-| bait (Fig. 2e). Although such an en
mass co-immunoprecipitation analysis lacks spatiotemporal resolution, it suggests that Tm1-
I/C, kinesin-1 and Staufen form stable complexes with each other that are maintained by — not

necessarily direct - protein-protein interactions.
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Figure 2: Colocalization of oskMS2-mCherry with Khc-EGFP (a) or with EmGFP-Tm1-1 (b) in ex vivo
ooplasmic preparations. (c) Fraction of oskMS2-mCherry mRNPs located non-randomly within a 200
nm distance of one of the indicated GFP tagged protein particles in ex vivo ooplasmic preparations. All
values are significantly different from zero (p<10-, one sample t-test). (d) Fraction of oskMS2-mCherry
MRNPs co-localizing (max. 200 nm) non-randomly with Khc-EGFP particles in wild-type and in
Tm19Y/Tm1°9° ooplasmic squashes in presence of two (white) or one (gray) copy of endogenous Khc.
P values of two sample t-tests are indicated above the relevant bar pairs (c, d). Numbers indicate the
number of particle clusters (number of preparations) analysed. Error bars represent 95% confidence
intervals. . (e) Western blots of oskar mMRNP components (Staufen, Bruno and Y14) and motor
associated proteins (Khc, BicD, Dic) co-immunoprecipitated with EmGFP-Tm1-1 from ovarian lysates.
Protein marker bands and their molecular weight in kDa are indicated. See also Supplementary Fig. 1
and Movies 2 and 3.

Kinesin-1 associates dynamically with oskar RNPs

The amount of colocalization of EmMGFP-Tm1-I or Khc-EGFP with oskar mRNA we observed
was substantially less than of GFP-Staufen, a bona fide partner of oskar mRNA!! (Fig. 2c).
We reasoned that this might be due to the presence of endogenous unlabelled protein
molecules, particularly affecting Khc-EGFP colocalization measurements (Fig. 2d and
Supplementary Fig. 2c,f). To improve the labelling ratio, we fluorescently tagged Khc and Tm1
at their endogenous loci. Although these alleles allowed us to label virtually all Khc and Tm1-

I/C molecules (Supplementary Fig. 2c¢,g), we did not detect a substantial increase in Khc-
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associated oskar RNPs due to the greater crowding of the labelled molecules and the
consequent elevated frequency of random events (Supplementary Fig. 3a,b). To circumvent
this problem, we analysed time series (Fig. 3a,b and Supplementary Fig. 3c), since the
likelihood of random co-localization (~13% at 250 nm distance in case of a single tagged
Khc™ a2 gllele in a single snapshot image, Supplementary Fig. 3b) decreases progressively
when co-localization is observed in multiple frames along an oskar RNP trajectory

(Supplementary Fig. 3c).
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Figure 3: Kymographs of oskMS2-GFP mRNPs (green) associated with Khc-mKate2 (a, red) and
mCherry-Tm1-I/C (b, red) ex vivo. Arrows indicate motile RNPs in stable complex with Khc (a) or Tm1-
I/C (b), the arrowheads point to non-motile 0skMS2-RNPs showing no obvious accumulation of the
tagged protein. Scale bars represent 1 um and 1 second, respectively. Relative Khc-mKate2 (c),
mCherry-Tm1-1/C (d) and GFP-Staufen (e) coverage of motile (white) and non-motile (grey) oskMS2-
GFP trajectories. Numbers within the boxes indicate number of trajectories (humber of ooplasms),
percentages above the plots show the fraction of RNPs that were found stably and reliably associating
with the indicated protein (for at least half of the duration of the trajectory, p<0.01, binominal distribution,
see also Supplementary Fig. 3c). P values of pairwise Mann-Whitney U tests are indicated above the
boxplots. (f) Frequency of Khc-mKate2 appearance on motile (white), before (motility-primed, checked)
and after (dotted) the onset of moatility, and non-motile (grey) oskMS2-GFP trajectories (see also
Supplementary Fig. 3d). Fractions within the bars indicate number of association events that lasted
longer than a single frame over the number of frames analysed. Indicated P values show results of
pairwise Fisher’s exact test. The Khc association frequency observed on motility-primed and moving

Staufen coverage of oskMS2-RNP tracks
Khc associtation frequency to oskMS2-RNPs (s-1)
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RNPs is not significantly different from wild-type motile RNP controls (p>0.01). See also Supplementary
Fig. 3.

This analysis revealed that in Khc™®*? homozygous ooplasmic extracts, close to 50% of
motile oskar MRNPs are associated with Khc during at least half of the recorded trajectories
(Fig. 3c), close to the proportion of plus-end directed runs (65%) (Fig. 1d). In contrast, only
~15% of non-motile mMRNPs are associated with Khc during their trajectories. Given that at
any given moment most oskar particles are stationary (Supplementary Movie 1,
Supplementary Table 1) 18 24 this indicates that the majority of oskar mRNPs are not in
complex with Khc, which might explain their non-motile status. When we examined Khc
association with RNPs in Tm1% mutant extracts, we discovered it was equally low in the motile
and non-motile mMRNP populations, and that it was considerably below that observed in the
wild-type control (Fig. 3c), confirming that Tm1 is required for efficient loading of Khc on oskar
MRNPs. Our assessment of mCherry-Tm1-I/C association with oskar mRNPs revealed a
stable association of Tm1-I/C with approximately 20% of mRNPs (Fig. 3b,d), irrespective of
the motile/non-matile status of the RNPs (Fig. 3d), similarly to GFP-Staufen (Fig. 3e) and in

contrast with Khc-mKate2.

During stage 9 of oogenesis, half of all oskar mRNA molecules in the oocyte translocate to
the posterior pole?*. Since only 15% of oskar RNPs are in complex with Khc at any given
moment (Fig. 3c), this implies that kinesin-1 must dynamically redistribute within the RNP
population. By analysing Khc association prior to the onset of oskar RNP motility, we detected
a slight increase in Khc occupancy on oskar mRNPs roughly 4-5 seconds before the start of
runs (Supplementary Fig. 3d). Next, we analysed the frequency of the kinesin-1 and oskar
association events. We observed that motile or motility-primed RNPs are associated with a
Khc signal about every 5 seconds (~0.2 s, Figure 2F) in wild-type ooplasm. This frequency
decreased to ~0.1 s in the case of wild-type, non-motile RNPs and dropped to ~0.05 s when
Tm1-I/C was absent (Fig. 3f). This observation and the low frequency of Khc association we
observe in Tm1% mutant ooplasm (Figs. 2d and 3d) provide a mechanistic explanation for the
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greatly reduced number of long, unidirectional runs of oskar mMRNPs in the absence of Tm1-

I/C (Supplementary Table 1)

Kinesin-1 is recruited to oskar upon nuclear export

To test whether Tm1-1/C and Khc coexist in oskar mMRNP complexes, we performed oskar in
situ hybridization on EmGFP-Tm1-I-rescued Tm1%* mutant egg-chambers carrying one copy
of the Khc™®*2 allele (Fig. 4a-c’). We found that only small portions of oskar mRNPs co-
localized with either Khc-mKate2 (~4.6%) or EmMGFP-Tm1-1 (~5.7%) in the oocytes in situ (Fig.
4d), similar to what we observed in our ex vivo co-localization analysis (Fig. 2c). Interestingly,
the portion of oskar mMRNPs positive for both Khc-mKate2 and EmGFP-Tm1-1 (~5.1%) was
statistically not different from the fraction of oskar RNPs co-localizing with either of the
components. However, it was almost 40% higher than that could be expected based on the
observed data (p=10*, Fig. 4d). This suggests that although Khc coverage of oskar mMRNPs

is low, the presence of Tm1-I/C and Khc in the oskar transport particles positively correlates.

In the same analysis, we found that the (co-)recruitment of Khc-mKate2 and EmMGFP-Tm1-I to
oskar mMRNPs is not restricted to the oocyte, but can be already observed in the nurse cell
cytoplasm (Fig. 4a-b’,d). By performing STED superresolution microscopy on fixed egg
chambers expressing either Khc-EGFP or EmGFP-Tm1-l (Fig. 4e), we confirmed the
recruitment of these two components to oskar mRNPs in the nurse cells (Fig. 4f,g). Moreover,
as observed in the ooplasm, Khc association with oskar mMRNA was significantly reduced in

Tm1% mutant nurse cells (Fig. 49).
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Figure 4: (a, b, c) Confocal image of a Tm1%° homozygous egg-chamber expressing EmGFP-Tm1-|
(green) and Khc-mKate2 (magenta). oskar mRNA labelled with osk1-5 FIT probes#? is in yellow. (a’, b’,
¢’) oskar mMRNPs co-localizing with both EmMGFP-Tm1-1 and Khc-mKate2. Colours indicate the maximal
co-localization distance (a’). Panels b-¢’ represent the boxed regions in panel a. (d) Fraction of oskar
MRNPs co-localizing with Khc-mKate (dark grey), EmGFP-Tm1-1 (white), or both of these proteins (light
grey) in the oocyte or in the nurse cells (max. colocalization distance is 250 nm). None of the values
are significantly different from each other (one-way ANOVA, p>10-23). Horizontal dashed lines indicate
the expected value of observing both protein in an oskar mRNP if the interactions are independent (see
Supplementary Fig. 5a,b). P values of one sample t-tests of the observed co-localization values versus
these expected values are shown. Confocal (e) and gated STED image (e’) of EmGFP-Tm1-I
expressing nurse cells. GFP auto-fluorescence is in magenta, oskar mRNA is in green. (f) Fraction of
EmGFP-Tm1-| positive oskar RNPs (max. colocalization distance is 100 nm) in the indicated nurse cells
in the presence of two (gray bar) or one copy (white bars) of the EmGFP-Tm1-I transgene. (g) Fraction
of Khc-EGFP positive oskar RNPs (max. colocalization distance is 100 nm) in the indicated nurse cells.
P values of two sample t-tests against wild-type are indicated. Numbers indicate the number of particle
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clusters (number of egg-chambers) analysed. Error bars represent 95% confidence intervals. All values
(d, f, g) are significantly different from zero (p<10-3, one sample t-test). Scale bars represent 20 um (a)
5 um (b, c) and 1 um (e’). See also Supplementary Figs. 2 and 4.

EmGFP-Tm1-1 —similarly to Khc-mKate2 — localized diffusely in the cytoplasm and, unlike
other tropomyosins, did not accumulate on actin structures in the egg-chamber
(Supplementary Fig. S4c-d’). In contrast, EmMGFP-Tm1-l accumulated at the posterior pole of
the oocyte 2° (Supplementary Fig. S4a) and, in the nurse cells, was enriched around the
nuclear envelope (NE) (Fig. 5a, Supplementary Fig. S4a); furthermore, the GFP signal was
also detected in the nurse cell nuclei (Supplementary Fig. S4b). Remarkably, we found that,
in the absence of oskar mMRNA, EmMGFP-Tm1 did not accumulate on the cytoplasmic surface
of the NE and was more concentrated in the nuclei than in the cytoplasm (Figs. 5e and 6a,b
and Supplementary Fig. 7d,j). These findings suggested that, in the female germline, Tm1-1/C
is a nucleocytoplasmic shuttling protein and that its major partner, required for its export, is

oskar mRNA.

We next examined the distributions of oskar mMRNA and Khc in the nurse cells. We observed
that, like Tm1-1/C, both oskar mRNA (Fig. 5b and as reported previously?®) and Khc enriched
around the nurse cell NE (Fig. 5c¢). By analysing radial profiles of NEs counterstained by
fluorescent lectins (Fig. 5a-c), we detected a small but significant perinuclear accumulation of
Khc in wild-type nurse cells (Fig. 5d,f), independent of the developmental age of the egg-
chamber (Supplementary Fig. 6a). This observed Khc accumulation required the presence of
both oskar mMRNA and of Tm1-I/C (Fig. 5d,f), although oskar mMRNA accumulation around the

NE was not affected in the Tm19* egg-chambers (Supplementary Fig. 6b).

Taken together, our results indicate that Khc recruitment to oskar takes place as early as upon
nuclear export of the mRNPs, around the NE, prior to the actual involvement of kinesin-1 in
the oskar localization process. Furthermore, the recruitment of the kinesin-1 motor requires

the presence of Tm1-1/C on oskar mRNPs.
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Figure 5: Local|zat|on of EmMGFP- Tml I (&) oskar mRNA (b) and Khc (c) around the nurse cell nuclear
envelope (magenta, WGA staining). Mean distribution profile of Khc (d) and EmMGFP-Tm1-I (e) around
the NE of nurse cells (marked with a dotted vertical line). Genotypes are indicated as follows: wild-type
control with solid black line, oskar RNA null with solid gray line, Tm19%/Tm1e9° with dotted black line
(mean+95% conf. int.). (f) Khc accumulation around the NE. To calculate accumulation the signal
intensity measured at the position of wild-type peak (arrowhead, 356+17.6 nm away from NE) divided
by signal intensity 2 SD away (arrow, at 356+2*410 nm). P values of pairwise Mann-Whitney U tests
against wild-type control are indicated above the boxplots. Numbers indicate the number of nuclei
(number of egg-chambers) analysed. See also Supplementary Fig. 6.

oskar 3’UTR recruits Tm1-1/C

To determine what element(s) in oskar mMRNA are responsible for Tm1-I/C and eventually Khc
recruitment, we systematically replaced wild-type oskar mRNA with different truncations and
mutant versions of the mRNA, expressed from transgenes in the egg-chamber. A
compromised EJC or SOLE causes oskar mRNA motility and localization defects similar to
those observed in Tm19% mutants! 8. We therefore tested whether the association of Khc with
oskar RNPs is affected when the EJC/SOLE functional unit fails to form. Either disruption of

the EJC or substitution of wild-type oskar mRNA with the non-spliced oskar Ai(1,2,3) resulted
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in a loss of Khc accumulation around the NE (Fig. 5f and Supplementary Fig. 6¢). Also, the
fraction of Khc-positive oskar mRNPs was significantly reduced upon knocking down levels of

the EJC core component Y14 (Fig. 49).

Interestingly, we observed no significant effect on NE localization and nuclear accumulation
of EmMGFP-Tm1-1 in oskar Ai(1,2,3) expressing oocytes (Fig 6a,b and Supplementary Fig. 6f,))
and EmGFP-Tm1-| association with oskar mMRNPs was also unaffected (Fig. 4f). In contrast,
expression of a spliced oskar version lacking the oskar 3' UTR (osk-bcd)?*?, resulted in an
aberrant Tm1-1/C distribution, similar to what was observed in absence of oskar mMRNA (Fig
6a,b and Supplementary Fig. 6g,j). The smallest unit capable of restoring a wild-type Tm1-1/C
localization was the intact oskar 3'UTR (Fig 6a,b and Supplementary Fig. 6e,j). Truncations of
the 3’'UTR!® and a mere two nucleotide substitution in the kissing loop that mediates oskar
MRNA dimerization?” greatly reduced EmGP-Tm1-lI accumulation near the cytoplasmic
surface of the NE and led to concentration of Tm1-l/C in the nuclei (Fig 6a,b and
Supplementary Fig. 6h-j). As the fraction of non-dimerizing oskar mMRNPs associated with
EmGFP-Tm1-1 did not differ from the wild-type control (Fig. 4f), we hypothesize that a higher
nuclear EmMGFP-Tm1-I concentration compensates for its lower affinity for this oskar species.
Nevertheless, the non-dimerizing oskar mMRNA - whose localization appeared qualitatively
normal (Supplementary Fig. 8a)?’ — showed a reduced efficiency of posterior-ward

translocation (Fig. 7k,l).

These results indicate that Tm1-I/C recruits Khc independently of the EJC/SOLE — which also
contributes to Khc recruitment- and requires an intact, dimerization-competent oskar 3° UTR

for its association with oskar mRNPs.

Tm1-I binds directly to the oskar 3’ UTR
In a screen to identify proteins bound directly to mRNAs in early Drosophila embryos, we
isolated an isoform-non-specific Tm1 peptide?®. By immunoprecipitating EmGFP-Tm1-I from

lysates of embryos exposed to 254nm UV light, we detected significantly more poly(A)+ RNAs

16


https://doi.org/10.1101/067876

bioRxiv preprint doi: https://doi.org/10.1101/067876; this version posted August 4, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

cross-linked to Tm1-1/C than to the control (Supplementary Fig. 7a,a’), confirming the RNA
binding activity of TM1-I/C. qRT-PCR of cross-linked mRNAs revealed oskar as a target of
TM1-I/C (Supplementary Fig. 7b). To identify the region of oskar mRNA to which Tm1-1/C
binds, we incubated the embryonic lysates expressing EmGFP-Tm1-l with exogenous
digoxygenin-labelled oskar RNA fragments and subjected them to UV cross-linking.
Immunoprecipitation allowed the recovery of the oskar 3’'UTR, but not of other regions of the
MRNA (Fig. 6c,d). Truncated (Supplementary Fig. 7k,l) and the non-dimerizing oskar 3’UTR
(Fig. 6e) bound to EmGFP-Tm1-lI with reduced affinity. These findings also suggest that

efficient direct binding of Tm1-I/C to oskar mMRNPs requires an intact, dimerizing oskar 3'UTR.

It has been reported that oskar mMRNA dimers and higher order assemblies are promoted or
stabilized by RNA binding proteins, such as Bruno?® and Polypyrimidine tract binding protein
(PTB)%. To test if Tm1-1/C possesses similar activity, we targeted oskar mRNA with two
orthogonally labelled probes of identical sequence specificity (Fig. 6f). This analysis revealed
a substantial reduction in the fraction of oskar mRNPs containing multiple copies of the mRNA
in Tm1% mutant nurse cells, as we also observed in the absence of PTB (Fig. 6g and
Supplementary Fig. 7m), indicating the interdependence of oskar mRNA dimerization and

Tm1-1/C recruitment.
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Figure 6: (a) Distribution of EmMGFP-Tm1-I around the nurse cell NE in egg-chambers. osk-bcd is
indicated with dotted, non-dimerizing oskar with dashed and oskar 3’ UTR with solid line (mean+95%
conf. int.). (b) Nucleocytoplasmic distribution of EmMGFP-Tm1-l. Ratios of the mean signal intensity
measured at a distance of one to two microns from the NE, within and outside of the nucleus were
calculated. All values are significantly different from one (p<10-3, one sample t-test). Numbers indicate
the number of nurse cell nuclei (number of egg-chambers) analysed. (c) Images of beads binding to
EmGFP-Tm1-I (green) and DIG labelled in vitro transcribed RNA fragments (magenta). (d, €) Mean
DIG-Cy5 fluorescence measured on beads capturing the RNA fragment, with or without UV cross-
linking, indicated below the charts. P values of pairwise Mann-Whitney U tests are indicated. In panel
e, none of the non-cross-linked samples differ significantly from the no RNA control (p>0.05). (f)
Competitive FISH of oskar mRNA in a wild-type nurse cell. (g) Fraction of oskar mRNPs labelled non-
randomly with both colours during competitive FISH in nurse cells of the indicated genotypes (both
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colours found within 100 nm, mean+95% conf. int.). P values of two sample t-tests against wild-type
are indicated. Numbers indicate the number of particle clusters (number of egg-chambers) analysed.
Scale bars represent 5 um. See also Supplementary Figs. 7 and 8.

Partially interchangeable roles of Tm1-1/C and the EJC/SOLE

We noted that transgenic over-expression of EmGFP-Tm1-l increased Khc recruitment to the
NE substantially in the rescued Tm1% egg-chambers (Fig. 7a,e). Although there was a slight
yet significant elevation in Khc accumulation in the absence of oskar RNA, which might reflect
the presence of other, even non-specific mMRNA targets of over-expressed EmGFP-Tm1-l,
substantial increase was only observed when the intact oskar 3’'UTR was present (Fig. 5b-e).
To address the functional consequences of this ‘super-loading’ of Khc, we quantified the mean
distribution of oskar Ai(1,2,3) RNA throughout stage 9 oocytes?*. This analysis showed that
over-expression of EmGFP-Tm1-l causes a posterior-ward shift of the otherwise non-
localizing mRNA (Fig. 7f,g,l). However, this rescue was not complete as it still significantly
deviated from the wild-type control. Furthermore, EmMGFP-Tm1-lI over-expression did not
promote posterior localization of the RNA consisting solely of the oskar 3'UTR (Fig. 7i,l),
despite the increased recruitment of Khc to the NE. EmMGFP-Tm1-I over-expression also did
not promote oskar mMRNA localization in oocytes with reduced Khc levels (Fig. 7j,1), confirming
the essential role of kinesin-1 motor is this process. These observations indicate that a
properly assembled EJC/SOLE is required to activate the oskar bound, Tm1-1/C recruited

kinesin-1 within the oocyte.
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oskar Ai(1,2,3) (d). Scale bars are 5 um. (e) Khc accumulation around the nurse cell NE. P values of
pairwise Mann-Whitney U tests are indicated. Numbers indicate the number of nurse cell nuclei (number
of egg-chambers) analysed. (f-k) Mean oskar mRNA distribution (green) within oocytes in which oskar
MRNA is substituted by oskar Ai(1,2,3) mRNA (f, g), oskar 3'UTR mRNA (i) or non-dimerizing oskar
MRNA (k) and that (in addition) over-express EmGFP-Tm1-I (g, i and k). Wild-type control (h) and
oocytes expressing Khc RNAi and EmGFP-Tm1-1 (j). (h) Scale bar is 10% of total oocyte length. (I)
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horizontal line) along the anteroposterior (AP) axis. Posterior pole is the top of the chart. P values of
pairwise Mann-Whitney U tests are indicated. Numbers indicate number of oocytes analysed. See also
Supplementary Fig. 8.

Discussion

Our findings show that Khc is recruited to oskar mRNA in the perinuclear cytoplasm of the
nurse cells through the concerted actions of Tm1-I/C and the EJC/SOLE complex, both of

which associate with oskar mRNA in the nucleus (Fig. 8). This early recruitment of Khc to
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oskar RNPs was unexpected, as the first step of oskar transport, from the nurse cells into the
oocyte, is mediated by by cytoplasmic dynein® 1°. Dynein is presumably also recruited at the
NE, where we also detected accumulation of the cargo adapter Egalitarian® 3! and the dynactin
component Dynamitin®2. Interestingly, the dynein apoenzyme did not enrich around the NE
(Supplementary Fig. 8b-e), possibly because its association with oskar mRNPs instantly
initiates their transport into the oocyte. The presence of the two opposite polarity motors on
oskar mRNPs calls for regulators that coordinate motor action responding either to
environmental changes® 2 or to the developmental program: the failed or incomplete
posterior localization of oskar 3’UTR and oskar Ai(1,2,3), respectively, indicates that the
presence of Khc on the RNPs is necessary but not sufficient for proper oskar localization.
Since the oskar coding sequence — with the exception of the SOLE — was shown to be
dispensable for the localization process'®, we propose that the oskar mRNA targeting to the
posterior pole depends on two independent elements: 1) the spliced, EJC associated SOLE
complex, which activates oskar bound kinesin-1 in the oocyte in a context-sensitive manner
and 2) the oskar 3’ UTR, which recruits cytoplasmic dynein® and kinesin-1, the latter through
Tm1-I/C. Our data suggest that Khc recruitment may depend on dimerization of oskar mRNA,
as this process facilitates Tm1-1/C binding. Consistent with this, cytoplasmic oskar transport
particles have been shown to contain at least two oskar mRNA molecules?® and defects of
oligomarization result in improper localization of oskar®® 3. Since we detected no interaction
between the EJC/SOLE and Tm1-I/C/3’'UTR kinesin-1 recruitment and activation appears to

be modular.

Our work shows that Khc recruitment is dynamic and that this dynamicity depends on Tm1-
I/C. Although the mechanism behind it is cryptic, the dynamic loading and unloading of kinesin-
1 provides an economical and efficient means to localize the estimated ~1.25-7.5x10° oskar
transport particles (1.G., unpublished data) within a few hours?4, when at any given moment
only a small subset of oskar mMRNPs is available and in complex with Khc. We think that the

modularity, the dynamicity and the complex, coordinated motor activity makes oskar mRNPs
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model cargoes for discovering novel modes of mechanoenzyme regulation and deciphering

the logic of organelle distribution.

The finding that Khc does not accumulate around nurse cell NEs in the absence of oskar
MRNA suggests that it is the main, if not the sole mRNA in the Drosophila germline to be
transported actively by kinesin-1 to the posterior pole of the oocyte. Consistent with this, a
recent study of mRNA localization in the developing egg-chamber showed that all posterior
targeted mRNAs analysed require localized oskar mRNA and/or locally translated Oskar
protein for their localization®®. However, Tm1-I/C appears to have other target mRNAs within
the organism, as coracle mRNA localization to neuromuscular junctions is affected in Tm1%
mutants®. Future identification of these target mMRNAs should reveal the RNA features that

prime mRNPs for transport by kinesin-1.

Tm1-I/C is an unusual tropomyosin: although it has a short tropomyosin superfamily domain
in its C-terminal moiety, its N-terminal portion consists almost entirely of low complexity
sequence? and the protein forms intermediate filament like structures in vitro®. Proteins
containing disordered regions are major constituents of RNA containing membraneless
organelles, such as RNA granules®, stress granules®, P granules®, nuage and germ
granules®. Although orthologues of the Tm1-I/C N-terminal region are not present beyond
Diptera, the juxtaposition of low complexity sequences with cytoskeleton binding domains as
a module allowing recruitment of motor proteins to mRNAs may be conserved among higher
eukaryotes including mammals. For instance, the non-homologous actin-binding proline-rich
murine synaptopodin protein was shown to rescue mislocalization of oskar mMRNA in Tm19%
mutant oocytes although the basis of this rescue was not addressed*'. Further dissection of
the precise molecular functions of Tm1-I/C — and of synaptopodin - in oskar mRNP assembly
will be crucial to determining the nature and the minimal number of features necessary for

kinesin-1 mediated localization of MRNPs in eukaryotes.
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Figure 8: Proposed mechanism of Khc recruitment by Tm1-1/C and SOLE-associated EJC to oskar
MRNA dimers upon their export from nurse cell nuclei. (a) In wild-type nurse cells, the core components
of the EJC and Tm1-I/C are recruited to oskar mRNA within the nucleus, upstream of the SOLE and to
the 3’ UTR, respectively. Upon nuclear export, EJC and Tm1-I/C coordinate the recruitment of kinesin-
1 (Khc). The EJC in conjunction with the SOLE is required for kinesin-1 activation, while Tm1-1/C is
required to maintain dynamic loading of the motor in the oocyte. (b) Overexpression of EmMGFP-Tm1-|
results in the overloading of kinesin-1 on oskar mRNPs, even when EJC/SOLE assembly is
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compromised. This kinesin-1 overloading is possibly due to saturation of symmetric Tm1-1/C binding
sites in the dimerizing oskar 3° UTRs upon EmGFP-Tm1-| overexpression.
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