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Abstract

The localisation of oskar mRNA to the posterior of the Drosophila oocyte defines
where the abdomen and germ cells form in the embryo. Kinesin 1 transports oskar
mRNA to the oocyte posterior along a polarised microtubule cytoskeleton that grows
from non-centrosomal microtubule organising centres (ncMTOCs) along the
anterior/lateral cortex. Here we show that the formation of this polarised microtubule
network also requires the posterior regulation of microtubule growth. A mutation in
the Dynactin Arpl subunit causes most oskar mRNA to localise in the posterior
cytoplasm rather than cortically. oskar mRNA transport and anchoring are normal in
this mutant, but the microtubules fail to reach the posterior pole. Thus, Dynactin acts
as an anti-catastrophe factor that extends microtubule growth posteriorly. Kinesin 1
transports Dynactin to the oocyte posterior, creating a positive feedback loop that
increases the length and persistence of the posterior microtubules that deliver oskar

mRNA to the cortex.
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Introduction

Although most tissue culture cells organise a radial array of microtubules from their
centrosomes, most differentiated cell-types lose or inactivate their centrosomes, but
still create polarised microtubule arrays that play important roles in the establishment
of cell polarity, intracellular trafficking and organising the internal architecture of the
cell (Bartolini and Gundersen, 2006). For example, both Drosophila and vertebrate
neurons polarise normally without functional centrosomes, and the latter can even
regenerate their axons after centrosome ablation (Stiess et al., 2010; Nguyen et al.,
2011). Thus, specialised cells, such as neurons, must use other mechanisms to
nucleate microtubules and to organise them into the polarised microtubule arrays that

underlie cell function.

Non-centrosomal microtubules play a particularly important role in the Drosophila
oocyte, where they form a polarised network at stage 9 of oogenesis that directs the
localisation of the maternal determinants that define the anterior-posterior axis of the
embryo (Bastock and St Johnston, 2008). The organisation of the oocyte microtubules
ultimately depends on an unknown signal from the follicle cells that induces the
formation of complementary cortical polarity domains: an anterior/lateral domain that
is defined by the localisation of the Bazooka/Par-6/aPKC complex and a posterior
domain that is marked by Par-1(Gonzalez-Reyes et al., 1995; Roth et al., 1995;
Shulman et al., 2000; Tomancak et al., 2000; Doerflinger et al., 2006). Par-1 then acts
to exclude noncentrosomal microtubule organising centres from the posterior, so that
the majority of microtubules grow with their minus ends anchored to the
anterior/lateral cortex(Doerflinger et al., 2010; Nashchekin et al., 2016). This results

in the formation of an anterior-posterior gradient of microtubules in the oocyte, with a
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weak orientation bias of 60% of the microtubules growing towards the posterior and

40% towards the anterior (Parton et al., 2011).

One of the key functions of the oocyte microtubule cytoskeleton is to direct the
transport of oskar mRNA to the posterior of the oocyte, where it defines the site of
assembly of the pole plasm, which contains the abdominal and germline determinants
(Ephrussi et al., 1991; Kim-Ha et al., 1991; Ephrussi and Lehmann, 1992). oskar
mRNA is transcribed in the nurse cells and is then transported along microtubules into
the oocyte by the minus-end directed motor, Dynein (Clark et al., 2007; Sanghavi et
al., 2013). Once it enters the oocyte, oskar mRNA switches motors and is transported
by the plus end directed motor protein, Kinesin 1, to the posterior pole, where it is
translated and anchored to the cortex by Oskar protein (Markussen et al., 1995; Rongo
et al., 1995; Brendza et al., 2000; Vanzo and Ephrussi, 2002). Tracking of oskar
mRNA particles in the oocyte reveals that they move in all directions with a similar
net posterior bias to the growing plus ends of microtubules (Zimyanin et al., 2008;
Parton et al., 2011). This suggests that oskar mRNA is a passive cargo of Kinesin 1
and that its destination is determined solely by the arrangement of the microtubule
cytoskeleton. In support of this view, computer simulations show that simply allowing
microtubules to extend in random directions from ncMTOCsSs along the anterior and
lateral cortex, but not the posterior, is sufficient to give the observed microtubule
distribution in the oocyte and to account for the posterior localisation of oskar mRNA

by Kinesin 1(Khuc Trong et al., 2015).

The computer simulations treat microtubules as static rods, and do not take into

account the dynamic nature of the microtubules in the oocyte, in which the growing
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plus ends undergo catastrophes when they transition into rapid shrinking, especially
on hitting solid surfaces, such as the cortex (Zhao et al., 2012). Here we show that just
controlling the distribution of microtubule minus ends is not enough to explain the
delivery of oskar mRNA to the posterior cortex when the microtubules are dynamic,
and describe an additional layer of control, in which Dynactin regulates the
microtubule plus ends to increase their persistence specifically at the posterior of the

oocyte.

Results

We have previously identified factors that regulate oskar mRNA localisation by
performing large genetic screens in germline clones for mutants that disrupt the
posterior localisation of GFP-Staufen, a dsSRNA-binding protein that associates with
oskar RNA throughout oogenesis (St Johnston et al., 1991; Ramos et al., 2000; Martin
et al., 2003). One mutant from this screen (4D2) gave an unusual phenotype, in which
both Staufen and oskar mRNA accumulate in the posterior cytoplasm rather than
forming a tight crescent at the posterior cortex (Figure 1). This phenotype could
reflect a failure to anchor oskar mRNA to the cortex or a defect in oskar mRNA
translation, since Oskar protein anchors its own RNA (Vanzo and Ephrussi, 2002).
Staining for Oskar protein revealed that the small amount of mRNA that is at the
posterior cortex is translated normally, whereas the diffusely-localised cytoplasmic
RNA is not (Figure 2A and B). Furthermore, the Staufen and Oskar protein that
contact posterior cortex remain anchored there at later stages, whereas the higher

concentration of protein in the posterior cytoplasm disappears, presumably because it
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is washed away by cytoplasmic flows (Figure 2C and D). Thus, the phenotype does
not appear to be a consequence of an anchoring or translation defect, suggesting that

the 4D2 mutation disrupts the delivery of oskar mRNPs to the posterior cortex.

To test whether the 4D2 phenotype is specific to oskar mRNA, we examined whether
other molecules that are transported to the posterior by Kinesin 1 are also affected.
We first tested a fusion between the motor domain of the Kinesin heavy chain and f3-
galactosidase (Kin-Pgal) that behaves as a constitutively active motor (Clark et al.,
1994). In wild-type egg chambers, Kin-fgal forms a crescent at the posterior of the
oocyte at stage 9 (Figure 3C). In 4D2 germline clones, however, Kin-f3gal localises to
a diffuse cloud near the posterior cortex, showing a very similar defect to oskar
mRNA (Figure 3D). Kinesin 1 also transports the Dynein/Dynactin complex to the
posterior, although the function of this localisation is not known (Li et al., 1994;
Palacios and St Johnston, 2002). In 4D2 germline clones, Dynein and the Dynactin

component, p1509"

, show an identical posterior localisation phenotype to oskar
mRNA (Figure 3A and B). Thus, 4D2 causes a general defect in kinesin-dependent
transport to the posterior cortex of the oocyte. As Kin-fgal and the Dynein/Dynactin

complex are not anchored at the posterior, these observations also rule out the

possibility that the phenotype arises from a lack of anchoring.

Recombination mapping and fine scale deletion mapping showed that the 4D2
chromosome carries a single lethal mutation within the 66kb region that is removed
by Df(3R)Exel6166, but not by Df(3R)ED5612 (Figure 3-figure supplement 1).
Crosses to the lethal mutations in this interval revealed that 4D2 fails to complement

the arpI®®*** and arp1®’™ alleles of the Drosophila Dynactin component, Arpl,
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indicating that 4D2 is a new arp! allele. Consistent with this, arpI*"* contains a
missense mutation that changes a highly conserved glutamate residue (E53) to lysine

4D2
1

(Figure 4A). We also crossed arp to two hypomorphic, EMS-induced alleles,

arpl' and arpI® (Haghnia et al., 2007). Some of the transheterozygotes were viable
and showed a similar diffuse posterior localisation of GFP-Staufen to arpl*>>

homozygous mutant germline clones, confirming that the mutation in Arpl1 is the

cause of the phenotype (Figure 3-figure supplement 2).

The Dynactin complex acts as a cargo adaptor complex for Dynein (Holleran et al.,
2001; Muresan et al., 2001; Zhang et al., 2011), enhances the processivity of Dynein
movement along microtubules (Mckenney et al., 2014; Schlager et al., 2014) and also
binds to microtubule plus ends through plSOGlueG1 (Akhmanova and Steinmetz, 2015;
Duellberg et al., 2014; Lazarus et al., 2013). Arpl polymerises into a filament
composed of eight copies of Arpl and one f-actin subunit that forms the backbone of
the Dynactin complex (Urnavicius et al., 2015; Figure 4B). The E53 to K mutation in
arpI*™™? falls in the loop of subdomain two that mediates the interaction between Arpl
subunits. It is not predicted to affect protofilament formation, because it points away
from the interaction interface (Figure 4C). However, the ES3K mutation should
disrupt the interaction of ArplE subunit with one of the extended regions of p50
Dynamitin that anchor the p150Glued shoulder to the Arpl rod (Figure 4D and E). This
suggests that the mutation does not disrupt the whole Dynactin complex, but may

alter the conformation or activity of the plSOGlued/Dynamitin/p24 shoulder domain.

Early in oogenesis, Dynein and Dynactin are required for the transport of oocyte

determinants into one cell of the 16 cell germline cyst, and null mutants in
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components of either complex therefore fail to form an oocyte (Mcgrail and Hays,
1997; Liu et al., 1999; Bolivar et al., 2001; Mirouse et al., 2006; Haghnia et al., 2007).
The oocyte is specified normally in arpl** germline clones, however, as shown by
the accumulation of Orb in one cell of the 16 cell germline cyst in region 3 of the

germarium (Figure 5A and B). By contrast, the null mutation, arp1°***

, completely
blocks oocyte determination to give rise to cysts with 16 nurse cells (Figure 5C). This

indicates that arpI** does not disrupt the function of the Dynactin complex as an

activator and cargo adaptor for Dynein.

Dynein and Dynactin both fulfil multiple functions during the later stages of
oogenesis: they are required to transport RNAs, such as bicoid, gurken and oskar
from the nurse cells into the oocyte (Clark et al., 2007; Mische et al., 2007), they
transport bicoid mRNA to the anterior of the oocyte (Duncan and Warrior, 2002; Weil
et al., 2006; Weil et al., 2008; Trovisco et al., 2016), anchor the nucleus at the
dorsal/anterior corner of the oocyte (Swan et al., 1999; Lei and Warrior, 2000;
Januschke et al., 2002; Zhao et al., 2012), and localise and anchor gurken mRNA
above the nucleus (MacDougall et al., 2003; Delanoue et al., 2007). Both bicoid and
oskar mRNAs enter the oocyte normally in arp/*"> homozygous germline clones, and
bicoid mRNA localises to the anterior cortex as in wild-type (Figure 1D, Figure 5D-
G). However, the oocyte nucleus is not anchored at the dorsal/anterior corner (Figure
5D-E, H-K). gurken mRNA is also not localised, although this could be an indirect
consequence of the failure in nuclear anchoring (Figure SH and I). Thus, most
Dynein/Dynactin-dependent RNA transport processes occur normally in the arp/*™?

mutant. The defects in the delivery of oskar mRNA to the posterior cortex, the
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anchoring of the nucleus, and possibly also gurken mRNA localisation must therefore

reflect a specific function of Dynactin that is disrupted by this allele.

To investigate which function of Dynactin is affected by the arpl*®* mutation, we
focused on the defect in the posterior localisation of oskar mRNA, as this process has
already been extensively characterised. In principle, the failure to deliver oskar
mRNA to the posterior cortex could reflect either a problem with mRNA transport or
a defect in the organisation of the microtubules along which the RNA is transported.
Both Dynein/Dynactin and oskar mRNA are transported to the posterior by kinesin 1,
and it is therefore possible that Dynactin plays a role in coupling oskar mRNA to
Kinesin 1. We therefore examined the movements of oskar mRNA in living oocytes
using the MS2 system for fluorescently labelling RNA in vivo (Bertrand et al., 1998;
Forrest and Gavis, 2003; Zimyanin et al., 2008). The speed and direction of
movements as well as mobile fraction of oskar mRNA in arp*™* homozygotes were
very similar to wild-type indicating that Dynactin is not required for the kinesin-
dependent transport of oskar mRNA (Table 1). Two aspects of the movements were
significantly different from normal, however. Firstly, the number of oskar mRNA
movements was strongly reduced in the region from 0-15um from the posterior pole,
where the movements are most frequent in wild-type (Figure 6A). This provides
further evidence that the diffuse localisation of oskar mRNA in the posterior
cytoplasm in the mutant arises from a failure to transport the mRNA all of the way to
the posterior cortex. Secondly, the posterior bias in the direction of oskar mRNA
movements decreased closer to the posterior pole, whereas the directional bias

increases towards the posterior in wild-type (Figure 6B; Parton et al., 2011).
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The arp1** mutant phenotype highlights an unresolved question in oskar mRNA
localisation, which is how the RNA is actually delivered to the posterior cortex. The
microtubules in the oocyte are highly dynamic and disappear within a few minutes of
the addition of drugs, such as colchicine, that sequester free tubulin dimers. Thus,
growing microtubules are likely to contact the cortex for only a few seconds before
they undergo catastrophe and start shrinking towards the anterior. To deliver oskar
mRNA to the posterior pole, oskar mRNA/Kinesin 1 complexes must therefore reach
the plus end of the microtubule while it is still in contact with the posterior cortex
(Figure 6C left). One way that Dynactin might contribute to this process is by
preventing oskar mRNA/Kinesin complexes from running off the ends of growing
microtubules by tethering the complex to the growing plus ends through p150GlLled
(Figure 6C right). In wild-type, multiple oskar mRNA/Kinesin complexes could then
track the growing plus ends and be deposited on the cortex when the microtubule
reaches the posterior, whereas these complexes would fall off the end of the

7*P? mutant. If this model is correct, one would expect a

microtubule in the arp
proportion of oskar mRNA particles to move at the speed of the growing
microtubules in wild-type. However, there is no significant peak in the distribution of
oskar mRNA velocities that corresponds to the speed of the growing microtubule plus
ends, indicating that dynactin does not couple the RNA particles to the plus ends
(Figure 6D; Trovisco et al., 2016). Since Kinesin 1 transports oskar mRNA with an
average speed of 0.47um/sec, while the microtubules grow at 0.23um/sec, the oskar
mRNA/Kinesinl complexes will continually catch up with the growing plus ends and
then fall off (Figure 6D). The amount of oskar mRNA deposited on the posterior

therefore primarily depends on the amount of time that the plus ends persist once they

reach the posterior cortex.
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Since the arp*™* mutant does not appear to affect the behaviour of oskar mRNA
directly, we next examined the organisation of the microtubules. Anti-tubulin
stainings of fixed egg chambers showed a slight reduction in the density of
microtubules in arpl*?? homozygotes compared to wild-type, but no significant
change in their overall arrangement(data not shown). However, these stainings do not
preserve the microtubules near the posterior of the oocyte. We therefore examined the
behaviour of the growing microtubule plus ends by making movies of oocytes
expressing the plus end tracking protein EB1 fused to GFP (Parton et al., 2011). In
wild-type, the growing plus ends slow down close to the posterior to a speed of
0.18um/sec, but this does not occur in arpl*®* homozygotes and the microtubules
continue to grow at 0.24um/sec (Figure 7A). More importantly, very few plus ends
extend into the most posterior region of the oocyte (Figure 7B and C). Quantifying the
frequency of EB1 tracks in this region reveals that almost all microtubules undergo
catastrophe in the region between 10 and 20um from the posterior cortex in the
mutant, with only a very few growing to the posterior pole (Figure 7D). Thus, the

1*P? mutation increases both the growth rate and the catastrophe rate of the

arp
microtubule plus ends near the posterior. This indicates that wild-type Dynactin,

which is highly concentrated in the posterior region, acts as an anti-catastrophe factor

that allows the growing plus ends to extend all of the way to the posterior pole.

These results suggest that the diffuse localisation of oskar mRNA in the posterior
cytoplasm in the arpl*? mutant is a consequence of the microtubules being too short.
To examine whether this effect is sufficient to account for the mutant phenotype, we

used the computer simulations of microtubule organisation, cytoplasmic flows and
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oskar mRNA transport to test the effects of varying the microtubule length parameter
(Khuc Trong et al., 2015). When the microtubules have a mean target length of 0.5 x
the distance from the anterior to the posterior of the oocyte (~25um), the simulation
reproduces the wild-type microtubule organisation and the robust posterior
localisation of oskar mRNA (Figure 7E). Shortening the microtubule mean target
length to 17.5um still results in the posterior enrichment of oskar mRNA, but in a

cloud in the posterior cytoplasm rather than at the cortex, exactly as observed in the

4D2 4D2
1 1

arp mutant (Figure 7F). Thus, the simulations support the view that the arp

phenotype is caused by the reduced length of the posterior microtubules.

The final issue that we addressed is whether the anti-catastrophe function of Dynactin
continues when the microtubules reach the posterior cortex, as this would give more
time for Kinesin 1 to deliver oskar mRNA to its anchoring site. EB1 recognises the
GTP-bound tubulin incorporated into the growing plus end, while increasing the
hydrolysis of GTP to GDP (Maurer et al., 2011; Maurer et al., 2012; Seetapun et al.,
2012; Maurer et al., 2014; Zhang et al., 2015; Duellberg et al., 2016). Catastrophe
occurs when the EB1-binding GTP-tubulin cap of the microtubule is reduced below a
critical threshold, triggering a rapid loss of tubulin dimers from this end. Thus, the
duration of a static EB1-GFP signal at the cortex provides a readout of how long the
microtubule plus end persists before undergoing catastrophe. We therefore plotted
kymographs along regions of either the lateral or the posterior cortex and measured
the lifetime of the static EB1 foci (Figure 8A-C). These foci, which appear as vertical
lines in the kymograph, persist significantly longer at the posterior cortex than at the
lateral cortex. Quantifying this effect reveals that microtubules remain for an average

of 15 seconds at the posterior, with a maximum of over 50 seconds, compared to a
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mean persistence time of only 8 seconds laterally (p = 4.1 x 10™""; Wilcoxon Rank
Sum Test). Thus, Dynactin may continue to protect the plus ends after they have
reached the posterior cortex, providing more time for Kinesin 1 to transport oskar

mRNA to the posterior pole.

Discussion

Because Dynactin and Dynein are required for oocyte determination, their functions
later in oogenesis have been studied by over-expressing pS0 Dynamitin or shRNAs
against the Dynein heavy chain (Duncan and Warrior, 2002; Januschke et al., 2002;
Sanghavi et al., 2013). Both treatments disrupt the localisation of bicoid mRNA and
the anchoring of the oocyte nucleus, but only slightly reduce the amount of oskar
mRNA that is correctly localised to the posterior cortex. This may be an indirect
consequence of reduced transport of oskar mRNA from the nurse cells into the
oocyte, as these treatments merely lower the levels of wild-type Dynactin or Dynein
(Clark et al., 2007; Mische et al., 2007). Here we report a very different phenotype
when the entire germline is homozygous for the ES3K mutation in the Arpl subunit
of Dynactin: oocyte determination, mRNA transport into the oocyte and bicoid
mRNA localisation are unaffected, but oskar mRNA is diffusely localised in the
posterior cytoplasm, rather than at the posterior cortex. This defect is a consequence
of an increased catastrophe rate of the microtubules growing towards the posterior,
indicating a novel requirement for Dynactin in extending microtubules posteriorly, so

that Kinesin 1 can deliver oskar mRNA to its cortical anchoring site.

Dynactin has been shown to function as an anti-catastrophe factor in mammalian

tissue culture cells and in neurons, where it promotes the growth of microtubules
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towards the axonal terminals (Komarova et al., 2002; Lazarus et al., 2013). This
activity depends on the neuronal isoforms of plSOGlued, which contain both an N-

091 is not

terminal CAP-Gly domain and an internal basic region. Drosophila p15
alternatively spliced and contains well-conserved CAP-Gly and basic domains,
making it a good candidate for the subunit that mediates the anti-catastrophe function
of Drosophila Dynactin in the oocyte. The arpI** mutation is predicted to disrupt the
interaction between the Arpl rod and the Dynactin shoulder domain that contains
plSOGlued, and this may disturb an allosteric interaction that is necessary for the
correct conformation of the p150GIUCd N-terminus. The association of Dynactin with
growing plus ends is thought to depend on the interaction of p150Glued with the C-
terminus of CLIP-170 (CLIP-190 in Drosophila), which in turn binds to the tail of
EB1 (Duellberg et al., 2014; Honnappa et al., 2006; Lansbergen et al., 2004).
However CLIP-190 null mutations are viable and fertile and have no discernible
effect on oskar mRNA localisation (Dix et al., 2013); data not shown). Thus Dynactin
must be able to associate with the growing plus ends independently of CLIP-190,
presumably through its interaction with EB1 (Askham et al., 2002; Komarova et al.,
2002; Ligon et al., 2003; Vaughan et al., 2002). Consistent with our results with
arpI*™, deletion of p150°"*! N-terminus has no effect on Dynein-dependent cargo

transport, but affects microtubule organisation in Drosophila S2 cells (Kim et al.,

2007).

Although it has been known for many years that Dynein and Dynactin are transported
to the posterior of the oocyte by Kinesin 1, the functional significance of this
localisation has remained unclear (Li et al., 1994; Palacios and St Johnston, 2002).

Our analysis reveals that Kinesin-dependent localisation of Dynactin creates a
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positive feedback loop that amplifies the directional bias in microtubule orientation
posteriorly and extends microtubule growth to the posterior pole, both of which are
essential for the final step in oskar mRNA localisation (Figure 9). The oocyte
microtubules grow with a weak orientation bias towards the posterior that arises from
the fact that they emanate from the anterior and lateral cortex, but are repressed
posteriorly (Khuc Trong et al., 2015; Nashchekin et al., 2016). Plus end-directed
transport of Dynactin by Kinesin 1 along these microtubules will therefore
concentrate Dynactin posteriorly, where it can associate with the growing plus ends
and prevent them from undergoing catastrophes. As a consequence, the plus ends of
the microtubules growing into this region extend further towards the posterior,
amplifying the directional bias in microtubule orientation posteriorly. This effect
explains why the orientation bias in oskar mRNA movements increases towards the

posterior in wild-type oocytes, but decreases in arpl*™?

mutants (Figure 6B). The
increased length and directional bias of the microtubules at the posterior allows
Kinesin 1 to transport Dynactin even more posteriorly, generating a positive feedback
loop that eventually results in a high posterior concentration of Dynactin that
promotes microtubule growth all of the way to the posterior cortex. This

amplification loop therefore generates the posterior microtubules tracks for the

Kinesin-dependent transport of oskar mRNA to the posterior cortex.

The dynamic nature of the oocyte microtubules means that in order to localise oskar
mRNA, Kinesin/oskar mRNA complexes must reach the end of a microtubule at the
posterior cortex before the microtubule undergoes catastrophe. This is aided by the
fact that the microtubules persist twice as long at the posterior cortex than at the

lateral cortex, suggesting that Dynactin continues to suppress catastrophes at the
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cortex. Microtubules undergo catastrophe when subjected to the pushing forces
produced by growing against a barrier, such as the cortex (Janson et al., 2003). The
longer persistence at the posterior could therefore result from the slower growth of the

dynactin-associated plus ends, which would increase the pushing force more slowly.

In many cases where microtubule plus ends make sustained contacts with the cortex,
such as during centrosome positioning and spindle orientation, cortical Dynein
captures the plus ends and anchors them to the cortex as they shrink (Burakov et al.,
2003; Carminati and Stearns, 1997; di Pietro et al., 2016; Hendricks et al., 2012;
Koonce et al., 1999; Laan et al., 2012; Nguyen-Ngoc et al., 2007; Yamamoto et al.,
2001). In budding yeast, for example, a kinesin transports Dynein along astral
microtubules to the cortex, where Dynein is anchored and captures microtubule plus
ends to pull on the spindle pole (Caudron et al., 2008; Farkasovsky and Kiintzel,
2001; Heil-Chapdelaine et al., 2000; Markus et al., 2009; Sheeman et al., 2003). Since
Dynein is transported to the posterior of the oocyte by kinesin 1, and becomes highly
enriched in the posterior cytoplasm, like Dynactin, it is tempting to speculate that
Dynein might further extend the time for oskar mRNA delivery by tethering shrinking
microtubule plus ends to the cortex. However, the very high concentration of Dynein
in the posterior cytoplasm makes it difficult to tell whether it is specifically recruited
to the cortex, and it is not currently possible to image the plus ends of microtubules
that have lost their EB1 cap. Thus, investigation of this potential mechanism will

require ways to visualise the plus ends of shrinking microtubules.

Materials and Methods


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Drosophila Stocks and Genetics
1118

white~ was used as a wild-type stock throughout. The following mutant alleles
and transgenic lines were used: arpl*?*'* (Martin et al., 2003), arp!'and arpI*
(Haghnia et al., 2007), arpI°**** (Thibault et al., 2004), hsFLP kinp-Gal (Clark et al.,
1994), hsFLP maternal a4tubulin::GFP-Staufen (Martin et al., 2003), oskMS2
(Zimyanin et al., 2008), UAS EB1-GFP (Jankovics and Brunner, 2006).

Germline clones were generated with FRT 82B ovoD or FRT 82B GFP
(Bloomington Stock Center) using the heat shock FLP/FRT system (Chou and

Perrimon, 1992).

Immunological/Staining Methods

Immunofluorescence:

Ovaries from 48-72h old females were dissected in PBS-T (PBS + 0.2% Tween-20)
and fixed in 4% formaldehyde in PBS-T for 20min. The fixed samples were then
incubated with 5% BSA in PBS-T for 1h to block nonspecific antibody binding,
incubated with primary antibodies in PBS-T plus 1% BSA at 4 °C for 18h and then
washed in PBS-T. If the primary antibody was not directly conjugated to a
fluorophore, ovaries were further incubated with fluorophore-conjugated secondary
antibodies (for confocal microscopy — 1:200, Jackson Laboratories) and then washed
in PBS-T, before addition of Vectashield mounting medium (Vector Laboratories

Cat# H-1000 RRID:AB_2336789).

The primary antibodies used were: FITC-conjugated anti-o-Tubulin mouse
monoclonal (1:100, Sigma-Aldrich, MO, USA, Cat# F2168 RRID:AB_476967), anti-
[-Galactosidase rabbit polyclonal (1:100, MP Biomedicals, CA, USA, RRID:AB_
2335269), anti-Dynein Heavy Chain mouse monoclonal (1:50, DSHB,
RRID:AB_2091523), anti-Glued rabbit polyclonal (1:100, Nashchekin et al., 2016),

anti-Orb mouse monoclonal (1:200, DSHB, RRID:AB_528418, AB_528419), anti-
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Oskar guinea pig polyclonal (1:200, Chang et al., 2011), anti-Staufen rabbit
polyclonal (1:200, St Johnston et al., 1991). F-actin was labelled with Rhodamine-
conjugated Phalloidin (1:200, Thermo Fisher Scientific, MA, USA, Cat# R415). The
nuclear membrane was labeled with FITC-conjugated Wheat Germ Agglutinin (1:200,

Thermo Fisher Scientific, Cat# W11261).

Fluorescent in situ hybridisations (FISH):

Fluorescence in situ hybridisations were performed according to standard protocols.
Anti-sense probes for bed, oskar and gurken RNAs were synthesised using the DIG
RNA Labelling mix (Roche, Switzerland) and the linearised plasmids: pGEM_bcd
(Driever et al., 1990) (cut with BamHI), pBS_osk (cut with Hind IIT), and pBS_grk
(cut with Sal I). Probes were detected with Cy3-conjugated anti- digoxygenin mouse
monoclonal antibody (1:200, Jackson Immunoresearch, PA, USA,

RRID:AB_2339025)

Imaging

For live imaging, ovaries were dissected and imaged in Voltalef oil 10S (VWR
International) on either a widefield DeltaVision microscope (Applied Precision, WA,
USA) equipped with a Photometrics 512 EMCCD camera (Photometrics, AZ, USA)
and a 2x magnification tube fitted between the unit and the camera, or an Olympus
Fluoview FV1000 confocal microscope (Olympus, Japan) or on an Olympus [X81
inverted microscope with a Yokogawa CSU22 spinning disk confocal imaging system
using 100x 1.4 NA Oil UPlanSApo objective lens (Olympus, Japan). Fixed
preparations were imaged using an Olympus Fluoview FV1000 confocal microscope
(40x 1.35 NA Oil UPlanSApo, 60x 1.35 NA Oil UPlanSApo) or Zeiss LSM510 Meta

laser scanning confocal system (Carl Zeiss Microimaging, Inc.) with Plan-Neofloar
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40x (Oil) NA1.3 and Plan-Apochromat 63x (Oil) NA1.4 objectives. Images were
collected with the softWorXs software (Applied Precision), Olympus Fluoview
(Olympus, Japan), MetaMorph Microscopy Automation and Image Analysis Software
(Molecular Devices, CA, USA, RRID:SCR_002368) or Zeiss LSM 510 AIM software
(Carl Zeiss Microimaging, Inc.) and processed using Fiji (Fiji, RRID:SCR_002285)

(Schindelin et al., 2012).

Analysis of oskar RNA particles and EB1-GFP comets

Moving oskar-MS2-GFP particles were tracked manually using the MTrackJ
plugin for the Fiji image analysis software (Fiji, RRID:SCR_002285) (Schindelin et
al., 2012). The speed, direction of movement and the mobile fraction of oskar RNA
particles were analysed as previously described (Zimyanin et al., 2008). To visualize
oskar-MS2-GFP particles moving near the posterior of the oocyte, we bleached the
GFP signal from oskar RNA that was already localized and imaged particle

movements after 10 minutes of recovery. We analysed at least 5 oocytes per sample

type.

EB1-GFP comets were tracked using plusTipTracker (Matov et al., 2010,
Applegate et al 2011). For each comet, the speed was calculated as the mean of its
velocities at individual time points. Distance from the posterior was measured from its
initial position. At least 5 oocytes per sample type were examined. To compute the
time growing microtubules persist at the lateral or posterior cortex, individual EB1-
GFP tracks were first extracted by the plusTipTracker package. Custom written
MATLAB code then separated the tracks into those that extend to the oocyte cortex
(excluding those that reach the cortex at angle of <20°). The oocyte cortex was drawn
by hand, tracing the fluorescent outline of the cell and all tracks that came within 1um
of the hand-drawn boundary were considered as touching the cortex. The cortical
dwell time for each track was calculated as the time between the EB1-GFP comet
moving within Ium of the boundary and its disappearance. Data for 3 different
oocytes was pooled, and a location-scaled t-distribution fitted to each posterior and

lateral dataset.
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The significance of any differences in speed or relative frequency of oskar RNA
particle and EB1-GFP comet movements was evaluated using t tests and Wilcoxon
rank-sum tests. When the distribution was normal, the significance of the difference
in the means was assessed using a standard Student’s t test for distributions with equal
variance, or the Welch-corrected Student’s t test for distributions with unequal
variance. When the distribution was non-normal, we compared medians using the

non-parametric counterpart of the Student’s t test, the Wilcoxon rank-sum test.

Acknowledgements

We would like to thank Damien Brunner, Larry Goldstein and the Bloomington Stock
Center (NIH P400D018537) for fly stocks, the Gurdon Institute Imaging Facility for
assistance with microscopy and Avik Mukherjee for the help with MATLAB. This
work was supported by a Wellcome Trust Principal Fellowship to D. St J. (080007)
and by core support from the Wellcome Trust (092096) and Cancer Research UK
(A14492). R. N. was supported by a bursary from the Island of Jersey government
and M.J. by a Wellcome Trust 4 year PhD studentship in Developmental Mechanisms

(109145).

References:

Akhmanova, A., and Steinmetz, M.O. (2015). Control of microtubule organization

and dynamics: two ends in the limelight. Nat. Rev. Mol. Cell Biol. 16, 711-726.

Applegate, K., Besson, S., Matov, A., Bagonis, M., Jagaman, K., and Danuser, G.
(2011). plusTipTracker: Quantitative image analysis software for the measurement of

microtubule dynamics. J. Struct. Biol .176, 168-184.


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Askham, J. M., Vaughan, K. T., Goodson, H. V. and Morrison, E. E. (2002).
Evidence that an interaction between EB1 and p150(Glued) is required for the
formation and maintenance of a radial microtubule array anchored at the centrosome.

Mol. Biol. Cell 13, 3627-3645.

Bartolini, F., and Gundersen, G.G. (2006). Generation of noncentrosomal microtubule

arrays. J. Cell Sci. 119, 4155-4163.

Bastock, R., and St Johnston, D. (2008). Drosophila oogenesis. Curr. Biol. 18,
R1082-R1087.

Bertrand, E., Chartrand, P., Schaefer, M., Shenoy, S.M., Singer, R.H., and Long,
R.M. (1998). Localization of ASH1 mRNA particles in living yeast. Mol. Cell 2, 437-
445.

Bolivar, J., Huynh, J.R., Lopez-Schier, H., Gonzalez, C., St Johnston, D., and
Gonzélez-Reyes, A. (2001). Centrosome migration into the Drosophila oocyte is

independent of BicD and egl, and of the organisation of the microtubule cytoskeleton.

Development 128, 1889-1897.

Brendza, R.P., Serbus, L.R., Duffy, J.B., and Saxton, W.M. (2000). A function for
kinesin I in the posterior transport of oskar mRNA and Staufen protein. Science 289,

2120-2122.

Burakov, A., Nadezhdina, E., Slepchenko, B. and Rodionov, V. (2003). Centrosome
positioning in interphase cells. J. Cell Biol. 162, 963—969.

Carminati, J. L. and Stearns, T. (1997). Microtubules orient the mitotic spindle in
yeast through dynein-dependent interactions with the cell cortex. J. Cell Biol. 138,
629-641.

Caudron, F., Andrieux, A., Job, D. and Boscheron, C. (2008). A new role for kinesin-
directed transport of Bik1p (CLIP-170) in Saccharomyces cerevisiae. J. Cell Sci. 121,
1506-1513.


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Chang, C.-W., Nashchekin, D., Wheatley, L., Irion, U., Dahlgaard, K., Montague,
T.G., Hall, J., and St Johnston, D. (2011). Anterior-posterior axis specification in
Drosophila oocytes: identification of novel bicoid and oskar mRNA localization

factors. Genetics /88, 883—896

Chou, T.B., and Perrimon, N. (1992). Use of a yeast site-specific recombinase to

produce female germline chimeras in Drosophila. Genetics 131, 643—653.

Clark, A., Meignin, C., and Davis, 1. (2007). A Dynein-dependent shortcut rapidly
delivers axis determination transcripts into the Drosophila oocyte. Development 134,

1955-1965.

Clark, I., Giniger, E., Ruohola-Baker, H., Jan, L.Y., and Jan, Y.N. (1994). Transient
posterior localization of a kinesin fusion protein reflects anteroposterior polarity of

the Drosophila oocyte. Curr. Biol. 4, 289-300.

Delanoue, R., Herpers, B., Soetaert, J., Davis, 1., and Rabouille, C. (2007).
Drosophila Squid/hnRNP helps Dynein switch from a gurken mRNA transport motor

to an ultrastructural static anchor in sponge bodies. Dev. Cell 13, 523-538.

di Pietro, F., Echard, A. and Morin, X. (2016). Regulation of mitotic spindle
orientation: an integrated view. EMBO Rep. 17, 1106—-1130.

Dix, C. L., Soundararajan, H. C., Dzhindzhev, N. S., Begum, F., Suter, B., Ohkura, H.,
Stephens, E. and Bullock, S. L. (2013). Lissencephaly-1 promotes the recruitment of
dynein and dynactin to transported mRNAs. J. Cell Biol. 202, 479—494.

Doerflinger, H., Benton, R., Torres, I.L., Zwart, M.F., and St Johnston, D. (2006).
Drosophila anterior-posterior polarity requires actin-dependent PAR-1 recruitment to

the oocyte posterior. Curr. Biol. 16, 1090-1095.

Doerflinger, H., Vogt, N., Torres, .L., Mirouse, V., Koch, 1., Nusslein-Volhard, C.,
and St Johnston, D. (2010). Bazooka is required for polarisation of the Drosophila

anterior-posterior axis. Development 137, 1765-1773.


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Driever, W., Siegel, V., & Nusslein-Volhard, C. (1990). Autonomous determination
of anterior structures in the early Drosophila embryo by the Bicoid morphogen.
Development, 109, 811-20

Duellberg, C., Trokter, M., Jha, R., Sen, 1., Steinmetz, M.O., and Surrey, T. (2014).
Reconstitution of a hierarchical plus TIP interaction network controlling microtubule

end tracking of dynein. Nat. Cell Biol. 16, 804-811.

Duellberg, C., Cade, N.I., Holmes, D., and Surrey, T. (2016). The size of the EB cap

determines instantaneous microtubule stability. Elife 5:¢13470

Duncan, J.E., and Warrior, R. (2002). The cytoplasmic Dynein and Kinesin motors
have interdependent roles in patterning the Drosophila oocyte. Curr. Biol. 12, 1982-
1991.

Ephrussi, A., Dickinson, L.K., and Lehmann, R. (1991). Oskar organizes the germ

plasm and directs localization of the posterior determinant nanos. Cell 66, 37-50.

Ephrussi, A., and Lehmann, R. (1992). Induction of germ cell formation by oskar.
Nature 358, 387-392.

Farkasovsky, M. and Kiintzel, H. (2001). Cortical Num1p interacts with the dynein
intermediate chain Pacl1p and cytoplasmic microtubules in budding yeast. J. Cell

Biol. 152, 251-262.

Forrest, K.M., and Gavis, E.R. (2003). Live imaging of endogenous RNA reveals a
diffusion and entrapment mechanism for nanos mRNA localization in Drosophila.

Curr. Biol. 13, 1159-1168.

Gonzalez-Reyes, A., Elliott, H., and St Johnston, D. (1995). Polarization of both
major body axes in Drosophila by gurken-torpedo signalling. Nature 375, 654-658.

Haghnia, M., Cavalli, V., Shah, S.B., Schimmelpfeng, K., Brusch, R., Yang, G.,
Herrera, C., Pilling, A., and Goldstein, L.S.B. (2007). Dynactin is required for


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

coordinated bidirectional motility, but not for dynein membrane attachment. Mol.

Biol. Cell 18, 2081-2089.

Heil-Chapdelaine, R. A., Oberle, J. R. and Cooper, J. A. (2000). The cortical protein
Numlp is essential for dynein-dependent interactions of microtubules with the cortex.

J. Cell Biol. 151, 1337-1344.

Hendricks, A. G., Lazarus, J. E., Perlson, E., Gardner, M. K., Odde, D. J., Goldman,
Y. E. and Holzbaur, E. L. F. (2012). Dynein tethers and stabilizes dynamic
microtubule plus ends. Curr. Biol. 22, 632—-637.

Holleran, E.A., Ligon, L.A., Tokito, M., Stankewich, M.C., Morrow, J.S., and
Holzbaur, E.L.F. (2001). beta III spectrin binds to the Arpl subunit of dynactin. J.
Biol. Chem. 276, 36598-36605.

Honnappa, S., Okhrimenko, O., Jaussi, R., Jawhari, H., Jelesarov, 1., Winkler, F. K.
and Steinmetz, M. O. (2006). Key interaction modes of dynamic +TIP networks. Mol.
Cell 23, 663—-671.

Jankovics, F., and Brunner, D. (2006). Transiently reorganized microtubules are
essential for zippering during dorsal closure in Drosophila melanogaster. Dev. Cell

11, 375-385.

Janson, M. E., de Dood, M. E. and Dogterom, M. (2003). Dynamic instability of
microtubules is regulated by force. J. Cell Biol. 161, 1029-1034.

Januschke, J., Gervais, L., Dass, S., Kaltschmidt, J.A., Lopez-Schier, H., St Johnston,
D., Brand, A.H., Roth, S., and Guichet, A. (2002). Polar transport in the Drosophila

oocyte requires Dynein and Kinesin I cooperation. Curr. Biol. 12, 1971-198]1.

Khuc Trong, P., Doerflinger, H., Dunkel, J., St Johnston, D., and Goldstein, R.E.
(2015). Cortical microtubule nucleation can organise the cytoskeleton of Drosophila

oocytes to define the anteroposterior axis. Elife 4:06088


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Kim, H., Ling, S., Rogers, G., Kural, C., Selvin, P., Rogers, S., Gelfand V. (2007).
Microtubule binding by dynactin is required for microtubule organization but not

cargo transport. J. Cell Biol. 176, 641-651.

Kim-Ha, J., Smith, J.L., and Macdonald, P.M. (1991). oskar mRNA is localized to the
posterior pole of the Drosophila oocyte. Cell 66, 23-35.

Komarova, Y. A., Akhmanova, A. S., Kojima, S.-I., Galjart, N. and Borisy, G. G.
(2002). Cytoplasmic linker proteins promote microtubule rescue in vivo. J. Cell Biol.

159, 589-599.

Koonce, M. P., Kohler, J., Neujahr, R., Schwartz, J. M., Tikhonenko, I. and Gerisch,
G. (1999). Dynein motor regulation stabilizes interphase microtubule arrays and

determines centrosome position. EMBO J. 18, 6786—6792.

Laan, L., Pavin, N., Husson, J., Romet-Lemonne, G., van Duijn, M., Lépez, M. P.,
Vale, R. D., Jiilicher, F., Reck-Peterson, S. L. and Dogterom, M. (2012). Cortical
Dynein controls microtubule dynamics to generate pulling forces that position

microtubule asters. Cell 148, 502—-514.

Lansbergen, G., Komarova, Y., Modesti, M., Wyman, C., Hoogenraad, C. C.,
Goodson, H. V., Lemaitre, R. P., Drechsel, D. N., van Munster, E., Gadella, T. W. J.,
et al. (2004). Conformational changes in CLIP-170 regulate its binding to
microtubules and dynactin localization. J. Cell Biol. 166, 1003—1014.

Lazarus, J. E., Moughamian, A. J., Tokito, M. K. and Holzbaur, E. L. F. (2013).
Dynactin subunit p150(Glued) is a neuron-specific anti-catastrophe factor. PLoS Biol.

11,e1001611.

Lei, Y., and Warrior, R. (2000). The Drosophila Lissencephalyl (DLis1) gene is

required for nuclear migration. Dev. Biol. 226, 57-72.


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Li, M.G., Mcgrail, M., Serr, M., and Hays, T.S. (1994). Drosophila cytoplasmic
dynein, a microtubule motor that is asymmetrically localized in the oocyte. J. Cell

Biol. 126, 1475-1494.

Ligon, L. A., Shelly, S. S., Tokito, M. and Holzbaur, E. L. F. (2003). The microtubule
plus-end proteins EB1 and dynactin have differential effects on microtubule

polymerization. Mol. Biol. Cell 14, 1405-1417.

Liu, Z., Xie, T., and Steward, R. (1999). Lis1, the Drosophila homolog of a human
lissencephaly disease gene, is required for germline cell division and oocyte

differentiation. Development 126, 4477-4488.

MacDougall, N., Clark, A., MacDougall, E., and Davis, 1. (2003). Drosophila gurken
(TGFalpha) mRNA localizes as particles that move within the oocyte in two dynein-
dependent steps. Dev. Cell 4, 307-319.

Markus, S. M., Punch, J. J. and Lee, W.-L. (2009). Motor- and tail-dependent
targeting of dynein to microtubule plus ends and the cell cortex. Curr Biol 19, 196—
205.

Markussen, F.H., Michon, A.M., Breitwieser, W., and Ephrussi, A. (1995).
Translational control of oskar generates short OSK, the isoform that induces pole

plasma assembly. Development 121, 3723-3732.

Martin, S.G., Leclerc, V., Smith-Litiere, K., and St Johnston, D. (2003). The
identification of novel genes required for Drosophila anteroposterior axis formation

in a germline clone screen using GFP-Staufen. Development 130, 4201-4215.

Matov, A., Applegate, K., Kumar, P., Thoma, C., Krek, W., Danuser, G., & Wittmann,
T. (2010). Analysis of microtubule dynamic instability using a plus-end growth
marker. Nat. Methods, 7(9), 761-8.


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Maurer, S.P., Bieling, P., Cope, J., Hoenger, A., and Surrey, T. (2011). GTPgammaS
microtubules mimic the growing microtubule end structure recognized by end-binding

proteins (EBs). Proc. Natl. Acad. Sci. U S A 108, 3988-3993.

Maurer, S.P., Fourniol, F.J., Bohner, G., Moores, C.A., and Surrey, T. (2012). EBs
recognize a nucleotide-dependent structural cap at growing microtubule ends. Cell

149, 371-382.

Maurer, S.P., Cade, N.I., Bohner, G., Gustafsson, N., Boutant, E., and Surrey, T.
(2014). EB1 accelerates two conformational transitions important for microtubule

maturation and dynamics. Curr. Biol. 24, 372-384.

McGrail, M., and Hays, T.S. (1997). The microtubule motor cytoplasmic dynein is
required for spindle orientation during germline cell divisions and oocyte

differentiation in Drosophila. Development 124, 2409-2419.

McKenney, R.J., Huynh, W., Tanenbaum, M.E., Bhabha, G., and Vale, R.D. (2014).
Activation of cytoplasmic dynein motility by dynactin-cargo adapter complexes.

Science 345, 337-341.

Mirouse, V., Formstecher, E., and Couderc, J.L. (2006). Interaction between Polo and
BicD proteins links oocyte determination and meiosis control in Drosophila.

Development 133, 4005-4013.

Mische, S., Li, M., Serr, M., and Hays, T.S. (2007). Direct observation of regulated
ribonucleoprotein transport across the nurse cell/oocyte boundary. Mol. Biol. Cell 18,

2254-2263.

Muresan, V., Stankewich, M.C., Steffen, W., Morrow, J.S., Holzbaur, E.L.F., and
Schnapp, B.J. (2001). Dynactin-dependent, dynein-driven vesicle transport in the

absence of membrane proteins: A role for spectrin and acidic phospholipids. Mol.

Cell 7, 173-183.


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Nashchekin, D., Fernandes, A.R., and St Johnston, D. (2016). Patronin/Shot cortical
foci assemble the noncentrosomal microtubule array that specifies the Drosophila

anterior-posterior axis. Dev Cell 38, 61-72.

Nguyen, M.M., Stone, M.C., and Rolls, M.M. (2011). Microtubules are organized

independently of the centrosome in Drosophila neurons. Neural Dev., 6:38.

Nguyen-Ngoc, T., Afshar, K. and Gonczy, P. (2007). Coupling of cortical dynein and
G alpha proteins mediates spindle positioning in Caenorhabditis elegans. Nat. Cell

Biol. 9, 1294-1302.

Palacios, [.M., and St Johnston, D. (2002). Kinesin light chain-independent function
of the Kinesin heavy chain in cytoplasmic streaming and posterior localisation in the

Drosophila oocyte. Development 129, 5473-5485.

Parton, R.M., Hamilton, R.S., Ball, G., Yang, L., Cullen, C.F., Lu, W., Ohkura, H.,
and Davis, 1. (2011). A PAR-1-dependent orientation gradient of dynamic

microtubules directs posterior cargo transport in the Drosophila oocyte. J. Cell Biol.

194, 121-135.

Ramos, A., Grunert, S., Adams, J., Micklem, D.R., Proctor, M.R., Freund, S., Bycroft,
M., St Johnston, D., and Varani, G. (2000). RNA recognition by a Staufen double-
stranded RNA-binding domain. EMBO J 19, 997-1009.

Rongo, C., Gavis, E.R., and Lehmann, R. (1995). Localization of oskar RNA
regulates Oskar translation and requires Oskar protein. Development 121, 2737-2746.

Roth, S., Neuman-Silberberg, F.S., Barcelo, G., and Schiipbach, T. (1995). cornichon
and the EGF receptor signaling process are necessary for both anterior-posterior and

dorsal-ventral pattern formation in Drosophila. Cell 81, 967-978.

Sanghavi, P., Laxani, S., Li, X., Bullock, S.L., and Gonsalvez, G.B. (2013). Dynein
associates with oskar mRNPs and is required for their efficient net plus-end

localization in Drosophila oocytes. Plos One 8:¢80605


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T,
Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein V,
Eliceiri K, Tomancak P, Cardona A. 2012. Fiji: an open-source platform for

biological-image analysis. Nature Methods 9:676—682.

Schlager, M.A., Hoang, H.T., Urnavicius, L., Bullock, S.L., and Carter, A.P. (2014).
In vitro reconstitution of a highly processive recombinant human dynein complex.

EMBO J. 133, 1855-1868.

Seetapun, D., Castle, B.T., Mclntyre, A.J., Tran, P.T., and Odde, D.J. (2012).
Estimating the microtubule GTP cap size in vivo. Curr. Biol. 22, 1681-1687.

Sheeman, B., Carvalho, P., Sagot, 1., Geiser, J., Kho, D., Hoyt, M. A. and Pellman, D.
(2003). Determinants of S. cerevisiae dynein localization and activation: implications

for the mechanism of spindle positioning. Curr. Biol. 13, 364-372.

Shulman, J.M., Benton, R., and StJohnston, D. (2000). The Drosophila homolog of C.
elegans PAR-1 organizes the oocyte cytoskeleton and directs oskar mRNA
localization to the posterior pole. Cell 101, 377-388.

St Johnston, D., Beuchle, D., and Nusslein-Volhard, C. (1991). Staufen, a gene
required to localize maternal RNAs in the Drosophila egg. Cell 66, 51-63.

Stiess, M., Maghelli, N., Kapitein, L.C., Gomis-Riith, S., Wilsch-Brauninger, M.,
Hoogenraad, C.C., Toli¢-Nerrelykke, .M., and Bradke, F. (2010). Axon extension

occurs independently of centrosomal microtubule nucleation. Science, 327, 704-707.

Swan, A., Nguyen, T., and Suter, B. (1999). Drosophila Lissencephaly-1 functions
with Bic-D and dynein in oocyte determination and nuclear positioning. Nat Cell

Biol. 1, 444-449.

Thibault, S. T., Singer, M. A., Miyazaki, W. Y., Milash, B., Dompe, N. A., Singh, C.
M., Buchholz, R., Demsky, M., Fawcett, R., Francis-Lang, H. L., et al. (2004). A

complementary transposon tool kit for Drosophila melanogaster using P and


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

piggyBac. Nat. Genetics 36, 283-287.

Tomancak, P., Piano, F., Riechmann, V., Gunsalus, K.C., Kemphues, K.J., and
Ephrussi, A. (2000). A Drosophila melanogaster homologue of Caenorhabditis
elegans par-1 acts at an early step in embryonic-axis formation. Nat. Cell Biol. 2,

458-460.

Trovisco, V., Belaya, K., Nashchekin, D., Irion, U., Sirinakis, G., Butler, R., Lee, J.J.,
Gavis, E.R., and St Johnston, D. (2016). bicoid mRNA localises to the Drosophila

oocyte anterior by random Dynein-mediated transport and anchoring. Elife 5:e17537.

Urnavicius, L., Zhang, K., Diamant, A. G., Motz, C., Schlager, M. A., Yu, M., Patel,
N. A., Robinson, C. V. and Carter, A. P. (2015). The structure of the dynactin

complex and its interaction with dynein. Science 347, 1441-1446.

Vanzo, N.F., and Ephrussi, A. (2002). Oskar anchoring restricts pole plasm formation
to the posterior of the Drosophila oocyte. Development 129, 3705-3714.

Vaughan, P. S., Miura, P., Henderson, M., Byrne, B. and Vaughan, K. T. (2002). A
role for regulated binding of p150(Glued) to microtubule plus ends in organelle
transport. J. Cell Biol. 158, 305-319.

Weil, T.T., Forrest, K.M., and Gavis, E.R. (2006). Localization of bicoid mRNA in

late oocytes is maintained by continual active transport. Dev. Cell 11, 251-262.

Weil, T.T., Parton, R., Davis, 1., and Gavis, E.R. (2008). Changes in bicoid mRNA
anchoring highlight conserved mechanisms during the oocyte-to-embryo transition.

Curr. Biol. 18, 1055-1061.

Yamamoto, A., Tsutsumi, C., Kojima, H., Oiwa, K. and Hiraoka, Y. (2001). Dynamic
behavior of microtubules during dynein-dependent nuclear migrations of meiotic

prophase in fission yeast. Mol. Biol. Cell 12, 3933-3946.


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Zhang, J., Yao, X.L., Fischer, L., Abenza, J.F., Penalva, M.A., and Xiang, X. (2011).
The p25 subunit of the dynactin complex is required for dynein-early endosome

interaction. J. Cell Biol. 193, 1245-1255.

Zhang, R., Alushin, G.M., Brown, A., and Nogales, E. (2015). Mechanistic origin of
microtubule dynamic instability and its modulation by EB proteins. Cell 162, 849-
859.

Zhao, T.T., Graham, O.S., Raposo, A., and St Johnston, D. (2012). Growing
microtubules push the oocyte nucleus to polarize the Drosophila dorsal-ventral axis.

Science 336, 999-1003.

Zimyanin, V.L., Belaya, K., Pecreaux, J., Gilchrist, M.J., Clark, A., Davis, I., and St
Johnston, D. (2008). In vivo imaging of oskar mRNA transport reveals the

mechanism of posterior localization. Cell 134, 843-853.


https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure Legends

Figure 1. The 4D2 mutation disrupts the localisation of oskar mRNA at the oocyte
posterior.

A-B: Confocal images of stage 9 egg chambers from a wild-type ovary (A) and from
a 4D2 homozygous germline clone (B) expressing GFP-Staufen (green) and
counterstained with DAPI (blue) to label the nuclei.

C-D: Confocal images of fluorescent in situ hybridisations (FISH) to endogenous
oskar mRNA in a wild-type egg chamber (C) and an egg chamber with 4D2

homozygous germline clone (D). Scale bar 20 um.

Figure 2. The 4D2 mutation does not affect the anchoring of Staufen and oskar at the
posterior cortex.

(A-D) Confocal images of stage 9 (A and B) and stage 10b egg chambers (C and D)
from wild-type (A and C) and 4D2 germline clone ovaries (B and D) stained for
Staufen (A-D) and Oskar (A’-D’) proteins. The merged images (A”-D”’) show Staufen
in red, Oskar in green and DNA in blue (DAPI staining). Although Staufen/oskar
mRNA complexes are diffusely localised in the posterior cytoplasm, Oskar protein is
only made at the posterior cortex. Staufen and Oskar proteins remain anchored at the

posterior cortex later in oogenesis. Scale bar 20 pm.

Figure 3. arp1*™* disrupts the delivery of p1509"‘, the dynein heavy chain and
kinesin-fBgal to the posterior.
(A-D) Wild-type (A-A’’ and C) and arp! P2 (B-B*’ and D) mutant stage 9 egg

chambers stained for p150Gluecl (A-B), the Dynein Heavy Chain (A’-B’) and Kinesin-
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Pgal (C-D). The merged image (A”-B”) shows the co-localisation of p150Glued (red)

and the Dynein Heavy Chain (green). Scale bar 20 pm.

Figure 3 supplement 1. Mapping 4D2 to the Arp1 region.

(A) Diagram of the right arm of chromosome 3 showing the visible markers used for
recombination mapping (cu sr e ca) and the position of the Arp! locus.

(B) Diagram showing the extent of the deletions used to map the 4D2 mutation.
Deficiencies shown in green complement the lethality of the 4D2 chromosome,
whereas those shown in red do not.

(C-D) Magnified view of the region of the genome defined by deficiency mapping of
the 4D2 mutation. The lethality of 4D2 in trans to Df{3R)Exel6166, but not
Df(3R)ED5612 places the mutation in a 66kb genomic interval (D) containing 15

genes.

Figure 3 supplement 2. Transheterozygous combinations of arp/ alleles disrupt the
localisation of GFP-Staufen to the posterior cortex.
(A-D) Confocal images of GFP-Staufen (green) and DNA (DAPI; blue) in arpl*P?/+

4D2
1

(A), an arp germ line clone (B), arpI**/ arpl' (C) and arpI*™*/ arp1* (D) stage 9

egg chambers. Scale bar 20 um.

Figure 4. The arpl*®? mutation is predicted to disrupt the interaction between the
Arpl rod and the plSOGlued/Dynamitin/p24 shoulder domain in the Dynactin complex.
(A) A ClustalX alignment of part of subdomain 2 (amino acids 26-78) in the Arpl
orthologues from different animal species and Drosophila Actin 5C. The orthologues

shown are Homo sapiens (human), Rattus norwegicus (rat), Canis familiaris (dog),
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Xenopus leavis (African clawed toad), Drosophila melanogaster and Caenorhabditis
elegans. The pink shading marks the conserved glutamate 53, which is mutated to
lysine in the arpl** mutant.

(B) The structure of Dynactin, as determined by Cryo-EM. Eight Arpl subunits (A, B,
C,D, E, F, G, and I) and one actin molecule (H) assemble into two protofilaments that
form the rod along the backbone of Dynactin. The positions of each subunit are
labelled in the drawing at the top and are shown in the same colour in the structure
below.

(C) A high resolution view of the interface between two Arpl subunits, showing that
ES53 does not contribute to the interaction interface, but protrudes laterally.

(D) A high resolution view of the interface between Arp1-E subunit and one of the
extended peptide domains of pS0 Dynamitin that anchors the shoulder domain to the
Arpl rod. Glutamate 53 lies at this interface and its substitution by lysine is predicted
to disrupt this interaction.

(E) A view of the entire Dynactin structure showing the positions of Arp1-E (light

OGlued

green) and the p15 shoulder domain (blue).

1*P? allele does not disrupt oocyte determination, mRNA transport

Figure 5. The arp
from the nurse cells to the oocyte or bicoid mRNA localisation.

(A-A”) A confocal image of a germarium from an arpl*®*/+ heterozygote stained for
the oocyte marker Orb (white in A; red in A”) and expressing nls-GFP (white in A’;
green in A”).

(B-B”) A confocal image of a germarium containing arp!*°> homozygous germline

cysts marked by the loss of nls-GFP (B”). The oocyte has been specified normally in
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the arpl** mutant germline cyst in region 3 (indicated by the white dashed circle in
B”), as shown by the strong enrichment of Orb in one cell (white arrow in B).

(C-C”) A confocal image of a germarium containing germline clones of the null
mutation, arpI“****. Loss of Arpl prevents oocyte specification, as shown by the
uniform distribution of Orb in the homozygous mutant cyst in region 2b (indicated by
the white dashed circle in C”). Scale bar 20 um.

(D-E) Confocal images showing the localisation of bicoid mRNA at stage 9 in a wild-
type egg chamber (D) and an arp*™ germline clone. The bicoid mRNA FISH signal
(red) is superimposed on a greyscale DIC image of each egg chamber that shows the
positions of the cells. bicoid mRNA localises normally to the anterior/lateral corners

of the oocyte in the arpl*™?

germline clone. White arrows point to the nucleus.

(F-G) Confocal images showing the localisation of bicoid mRNA at stage 10b in a
wild-type egg chamber (F) and an arp*"* germline clone (G). bicoid mRNA has
relocalised to a disc in the centre of the anterior cortex in the arpl*?* germline clone
as in wild-type.

(H-I) Confocal images showing the localisation of gurken mRNA (red; FISH) at stage
9 in a wild-type egg chamber (H) and an arp1*®* germline clone (I). gurken mRNA
localises above the oocyte nucleus in the dorsal anterior corner of the oocyte in wild-

type, but is not localised in the arpl*>>

mutant, which also disrupts the anchoring of
the nucleus (white arrow).

(J-K) Confocal images of stage 9 wild-type (J) and arp*™* germline clone (K) egg
chambers in which the nuclear envelope is stained with Wheat Germ Agglutinin
(green) and DNA with DAPI (blue). The arp*®* mutant disrupts the anchoring of the

nucleus (white arrow) at the dorsal/anterior corner of the oocyte, and it is instead

found at random positions within the oocyte cytoplasm.
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Figure 6. The arpl*”> mutation reduces the frequency and the directional bias of
oskar mRNA movements near the posterior of the oocyte.

(A) A graph showing the relative frequency of oskar mRNA movements at different
distances from the posterior pole in arpl**/+ (n=528 tracks) and arp*"* mutant
oocytes (n=410). The posterior pole is set as Oum and the movements have been
binned into Sum intervals. There is a strong reduction in the frequency of oskar
mRNA movements near to the posterior pole in the arp/*®* mutant compared to wild-
type (p <0.001 by the Wilcoxon rank-sum test). Error bars indicate the SD.

(B) A circular histogram showing the frequency of oskar mRNA tracks in different
directions measured in 10° intervals at the specified distances from the posterior pole.
The posterior bias in the direction of oskar mRNA movement increases with

1*P? mutant.

proximity to the posterior, but decreases in the arp
(C) A diagram showing two models for oskar mRNA delivery to the posterior cortex.
In the left model, oskar mRNA/Kinesin 1 particles move along microtubules until
they reach the plus end, where they fall off. oskar mRNA can therefore only be
delivered to the posterior cortex if Kinesin reaches the growing plus end of the
microtubule at the same time that the microtubule reaches the cortex. In the right
model, oskar mRNA/Kinesin 1 particles that reach the end of the microtubule remain
tethered to the growing plus end by Dynactin, through the +TIP activity of plSOGlued.
oskar mRNPs therefore accumulate at the growing plus end until the microtubule
reaches the posterior cortex, where they can be offloaded and anchored.

(D) A histogram showing the velocity distributions of growing microtubule plus ends
marked by EB1-GFP (green) and oskar mRNPs (blue). The absence of a significant

sub-population of oskar mRNPs that move at the same speed as microtubule growth

argues against the model in which the RNA tracks the growing microtubule ends.
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Figure 7. Dynactin is required for microtubule growth to the posterior cortex.

(A) A histogram showing the average velocities (um/sec) of EB1 comets on growing
microtubule plus ends in the centre of the oocyte (15-30um from the posterior) and
near the posterior cortex (0-15um from the cortex) in wild-type (arpl *02/1) and
arp1*™® homozygous oocytes. arpl*°*/+: 3732 comets in the 15-30um region and
2068 comets in 0-15um region; arp*™* homozygotes: 2815 comets in the 15-30um
region and 221 comets in the 0-15um region. The plus ends slow down as they
approach the posterior cortex in wild-type (p=0.007 by the paired t test), but fail to
slow down in arpI*™?, suggesting that the Dynactin complex normally restricts the
rate of microtubule growth in the posterior cytoplasm. Error bars indicate the SEM.
(B-C) EB1 comet tracks in wild-type (B) and arpI** homozygous (C) oocytes. The
images are merges of 40 frames from time-lapse movies taken at 1.7 seconds per
frame. The tracks therefore represent the growth of microtubule plus ends over 68
seconds.

(D) A histogram showing the relative frequency of EB1 comets at different distances
from the posterior cortex in wild-type (black; arpl*?*/+) and arp1** homozygous
(red) oocytes. Very few microtubules extend within 10um of the posterior cortex in
the arp1*"* mutant (n=14440 for WT, n=13062 for arp1**, p<0.001 by the Wilcoxon
rank-sum test).

(E) Computer simulations of oskar mRNA transport with diffusion, motor-transport
and cytoplasmic flows, showing the distribution of total cargo after three hours in
cross section. The left hand panel (reproduced from Figure 3F of Khuc Trong et al.
(2016) is a simulation in which the mean target length of the microtubules (€) is set to
0.5 x the anterior-posterior length of the oocyte. The right panel shows an identical

simulation in which the mean target length of the microtubules is reduced to 0.35. The
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shortening of the microtubules changes the simulated distribution of oskar mRNA

from a tight posterior crescent to a more diffuse posterior cloud.

Figure 8. Microtubules continue growing for twice as long at the posterior cortex

than at the lateral cortex.

(A) A confocal image of microtubules in a wild-type stage 9 oocyte indicating the
regions of the posterior and lateral cortex (yellow lines) from which the kymographs

in (C) were collected.

(B) A histogram showing the relative frequency of microtubule plus ends (marked by
EB1-GFP) at the lateral (blue) and posterior (red) cortex of the oocyte as a function of

their dwell time.

(C) Kymographs showing the EB1-GFP signal (black) along regions of the lateral and
posterior cortex of the oocyte over a period of 120 seconds. Static EB1 comets result
in vertical lines in the kymographs and represent the plus ends of microtubules that
have reached the cortex, but have not yet undergone catastrophe. The length of each
vertical line therefore represents the lifetime of the growing microtubule at the cortex.
The diagonal EB1-GFP tracks in the lateral kymograph represent microtubules that
are growing parallel to the cortex from cortical noncentrosomal microtubule
organising centres (ncMTOCs). The diagonal tracks are largely absent from the

kymograph of the posterior cortex because it lacks ncMTOC:s.

(D) A series of diagrams showing oskar mRNA/Kinesinl complexes moving along a
microtubule that has Dynactin protecting its growing plus end (panel 1). The
microtubule continues to grow upon reaching the posterior cortex (panels 2 and 3),
allowing multiple oskar mRNA/Kinesinl complexes to move to the plus end and
offload onto the cortex, before the microtubule finally undergoes catastrophe and

shortens (panel 4).

Figure 9. A model of the Kinesinl/Dynactin/microtubule positive feedback loop that
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increases the length and directional bias of microtubules near the posterior cortex.

A series of diagrams showing the steps in the positive feedback loop that ensures that
microtubules reach the posterior cortex to deliver oskar mRNA. The distribution of
cortical ncMTOCSs along the anterior and lateral cortex organizes a weakly polarised
microtubule network, with more microtubules growing posteriorly than anteriorly.
The transport of the Dynactin complex along these microtubules by kinesin leads an
posterior enrichment of Dynactin, where it binds to the growing microtubule plus
ends and acts as an anti-catastrophe factor. This causes the microtubules to extend
further towards the posterior, which in turn allows Kinesin 1 to transport Dynactin
more posteriorly. This positive feedback eventually results in a high posterior
concentration of Dynactin and microtubules that extend all of the way to the posterior

cortex, thereby allowing the efficient delivery of oskar mRNA.
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Table 1. Quantification of oskar mRNA particle movements

Tracks to Mobile fraction, %
Phenotype Average speed, um/s Posterior, %
WT 0.36£0.01 (N=933) 65+0.8 (N=989) 12.0+£2.1 (N =358)
arpl*™ 0.34+£0.03 (N=300) 62+0.7 (N=353) 15.4+£2.5 (N=361)

Values shown are means plus and minus the SEM. In all cases the differences between
wild-type and the arp1[4D2] mutant were statistically insignificant, p > 0.05.
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Figure 1

GFP-Staufen oskar mRNA

4D2|



https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 2
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Figure 3
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Figure 3- figure supplement 2

arp14D2/+ arp14D2 GLC arp14D2/ arp11 arp14D2/ arp12



https://doi.org/10.1101/121590
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/121590; this version posted March 28, 2017. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 4
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Figure 6
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