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Cytoplasmic streaming in Drosophila oocytes is a microtubule-
based bulk cytoplasmic movement. Streaming efficiently circulates
and localizes mRNAs and proteins deposited by the nurse cells across
the oocyte. This movement is driven by kinesin-1, a major microtubule
motor. Recently, we have shown that kinesin-1 heavy chain (KHC) can
transport one microtubule on another microtubule, thus driving
microtubule-microtubule sliding in multiple cell types. To study the role
of microtubule sliding in oocyte cytoplasmic streaming, we used a Khc
mutant that is deficient in microtubule sliding but able to transport a
majority of cargoes. We demonstrated that streaming is reduced by
genomic replacement of wild-type Khc with this sliding-deficient mu-
tant. Streaming can be fully rescued by wild-type KHC and partially
rescued by a chimeric motor that cannot move organelles but is active
in microtubule sliding. Consistent with these data, we identified
two populations of microtubules in fast-streaming oocytes: a net-
work of stable microtubules anchored to the actin cortex and free
cytoplasmic microtubules that moved in the ooplasm. We further
demonstrated that the reduced streaming in sliding-deficient oocytes
resulted in posterior determination defects. Together, we propose
that kinesin-1 slides free cytoplasmic microtubules against cortically
immobilized microtubules, generating forces that contribute to cyto-
plasmic streaming and are essential for the refinement of posterior
determinants.
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orce generation is essential for many different cellular func-

tions, such as vesicle transport, spindle formation, cell migra-
tion, and cell shape change. Cytoskeletal filaments and molecular
motors are major players that generate the forces required for
these activities. For instance, kinesin-1 and microtubules have been
shown to provide the mechanical forces required in multiple cel-
lular contexts, such as organelle transport (1-4), ooplasmic stream-
ing (5-9), and process formation (10-15).

Ooplasmic streaming is a bulk cytoplasmic movement that effi-
ciently mixes the cytoplasm released from nurse cells through ring
canals with ooplasm in the oocyte during Drosophila oogenesis. This
streaming circulates and distributes maternally loaded mRNAs and
proteins in oocytes for proper axis determination. Slow nondirectional
streaming starts at stages 8-9, whereas fast directional streaming is
initiated at stage 10B (5). Ooplasmic streaming has been shown to be
dependent on microtubules and requires the activity of kinesin-1.
Depolymerization of microtubules by colchicine (16) or knockout of
the kinesin-1 heavy chain (KHC) gene (7, 8) completely abolishes
streaming in the oocyte. It has been proposed that streaming of
ooplasm is driven by the directional transport of cargoes along mi-
crotubules by kinesin-1 (8). Surprisingly, kinesin-1 light chain (KLC)
is dispensable for streaming (7, 9), even though KLC is used as the
adapter for many of the cargoes transported by kinesin-1. Based on
these results, it has been proposed that kinesin-1 transports vesicles
to drive ooplasmic streaming by an unknown KLC-independent
mechanism (7). In contrast to kinesin-1’s function in streaming,
dynein is not required for fast streaming; instead, it inhibits the shift
from slow streaming to fast streaming (8, 9).
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This KHC-dependent and KLC/dynein-independent streaming
mechanism highly resembles another important function of KHC,
called microtubule—microtubule sliding, studied by our group (10-15).
In this process, KHC binds one microtubule through its ATP-
independent C-terminal-binding site while walking on another mi-
crotubule using its ATP-dependent motor domain, as reported by
Winding et al. (17). Sequence analysis of the C-terminal micro-
tubule-binding site of KHC revealed a high degree of conservation
across species; it contains multiple basic residues that are evo-
lutionally conserved from Drosophila to humans (Fig. 14) and binds
to the acidic E-hook of tubulin through an electrostatic interaction
(18, 19). Furthermore, we have shown that KHC-driven microtu-
bule sliding is independent of KL.C and cannot be inhibited by dy-
nein knockdown or dynein inhibition (10, 12, 14, 15).

Based on the fact that streaming and microtubule sliding both
require KHC and are independent of KL.C and dynein, we propose
that KHC-dependent microtubule sliding plays an important role in
ooplasmic streaming of Drosophila oocytes. In this study, we tested
this hypothesis by using a recently characterized Khc mutant that
inhibits microtubule sliding (17), and we demonstrated that micro-
tubule sliding contributes to ooplasmic streaming. Furthermore, we
ectopically induced microtubule sliding using a chimeric motor that
slides microtubules but cannot transport organelles, and showed that
the motor partially rescued ooplasmic streaming in KHC depleted
oocytes. Consistent with these results, we observed two populations
of microtubules, a network of extremely stable microtubules an-
chored to the cortex and cytoplasmic microtubules moving with the
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A Kinesin-1 heavy chain (KHC) :A’R’:’(":
Head Coiled-coil Tail EAKEGAMRDRKRYQYEVDRIKEAVY RQKHLGRRG Drosophila
Milton bindin EAKEGAMKDKRRYQQEVDRIKEAVRYKSSGKRG Human
KLC binding g40.591 9 EAKEGAMKDKRRYQQEVDRIKEAVRYKSSGKRG Mouse
792-836 e EAKEGAMKDKRRYQQEVDRIKEAVRYKSSGKRG Rat
914-936 EAKENAMRDRKRYQQEVDRIKEAV RAKNMARRA Chicken
EAKENSS RDRKRYQQEVDRIKEAV RSKNMARRG Xenopus
ATP-independent EAKENAARDRKRYQQEVDRIKEAV RAKNMARRG Zebrafish
microtubule binding ETKEGAMRDRKRYQQEVDRIR EAVRQRNFAKRG Sea urchin
site DAKEGAMRDRKRYQHEVDRIK EAVRQKNLARRG Squid
EAKEGAMRDRKRYQMEVDRIK EAVRQRNLARRG Aplysia
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Fig. 1. KHC C-terminal microtubule-binding site is important for ooplasmic streaming. (A) Schematic illustration of KHC and point mutations (R914A, K915A,
R916A, and Q918A) made in the highly conserved C-terminal microtubule-binding site, which significantly decrease microtubule-binding affinity and mi-
crotubule sliding ability (17). The amino acid sequences of the C-terminal microtubule-binding site (shaded in blue) of KHC from multiple organisms are
shown. The basic residues (highlighted in bold fonts) are highly conserved across species. (B) Example of streaming rate measurement in a control stage 10B
oocyte (more details are provided in Materials and Methods). (C) Representative kymographs of vesicles in oocytes of different genotypes. Kymographs were
generated along a line parallel to the flow of the streaming ooplasm (yellow line in B) from 2-min DIC movies (also Movies S1-S5). (D) Ooplasmic streaming
rates in different genotypes. The rate of vesicle movement was quantified and used as a streaming readout. +/+: average = 138.0 nm-s~', n = 20; Khc"": average =
126.6 nm:s™', n = 74, P = 0.4216 [Mann-Whitney test between +/+ and Khc"", not significant (ns)]; nos>Khc-RNAJ: average = 13.0 nm-s™', n = 40, P < 0.0001 (Mann-
Whitney test between +/+ and nos>Khc-RNAI, ****); Khd™™: average = 58.0 nm-s™!, n = 69, P < 0.0001 (Mann-Whitney test between Khc"t and Khc™%, ***x);
Khc™™%; nos>Khc-BFP: average = 138.9 nm-s~", n = 31, P= 0.9181 (Mann-Whitney test between Khc** and Khc™%; nos>Khc-BFP, ns); Khc?/+, average = 179.3 nm-s~",
n =25, P=0.6209 (Mann-Whitney test between +/+ and Khc?’I+, ns). The error bar represents the 95% confidence interval. (E) Western blot of KHC protein
levels in ovary extracts from the genotypes assayed in C and D using a polyclonal antibody against the KHC motor domain (HD) (77). The +/+ ovary extract was
titrated (100%, 50%, 25%, 10%) for comparison with Khc""!, Khcd™*, and Khc?’/+ ovary extracts. Loading control (LC), Coomassie staining. Western blot
signal intensities from multiple experiments were quantified using an ImageJ plug-in (Gel Analyzer) and normalized to the +/+ extract. This analysis showed
that Khc™* ovaries have 71.2 + 1.4% KHC protein level as +/+ ovaries. Quantification of each sample (normalized to 1, average + SD): 100% +/+, 1.00 + 0.00;
50% +/+, 0.505 + 0.094; 25% +/+, 0.152 + 0.040; 10% +/+, 0.013 + 0.004; Khc**, 1.04 + 0.02; Khd™ %, 0.712 + 0.014; Khc®/+, 0.395 + 0.107. (F) Schematic diagrams of
transgenic constructs of chimeric motors used in G. (G) Streaming rates in KHC-depleted stage 10B oocytes with or without expression of chimeric Unc104 motor
constructs (mean + 95% confidence interval): nos>Khc-RNAJ, 5.2 + 1.7 nm-s~', n = 36; nos>Khc-RNAi+UncLZ, 13.0 + 8.2 nm:s~", n = 41; nos>Khc-RNAi+UncLZ-
Ktail, 32.6 + 13.6 nmss~', n = 43; nos>Khc-RNAi+UncLZ-Ktail™ ™, 12.9 + 5.9 nm:s™', n = 46. Mann-Whitney tests were performed to assay the statistical
significance between the following groups: nos>Khc-RNA vs. nos>Khc-RNAi+UnclLZ, P = 0.5572 (ns); nos>Khc-RNAi+UncLZ vs. nos>Khc-RNAi+UnclLZ-Ktail, P = 0.0003
(***); nos>Khc-RNAi+UncLZ vs. nos>Khc-RNAi+UnclLZ-Ktail™™, P = 0.5692 (ns) (also Movie S6).

rest of the ooplasm. Furthermore, we showed that microtubule
sliding is important to refine posterior determinants during body

reduced (17). A majority of kinesin-1-driven cargo transport was
not affected in both Drosophila S2 cells and primary cultured neu-

axis patterning. We propose that KHC slides free cytoplasmic mi-
crotubules against anchored cortical microtubules, providing an im-
portant contribution to ooplasmic streaming, and that this streaming
ensures robust posterior determination.

Results

Microtubule Sliding by Kinesin-1 Contributes to Ooplasmic Streaming.
In an accompanying study by Winding et al. (17), we created a
Khc endogenous knock-in mutant in which four conserved resi-
dues in the C-terminal microtubule-binding site were mutated to
alanine (Khc™“': R914A, K915A, RI16A, and Q918A) (Fig. 14).
This mutant was based on a similar mutation of human kinesin-1
that greatly reduced the affinity of the tail to microtubules in vitro
(18) (Fig. S1). We characterized the Khc™*“* mutant and found that
the ability of KHC™" to drive microtubule sliding is significantly
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rons expressing KHC™ (17). A similar mutant in Caenorhabditis
elegans kinesin-1, uncoordinated-116 (unc-116), also did not affect
organelle transport (20). To test the ability of this mutant to
transport cargoes in the germline, we assayed the distribution of
mitochondria, well-known kinesin-1-dependent organelles (3), us-
ing a mitochondrial EGFP marker (21). We found that mitochon-
dria were distributed correctly in stage 1-3 egg chambers of Khc™*
oocytes (Fig. S2). In contrast, Khc-RNAi oocytes displayed pre-
mature mitochondrial aggregation in the enlarged Balbiani body due
to unbalanced bidirectional transport of mitochondria, consis-
tent with previous reports using a Khc loss-of-function mutant
(22). Together, these results indicate that Khc™ is a hypo-
morphic allele for KHC-driven microtubule sliding that retains
wild-type transport levels for many KHC-driven organelles. We
reasoned that using this viable Khc™*! mutant could allow us to
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determine the role of KHC-driven microtubule sliding in ooplasmic
streaming.

To test whether kinesin-1-based microtubule sliding is im-
portant for streaming, we quantified ooplasmic streaming rates
in different genotypes by measuring vesicle movement in dif-
ferential interference contrast (DIC) time-lapse movies. Wild-
type stage 10B oocytes (23, 24) displayed characteristic fast
streaming at an average rate of ~140 nm-s~! (8) (Fig. 1 B-D and
Movie S1). We knocked down KHC by RNAI in the germline
under nanos-Gal4 (nos-Gal4) (25), which greatly reduced the KHC
protein level (<14% of wild-type level) and led to a <1% embryo
hatching rate. The lethality of embryos from nos>Khc-RNAi
female flies was similar to the lethality of embryos produced by
germline clones of the Khc protein-null allele, Khc?” (8, 26).
The Khc-RNAi knockdown oocyte displayed very little ooplasmic
streaming (Fig. 1 C and D and Movie S2), which is consistent
with previous reports using Khc®” germline clones (7, 8). The
ooplasm also displayed a stratified pattern, which is indicative of
a failure to mix nurse cell cytoplasm and yolk-containing ooplasm
(8) (Movie S2).

We then examined the streaming rates in Khc wild-type knock-in
(Khc") and  sliding-deficient Khc™' knock-in ovaries. The
streaming rates of Khc"" knock-in oocytes were similar to control
oocytes (Fig. 1D), suggesting the knock-in strategy does not affect
streaming. The streaming rates of Khc™*! knock-in oocytes were
significantly decreased, with an average velocity at 46% of the
Khc" level and 42% of the control level (Fig. 1 C and D and Movie
S3). This streaming defect observed in Khc™ ! females can be
fully rescued by expression of full-length wild-type KHC in the
germline (Khc™; nos>Khc-BFP) (Fig. 1 C and D and Movie
S4), resulting in an average velocity at 100% of the Khc"" level and
110% of the control level. These results indicate that the C-terminal
microtubule-binding site of KHC is important for ooplasmic stream-
ing and that the reduction of streaming is specifically caused by the
Khc mutant and not by potential off-target effects from the knock-
in procedure.

It is tApossible that the reduced ooplasmic streaming seen in
Khc™* oocytes is due to a decrease in KHC protein level caused
by the mutations in the C terminus. Therefore, we measured the
amount of KHC protein by Western blot using ovary extracts
from wild-type, Khc"', or Khc™* flies. Although no KHC degra-
dation products were observed, we found that Khc™“! knock-in
ovaries had a slightly decreased KHC level (71% of the control
level; Fig. 1E). To determine if this decrease contributes to the
streaming defect observed in Khc™“* oocytes, we compared KHC
levels and streaming rates in the oocytes of control (+/+) and Khc?”
heterozygous (Khc?’/+) flies. As expected, because Khc?’ is a
protein-null allele (26), Khc?’/+ flies contain only 40% of the
control KHC protein level by Western blot, which is less than
the KHC level in Khc™ flies (Fig. 1E). Nevertheless, the
ooplasmic streaming rate of Khc®’/+ oocytes is indistinguishable
from the ooplasmic streaming rate of the control (Fig. 1 C and D
and Movie S5). Therefore, we conclude that the decrease in
KHC protein level is not the cause of the ooplasmic streaming
defect in Khc™ ovaries.

Because Khc™“! has a decreased ability to slide microtubules
and displayed decreased cytoplasmic streaming, but is completely
normal in its ability to move multiple cargoes along microtubules
(17), we conclude that KHC-driven microtubule sliding is impor-
tant for ooplasmic streaming.

Ectopic Microtubule Sliding Can Drive Ooplasmic Movement in KHC-
Depleted Oocytes. To further test whether microtubule sliding
plays a role in ooplasmic streaming, we created a chimeric motor
based on a construct described by Tomishige et al. (27). This
construct encodes the motor domain of C. elegans kinesin-3
(Unc104) dimerized by a leucine zipper. We directly used this
chimera, UncLZ, or fused it to the C-terminal tail of wild-type
KHC (910-975 RKRYQ) or KHC™ (910-975 AAAYA),
creating UncLZ-Ktail and UncLZ-Ktail™", respectively (Fig. 1F).
These dimerized Unc104-LZ motors are similar to kinesin-1 in
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their velocity and run length (27, 28). UncLZ-Ktail can slide
microtubules in S2 cells lacking endogenous kinesin-1, but can-
not transport peroxisomes or mitochondria and lacks a majority
of cargo adapter-binding domains (17). We expressed this chimeric
motor in Khc-RNAi background and found that UncL.Z-Ktail par-
tially rescued streaming in Khc-RNAi oocytes (Movie S6), whereas
neither UncLZ nor UncLZ-Ktail™" rescued streaming (Fig. 1G).
We noticed that the rescue by the chimeric motor was incomplete;
instead of organized global streaming, the rescue sometimes was
local, was not as fast as wild type, and sometimes failed to rescue at
all. This variability may be caused by impaired expression and/or
localization of the chimeric motor under the nos-Gal4 driver, or
because the stalk domain of the chimera is shorter than the stalk of
KHC. Nevertheless, an ectopically expressed sliding-only motor
partially rescues streaming, strongly indicating that microtubule
sliding is an important driving force for ooplasmic streaming.
Overall, these experiments implicate microtubule sliding by kinesin-1
in ooplasmic streaming and demonstrate that neither organelle trans-
port alone (Khc™“') nor microtubule sliding alone (UncLZ-Ktail)
can fully drive normal ooplasmic streaming. Based on these results,
we conclude that both microtubule sliding and organelle transport
by kinesin-1 are necessary to drive normal ooplasmic streaming.

A Previously Unidentified Population of Stable Cortically Anchored
Microtubules in the Streaming Oocyte. As we have previously
shown in tissue culture cells and neurons, sliding occurs between
two free microtubules; thus, microtubules move in both direc-
tions (10-15). However, oocyte streaming in stage 10B oocytes is
usually unidirectional. One way that microtubule sliding can
generate unidirectional streaming is to anchor one set of mi-
crotubules to immobile structures while allowing kinesin-1 to
slide free cytoplasmic microtubules along the anchored ones. To
search for a population of anchored microtubules, we used a
photoconversion technique utilizing a-tubulin tagged with a
photoconvertible tag, Maple3 (29, 30) (details are provided in
Materials and Methods) under the nos driver. This technique
allowed us to test for any potentially anchored microtubules in
the photoconverted zone (the technique is illustrated in Fig. 24).
Immediately after photoconversion in an ~30-pm-diameter cir-
cle, the intensity of the signal prevented us from identifying in-
dividual microtubules in the photoconversion area (Fig. 2B).
After a few minutes, fast ooplasmic streaming removed un-
attached photoconverted microtubules as well as soluble tubulin
subunits from the region, leaving behind a small population of
microtubules that remained immotile in the photoconversion
zone (Fig. 2B’). Remarkably, this population of microtubules did
not move or depolymerize despite the vigorous streaming that
occurred during the 30-min duration of the experiment (Fig. 2 B
'—B’"" and Movie S7). We examined the photoconverted signal in
the x—z axis and found that this anchored microtubule network is
adjacent to the oocyte cortex (Fig. 2 B'-B’"’, Bottom), suggesting
that the stable microtubules are tightly attached to the cortex.
Furthermore, in addition to their mechanical stability, we ob-
served that these anchored microtubules do not exchange sub-
units with the cytoplasmic pool of (mostly nonphotoconverted)
tubulin dimers, suggesting they are protected against de-
polymerization (compare Fig. 2B’ and 2B’’). Thus, we used
photoconversion to reveal a population of superstable microtu-
bules tightly anchored to the cortex of the streaming oocyte.
Fast streaming occurs in stage 10B to stage 12 oocytes,
whereas earlier stage oocytes at stages 8-9 display much slower
uncoordinated streaming (5, 8). We wondered if stable micro-
tubules are recruited to the cortex right before the onset of fast
streaming. To test this hypothesis, similar photoconversion ex-
periments were performed in stage 8 to stage 9 oocytes. We
found that photoconverted signal quickly moved outside the
initial photoconversion zone and, importantly, no anchored mi-
crotubules could be detected (Fig. 2 C-C’"" and Movie S8). This
finding indicates that the stable cortical microtubule network
forms later, consistent with previous reports describing high
microtubule dynamics and active reorganization in the stage 9
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Fig. 2. Visualization of stable cortically anchored
microtubules in streaming oocytes by photoconversion.
(A) Schematic cartoon illustrating the technique of mi-

30 min after
photoconversion

15 min after
photoconversion

Right after
photoconversion

Stage 10B

Stage 9

egg chamber (31). This finding is also in agreement with the
timing of fast ooplasmic streaming, suggesting that these stable
microtubules might form to fulfill a functional role in streaming.

Sliding Between Cortically Anchored Microtubules and Free Cytoplasmic
Microtubules Is Driven by Kinesin-1. We next examined whether
cytoplasmic microtubules can slide against these cortically an-
chored microtubules. To visualize microtubules with better
resolution, we applied a newly developed microtubule probe,
K560Rigor™****-SunTag (32) in oocytes. This probe contains
the human kinesin-1 motor domain (residues 1-560) with a
rigor mutation (K560Rigor™**) fused to 24 copies of a GCN4
peptide (Fig. 34). The rigor mutation in the motor domain
causes it to bind irreversibly to microtubules (33). When coex-
pressed with a GFP-tagged anti-GCN4 single-chain antibody,
K560Rigor™>*** recruits up to 24 copies of GFP to a single posi-
tion on a microtubule (the combination of these two constructs will
be called SunTag-MT), thereby enabling long-term microtubule
imaging in live oocytes (Fig. 34). We generated transgenic flies
expressing both SunTag-MT components under UASp control
(details are provided in Materials and Methods). We found that
oocytes expressing SunTag-MT under germline-specific nos-Gal4
displayed two populations of microtubules: (i) microtubules at the
cortex, which display little movement (Fig. 3 B and C and Movie
S9, Left), and (ii) cytoplasmic microtubules deeper in the oocyte,
which move over long distances (Fig. 3 B, white arrowheads, and C
and Movie S9, Right). In contrast, both microtubule populations in
Khc™ oocytes display very little movement (Fig. 3D). Together,
this SunTag-MT labeling allowed us to visualize two populations of
microtubules: stable anchored microtubules that we first observed
using photoconversion (Fig. 2) and free cytoplasmic microtubules
that move with the ooplasm underneath the anchored microtu-
bules. The free cytoplasmic microtubules moved at an average of
~460 nm-s~!, which is consistent with kinesin-1 velocity in oocyte
extracts (34-36). It should be noted that the velocities of cyto-
plasmic microtubules were greater than the streaming velocities
observed in Fig. 1. However, streaming velocities are variable and
depend on factors such as genetic background and distance from
the cortex. GFP-excluding vesicles, observed in the background of
SunTag-MT time-lapse movies, travel at approximately the same
speed as the SunTag-MT punctae in the optical plane that was
imaged. For this reason, we do not believe the difference in rates
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crotubule photoconversion (photoconvertible Maple-
atub) to look for anchored microtubules in a streaming
oocyte. (B-B'"") Stage 10B oocyte expressing photo-
convertible Maple-atub (nos>tdMaple3-atub84B) is
photoconverted by 405 nm of light in the area in-
dicated by the purple circle. Red channel images
were taken at different time points after photo-
conversion. The x-y-axis images (Top) and x-z-axis
images (Bottom) are shown. Note that a population
of cortical microtubules can be observed 15 and
30 min after photoconversion. (B"’) These microtubules
do not change position, as demonstrated by the merged
image (also Movie S7). (C-C') Stage 9 oocyte express-
ing photoconvertible Maple-atub (nos>tdMaple3-
atub84B) is photoconverted by 405 nm of light in
the area indicated by the purple circle. Red channel
images were taken at different time points after
photoconversion. Note that the microtubule signal
decreases over the 30-min time-lapse and that no
cortical microtubules are observed (also Movie S8).
Scale bars, 10 um.

Overlay of 15min
and 30min

between Figs. 1 and 3 is biologically important, and it is likely at-
tributable to different imaging conditions. The decrease in motility
of cytoplasmic microtubules in K™ oocytes demonstrated that
the movement of free cytoplasmic microtubules is dependent on
KHCs ability to slide microtubules. Because microtubule sliding is
severely disrupted in Khc™' oocytes and some streaming still
persists, we conclude that kinesin-1-based microtubule sliding
contributes to oocyte streaming, but cannot account for the whole
phenomenon. Ooplasmic streaming is likely driven by both kinesin-
1-based organelle transport and microtubule sliding.

The Stable Cortically Anchored Microtubules Are Closely Associated
with Cortical Actin. How are the stable microtubules anchored to
the cortex? The oocyte cortex has a dense layer of F-actin that
has been proposed to anchor mRNA and proteins (37). There-
fore, we decided to examine the distribution of F-actin and mi-
crotubules in stage 10B oocytes. We performed dual labeling of
microtubules by SunTag-MT and F-actin by phalloidin staining.
When SunTag-MT is overexpressed, it decorates microtubules
more heavily, and instead of individual SunTag-MT speckles, it
labels microtubules along their length. We found that anchored
microtubules are always located in close proximity to cortical F-actin
(Fig. 4 A and B and Movie S10). Remarkably, cortical F-actin, like
cortical microtubules, is extremely stable. We were unable to
depolymerize it with very high concentrations of latrunculin B
(up to 100 pM for 1 h); thus, cortical F-actin is capable of pro-
viding a platform for stable microtubule anchorage.

In Kh¢™4 oocytes, microtubules still remain closely associ-
ated with cortical F-actin (Fig. 4 C-C"”" and Movie S11), sug-
gesting that the C-terminal microtubule-binding site of KHC is
not involved in cortical microtubule anchorage. It should be
noted that some aggregation of the SunTag antibody was ob-
served in the posterior of Khc™ ! oocytes (asterisks in Fig. 4C").
To test whether this aggregation was an artifact of the labeling
system, we stained oocytes using a silicon-rhodamine—conjugated
microtubule probe (SiR-tubulin) (38). We found no aggregates
in either control or Khc™* oocytes using SiR-tubulin (Fig. S3),
suggesting that these aggregates are artifacts of high SunTag-MT
expression. Importantly, SiR-tubulin staining demonstrated that
microtubules closely associate with the cortex in both control
and Khc™“ oocytes (Fig. S3, Bottom). These two experiments
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Fig. 3. SunTag labeling of anchored and motile microtubules in the oocyte. (4) lllustration of SunTag-MT imaging technique. The human KHC motor domain
with a rigor mutation (K560Rigorf23%4) is fused to 24 repeats of a GCN4 peptide. When coexpressed with a GFP-tagged anti-GCN4 single-chain antibody,
K560Rigort23®A binds a microtubule irreversibly and recruits many copies of GFP, creating a permanent fluorescent mark on the microtubule (32). (8 and B')
Temporal hyperstacks of 10-min movies at two different focal planes of a fast-streaming oocyte expressing nos>SunTag-MT. Different frames are assigned different
colors (color legend) and then projected into a single image, such that moving dots are depicted by a spectrum of color and immotile dots are white. (B) SunTag-MT
dots at the cortex (cortical microtubules) displayed little movement. (B’) SunTag-MT dots underneath the cortex (cytoplasmic microtubules) displayed high motility
(white arrowheads) (also Movie S9). Scale bars, 50 pm. The velocity of SunTag-MT dots on anchored cortical microtubules and free cytoplasmic microtubules in
control (C) and Khd™“* (D) is shown. The average velocity (mean + 95% confidence interval) of cortical dots and cytoplasmic dots in control oocytes was 91.67 +
4.97 nm-s~" (n = 958) and 460.6 + 31.1 nm-s~' (n = 294). The average velocity of cortical dots and cytoplasmic dots in Kh™ ™ oocytes was 22.95 + 1.74 nm-:s™" (n =
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1,834) and 31.46 + 1.77 nm-s~' (n = 1,951).

demonstrate that mutation of the C-terminal microtubule-binding
site of KHC does not affect cortical microtubule anchorage.

Together, we propose that the stable, cortically anchored mi-
crotubules are tethered to the actin-enriched cortex by micro-
tubule—actin cross-linker(s), and the anchoring signal is activated
immediately before the onset of fast streaming. KHC binds to
cortically anchored microtubules and nonanchored cytoplasmic
microtubules simultaneously using its motor domain and C-terminal
tail, and slides nonanchored microtubules against anchored mi-
crotubules. This microtubule motility and kinesin-1-based or-
ganelle transport together generate the forces required to drive
oocyte cytoplasmic streaming.

Microtubule Sliding-Driven Ooplasmic Streaming Is Important for the
Refinement of Posterior Determinants. Body axes of the Drosophila
embryo are predetermined during mid-oogenesis. The anterior-
posterior axis is defined by bicoid mRNA localized to the ante-
rior side and oskar (osk) mRNA localized to the posterior pole of
the oocyte, respectively (39-42). The posterior localization of osk
mRNA is KHC-dependent, whereas the anterior bicoid mRNA is
not (7, 26). During mid- to late oogenesis, ooplasmic streaming
serves as an efficient procedure to mix and distribute the mRNAs
and proteins from the nurse cell cytoplasm within the oocytes. In-
hibition of streaming by KAc mutants results in stratified oocytes with
distinct areas of transparent nurse cell cytoplasm and dark yolk-
containing ooplasm (8) (Movie S2), which are always associated with
defects in osk mRNA localization (7, 26). Two models have been
proposed to explain the KHC-dependent osk mRNA localization:

Lu et al.

(¢) osk mRNA is transported by kinesin-1 along microtubules to the
posterior pole (7, 26) or (i) osk mRNA is circulated by kinesin-1—
driven ooplasmic streaming within the oocyte and is accumulated at
the posterior pole by a localized anchor (16, 43).

To distinguish between these two models, we decided to de-
termine which function of KHC (organelle transport or microtu-
bule sliding) is required for posterior determination by examining
the localization of posterior determinants in Kic™“* oocytes. The
protein Staufen colocalizes with osk mRNA throughout oogenesis
and has served as a reliable marker of osk mRNA localization
(7, 26). Therefore, we examined Staufen localization as a readout
of posterior determination. In wild-type stage 10B oocytes, we
observed a compact crescent of Staufen protein at the posterior
pole (Fig. 54), as previously reported (7, 26). In Khc™* stage 10B
oocytes, Staufen still localized to the posterior pole; however, the
signal was more diffuse along the cortex compared with wild-type
oocytes (Fig. 5B). Quantification showed that in K™ oocytes,
Staufen’s crescent at the cortex was significantly wider than con-
trol (mean + SD: 37.5 + 14.8 um in control, 96.3 + 30.0 pm in
Khc™4). This result suggests that both active transport along
microtubules and ooplasmic streaming contribute to posterior
determination. Because Staufen still localizes to the posterior pole
in Khc™“ oocytes, direct transport by kinesin-1 is likely important
for this initial localization. However, this experiment demonstrates
that the contribution of microtubule sliding to ooplasmic streaming
also serves as an important refining step in posterior determinant
localization.
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Besides anterior-posterior axis determination, dorsal-ventral
patterning in Drosophila embryos is prespecified by the asym-
metry of the oocyte (42). The oocyte nucleus becomes localized
to the anterodorsal corner, and nucleus-associated gurken mRNA
localization and translation define the dorsal-ventral axis by de-
termining dorsal cell fates in lateral follicle cells (42, 44-48). KHC
has been shown to be required for the proper nucleus position,
and thus dorsal-ventral patterning (49), although the mechanism
is not well understood. We used lamin labeling to examine oocyte
nucleus position in control and Khc™“ oocytes, and found that in
both samples, oocyte nuclei are tightly associated with the anterior
cortex (Fig. 5 C and D; n = 40 and n = 36, respectively). We
therefore conclude that kinesin-1-driven microtubule sliding is
not involved in dorsal-ventral patterning.

Overall, we propose that ooplasmic streaming is an essential
step for refining the localization of posterior determinants.
Streaming actively circulates any escaped posterior determinants
along the oocyte cortex and allows them to accumulate at the
posterior pole by some local anchorage (Fig. 6).

Discussion

Ooplasmic streaming is a vigorous cytoplasmic movement that is
essential for efficient distribution of the ooplasm content and
proper patterning of the oocyte. Because of its large size and
complexity, understanding the mechanisms of basic developmental
processes such as streaming is challenging in the oocyte. Previous
studies have demonstrated that ooplasmic streaming depends on
both microtubules and kinesin-1 (6-8). This streaming activity is
preceded by a global redistribution of the microtubule network,
from a strong concentration at the posterior pole during stage 7 to
a gradient of microtubules starting at the anterior pole by stage
10A (50). At the onset of fast ooplasmic streaming in stage 10B,
subcortical microtubule arrays form, which undulate with the
cytoplasmic flows and eventually disappear as streaming ceases
(50-52). Organelle transport by kinesin-1 along these subcortical
microtubule arrays has been proposed to drive ooplasmic stream-
ing, by exerting hydrodynamic forces on the surrounding cytoplasm
(8, 52). However, surprisingly, the general kinesin-1 cargo adapter
KLC and the microtubule minus-end motor dynein are dispens-
able for fast ooplasmic streaming (7-9). This independence of
KLC and dynein is reminiscent of another function of kinesin-1,
microtubule-microtubule sliding, which is also KLC- and dynein-
independent (10).

Based on these observations, we wondered if microtubule sliding
might play a role in ooplasmic streaming. Here, we reinvestigated
the mechanism of ooplasmic streaming using recently developed

E5000 | www.pnas.org/cgi/doi/10.1073/pnas.1522424113

20 40 60
Distance (pm)

box in A’. The position of the oocyte cortex was
normalized as 0 pm on the x axis; thus, negative x
values indicate the position outside the oocyte cor-
tex, and positive x values indicate a position inside
the oocyte. Error bar, SEM. (C-C""’) Dual labeling
of microtubules and F-actin in a Khc™* oocyte.
(C) Anchored microtubules at the F-actin—enriched
cortex were not affected by the Khc™“*A mutant.
(C’) Suntag-MT aggregates (marked by asterisks)
were seen underneath the actin cortex. (C'” and C'"')
The y-z-axis and x-z-axis views of microtubules and
F-actin in the oocyte, respectively (also Movie S11).
Scale bars, 50 pm.

molecular tools: a microtubule sliding-deficient Khc mutant (Khc™')

and a microtubule sliding-competent chimeric motor that lacks
major cargo transport domains (17). Our data show that sliding-
deficient Khc™*" oocytes display a significant reduction in
ooplasmic streaming and that expression of a sliding-competent
chimeric motor in KHC-depleted oocytes results in a partial
streaming rescue. These data demonstrate that the transport of
microtubules themselves is important for the generation of cy-
toplasmic flows in the oocyte.

Microtubule sliding by kinesin-1 is bidirectional in both tissue
culture cells and neurons (10, 12). This bidirectionality presents
an apparent contradiction: How can bidirectional microtubule
sliding contribute to the unidirectional flows observed in the
oocyte? One possibility is that kinesin-1 slides free cytoplasmic
microtubules along microtubules that are immobilized by an
interaction with other cellular components. Before our work,
stable immotile microtubules had not been reported in the oocyte,
likely because these immotile microtubules are obscured by the
much larger population of dynamic microtubules, and are there-
fore difficult to visualize. We used two recently developed imaging
probes in our search for these immotile microtubules in the
oocyte. Both techniques, photoconversion of Maple3-tagged
tubulin (Fig. 2) and SunTag-MT labeling (Fig. 3), clearly dem-
onstrated that the streaming oocyte contains a distinct population
of cortical microtubules that do not move with the flowing
ooplasm. These microtubules, unlike the bulk of cytoplasmic mi-
crotubules, do not lose subunits or move over the course of the
experiment (over 30 min). This population of anchored stable
microtubules makes them an excellent platform to slide free
cytoplasmic microtubules, which can, in turn, help generate
ooplasmic movement. Remarkably, this stable microtubule net-
work appears at the actin-rich cortex in late stage 9 to stage 10A
oocytes, immediately before fast streaming begins. Based on
these observations, we propose that KHC-driven microtubule—
microtubule sliding contributes to fast ooplasmic streaming and is
required for proper posterior determination (Fig. 6). However, we
found that Khc™“ oocytes display severely reduced microtubule
sliding (Fig. 3) but only a partial reduction in streaming rates
(Fig. 1). Additionally, microtubule sliding alone cannot fully rescue
ooplasmic streaming (Fig. 1G). We conclude, based on these data,
that both kinesin-1-based microtubule sliding and kinesin-1-based
cargo transport drive normal ooplasmic streaming.

KHC in Ooplasmic Streaming. Previous studies have established that

KHC is required for ooplasmic streaming (7, 8). Follow-up pa-
pers addressed the role of KHC in streaming by replacing the
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Fig. 5. Kinesin-1-based microtubule sliding is important for refinement of
posterior determination. Anti-Staufen staining in control (A) and Khc™vA
(B) stage 10B oocytes. (A'-B’’) Zoomed-up posterior areas of (A and B):
~4-um z-projection (A’ and B’) and ~12-pm z-projection (A" and B”’) to depict
the x-y distribution (A’ and B’) as well as the z distribution (A" and B") of
Staufen in control and Khc™ ™ stage 10B oocytes. Quantification of Staufen’s
crescent length: 37.5 + 14.8 um in control (mean + SD; n = 48); 96.3 + 30.0 um
in Khc™“™ (mean =+ SD; n = 33); P < 0.0001, unpaired t test. The oocyte nucleus
is labeled by anti-Lamin DmO staining in control (C) and Khc™ % (D) oocytes.
No difference in nuclear positioning was observed between the two geno-
types. Scale bars, 50 pm.

wild-type protein with C-terminal truncations or point mutations
(53, 54), and the authors concluded that the C-terminal tail of
KHC is dispensable for fast streaming. Our work seems to be in
apparent contradiction with their conclusions, so we rein-
vestigated their results. One study demonstrated that a KHC
mutant with point mutations at K925A, R929A, H932A, and R936A
in the C-terminal microtubule-binding site (Khc"®*®) is fully ca-
pable of driving ooplasmic streaming (53). However, direct bio-
chemical analysis (18) suggests that a similar mutation in human
kinesin-1 (mutant B; Fig. S14) has a much weaker effect on mi-
crotubule affinity than the Khc™*“ equivalent mutation (mutant A,
Fig. S14). Furthermore, we directly tested the ability of KHCKRHR-A
to slide microtubules and found that it slides microtubules as actively
as wild-type kinesin-1 in Drosophila S2 cells (Fig. S1B). Another
study found that a truncated version of KHC, lacking the C-terminal
tail, including the microtubule-binding site (KHC'™"), rescues fast
streaming in Khc? germline clones (54). Our analysis of this trun-
cation in S2 cells agrees with that result, and shows local microtubule
sliding in cells expressing the truncated protein. However, close ex-
amination of the truncated protein’s distribution shows that it forms
aggregates in the cytoplasm and microtubule sliding is only rescued
close to the aggregates. These aggregates presumably contain mul-
tiple motor domains of kinesin-1, and therefore can move microtu-
bules in the vicinity of aggregates, accounting for localized rescue of
streaming at stage 10B KHC' ™ oocytes (54).

Lu et al.

Microtubule Organization in the Streaming Oocyte. Microtubules are
essential for ooplasmic streaming because their depolymerization
completely abolishes streaming (6, 16, 51). Oocytes contain many
different populations of microtubules that reorganize and change
throughout different developmental stages. The microtubule net-
work is initially polarized during early stages, with the majority of
plus-ends at the posterior pole and minus-ends at the anterior pole
(55, 56), but later becomes less organized, with minus-ends asso-
ciating with the cortex (31, 57-61). Microtubules are also concen-
trated at the posterior pole during early stages, and these
microtubules reorganize and relocate to the anterior pole during
stages 8-10A, forming a gradient of microtubules from anterior to
posterior. Next, a population of subcortical microtubules emerges
in stage 10B oocytes (50, 51). These subcortical microtubules are
highly dynamic and undulate and buckle with the flowing cyto-
plasm (8, 52). Ooplasmic streaming is thought to be driven by these
subcortical microtubules, because they support long organelle
transport events, which cause cytoplasmic movement, and because
they appear precisely at the onset of fast streaming. Here, in
addition to free cytoplasmic microtubules and the buckling
subcortical microtubules, we observed a previously unidentified
population of microtubules. By imaging advanced fluorescent
probes live, we demonstrated that highly stable microtubules are
immobilized and attached to the actin cortex. These microtu-
bules must be different from the previously observed subcortical
microtubules, because they (i) display no buckling or movement
over time; (i) do not exchange subunits with the soluble pool of
tubulin, as has been demonstrated for the dynamic subcortical
microtubules (52); and (iii) are physically closer to the cortex.
However, like the subcortical microtubules, these newly iden-
tified stable microtubules are recruited immediately before fast
streaming, suggesting a functional role in ooplasmic streaming.
Furthermore, using the newly developed SunTag-MT probe (32),

Actin-microtubule
crosslinkers

F-actin

Anchored MT

Reorganization
of microtubules

Depolymerization
of cytoplasmic
actin meshwork

Fig. 6. Model of kinesin-1-based microtubule sliding in ooplasmic stream-
ing. In stage 9 oocytes, microtubules are oriented preferably with the plus-
end toward the posterior and a dense cytoplasmic actin meshwork exists in
the ooplasm. Between stage 9 and stage 10B, depolymerization of the cy-
toplasmic actin meshwork and active reorganization of microtubules occur.
At stage 10B, a stable microtubule network is established at the actin cortex.
We hypothesize that this stable network allows KHC to slide free cytoplasmic
microtubules, which contributes to ooplasmic streaming. Simultaneously,
subcortical microtubule arrays emerge (not depicted here to simplify the
model), which support KHC-based organelle transport and generate
ooplasmic flows. This combination of KHC-based organelle transport and
microtubule sliding drives ooplasmic streaming to circulate axis determi-
nants along the cortex, which facilitates the local anchorage for posterior
determinants (blue crescent).
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we were able to visualize both anchored cortical microtubules
and freely moving cytoplasmic microtubules in live oocytes. The
motility of these cytoplasmic microtubules was lost in microtu-
bule siiding-deficient Khc™** oocytes, likely resulting in the ob-
served ooplasmic streaming defects.

Based on these data, we propose a two-step model for oocyte
cytoplasmic streaming. First, the microtubule network must be
reorganized in preparation for fast ooplasmic streaming. Stable,
cortically anchored microtubules must form at the cortex, and
subcortical microtubules involved in cargo transport must be re-
leased from the cortex (58, 59). Next, kinesin-1 slides free micro-
tubules using the stable cortical microtubules as anchor points,
whereas long kinesin-1-based cargo transport events occur along the
dynamic subcortical microtubules. These combined kinesin-1 activ-
ities drive ooplasmic streaming. However, the complex relationship
between free cytoplasmic microtubules, subcortical dynamic micro-
tubules, and stable cortically anchored microtubules is unclear. We
speculate that microtubule sliding by kinesin-1 may contribute to
parallel alignment of subcortical microtubules, which is essential for
efficient generation of cytoplasmic streams by moving organelles
(52). However, microtubule sliding still no doubt contributes directly
to ooplasmic streaming, because any moving cargoes including mi-
crotubules will exert hydrodynamic forces on the cytoplasm. Future
studies must be conducted to more fully understand the role of mi-
crotubule sliding during oogenesis, as well as the relationship be-
tween the different populations of microtubules in the oocyte.

Dual Role of F-Actin in Streaming. Besides microtubules, actin fil-
aments play an important role in streaming. Two subsets of
F-actin have been described in the oocyte cytoplasm during mid-
to late oogenesis (stages 9-11): a transient cytoplasmic mesh-
work assembled at stage 9 and disassembled at stage 10B and a
more stable layer of cortical actin filaments that persisted from
stage 9 to stage 11 (62, 63). Actin has been thought to play an
inhibitory role in ooplasmic streaming because depolymerization
of F-actin by latrunculin A or cytochalasin D (64, 65) or mutations
of the actin regulators chickadee, cappuccino, and spire (64-69)
cause premature streaming. However, both of these drug treat-
ments and actin regulator mutations abolish only the cytoplasmic
actin meshwork in stage 9-10A oocytes, whereas the cortical actin
filaments remain intact (62). We confirmed these data and found
that even very high concentrations of latrunculin B (up to 100 pM)
failed to decrease phalloidin staining at the cortex, suggesting that
cortical actin filaments, just like immobilized cortical microtubules,
are extremely stable during mid- to late oogenesis. Based on the
close proximity between cortical actin and stable microtubules, and
their relative distribution (Fig. 4), we propose that the actin cortex
anchors the population of stable cortical microtubules, which are
likely important for streaming. Therefore, actin filaments may have
a dual role in streaming: The transient cytoplasmic actin meshwork
physically inhibits premature streaming at early stages (stage 9 and
before), whereas the stable actin cortex serves as a platform for
anchored stable microtubules at later stages (stages 10B-11) (Fig.
6). We speculate that the actin meshwork at stage 9, in addition to
blocking fast streaming, prevents early anchorage of cortical mi-
crotubules and formation of subcortical microtubules. Consistent
with this idea, abnormal subcortical microtubule arrays were
observed in stage 8-9 oocytes of cappuccino, chickadee, and
spire mutants (64-66). Thus, in these stage 8-9 mutant oocytes,
the absence of actin meshwork and the presence of both cortically
anchored and subcortical microtubules, which support kinesin-
1-based microtubule sliding and organelle transport, may in-
duce premature streaming.

Streaming and Posterior Determinant Refinement. In this study, we
also examined the role of KHC-driven microtubule sliding in
posterior determination and dorsal-ventral patterning in oocytes,
both of which are dependent on kinesin-1 (26, 49). Using the
sliding-deficient Khc™ flies, we were able to determine that
KHC-driven microtubule sliding is important for proper localiza-
tion of posterior determinants but is dispensable for dorsal-ventral
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patterning. Considering the slow, uncoordinated streaming in
stage 8-9 oocytes (5, 7, 8), we propose that posterior determinants
are initially transported along the microtubule network and are
enriched and anchored at the posterior side by a local anchor
(61, 70, 71); in stage 10B-11 oocytes, fast streaming can recycle
any escaped posterior determinants by moving them along the
cortex and bringing them back to the posterior anchorage sites
(Fig. 6). Consistent with this model, osk mRNA cortical localiza-
tion is dependent on actin, but not on microtubules or KHC (58).
Therefore, when ooplasmic streaming is decreased in Khc™* flies,
posterior determinants become more diffusely spread along the
cortex (Fig. 5), suggesting that microtubule sliding by KHC is
important for refinement of these posterior determinants.

In conclusion, we demonstrated that kinesin-1-based micro-
tubule sliding contributes mechanical forces during oogenesis
and, together with kinesin-1-based organelle transport, drives
ooplasmic streaming. By using the newly characterized microtubule
sliding-deficient Khc™™* and the ectopic microtubule sliding-
driving chimeric motor, we demonstrated that both microtu-
bule sliding and organelle transport by kinesin-1 contribute to
ooplasmic streaming. We used advanced fluorescent probes to
show that microtubule sliding occurs between immobilized
cortical microtubules and motile cytoplasmic microtubules.
Furthermore, we showed that streaming is important for
proper localization of posterior determinants. Because the
KHC motor domain and the C-terminal microtubule-binding
site are both highly conserved from Drosophila to human (Fig.
14), it would be interesting to investigate whether KHC-driven
microtubule sliding helps provide mechanical force for cyto-
plasm movement in higher organisms.

Materials and Methods

Fly Stocks and Genetics. Fly stocks and crosses were kept on standard cornmeal
food supplemented with dry active yeast at room temperature (~23 °C). The
procedure of generating genomic knock-in of Khc** and Khc™™ and
transgenic lines of UASp-Khc-BFP, UASp-UnclZ, UASp-UnclLZ-Ktail, and
UASp-UnclLZ-Ktail™* was described by Winding et al. (17).

To knock down KHC in the germline, a transgenic RNAI project (TRiP) line
(Bloomington Stock Center no. 35409, encoding a short RNA hairpin against
the Khc CDS 150-170 nt; third chromosome insertion at the attP2 site) was
driven by nos-Gal4 [GAL4::VP16-nos.UTR, 3R 86B4 insertion (25)]. To rescue
the Khc™™ phenotype, blue fluorescent protein (BFP)-tagged full-length
KHC was driven by nos-Gal4 in Khc™* background by crossing females of
yw; Khc™™/Cy0; nos-Gal4 with males of yw; Khc™™/CyO; UASp-Khc-BFP.

To examine mitochondria localization in Khc™ ™ background, females of
yw; Khc™™/CyO; nos-Gal4 were crossed with males of yw; Khc™*/Cy0O;
UASp-Mito-EGFP (lll). To examine mitochondria localization in Khc-RNAi
background, females of w; nos-Gal4 were crossed with males of w, UASp-
Mito-EGFP (X);, Khc-RNAi (Ill).

To examine the rescue of Unc104 chimeric motors, females of w; nos-Gal4
were crossed with the following males: (i) w; Khc-RNAi (Ill); (i) w; UASp-UnclZ
(I1); Khc-RNAi (1); (iii) w; UASp-UncLZ-Ktail (I); Khc-RNAi (11); and (iv) w;
UASp-UncLZ-Ktail™ ™ (Il); Khc-RNAI (lll).

The photoconvertible Maple3 (29) was introduced into the pUASp vector
as a tandem dimer by Spel/EcoRI and EcoRI/Notl, and Drosophila a-tubulin
84B was inserted between Notl and Xbal. The pUASp-tdMaple3-atub construct
was then sent to BestGene for standard P-element-mediated germline trans-
formation to generate transgenic flies. A third chromosome insertion was used
in this study, driven by germline-specific nos-Gal4.

Anti-GCN4 single-chain Fv antibody fragments (scFv) tagged with super-
folder GFP (sfGFP) and GB1 (32) were introduced into pUASp vector by
Kpnl/Notl (for short, UASp-scFv). Human kinesin-1 truncation (residues 1-560)
carrying a rigor mutation (E236A) tagged with 24 repeats of the GCN4 peptide
(32) was introduced into pUASp vector by Spel/Xbal (for short, UASp-K560Rig-
orf2%%A.sunTag). The constructs of UASp-scFv and UASp-K560Rigor2¢A-SunTag
were then sent to BestGene for standard P-element-mediated germline trans-
formation to generate transgenic flies. A second chromosome insertion of
UASp-scFv and a third chromosome insertion of UASp-K560Rigort23%A-sunTag
were combined using standard double-balancing techniques and then
driven by germline-specific nos-Gal4. To examine the SunTag-MT in Kh¢™'*
background, females of yw; th"“”A/CyO,' nos-Gal4 were crossed
with males of yw; Khd™™/CyO; UASp-scFv, UASp-K560Rigort?*%4-sunTag (se-
lected from a standard chromosome recombination between a third
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chromosome insertion of UASp-scFv and a third chromosome insertion of
UASp-K560Rigorf23¢A-sunTag).

Imaging of Ooplasmic Streaming. Young mated female adults were fattened
on dry active yeast for ~48-72 h and dissected in Halocarbon oil 700 (Sigma).
Dissection and mounting were done as previously described (72): Dissected
ovaries were teased apart using 27-gauge x Y:-inch syringe needles (BD
PrecisionGlide Needles) in a Halocarbon oil drop on a 22-mm? coverslip and
mounted onto a glass slide with two additional 22-mm? coverslips serving as
spacers attached by silicon grease. Samples were imaged within 30 min after
dissection on a Nikon Eclipse U2000 inverted stand with a 20x 0.75-N.A. lens.
DIC images were acquired using Coolsnap CCD (Roger Scientific) every 2 s for
2 min, controlled by Nikon Elements software.

Visualization of Microtubules in Live Oocytes. Ovary dissection and mounting
were performed as described above. Samples were imaged immediately after
dissection on a Nikon Eclipse U2000 inverted stand with a Yokogawa CSU10
spinning disk confocal head using Evolve EMCCD (Photometrics), controlled
by Nikon Elements software. Photoconversion of tdMaple3-tagged micro-
tubules was performed using 405-nm illumination from a Heliophor 89
North light source and confined by an adjustable pinhole (projected as an
~30-pm-diameter circle in the sample plane) for 15 s. Z-sections were taken
using a 100x 1.45-N.A. lens at certain time points after photoconversion with
0.5 pm per step. Time-lapse images of SunTag-MT samples were acquired
with a 40x 1.30-N.A. lens at two different focal planes that are 5-10 um
apart (at the cortex and underneath the cortex, respectively). Images were
analyzed in Fiji and DiaTrack 3.04 Pro (73, 74), with a maximum particle jump
distance of 3.75 pm/s. Velocities were obtained using Analysis > Distribution
of Speed (Track-Based) in DiaTrack 3.04 Pro. We then plotted these values in
GraphPad Prism 5 and assembled them in Illustrator CS4.

Immunostaining of Drosophila Oocytes. For Staufen and Lamin Dm0 staining, a
standard fixation and staining protocol was used (75): Samples were dissected
in 1x PBS and fixed in 4% (vol/ivol) formaldehyde (EM grade, methanol-free)
diluted in PBT (1x PBS + 0.1% Triton X-100), washed with PBT five times for
10 min each time, and blocked in 5% (vol/vol) normal goat serum-containing
PBT for 1 h. Samples were then incubated with primary antibody at 4 °C
overnight, washed with PBT five times for 10 min each time, incubated with
secondary antibody at 4 °C overnight, and washed with PBT five times for
10 min each time before mounting. The following primary and secondary
antibodies were used in this study: mouse anti-Staufen (1:50; a kind gift
from Chris Q. Doe, University of Oregon, Eugene, OR), mouse anti-Lamin
DmO (1:5, ADL84.12; Developmental Studies Hybridoma Bank, University of
lowa) (75, 76), and goat anti-mouse TRITC and goat anti-mouse FITC (1:100,
both from Jackson ImmunoResearch). For mitochondrial labeling, samples
were dissected in 1x PBS and fixed in 4% (vol/vol) formaldehyde (EM grade,
methanol-free) diluted in PBT, washed with PBT five times for 10 min each
time, stained with TRITC-conjugated phalloidin (1:50,000; Life Technologies)
for 5 min, and mounted for imaging. For dual labeling of microtubules by
SunTag and F-actin by phalloidin staining, a slightly modified protocol was
used (50): nos>SunTag-MT or Khc™™; nos>SunTag-MT samples were dis-
sected in 1x PBS, fixed with 8% (vol/vol) formaldehyde (EM grade, methanol-
free) diluted in 100 mM sodium cacodylate (pH 7.2), 100 mM sucrose,
40 mM potassium acetate, 10 mM sodium acetate, 10 mM NazEGTA,
10 mM MgCI2 for 20 min, extracted with 1% Triton X-100 in 1x PBS for
1-1.5 h, washed with PBT five time for 10 min each time, and stained with
TRITC-conjugated phalloidin (1:500; Life Technologies) for 10 min before
mounting for imaging.

Dual labeling of SunTag-MT and phalloidin and Staufen staining were
acquired on a Nikon A1-plus microscope at Northwestern University’s Nikon
Imaging Center, with an S Fluor 40x 1.30-N.A. oil lens using Galvano scan-
ning and DU4 Detector DU4 GaAsP CH2/3, controlled by Nikon Elements
software. Lamin Dm0 staining and Mito-EGFP samples were imaged on a
Nikon Eclipse U2000 inverted stand with a Yokogawa CSU10 spinning disk
confocal head and 40x 1.30-N.A. lens and a 100x 1.45-N.A. lens, respectively.
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Images were acquired using Evolve EMCCD (Photometrics), controlled by
Nikon Elements software.

Protein Sample Preparation for Western Blot. Young mated female adults
were fattened for ~48-72 h and dissected in 1x dissecting saline [9.9 mM
Hepes (pH 7.5), 137 mM NaCl, 5.4 mM KCl, 0.17 mM NaH,PO,4, 0.22 mM
KH,PO,4, 3.3 mM glucose, 43.8 mM sucrose]. Ovaries were placed in lysis
buffer on ice [S0 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 2 mM
MgCl,, 1 mM PMSF, 1x CLP (10 pg/mL chymostatin, leupeptin, pepstatin A),
0.5% Triton X-100] and mechanically homogenized using pellet pestles in
matching microtubes (74). Ovary homogenates were spun for 10 min at
>20,000 x g at 4 °C. The supernatant was isolated, and bicinchoninic acid
(BCA) assays were performed to determine protein concentration. Laemmli
sample buffer [5x: 5% (volivol) SDS, 0.1 M Tris-Cl (pH 6.8), 1% p-mercaptoethanol,
50% (vol/vol) glycerol, 0.25% bromophenol blue] was added to ovary protein
extracts, and samples were boiled for 5 min. Standard Western blotting
techniques were used to probe extracts for kinesin-1 using a polyclonal anti-
body against the motor domain (HD) (77). Western blots were quantified using
the Gel Analyzer Image) plug-in.

Quantification of Ooplasmic Streaming Rate. Analysis was performed blindly
using a custom Fiji plug-in to replace the names of streaming time-lapses with
random numbers. Kymographs were generated and analyzed using the Multi
Kymograph plug-in for Fiji (imagej.net/Multi_Kymograph). Two kymographs
were generated on either side of each oocyte, parallel to the flow of the
streaming ooplasm. The velocities of eight particles were quantified per
oocyte and averaged to determine the streaming rate, a strategy used in a
previous study (8). If an oocyte contained local or inconsistent streaming,
kymographs were still generated on either side of the oocyte along active
flows. If one side of the oocyte did not contain a flow, a kymograph was
generated along the length of the cortex (where flows are typically seen in
fast-streaming oocytes). Therefore, an oocyte that contains a local flow of
wild-type velocity and other regions with little streaming would result in an
average streaming velocity lower than an oocyte with true wild-type flows.

Quantification of Staufen Crescent Length. Analysis was performed blindly
using a custom Fiji plug-in to replace the names of micrographs with random
numbers. The length of the Staufen posterior crescent was quantified using
the segmented line tool in Fiji/lmage).

Staining Oocytes with SiR-Tubulin. Ovaries were incubated with 20 pM SiR-
tubulin (Cytoskeleton) (38) and 100 pM verapamil for 60 min in 100 uL of
Schneider’'s medium. Ovaries were teased apart in medium and mounted
onto a glass slide. Samples were imaged immediately after dissection on a
Nikon Eclipse U2000 inverted stand with a Yokogawa CSU10 spinning disk
confocal head using Evolve EMCCD (Photometrics) and a 640-nm laser,
controlled by Nikon Elements software. Z-sections were taken using a 40x 1.30-N.A.
lens with 0.5 um per step.
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