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SUMMARY

The Drosophila anterior-posterior axis is specified at mid-oogenesis when the Par-1 kinase is recruited to the
posterior cortex of the oocyte, where it polarizes the microtubule cytoskeleton to define where the axis de-
terminants, bicoid and oskar mRNAs, localize. This polarity is established in response to an unknown signal
from the follicle cells, but how this occurs is unclear. Here we show that the myosin chaperone Unc-45 and
non-muscle myosin Il (Myoll) are required upstream of Par-1 in polarity establishment. Furthermore, the
myosin regulatory light chain (MRLC) is di-phosphorylated at the oocyte posterior in response to the follicle
cell signal, inducing longer pulses of myosin contractility at the posterior that may increase cortical tension.
Overexpression of MRLC-T21A that cannot be di-phosphorylated or treatment with the myosin light-chain
kinase inhibitor ML-7 abolishes Par-1 localization, indicating that the posterior of MRLC di-phosphorylation
is essential for both polarity establishment and maintenance. Thus, asymmetric myosin activation polarizes
the anterior-posterior axis by recruiting and maintaining Par-1 at the posterior cortex. This raises an intriguing
parallel with anterior-posterior axis formation in C. elegans, where Myoll also acts upstream of the PAR pro-

teins to establish polarity, but to localize the anterior PAR proteins rather than Par-1.

INTRODUCTION

In many organisms, the primary body axis is defined by the polar-
ization of the egg or zygote, generating cellular asymmetries that
lead to the localization and segregation of cytoplasmic
determinants. This has been extensively characterized in
C. elegans, where the posterior pole is defined by the site of sperm
entry into the unfertilized egg." Polarity establishment starts when
Aurora A associated with the sperm centrosome inhibits myosin
activity at the posterior cortex to trigger a contraction of cortical
actomyosin toward the anterior.>™ The anterior polarity proteins
PAR-3, PAR-6, and aPKC, which are initially localized all around
the egg membrane, are carried to the anterior by this cortical
flow, allowing the posterior polarity factors PAR-2, PAR-1, and
Lgl to localize to the posterior cortex.”™ After this establishment
phase, polarity is maintained by mutual antagonism between
the anterior and posterior PAR proteins.®'° The localized PAR
proteins control spindle orientation and the asymmetric localiza-
tion of determinants to drive an asymmetric first cell division to
produce a large anterior AB cell and a smaller posterior P cell.
Like C. elegans, Drosophila sets up its anterior-posterior axis at
the one-cell stage, but in this case during the development of the
oocyte."" Anterior-posterior asymmetry arises in the germarium
when the oocyte moves to the posterior end of the 16-cell germline
cystas aresult of differential adhesion between the oocyte and the
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somatic follicle cells."* ' The follicle cells at the two ends of the
egg chamber subsequently become specified as terminal follicle
cells, rather than main-body follicle cells as a result of Unpaired
signaling from a pair of polar cells at each pole of the egg cham-
ber.'® At stage 6 of oogenesis, the EGF-like ligand Gurken is
secreted from the posterior of the oocyte to induce the adjacent
terminal follicle cells at this end of the egg chamber to adopt a pos-
terior fate instead of the default anterior fate, and these cells then
signal back to the oocyte to induce its polarization along the future
anterior-posterior axis.'®"” Despite extensive searches, however,
the polarizing signal from the follicle cells has not been identified.'®

The first sign of the anterior-posterior polarization of the
Drosophila oocyte is the recruitment of the Par-1 kinase to the
posterior cortex at stage 7 of oogenesis, in a process that de-
pends on the actin cytoskeleton.'?" At the same time, aPKC
and Par-6 are excluded from the posterior cortex, whereas the
Par-3 ortholog Baz disappears from the posterior slightly later.??
This cortical polarity is then maintained by mutual antagonism be-
tween the anterior and posterior PAR proteins, in which Par-1
phosphorylates Baz to exclude it from the posterior cortex and
aPKC phosphorylates Par-1 to prevent it from localizing later-
ally.?>?® Par-1 transduces this cortical polarity to the microtubule
cytoskeleton by repressing the formation of non-centrosomal
microtubule-organizing centers (ncMTOCs) posteriorly, leading
to the formation of a weakly polarized microtubule network that
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Figure 1. The poulpe gene is required for
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oocyte polarization and acts upstream of
Par-1

(A) A confocal image of a wild-type egg chamber
showing the localization of Staufen (green) in a
crescent at the posterior cortex of the oocyte;
DAPI (blue).

(B-D) Confocal images showing examples of
Staufen localization in poulpe homozygous mutant
germline clones. Staufen is either diffusely local-
ized (B), localized to the center of the oocyte (C), or
forms a diffuse cloud near the posterior pole (D);
Staufen (green) and DAPI (blue).

(E) A confocal image of a wild-type egg chamber
showing the localization of oskar mRNA (red) to the
posterior cortex of the oocyte; DAPI (blue).

(F-H) Confocal images showing examples of oskar
mRNA localization in poulpe homozygous mutant
germline clones; oskar mRNA (red) and DAPI
(blue).

(I and J) Kinesin-B-galactosidase localization in
wild-type (I) and poulpe* 2“4 mutant (J) oocytes.
The constitutively active kinesin-p-galactosidase
(white) localizes to the posterior cortex of the wild-
type oocyte by moving toward microtubule plus
ends. Kinesin-B-galactosidase localizes to the
center of the poulpe*?* mutant oocyte, indicating
that the oocyte is not polarized and the plus ends
are not focused on the posterior.

(K and L) a-tubulin staining showing the microtu-
bule organization in wild-type (K) and poulpe*™*
mutant (L) oocytes. In the wild-type oocyte, the
microtubules form an  anterior-to-posterior
gradient and are most dense along the anterior
and lateral cortex, where their stable minus ends
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(O and P) Confocal images showing wheat germ agglutinin (WGA) staining to Iabel the nuclel in a wild-type (O) and poulpe
nucleus is anchored at the dorsal/anterior corner of the wild-type oocyte, but is mislocalized to the lateral cortex in the poulpe
See also Figures S1 and S2.

directs the kinesin-dependent transport of the posterior determi-
nant, oskar mRNA, to the posterior pole.?*> Almost nothing is
known about how this PAR protein asymmetry is established,
except that the ubiquitin ligase Slimb is necessary for the poste-
rior recruitment of Par-1.%° Here we report that polarity signaling
induces the specific activation of non-muscle myosin Il (Myoll)
at the posterior of the oocyte and show that this acts upstream
of Slimb in the recruitment of Par-1, making it the first sign of po-
larity establishment identified to date.

RESULTS

unc-45 mutations disrupt anterior-posterior axis
formation

We identified a complementation group of three alleles that we
named “poulpe” in a germline clone screen for mutants that

are anchored. In the poulpe*™* mutant, the mi-
crotubules are nucleated all around the oocyte
cortex, forming a density gradient from the cortex
to the center.

(M and N) Confocal images showing the localiza-
tion of UAS-GFP-Par-1 expressed specifically in
the germline under mat-tub:Gal4 in wild-type (M)
and poulpe*™2* mutant (N) oocytes. Par-1 forms a
crescent at the posterior of wild-type oocytes, but
is not localized in poulpe* 2 mutants.

6311 (P) egg chamber. The oocyte
8311 mutant.

poulpe/unc-45 6Cs-11

disrupt the posterior localization of GFP-Staufen, which acts as
a marker for oskar mRNA.?’ In wild-type stage 9-10 egg cham-
bers, Staufen and oskar mRNA localize to a well-defined cres-
cent at the posterior of the oocyte, whereas they are often not
localized at all, or localize to the center of the oocyte in poulpe
homozygous mutant germline clones (Figures 1A-1H and S1).
In some weaker cases, Staufen and oskar mRNA reach the pos-
terior region but form a diffuse cloud rather than a crescent,
which is reminiscent of the phenotype seen in mutants that fail
to anchor Staufen/oskar mRNA complexes once they are local-
ized (Figures 1D, 1H, and S1).

Because the strong oskar mRNA mislocalization phenotypes of
poulpe mutants resemble those seen when the microtubule
network is not correctly polarized, we examined the organization
of the microtubules by expressing kinesin-pgal, a constitutively
active form of kinesin fused to B-galactosidase.”® In wild-type
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ovaries, kinesin-pgal localizes to the posterior of the oocyte at
stage 9 by moving along the weakly polarized microtubule
network to the region with more plus ends than minus ends,
just like oskar mRNA (Figure 1l). By contrast, kinesin-pgal forms
a cloud in the middle of 80% of poulpe mutant oocytes (n > 75),
indicating that microtubule plus ends are concentrated in the
center (Figure 1M). Wild-type oocytes show an anterior-posterior
gradient of microtubule density, with the strongest staining near
the anterior/lateral cortex, where the more stable, minus ends
reside (Figure 1J). 85% of poulpe mutant oocytes (n > 60) show
high microtubule staining all around the oocyte cortex, with little
signal in the center, suggesting that microtubules are nucleated
from the entire cortex (Figure 1N). These microtubule and oskar
mRNA phenotypes of poulpe are very similar to those of strong
par-1 alleles, where ncMTOCs form all around the oocyte cortex
and nucleate microtubules that extend toward the center of the
oocyte. '9?52° We therefore expressed GFP-Par-1 in the germ-
line to examine whether it is recruited normally to the posterior
cortex.”’ There is no obvious Par-1 enrichment at the posterior
of poulpe mutant oocytes (n > 75), however, indicating that polar-
ity establishment is disrupted upstream of Par-1 localization (Fig-
ures 1K and 10). The oocyte nucleus, which always migrates to
and is then anchored at the anterior of wild-type and par-1 mutant
oocytes, is found in the middle of 10% of poulpe mutant stage 9
oocytes (n = 70) (Figures 1L and 1P).

Recombination and deficiency mapping placed poulpe in the
400-kb region between 84D14 and 84E8-9 and all three alleles
failed to complement P{PZ}unc-4503692, a lethal P element
insertion in the unc-45 locus.30 Sequencing revealed that poul-
pe®©3 " and poulpe®™?* both have premature stop codons
(Q250— Stop; Q573 — Stop) in the unc-45-coding region and
are therefore presumably null alleles, whereas the third allele
poulpe?®4 19 s likely to be a rearrangement. Thus, Poulpe corre-
sponds to Unc-45, which is a TPR (tetratricopeptide repeat) and
UCS (UNC-45, CRO1, She4p) domain-containing protein that
acts as a chaperone for folding and stabilizing myosins.®'-*?

Myoll is required for the anterior-posterior polarization
of the oocyte

The weak phenotype of some unc-45 germline clones resembles
that of mutants in the single Drosophila myosin V, didum, in
which Staufen and oskar mMRNA are not anchored at the posterior
cortex.>*>** didum mutants do not affect the localization of Par-1,
however, indicating that Unc-45 must be required for the func-
tion of another myosin that plays a role in polarity establishment.
Although it is unclear how many of the 14 Drosophila myosins
require Unc-45, many can be ruled out because their mutants
are homozygous viable and fertile or because they are not ex-
pressed in the ovary.>®> We also excluded the myosin VI jaguar,
because homozygous mutants have no effect on the posterior
localization of Staufen (Figure S2).

The most obvious candidate for a myosin involved in polarity
establishment is non-muscle Myoll, given its key role in the po-
larization of the C. elegans zygote.>® Myoll is a hexamer formed
by two molecules of the myosin heavy chain Zipper (Zip) that
dimerize through their long coiled-coil tail domains and two
copies of the essential light chain and the myosin regulatory light
chain (MRLC) Spaghetti squash (Sgh), which both bind to the
neck region of each heavy chain.®® To test whether Unc-45 is
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required for the folding and assembly of Myoll, we examined
the distribution of endogenous Zipper, using a GFP protein
trap insertion.®” In wild-type egg chambers, Zipper is strongly
enriched at the apical cortex of the follicle cells and localizes at
lower levels all around the oocyte cortex. Zip-GFP signal can
be resolved from the apical follicle cell signal at high magnifica-
tion at stage 10A and is most obvious at the nurse cell/oocyte
boundary, where there are no follicle cells (Figures 2A and 2A').
This cortical signal is lost in unc-45 mutant germline clones
and Zip-GFP is instead found in aggregates throughout the nurse
cell and oocyte cytoplasm (n > 30), indicating that the formation
of functional Myoll is impaired (Figures 2B and 2B’). Myoll per-
forms many essential functions in the cell, including driving cyto-
kinesis, and loss-of-function germline clones in the MRLC sgh
therefore produce a range of defects, such as binucleate nurse
cells and germline cysts with the wrong number of cells.*® sgh
mutant germline clones eventually stop producing egg cham-
bers, but sufficient wild-type MRLC perdures to allow some
egg chambers to develop until stage 9 of oogenesis and 64%
of these fail to localize Staufen to the posterior pole of the oocyte
(n=47) (Figures 2C and 2D). This phenotype does not result from
a defect in Staufen/oskar mRNA transport, which depends on
microtubules rather than actin and is instead caused by a failure
to establish anterior-posterior polarity, as shown by the loss of
the posterior crescent of Par-1 (Figures 2E and 2F).

The requirement for Myoll in oocyte polarization raises the
question of whether Myoll itself is polarized. Live imaging of
the Zip-GFP protein trap line reveals that Myoll is concentrated
in a line at the posterior cortex of the oocyte, whereas the Myoll
signal is weaker and more diffuse around the lateral cortex, sug-
gesting that Myoll is asymmetrically activated at the posterior of
the oocyte (Figures 3A and 3A’). An identical posterior enrich-
ment is also observed for a Sqh-GFP transgene (Figures 3B
and 3B).

MRLC is di-phosphorylated at the oocyte posterior
Myoll activity is regulated by the phosphorylation of the
conserved threonine 20 and serine 21 of MRLC, which activate
its ATPase and motor activities.>**° We therefore took advan-
tage of specific antibodies that recognize Drosophila MRLC
(Sgh) that is mono-phosphorylated on just serine 21 (MRLC-
1P), the main activating site, or doubly phosphorylated on both
serine 21 and threonine 20 (MRLC-2P).*' The mono-phosphory-
lated form of MRLC is enriched at the cortex but shows no
obvious asymmetry along the anterior-posterior axis of the
oocyte (Figure S3). By contrast, MRLC-2P is strongly enriched
at the posterior cortex of the oocyte from stage 7 onward (Fig-
ure 3C). This signal initially encompasses the entire region of
the oocyte cortex that contacts the follicle cells but, as the
main-body follicle cells surrounding the nurse cells migrate pos-
teriorly to cover the oocyte during stage 9, MRLC-2P becomes
restricted to a posterior crescent, where the signal persists until
late stage 10b (Figures 3D and 3E). The localization pattern of
MRLC-2P therefore corresponds to the regions of the oocyte
cortex that underlie the posterior terminal population of follicle
cells, whereas the timing of the appearance of MRLC-2P coin-
cides with the signal that polarizes the oocyte.

To test whether MRLC di-phosphorylation depends on the
polarizing signal from the follicle cells, we examined MRLC-2P
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Figure 2. Myoll is chaperoned by Unc-45 and is required for oocyte
polarization

(A and A’) A confocal image of a wild-type stage 10A egg chamber expressing
Zipper-GFP, a protein trap line in the myosin heavy chain. Myoll localizes
strongly to the apical side of the follicle cells and more weakly around the
cortex of the oocyte beneath (arrowhead in A’). The arrowhead in (A) shows the
anterior cortex of the oocyte where it abuts the nurse cells. Scale bars, 100um
(A) and 20pum (A”)

(B and B') A confocal image of an unc-45%72* germline clone expressing
Zipper-GFP. Myoll is lost from the oocyte cortex and accumulates in cyto-
plasmic aggregates, indicating that Unc45 is a Myoll chaperone.

(C) Antibody staining of Staufen protein (green) in a wild-type oocyte, showing
its localization at the posterior cortex; DAPI (blue).

(D) Antibody staining of Staufen protein (green) in a sgh™*® mutant oocyte.
Staufen is not localized posteriorly.

(E) A wild-type egg chamber expressing UAS-GFP-Par-1 in the germline under
the control of mat-a4tub:Gal4. Par-1-GFP forms a crescent at the posterior
cortex of the oocyte.
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in various polarity mutants. As expected, no MRLC-2P is de-
tected in sgh™*®-null mutant germline clones (n > 15), confirming
that the signal is specific (Figure 3F). More importantly, MRLC-
2P is also completely lost from the posterior cortex of the oocyte
in gurken mutants (n > 30), which do not specify the posterior fol-
licle cells and lack the polarizing signal (Figure 3G). The posterior
MRLC-2P crescent forms normally in par-1 mutants, however,
and may even expand, indicating that MRLC di-phosphorylation
is upstream of Par-1 recruitment in the polarity signaling pathway
(Figure 3H). The Slimb ubiquitin ligase is the only known factor
that acts upstream of Par-1 localization in the oocyte except
for the actin cytoskeleton.?® Qocytes expressing Slimb RNAi still
form the MRLC-2P posterior crescent (Figure 3l). Thus, MRLC is
phosphorylated in response to the polarizing signal and lies up-
stream of Slimb and Par-1 in the signal transduction pathway.

MRLC di-phosphorylation is required for oocyte polarity
The discovery that MRLC is specifically di-phosphorylated at the
oocyte posterior raises the question of whether this modification
is required for oocyte polarity or is just a marker for this process.
To test this, we analyzed Sgh-GFP transgenes that cannot be di-
phosphorylated because the second phosphorylation site, thre-
onine 20, is mutated to alanine (sqghAS).%®“° Although the sghAS
transgenes failed to rescue the polarity phenotype of sgh™™**-null
mutant germline clones (n > 20), none of the available wild-type
sqhTS-GFP transgenes could rescue either, presumably
because they are not expressed at high enough levels or
because the GFP tag impairs their function. We therefore gener-
ated new sghTS and sqhAS transgenes without the GFP tag and
under the endogenous sgh promoter. The sqhTS transgene ap-
pears fully functional because it rescued the fertility of sgh™*®
germline clones, whereas sqhAS did not rescue. Egg chambers
from sgh™*® germline clones with or without the sghAS transgene
showed limited and variable survival to stage 9, which made
quantification difficult. We therefore tested whether the sgh
transgenes have a dominant-negative effect on oocyte polarity
when present in two copies in a heterozygous sqh™®/+ back-
ground. The wild-type sghTS transgene had no effect on oocyte
polarity as assayed by the posterior localization of Staufen (n =
25) (Figures 4A and 4A’). By contrast, Staufen was not localized
in 48% of sgh™*%/+ egg chambers overexpressing sqhAS (n =
152), indicating that the second phosphorylation of MRLC on
threonine 20 plays an essential role in defining the posterior (Fig-
ures 4B and 4B’).

The phosphorylation of MRLC on threonine 20 (MRLC-2P) has
little effect on the ATPase activity of Myoll in vitro in the presence
of high concentrations of actin, compared to the form in which
just serine 21 is phosphorylated, but does increase ATPase activ-
ity when actin is limiting and enhances the speed at which Myoll
can translocate F-actin.*® Thus, the doubly phosphorylated form
of MRLC may generate higher forces and/or faster contractions.
To investigate whether Myoll activity is important for oocyte po-
larity, we examined the effects of overexpressing a headless
myosin heavy chain (Zip-YFP"24es%) that can still bind both light
chains and form dimers with endogenous Myoll but cannot exert

hAXS

(F) UAS-GFP-Par-1 is not enriched at the posterior cortex of sq mutant

oocytes.
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force on actin.*’> Zip-YFP"®dess  oyerexpression strongly
reduced and broadened the Par-1 crescent (n > 30), whereas
wild-type Zip-YFP had no effect on Par-1 recruitment to the pos-
terior (Figures 4C—4E). This suggests that cortical tension plays a
role in Par-1 localization, although we cannot rule out the possi-
bility that the headless myosin also disrupts filament formation.

MRLC-2P induces longer Myoll pulses at the oocyte
posterior

In C. elegans, polarity is established by the contraction of the acto-
myosin cortex toward the anterior that localizes the anterior PAR
proteins by advection.>®*® To test whether a similar mechanism
operates in Drosophila, we imaged Myoll foci in the oocyte cortex
using Zip-GFP. Kymographs tracking the signal along the lateral
and posterior cortex over time show that Myoll forms foci that
appear and disappear in a way that is reminiscent of the pulsatile
contractions observed in various Drosophila epithelial cells during
morphogenesis.**™° Unlike these morphogenetic processes, the
myosin foci at the cortex of the oocyte do not undergo large lateral
movements, as shown by the nearly horizontal lines produced by
each focus in the kymograph (Figures 5B and S4). This suggests
that the cortex is constrained, perhaps by connections through
microvilli to the overlying follicle cells. More importantly, the Myoll
foci are brighter and last longer at the posterior cortex than at the
lateral cortex. Quantifying these data reveals that the average
pulse duration varies between egg chambers, but the Myoll foci
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Figure 3. The myosin regulatory light chain
is di-phosphorylated at the posterior cortex
of the oocyte

(Aand A’) A confocal image of a living egg chamber
expressing Zipper-GFP (Myoll). Myoll is enriched
at the posterior cortex of the oocyte. (A’) shows a
close-up of the posterior cortex. Scale bars,
100pm (A) and 20pm (A’).

(B and B’) A confocal image of a living egg cham-
ber expressing Sqgh-GFP (myosin regulatory light
chain; MRLC). MRLC is enriched at the posterior
cortex of the oocyte (close-up in B).

(C-E) Antibody staining for MRLC-2P (green) in
stage 6 (C), stage 9 (D), and stage 10b (E) wild-type
egg chambers. The oocyte nucleus is outlined in
white in (C). MRLC-2P localizes to the regions of
the oocyte cortex that contact the follicle cells at
stage 6, becomes restricted to the posterior as the
main-body follicle cells migrate to cover the oocyte
at stage 9 (D), and persists there until stage 10b (E).
(F) MRLC-2P staining in a sgh™*® germline clone.
No MRLC-2P signal is detected, confirming the
specificity of the antibody.

(G) MRLC-2P staining in a grk?2%%672 mutant egg
chamber. The posterior crescent of MRLC-2P is
lost, indicating that its formation depends on
signaling from the posterior follicle cells.

(H) MRLC-2P staining in a par-1532*"? mutant egg
chamber. The posterior crescent of MRLC-2P
forms normally and may be slightly expanded.

() MRLC-2P staining in an egg chamber express-
ing slimb RNAI in the germline under the control of
nos-Gal4. The posterior crescent of MRLC-2P
forms normally in the absence of SCF/Slimb
function.

See also Figure S3.

in slimb RNAI

at the posterior cortex always persist more than twice as long as
the foci at the lateral cortex (Figures 5C and S4).

Inhibiting MRLC di-phosphorylation disrupts polarity

The polarizing cortical contraction in C. elegans is a single, tran-
sient event that occurs in response to sperm entry early in the first
cell cycle. There is no clear morphological sign that indicates
when the signal to polarize the Drosophila oocyte is produced,
however, and we therefore cannot exclude the possibility that
there is a cortical contraction that we have not succeeded in visu-
alizing sometime during the 12 or more hours between stages 6
and 9. If this is the case, Myoll activation should be transiently
required to establish polarity but would not be needed to main-
tain it once the PAR proteins are asymmetrically localized. To
test this, we examined the effects of acutely inhibiting MRLC ki-
nases after the posterior Par-1 crescent has formed. In many
contexts, Myoll is activated by the Rho-dependent kinase Rok,
which is inhibited by Y-27632.%“® However, treating egg cham-
bers with Y-27632 has no effect on posterior Par-1 recruitment or
myosin phosphorylation (Figures 6A-6D). Consistent with this,
Rho activity, as measured by the AniRBD-GFP reporter, is lower
at the posterior cortex of the oocyte than elsewhere (Figure 6E).*°
Furthermore, treatment with higher concentrations of Y-27632
causes an expansion of the posterior Par-1 crescent rather
than a loss, presumably because these concentrations also
inhibit aPKC, which phosphorylates Par-1 to exclude it from the
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lateral cortex (n > 40)*"°° (Figure 6F). This confirms that Y-27632
enters the oocyte efficiently and is active, ruling out Rok as the
kinase that phosphorylates Sgh at the posterior. By contrast,
exposing egg chambers to ML-7, an inhibitor of the myosin
light-chain kinase, leads to a complete loss of posterior Par-1
(76% of the oocytes, n > 50) and Sgh-2P (80% of the oocytes,
n > 30) in 15 min (Figures 6G and 6H). The effect of the drug is
reversible: after washing the drug away, Par-1 relocalized at
the posterior in 75% of the treated oocytes (n > 20). This confirms
that Myoll phosphorylation is required to localize Par-1 at the
posterior and indicates that this is a continuous requirement.
The discovery that ML-7 specifically inhibits the phosphoryla-
tion of Sgh on T21 allowed us to test whether the di-phosphory-
lation of Sgh is directly responsible for the longer myosin pulses
at the posterior. We injected ML-7 into the fly abdomen and

Lateral

= Par-1-Tom; Zip—GFPWT
== Par-1-Tom; Zip-YFP
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Figure 4. MRLC di-phosphorylation is
required for anterior-posterior axis forma-
tion

(A) A diagram of the structure of wild-type Myoll,
with the myosin heavy chain Zipper shown in
purple, the essential light chain in light blue, and
the MRLC, Sgh in gray.

(A') Staufen staining (green) of a sqh™*®/FM7;
sqghVT/sgh"T egg chamber, expressing one
endogenous copy and two transgenic copies of
MRLC; DAPI (blue). Staufen localizes normally to
the posterior cortex of the oocyte in all cases.

(B) A diagram of Myoll containing one copy of wild-
type MRLC and one copy of MRLC in which thre-
onine 20 is mutated to alanine (T20A).

(B) Staufen staining of a sqh™®/FM7; sqh™°%/
sqh™ egg chamber, expressing one endoge-
nous copy of wild-type MRLC and two transgenic
copies of MRLC that cannot be phosphorylated on
threonine 20. Staufen fails to localize to the pos-
terior in 48% of stage 9-10 oocytes of this geno-
type (n = 152).

(C) A diagram of wild-type Myoll containing one
copy of the myosin heavy chain Zipper, tagged by
GFP.

(C' and C") A Zipper-GFPVT/+ egg chamber
showing the localization of Myoll (green), a Par-1-
Tomato protein trap insertion (red), and DAPI
(blue). (C”) shows Par-1-Tomato (white), which
forms a crescent at the posterior of the oocyte and
localizes to the lateral cortex of the follicle cells.
(D) A diagram of Myoll containing one copy of
Zipper in which the myosin head has been deleted
and replaced by YFP (Zipper-YFpPheadiess)

(D' and D) A Zipper-YFP"e2d!ess/, eqq chamber
showing the localization of Myoll (green), a Par-1-
Tomato protein trap insertion (red), and DAPI
(blue). (D) shows Par-1-Tomato (white), which
forms a broad and weak crescent at the posterior
of the oocyte. Scale bar, 100um.

(E) Quantification of Par-1-Tomato localization
along the lateral and posterior oocyte cortex in
Zipper-GFPWT/+ and Zipper-YFPeadiess/,  oo-
cytes (n = 10 for each group). The posterior pole,
marked by the position of the polar follicle cells,
lies at 0 um. The intensity was measured as the
ratio of the PAR-1-Tomato signal at the oocyte
cortex to the lateral signal in the follicle cells to
normalize between different egg chambers.

Posterior Lateral

Oocyte cortex (um)

headless

imaged endogenous Myoll foci in the oocyte cortex using Zip-
GFP. Under these conditions, Zip-GFP is uniformly distributed
along the oocyte cortex in 75% of the treated oocytes (n > 40)
(Figure 6l). Kymographs tracking the Zip-GFP signal over time
show that the Myoll foci still oscillate, but the period of the pulses
is not significantly different at the lateral versus posterior cortex
(Figures 6J and 6K). Thus, the di-phosphorylation of Sgh in-
creases the duration of actomyosin pulses, presumably leading
to higher cortical tension.

DISCUSSION

Although it was discovered more than 20 years ago that the pos-
terior follicle cells signal to polarize the anterior-posterior axis of
the oocyte, almost nothing is known about the nature of this
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Figure 5. Myoll forms cortical foci that persist longer at the posterior

25min Cortex area

(A) A still image from a movie of a wild-type egg chamber expressing Zipper-GFP in the germline. Zipper-GFP signal is higher at the posterior of the oocyte cortex

compared to the lateral sides. Scale bar, 10um.

(B) A kymograph showing the changes in Zipper-GFP levels over time along the oocyte cortex. Zipper-GFP foci remain stationary, indicating that there is no

cortical contraction, and oscillate in intensity over time.

(C) A graph showing the durations of Zipper-GFP pulses at the lateral and posterior cortex (L1, P, L2). Pulse durations are measured using an automated detection
and segmentation algorithm. The pulses at the posterior last twice as long as the lateral pulses. **, p < 0.01; ***, p < 0.002.

See also Figure S4.

signal or how it is transduced to the oocyte. Here we show that
this signaling depends on the myosin chaperone Unc-45 and
that this requirement reflects its role in folding non-muscle Myoll.
We also find that a key response to the polarizing signal is the di-
phosphorylation of MRLC at the posterior of the oocyte, as the
appearance of MRLC-2P coincides with where and when the
polarizing signal is produced and depends on the specification
of the posterior follicle cells by Gurken. More importantly,
MRLC di-phosphorylation is required for all subsequent steps
in oocyte polarization, because a form of MRLC that can only
be mono-phosphorylated on serine 21 acts as a dominant-nega-
tive inhibitor of axis formation and blocking the phosphorylation
prevents the recruitment of Par-1 to the posterior cortex of the
oocyte.

MRLC-2P shows a very different distribution from MRLC-1P in
both Drosophila and ascidian embryo morphogenesis, but its
function in vivo has remained unclear.”’>" Our results therefore
provide the first example where the di-phosphorylation of MRLC
has been demonstrated to play an essential role in development.
The second phosphorylation of MRLC on threonine 20 has a negli-
gible effect on Myoll’s ATPase activity in vitro, but causes a
decrease in the rate of actin translocation and in the rate of apical
constriction in the mesoderm of the gastrulating embryo, sug-
gesting that this modification increases the force generated by
Myoll.*° Because of the clear spatial distribution of MRLC-2P in
the Drosophila oocyte cortex, our analysis reveals a second effect
of the phosphorylation of threonine 20, which is that it doubles the
duration of Myoll pulses. This may simply reflect an increase in the
time that it takes myosin phosphatase to remove two phosphates,
instead of one, or may be due to a more complicated effect on the
structure of the myosin hexamer. Nevertheless, this second phos-
phate presumably allows Myoll to generate more force for longer
than the mono-phosphorylated form.
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The critical function of MRLC-2P in the oocyte is to trigger
the recruitment of Par-1 to the posterior cortex, raising the
question of how this occurs. The second phosphorylation of
MRLC is likely to increase the force generated by Myoll and
one would therefore expect to see higher contractility in the
posterior oocyte cortex. However, in contrast to the meso-
derm, where MRLC-2P increases contraction rates, this
does not occur in the oocyte cortex, because there is no
lateral movement of Myoll at the posterior or elsewhere.
This may be because the actin cortex is different from the
mesoderm and cannot contract, possibly because it is denser
and rigidly anchored in place through the microvilli that con-
nect to microvilli in the follicle cells. If this is the case, the
extra force exerted by Myoll at the posterior should increase
the stress on the cortex and on Myoll itself, and this may be
the critical change that recruits Par-1 to the posterior (Figures
7A and 7B). For example, Myoll or some other cortical
component could act as a tension sensor that expose