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The myosin light-chain kinase MLCK-1 relocalizes
during Caenorhabditis elegans ovulation to
promote actomyosin bundle assembly and

drive contraction
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ABSTRACT Productive and coordinated tissue contraction requires spatiotemporal regula-
tion of myosin activity. We use the contractile myoepithelial cells of the Caenorhabditis
elegans spermatheca to elucidate the molecular mechanisms involved in contraction. Here,
we identify and describe a novel myosin light-chain kinase, MLCK-1, that phosphorylates the
myosin regulatory light chain and is required for contraction of the spermatheca and animal
fertility. During contraction, MLCK-1 is recruited to basal actomyosin bundles and stabilizes
myosin in these bundles downstream of phospholipase PLC-¢/PLC-1 and calcium signaling.
MLCK and the Rho kinase ROCK are expressed in distinct subsets of spermathecal cells and
act in concert to coordinate the timing of contraction. Our results suggest that MLCK-1 phos-
phorylates myosin primarily in the central bag cells of the spermatheca, while ROCK controls
contractility in the distal neck and the valve connecting the spermatheca to the uterus.

Monitoring Editor
Jeffrey D. Hardin
University of Wisconsin

Received: Jan 23, 2018
Revised: Mar 22, 2018
Accepted: Mar 23, 2018

INTRODUCTION

Contraction of the actomyosin cytoskeleton drives cell and tissue
movements during morphogenesis (Siedlik and Nelson, 2015; Heer
et al., 2017) and wound closure (Russo et al., 2005), and allows cells
to perceive and respond to mechanical stress (Clark et al., 2007). In
nonmuscle cells, cell contraction is driven by the interaction of the
motor protein nonmuscle myosin I (NMII) with filamentous actin.
NMIl is activated by phosphorylation on its myosin regulatory light-
chain subunits (MRLC; Sellers, 1981). Upon MRLC phosphorylation,
myosin forms bipolar filaments and becomes catalytically active
(Conti and Adelstein, 2008; Vicente-Manzanares et al., 2009). In
mammalian cells, MRLC can be phosphorylated at Thr-18 and
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Ser-19 by several kinases, including myosin light-chain kinase
(MLCK) (Sakurada et al., 1998; Hirata et al., 2009; Nakajima and
Tanoue, 2010) and Rho kinase (ROCK) (Amano et al., 1996; Gally
et al.,, 2009; Beach et al., 2017) and is dephosphorylated by myosin
phosphatase (MYPT) (Ito et al., 2004) so that the level of p-MRLC in
different tissues is determined by the balance of kinase and phos-
phatase activities (Kamm and Stull, 2011).

In addition to its role in nonmuscle cells, MLCK regulates contrac-
tility in skeletal muscle, cardiac muscle, and smooth muscle cells
(Conti and Adelstein, 2008; Vicente-Manzanares et al., 2009; Hong
etal., 2011; Zaidel-Bar et al., 2015). In humans, MLCK is encoded by
four genes, MYLK1-4, that produce tissue-specific kinases with well-
conserved kinase domains (Kamm and Stull, 2011; Chang et al.,
2016). MYLK1 is the best characterized of the four MLCKs and en-
codes multiple isoforms, including smooth muscle myosin light-chain
kinase (smMLCK) (Lazar and Garcia, 1999). Mutations in MYLK are
associated with aortic aneurysms (Wang et al., 2010), inflammatory
bowel disease (Du et al., 2016), asthma (Ammit et al., 2000; Flores
et al., 2007; Ma et al., 2008; Wang et al., 2015), and sepsis (Gao
et al., 2006). Proper MLCK function is therefore critical to the function
of many contractile cell types.

Vertebrate MLCK contains a bilobate kinase domain that is
inhibited by a short autoinhibitory or regulatory domain under
low-Ca?* conditions. Upon Ca?/calmodulin (CaM) binding, autoin-
hibition is relieved, and the two lobes of the kinase rotate and
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close to facilitate ATP hydrolysis and MRLC phosphorylation
(Knighton et al., 1992; Olah et al., 1993; Kobel et al., 1996; Stull
et al., 1998). The structural domains and kinetics of MLCK have
been studied well in vitro (reviewed in Stull et al., 1998; Hong
et al., 2011) and in cell culture and ex vivo systems (Wadgaonkar
et al., 2003; Isotani et al., 2004; Russo et al., 2005). Additionally,
mammalian in vivo systems do not allow easy visualization of con-
tractile tissue function in intact animals, limiting the ability to study
the role of MLCKSs in actomyosin contractility in real time.

Caenorhabditis elegans is small and transparent, allowing visual-
ization of tissues in intact animals. The C. elegans gonad is an excel-
lent in vivo model for the regulation of contraction in real time. Each
hermaphrodite has two U-shaped gonad arms, surrounded by
smooth-muscle-like sheath cells, which contract to ovulate mature
oocytes into the spermatheca, where the oocyte is fertilized (Strome,
1986; McCarter et al., 1997; Hubbard and Greenstein, 2000). The
spermatheca is made up of 24 myoepithelial cells that contract in
coordination to propel the fertilized embryo into the uterus during
ovulation (Strome, 1986; McCarter et al., 1999). Ovulation occurs
~150 times per gonad arm during the reproductive lifespan of the
animal (Hirsh et al., 1976).

Two pathways, a calcium-dependent pathway (Kariya et al.,
2004; Kovacevic et al., 2013) and a Rho-regulated pathway (Wiss-
mann et al., 1997, 1999; Gissendanner et al., 2008; Tan and Zaidel-
Bar, 2015), are needed for contraction of the spermatheca. Rho
regulates the degree of contraction and the timing of embryo transit
through the spermatheca (Tan and Zaidel-Bar, 2015). The Rho kinase
(ROCK/LET-502) regulates sheath cell contractility in C. elegans
(Wissmann et al., 1999; Ono and Ono, 2016). In addition to phos-
phorylating MRLC, the Rho kinase ROCK elevates myosin activity by
phosphorylating and inactivating myosin phosphatase (Kimura
et al., 1996). Because ROCK/LET-502 is expressed primarily in the
distal neck of the spermatheca and the spermatheca-uterine (sp-ut)
valve (Wissmann et al., 1999), we hypothesized that an as yet un-
identified MLCK might, in coordination with ROCK, regulate sper-
mathecal contraction through phosphorylation of the MRLC.

In this study, we performed a candidate RNA interference
(RNA!) screen to identify the kinase or kinases that might phos-
phorylate and activate myosin in the C. elegans spermatheca. We
identified a previously uncharacterized gene, ZC373.4/mlck-1, that
is required for contractility of the spermatheca. We show that loss
of mlck-1 results in a failure of oocytes to exit the spermatheca and
demonstrate that MRLC phosphorylation in the spermatheca de-
pends on MLCK-1. MLCK-1 is also recruited to, and required for,
maintenance of proper actomyosin bundles and dynamics. In addi-
tion to the role of MLCK-1 in phosphorylating the MRLC, we found
that ROCK/LET-502 regulates MRLC phosphorylation in a subset of
cells. Together, these two kinases coordinate spermathecal transit
in the C. elegans spermatheca.

RESULTS

MLCK-1 is a putative myosin light-chain kinase required

for spermathecal contractility

To identify potential kinases regulating spermathecal contractility,
we performed a candidate RNAi screen. We screened C. elegans
homologues of kinases that have previously been shown to phos-
phorylate MRLCs, including putative and known myosin light-chain
kinases: ROCK (Amano et al., 1996), citron kinase (Yamashiro et al.,
2003), myotonic dystrophy-related CDC42-binding kinase (MRCK)
(Leung et al., 1998), zipper- interacting protein kinase (ZIPK) (Murata-
Hori et al, 1999), and death-associated protein kinase (DAPK)
(Shohat et al., 2001). We also screened several kinases that have
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been shown to have activity toward MRLC in C. elegans, including
UNC-89 (Small et al., 2004), titin/TTN-1 (Flaherty et al., 2002), and
twitchin/UNC-22 (Moerman et al., 1988; Benian et al., 1989). Addi-
tionally, we screened 11 other genes that had kinase domains similar
to those of human MLCK, identified using the basic local alignment
search tool (BLAST). To avoid disrupting embryonic development,
animals were fed RNAI after hatching and scored for spermathecal
contractility defects as adults. We have shown previously that dis-
ruption of spermathecal contractility can result in accumulation of
one or more embryos in the spermatheca (Kovacevic and Cram,
2010). Animals that are mutants for the phospholipase plc-1, which
is required for Ca?* release in the spermatheca, display this pheno-
type (Kovacevic et al., 2013). We hypothesized that loss of the
kinase that activates myosin in the spermatheca would result in
comparable spermathecal contractility defects. Similarly to loss of
plc-1, we found that knockdown of ZC373.4 significantly increases
the percentage of spermathecae occupied by one or more embryos
(Figure 1). Because ZC373.4, renamed MLCK-1, is the only kinase
that displayed a strong defect in spermathecal contractility similar to
that for plc-1, here we focus on characterizing the role of mick-1 in
spermathecal function.

MLCK-1 is structurally similar to human MLCK

The mick-1 gene is ~7 kb and is predicted to encode a single 1211-
amino acid protein with a kinase domain and an adjacent C-terminal
1-8-14 calmodulin binding domain (Figure 2, A-C; Yap et al., 2000).
Additionally, the C-terminal end of the putative kinase domain con-
tains a conserved HPW helix insertion, a complete linker sequence,
and an autoregulatory helix with the three conserved hydrophobic
residues necessary to anchor the autoregulatory helix to the kinase
core in the absence of Ca?*/CaM binding (Supplemental Figure 1A;
Chang et al., 2016). The location of the C-terminal CaM binding do-
main suggests that CaM binding might relieve autoinhibition and
permit MLCK binding and phosphorylation of MRLC (Blumenthal
and Stull, 1980). Additionally, MLCK-1 shares 50.2% homology in its
kinase domain with Homo sapiens smMLCK (Uniprot ID Q15746
(Huang and Miller, 1991; Supplemental Figure 1B; Figure 2D). All
four human MLCK protein kinase domains are structurally similar and
show levels of homology similar to those for MLCK-1 (Supplemental
Figure 1B). The predicted three-dimensional (3D) structures of the
kinase domains are highly conserved (Zhang, 2008; Roy et al., 2010;
Yang et al., 2015). Both have the glutamate residues, which bind the
MRLC in the uninhibited conformation, and the active sites in similar
locations (Figure 2D; Herring et al., 1992; Gallagher et al., 1993).
MLCKs are known as dedicated kinases of the MRLC. This specificity
is thought to be due to MRLC's hydrophobic residues in the P+1,
P+2, P+3, and P-3 positions (Stull et al., 1998) relative to the phos-
phorylatable serine, which are conserved in human and C. elegans
MRLCs (Supplemental Figure 1C). Therefore, bioinformatic analysis
suggests that MLCK-1 may act as a Ca?/CaM-responsive myosin
light-chain kinase.

MLCK-1 is expressed in the spermatheca and is localized to
contractile actomyosin bundles during contraction

To characterize the MLCK-1 expression pattern, we generated a
GFP-promoter transcriptional reporter and a CRISPR line in which
the endogenous mick-1 locus is labeled at the C-terminus with
mKate2. The two lines displayed overlapping but not identical ex-
pression patterns (Figure 3 and Supplemental Figure 2). The tran-
scriptional reporter line exhibited strong MLCK-1 expression in the
pharynx, anal sphincter, vulval cells, spermatheca, and sp-ut valve
(Supplemental Figure 2A), while the CRISPR line showed MLCK-1

Molecular Biology of the Cell



A N 351 238 119 112 106 112 109 109 104 119 129 100 208 108 257 110 111 108 107 114
010& o Kkkk FKkkk - - - - - - - - - - - K% - - o
§ =
£ 801
©
£
5 604
Q
)

5 407
:,C; 20+
o — e —
Q@
0+
<° P T b
& Q\ 6‘\6{. 0(\0 :(x 0(\0 S A a3 \Q x$& &Q

[ Not occupied
[0 Noentry
] Occupied with a small piece of cocyte

[ 1 Occupied with multiple embryos
I Occupied with a single embryo

FIGURE 1: MLCK-1 is required for oocyte transit through the spermatheca. Wild-type animals were grown on empty
vector (control), plc-1 (positive control), or candidate myosin kinase RNAi and scored as young adults for spermathecal
occupancy in the following categories: unoccupied, occupied with a single embryo, more than one embryo, a small
piece of embryo, or no entry, where oocytes fail to enter the spermatheca. MLCK-1 is required for WT ratios of
occupied vs. unoccupied spermathecae. Statistics were performed for the total number of unoccupied spermathecae
compared with the sum all other phenotypes. N is the total number of spermathecae counted. Fisher’s exact test:

****p < 0.0001, **p < 0.01.

expression in the pharynx, uterus, spermatheca, and sp-ut valve
(Figure 3A). Importantly, both lines show expression in the sperma-
theca. There are no apparent phenotypes in the CRIPSR-tagged
line, indicating that the MLCK-1::mKate2 fusion is likely functional
(Supplemental Movie 1; Supplemental Figure 2B).

By mid L4, faint MLCK-1 expression is evident in the cells of the
developing spermatheca. Expression levels peak in adulthood
(Figure 3B). During L4, MLCK-1 is localized to apical boundaries of
the spermathecal cells (Figure 3, B and C), which face the lumen of
the spermathecal bag. In adults, MLCK-1 is localized both apically
and basally in the spermatheca (Figure 3B). We have previously
shown that active myosin is recruited to basal actomyosin bundles

m— tm4159

concomitant with spermathecal contraction (Wirshing and Cram,
2017). Therefore, we anticipated that MLCK-1 would colocalize with
its putative substrate, MLC-4, in these actomyosin bundles. To visu-
alize the localization of the basal population of MLCK-1, gonads
were excised from the labeled mick-1::mKate2-expressing animals,
and phalloidin was used to visualize F-actin. As expected, we
observed thick bundles of actin at the outer, basal surface with a
thinner actin network visible at the apical surface (Figure 3, D and F).
MLCK-1 fluorescence intensity is brightest at the apical boundaries
(Figure 3, C and E). However, some MLCK-1 is also localized to the
basal cell surface, where it partially colocalizes with the contractile
actomyosin bundles (Figure 3, D and F; Supplemental Figure 4).

RNAi A
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FIGURE 2: MLCK-1 has a serine/threonine kinase domain that is structurally similar to that in human MLCKs. (A) The
mlck-1 gene spans ~7 kb and is made up of 22 exons. The positions of two RNAI targeting constructs (A, B) and the
tm4159 deletion are labeled. (B) MLCK-1 has an N-terminal kinase domain (pink), with its active site and ATP binding
domain labeled in yellow and green, respectively. Putative calmodulin binding domains are labeled in blue. (C) MLCK-1
contains a putative 1-8-14 Ca?*-dependent calmodulin binding domain homologous to smMLCK. (D)The kinase
domain-predicted structures (iTasser) are similar. Key glutamate residues (red) bind the RLC substrate. The active site

aspartate residue is in green.
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FIGURE 3: MLCK-1 is expressed in the C. elegans spermatheca and localizes to apical cell boundaries and basal actin
bundles. (A) Confocal images of animals from L4 to young adult expressing MLCK-1 tagged with mKate2 at the
endogenous locus. MLCK-1 expression is seen in the spermatheca throughout development. (B) Magnified maximum-
intensity projections of the spermathecae from the animals in A indicated with dashed boxes. The Fire color scale is
used to highlight changes in fluorescence intensity. MLCK-1 expression increases from L4 to young adulthood and is
primarily localized apically. In mature adults, a subpopulation of MLCK-1 is observed at the basal surface. (C) Confocal
images of a spermatheca after the first ovulation from an animal coexpressing MLCK-1::mKate2 (red) and AJM-1::GFP
(blue), which localizes near the apical surface of the spermathecal cells. Maximum-intensity projections show the
proximity of MLCK-1 and AJM-1, with MLCK-1 immediately apical to AJM-1. The insert is a magnified cross-section from
the area indicated with a dashed line, with basal at the bottom. (D) Confocal images of a WT excised spermatheca after
the first ovulation expressing MLCK-1::mKate2 and stained with phalloidin to visualize F-actin. Maximum-intensity
projections show actin bundles and MLCK-1 localization. The cross-section shows that prominent actin bundles are basal
and a small population of MLCK-1 colocalizes with these bundles. Inserts are a magnified cross-section of the area
indicated with a dashed line. Basal is at the bottom. Note that the brightness in the insert in D is enhanced to facilitate
simultaneous visualization of thick basal actin bundles and the thin apical actin network. (E) Quantification of a line scan
drawn across the apical cell surface in the area indicated by the insert in C. The fluorescence peak for AJM-1::GFP is just
basal to MLCK-1::mKate2 peak. (F) Quantification of a line scan drawn across the area indicated in the insert in (D) from
the basal to the apical cell surface. The majority of the MLCK-1::mKate2 signal is apical and a small peak aligns with the
basal fluorescence peak for F-actin. Scale bar, 100 pm in A, 20 pm in B-D, and 5 pm in the inserts in C and D. Ap., apical;
Bs., basal.
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To determine whether the basal recruitment of MLCK-1 seen in
adults requires ovulation and plc-1, we repeated the experiment on
control and plc-1(RNAI) animals before and after the first ovulation.
In spermathecae of control animals, MLCK-1::mKate2 fluorescence
becomes visible at the basal cell surface after the first ovulation. In
contrast, in spermathecae of plc-1(RNAI) animals, there is no signifi-
cant increase MLCK-1 at the basal cell surface after ovulation (Figure
4, A-C). To understand when MLCK-1 localization changes during
ovulation and to determine what drives MLCK-1 dynamics, we used
four-dimensional (4D) confocal microscopy of live animals to capture
time-lapse videos of ovulation. Before the first ovulation, MLCK-1 is
restricted to apical boundaries (Figure 4, D-G). During oocyte entry,
the spermatheca is stretched. However, this initial cell stretch is not
sufficient to displace MLCK-1 from the apical boundaries because
MLCK-1 localization remains unchanged until ~350 s after oocyte
entry (Figure 4A). MLCK-1 begins to move basally as the spermathe-
cal cells contract and the embryo is expelled from the spermatheca,
~480 s after opening of the distal neck (Figure 4). This partial relocal-
ization of MLCK-1 to the basal surface is maintained throughout
adulthood. In animals depleted of plc-1, the oocyte enters the sper-
matheca but becomes trapped as spermathecal cells fail to contract
(Kovacevic et al., 2013). In these animals, MLCK-1 is retained at api-
cal boundaries (Figure 4, D-G). These results suggest Ca?* signaling
may play a role in the initiation of contraction and the movement of
MLCK-1 away from the apical boundaries.

MLCK-1 is required maternally for fertility

Disruption of genes required for regulating spermatheca contractil-
ity can result in the production of fewer live offspring (Kovacevic and
Cram, 2010; Kovacevic et al., 2013). To test for fertility defects in
mlck-1 loss of function, we used the hypomorphic allele mlck-
1(tm4159) and two different mick-1 RNAI clones that targeted dis-
tinct regions of the gene to disrupt MLCK-1 function (Figure 2A).
The allele has a 514-base pair deletion that leaves the kinase
domain intact (Figure 2A), while the RNAi depletes mlck-1 below
detectable levels (Supplemental Figure 3). The tm4159% allele is tem-
perature-sensitive, perhaps because of instability of the encoded
protein (Varadarajan et al., 1996; Brown et al., 1997; Gidalevitz
etal., 2006). The tm4159 animals grown at 25°C produce only a few
live hatchlings. tm4159 animals grown at 23°C also produce signifi-
cantly fewer live offspring than wild-type (WT) animals grown at the
same temperature, while worms reared at 15°C produce WT num-
bers of live offspring (Figure 5A). Treatment with either of two non-
overlapping mlck-1 RNAI clones also resulted in significantly fewer
live offspring (Figure 5B).

To determine whether mlck-1 is required for embryonic develop-
ment, we tracked the hatching of embryos from mlck-1 mothers at
23°C. We find that 18% of mlck-1(tm4159) embryos fail to hatch
(n=551) compared with only 2% of WT embryos (n=821). This sug-
gests a modest reduction in embryonic viability in mlck-1(tm4159)
animals, which is insufficient to explain the observed reduction in live
offspring (Supplemental Figure 5A). To explore the possibility tm4159
has a maternal effect, we mated mlck-1(tm4159) hermaphrodites
with WT males and found that the paternally inherited WT mlck-1
allele is insufficient to rescue the reduction in numbers of live off-
spring (Supplemental Figure 5B). Conversely, when a WT hermaph-
rodite is crossed with a mlck-1(tm4159) male, the embryos are viable
and WT numbers of offspring are observed (Supplemental Figure 5,
A and B). This demonstrates that mlck-1/+ heterozygous offspring
are viable and that mlck-1 is not required in sperm. Taken together,
these results suggest that mick-1 depletion reduces numbers of live
offspring and embryonic viability through a maternal mechanism.
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MLCK-1 is required for contraction of the spermatheca

We next hypothesized that MLCK-1 may be required for contraction
of the spermatheca and exit of the newly fertilized embryo into the
uterus. To characterize the temperature sensitivity of transit defects
in mlck-1(tm4159) animals, we performed an occupancy assay as
described above on wild-type and mlck-1(tm4159) animals reared at
15, 23, or 25°C. Spermathecal contractility defects are more pro-
nounced at the warmer temperatures, and animals grown at 23 and
25°C have a higher percentage of spermathecae occupied with
multiple embryos (Supplemental Figure 5C). These results are in
agreement with our mlick-1(RNAI) data (Figure 1), indicating that
depletion of mick-1 via RNAi or the mlck-1(tm4159) allele at 25°C
produces similar results. To determine how spermathecal contrac-
tion is altered in real time, we imaged full ovulations of WT animals
and animals depleted of mick-1 via RNAI or the mick-1(tm4159) al-
lele (Supplemental Movies 2 and 3; Figure 6A). Three aspects of
oocyte transit were quantified: entry time, dwell time, and exit time.

Entry time describes the time from the beginning of oocyte entry
to when the distal neck cells close around the now fertilized embryo.
Entry requires coordination between the proximal gonadal sheath
cells and spermathecal distal neck cells. Loss of mick-1 using either
RNAI or the mick-1(tm4159) allele at 25°C does not significantly
slow entry time (Figure 6éB). This result suggests that MLCK-1 may
not play a critical role in sheath cell contraction.

Dwell time refers to the time between closure of the distal neck
and the opening of the sp-ut valve. This is the amount of time that
the embryo is completely enclosed by the spermatheca. Knock-
down of mick-1 with RNAi generally results in failure of embryos to
exit the spermatheca (77%, n=9; Supplemental Movie 3; Figure 6C;
Supplemental Figure 6A). Occasionally, an mlck-1(RNAi) animal ex-
hibits a successful transit, which may be due to variability in RNAi
penetrance. In mlck-1(tm4159) animals grown at 25°C, oocytes en-
ter the spermatheca but become trapped as the spermatheca fails
to contract (100%, n = 6; Figure 6C). Trapping can result from
defective sp-ut valve dilation. To address this, we constructed a
spermathecal-specific RNAI strain. In this strain, rde-1, an Argonaute
required for RNAI (Tabara et al., 1999), is rescued only in the sper-
mathecal bag using the fkh-6 promoter (Hope et al., 2003). When
we deplete mlck-1 in the spermathecal bag, leaving the sp-ut valve
functional, embryos fail to exit properly (Figure 6D). This suggests
that MLCK-1 in the spermathecal bag cells is needed for successful
embryo exit.

The last metric we used is exit time, the time from the dilation of
the spermatheca uterine valve to when the embryo has been pushed
into the uterus and the sp-ut valve has fully reclosed. Although we
cannot measure exit time when embryos become trapped in the
spermatheca, as is seen in mlck-1(RNAI) and mick-1(tm4159) animals
at 25°C, mick-1(tm4159) animals grown at 23°C exhibit significantly
slower exits than WT animals (Supplemental Figure 6C). Taken to-
gether, these results suggest that MLCK-1 is required in the sperma-
thecal bag cells, and that transit defects are mainly due to a de-
crease in spermathecal cell contractility and a failure to push the
fertilized embryo out through the sp-ut valve and into the uterus.

MLCK-1 is required for production of p-MRLC in

the spermatheca

We hypothesized that transit defects in mlck-1 animals were due
to failure to phosphorylate the MRLC during ovulation to activate
myosin and initiate cell contraction. To determine the contribution
of MLCK-1 to p-MRLC production in the spermatheca, we used
immunohistochemistry to quantify p-MRLC levels (Figure 7). To
confirm that our antibody accurately reports p-MRLC levels, we
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MLCK-1 is recruited basally during contraction in a PLC-1-dependent manner. (A) Confocal maximum-intensity
projections of excised spermathecae from WT and plc-1(RNAI) animals before and after the first ovulation. Inserts are a
magnified cross-section of the area indicated in A with a dashed line. Fluorescence intensity is increased in inserts to
highlight the subset of basally located MLCK-1 present in spermathecae after the first ovulation, which is absent in
plc-1(RNAI) spermathecae. White arrowheads indicate basal cell surface. (B) Quantification of MLCK-1::mKate2
fluorescence intensity across the cross-section shown in the inserts in A. (C) Fluorescence intensity at the basal cell
surface measured from 14 WT spermathecae before the first ovulation, 30 after the first ovulation, 6 plc-1(RNAI)
spermathecae before the first ovulation, and 7 after the first ovulation. (D) Still frames from a confocal 4D ovulation movie
of animals expressing MLCK-1::mKate2 treated with control (WT) or plc-1 RNAI. In spermathecae of both WT and
plc-1(RNAI) animals, MLCK-1 is localized to the apical surface of the spermatheca prior to oocyte entry when the distal
spermathecal neck first opens (0 s) and after the oocyte is completely within the spermathecae (100 s). In WT
spermathecae, a subset of MLCK-1 diffuses away from apical boundaries during contraction (480 s) and is retained basally
even after oocyte exit (690 s). (E, F) Quantification of MLCK-1::mKate2 fluorescence intensity across a single cell, indicated
by a dashed line in D, at 100 and 480 s for the WT (E) and plc-1(RNAi) (F) spermathecae. The peaks indicate MLCK-1
localized at cell boundaries. By 480 s, fluorescence intensity between the peaks increases in the WT cell (E). This is not
seen in the plc-1(RNAI) cell (F). (G) Quantification of the average MLCK-1::mKate2 fluorescence intensity measured across
the cell center, excluding MLCK-1 localized to cell boundaries, during ovulation. MLCK-1::mKate2 fluorescence is first
detected at 350 s and increases during contraction in WT cells but not plc-1(RNAI) cells. Measurements were taken of
individual cells from three different first ovulation movies for WT (nine cells total) and plc-1(RNAI) (nine cells total) animals
at 50 s intervals. No more than three cells were measured from the same animal. Error bars represent SEM. Error bars
indicated SEM. Unpaired t test: ns p > 0.05; ****p < 0.0001. Scale bar, 20 pm and 5 pm for inserts. Ap., apical; Bs., basal.
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FIGURE 5: MLCK-1 is required for fertility. (A) The mlck-1(tm4159) allele is temperature-sensitive and results in a
reduction in number of live offspring. This reduction is more severe at higher temperatures. Each data point reflects the
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Dunnett’s multiple comparison test: ****p < 0.0001, **p < 0.01.

included mel-11(RNAi) and mlc-4(RNAI) spermathecae as controls.
MEL-11 is the C. elegans ortholog of the myosin-associated phos-
phatase regulatory subunit (referred to here as myosin phospha-
tase) required to dephosphorylate MRLC during cell relaxation
(Wissmann et al., 1999; Kovacevic et al., 2013; Ono and Ono,
2016; Wirshing and Cram, 2017). As expected, quantification of
p-MRLC levels in mel-11(RNAI) spermathecal cells reveals that
these cells have significantly elevated p-MRLC, compared with un-
occupied WT spermatheca (Figure 7). MLC-4 is the only C. ele-
gans nonmuscle MRLC (Shelton et al., 1999). As anticipated, we
find that mlc-4(RNAI) spermathecal cells have very low levels of
p-MRLC (Figure 7).

Comparison of p-MRLC levels in cells from unoccupied and oc-
cupied WT spermathecae reveals that occupied spermathecae tend
to have higher p-MRLC levels (Figure 7). This suggests that p-MRLC
levels may peak during ovulation. By comparison, cells of mlck-
1(RNAI) spermathecae consistently have low p-MRLC levels (Figure
7). Even though all mlck-1(RNAI) spermathecal cells observed are
from occupied spermathecae, these cells fail to achieve the peak
p-MRLC levels seen in WT occupied spermathecae (Figure 7). In
mlck-1(RNAI) spermatheca, only very low levels of p-MRLC can be
seen at cell boundaries, while p-MRLC was detected at cell bound-
aries and throughout the cytosol in WT occupied spermatheca
(Figure 7). p-MRLC levels in mlck-1(RNAi) and mlc-4(RNAi) sperma-
thecal cells are not significantly different. In summary, we find that
MLCK-1 is required for the production of peak p-MRLC levels during
ovulation and that loss of mick-1 results in reduced p-MRLC levels
comparable to those from directly depleting MRLC.

MLCK-1 is required for development of parallel actomyosin
bundles during ovulation

During spermathecal cell contraction, the actomyosin cytoskele-
ton reorganizes from an isotropic interconnected network to
form highly organized, basal, parallel actomyosin bundles
(Wirshing and Cram, 2017). Myosin activity plays a key role in
spermathecal cell contractility and organization of these basal acto-
myosin bundles (Wirshing and Cram, 2017). Because MLCK-1 is
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required for spermathecal contractility and myosin activity, we hy-
pothesized that MLCK-1 would also be required for WT actomyosin
network organization. To determine the role of MLCK-1 in actomyo-
sin bundle formation during ovulation, we used 4D confocal
microscopy of live animals expressing GFP:ACT-1 driven by a
spermathecal specific promoter to observe actin dynamics during
ovulation. Actin network organization was quantified using the Im-
ageJ plug-in FibrilTool (Boudaoud et al., 2014) to measure anisot-
ropy. As previously reported, production of parallel actin bundles in
WT spermathecal cells occurs after cell stretch due to oocyte entry
and coincides with the onset of contraction (Figure 8, A and A). In
contrast, mlck-1(RNAI) spermathecal cells fail to produce WT acto-
myosin bundles. Instead, thin tortuous bundles that frequently fail
to extend the whole length of the cell are present even after lengthy
cell stretch (Figure 8). Simultaneous visualization of F-actin (moe-
ABD::mCherry) and myosin (GFP:NMY-1) reveals that actin and
myosin colocalize into parallel actomyosin bundles in WT sperma-
thecae (Figure 8, B-E). Without mick-1, myosin is poorly recruited
to the basal actin bundles and a large fraction of myosin remains
diffused throughout the cytosol (Figure 8, B-E). This indicates that
MLCK-1 is required for production of the basally enriched parallel
actomyosin bundles.

To further explore the effect of mick-1 depletion on the distribu-
tion of myosin, we imaged GFP::NMY-1 in spermathecal cross-sec-
tions and observed a loss of basal myosin localization and an enrich-
ment of myosin at the apical actin network when mick-1 is depleted
(Figure 9, A-C). Unphosphorylated nonmuscle myosin does not form
bipolar filaments (Scholey et al., 1980) or stably associate with actin
(Watanabe et al., 2007). To determine whether the GFP::NMY-1 dis-
tribution could be explained by a reduction in the stability of associa-
tion of myosin with actin, we used fluorescence recovery after photo-
bleaching (FRAP) to quantify myosin dynamics in actomyosin bundles.
As has been seen in other systems (Watanabe et al., 2007; Kondo
et al, 2011), depletion of mlck-1 resulted in enhanced myosin
dynamics, increasing the mobile fraction and decreasing the recovery
time compared with wild type (Figure 9, D-G). Conversely, increasing
myosin activity by knocking down the myosin phosphatase mel-11
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faintly expressed in the spermathecal bag cells
and high levels of LET-502 are restricted to the
distal neck and sp-ut valve cells (Figure 10, A
and B). This is distinct from the expression pat-
tern of MLCK-1, which is seen throughout the
spermatheca including the distal neck, main
bag cells, and sp-ut valve (Figures 3B and 10,
A and B).

To further characterize the role of LET-502
in oocyte entry and transit through the sper-
matheca, we depleted let-502 using RNAi and
a temperature-sensitive allele, let-502(sb106),
that has decreased function above 20°C
(Piekny et al., 2000). Embryo transits in wild
type, let-502(RNAI), and let-502(sb106) ani-
mals were observed using DIC microscopy. In
agreement with previous work (Wissmann
etal., 1999; Ono and Ono, 2016), we find that
let-502 is required for oocyte entry, which is
driven by sheath cell contraction (Figure 10, C
and D). During oocyte entry, sheath cells pull
the distal neck of the spermatheca over the
incoming oocyte, and the distal neck cells
contract to enclose the now-fertilized embryo.
In WT animals, this process occurs without
damaging the oocyte. In contrast, in let-502
depleted animals, the distal neck cells close
on the incoming oocyte, pinching it in half, al-
lowing part of it into the spermatheca while
the other portion remains in the gonad arm
(Figure 10C). In WT animals, the embryo re-
mains completely enclosed by the sperma-
theca for a dwell time of ~200 s. When let-502
is disrupted, the sp-ut valve does not remain
closed. This results in short dwell times, where,
in some cases, the valve opens to allow the
oocyte into the uterus before the distal neck
cells close (negative values in Figure 10D).
These results, in conjunction with the LET-502
expression pattern, suggest that LET-502 is
both expressed and functions to regulate the
contractility of the distal neck cells and the sp-
ut valve.

Because ROCK plays an important role in
activating myosin (Amano et al., 1996; Gally
et al., 2009; Beach et al., 2017), we used the

has the opposite effect on myosin dynamics. Depletion of mel-11
results in the formation of large myosin foci that form transverse
bands extending across multiple actin bundles (Wirshing and Cram,
2017). These myosin foci are highly stable and show little recovery
after bleaching (Figure 9, D-G). Overall, these results suggest that
MLCK-1 is required for formation of basally enriched actomyosin
bundles.

MLCK-1 and ROCK/LET-502 have distinct expression
patterns and roles in spermathecal contractility

Given the importance of the Rho kinase ROCK/LET-502 in activating
myosin and regulating tissue contractility, we sought to distinguish
the roles of ROCK/LET-502 and MLCK-1 in the spermatheca. We
used a line expressing LET-502 labeled at the endogenous locus with
GFP using CRISPR to determine the expression pattern of let-502. As
has been observed previously (Wissmann et al., 1999), LET-502 is only
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same immunohistochemistry approach described above to quan-
tify p-MRLC levels in spermathecae from let-502 depleted animals.
In agreement with previous work, we find that let-502 RNAi pro-
duces a mild phenotype (Ono and Ono, 2016) and that the allele
produces a stronger loss of function phenotype (Figure 10, C and
D). For this reason, we used a combination of let-502 RNAI in the
temperature sensitive background to deplete let-502 activity. Us-
ing this approach, we find that loss of let-502 does not result in a
reduction in p-MRLC levels in the spermathecal bag cells com-
pared with those in WT spermathecal bag cells (Figure 10, E and
F). Rather, there is a slight but significant increase in p-MRLC in
these cells in let-502 depleted animals (Figure 10, E and F). This
differs from results obtained with mlck-1(RNAI) spermathecae
where p-MRLC levels were strongly reduced (Figure 7). However,
we do find that let-502 is required for p-MRLC levels in the distal
neck. In WT spermathecae, the distal neck cells frequently have

Molecular Biology of the Cell
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MLCK-1 is required for pMRLC production in the spermatheca. (A) Quantification
of pMRLC levels detected using a pMRLC-specific antibody. Measurements were taken from
37 WT unoccupied, 11 WT occupied, 53 mlck-1(RNAI), 35 mel-11(RNAI), and 28 mlc-4(RNAi)
spermathecal cells with no more than three cells measured from the same animal. Dunnett’s
multiple comparison test: ns p > 0.05, *p < 0.05, **p < 0.01, ****p < 0.0001. Error bars represent
SD. (B) Representative confocal maximum intensity projections of the data presented in
(A) F-actin was stained using phalloidin to detect individual cells. An example cell is outlined in
the image, showing actin and pMRLC levels. Numbers are the total fluorescence intensity values

of the selected cells. Scale bar, 20 pm.

elevated p-MRLC levels (Figure 10, E and F). This is abolished by
depletion of let-502 (Figure 10, E and F). Although our results indi-
cate that let-502 is required for contractility of the valve, we ob-
served low p-MRLC levels in valves from both WT and let-502 de-
pleted spermathecae (Figure 10, E and F). This may indicate that
basal p-MRLC levels are low in the valve so that we are unable to
detect further depression upon let-502 depletion. Alternatively, it
is possible that the compact actin structures of the valve preclude
efficient antibody penetration. Overall, we find that let-502 ap-
pears to be required for maintaining p-MRLC levels and contractil-
ity of the distal neck and valve cells but plays less of a role in the
main bag cells, where MLCK-1 is required for production of p-
MRLC during contraction.

DISCUSSION

Here we characterize MLCK-1, a C. elegans Ca?*/CaM-dependent
MLCK, and demonstrate its role in spermathecal contractility. We
have shown previously that production of Ca?* transients drives con-
traction (Kovacevic et al., 2013) and development of stress fiber-like
actomyosin bundles (Wirshing and Cram, 2017). However, the ki-
nase responsible for increasing myosin activity downstream of Ca?*
in the spermatheca was not known. MLCK-1 contains a highly con-
served serine/threonine kinase domain, an autoregulatory helix, and
a 1-8-14 CaM binding motif characteristic of Ca?*/CaM-dependent
MLCKs (Rhoads and Friedberg, 1997; Yap et al., 2000; Chang et al.,
2016) Animals depleted of MLCK-1 have flaccid spermathecae that
fail to contract during ovulation, resulting in trapping of the embryo
in the spermatheca. Using immunohistochemistry, we show that this
decrease in contractility is due to a reduction in p-MRLC in MLCK-1-
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depleted spermathecal cells. Depressed
spermathecal contractility reduces animal
fertility and embryonic viability. The effect
on embryonic viability is dependent on the
maternal genotype, indicating that it may
be due to altered mechanical stress experi-
enced by the embryo during ovulation
rather than to defects in embryogenesis.
This effect has been reported previously in
animals with decreased spermathecal con-
tractility (Kovacevic and Cram, 2010).
MLCK-1 is prominently expressed in the
spermatheca. Spermathecal expression is
first detected at L4, as the spermatheca is
developing, and increases as animals enter
adulthood. We find that the subcellular lo-
calization of MLCK-1 changes during adult-
hood when animals begin to ovulate and
the spermatheca is exposed to cyclic rounds
of stretching and contraction. Prior to the
first ovulation, MLCK-1 is found at apical cell
boundaries, and after ovulation begins, a
small fraction of MLCK-1 colocalizes with
basal actomyosin bundles. Basal recruit-
ment of MLCK-1 coincides with the onset of
contraction, suggesting that basally re-
cruited MLCK-1 is active and phosphorylat-
ing the MRLC in basal actomyosin bundles
to drive contraction. This distribution is
maintained throughout adulthood. Similarly,
work in cell culture has shown that active
smMLCK is recruited to contracting actin
networks during cell migration (Chew et al.,
2002) and contraction (Verin et al., 1998) and in vivo only a small
fraction of the total MLCK is active during contraction (Isotani et al.,
2004; Injeti et al., 2008). Consistent with this interpretation, we find
that depletion of PLC-1 abolishes spermathecal Ca? signaling dur-
ing ovulation (Kovacevic et al., 2013) and prevents basal MLCK-1
recruitment and actomyosin contraction. However, Ca?* signaling
alone does not appear to determine MLCK-1 localization. During
ovulation, Ca?* transients peak during contraction and then return to
baseline preovulation levels (Kovacevic et al., 2013). Interestingly,
we see that MLCK-1 is maintained at the basal actomyosin network
throughout adulthood, suggesting that there is another mechanism
that drives MLCK-1 localization. In addition to regulation by Ca%/
CaM, vertebrate MLCK is regulated by phosphorylation (Conti and
Adelstein, 1981; Nishikawa et al., 1985; Klemke et al., 1997; Sanders
et al., 1999; Birukov et al., 2001; Horman et al., 2008), interaction
with cytoskeletal proteins (Sellers and Pato, 1984; Smith et al., 1999;
Kudryashov et al., 2004; Takizawa et al., 2007), and mechanical
stretch (Baumann et al., 2017). It is unclear whether similar regula-
tory mechanisms exist for MLCK-1, as MLCK-1 lacks the DXRXXL
(Lin et al., 1999; Smith et al., 1999, 2002; Poperechnaya et al., 2000;
Chen et al., 2014), telokin (Silver et al., 1997; Numata et al., 2001;
Hong et al., 2009), and immunoglobulin G (IgG)-C2 (Kudryashov
et al., 2004) domains that allow smMLCK to interact with actin, myo-
sin, and other cytoskeletal components. However, other vertebrate
MLCK isoforms expressed in skeletal and cardiac muscle also lack
these conserved domains and yet are found associated with actin
(Chan et al., 2008) and organized into sarcomeres (Cavadore et al.,
1982), indicating that alternative uncharacterized mechanisms for
localizing MLCKs at contractile actomyosin structures also exist in

C. elegans MLCK dynamics and function | 1983
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FIGURE 8: MLCK-1 is required for formation of actomyosin bundles. (A) Quantification of anisotropy (degree of
alignment) in individual spermathecal cells expressing GFP::ACT-1 to label actin during ovulation. FibrilTool was used to
measure anisotropy in individual cells at 28-s intervals during ovulation. No more than two cells were measured from the
same animal. For WT, n= 14 cells (7 animals); for mick-1(RNAI), n = 6 cells (3 animals). (A") Representative confocal
maximum-intensity projections of spermathecal cells expressing GFP labeled actin before (112 s) and after (1092 s)
development of actomyosin bundles analyzed in A. Each cell is outlined with a dotted line and OrientationJ was used to
false color actin bundles according to their orientation. (B) Confocal maximum intensity projections of spermathecae
expressing moeABD::mCherry to label F-actin and GFP::NMY-1 to label myosin. Note that myosin appears diffuse and is
poorly recruited to actin bundles in the mlck-1(RNAi) spermatheca. (C, D) Fluorescence intensity across the line
indicated in B for a WT (C) and an mlck-1(RNA1) (D) cell. Peaks indicate actomyosin bundles. Actin fluorescence peaks
have corresponding myosin fluorescence peaks in the WT cell (C) but not in the mlck-1(RNAI) cell (D), where myosin
fluoresces in uniform. (E) Colocalization analysis of actin and myosin in individual cells. Each point represents the
Pearson’s R value for an individual cell with no more than three cells measured from the same spermatheca;

WT, n=17 cells (7 spermathecae); mick-1(RNAI), n = 36 cells (12 spermathecae). Error bars represent SEM. Unpaired

t test: **p < 0.01. Scale bar, 5 pm (A) and 20 pm (B).

vertebrates. While the N-terminus of MLCK-1 contains the highly
conserved serine/threonine kinase domain, the C-terminus is poorly
conserved, and its function remains unclear.

We have shown previously that parallel actomyosin bundles de-
velop during the first ovulation and are maintained throughout
adulthood (Wirshing and Cram, 2017). Here, we show that MLCK-1
is required for parallel bundle production. Time-lapse microscopy of
ovulation shows that loss of MLCK-1 results in persistence of the
preovulation actin network characterized by webby, poorly oriented
bundles. This phenotype has been described previously for plc-1-
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and nmy-1-depleted animals (Wirshing and Cram, 2017), indicating
that the population of MLCK-1 at apical boundaries, retained in plc-
1(RNAI), is not responsible for parallel bundle production. In addi-
tion to actin, myosin organization is also disrupted, with knockdown
of mlck-1. In mick-T-depleted cells, myosin is poorly recruited to
basal actomyosin bundles. In cultured cells, myosin activity is re-
quired for stable association of myosin within actomyosin networks
(Watanabe et al., 2007; Kondo et al., 2011; Juanes-Garcia et al.,
2015). Our FRAP experiments show that myosin in basal actomyosin
bundles is more dynamic in mick-1-depleted than in WT cells. This

Molecular Biology of the Cell
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FIGURE 9: MLCK-1 is required for stable recruitment of myosin into basal actomyosin bundles. (A) Confocal cross-
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intensity across the region shown in A. (C) Quantification of apical and basal myosin fluorescence intensity in WT and
mlck-1(RNA:I) cells normalized to the cytosolic myosin fluorescence intensity. Each point represents a measurement
taken from a single cell, with only one cell measured per spermatheca; WT, n=9; mlck-1(RNAI), n=11. (D-G) FRAP
analysis of myosin dynamics in WT, mlck-1(RNAi), and mel-11(RNAI) basal actomyosin bundles in spermathecal cells.
Basal actomyosin bundles were bleached and recovery was monitored at 1-s intervals for 100 s to calculate the mobile
fraction (D) and half recovery time (E). Each point is a measurement from a single cell with no more than three cells
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n=17, 16, and 13, respectively; let-502(sb106);let-502(RNAI) distal neck, dorsal bag, and valve, n= 22, 29, and 24,
respectively. (F) Representative confocal maximum intensity projections of the data presented in E. F-actin was stained
using phalloidin to detect individual cells. The distal neck (blue), dorsal bag (red), and valve (green) cells are indicated
with a dotted outline. Numbers in F indicate average fluorescence intensity of the outlined regions. The distal neck
frequently has elevated p-MRLC, which is absent in animals depleted of let-502. Unpaired t test: ns p > 0.05, *p < 0.05,
**p <0.01, ***p < 0.001, ****p < 0.0001. In C, the unpaired t test with Welch's correction was used to account for
differences in the SD. Scale bar, 20 pm.

suggests that localized MLCK-1 activity at the basal actomyosin net- Because ROCK/LET-502 is known to play a role in C. elegans
work is one potential mechanism by which myosin is incorporated ~ somatic gonad contractility (Wissmann et al., 1999; Ono and Ono,
into basal actomyosin bundles. 2016) and the formation of stress fibers (Amano et al., 1996;
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Gally et al., 2009; Beach et al., 2017), we sought to determine the
contribution of this kinase to spermathecal function. Here we show
that ROCK/LET-502 and MLCK-1 have distinct expression patterns
and different roles in regulating spermathecal contraction. In agree-
ment with previous work, we find that ROCK/LET-502 is strongly
expressed in the distal neck and valve cells and only weakly in bag
cells (Wissmann et al., 1999), while MLCK-1 is expressed throughout
the spermatheca. Consistent with the ROCK/LET-502 expression
pattern, we find that ROCK/LET-502 is predominantly required for
regulating contractility and producing p-MRLC in the distal neck and
valve. Unlike depletion of mlck-1, knockdown of let-502 does not
decrease p-MRLC levels in spermathecal bag cells. In other systems,
ROCK and MLCK play distinct and complementary roles to allow
precise spatiotemporal regulation of myosin activity. This is seen in
individual cells where MLCK activates myosin in peripheral stress
fibers and ROCK is required for formation of central stress fibers
(Totsukawa et al., 2000, 2004; Simoes and Fierro, 2005; Beach et al.,
2017; Kassianidou et al., 2017) and in cell response to stretch (Lee
et al., 2010), as well as at the tissue level, where MLCK and ROCK
cooperate during wound closure (Russo et al., 2005). In the sperma-
theca, ROCK/LET-502 and MLCK cooperate to regulate contractility
by acting primarily in a distinct subset of cells. This may have evolved
as a mechanism for maintaining different tissue tone in the sperma-
thecal distal neck and valve than in the bag. Tight closure of the
spermathecal distal neck during ovulation is needed to prevent
the embryo from sliding backward into the proximal gonad arm
(Gissendanner et al., 2008; McGovern et al., 2018). However, hyper-
constriction of the spermathecal bag cells can damage embryos
(Tan and Zaidel-Bar, 2015), supporting the idea that distal neck and
bag cells constrict to different degrees during ovulation. Our finding
that ROCK/LET-502 is primarily required in a specific subset of so-
matic gonad cells may help explain why defects in somatic gonad
contractility have been reported previously with let-502 depletion
(Wissmann et al., 1999; Ono and Ono, 2016) without having a sig-
nificant impact on actomyosin organization or p-MRLC levels in
sheath cells (Ono and Ono, 2016).

Here, we describe a new myosin light-chain kinase, MLCK-1, re-
quired for contraction of the spermatheca and show that MLCK-1
and LET-502/ROCK act in distinct subsets of spermathecal cells to
coordinate contraction during ovulation. While it is known that ROCK
and MLCK share roles in regulating contractility of the gastrointesti-
nal (Du et al., 2016; Rattan, 2017) and urinary tracts (Kirschstein et al.,
2015) and integrity of the epithelia in airways (Olivera et al., 2007),
the exact molecular mechanism by which these two kinases coregu-
late MRLC phosphorylation is less well understood. In addition to
providing mechanistic insight into how the spermatheca functions,
this study helps to establish an in vivo model of how cells coordinate
tissue-level responses through the regulation of MLCK and ROCK.

MATERIALS AND METHODS

C. elegans strains and culture

All stains were grown on standard NGM (0.107 M NaCl, 0.25% wt/
vol Peptone [Fisher Science Education], 1.7% wt/vol BD Bacto-
Agar [Fisher Scientific], 0.5% Nyastatin [Sigma], 0.1 mM CaCl,,
0.1 mM MgSQOy, 0.5% wt/vol cholesterol, 2.5 mM KPO,) agar plates
seeded with OP50 Escherichia coli at 23°C (Hope, 1999) unless
otherwise noted. Strains were generated by microinjection as de-
scribed previously (Mello et al., 1991). The mick-1p::GFP::unc-54
J'UTR reporter construct was injected at 20 ng/pl with the coinjec-
tion marker, rol-6, injected at 40 ng/pl. Lines expressing GFP::act-1
and moeABD::mCherry;GFP::nmy-1 were described previously
(Wirshing and Cram, 2017). The MLCK-1 allele, mlck-1(tm4159), was
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obtained from the Japanese National Bioresource Project and out-
crossed three times to WT worms to create the strain UN1604. The
let-502(sb106) allele was previously described in (Piekny et al., 2000).
Theendogenously taggedstrains, COP1510 mlck-1::degron::mKate2
and COP1226 let-502::degron::eGFP endogenously tagged with
GFP strain, were generated by Nemametrix. COP1510 was out-
crossed three times to create the strain UN1743. The strain was gen-
erated by crossing NK1069 with EU573. EU573 has been described
previously (Gally et al., 2009). See Supplemental Table 1 for a list of
strains and genotypes used in these experiments.

RNA: interference

RNAI feeding experiments were performed essentially as described
previously (Kovacevic and Cram, 2010). To prepare seeded NGM-
IPTG plates, HT115(DE3) bacteria transformed with the double-
stranded RNA construct of interest were grown overnight at 37°C in
Luria broth (LB) supplemented with 40 pg/ml ampicillin. The follow-
ing day, 150 pl of the culture was seeded on NGM-IPTG agar (NGM
supplemented with 25 pg/ml carbenicillin and 1 mM isopropylthio-
B-galactoside, IPTG). Synchronized populations were obtained by
alkaline lysis procedure (egg prep). For egg prep, starved dauer nem-
atodes were allowed to recover for 48 h on NGM plates newly seeded
with OP50. This produces young gravid adults for egg collection.
Eggs were released using an alkaline hypochlorite solution as de-
scribed in Hope (1999) and washed three times with filtered sterilized
M9 buffer (22 mM KHyPOy4, 42 mM NaHPO,4, 86 mM NaCl, and
1 mM MgSOy; Hope, 1999). Clean eggs were then transferred to
seeded NGM-IPTG plates. Animals were allowed to grow for ~54 h at
23°C before being scored or imaged unless otherwise noted. Several
of the RNAI constructs used were from the ORF-eome-RNAi v1.1 or
the Ahringer Library. Some RNAI constructs were made by amplifying
the coding region of the gene of interest off of mixed age N2 cDNA
and cloning them into the empty vector pPD129.36 (Fire Vector Kit).
Primers used to clone RNAI are available upon request. The empty
vector was used as a negative control in all RNAi experiments.

Spermathecal occupancy assay

Synchronized populations obtained by egg prep, described above,
were grown on NGM-IPTG plates with the indicated RNAi treat-
ment, and worms were scored ~54 h after egg prep when they were
just beginning to ovulate. Worms were mounted on a 2% agarose—
in—water pad and killed using 100 mM sodium azide. Scoring for
occupancy of spermathecae was done using a 60x oil-immersion
objective with a Nikon Eclipse 80i microscope.

Protein alignments

Kinase domains used in the alignments were identified using SMART
(Schultz et al., 1998; Letunic et al., 2004, 2015; Letunic and
Bork, 2018) and aligned using Clustal Omega (Sievers et al., 2011;
McWilliam et al., 2013; Li et al., 2015). The 3D protein structures
were predicted using iTasser (Zhang, 2008; Roy et al., 2010; Yang
et al., 2015). The 3D structures were rotated, and residues were col-
ored using the PyMol Molecular Graphics System (Version 1.74,
Schrédinger). Calmodulin binding domains were identified using
the Calmodulin Target Database (Yap et al., 2000), aligned using
Clustal Omega (Sievers et al., 2011; McWilliam et al., 2013; Li et al.,
2015), and made ready for publication using BoxShade.

Determination of number of live hatchlings

Embryos were egg-prepped onto an NGM plate seeded with
OP50. The animals were grown at 23°C, unless otherwise noted,
and at L4, animals were transferred to individual plates. Total live
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hatchlings were counted and aspirated every day until the mother
died or there were two consecutive days of no new hatchlings on
the plate.

Viability assay

Synchronized populations obtained by egg prep, described above,
were grown on NGM at 23°C for ~60 h. Worms were then moved to
individual plates for 2-4 h and allowed to lay embryos on the plates.
Hermaphrodites were removed, and all embryos laid were counted
before incubation at 23°C for 24 h. Plates were scored for the num-
ber of worms that hatched from embryos (viable) and embryos that
failed to hatch (not viable).

DIC imaging

Animals were immobilized either with 0.01% tetramisole and 0.1%
tricaine in M9 buffer or with 0.05 pm Polybead microspheres diluted
1:1:1in M9 and water on a 2% agarose pad. Imaging was performed
on a Nikon Eclipse 80i microscope with a 60x oil-immersion lens
using SPOT R3 software and a charge-coupled device camera.
Frames were captured at a rate of 1 Hz. Image stacks were reas-
sembled and analyzed using ImageJ software. To be considered
“trapped,” worms were imaged for at least 950 s after entry. Raw
dwell times for worms treated with mlck-1 RNAi can be found in
Supplemental Figure 6.

Histochemistry

Visualization of F-actin in animals expressing MLCK-1 labeled with
mKate2 or LET-502 labeled with GFP was done as described previ-
ously (Wirshing and Cram, 2017) except that 100 nM Acti-stain 488
(Cytoskeleton #PHDG1) was used in place of Texas Red-X phalloidin
(Invitrogen) to allow simultaneous visualization of F-actin and
mKate2. For quantification of p-MRLC, synchronized populations
were obtained by egg prep and grown with the indicated RNAi
treatment at 23°C for ~54 h. Fixation and staining protocols were
adapted from (Werner et al., 2007; Ono and Ono, 2016). Unless
noted, all steps were done at room temperature. Animals were dis-
sected using a 25-gauge hypodermic needle in phosphate-buffered
saline (PBS), and dissected gonads were fixed with 4% formalde-
hyde and 0.2% glutaraldehyde in cytoskeleton buffer (10 mM MES
pH 6.1, 138 mM KCI, 3 mM MgCl,, 10 mM ethylene glycol-bis(B-
aminoethyl ether)-N,N,N,N-tetraacetic acid [EGTA], and 0.32 M su-
crose) for 10 min. Fixative was removed by three washes with PBS
and unreacted aldehydes were quenched by incubation in 0.1%
sodium borohydride in PBS for 20 min. Quenching was followed by
two PBS rinses before permeabilization with 0.25% Triton X-100 in
PBS for 10 min. After three PBS rinses, dissected gonads were
blocked in 1% BSA, 0.1% Tween-20, and 30 mM glycine in PBS for
1 h before addition of the primary antibody, anti-myosin light-chain
(phospho S20) antibody (Abcam #ab2480), at 2.5 pg/ml in blocking
buffer. Incubation with the primary was done overnight at 4°C fol-
lowed by three PBS washes and incubation with the secondary,
donkey anti-rabbit IgG H&L (DyLight 488) preadsorbed (Abcam
#ab96919) diluted 1:1000 in blocking buffer, for 6 h at room
temperature. After 6 h, 0.4 U/mL Texas Red-X phalloidin in PBS
(InvitrogenA) was added, followed by incubation overnight at 4°C.
Dissected gonads were washed three times in PBS and mounted in
90% glycerol, 20 mM Tris, pH 8.3, on 2% agarose pads.

Confocal microscopy

For time-lapse imaging of ovulation and observations of live or fixed
animals, partially synchronized populations were obtained by egg
prep and animals were grown at 23°C for ~54 h, around the time
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of the first ovulation. Live animals were immobilized with 0.01%
tetramisole and 0.1% tricaine in M9 buffer (Kirby et al., 1990; McCarter
etal., 1997) and mounted on 2% agarose pads or with 0.05 um Poly-
bead microspheres (Polysciences) diluted 1:2 in water and mounted
on 5% agarose pads (Wang and Audhya, 2014). Confocal microscopy
was performed on an LSM 710 confocal microscope (Zeiss) equipped
with Zen software (Zeiss) using a Plan-Apochromat 63x/1.40 oil DIC
M27 objective. A 488-nm laser was used for GFP and DyLight 488,
and a 561 nm laser was used for mKate2 and TexasRed. For movies,
40 or 20 z-slices were acquired at 14- or 10-s intervals for imaging
actin labeled with GFP and MLCK-1 labeled with mKate2, respec-
tively. lllumination of the spermathecae from animals expressing actin
labeled with GFP (GFP::ACT-1) with the 488-nm laser for ~5 min prior
to oocyte entry frequently caused the valve to remain partially closed
during ovulation, increasing oocyte dwell time. Live animals were
imaged for ~ 30 min total. For still images of live and fixed animals
and tissue, z-slices were acquired at 0.38-pm intervals, with each slice
representing the average of two or four scans.

FRAP

Live animals grown at 23°C for ~54 h were immobilized as described
above. Confocal microscopy was performed on an LSM 710 confo-
cal microscope (Zeiss) equipped with Zen software (Zeiss) using the
63x oil objective and the 488-nm laser. Five confocal sections of the
basal cell surface were acquired at 1-s intervals prior to the bleach-
ing step to measure the starting fluorescence intensity, 10 bleaching
scans were preformed using the 488-nm laser at 100% with a pixel
dwell time of 0.95 ps in a 9 by 1.5-um region across the center of
the cell, and 95 images were acquired at 1-s intervals to monitor
fluorescence recovery after bleaching. Analysis of FRAP data was
done using a Jython script in ImageJ. This script allows selection of
a bleached area, the 9 by 1.5-um region, and a region outside of
the bleached area. A region within this same cell was used. This
nonbleached region is used to normalize measurements to account
for photobleaching. With this experimental setup, however, we did
not detect photobleaching of GFP.

Image analysis

ImageJ software was used for all image analysis. Unless otherwise
noted, all images were background-subtracted prior to analysis. For
consistency, all analysis was performed on cells of the main sperma-
thecal bag, unless otherwise noted. For analysis of MLCK-1 dynamics
during ovulation, MLCK-1::mKate2 fluorescence was measured from
confocal maximum intensity projections of ovulation movies at 50- s
intervals. For each measurement, a 20 pixel-wide line was drawn
across one cell. The BAR script Find Peaks was used to detect the
bright MLCK-1::mKate2 signal at the cell edges. The average distance
between the peaks was used to find the cell center and 10 pixels
above and below this central point were measured for the MLCK-
1::mKate2 fluorescence signal, excluding the cell edges. For analysis
of MLCK-1 distribution in fixed samples, a 100 pixel-wide line was
drawn across a single sagittal confocal cross-section and the BAR
script Find Peaks was used to determine fluorescence intensity at the
basal cell surface. To measure p-MRLC intensities, maximum-intensity
projections were generated and F-actin staining was used to distin-
guish individual cells. Individual cells were outlined and fluorescence
intensity in the 488-nm channel corresponding to p-MRLC was mea-
sured. This same strategy was used to quantify p-MRLC in Figure 10,
except that specific regions of the spermatheca were selected rather
than individual cells. For measurements of actin network organiza-
tion, FibrilTool (Boudaoud et al., 2014) was used to quantify actin
anisotropy in selected cells. For movie analysis, maximum-intensity
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projections were generated and FibrilTool was used on individual
cells at 28 s intervals (every other frame). Anisotropy measurements
were normalized by taking the average anisotropy of the first 10
frames measured and subtracting this number from each measure-
ment. OrientationJ (Rezakhaniha et al., 2012), configured using a
Gaussian fit with a pixel size of 2, was used to measure the orientation
distribution of actin bundles in individual cells and to generate color-
coded images where color indicates orientation, hue indicates coher-
ency, and brightness is the brightness of the original image. To deter-
mine actin and myosin distribution, a line with a pixel width of 10 was
drawn across indicated cells to measure actin and myosin fluores-
cence intensity. For colocalization analysis, the ImageJ plug-in Coloc2
was used to measure the Pearson’s R value of selected cells. To mea-
sure the apical and basal distribution of GFP-labeled myosin, a 20
pixel-wide line was drawn across a single sagittal cross-section. The
BAR script Find Peaks was used to detect bright GFP signals at
the basal and apical cell surfaces. In spermathecae of WT animals, if
the apical GFP signal was not above background and no peak was
detected, the apical surface was determined manually. The average
distance between the apical and basal peaks was used to find the
center of the cell. The average of five pixels above and below this
central point was measured for the cytosolic GFP signal, to which the
apical and basal measurements were normalized.

Statistical analysis

Al statistical analysis was performed with GraphPad Prism software.
To compare two unpaired groups, the unpaired t test was used to
determine whether the difference between the means of two data
sets was significant when data had a normal distribution, and
Welch's correction was included if the different treatments were ex-
pected to have different standard deviations. To compare three or
more unmatched groups, ordinary one-way analysis of variance
(ANOVA) was performed with either a Dunnett’s multiple compari-
son or a Tukey’s multiple comparison test as necessary. The Mann—
Whitney test was used when data did not have a normal distribu-
tion. All trapping data were analyzed using Fisher’s exact test. In all
cases, the statistical test used and the resulting p values, indicated
by symbols as ns (p > 0.05), *(p < 0.05), **(p < 0.01), ***(p < 0.001),
and ****(p < 0.0001), are noted in each figure caption.
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