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Abstract

The calponin family proteins are expressed in both muscle and non-muscle cells and involved 

in the regulation of cytoskeletal dynamics and cell contractility. In the nematode Caenorhabditis 
elegans, UNC-87 and CLIK-1 are calponin-related proteins with 42 % identical amino acid 

sequences containing seven calponin-like motifs. Genetic studies demonstrated that UNC-87 and 

CLIK-1 have partially redundant function in regulating actin cytoskeletal organization in striated 

and non-striated muscle cells. However, biochemical studies showed that UNC-87 and CLIK-1 are 

different in their ability to bundle actin filaments. In this study, I extended comparison between 

UNC-87 and CLIK-1 and found additional differences in vitro and in vivo. Although UNC-87 

and CLIK-1 bound to actin filaments similarly, UNC-87, but not CLIK-1, bound to myosin and 

inhibited actomyosin ATPase in vitro. In striated muscle, UNC-87 and CLIK-1 were segregated 

into different subregions within sarcomeric actin filaments. CLIK-1 was concentrated near the 

actin pointed ends, whereas UNC-87 was enriched towards the actin barbed ends. Restricted 

localization of UNC-87 was not altered in a clik-1-null mutant, suggesting that their segregated 

localization is not due to competition between the two related proteins. These results suggest 

that the two calponin-related proteins have both common and distinct roles in regulating actin 

filaments.
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Introduction

The calponin family proteins, including calponins and calponin-related proteins, are 

expressed widely in muscle and non-muscle cells and involved in the regulation of cell 

contractility and cytoskeletal stability (Carmichael, Winder, Walsh, & Kargacin, 1994; 

Gimona, Djinovic-Carugo, Kranewitter, & Winder, 2002; Hsieh & Jin, 2023; J. Liu, Zhang, 

Li, & Wang, 2020; R. Liu & Jin, 2016; S. Ono, 2021; Rozenblum & Gimona, 2008; Wu & 
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Jin, 2008). The most extensively characterized member of the calponin family is vertebrate 

smooth muscle calponin (also known as calponin 1 or CNN1) that directly binds to actin 

filaments and inhibits actomyosin ATPase (Abe, Takahashi, & Hiwada, 1990; Takahashi, 

Hiwada, & Kokubu, 1988; Winder & Walsh, 1990). This family of proteins contain variable 

number of calponin-like (CLIK) motifs acting as actin-binding sequences (Kranewitter, 

Ylanne, & Gimona, 2001; Takahashi & Nadal-Ginard, 1991). Transgelins (also designated 

by various names such as SM22, NP25, Drosophila Mp20, and yeast Scp1) contain only 

one CLIK motif (Ayme-Southgate, Lasko, French, & Pardue, 1989; Prinjha et al., 1994; Ren 

et al., 1994; Solway et al., 1995; Winder, Jess, & Ayscough, 2003), whereas vertebrate 

calponins contain three CLIK motifs (Takahashi & Nadal-Ginard, 1991). Comparative 

studies indicate that the number of CLIK motifs of these proteins correlates with their 

strength to stabilize actin filaments in cultured cells (Gimona, Kaverina, Resch, Vignal, & 

Burgstaller, 2003; Lener, Burgstaller, & Gimona, 2004). Interestingly, some invertebrates 

have proteins with highly expanded repeats of CLIK motifs (up to 23 repeats in mollusks) 

(S. Ono, 2021), suggesting that the difference in the number of CLIK motifs is one of the 

mechanisms to adapt the calponin family proteins to different biological functions. However, 

many species have multiple calponin family isoforms with similar molecular features, and 

whether these isoforms have different or similar functions remains largely unclear.

The nematode Caenorhabditis elegans has six genes encoding calponin-related proteins 

with variable molecular features (S. Ono, 2021). Among them, the unc-87 gene encodes 

a calponin-related protein with seven CLIK motifs (Goetinck & Waterston, 1994a), which 

bundles actin filaments (Kranewitter et al., 2001), protects actin filaments from severing 

by actin depolymerizing factor/cofilin (Yamashiro, Gimona, & Ono, 2007), and inhibits 

actomyosin ATPase (K. Ono, Obinata, Yamashiro, Liu, & Ono, 2015). Mutations in unc-87 
cause disorganization of sarcomeric actin filaments in the body wall muscle by affecting 

the maintenance rather than initial assembly of sarcomeres (Goetinck & Waterston, 1994b). 

C. elegans also has the clik-1 gene encoding a calponin-related protein with seven CLIK 

repeats (S. Ono & Ono, 2020; Wang, Park, Liu, & Sternberg, 2018). UNC-87 and CLIK-1 

share similar molecular features with 42 % identity in their amino acid sequences containing 

seven CLIK motifs (S. Ono & Ono, 2020). Both UNC-87 and CLIK-1 are expressed 

in the body wall muscle and somatic gonad and partially redundant in the regulation of 

contractility and actin organization in these tissues (K. Ono et al., 2015; S. Ono & Ono, 

2020), suggesting that these proteins have overlapping functions in vivo. However, in in 
vitro experiments, UNC-87 bundles actin filaments (Kranewitter et al., 2001; Yamashiro et 

al., 2007), whereas CLIK-1 binds to actin filaments without bundling them (S. Ono & Ono, 

2020), suggesting that these proteins also have different biological roles. In this study, I 

extended the comparative studies of UNC-87 and CLIK-1 in vitro and in vivo and found 

additional similarities and differences between these related proteins. Notably, they have 

different effects on myosin binding and actomyosin ATPase in vitro and localize to different 

subregions within sarcomeric actin filaments in vivo. These results suggest that UNC-87 and 

CLIK-1 have both common and distinct regulatory roles for the actin cytoskeleton.
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Results

UNC-87, but not CLIK-1, inhibits actomyosin ATPase

To better understand the biochemical similarities and differences between UNC-87 and 

CLIK-1, I compared the modes of their interactions with actin under three different in 
vitro conditions. First, their binding to actin filaments was tested in the presence of various 

concentrations of potassium chloride (Fig. 1), because many actin-binding proteins bind to 

actin filaments electrostatically such that their actin binding is weakened in the presence of 

high salt. For example, tropomyosin can be dissociated from actin filaments in the presence 

of 0.6 M potassium chloride (S. Ono & Ono, 2002). Actin filaments were incubated 

with UNC-87 or CLIK-1 in the presence of 0.1 – 0.6 M potassium chloride, and their 

binding was examined by co-sedimentation assays. The amounts of UNC-87 or CLIK-1 that 

co-sedimented with F-actin were not significantly different at all tested salt concentrations 

(Fig. 1). Therefore, UNC-87 and CLIK-1 were similarly insensitive to high-salt conditions 

in actin binding, suggesting that hydrophobic interactions are involved in their binding.

Second, their actin-filament binding was tested in the presence of various concentrations 

of inorganic phosphate (Pi) (Fig. 2). Inorganic phosphate binds to ADP-actin subunits 

within the filaments to generate the ADP-Pi state that is structurally distinct from the 

ADP state (Carlier & Pantaloni, 1988; Chou & Pollard, 2019; Merino et al., 2018), which 

can affect actin binding of actin depolymerizing factor/cofilin (Blanchoin & Pollard, 1999; 

Carlier et al., 1997; Muhlrad, Pavlov, Peyser, & Reisler, 2006; S. Ono & Benian, 1998) 

and coronin (Cai, Makhov, & Bear, 2007; Gandhi, Achard, Blanchoin, & Goode, 2009; 

Ge, Durer, Kudryashov, Zhou, & Reisler, 2014). Actin filaments were incubated with 

UNC-87 or CLIK-1 in the presence of 0 – 25 mM Pi, and their binding was examined 

by co-sedimentation assays. The amounts of UNC-87 or CLIK-1 that co-sedimented with 

F-actin were not significantly different at all tested phosphate concentrations (Fig. 2). The 

results indicate that both UNC-87 and CLIK-1 binds to F-actin similarly in either ADP or 

ADP-Pi state.

Third, competition between UNC-87 and CLIK-1 for F-actin binding was examined at 

different nucleotide states of F-actin (Fig. 3). UNC-87 and CLIK-1 were mixed at various 

ratios (total concentrations of UNC-87 plus CLIK-1 were fixed at 5 μM) and tested 

for their binding to F-actin by co-sedimentation assays at the ADP, ADP-Pi, or adenylyl-

imidodiphosphate (AMPPNP; a non-hydrolysable ATP analog) state (Fig. 3A). Then, ratios 

of CLIK-1 and UNC-87 in the F-actin-bound pellet fractions were quantified [shown as 

CLIK-1 in pellet (%) in Fig. 3B]. In the ADP state, CLIK-1 was less preferentially bound 

to F-actin than UNC-87 (Fig. 3B, triangles). However, in the ADP-Pi or AMPPNP state, 

the preference for UNC-87 in F-actin binding was much less evident, and CLIK-1 was 

only slightly less favorably bound to F-actin than UNC-87 (Fig. 3B circles and squares). 

Therefore, when both UNC-87 and CLIK-1 are present, UNC-87 binds to F-actin slightly 

better than CLIK-1 in the ADP state but not in the ADP-Pi or ATP (as suggested from the 

AMPPNP actin) state.

Fourth, the effects of UNC-87 and CLIK-1 on myosin were compared (Fig. 4). As 

previously demonstrated (K. Ono et al., 2015), UNC-87 bound to myosin in the co-
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sedimentation assays (Fig. 4A). When a constant concentration of UNC-87 was incubated 

with increasing concentrations of myosin, UNC-87 was shifted from the supernatants 

to pellets by co-sedimentation with myosin (Fig. 4A and C). However, under the same 

conditions, CLIK-1 mostly remained in the supernatants even in the presence of myosin 

(Fig. 4B and C), indicating that CLIK-1 poorly bound to myosin. We next compared the 

effects of UNC-87 and CLIK-1 on actomyosin ATPase (Fig. 4D). The myosin ATPase was 

activated in the presence of F-actin (Fig. 4D). At 3 μM, CLIK-1 did not have a significant 

effect on the actin-activated myosin ATPase activity, whereas UNC-87 partially inhibited the 

ATPase activity (Fig. 4D), as demonstrated previously (K. Ono et al., 2015). Moreover, an 

excess amount of CLIK-1 (up to 6 μM) failed to release the inhibitory effect of UNC-87 

(Fig. 4D). Therefore, although UNC-87 and CLIK-1 compete for F-actin binding (S. Ono & 

Ono, 2020), they have distinct effects on actomyosin ATPase because of different affinities 

for myosin.

Endogenous tagging of CLIK-1 with GFP does not alter sarcomeres and worm motility

To localize CLIK-1 in vivo, I used a previously reported strain that had been modified to 

tag endogenous CLIK-1 with green fluorescent protein (GFP) by CRISPR/Cas9-mediated 

genome editing (S. Ono & Ono, 2020). Effects of GFP tagging on the function of CLIK-1 

were tested in sarcomeric F-actin organization and worm motility (Fig. 5, Fig. S1). In 

wild-type background, CLIK-1::GFP did not alter the sarcomeric pattern of F-actin (Fig. 

5A, compare top two rows). However, due to functional redundancy between unc-87 and 

clik-1, the clik-1 loss-of-function phenotypes appear only in unc-87 mutants (S. Ono & 

Ono, 2020). Therefore, CLIK-1::GFP was homozygously combined with unc-87(e1216), 
a loss-of-function allele (Goetinck & Waterston, 1994a), but no detectable enhancement 

in disorganization of sarcomeric F-actin was observed (Fig. 5A, compare bottom two 

rows). The localization pattern of CLIK-1::GFP in unc-87 was very similar to that of 

F-actin in both disorganized sarcomeres and aggregates (Fig. 5A, bottom row). Furthermore, 

worm motility, as an indication of muscle contractility, was not significantly altered by 

CLIK-1::GFP in both wild-type and unc-87 backgrounds (Fig. 5B). These results suggest 

that endogenous tagging of CLIK-1 with GFP does not significantly alter the function of 

CLIK-1.

CLIK-1 and UNC-87 are segregated into different subdomains in sarcomeric actin filaments

In our previous studies, we reported that both UNC-87 and CLIK-1 co-localized with actin 

filaments in the body wall muscle (S. Ono & Ono, 2020; Yamashiro et al., 2007). However, 

I obtained evidence that UNC-87 and CLIK-1 are segregated into different subdomains in 

sarcomeric actin filaments in the body wall muscle (Fig. 6, Fig. S2). In immunofluorescence 

microscopy using anti-UNC-87 antibody, UNC-87 co-localized with actin in sarcomeres 

(Fig. 6A). In our immunofluorescent staining for actin using anti-actin monoclonal or 

polyclonal antibody, a portion of sarcomeric actin near the pointed ends are not stained well 

as reported previously (S. Ono, Lewis, & Ono, 2022). Therefore, closely matched patterns of 

UNC-87 and actin in immunostaining (Fig. 6A) indicated that UNC-87 was also absent from 

the edges of sarcomeric actin where the pointed ends of actin filaments were concentrated. 

In contrast to UNC-87, CLIK-1::GFP was concentrated in sharp lines at the edges of 

phalloidin-stained sarcomeric actin filaments (Fig. 6B). A similar localization pattern of 
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CLIK-1::GFP was also observed in live worms without fixation, and its concentration to 

the edges of sarcomeric actin bands was confirmed by comparing with the pattern of 

mCherry::LifeAct (Fig. 6C), indicating that the localization of CLIK-1::GFP was not an 

artifact of fixation.

Furthermore, CLIK-1::GFP was not colocalized with ATN-1 α-actinin, which is 

concentrated at the dense bodies near the barbed ends of actin filaments (Fig. 7A, Fig. 

S3), suggesting that CLIK-1::GFP localized near the pointed ends of actin filaments. 

Unfortunately, the linear localization pattern of CLIK-1::GFP was not preserved well under 

fixation conditions optimized for immunostaining of UNC-87. However, in some instances, 

although the image quality was not optimal, I obtained images suggesting that UNC-87 and 

CLIK-1::GFP were segregated into different subdomains within sarcomeric actin filaments 

(Fig. 7B, Fig. S3). These results demonstrate that the two calponin-related proteins, CLIK-1 

and UNC-87, are segregated within sarcomeric actin filaments in C. elegans striated muscle. 

Since CLIK-1::GFP was localized near the pointed ends of sarcomeric actin filaments (Fig. 

6), the location of CLIK-1::GFP was compared with that of UNC-94 tropomodulin that 

localizes to the pointed ends of sarcomeric actin filaments in the C. elegans body wall 

muscle (Stevenson et al., 2007; Yamashiro, Cox, Baillie, Hardin, & Ono, 2008) (Fig. 7C, 

Fig. S3). Comparison of the locations of CLIK-1::GFP and UNC-94 indicated that an 

overlap between these two proteins was minimum (Fig. 7C), suggesting that CLIK-1 is 

enriched near the pointed ends of sarcomeric actin filaments but not extended to the pointed 

ends. Note that UNC-94 appeared as single lines because the pointed ends of the two half 

sarcomeres are closely located in fixed worms due to contraction. Similarly, tropomodulin 

appears as single lines in fixed vertebrate muscle cells (Almenar-Queralt, Gregorio, & 

Fowler, 1999; Gregorio & Fowler, 1995), and separation of two opposing pointed ends can 

be observed when resting myofibrils are stretched (Fowler, Sussmann, Miller, Flucher, & 

Daniels, 1993).

Limited localization of UNC-87 is independent of CLIK-1

A possible mechanism for the segregated localization of UNC-87 and CLIK-1 is their 

competitive binding to actin in vivo because UNC-87 and CLIK-1 compete for binding 

to actin filaments in vitro (S. Ono & Ono, 2020). To test this possibility, I examined 

localization pattern of UNC-87 in a putative clik-1-null mutant [clik-1(ok2355)], in which a 

deletion of 1 kb removes a major portion of the clik-1 gene. clik-1(ok2355) homozygotes do 

not exhibit abnormalities in sarcomeric actin organization in the body wall muscle (S. Ono 

& Ono, 2020). UNC-87 was still restricted to the proximal portion of the sarcomeric actin 

filaments in the clik-1 mutant (Fig. 8B, Fig. S4) in a similar manner to the pattern in wild-

type (Fig. 8A, Fig. S4). An opposite experiment to test localization of CLIK-1 in unc-87 
mutants was not conclusive due to severe disorganization of sarcomeric actin filaments 

in the mutants (Fig. 5). Nevertheless, these results suggest that segregated localization of 

UNC-87 and CLIK-1 is not caused by their competitive binding to actin filaments.
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Live imaging of CLIK-1::GFP indicates the contraction states of obliquely striated 
sarcomeres

Additional evidence for the localization of CLIK-1 near the pointed ends of sarcomeric actin 

filaments was obtained by live imaging of CLIK-1::GFP at different contraction states of 

the body wall muscles (Fig. 9). The worms expressing CLIK-1::GFP were embedded in a 

Pluronic F127 gel that restricts body movement (Krajniak & Lu, 2010). However, in the 

absence of anesthetics, worms can slightly wiggle within the gel. Since worms move in a 

sinusoidal bending pattern, we could simply identify the concave side of the body as the 

contracted state (Fig. 9A) and the convex side as the relaxed and stretched state (Fig. 9F). 

At a contracted state, single lines of CLIK-1::GFP were detected (Fig. 9A and B, arrows). 

As the muscle cells were relaxed, many lines of CLIK-1::GFP were split into double 

lines (Fig. 9C–F, arrows). Previous immunolocalization studies of UNC-94 tropomodulin 

in C. elegans body wall muscle indicate that UNC-94 tropomodulin at the pointed ends 

of two opposite thin filaments can coalesce near the M-lines at a contracted state (S. Ono 

et al., 2022; Stevenson et al., 2007; Yamashiro et al., 2008). Therefore, the transition of 

CLIK-1::GFP from single to double lines during muscle relaxation is consistent with the 

location of CLIK-1 at a portion of the sarcomeric thin filaments near the actin pointed 

ends, as interpreted schematically in Fig. 10. Because of the obliquely striated nature of the 

sarcomeres in the nematode body wall muscle (Burr & Gans, 1998; Moerman & Fire, 1997; 

S. Ono, 2014; Rosenbluth, 1965, 1967; Waterston, 1988) (Fig. 10), the separation of the 

CLIK-1::GFP lines in a relaxed/stretched sarcomere does not appear as wide as the actual 

distance between the two opposite thin filaments (Fig. 10C).

Discussion

In addition to the previously described in vitro similarities and differences between CLIK-1 

and UNC-87, my current study demonstrates that these proteins are similarly insensitive to 

high-salt and inorganic phosphate in actin binding but have different effects on actomyosin 

ATPase. CLIK-1 and UNC-87 share 42 % identical amino acid sequences containing seven 

CLIK motifs (S. Ono & Ono, 2020). Therefore, the observed similarities in the mode of 

actin binding were expected. However, the differences in actin bundling activity (S. Ono 

& Ono, 2020) and effects on actomyosin ATPase (this study) were unexpected. Sequence 

comparison among CLIK motifs indicates that the fifth, sixth, and seventh CLIK motifs 

of CLIK-1 contain somewhat diverged sequences (S. Ono & Ono, 2020). Therefore, these 

CLIK motifs of CLIK-1 may bind to actin with low affinity and not participate in actin-

filament bundling and actomyosin regulation. Since how CLIK motifs interact with actin is 

currently unknown, further comparative biochemical studies of CLIK motifs should help to 

understand how different calponin-related proteins regulate the actin cytoskeleton.

The difference between CLIK-1 and UNC-87 in the effects on actomyosin ATPase and 

myosin binding may be functionally related to their segregated localization in sarcomeric 

actin filaments. CLIK-1 is concentrated near the pointed ends of sarcomeric actin filaments 

and can reach near the center of sarcomeres at a contracted state (Figs. 6 and 7). 

Therefore, the location of CLIK-1 may correspond to the bare zone of thick filaments 

where myosin heads are absent and no actomyosin cross-bridges are formed (Kagawa, 
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Gengyo, McLachlan, Brenner, & Karn, 1989). In contrast, UNC-87 localizes to the region 

where actin and myosin frequently interact. Although the role of UNC-87 as an inhibitor 

of actomyosin ATPase is currently unclear, nebulin, a thin-filament protein in vertebrate 

striated muscles, also inhibits actomyosin ATPase (Root & Wang, 1994, 2001) and is 

absent from the tips of sarcomeric actin filaments near the pointed ends (Castillo, Nowak, 

Littlefield, Fowler, & Littlefield, 2009). Thus, UNC-87 may be functionally similar to 

nebulin in actomyosin regulation.

The segregated localization of CLIK-1 and UNC-87 suggest that sarcomeric thin filaments 

contain previously unrecognized subdomains (Fig. 10), which might be analogous to a 

two-segment model that was proposed for skeletal muscle thin filaments (Gokhin & Fowler, 

2013). In this model, the sarcomeric architecture of thin filaments is regulated by a 

nebulin-stabilized proximal segment and a nebulin-free distal segment where actin is more 

dynamic (Gokhin & Fowler, 2013). Since nebulin is absent in C. elegans, UNC-87 may be 

functionally similar to nebulin to generate a stable segment of thin filaments. CLIK-1 is 

less efficient than UNC-87 in inhibiting actin depolymerizing factor/cofilin (S. Ono & Ono, 

2020), suggesting that the CLIK-1-localized distal portion may allow dynamic exchange of 

actin monomers. The nucleotide states of F-actin may promote, but not strongly regulate, 

sorting of UNC-87 and CLIK-1 (Fig. 3). In striated muscles, a number of actin-regulatory 

proteins are expressed and influence localization patterns of thin-filament proteins (S. Ono, 

2010, 2014). For example, α-actinin is restricted near the actin barbed ends at the Z-discs 

(Masaki, Endo, & Ebashi, 1967), whereas tropomyosin binds along the sarcomeric thin 

filaments except at the Z-disc regions (Pepe, 1966). This segregation is most likely due 

to their competitive binding to actin filaments (Drabikowski, Nonomura, & Maruyama, 

1968; Drabikowski & Nowak, 1968). Similarly, in invertebrate muscles, kettin, a connectin/

titin-related protein, is associated with sarcomeric actin filaments near the actin barbed ends 

due to competition with tropomyosin (Lakey et al., 1993; K. Ono, Qin, Johnsen, Baillie, & 

Ono, 2020; K. Ono, Yu, Mohri, & Ono, 2006; van Straaten et al., 1999). Likewise, there may 

be an unknown factor(s) that regulates segregation of UNC-87 and CLIK-1.

The nature of a subdomain of sarcomeric thin filaments near the actin pointed ends remains 

unclear. Drosophila SALS, a WH2-containing protein, transiently localizes near the actin 

pointed ends in developing sarcomeres (Bai, Hartwig, & Perrimon, 2007). In mouse cardiac 

muscle, the Fhod3 formin localizes near the actin pointed ends in mature sarcomeres 

(Fujimoto et al., 2016; Kan-o et al., 2012). Leiomodins are also enriched near, but not 

at, the actin pointed ends in vertebrate striated muscles (Fowler & Dominguez, 2017). 

As proposed in the two-segment model, this region may be a segment of sarcomeric thin 

filaments with relatively rapid actin dynamics (Gokhin & Fowler, 2013). Since sarcomeric 

actin filaments can elongate at the pointed ends (Littlefield, Almenar-Queralt, & Fowler, 

2001; Mardahl-Dumesnil & Fowler, 2001; Tsukada et al., 2010), a portion of the filaments 

near the pointed ends may contain relatively newly polymerized actin subunits that may 

be different in the nucleotide states (Chou & Pollard, 2019; Merino et al., 2018) and/or 

conformation (Huang, Grabarek, & Wang, 2010; Kueh, Brieher, & Mitchison, 2008; Orlova 

et al., 2004) from actin subunits in the older parts of the filaments, which can recruit a 

distinct set of actin-binding proteins. To understand the nature of this subdomain/segment 
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and its biological significance, additional investigation to identify proteins that uniquely 

accumulate at this region should be necessary.

Materials and Methods

Proteins

Actin was purified from rabbit muscle acetone powder (Pel-Freeze Biologicals) as described 

(Pardee & Spudich, 1982). To prepare ADP-actin filaments, CaATP-G-actin was converted 

to MgATP-G-actin by incubating with 1 mM glucose and 0.25 units/mL of hexokinase 

(Worthington Biochemical, catalog no. LS002515) as described by Courtemanche and 

Pollard (Courtemanche & Pollard, 2013) and polymerized by adding final 0.1 M KCl, 

2 mM MgCl2, and 1 mM EGTA overnight at 4 °C. To prepare ADP-Pi-actin filaments, 

MgATP-G-actin was polymerized by adding final 0.1 M KCl, 2 mM MgCl2, 25 mM 

inorganic phosphate (potassium phosphate, pH 7.5), and 1 mM EGTA overnight at 4 °C. To 

prepare AMPPNP-actin filaments, CaATP-G-actin was converted to MgAMPPNP-G-actin 

by removing nucleotides by Dowex 1X8 resin and incubating with 1 mM AMPPNP 

(MilliporeSigma, catalog no. 10102547001) for 30 min at room temperature as described 

by Courtemanche and Pollard (Courtemanche & Pollard, 2013) and polymerized by adding 

final 0.1 M KCl, 2 mM MgCl2, and 1 mM EGTA overnight at 4 °C. Recombinant UNC-87 

(the UNC-87B isoform) (Kranewitter et al., 2001) and CLIK-1 (S. Ono & Ono, 2020) were 

expressed in Escherichia coli and purified as described previously. Rabbit skeletal muscle 

myosin (Obinata & Sato, 2012) was a gift from Dr. Takashi Obinata (Chiba University, 

Chiba, Japan).

F-actin co-sedimentation assays

Filamentous actin (5 or 10 μM) was incubated with proteins of interest in F-buffer (0.1 

M KCl, 2 mM MgCl2, 20 mM HEPES-KOH, pH 7.5, 1 mM DTT) with variable KCl or 

Pi concentrations at room temperature. The samples were ultracentrifuged at 42,000 rpm 

(200,000 × g) for 20 min using a Beckman 42.2Ti rotor. Supernatants and pellets were 

separated, adjusted to the same volumes, and examined by SDS–PAGE (12% acrylamide 

gel) with molecular weight markers (Nacalai USA, catalog no. 29458–24). The gels were 

stained with Coomassie Brilliant Blue R-250 (National Diagnostics) and scanned by an 

Epson Perfection V700 scanner at 300 dpi. Band intensity was quantified with ImageJ.

Myosin co-sedimentation assays

Myosin (0 – 10 μM) was incubated with a fixed concentration (2 μM) of UNC-87 or CLIK-1 

in a buffer containing 30 mM KCl, 1 mM MgCl2, 1 mM DTT, and 20 mM HEPES-KOH, 

pH 7.5, for 1 h at room temperature. The reactions were centrifuged at 247,000 × g for 

20 min using a Beckman TLA-100 rotor. The supernatants and pellets were fractionated, 

adjusted to the same volumes, and analyzed by SDS–PAGE. Quantitative analysis was 

done in the same manner as described for F-actin co-sedimentation assays except that 

the sedimented portions were calculated from depletion of UNC-87 or CLIK-1 from the 

supernatants. Myosin-independent sedimentation of UNC-87 or CLIK-1 was determined in 

the absence of myosin and subtracted from the data.
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Myosin ATPase assays

Myosin ATPase activity was determined as described previously (Obinata & Sato, 2012) 

except that inorganic phosphate was quantitatively determined using BIOMOL® Green 

(ENZO Life Sciences). Experiments were performed in a modified buffer containing 50 mM 

KCl, 1 mM MgCl2, and 20 mM imidazole-HCl, pH 7.5. Myosin was used at 0.4 μM. Actin 

(1.0 μM), CLIK-1 and/or UNC-87 were added in some reactions.

C. elegans strains and culture

The worms were cultured following standard methods (Stiernagle, 2006). Wild-type N2 

and CB1216 unc-87(e1216) were obtained from the Caenorhabditis Genetics Center 

(Minneapolis, MN). ON352 clik-1(kt1 [clik-1::gfp]) and ON225 clik-1(ok2355) were 

described previously (S. Ono & Ono, 2020). KAG190 Ex[Pmyo-3::mCherry::LifeAct; 
Pmyo-2::mCherry] (Brouilly et al., 2015) was obtained from Kathrin Gieseler (University 

of Lyon, Villeurbanne, France) and crossed with ON352 to generate ON383 clik-1(kt1 
[clik-1::gfp]); Ex[Pmyo-3::mCherry::LifeAct; Pmyo-2::mCherry]. ON390 unc-87(e1216); 
clik-1(kt1 [clik-1::gfp]) was generated by crossing CB1216 and ON352 and isolating 

homozygotes.

Motility assay

Worm motility (beat frequency) in liquid was quantified as described previously (Epstein & 

Thomson, 1974; S. Ono, Baillie, & Benian, 1999). Briefly, adult worms were placed in M9 

buffer. Then, one beat was counted when a worm swung its head to either right or left. The 

total number of beats in 30 s was recorded.

Fluorescence microscopy

Staining of whole worms with ATTO594–phalloidin (MilliporeSigma) was performed 

as described previously (S. Ono, 2001, 2022). Immunofluorescent staining of UNC-87, 

UNC-94, and actin (Fig. 6A, Fig. 7C, Fig. 8) was performed with the method of Nonet 

et al. (Nonet et al., 1997). Other immunofluorescent staining experiments (Fig. 7A, B) 

were performed with the freeze-crack method as described previously (K. Ono et al., 

2020). Briefly, adult worms were anesthetized by 0.1 % tricaine and 0.01 % levamisole 

and cut in half using a pair of 28-gauge needles on polylysine-coated glass slides. Glass 

coverslips were overlaid on cut worms, frozen by dry ice, and then removed while they 

were frozen using a razor blade. They were immediately fixed by 4% paraformaldehyde 

in 1× cytoskeleton buffer (10 mm MES-KOH, pH 6.1, 138 mM KCl, 3 mM MgCl2, 2 

mM EGTA) containing 0.32 M sucrose for 30 min at room temperature, permeabilized 

by PBS containing 0.5 % Triton X-100 and 30 mM glycine (PBS-TG) for 10 min, and 

stained with primary antibodies and ATTO647N-phalloidin (MilliporeSigma) in PBS with 

1 % bovine serum albumin for 1 h at room temperature. They were washed three times 

with PBS (5 min each), treated with fluorescently labeled secondary antibodies in PBS 

with 1 % bovine serum albumin for 1 h, washed with PBS and mounted with ProLong 

Gold Antifade Mounting Medium (Thermo Fisher, Waltham, MA, USA). Primary antibodies 

used were mouse anti-actin monoclonal (C4, MP Biomedicals), guinea pig anti-UNC-87 

(Yamashiro et al., 2007), mouse anti-GFP monoclonal (GF200, Nacalai USA), rabbit anti-
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UNC-94 (Yamashiro et al., 2008), and mouse anti-ATN-1 monoclonal (MH40) (Francis & 

Waterston, 1985). Secondary antibodies used were Alexa 488-labeled goat anti-mouse IgG 

(Life Technologies), Alexa 488-labeled goat anti-guinea pig IgG (Life Technologies), Alexa 

555-labeled goat anti-guinea pig IgG (Life Technologies), Cy3-labeled goat anti-mouse IgG 

(Jackson ImmnoResearch), and Cy3-labeled goat anti-rabbit IgG (Jackson ImmnoResearch).

Live worms were either anesthetized in M9 buffer containing 0.1% tricaine and 0.01% 

tetramisole for 30 min on 2% agarose pads (Fig. 6C) or embedded in 30 % Pluronic F127 

(BioVision Inc.) in M9 buffer without anesthetics (Fig. 9).

Samples were observed by epifluorescence using a Nikon Eclipse TE2000 inverted 

microscope (Nikon Instruments, Tokyo, Japan) with a CFI Plan Fluor ELWD 40× (dry; 

NA 0.60) or CFI Plan Apo Lambda 100x (oil, NA 1.45) objective. Images were captured 

by a Hamamatsu ORCA Flash 4.0 LT sCMOS camera (Hamamatsu Photonics, Shizuoka, 

Japan) and processed by NIS-Elements (Nikon Instruments) and Adobe Photoshop CS3. 

Line scans of fluorescent images were performed using ImageJ. In some datasets, baselines 

of fluorescence intensity were adjusted such that multiple fluorophores could be compared 

within a similar range.

Statistics

Data were tested by one-way analysis of variance (ANOVA) using SigmaPlot 14.5. (Systat 

Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Binding of UNC-87 or CLIK-1 to actin filaments is insensitive to potassium chloride 

concentrations. UNC-87 or CLIK-1 at 2 μM was incubated with 5 μM F-actin in the 

presence of 0.1 – 0.6 M KCl for 1 h and ultracentrifuged. Supernatants and pellets were 

separated and examined by SDS-PAGE. Molecular mass markers (M) in kDa are shown 

on the left. Positions of UNC-87, CLIK-1, and actin are indicated on the right. Relative 

amounts of actin-bound UNC-87 (black circles) or CLIK-1 (white circles) were quantified 

by densitometry and plotted as a function of KCl concentrations. Three independent 

experiments were performed and plotted as average ± standard deviation.
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Figure 2. 
Binding of UNC-87 or CLIK-1 to actin filaments is insensitive to inorganic phosphate 

concentrations. UNC-87 or CLIK-1 at 2 μM was incubated with 5 μM F-actin in the 

presence of 0 – 25 mM inorganic phosphate (Pi; in the form of sodium phosphate, pH 

7.5) for 1 h and ultracentrifuged. Supernatants and pellets were separated and examined 

by SDS-PAGE. Molecular mass markers (M) in kDa are shown on the left. Positions of 

UNC-87, CLIK-1, and actin are indicated on the right. Relative amounts of actin-bound 

UNC-87 (black circles) or CLIK-1 (white circles) were quantified by densitometry and 

plotted as a function of Pi concentrations. Three independent experiments were performed 

and plotted as average ± standard deviation.
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Figure 3. 
UNC-87 is more preferentially bound to F-actin than CLIK-1 in the ADP, but not ADP-Pi 

or AMPPNP, state. (A) UNC-87 and CLIK-1 were mixed at total 5 μM (percentages in each 

mixture are indicated on the top of the gels), incubated with 10 μM F-actin in ADP (top), 

ADP-Pi (middle), or AMPPNP (bottom) state for 1 h, and ultracentrifuged. Supernatants and 

pellets were separated and examined by SDS-PAGE. Molecular mass markers (M) in kDa 

are shown on the left. Positions of UNC-87, CLIK-1, and actin are indicated on the right. (B) 

Molar ratios of UNC-87 and CLIK-1 in the pellet fractions were quantified by densitometry, 

and percentages of CLIK-1 in pellets were plotted. A dashed line indicates theoretical 

percentages of CLIK-1 in pellets (%) when UNC-87 and CLIK-1 binds to F-actin with 
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the same affinity. Three independent experiments were performed and plotted as average ± 

standard deviation. *, p < 0.05.

Ono Page 18

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
UNC-87, but not CLIK-1, binds to myosin and inhibits actomyosin ATPase. (A, B) Rabbit 

muscle myosin (0 – 10 μM) was incubated with 2 μM of UNC-87 (A) or CLIK-1 (B) for 1 h 

and ultracentrifuged. Supernatants and pellets were separated and examined by SDS-PAGE. 

Molecular mass markers (M) in kDa are shown on the left. Positions of myosin heavy chain 

(MHC), myosin light chains (MLC), UNC-87, and CLIK-1 are indicated on the right. (C) 

Relative amounts of myosin-bound UNC-87 (black circles) or CLIK-1 (white circles) in the 

pellets were quantified by densitometry and plotted as a function of myosin concentrations. 

Data are average ± standard deviation from three independent experiments. (D) ATPase 

activity (arbitrary unit) of rabbit muscle myosin (0.4 μM) was determined in the absence or 
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presence of 1.0 μM actin, 1.5 – 6.0 μM UNC-87 and/or 3 μM CLIK-1. Data are average ± 

standard deviation from three independent experiments. NS, not significant. ***, p < 0.001.
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Figure 5. 
Tagging of endogenous CLIK-1 with GFP does not disturb sarcomere organization and 

worm motility. (A) Sarcomeric F-actin organization was examined by staining worms with 

ATTO594-labeled phalloidin. Worms without or with a GFP tag on endogenous CLIK-1 

(CLIK-1::GFP) in wild-type or unc-87(e1216) background were tested. Merged images of 

GFP (green) and F-actin (red) are shown. Bar, 20 μm. (B) Worm motility was quantitatively 

measured as number of beats per 30 s. n = 10. Boxes represent the range of the 25th and 

75th percentiles, with the medians marked by solid horizontal lines, and whiskers indicate 

the 10th and 90th percentiles. n.s., not significant. A green-magenta version of this figure is 

presented in Figure S1.

Ono Page 21

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
UNC-87 and CLIK-1 are segregated within sarcomeric actin filaments in the body wall 

muscle. Locations of UNC-87 (A) and CLIK-1 (B, C) were compared by fluorescence 

microscopy: (A) UNC-87 (antibody-stained) and actin (antibody-stained); (B) CLIK-1::GFP 

(fixed, no additional staining) and F-actin (phalloidin-stained); (C) CLIK-1::GFP (no 

fixation, no additional staining) and mCherry::LifeAct (no fixation, no additional staining). 

Bars, 5 μm. Regions indicated by white lines in the merged images were analyzed for 

fluorescence intensity (graphs on the right; plotted as a function of the distance from 

the top). Note that the micrographs are shown with enhanced brightness and contrast for 

visualization purposes, but the line scans were performed on minimally processed images. A 

green-magenta version of this figure is presented in Figure S2.
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Figure 7. 
CLIK-1 is enriched near the pointed ends of sarcomeric actin filaments but not extended 

to the ends. Specific sarcomeric components were visualized by immunofluorescence 

microscopy: (A) CLIK-1::GFP (fixed, antibody-stained), ATN-1 α-actinin (antibody-

stained), and F-actin (phalloidin-stained); (B) CLIK-1::GFP (fixed, antibody-stained), 

UNC-87 (antibody-stained), and F-actin (phalloidin-stained); (C) CLIK-1::GFP (fixed, 

antibody-stained) and UNC-94 tropomodulin (antibody-stained). Bars, 5 μm. Regions 

indicated by white lines in the merged images were analyzed for fluorescence intensity 

(graphs on the right; plotted as a function of the distance from the top). Note that the 

micrographs are shown with enhanced brightness and contrast for visualization purposes, 

but the line scans were performed on minimally processed images. A green-magenta-blue 

version of this figure is presented in Figure S3.
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Figure 8. 
Restricted localization of UNC-87 is not altered in the absence of CLIK-1. 

Immunofluorescent staining of UNC-87 and actin in wild-type (A) and clik-1(ok2355) 
(clik-1-null) mutant (B). Bar, 5 μm. Regions indicated by white lines in the merged images 

were analyzed for fluorescence intensity (graphs on the right; plotted as a function of the 

distance from the top). A green-magenta version of this figure is presented in Figure S4.
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Figure 9. 
Live dynamics of CLIK-1::GFP are consistent with its localization near the pointed ends 

of sarcomeric actin filaments. Time-lapse images of CLIK-1::GFP in live worms were 

recorded, and representative frames at indicated time points are shown. The body wall 

muscle cells are attached to the body surface, and a selected area on the right side of the 

body is shown. Therefore, the muscle cells are contracted on the concave side of the body 

(A) and relaxed/stretched on the convex side of the body (F). Arrows indicate representative 

CLIK-1::GFP lines in which coalescence and separation were clearly observed. Bar, 20 μm.
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Figure 10. 
Schematic representation of localization of UNC-87 and CLIK-1 in sarcomeres. (A) In 

a single thin filament, CLIK-1 (green) is concentrated near the actin pointed (or -) end, 

whereas UNC-87 (magenta) is enriched towards the actin barbed (or +) end. (B) In an 

obliquely striated sarcomere of the C. elegans body wall muscle, when the sarcomere is 

contracted, CLIK-1 in the two oppositely oriented thin filaments is close and appears as a 

single line (see Fig. 9A). Thick filaments are shown in blue. Black lines indicate the regions 

where the actin barbed ends are linearly aligned (equivalent to the Z-lines in cross-striated 

muscles). (C) When the sarcomere is relaxed and stretched, the thin filaments are separated, 

and CLIK-1 appears as double lines (see Fig. 9F).
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