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Figure 2.7: Protein composition of muscle cell aggregates investigated by 

immunostaining. A-C. Animals homozygous for presumptive null mutations in both unc-

82 and unc-98/ZnF resemble the unc-82 single, exhibiting patchy paramyosin and myosin 

B stain with no distinct accumulations at muscle cell ends. D-F. The double mutant of 
unc-98/ZnF null with the missense unc-82 mutation, resembles the unc-82 E424K single 

having little paramyosin stain in the contractile apparatus and bright accumulations, 

which also stain for myosin B, at the ends of cells (P-R). The paramyosin and myosin B 
stains overlap in the accumulations but are not completely coincident (inset). G-I. UNC-

98/ZnF colocalizes with paramyosin stain in some areas of the muscle cells in unc-82(0). 

J-U. Ectopic accumulations of paramyosin in unc-82 E424K do not stain with UNC-

98/ZnF, CSN-5 or UNC-89/obscurin but are positive for myosin B. V-X. In the absence 

of paramyosin, myosin A and UNC-98/ZnF stains overlap in areas of the disorganized 
contractile apparatus. Y-Zz. Ectopic filamentous balls of myosin A recruit UNC-98/ZnF 

in strain RW3880, which expresses myosin A with an altered C-terminus (2SerAla∆25; 
Hoppe et al. 2010b). Scale bar is 20 microns 
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Localization of Other M-line Proteins in unc-82 Mutants 

 

UNC-98/ZnF has been shown to bind to paramyosin and has been proposed to 

promote the proper assembly of paramyosin into thick filaments (Miller et al. 2008). It was 

therefore of interest to examine the localization of UNC-98/ZnF in unc-82 mutants. The 

absence of UNC-82 did not prevent association of UNC-98/ZnF with the disorganized 

contractile apparatus (Figure 2.7 G-I), where its distribution partially overlapped that of 

paramyosin. In the unc-82 E424K mutant, UNC-98/ZnF was again detected in the 

contractile apparatus where the signal partially overlapped that of anti-paramyosin. 

However, UNC-98/ZnF signal was not detected in the ectopic paramyosin accumulations 

(Figure 2.7 J-L), which contain the mutant UNC-82 kinase and myosin B, but not myosin A 

(Figure 2.1 O-R, Figure 2.3 A-C, and Figure 2.7 P-R). The absence of UNC-98/ZnF from 

the paramyosin-containing accumulations in UNC-82 E424K mutants suggests that the 

association of UNC-98/ZnF with paramyosin requires UNC-82 activity in vivo. 

The disparity between the paramyosin and UNC-98/ZnF staining patterns prompted 

us to examine the in vivo interaction of UNC-98/ZnF and myosin A, which have been 

shown to physically interact (Miller et al. 2006). We found that UNC-98/ZnF and myosin A 

colocalize in unc-15(0) animals, which do not contain paramyosin (Figure 2.7 V-X), and in 

animals that express a mutant myosin A that forms ectopic accumulations (Figure 2.7 Y-

Zz). Both myosin A and myosin B contain a C-terminal nonhelical tailpiece that is 

homologous to the N-terminal nonhelical headpiece of paramyosin, which is 

phosphorylated by an endogenous kinase (Kagawa et al. 1989, Schriefer and Waterston 

1989). The myosin A nonhelical tailpiece is 29 amino acids long, and contains three copies 

of the proposed phosphorylation motif S_S_A that was identified in the paramyosin 
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headpiece (Hoppe et al. 2010b, Schriefer and Waterston 1989). The mutant myosin 

construct is missing the C-terminal 25 amino acids, and the serine residues within the four 

remaining residues of the tailpiece (which contain one motif) are changed to alanine. The 

mutant myosin assembles outside the contractile apparatus, suggesting that this construct 

has a loss of negative control of myosin assembly that normally occurs through 

phosphorylation. The ectopic myosin A accumulations appear to be balls of jumbled 

filaments and do not stain with anti-paramyosin (Hoppe et al. 2010b). Therefore, our results 

suggest that UNC-98/ZnF associates with myosin A in the absence of paramyosin, and that 

the C-terminal 29 amino acids of myosin A are not required to bind UNC-98/ZnF in vivo. 

In yeast two-hybrid experiments, the C-terminal 200 amino acids of myosin A were found 

to be sufficient for binding UNC-98/ZnF, and removal of the last 32 amino acids abolished 

this binding (Miller et al.. 2006). Interestingly, the additional three amino acids removed in 

the yeast two-hybrid experiment, but present in our mutant myosin construct, are within the 

four amino acids at the C-terminus of the coiled-coil rod that are essential for viability when 

tested in double mutants lacking endogenous myosin A and B (Hoppe et al., 2003).  

The failure of UNC-98/ZnF to associate with the paramyosin aggregates in unc-82 E424K 

led us to examine the localization pattern of other M-line proteins in this mutant. The 

paramyosin aggregates in unc-96 and unc-98/ZnF mutants (Miller et al. 2009) and unc-

89(su75)/obscurin mutant (Qadota et al. 2016) stain positive for CSN-5, a component of the 

conserved COP9 signalosome complex. CSN-5 interacts with both UNC-96 and with UNC-

98/ZnF, and likely promotes the degradation of UNC-98/ZnF. Antibody staining  

experiments did not detect CSN-5 on the paramyosin/myosin B accumulations in UNC-82 

E424K (Figure 2.7 M-O). Experiments using antibodies against UNC-89/obscurin, UNC-
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97, UNC-95, CPNA-1, PAT-6 and UNC-112 (see Materials and Methods) indicated that 

none of these antibodies stain cells in a pattern that resembles the distinctive accumulations 

at the ends of cells in unc-82 E424K (Figure 2.8). UNC-89/obscurin, which has been shown  

to interact with paramyosin (Qadota et al., 2016), does appear in bright irregular patches in  

E424K (Figure 2.8 G), as it does in the unc-82(0) (Hoppe et al., 2010a). A double stain with  

paramyosin found that, although paramyosin and UNC-89/obscurin stain showed some 

overlap, the distinctive paramyosin accumulations at ends of cells did not stain for UNC-

89/obscurin (Figure 2.7 S – U). Interestingly, in the plane of the cell containing the 

paramyosin accumulations, the UNC-89/obscurin stain was moderately disorganized 

(Figure 2.7 T). But in focal planes that were more distal from the integrin complex, which is 

located in the plasma membrane adjacent to the epidermis, the UNC-89/obscurin stain 

included large irregular patches (Figure 2.8 G). Therefore, the only proteins detected in the 

distinctive accumulations formed in the unc-82 E424K kinase domain missense mutant are 

the mutant UNC-82 protein itself, paramyosin and myosin B.  

Figure 2.8: Other M-line proteins are not found on abnormal accumulations in the 
missense mutant unc-82 E424K.  Immunofluorescence images of stained wild type (A-F) 

and unc-82 missense mutant E424K (G-L) adults show varying degrees of disorganization 

of the different M-line components in the unc-82 mutant. However, none of the proteins is 

detected in distinctive accumulations at muscle cell ends (arrowheads). Scale bar is 20 

microns. 
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Discussion 

 

Loss of function of the AMPK-related kinase UNC-82 results in defects in thick 

filament morphology and organization in striated muscle of C. elegans (see Introduction). In 

this study, we present evidence that the major thick filament components paramyosin, 

myosin A and myosin B are not equally affected by alterations in the catalytic activity of 

UNC-82. Our analysis of three different unc-82 missense mutants revealed distinctive ectopic 

accumulations at the ends of cells, which contain paramyosin but not myosin A. Notably, 

such accumulations are not found in the null (Figures 1.1 and 1.2). Accumulations in at 

least one of these mutants (E424K) also contain myosin B (Figure 2.1) and the mutant 

UNC-82 protein itself (Figure 2.3). We propose that UNC-82 is required in an early step in 

paramyosin, and probably myosin B, assembly that occurs prior to the association of 

paramyosin with UNC-98/ZnF, myosin A, or several other M-line proteins (Figure 2.9).   

The UNC-82 missense mutations used in this study fall within the kinase domain, 

either in the catalytic loop, which performs the transfer of phosphate from ATP to peptide 

substrate, or the activation segment, which regulates catalytic activity of the domain in 

response to phosphorylation (Figure 2.2). Our results suggest that at least two of these 

alleles (E424K and S442P S969F), both of which exhibit a high incidence of ectopic 

paramyosin accumulations, can generate stable but presumably catalytically-impaired 

protein products. The GFP-tagged E424K protein accumulates and localizes normally to the 

M-line in wild-type cells, and is strongly detected in the birefringent accumulations at the 

ends of muscle cells in the unc-82(0) background (Figure 2.3). Because the mutant UNC-82 

E424K::GFP protein is present in these accumulations, and the accumulations are not 

present in the unc-82 null, we propose that these accumulations represent a complex of the 
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catalytically-impaired UNC-82 protein with its substrate in a stalled intermediate. The 

protein produced by the second mutant, S442P S969F, is clearly stable at the permissive  

 
 
 

 

 
 

temperature, given the normal muscle structure in the homozygote (Figure 2.2). At the 

restrictive temperature, we suggest that the S442P change may destabilize the fold adopted 

Figure 2.9: Model for the order of UNC-82 protein interactions during early steps of 
thick filament assembly. UNC-82 first associates with newly made paramyosin and 

myosin B. UNC-82 kinase activity promotes the subsequent association of this complex 
with a complex of UNC-98-myosin A during filament and body elongation. 
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by the activation segment upon phosphorylation, impeding substrate access to the catalytic 

cleft.  

The third mutant, G456R (which also affects the activation segment), contains some 

accumulations, but not in all muscle cells. Given our model that catalytically-impaired  

UNC-82 protein produces the distinctive accumulations, one possible explanation for fewer 

accumulations in the G456R mutant is lower levels of mutant UNC-82 protein. 

Alternatively, the G456R mutant protein might have a decreased tendency to associate with 

paramyosin or another component of the aggregates. The G456R substitution affects a 

highly conserved glycine, and places the large, positively charged arginine side chain within 

three residues of the threonine that is phosphorylated in the active form of the enzyme 

(Figure 2.2). The change might impair phosphorylation of the threonine, which would 

decrease the pool of activated UNC-82, and potentially alter the stability of the mutant 

UNC-82 or its interactions with other muscle proteins. Similar effects have been 

demonstrated for unphosphorylated PKA (Iyer et al. 2005).  

The proposal that UNC-82 interacts with paramyosin early in the assembly pathway 

is supported by results from three types of experiments. First, recently synthesized 

paramyosin::GFP colocalizes with both wild-type and a mutant form of UNC-82. In wild 

type, paramyosin::GFP driven by a brief heat shock is detected at the M-line (Figure 2.3; 

Miller et al. 2008), the site of UNC-82::GFP localization. This initial localization of 

paramyosin at the M-line may represent a staging area for thick filament components prior 

to incorporation into growing thick filaments. In the E424K unc-82(e1220) genomic mutant, 

newly made paramyosin associates with distinctive birefringent structures at the ends of 

cells (Figure 2.3 F), which we have shown stain positive for both paramyosin and myosin B 
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(Figure 2.1 M-N, Q-R; Figure 2.7 P-R). Similar birefringent structures containing UNC-82 

E424K::GFP are formed when the mutant protein is expressed in the unc-82(0) (Figure 2.3). 

This is consistent with our model that the accumulations represent a stalled 

paramyosin/UNC-82 complex that normally forms as an intermediate prior to 

incorporation of paramyosin into the thick filament.   

The composition of the E424K aggregates provides a second line of evidence that 

this putative intermediate is formed prior to paramyosin association with other proteins. 

The accumulations in unc-82 E424K mutants contain paramyosin, UNC-82 E424K mutant 

protein, and myosin B, but not proteins of the myosin A-associated complex (myosin A, 

UNC-98/ZnF) (Figures 1.1 and 1.7), proteins of the integrin-associated complex (UNC-112, 

UNC-98/ZnF, CPNA-1, PAT-6, or CSN-5) (Figures 1.7 and 1.8), or the giant M-line 

protein UNC-89/obscurin (Figure 2.7).  Conversely, we found that wild-type UNC-82::GFP 

colocalized with ectopic birefringent aggregates resulting from mutation of four other genes 

that disrupt thick filament assembly or organization (Figures 1.4 and 1.5). In addition to 

paramyosin, these aggregates all contain additional proteins (see Results) that are not found 

in UNC-82 E424K aggregates. These observations suggest that arrest of the assembly 

process in these other mutants occur at a later step than in UNC-82 E424K mutants. 

Finally, the genetic interactions between unc-82 and other paramyosin-affecting 

mutations also support its early action in a paramyosin assembly pathway. The phenotype 

of double mutants of unc-82 alleles with unc-98(sf19)/ZnF is similar to the phenotype of the 

unc-82 mutation alone (Figure 2.6 J-L and Figure 2.7 A-B). The lack of an additive increase 

in severity argues that the two proteins may act in a common linear pathway. The 

aggregates present in the unc-98/ZnF mutant contain UNC-82 (Figure 2.5 E-F); these 
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aggregates do not form in the absence of UNC-82 in the unc-82(0); unc-98/ZnF double 

mutant (Figure 2.6 K, Figure 2.7 A-C). Further, the accumulations typical of unc-82 E424K 

mutants (accumulations that contain myosin B) are present in the double with unc-98/ZnF 

(Figure 2.7 D-F). These observations are consistent with UNC-82 acting upstream of UNC-

98/ZnF, and UNC-82 protein playing a role in aggregate formation in unc-98/ZnF mutants.   

In contrast, the double mutants of unc-82 alleles with a mutation in unc-89/obscurin 

show a more severe phenotype than either mutation alone (Figure 2.6 G-I). The unc-89(su75) 

allele eliminates all large isoforms of UNC-89/obscurin, which contain the SH3 domain. 

The SH3 domain is proposed to crosslink thick filaments at the M-line through an 

interaction with paramyosin (Qadota et al. 2016). The double mutant combination of unc-

89(su75)/obscurin and unc-82(0) is sterile, and muscle cells have grossly abnormal structure 

with birefringent signal appearing in large round accumulations (Figure 2.6 H). This 

additive interaction suggests that the two proteins function independently, with UNC-82 

promoting paramyosin assembly into the thick filament and UNC-89/obscurin mediating 

filament attachment at the M-line. 

Birefringent, and therefore ordered, assemblages of paramyosin form in a variety of 

mutant backgrounds, and also when wild-type paramyosin is over expressed from 

transgenes (Hoppe et al. 2010b).  The more hydrophobic surface of paramyosin compared to 

myosin (Cohen et al. 1987) may be responsible for the apparent propensity to form 

aggregates. Aggregates may form in a given mutant because the affected protein has a direct 

role in paramyosin organization. However, because increased dosage of normal paramyosin 

can lead to aggregate formation, aggregates may form due to a block in a separate step in 

thick filament assembly that secondarily leads to high levels of cytosolic paramyosin. The 
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colocalization of UNC-82 with all paramyosin-containing aggregates examined (Figure 2.3, 

Figure 2.5 C-H) suggests a close interaction of UNC-82 with paramyosin in vivo. Consistent 

with this hypothesis, the localization pattern of UNC-82::GFP is highly abnormal in the 

paramyosin null mutant (Figure 2.5 A-B).   

Considering the roles of phosphorylation in regulating the assembly of smooth and 

non-muscle myosin heavy chains (Castellani and Cohen, 1987; Murakami et al. 1988; Kelley 

and Adelstein 1990; Rovner et al. 2002), it is tempting to speculate that UNC-82 exerts its 

effects by phosphorylating paramyosin to regulate its assembly. Several observations are 

consistent with this model. The level of paramyosin and myosin phosphorylation in purified 

C. elegans thick filaments has been correlated with its state of assembly, and solubilized 

myosin and paramyosin phosphorylation by a co-purifying kinase was demonstrated (Dey 

et al. 1992). In worm extracts, paramyosin is phosphorylated by an endogenous kinase on 

serine residues within the N-terminal nonhelical headpiece (Schriefer and Waterston 1989). 

Point mutation of the headpiece, or the homologous C-terminal tailpiece residues in myosin 

A, leads to formation of abnormal aggregates in muscle cells (Hoppe et al. 2010b). 

Unpublished data cited in Shriefer and Waterston (1989) indicate that the more acidic forms 

of paramyosin are absent in unc-82 mutants, consistent with decreased phosphorylation of 

the protein. This reported effect on paramyosin phosphorylation might occur because 

paramyosin is an UNC-82 substrate, or through an indirect mechanism. The mammalian 

UNC-82 ortholog ARK5/NUAK1 increases myosin light chain phosphorylation in human 

embryonic kidney cells by phosphorylating and inactivating a myosin phosphatase 

(Zagorska et al. 2010).  
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However, the dosage effects observed in our experiments are not consistent with a 

simple model in which UNC-82 phosphorylates newly synthesized paramyosin, either to 

prevent aggregation or to directly promote its assembly into a growing thick filament. The 

effect of increased expression of wild-type UNC-82 in paramyosin missense mutants was to 

increase, rather than decrease, aggregate formation in heterozygotes (Figure 2.4 F-K), and 

to cause synthetic lethality in homozygotes (Figure 2.4 P-S). Increased UNC-82 levels also 

caused lethality and aggregate formation in the absence of paramyosin (Figure 2.5 A-B). 

These data indicate that a stoichiometric relationship of UNC-82 and paramyosin is critical 

for normal muscle structure, and suggest that UNC-82 has both catalytic and structural roles 

during thick filament assembly.   

The synthetic lethality and formation of novel birefringent structures in the muscles 

cells of paramyosin null animals with increased UNC-82::GFP expression implicates UNC-

82 in organizing additional components of the contractile apparatus (Figure 2.5 A-B).  The 

composition of the birefringent aggregates formed in these cells was not determined. Given 

that the paramyosin accumulations in UNC-82 E424K mutants and paramyosin e73 

missense mutants contain myosin B (Figure 2.1 Q-R, Epstein et al. 1987, Gengyo-Ando and 

Kagawa 1991), and that the paramyosin accumulations in other mutants do not (Mercer et 

al. 2006; Miller et al. 2008; Qadota et al. 2016), these aggregates may be assemblages of 

myosin B. Removal of myosin B in a paramyosin mutant background is lethal (Waterston 

1988). Induction of myosin B aggregation in the paramyosin null may mimic that double 

mutant phenotype. The possibility that UNC-82 is involved in the organization of myosin B 

and paramyosin (Figure 2.9), which compose the thick filament arms (see Introduction), is 

consistent with defects in unc-82(0) mutant muscle cells becoming apparent during body 
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elongation stages of embryogenesis, when muscle cells and thick filaments are increasing in 

length.  

Myosin A is not found associated with the UNC-82-containing aggregates (Figure 

2.1 O-P). The opposite effects of increasing myosin A dosage in a paramyosin e73 

background, which suppresses (Riddle and Brenner 1978, Otsuka 1986, Hoppe and 

Waterston 2000), and increasing UNC-82 dosage, which enhances (Figure 2.4 E-H and P-

Q), also suggest that UNC-82 and myosin A do not act as part of the same complex in 

organizing paramyosin.  We have found that UNC-98/ZnF colocalizes with myosin A in 

structures that do not contain paramyosin (Figure 2.7 V-ZZ). We propose that UNC-82 

catalytic activity is required in a processing step that precedes the association of paramyosin 

with UNC-98 and myosin A (Figure 2.9).  

There are two mammalian orthologs of UNC-82, ARK5/NUAK1 and 

SNARK/NUAK2 (Hoppe et al. 2010a); both are required in mouse muscle. 

Phosphoproteome analysis of a muscle-specific knock-out of ARK5/NUAK1 revealed 

changes in phosphorylation levels of proteins in the actin-myosin cytoskeleton, including 

myosin (Inazuka et al. 2012). Reduction of SNARK/NUAK2 resulted in an age-dependent 

loss of muscle mass (Lessard et al. 2016). These observations suggest potential conserved 

roles for UNC-82/ARK5/SNARK in the contractile apparatus across diverse animal 

lineages. 
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CHAPTER 3 
 

 
 

A REGION OF THE MYOSIN A ROD IS DEPENDENT UPON THE AMPK 
RELATED KINASE UNC-82/ARK-5/SNARK ACTIVITY DURING  

THICK FILAMENT ELONGATION IN THE BODY WALL  

MUSCLE OF C. ELEGANS 

 

 

The use of C. elegans nematode to study the molecular arrangement of proteins 

important for proper muscle cell structure and sarcomere function, is a wonderful tool for 

understanding the complexities within mammalian muscle (reviewed in Waterston, 1988; 

Moerman and Fire, 1997; Moerman and Williams, 2006; Gieseler et al., 2016). The 

molecular machinery of C. elegans body wall muscle and associating attachment structures 

have striking similarities to mammalian muscle cell structures. The contractile units of both 

invertebrate and vertebrate muscle cells contain highly organized myosin thick filaments, 

anchored to M-lines, and intercalated between actin-containing thin filaments anchored to 

dense bodies (Z-disks). The basic mechanism of muscle contraction involves the myosin 

motor domain interacting cyclically in a cross-bridge with actin, requiring the repeated 

hydrolysis of ATP, which is bound to myosin, to produce a power stroke. This mechanism 

requires a careful balance between ATP consumption and production for the continuation 

of contraction, as well as consistent organized interaction between myosin and actin 

filaments.   

 

Thick Filament and Sarcomere Structure 

The myosin thick filaments of C. elegans exist in a series of homocentric layers of interacting 

molecular polymers, with an inner axial core of filagenins and paramyosin that associate 
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with an intermediate layer of paramyosin (unc-15), and an outer coaxial layer of class II 

myosins, A (myo-3) and B (unc-54) (Epstein et al., 1985; Deitiker and Epstein, 1993; Liu et 

al., 1998).  The stabilizing inner core of the thick filament is comprised of hydrophobic 

“headless myosin” molecule, paramyosin, which is homologous to the filament forming 

light meromyoisn domain of the coiled-coil myosins A and B (Lowey et al., 1969; Cohen et 

al., 1987; Kagawa et al,. 1989). Both the minor M-line associating, filament initiating myosin 

isoform A and the major filament elongation myosin isoform B assemble into two distinct 

zones on the more hydrophobic surface of the inner paramyosin core (McLachlan and 

Karn, 1982; Kagawa et al., 1989). These thick filament structures of striated muscles appear 

in bipolar arrangements with myosin A molecules in the initiating 2µm center, associated 

with M-line proteins such as UNC-89/obscurin and UNC-98/Zn packed in an antiparallel 

arrangement (bare zone) transitioning to a reversed parallel arrangement of a mix of myosin 

A and myosin B molecules terminating with myosin B associating with UNC-45 in the 

outer 8um arms of the 10um long thick filament structure (Liu et al., 1997, Miller et al., 

1983; Ardissi and Epstein, 1987; Benian et al., 1996; Ao and Pilgrim, 2000; Kachur and 

Pilgrim, 2008; Qadota et al., 2010).  Upon the surface of this stable paramyosin core, the 

motor domains can cross-bridge with actin filaments that anchored to integrin containing 

dense bodies, requiring the repeated hydrolysis of ATP, which is bound to myosin, to 

produce a power stroke interact with actin filaments to slide the two filament systems past 

each other and accomplish contraction of the muscle cell (Francis and Waterston, 1985).  

 

 

 

https://www.ncbi.nlm.nih.gov/books/NBK19751/
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Muscle Contraction and Embryonic Viability 

The body-wall muscles cells of C. elegans are attached to the cuticular exoskeleton of the 

worm through integrin-mediated attachments between the extra cellular matrix (ECM) and 

the actin cytoskeleton, and their contractile activity is required for embryonic viability and 

adult locomotion (Waterston, 1980). Contraction of the body-wall muscles causes 

sinusoidal body undulations that drive locomotion. In addition, locomotion, the contraction 

of body-wall muscles is required for embryonic body elongation. The body elongation of 

embryos is accomplished through constriction of actin filaments along the peripheral 

circumference of the worm epidermis (Priess and Hirsh, 1986) When this vital muscle 

contraction is obliterated, body elongation is halted, and worms arrest as deformed L1 

larvae with the Pat phenotype (paralyzed, arrested elongation at the two-fold stage) and 

ultimately die (Waterston, 1989; Williams and Waterston, 1994).  The organization and 

assembly of muscle and epidermal cells together occurs through integrin-mediated signaling 

at the focal adhesion-like structures of the cytoskeleton.  These structures are present at the 

base of dense bodies and M-lines that anchor actin filaments and myosin filaments, 

respectively, to the ECM (reviewed in Moerman and Williams, 2006). Forward genetic 

screens of mutagenized worms were used to identify genes/proteins involved in body wall 

muscle function and development. Many alleles that produced decreased muscle function 

and with slow Unc (uncoordinated) movement as adult such as unc-82(e1323), unc-15(e1214), 

and unc-54 (e190) as well as one that produced the more sever Pat phenotypes, such as myo-3 

(st386) were identified as results of these forward genetic screens.  Mutational elimination of 

paramyosin (unc-15 (e1214)) or myosin B (unc-54 (e190)) result in paralyzed adult worms with 

disorganized body-wall muscle sarcomeres, whereas mutational elimination of the minor 
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isoform myosin A (myo-3 (st386)) results in larvae with the lethal Pat phenotype (Epstein et 

al., 1974; Waterston et al., 1977).  These observations implicated myosin A, but not myosin 

B or paramyosin, as having an essential role in antiparallel arrangement of these myosin A 

molecules required for proper thick filament initiation (Waterston, 1989).  Using chimeric 

myosin constructs, the myosin A-specific function for antiparallel assembly and filament 

initiation has been mapped to charge interactions between sets of coiled-coiled molecules 

involving residues in the central rod (Region 1) and resides located on the c-terminal end of 

the rod (region 2) (Hoppe and Waterston, 1996).  The ability for myosin A to assemble in a 

parallel manner with paramyosin was mapped to 322 amino acid residues in Region 2 of the 

myosin A coiled-coil rod (Hoppe and Waterston, 2000) 

 

AMPK-Related Kinase, UNC-82 

Electron and polarized light microscopy revealed spatial arrangement abnormalities of thick 

filament with aberrant aggregates of paramyosin in worms with mutations in the unc-82 gene 

which codes for the AMPK-related kinase, UNC-82 (Waterston et al., 1980; Hoppe et al., 

2010a). The kinase activity of the conserved AMPK related kinase UNC-82, orthologous to 

ARK5/NUAK1 and SNARK/NUAK2, which is highly expressed in mammalian striated 

muscle, is required for proper sarcomere organization in C. elegans body-wall muscle 

(Waterston, 1980, Lefebvre and Rosen, 2005, Hoppe et al., 2010a, Schiller et al., 2017).   

Previous studies in mice, implicate these orthologues as having a role in mammalian 

sarcomere function, with alterations in sarcomere proteins after muscle specific knock down 

of ARK5/NUAK1, as well as age-dependent decrease in muscle mass with disruption of 

SNARK/NUAK2 expression profiles (Inazuka et al., 2012; Lessard et al., 2016). Double 
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knockouts of both orthologues, however, resulted in embryonic arrest due to neural tube 

closure defects (Ohmura et al., 2012). Evidence of ARK5/NUAK/SNARK activity in 

regulation of light chain phosphorylation levels on non-muscle myosin has also been 

reported in cultured human kidney cells (Zagórska et al., 2010).  

While the mechanism of UNC-82 kinase activation, and its role in sarcomere 

organization, is not well understood, a few studies have provided evidence for UNC-82 

involvement in organizing myosin filaments (Hoppe et al., 2010a; Schiller et al., 2017).  

Antibody staining of the unc-82(0) mutant revealed severely disrupted localization of myosin 

A, paramyosin and myosin B (Hoppe et al 2010a; Schiller et al., 2017). It is possible that 

UNC-82 is directly required for organization of all three of these homologous proteins 

individually. Alternatively, disorganization of one component in unc-82 mutants may have 

indirect effects on the localization of the others. Analysis of protein distribution in the 

kinase-impaired missense mutant unc-82 E424K provided evidence that UNC-82 kinase 

domain physically interacts with myosin B and paramyosin, but not myosin A (Schiller et al. 

2017, Figure 1), suggesting that either myosin B or paramyosin may be a direct substrate of 

UNC-82 kinase activity. Additionally, given the mis-localization of myosin A in unc-82(0) 

mutants, but not kinase impaired mutants, it is also possible that residues outside of the 

kinase domain of UNC-82 may be required for proper myosin A localization. This 

investigation proposes to identify a role for UNC-82 in organizing class II myosin rods in 

the contractile apparatus of C. elegans body wall muscle.  Our results identify a 531-amino 

acid central region of the myosin A rod that is dependent on UNC-82 activity for the 

parallel association with paramyosin in thick filaments of C. elegans body-wall muscle. 
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Materials and Methods 

 

Genetic Crosses  

Generation of Non Transgenic Double Mutants 

Generation of non-transgenic double mutants involving paralyzed unc-15(e1214), unc-15(e73), or unc-

54(e190) mutants: These crosses were started by heat shocking the nonparalyzed mobile 

single mutant to generate males.  These mobile males were allowed to mate with the 

paralyzed hermaphrodites for 24 hrs.  After 24 hours the males removed from the plate and 

sacrificed via flame (flamed) and the mated hermaphrodites were separated and allowed to 

produce F1 progeny. Four days post mating, F2 cross progeny, identified by their ability to 

move on the agar, were picked to 12 well culture plates and allowed to self for 3 days. On 

day three, moving L3-L4 F3 worms were individually picked from the 12 well plate to a 24 

well plate and allowed to self for 48 hours.  After 48 hours, the F3 parents of each well in 

the 24 well plate were mounted on slides and their muscle phenotype screened by polarizing 

light microscopy to identify those worms exhibiting the muscle phenotype of the original 

moving single mutant genotype from which the male originated.  These wells were marked 

as homozygous for that single mutation and the F4 larva were allowed to develop for 2 

more days. At which point, any wells segregating paralyzed F4 worms were singly picked to 

a 12 well plate and further analyzed as double mutants.  If no paralyzed worms were 

identified, the wells were assayed for arrested F4 larva and documented as non-viable 

double mutants. All viable double mutant strains were verified by outcross to N2 and re-

isolation of each single mutant. 
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Generation of unc-15(e1214); unc-54(e190) double:  Males generated from a wild type N2 strain 

were mated to unc-54(e190) paralyzed hermaphrodites to generate heterozygous males.  

Heterozygous unc-54(e190)/+ males were then crossed into the paralyzed unc-15(e1214) 

mutant background and allowed to mate for 24hrs. After 24hrs the heterozygous unc-

54(e190)/+ males were flamed and the mated unc-15(e1214) hermaphrodites were separated 

to new plates and allowed to produce embryos.  On day 4 the mated unc-15(e1214) 

hermaphrodites were screened for moving L3 F1 hermaphrodites which were individually 

picked into single wells in a 12 well culture plate then allowed to self for 5 days.  After 5 

days, 48 F3 paralyzed L4-adult worms were single picked to two 24 well culture plates and 

allowed to self. The wells that segregated arrested F4 larva were analyzed further.  

 

Generation of Transgenic Lines 

         Transgenes in this study were followed in genetic crosses by the presence of a 

dominant rolling (Rol) phenotype, GFP expression in the cuticle, or GFP expression in the 

pharynx conferred by co-injection marker plasmids pRF4 rol-6(su1006), pPHgfp-1 (prol-

6::GFP), and myo-2::gfp respectively (Park and Kramer 1994, Hoppe and Waterston 2000).   

To easily distinguished cross progeny from the hermaphrodites’ self-progeny, passing the 

GPF or rolling transgene from the male is best. Because Rol and Unc males mate poorly, 

well moving, non-paralyzed hermaphrodites were temporarily immobilized by treatment 

with TT: M9 with 0.1% tricaine and 0.01% tetramisole (Sigma Inc.) (McCarter et al. 2005). 

Adult transgenic males were mated with anesthetized adult hermaphrodites, about four per 

male, in a manner previously described in Schiller et al. 2017.  
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Crossing transgenes marked with rol-6(su1006) into mutant backgrounds: To introduce a transgene 

into a single mutant background, transgenic males were crossed to anaesthetized 

homozygous mutant hermaphrodites (see above), and the rolling or fluorescent F1 

heterozygous progeny picked singly and allowed to self. The rolling or fluorescent F2 

progeny were picked singly, and mutant homozygotes identified by movement and 

polarized light phenotypes of the F2 parent and its F3 progeny. All viable double mutant 

strains were verified by outcross to N2 and re-isolation of each single mutant. 

Two extrachromosomal arrays expressing UNC-82::GFP (phEx22 and phEx21) that were 

made previously (Hoppe et al. 2010) were used in this study. The phEx21 array was 

integrated into a random chromosomal location using a UV irradiation protocol (Mariol et 

al. 2013) to create phIs2.  

 

Myosin Transgenes 

  The details for the creation of wild-type myosin and chimeric myosin transgenes 

used in this study have been described in Hoppe and Waterston, 1996. 

Myosin A (stEx80): Wild-type myosin A (myo-3) construct transformed into worms with GFP 

co-injection marker driven by rol-6 collagen gene promoter (rol-6::gfp) (Park and Kramer 

1994, Hoppe and Waterston, 1996).  

Myosin B (stEx59): Wild-type myosin B (unc-54) construct with hemagglutinin (HA) epitope-

tag transformed into worms with GFP under the myo-2 promoter driving expression in the 

pharynx.  collagen gene promoter (Hoppe and Waterston, 1996).   
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Chimera 2 (stEx85): Chimeric myosin construct which contains the entire myosin A head and 

rod residues (M1-I1079) adjacent to C-terminal myosin B rod and tail residues co-injected 

with rol-6::gfp. 

Chimera 8 (stEx89): Chimeric myosin construct containing 531 amino acid residues (D1080-

Q1611) of myosin A, including region 1 residues, flanked by myosin B motor, rod and tail 

residues co-injected with rol-6::gfp. 

Chimera 11 (stEx23): Chimeric myosin containing c-terminal myosin A rod residues (A1612-

1933), including region 2 residues, flanked by myosin B motor, rod and tail residues co-

injected with rol-6(su1006). 

The myosin B extrachromosomal arrays in unc-54; unc-82 mutants were generated as 

described (Mello et al. 1991), using a 25:25:1 ratio of pPHgfp-1/Bluescript/myosin B 

(pucBB) at 200 ng/ml in 10 mm Tris, 1 mm EDTA, pH 8. 

 

Nematode Strains Used in this Study  

All worm strains in this study were maintained at 20 C on nematode growth medium 

(NGM) plates seeded with the uracil mutant OP50 strain of Escherichia coli (Brenner, 1974). 

Strains obtained from Guy Benian or The Caenorhabditis Genetics Center (CGC) are as follows: 

Bristol N2 [wild type]; CB1220 [unc-82(e1220) IV]; CB1323 [unc-82(e1323) IV]; CB73[ unc-

15(e73) I]; GB246 [unc-98(sf19) X]; CB190 [unc-54(e190) I] and CB1214 [unc-15(e1214) I]. 

 

Transgenic strains carrying fluorescently tagged wild-type UNC-82::GFP (phEx22 or phEx21): PZ236 

[unc-98(sf19) X; phEx22]; PZ84 [+; phEx22] PZ286 [+; phIs2 I (integrant of phEx21 (UNC-

82::GFP))]; PZ235 [myo-3(st386) V; phEx22; stEx137]; 
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Transgenic strains carrying wild-type myosin A (stEx80): PZ256 [+; stEx80(myo-3)]; PZ260 [unc-

82(e1323) IV; stEx80]; PZ266 [unc-82(e1220) IV; stEx80]; PZ312 [unc-54(e190) I; stEx80]; PZ270 

[unc-54(e190) I; unc-82(e1323) IV; stEx80]; PZ271 [unc-54(e190) I; unc-82(e1220) IV; stEx80] 

Transgenic strains carrying wild-type myosin B (stEx59): PZ285 [+; stEx59(unc-54)]; PZ288 [unc-

82(e1323) IV; stEx59]; PZ284 [unc-82(e1220) IV; stEx59]; RW3773 [unc-54(e190) I; stEx59] 

Transgenic strains carrying chimera 2 (stEx85): PZ253 [+; stEx85]; PZ261 [unc-82(e1323) IV; 

stEx85]; PZ269 [unc-82(e1220) IV; stEx85]; PZ274 [unc-54(e190) I; stEx85]; PZ272 [unc-54(e190) 

I; unc-82(e1323) IV; stEx85]; PZ273 [unc-54(e190) I; unc-82(e1220) IV; stEx85] 

Transgenic strains carrying chimera 8 (stEx89): [unc-54(e190); stEx89] 

Transgenic strains carrying chimera 11 (stEx23): PZ309 [unc-54(e190); stEx23]; 

 PZ311 [unc-82(e1323) IV; stEx23]; PZ310 [unc-54(e190) I; unc-82(e1323) IV; stEx23]; PZ308 

[unc-54(e190) I; unc-82(e1220) IV; stEx23] 

 

Microscopy 

Adult worms were fixed using either the Nonet method (Nonet et al., 1993) or the 

French press method (Francis and Waterston, 1985) and incubated in primary antibodies 

overnight at room temperature. Mouse monoclonal antibodies 5-6 (1:500 dilution), 5-8 (1-

500), and 5-23 (1:200 dilution) were used for immunofluorescence localization of myosin A, 

myosin B, and paramyosin respectively (Miller et al.1983). Alexa Fluor 488- and 594-

conjugated secondary antibodies from Jackson ImmunoResearch Laboratories were used at 

1:400 dilutions. Worms were incubated in secondary antibodies for two hours. In the 

myosin A and myosin B co-stained worm fragments Rhodamine conjugated 5-6 (1:200) and 

FITC conjugated 5-8 (1:200) antibodies were used. For staining of Beta-integrin the MH25 
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(1:200, from The Developmental Studies Hybridoma Bank) antibody was used (Francis and 

Waterston, 1985). GFP staining was done using a GFP rat monoclonal antibody (1:200) 

from Invitrogen.  Polarized light microscopy procedures of Mackenzie et al. (1978) were 

followed.  

Embryos were stained using paraformaldehyde and methanol fixation methods of 

Hresko, Williams, & Waterston (1994) and incubated on primary antibodies at room 

temperature for 1 hour followed by incubation with secondary antibodies at room 

temperature for 1 hour.  All images were acquired in ImagePro 6.0 (Rockville, MD) using a 

Retiga Exi Fast cooling mono12-bit Qimaging camera mounted to a Leica DM5500 

microscope equipped with a polarizing lens. All images processed using Adobe Photoshop 

CS6 software (San Jose, CA). 

All strains and reagents generated in this study are available upon request. 

 

Thrashing Assay 

All worm strains assayed for thrashing were maintained at 20 C on nematode growth 

medium (NGM) plates seeded with the uracil mutant OP50 strain of Escherichia coli 

(Brenner, 1974). All worms picked were healthy and at least F4 from last starved state.  30 

young adult hermaphrodites were picked to 500μl of sterile M9 in a single well of a 24 well 

plate. Worms were allowed to normalize to the M9 for 5 minutes prior to videography. Live 

bright field thrashing was visualized on a computer and monitor equipped with th ImagePro 

6.0 program (Rockville, MD) using a Retiga Exi Fast cooling mono12-bit Qimaging camera 

mounted to a dissecting Leica Microscope. Due to computational limits, 70 second 1080p 

HD video recording (30 fps) of the live preview from the monitor was acquired by the use of 
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an iPhone 5S equipped with an iSight Camera.  Videos were emailed from the iPhone and 

analyzed at half speed using Windows Movie Maker (2012 Microsoft Corporation). The 

thrashing counts of 10 worms were recorded for each strain assayed (except where 

otherwise noted). One thrash was counted every time the head or tail moved past the 

midline, to the other side, of the dorsal-ventral axis. Statistics for the average, StDevA, and 

two-tailed T-tests with unequal variance were calculated using Microsoft Office 365 

ProPlus, Excel 2016. Graphs were generated in Excel 2016.  Movement relationship maps 

were created using CmapTools program developed by The Institute for Human & Machine 

Cognition (Pensacola, Fl).   All thrashing assays were repeated blind. 

 

Embryo Development Videos 

Prior to addition of the embryos, 2% molten agarose was dropped on to a glass 

microscope slide and pressed to a think agarose pad using the weight of a second 

microscope slide.  Once cooled, the second slide was removed, and the thin agarose pad was 

cut with a clean surgical blade to a 3x3 grid small enough to fit under a 12 mm x 12 mm (L 

x W) glass coverslip.  Unhatched comma stage embryos, from transgenic parents, were 

single picked, using a dissection microscope to 0.5ul of M9 buffer atop each pad in the grid. 

A 12 mm x 12 mm glass coverslip was outlined with petroleum jelly and placed on top of 

the embryo grid to prevent drying of the embryos. All grid spots on the slide were marked 

on the bottom of the slide with a row and a letter.  A series of time laps images were taken 

over the period of 8 hours using Nomarski optics on a scanning confocal microscope. The 

embryos were allowed to continue development for another 10 hours on the grid, at which 

point all embryos we assessed for the presence of the GFP marked transgene by mounting 
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the grid to a compound microscope equipped with UV light and cross referenced to the 

associating time lapse video file.  
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