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Abstract
The actin binding protein α-actinin is a major component of focal adhesions found in vertebrate
cells and of the focal adhesion-like structures found the body wall muscle of the nematode
Caenorhabditis elegans. To study its in vivo function in this genetic model system we isolated a
strain carrying a deletion of the single C. elegans α-actinin gene. We assessed the cytological
organization of other C. elegans focal adhesion proteins, and the ultrastructure of the mutant. The
mutant does not have normal dense bodies by EM but these dense body-like structures still contain
the focal adhesion proteins integrin, talin and vinculin by immunofluorescence microscopy. Actin
is found in normal-appearing I-bands, but with abnormal accumulations near muscle cell
membranes. Although swimming in water appeared grossly normal, use of automated methods for
tracking locomotion of individual worms revealed a defect in bending. We propose that the
reduced motility of the α-actinin null is due to abnormal dense bodies that are less able to transmit
the forces generated by actin/myosin interactions.
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INTRODUCTION
The actin binding protein α-actinin is found at both cell-cell and cell-ECM adherens
junctions where, in part, it functions to link the actin cytoskeleton to the junctional
complex 1; 2. It is known to bind to multiple proteins at adherens junctions, and so multiple
models have been proposed to describe its organization at such junctions. At focal adhesions
α- actinin may link actin to integrin via a direct interaction 3; 4 or via an indirect interaction
mediated by the proteins vinculin and talin 5; 6; 7; 8; 9. As an actin binding protein, α-actinin
© 2010 Elsevier Ltd. All rights reserved.
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is the best characterized of all the proteins at adherens junctions, but other adherens junction
proteins like vinculin and talin can also bind to actin 10; 11; 12; 13; 14; 15.
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Understanding the complex interplay between these various actin-binding proteins in the
establishment and maintenance of cytoskeletal-adherens junction linkage is a significant
challenge. Though vertebrates have multiple isoforms of α-actinin, all isoforms have a
subunit molecular weight of about 100 kDa 2. For all isoforms the actin-binding domain,
which is similar to that found in spectrin and dystrophin, falls within approximately the first
250 amino acids. The actin-binding domain is followed by four 120 residue spectrin-like
repeats that allow for assembly into antiparallel homodimers (Figure 1b). The spectrin
repeats are critical for the function of the protein 16; 17; 18. Both the muscle and non-muscle
isoforms of the protein contain two EF-hand calcium-binding motifs at the C-terminus. The
EF hand of the muscle isoform, however, is slightly divergent and calcium does not affect its
actin binding properties.
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Several genetic and pseudo-genetic studies point to a significant function for α-actinin in the
assembly or maintenance of various actin structures in vivo. Either the over or under
expression of α-actinin in vertebrate cells affects cell motility and can lead to tumorigenic
cell lines 19. Pavalko and Burridge showed that the injection of proteolytic fragments of αactinin into living cells leads to the disassembly of stress fibers 20. Drosophila mutants that
lack α-actinin are not viable, though the protein is not necessary for the initial assembly of
muscle Z-disks but rather for the maintenance of their integrity under the stress of
contraction 21; 22; 23. Finally, two groups have shown that the absence of α-actinin-3 is
associated with certain forms of congenital muscular dystrophy 24; 25. Although mutation of
α-actinin has not yet been associated with nemaline myopathy, this disorder is characterized
by the presence of rod-shaped structures called nemaline bodies which consist of skeletal αactin and Z-disk proteins, including α-actinin26. Recently, several missense mutations in αactinin-2 have been found to cause hypertrophic cardiomyopathy27. Finally, point mutations
in α-actinin-4 in humans result in one type of glomerulosclerosis28; 29.
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In the nematode Caenorhabditis elegans α-actinin is found at adherens junctions in the gut
and at focal adhesion-like structures, called dense bodies, in the body wall muscle 30; 31
(Figure 2). Other proteins found with α-actinin at dense bodies include integrin 32, talin 33,
and vinculin 34 (Figure 2d). The body wall muscle dense bodies, therefore, are good general
models for the attachment of actin to membranes in vertebrate cells. The proper assembly of
these adherens junctions is critical to the viability of the nematode, as mutations in vinculin
or integrin that interfere with assembly lead to complete paralysis of the muscle, incomplete
elongation, and a characteristic embryonic arrest, the so called PAT phenotype 35; 36; 37.
Based on this, and on the information from the study of vertebrate adherens junctions, we
expected that α-actinin would be the major actin binding protein in the dense body and,
therefore, that it would be as critical to the function of the dense body as is vinculin and
integrin. To examine the function of α-actinin in C. elegans we devised a genetic strategy to
eliminate it from the dense body and then to determine the consequences for dense body
assembly, actin filament organization, and the behavior of the mutant animal. We were
surprised to discover that mutations eliminating C. elegans α-actinin had remarkably mild
effects. Such mutants not only did not show a PAT phenotype, like that caused by mutations
in vinculin and integrin, but rather were viable as homozygotes, showed nearly normal
looking muscle as assayed by polarized light microscopy, and nearly normal dense body
arrays as assayed by immunofluorescence microscopy using antibodies to integrin, talin and
vinculin. The mutants, however, showed abnormal accumulations of actin at the ends of the
muscle cells and, as assayed by electron microscopy, had dense body analogues that were
shorter and broader at the base. Further, although casual observation of worm locomotion or
the use of a standard liquid motility assay did not show abnormality, quantitative analysis of
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the locomotion of individual worms revealed a defect in body bending. We conclude that αactinin has a role in the final assembly of dense bodies, and that a fully assembled dense
body is required for efficient transmission of force.

MATERIALS AND METHODS
C. elegans Strains
General methods for the growth and maintenance of nematode strains were as described in
Brenner 38. The N2 strain was used for the analysis of wild type α-actinin organization. The
C. elegans α-actinin mutant atn-1(ok84) was isolated as described below. For transformation
rescue experiments we used a strain carrying a temperature sensitive allele of the pha-1 gene
pha-1(e2123). For nematode behavior assays, we used N2 as wildtype, atn-1 (ok84), and the
atn-1 (ok84); sfIs2 rescued line.
Isolation of an α-actinin Mutant

NIH-PA Author Manuscript

Synchronous L4 larvae were mixed with 15 ml of M9 buffer containing 4, 5', 8trimethylpsoralen (Sigma, St. Louis) at 30 mg/ml. After 15 minutes at room temperature, the
mixture was transferred to a sterile 15-ml petri plate. The suspension was irradiated with 360
nm UV light for 90 seconds at 340 mW/cm with gentle shaking (Model UVL-21 Blak-Ray
Lamp, longwave UV-365 nm, Fisher Scientific). The mutagenized animals were cultured for
twenty-four hours. They were then treated with basic hypochlorite to collect their eggs.
After the eggs hatched the resulting animals were arrayed in 1152 cultures of 500 animals.
After five days we harvested a portion of each culture, prepared and strategically pooled the
DNA according to our standard procedures (Barstead and Waterston, 1991), and performed
nested PCR with primers flanking the α-actinin gene. The primer sequences were as
follows:
Outer Primers:
#114 - AGATGCCATTGACACCTTCC
#135 - TATTCTGTCTGTACCGGACG
Inner Primers:
#106 - ATTCACAGCCTGGTGCAACT
#99 - ATGGAATCGCTTCGTGTCGG
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Putative deletion fragments were identified by the presence of a PCR fragment that was
shorter than the wild type fragment. We identified one such DNA pool. The reserved sibling
population that corresponded to the PCR address was harvested, divided into smaller sub
populations, allowed to reproduce, and the process was repeated until we captured a single
animal carrying the deletion. After recovering the α-actinin mutant, the strain was
backcrossed four times to wild type animals to reduce the possibility that our analysis would
be affected by unrelated mutations that were unintentional by products of the mutagenesis.
The allele name for this isolate is ok84.
Transformation Rescue
We constructed a strain with the following genotype: atn-1(ok84); pha-1(e2123). We
transformed this strain with a cloned wild type copy of the pha-1 gene, as the selectable
marker, and the C. elegans cosmid W04D2.1 that carried a wild type copy of the C. elegans
α-actinin. Rescue was determined by examining the organization of the muscle. To
construct atn-1 (ok84); sfIs2, first we prepared transgenic worms of atn-1 (ok84) harboring
an extrachromosomal array containing a 9 kb genomic PCR fragment representing the wild
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type atn-1 gene (generated by primers
GAGTGTTCTTCATCACCAATTGAATATTTTTCGAGTGTTG and
CTCAGGATATTATCCATTTCGCAGCTAAAAAAACTCAAAC) and the transformation
marker sur-5::GFP 39. Second, this extrachromosomal array was integrated into the genome
by UV irradiation 40 (P. Barrett, personal communication)).
RNAi
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We did RNAi according to protocols described by Ahringer and colleagues 41. The fragment
designated for RNAi was obtained by polymerase chain reaction (PCR) from an α-actinin
cDNA. The following primer pair used for PCR amplification: 5'- GTG TCA AGT TGG
TCT CCA TTG G -3' and 5'- CGG GGT ACC TGA TAT CCT TGA TAA GAT -3'. Their
location relative to the gene are shown in Figure 1. These primers were designed such that
the resulting PCR fragment would contain Asp718 and SacI restriction sites at its ends. The
RNAi fragment was cloned into the corresponding restriction sites in the vector pPD129.36
such that the insert was flanked by T7 polymerase initiation sites. The resulting plasmid,
pRB100, was transformed into the E. coli strain HT115 [F-, mcrA, mcrB, IN(rrnD-rrnE)1,
rnc14::Tn10(DE3 lysogen: lacUV5 promoter -T7 polymerase) (IPTG-inducible T7
polymerase) (RNAse III minus)]. In the presence of IPTG, we expected that this transformed
E. coli strain would produce double stranded RNA matching the corresponding α-actinin
cDNA sequence from pRB100. To introduce this double stranded RNA, we fed this E. coli
strain either to wild type C. elegans or to a C. elegans strain carrying the ok84 deletion in the
α-actinin gene. We first placed 10 first larval stage worms on culture plates seeded with E.
coli HT115 as a control, or with HT115 carrying pRB100. Carbenicillin (25mg/ml) was used
to select for the presence of pRB100. Both the control and experimental cultures contained 1
mM IPTG, which induces expression of double stranded RNA from pRB50. After five days,
we harvested the progeny from the original worm cultures. The harvested worms were fixed
and stained with AlexaFluor-546-phalloidin (Molecular Probes, Eugene, Oregon) as
described below.
Immunocytochemistry
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Antibodies to α-actinin (monoclonals MH35 and MH40.3), integrin (monoclonal MH25),
tight junctions (monoclonal MH27), and vinculin (monoclonal MH24) were generated in the
laboratory of Robert Waterston (Francis and Waterston, 1985; Francis and Waterston,
1991). We used commercial antibodies to actin (monoclonal C4) (ICN, Costa Mesa,
California). For staining with antibodies to integrin, nematodes were fixed with a variation
of the freeze-crack method of Albertson 42; 43. Slides with freeze-cracked nematodes were
incubated in 3% formaldehyde (EM grade, Ted Pella, Inc, Redding, CA) in 0.1M-phosphate
buffer for 20 minutes at room temperature. For staining with antibodies to actin, α-actinin,
talin, or vinculin, nematodes were fixed with either the freeze-crack method or with a
variation of the whole nematode fixation method of Nonet 44. Slides with freeze-cracked
nematodes were fixed by incubation for 1 hour in a modified Bouin's fixative (50%
methanol, 35% saturated picric acid, 12% formalin, 2% acetic acid, 1% ß-mercaptoethanol).
For whole nematode fixation, rinsed nematodes were placed in a 1.5 ml tube containing
modified Bouin’s fixative and shaken at room temperature for 30 minutes. The tube was
then placed in liquid nitrogen for one minute (to crack open the cuticle), defrosted under
warm water, then shaken for an additional 30 minutes at room temperature. Nematodes were
rinsed three times with a borate buffer with ß-mercaptoethanol (20 mM H3BO3, 10 mM
NaOH, 0.5% Triton X-100, 2% ß-mercaptoethanol), and then shaken for 1 hour at room
temperature. The rinses and incubation were repeated two more times, followed by thorough
rinsing in borate buffer without b-mercaptoethanol, and rinses in antibody buffer (0.5%
Triton X-100, 1 mM EDTA, 0.1% BSA in PBS with 0.05% sodium azide). After either type
of fixation, slides or nematodes were rinsed in PBS, followed by incubation in 10% donkey
J Mol Biol. Author manuscript; available in PMC 2012 September 13.

Moulder et al.

Page 5

NIH-PA Author Manuscript

serum in antibody buffer for one hour. Primary antibody incubations (1:100–1:2, 000 in
antibody buffer) were done overnight. After thorough rinsing with antibody buffer, slides
were incubated in secondary antibody for four hours. Unlabeled and Cy3-labeled secondary
antibodies were obtained from Jackson ImmunoResearch (West Grove, PA); Oregon Green
488 was coupled to secondary antibodies using the Oregon Green labeling kit from
Molecular Probes (Eugene, OR). After rinsing, slides were mounted in anti-bleaching
medium containing DAPI to label nuclei 45.
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Staining with rhodamine-phalloidin or AlexaFluor-546-phalloidin was done on animals
fixed in the following way: Worms were washed from culture plates with M9 buffer. They
were pelleted in a centrifuge and the M9 was removed. We used formaldehyde made from
paraformadehyde to fix the worms. The worms were suspended in a solution of 3%
formaldehyde in 0.2 M NaPO4, pH 7.0, at room temperature. We removed the fix after thirty
minutes and added a solution of 3% formaldehyde in 0.2 M NaPO4, pH 8.0. The worms
were then incubated an additional thirty minutes at room temperature. To remove the fix we
washed the worms five times in ten volumes of PBS, pH 7.0. The worms were then treated
with EM grade acetone for two minutes at –20°. To remove the acetone we washed the
worms five times with PBS, pH 7.0. The worms were incubated with 50-µM rhodaminephalloidin for one hour. We removed the unbound phalloidin by washing five times with
PBS, pH 7.0. Images were collected with either a Leica TCS or a Zeiss LSM510 confocal
microscope
Electron microscopy
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We harvested L2 to L4 larval staged worms from standard cultures by washing the culture
plates with M9 buffer. The worms were allowed to settle in a 15-ml centrifuge tube and
withdrew all but 0.5 ml of the M9 buffer. Approximately 200 µl of the worm suspension
were added to Millipore filters (Type HA, 0.45 µm) cut to 7 mm × 10 mm dimensions. A
house vacuum was used to gently pull liquid through the filter. Being careful to insure that
the worms did not dry, we placed the glass filter on wet Whatman filter paper (~9 mm × 11
mm). The worms were placed on a Styrofoam disk and frozen ultra-rapidly by slamming the
disk onto a copper block cooled with liquid nitrogen (LN2) (Reichert MM80E slam freezer).
We removed the frozen filters, with attached worms, from the Styrofoam disk under LN2
and placed them into a nylon mesh basket 46; 47 in −80º C anhydrous acetone containing 1%
tannic acid and 1% anhydrous glutaraldehyde. Freeze substitution was done in an ultralow
freezer at −80º C for 72 hr with occasional agitation. The freeze substituted worms were
rinsed three times in 50 ml of anhydrous acetone at −80º C, transferred to acetone with 1%
OsO4 at −80º C and then warmed slowly to −20º C over 8 h and then to 4º C over 16 h.
After three rinses with acetone, we pipetted the worms from the mesh basket to Eppendorf
microfuge tubes. The fixed worms were infiltrated with Spurr's resin 48, which was then
polymerized at 65º C for 18 hr. We cut silver sections with a diamond knife using a Reichert
Ultracut E Ultramicrotome. The samples were stained with the double lead staining method
of Daddow 49 using a modified Sato's lead stain. We viewed the samples using a JEOL
1200EX scanning transmission electron microscope at an accelerating voltage of 100 kV.
Nematode Behavior Assays
A standard motility assay, which counts the number of times a worm moves back and forth
in a drop of M9 liquid was performed as described in Mercer et al. 50. For a more detailed
analysis of worm locomotion, we performed the following procedure: All strains were
grown using standard protocol 38 on NGM plates with OP50 (cultivation plates). Well-fed
young adults were used for the assays. Animals were assayed on 2.1 % NGM plates without
bacterial food (assay plates). Assay plates were stored at 4 °C and warmed to room
temperature 2–3 hours before the assay. For the assay, young adult worms were picked
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individually from cultivation plate to an assay NGM plate and allowed to crawl for 3
minutes to remove residual bacteria and adjust to the new plate condition. After 3 minutes,
the worms were touched on the head under a dissection microscope (20× magnification on a
Zeiss Stemi SV 11 Dissecting Scope) with a platinum pick to induce reversals, and their
behaviors were recorded by videomicroscopy. Taps were administered at least three minutes
apart, and three or four taps were given in 10–15 minutes. Behavior was recorded at 8 fps
using a CCD camera (Infinity 2-1 CCD, Lumenera Corporation). The movies were analyzed
using a custom written LabView program. For each frame, the program thresholded the
image to identify the worm, created a mid-body spline, and calculated a length of the worm
from the spline 51. Amplitude in the body bend can also be calculated for each frame (Figure
10). We define the reversal amplitude to be the largest amplitude during a reversal after
being tapped on the head and before an omega turn or changing directions52. To account for
small length differences in worms, the ratio of amplitude to length was reported. The Mann
Whitney Test was used to assess statistical significance.
Tandem Mass Spectrometry
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50–100 micrograms of total protein extract from the mutant strain atn-1(ok84) were
subjected to SDS-PAGE. The separated proteins were stained with Coomassie blue. The
portion of the gel containing proteins running 25–35 kDa was excised and the proteins in the
gel slice were subjected to in-gel digestion. The resulting peptides were analyzed by reversephase liquid chromatography coupled with tandem mass spectrometry53 using an LTQOrbitrap mass spectrometer (Thermo Finnigan, San Jose, CA). We used a reverse database
strategy to evaluate false discovery rate; the matched peptides were filtered according to
matching scores to remove all false matches from the reverse database54. Finally, we only
accepted proteins that were matched by at least two peptides to further improve the
confidence of identification; i.e., where modified peptide forms are considered to be
different peptides (e.g. ABC* and ABC are considered to be two peptides).

RESULTS
The mutant allele ok84 eliminates seventy percent of the C-terminus of α-actinin
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The solitary C. elegans α-actinin gene is organized as shown in Figure 1a. We used PCR
with primers flanking the gene to isolate a strain carrying a deletion within the gene (Figure
1a; see Materials and Methods). The allele was given the designation ok84. We purified the
deleted PCR fragment and determined its DNA sequence. The sequence showed that the
1136 base pair deletion extended from base pair 9656 to 10792. The deletion creates a
fusion between sequences in the fifth intron and the sixth exon. The remaining splice sites
nearest the deletion endpoints cannot be spliced to create an in-frame protein fusion. If the
mutant protein were stable in vivo, it would be truncated at amino acid 250, with only the
actin binding domain remaining.
Though the putative truncated protein would likely be non-functional, we took two steps to
confirm that it was not present at substantial levels in the atn-1 mutant. First, the truncated
protein could not be detected with either of two monoclonal antibodies on Western blots
(data not shown). Second, the predicted truncated protein of ~29 kDa from atn-1(ok84) was
not detected when we performed mass spectrometry analysis of proteins in the range of 25–
35 kDa, although we identified 547 proteins in that gel slice (data not shown).
To clean up the genetic background of the original mutant isolate we crossed the strain four
times to wild type worms. We then did two tests to establish the validity of the strain for
phenotypic analysis. First, we tested for the presence of α-actinin in situ in the mutant using
two monoclonal antibodies (Figure 3). We determined that the antigens recognized by these
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two antibodies were completely absent from the mutant. Second, after we found that actin
was disorganized in the α-actinin mutant (see below), we showed that a wild type transgenic
copy of the α-actinin gene could restore normal actin organization (Figure 4).
Actin is variably disorganized in the body wall muscle of the mutant
We wanted to determine whether the elimination of α-actinin from the body wall muscle
would affect the organization of muscle actin. First, as assayed using rhodamine phalloidin,
which binds to filamentous actin, actin in the body wall muscle was for the most part well
organized. The actin striations in the mutant, however, were less uniform. The mutant
muscle also showed abnormal bundles of actin at the cell boundaries (Figure 4). Second, as
assayed using a monoclonal antibody to actin we found a range of disorganization in the
mutant (Figure 5). In most cells, the actin was organized normally in well-ordered striations.
In some cells, or regions within cells, however, the actin accumulated into large bundles.
Finally, in some cases actin was missing from its normal location.
Other adherens junction proteins are organized relatively normally
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In models of adherens junctions α-actinin is placed as the most distal component relative to
the plasma membrane. An examination of the organization of other known adherens junction
proteins in cells lacking α-actinin, therefore, bears on the mechanism by which the structure
is assembled. We, therefore, examined the organization of integrin and vinculin in α-actinin
mutant animals (Figure 6). We found that both of these proteins were in the correct cellular
domain, that is, at the basal side of the cell along with all of the other components of the
contractile apparatus. Further, they were all relatively well ordered at sites that likely
corresponded to partially formed adherens junctions that lacked α-actinin. Similar results
were seen for talin (not shown). These membrane proximal structures, however, appeared
broader than normal dense bodies, and the edges were poorly delineated.
The dense bodies are abnormal but the acto-myosin filament arrays are relatively well
ordered
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As we determined by light microscopy, the actin and other adherens junction proteins were
surprisingly well ordered in the mutant, and so to detect subtle defects we examined the
structure in more detail using electron microscopy (Figure 7). As seen in cross sections
through the muscle filament array, in most cases the actin filaments are organized normally
around the myosin filaments. In the mutant, however, where we should see finger-like dense
bodies at the membrane that are about 150 nm wide at the base and that project up to 1 mm
into the cell, we instead see dense structures with a spread of about 500 nm and a height of
about 20 nm. Just above this dense plaque, we see an accumulation of actin filaments in that
encompass an area of about 500 nm wide and with a height between 0.15 to 0.25 nm. The
entire contractile filament array, including thick and thin filaments, however, extended up to
1 mm away from the membrane, nearly the depth seen in wild type muscle.
Epigenetic Inactivation via RNAi confirms the null phenotype
Double stranded RNA interference (RNAi) is a simple and rapid method to specifically
inactivate gene function in the nematode Caenorhabditis elegans. As the genetic deletion
(ok84) did not remove the entire gene, (and therefore strains carrying this mutation may not
represent the null phenotype), we used RNAi to buttress our genetic analysis. As described
in above, we placed a portion of the α-actinin coding sequence in a cloning vector that is
designed for the production of double stranded RNA in an appropriate E. coli strain. Feeding
is a standard way to introduce double stranded RNA for RNAi experiments in C. elegans, so
the resulting E. coli strain was fed both to wild type and to worms carrying the ok84
deletion. As assayed using antibodies, animals where the α-actinin gene was inactivated via
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RNAi did not produce detectable α-actinin protein. The phenotype of animals where the αactinin gene was inactivated via RNAi was identical to that seen for the genetic deletion
mutant (Figure 8). Further, ok84 animals showed no further muscle degradation when tested
with RNAi.
Loss of Function of α-actinin Results in Nematodes Less Able to Bend
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Because the α-actinin mutant displays shorter and broader dense bodies and variably
disorganized actin, we wanted to determine what effect these abnormalities would have on
muscle function. As the activity of body wall muscle is required for the worm to move, one
way to assess the activity of this muscle is to assay the locomotion of the whole worm. By
casual observation, ok84 and wild type animals seem to move with the same speed and
general sinusoidal motion. A typical liquid motility assay, counting the number of times an
animal moves back and forth in buffer, also showed no significant difference between wild
type and ok84 (Figure 9). Using videomicroscopy and image processing software which
track, records and analyzes the movement of individual worms, we compared the backward
movements of wild type and ok84 animals. The amplitude of body bending, normalized for
body length, was calculated. As shown in Figure 9, the amplitude of reversals was
significantly smaller for ok84 than that of wild type. To be sure that this difference was not
due to closely linked mutations that had not been eliminated by outcrossing, we performed
the same assay on atn-1(ok84) animals that were rescued for the muscle structural defect by
carrying an integrated array of the wild type atn-1 gene (Supplemental Figure 1). As shown
in Figure 10, these rescued animals show a restoration of body bending in reversals to wild
type levels. Therefore, the loss of α-actinin in body wall muscles results in nematodes that
are less able to bend, perhaps because they transmit the force of myosin/actin interaction less
efficiently.

DISCUSSION
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To test the function of α-actinin in the body wall muscle of the nematode Caenorhabditis
elegans we isolated a strain carrying a deletion within the single known α-actinin gene. The
deletion extended from within the first of the spectrin repeats through to the fourth and last
repeat. Further, the coding sequence distal to the deletion likely cannot be spliced in the
normal reading frame. Such a deletion likely prevents the formation of normal anti-parallel
α-actinin homodimers 16; 17; 18. Moreover, we did not detect any α-actinin in situ in the
mutant using two monoclonal antibodies that recognize the protein. Further, the predicted
truncated protein of ~29 kDa from ok84 was not detected when we performed mass
spectrometry analysis of proteins in the range of 25–35 kDa, although we identified 547
proteins in that gel slice. The mutant, therefore, likely is a molecular null. The RNAi results
add to the evidence that reported phenotype is a result of a complete loss of function in the
α-actinin gene. The phenotype of wild type animals where α-actinin was eliminated by
RNAi was the same as that seen for the genetic mutant. Further, if the genetic mutant were
not null, we would expect that the application of double stranded α-actinin RNA would lead
to further reductions in the amount of functional α-actinin and a worse phenotype. That the
phenotype was not worse supports our contention that the genetic mutant represents the true
null phenotype. Finally, the similarity between the phenotypes of the genetic mutant and that
seen with RNAi strongly argues against the possibility that the genetic mutant contains an
opportunistic suppressor mutation linked to the atn-1 gene.
Given others and our past results showing that several other dense body proteins (vinculin,
integrin, PAT-4 (ILK), PAT-6 (actopaxin) and UNC-97) are essential genes 55 we were
surprised to find that α-actinin was not an essential gene. Animals homozygous for the
deletion were viable, with mild effects on actin organization. Some cells showed abnormal
accumulations of actin at both their anterior and posterior boundaries. We do not know
J Mol Biol. Author manuscript; available in PMC 2012 September 13.
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whether such accumulations result from the misassembly of actin, or as a consequence of a
structural failure in the contractile apparatus that leads to actin disorganization. Electron
micrographs of the mutant muscle showed areas where actin and myosin filaments were
organized normally, with six actin filaments surrounding a single myosin filament. Other
areas, however, were clearly abnormal, with large accumulations of actin. The dense bodies
were shorter and broader at the base, suggesting that the cells accommodate to the absence
of α-actinin by changing the organization of other dense body proteins, perhaps by
increasing the level of other actin binding proteins with an alternative architecture that keeps
them closer to the plasma membrane. Nevertheless, the overall filament number and depth
of the filament array in the mutant is close to that found in wild type muscle. Perhaps the
main function of α-actinin is not primarily structural, but rather it serves as a
mechanosensitive scaffold56. Given the architecture of the mutant structures and their
proximity to the membrane, the actin filaments likely arc up from the membrane to achieve
their necessary position within the filament array. Based on our results, it is seems clear that
other proteins within the dense body can partially compensate when α-actinin is absent.
Both talin and vinculin are known to bind to actin, and are present at appropriate sites in the
mutant, and so either of these proteins might substitute for the actin binding function of αactinin. Perhaps the over expression of either of these candidates might lead to an
improvement in the phenotype of the α-actinin mutant.
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Nevertheless, α-actinin mutant muscle does not function normally. Quantitative analysis of
backward locomotion reveals that these animals have reduced ability to bend. This is
significant since the transmission of force by body wall muscle myofibrils via dense bodies
and M-lines through the muscle cell membrane, basement membrane, hypodermis and
cuticle bends the worm and this allows the worm to move. Thus, our interpretation is that in
the α-actinin mutant with dense bodies of abnormal structure, the force is less efficiently
transmitted. Interestingly, we were able to restore the normal bending ability in ok84 only
when every body wall muscle cell expressed wild type atn-1 and had normal actin
organization with an integrated transgene; use of an extrachromosomal array, in which some
cells lost the array, as detected by the typical abnormal actin organization of ok84, did not
show rescue of the bending phenotype (data not shown). Moreover, according to the
promoter analysis results available on WormBase (http://wormbase.org/), atn-1 is expressed
in body wall muscle, the pharynx (probably pharyngeal muscle), and a number of
unidentified cells in the tail. Therefore, the behavioral phenotype that we have found is most
likely due to its body wall muscle expression.
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The fact that we had to use a sophisticated assay of locomotion to detect a defect in ok84, is
compatible with the idea that this muscle is partially compensated for the loss of α-actinin.
There is a growing list of components of nematode muscle focal adhesions for which the
intragenic deletions (consistent with loss of function) display either mild or no obvious
defects in myofibril organization or motility (e.g. UIG-1 57, LIM-8 and LIM-9 58,
SCPL-1 59, and ZYX-1 60. One explanation is that these proteins have non-crucial functions
or are redundant with other proteins. An alternative explanation is that our ability to discern
a phenotype depends on the assay used. We can hypothesize that under the usual lab growth
conditions and motility assays, nematode muscle operates far below its maximal capacity. It
will be interesting in the future to determine if more quantitative assays of motility, such as
the one described here, will reveal phenotypes for these many other mutants.
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Figure 1. The ok84 allele is an 1136 base pair internal deletion

The sequence coordinates are taken from cosmid W04D2 that encodes the α-actinin gene
W04D2.1 (Barstead et al., 1991; Waterston and Sulston, 1995). (A). The coding sequence
starts at position 6654 and ends at position 12182. The oligonucleotide primers used for
PCR reactions were located as shown. The outer primer set generated a 3478 base pair PCR
fragment that extended between base pairs 7681 and 11159. The inner primer set generated a
3250 base pair PCR fragment that extended between base pairs 7980 and 11130. The 1136
base pair ok84 deletion extends from position 9656 to position 10792. (B). The domains of
the 920 amino acid α-actinin polypeptide are shown. The deletion not only eliminates a
portion of the gene but also likely disrupts splicing so that the protein would be truncated at
amino acid 250. If the mutant protein were stable in vivo, it would contain the actin binding
site, and a portion of the first spectrin repeat.
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Figure 2. Dense bodies are focal adhesion-like adherens junctions
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(A). The diagram shows a cross section through the C. elegans body wall including the
cuticle on the surface, an epidermal cell layer adjacent to the cuticle known as the
hypodermis, and four quadrants of muscle cells around the circumference. The muscle
quadrants run the length of the animal. In adult C. elegans each quadrant has twenty-three to
twenty-four mononucleate, striated muscle cells. (B). In a cross section the dense bodies are
seen adjacent to thin filaments that emanate from other close-by dense bodies. A zone of
myosin filaments is seen to overlap with a zone of actin filaments. (C). A section taken from
diagram A showing 1) the arrangement of dense bodies in the body wall muscle, 2) the
projection of the wedge shaped dense bodies from the membrane into the cell, and 3) the
relationship of the actin and myosin filament system to the dense bodies. (D). Four of the
known protein components of dense bodies are shown. These proteins include integrin, talin,
vinculin and α-actinin. Their relative positions within the dense body are not known with
certainty, but can be inferred from other work (Francis and Waterston, 1985; Barstead and
Waterston, 1989; Gettner et al., 1995b; Moulder et al., 1996a).
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Figure 3. α-actinin is absent from the mutant in situ
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We used two monoclonal antibodies to C. elegans α-actinin (Francis and Waterston, 1985)
to look for the protein in the mutant. The results from one of these antibodies, MH35, are
shown. The antibody MH40 gives the same results. Panels A and B show a normal dense
body array in wild type muscle. The arrows in panel A demark the boundaries of a single
muscle cell. The arrow in panel B points to a dense body. Panel C shows that the epitope
recognized by MH35 is missing in the mutant. Bleed through of DAPI stained nuclei are
visible, however. Bar = 10 microns.
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Figure 4. A transgenic copy of the wild type gene rescues the mutant phenotype
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We used rhodamine-phalloidin to examine the organization of actin in wild type animals
(A), in animals with the ok84 deletion (B), and in animals with the ok84 deletion that carry a
transgenic copy of the wild type α-actinin gene (C). In both A and C one sees normal actin
filament striations. In B one sees relatively well-ordered striations, with abnormal
accumulations of actin at the cell boundaries (arrows). Bar = 20 microns.
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Figure 5. Actin is variably disorganized in the mutant

We used a monoclonal antibody to actin to examine the range of organization in the αactinin mutant. One sees normal actin striations in wild type muscle (A). In the mutant one
can see some cells with nearly normal actin organization (B), with weakly staining, poorly
defined striations (C), or with well staining, but ragged striations with abnormal actin
bundles (D). Bar = 10 microns.
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Figure 6. Integrin and vinculin are mildly disorganized in the mutant

We used the monoclonal antibodies MH24 and MH25 that recognize C. elegans
vinculin30; 34 and ßintegrin30; 37, respectively, to examine the organization of these proteins
in wild type (A and C) and mutant (B and D) body wall muscle. As is normally seen in wild
type C. elegans muscle, integrin is found at each of the dense body adherens junctions
(arrow) and at the base of M-lines (arrow head) (A). Integrin is found at both of these sites
in the mutant (B). In wild type muscle vinculin is found at dense bodies (C). Vinculin is
more-or-less normally arrayed in the mutant at membrane-associated sites. Both integrin and
vinculin, however, appear more broadly in structures that are less distinct than in wild type
muscle. Bar = 10 microns.
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Figure 7. By EM, the mutant does not contain normal dense body structures

Panels A and B show EM cross-sections through wild type muscle. The finger-like dense
bodies (arrows) project approximately 1 micron into the cell from the plasma membrane and
are approximately 150 nm at their base. Such structures are absent in the mutant, panels C
and D. Still, actin filaments are organized around myosin filaments, however (panel D white
arrow). Rather than terminating at normal dense bodies, the actin filaments seem to
terminate at dense structures that are approximately 150 nm deep and 500 nm at their base
(panel C white arrow). The filament array, however, extends up to 1 micron into the cell.
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Figure 8. The RNAi phenotype is same as that for the genetic mutant

All panels show C. elegans body wall muscle stained with AlexaFluor-546-phalloidin to
visualize filamentous actin. (A). Actin organization in control animals that were fed a
control E. coli strain that lacked the plasmid pRB100. (B). Wild type animals fed the RNAi
bacterial strain carrying pRB100 with a cloned copy of the C. elegans α-actinin gene. The
phenotype is identical to that seen for animals carrying a mutation in the α-actinin gene
atn-1(ok84) (Figure 4b). (C). An α-actinin genetic mutant fed the same bacteria as those
animals shown in panel B. The phenotype of such animals is no worse than either the RNAi
or genetic phenotypes alone. Bar =20 µm.
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Figure 9. A standard swimming assay reveals no difference in motility between wild type and
atn-1(ok84) mutant adult worms

The number of times an adult worm moved back and forth in liquid during 1 minute was
counted as described in Mercer et al. 2003. The means and standard deviations are shown.
For each genotype, n=20.
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Figure 10. Behavior assay based on reversal amplitude reveals a defect in atn-1(ok84) mutant
animals, which can be fully rescued

(a) Bright field image of a worm during a reversal with a deep ventral bend. (b) Thresholded
image of (a); a spline can be fit to the worm, and an amplitude can be measured. (c)
Normalized amplitude to body length for wild type N2 (n=14), rescued strain (atn-1(ok84);
sfIs2[atn-1; sur-5::GFP])(n=12), and atn-1(ok84) (n=19). Error bars represent SEM.
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