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Abstract
The nematode Caenorhabditis elegans has long been a useful model organism for muscle
research. Its body wall muscle is obliquely striated muscle and exhibits structural similarities with
vertebrate striated muscle. Actin is the core component of the muscle thin filaments, which are
highly ordered in sarcomeric structures in striated muscle. Genetic studies have identified genes
that regulate proper organization and function of actin filaments in C. elegans muscle, and
sequence of the worm genome has revealed a number of conserved candidate genes that may
regulate actin. To precisely understand the functions of actin-binding proteins, such genetic and
genomic studies need to be complemented by biochemical characterization of these actin-binding
proteins in vitro. This article describes methods for purification and biochemical characterization
of actin from C. elegans. Although rabbit muscle actin is commonly used to characterize actin-
binding proteins from many eukaryotic organisms, we detect several quantitative differences
between C. elegans actin and rabbit muscle actin, highlighting that use of actin from an
appropriate source is important in some cases. Additionally, we describe probes for cell biological
analysis of actin in C. elegans.
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1. Introduction
Actin is the core component of thin filaments in contractile apparatuses in muscle. In striated
muscle, actin filaments are regularly arranged in sarcomeric structures to produce contractile
forces. Proper assembly, maintenance, and function of sarcomeric actin filaments are critical
for healthy muscle, as defects in sarcomeric actin filaments are associated with a number of
cardiac and skeletal muscle diseases in humans [1–6]. Although the sequential events of
many steps of sarcomere assembly are well-documented, the molecular mechanism by
which sarcomeric actin filaments are assembled and maintained is largely unknown [7–9].
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Striated muscle is also present in invertebrates, with a basic sarcomeric organization of
contractile proteins very similar to that in vertebrate muscle, and studies in insects and
nematodes have provided many of our insights into the mechanisms of sarcomere assembly
and function [10].

The body wall muscle of the nematode Caenorhabditis elegans is obliquely striated muscle
with distinct sarcomeric structures, and has been a powerful model for study of the structure
and function of contractile apparatuses in striated muscle (for reviews, [11–13]). In C.
elegans, actin is 90–94 % identical with human skeletal muscle α-actin [14]. In addition,
many actin-binding proteins that regulate assembly and function of vertebrate sarcomeric
actin filaments are conserved in C. elegans [9]. Genetic approaches have further identified
genes that regulate sarcomeric assembly and function in the body wall muscle, and some of
them are specifically required for sarcomeric organization of actin filaments [15–17].
Furthermore, sequencing of the genome [18], genome-wide RNA interference studies [19–
21], and high-throughput gene expression analyses [22, 23] have revealed additional
candidate genes that may regulate sarcomeric actin filaments in C. elegans.

To understand the functions of actin regulators, biochemical analysis of their effects on actin
dynamics is often important. Since actin sequences are highly conserved among eukaryotic
species, rabbit skeletal muscle actin can be used to characterize many in vitro properties of
actin-binding proteins from C. elegans. However, we have found that purified actin from C.
elegans exhibits several quantitative differences in biochemical properties from rabbit
muscle actin [24, 25]. Therefore, use of actin from an appropriate species is important to
fully understanding physiologically significant functions of an actin-binding protein.
Unfortunately, expression of functional actin requires specific chaperones, and bacterial
expression systems are not appropriate. A recently developed baculovirus system for
expressing recombinant actin provides a viable alternative for producing single actin
isoforms or mutant forms of actin [26]. However, milligram quantities of native actin can be
relatively easily purified from C. elegans [24]. This article describes methods for
purification of C. elegans actin and its biochemical and cell biological characterization with
updated analysis and additional details.

2. Materials and methods
2.1. Nematode culture

Wild-type C. elegans strain N2 was obtained from the Caenorhabditis Genetics Center
(Minneapolis, MN). Nematodes were generally maintained under standard conditions using
nematode growth medium (NGM)-agar plates at 20 °C as described previously [27].
Detailed culture methods for C. elegans are described by Stiernagle [28].

For actin preparation, C. elegans was grown in liquid culture essentially as described by
Stiernagle [28] using Escherichia coli NA22 as a food [29]. E. coli OP50 can also be used as
a food [28]. Detailed methods to prepare required solutions are described by Lewis and
Fleming [30] and Stiernagle [28]. Prior to worm culture, E. coli was grown in Terrific Broth
(12 g/l tryptone, 24 g/l yeast extract, 9.4 g/l K2HPO4, 2.2 g/l KH2PO4, 0.4 % glycerol)
overnight at 37 °C with shaking, harvested by centrifugation at 6000 × g for 10 min,
suspended in a small volume of S-basal medium without cholesterol (5.9 g/l NaCl, 1 g/l
K2HPO4, 6 g/l KH2PO4), and kept at 4 °C. We typically grow 4 l of E. coli culture and use
E. coli suspensions within a week. Although E. coli pellets or suspensions can be kept
frozen, freezing and thawing partially disrupt cells, increasing viscosity of the bacterial
suspensions, and making subsequent handling difficult. For preparation of liquid culture, C.
elegans was grown in 10-cm NGM-agar plates (2–3 plates per 500-ml liquid culture) until
they were nearly starved and enriched with L1 larvae. Worms were transferred into 1 l of S-
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basal medium with 5 µg/ml cholesterol and divided evenly between two 2-l Erlenmeyer
flasks. Each 500 ml culture was supplemented with 5 ml of 1 M potassium citrate (pH 6.0),
5 ml of trace metals solution (1.86 g/l disodium EDTA, 0.69 g/l FeSO4 •7 H2O, 0.2 g/l
MnCl2•4 H2O, 0.29 g/l ZnSO4 •7 H2O, 0.025 g/l CuSO4 •5 H2O), 1.5 ml of 1 M CaCl2, 1.5
ml of 1 M MgSO4 (the complete medium is S medium) and 15–20 ml of E. coli suspension,
and maintained at room temperature (22–25 °C) with shaking.

Worms were harvested after 5–7 days by centrifugation at 3000 × g for 5 min. They were
resuspended in cold 0.1 M NaCl, mixed with equal volume of cold 60 % sucrose, and
centrifuged at 3000 × g for 10 min. Live worms that floated to the top of the medium were
collected by wide-mouth pipettes. They were then washed twice by suspension in 0.1 M
NaCl and pelleting at 3000 × g for 5 min. The worm pellets were kept frozen at −80 °C in
50-ml polypropylene tubes until needed. Typically, 10–15 ml of packed worms is obtained
per 500-ml culture, although the yield can be more or less depending on the culture
conditions and the amounts of food.

2.2. Purification of actin from C. elegans
We reported a method to purify actin from C. elegans previously [24]. This method was
modified from one originally developed by Harris and colleagues [31] by incorporation of
gel filtration chromatography in the presence of a high concentration of Tris, a condition that
depolymerizes actin without denaturation and which had been used successfully to purify
actin from vertebrate non-muscle tissues [32, 33]. Here, we provide additional details and
updated information on the purification of actin from C. elegans.

Frozen worm pellets (30–40 ml) were thawed in 2 volumes (1 volume refers to an initial
volume of the worm pellets) of a homogenizing buffer (50 mM NaCl, 1 mM EDTA, 1 mM
DTT, 1 mM PMSF, 20 mM Tris-HCl, pH 8.0), and homogenized by passing twice through a
French pressure cell (Thermo Fisher Scientific, Model FA-031) at 5000 – 8000 lb/in2 (360–
580 g/cm2) using a Carver Laboratory Press (Model C). The homogenates were centrifuged
at 10,000 × g for 10 min, and the pellets (containing myofibrils) were washed twice by
resuspension in homogenizing buffer and pelleting at 10,000 × g for 10 min. The washed
pellets were extracted with 1 volume of 0.6 M KCl, 5 mM ATP, 5 mM MgCl2, 0.2 mM
EGTA, 1 mM DTT, 1 mM PMSF, 20 mM Tris-HCl, pH 8.0, and centrifuged at 10,000 × g
for 10 min, with the high-salt and ATP facilitating extraction of actin filaments by inducing
dissociation of actin filaments from myosin. The extraction was repeated once more. The
combined supernatants were mixed with 1/20 volume of 10 % Triton X-100 (approximately
final 0.5 %, to solubilize membranes) and ultracentrifuged at 100,000 × g for 2 h, with actin
filaments recovered in the pellet, and tropomyosin in the supernatant. The supernatant was
stored at −80 °C for later purification of tropomyosin as described previously [34], while the
pellet was collected using a plastic spatula, and transferred into a Dounce homogeneizer
containing ice-cold 2 M Tris-HCl, pH 7.0, 1 mM MgCl2, 0.2 mM ATP, 0.2 mM DTT for
homogenization. Homogenized pellet was then ultracentrifuged at 100,000 × g for 1 h to
clarify the soluble depolymerized actin.

The actin-containing supernatant was applied to a Sephacryl S-300 gel filtration column.
While a manually packed column (1.9 cm in diameter and 90 cm in length, bed volume: 250
ml) was used in our original report, here we used a HiPrep™ 26/60 Sephacryl S-300 pre-
packed column (bed volume: 320 ml) (GE Healthcare) attached to an ÄKTA FPLC system
(GE Healthcare). The column was equilibrated and eluted with 1 M Tris-HCl, pH 7.0, 0.5
mM MgCl2, 0.2 mM ATP, 0.2 mM DTT into 50–60 fractions (5–6 ml per fraction) that were
analyzed by SDS-PAGE and Coomassie Brilliant Blue R-250 staining for protein
composition. A typical elution pattern of proteins from gel filtration chromatography is
shown in Fig. 1.
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In selection of fractions for further purification, it is important to make sure that actin is
well-separated from most of other proteins. For the preparation in Fig. 1, fractions 29–32
(Fig. 1, asterisks) were pooled and dialyzed against G-buffer (2 mM Tris-HCl, pH 8.0, 0.2
mM CaCl2, 0.2 mM ATP, 0.2 mM DTT) overnight. The appearance of a white insoluble
material after dialysis is normal, as reduction in the Tris concentration precipitates
contaminating proteins, and therefore the dialysate was clarified by centrifugation at 20,000
× g for 20 min. Actin in the clarified dialysate was then polymerized by adding final 30 mM
KCl and 2 mM MgCl2 and 1 mM ATP for 4 h at room temperature or overnight at 4 °C. F-
actin was then pelleted by ultracentrifugation at 100,000 × g for 2 h. For experiments
requiring preassembled F-actin, the pellet was resuspended in a small volume of F-buffer
(0.1 mM KCl, 2 mM MgCl2, 0.2 mM ATP, 1 mM DTT, 20 mM HEPES-KOH, pH 7.5),
while to obtain G-actin, the pellet was solubilized in G-buffer, dialyzed against G-buffer
overnight, and ultracentrifuged at 424,000 × g for 1 h by a Beckman TLA100.3 rotor
(100,000 rpm), with G-actin recovered in the supernatant. When removal of actin dimers
and oligomers was critical, G-actin was further purified by gel filtration chromatography
using a Sephacryl S-300 column that had been equilibrated by G-buffer.

Concentration of F-actin was determined by Pierce® BCA Protein Assay Kit (Thermo
Fisher Scientific). Concentration of G-actin was spectrophotometrically determined using an
extinction coefficient of 0.63 mg−1 ml cm−1 at 290 nm. This value has been used for rabbit
muscle actin, and we verified by SDS-PAGE and densitometry that equivalent
concentrations of Ce-actin and rabbit actin could be yielded using this value.

2.3. Electrophoresis and Western blot
SDS-PAGE was performed using 12 % acrylamide (acrylamide : bis-acrylamide = 29:1)
gels in vertical slab gel systems (16.5 × 14.5 or 11.3 × 10 cm gel) (C. B. S. Scientific).

Total lysates of wild-type C. elegans were prepared as described previously [34]. Ce-actin
was denatured in SDS-lysis buffer (2 % SDS, 80 mM Tris-HCl, 5 % β-mercaptoethanol, 15
% glycerol, 0.05 % bromophenol blue, pH 6.8) at 97 °C for 5 min.

Two-dimensional gel electrophoresis was performed by a combination of isoelectric
focusing (IEF) in the first dimension and SDS-PAGE in the second dimension. SDS was
removed from the protein samples as described [35]. Proteins were resuspended in IEF
sample buffer (8 M urea, 2 % CHAPS, 50 mM DTT, 0.2 % Bio-Lyte 3/10 ampholytes) with
brief sonication and applied to pH 4–7 ReadyStrip IPG strips (11 cm gel; Bio-Rad) by
passive rehydration. Isoelectric focusing was performed by applying 35,000 V h with a
maximum voltage of 8000 V using a Protean IEF Cell (Bio-Rad). The IPG strips were
applied to SDS-PAGE for the second dimension and subjected to Coomassie-staining or
Western blot as described [36]. The anti-actin monoclonal antibody (C4; ICN Biomedicals)
was used as the primary antibody.

2.4. Preparation and characterization of pyrene-labeled C. elegans actin
C. elegans G-actin was purified as above to just prior to repolymerization, then dialyzed
twice overnight against 2 l cold Ca2+ depolymerizing solution (CDS: 10 mM Tris-HCl, pH
8.0, 0.2 mM CaCl2, 1 mM NaN3, 0.5 mM ATP, 1 mM DTT), followed by another overnight
dialysis against CDS lacking DTT to remove competing sulfhydryl groups. After
clarification at 100,000 × g for 15 min, the dialyzed G-actin was labeled with N-(1-pyrene)-
iodoacetamide as described previously for rabbit skeletal muscle actin [37] with
modifications as described [38]. Specifically, the following were mixed in this order: (1) G-
actin plus CDS of sufficient volume to yield 40 µM actin in the final reaction, (2) 1 M
MgCl2 to yield final concentration of 2 mM, (3) dropwise 26 mM (1 mg/mL) N-(1-pyrene)-
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iodoacetamide (Molecular Probes® Invitrogen, dissolved in dimethyl sulfoxide) to give a
final concentration of 45 µM, and (4) 2.5 M KCl to give a final concentration of 0.1 M. The
reaction was incubated for 90 min at 15°C to yield pyrene-labeled F-actin, which required
protection from light from this point forward. To obtain pyrene-labeled G-actin, the labeling
reaction was pelleted at 100,000 × g for 2.5 h, and the pellet washed twice briefly with ice
cold G-buffer (2 mM Tris-HCl, pH 8.0, 0.2 mM CaCl2, 0.2 mM ATP, 0.2 mM DTT), and
soaked for 15 min in the same before disruption of the pellet in a Dounce homogenizer.
Disrupted pellet was dialyzed twice overnight against 2 l ice cold G-buffer. For final
purification of pyrene-labeled G-actin, the dialysate was clarified at 100,000 × g for 2 h and
fractionated on a Sephacryl S-300 column. Actin monomer concentration of pyrene-labeled
actin was determined by the following equation [39]:

The efficiency of labeling can be calculated based on the amount of pyrene present, which
exhibits an extinction coefficient of 22,000 M−1 cm−1 at 344 nm, with typical efficiency
ranging from 75 – 90 % labeled actin, similar to those reported for rabbit actin [39]. For use,
this stock was typically diluted with unlabeled actin to 4 – 10 % labeled actin.

3. Results and discussion
3.1. Purification of C. elegans actin

C. elegans actin (Ce-actin) that is purified using this method (2.2) is 95~99 % pure (Fig. 2)
as determined previously by SDS-PAGE and densitometry and does not contain detectable
levels of capping protein or ADF/cofilin [24], which are known to influence the rate of actin
polymerization and depolymerization at very low concentrations [40, 41]. In a typical
preparation, 5–7 mg of actin is obtained from 30–40 ml of worms, with a small unidentified
protein of ~16 kDa (Fig. 2, asterisk) being the only contaminant sometimes detectable in low
amounts. Both F- and G-actin are stable on ice for at least two weeks, and G-actin can be
snap-frozen in liquid nitrogen and stored at −80 °C for longer storage.

With further analysis through two-dimensional gel electrophoresis using isoelectric focusing
(IEF) in the first dimension with an immobilized pH gradient, Ce-actin resolves to six
distinct spots by Coomassie-blue stain (Fig. 3A). All are recognized by anti-actin
monoclonal antibody C4 in Western blots (Fig. 3B), indicating that they are variants of Ce-
actin rather than non-actin contaminants of the same molecular weight. In comparison, total
worm lysates also exhibit these six actin spots, plus an additional seventh spot of higher pI
as recognized by the anti-actin antibody (Fig. 3D). The most basic spot 7 is only detected in
total worm lysates, and spot 6 is relatively more intense in total lysates than in purified Ce-
actin (Fig. 3B and D). Currently, the molecular identity of these Ce-actin variants is not
known, but of the five C. elegans actin isoforms (ACT-1 through ACT-5), ACT-5 is
predicted to have the highest pI of 5.44, compared to either 5.29 or 5.30 for the others (Table
1). This is due to the presence of His-222 in ACT-5 in replacement of Leu found in other
isoforms [42], making it a likely candidate for spots 6 and 7. Also consistent with this,
ACT-5 is the only actin isoform known to be restricted to non-muscle tissues [42], whose
actin is expected to be lost during the low-salt/ATP-free conditions of the early purification
steps.

For the remaining Ce-actins, their predicted pI values differ only slightly (pI 5.29 – 5.30)
(Table 1) on account of the substitution of Asp-5 in ACT-2 for Glu in the remaining Ce-
actins. This, together with the near identical sequences of the three remaining actins,
suggests that the multiplicity of IEF-derived spots likely reflects either post-translational
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modifications to Ce-actin, such as N-terminal proteolytic processing, acetylation, or
histidine methylation, or artifactual oxidation of Ce-actin during sample processing.
Schachat and colleagues have previously reported that C. elegans actin behaves as a single
electrofocusing species, but for their studies, they used a diffusible pH gradient [43].
However, our results indicate that multiple species can be resolved by an immobilized pH
gradient, suggesting this technique might provide a useful tool for analysis of post-
translational modifications of actin in C. elegans.

3.2. Biochemical properties of C. elegans actin
C. elegans actins are >90 % identical in amino acid sequences to vertebrate skeletal muscle
α-actin, and the crystal structure of Ce-actin (Protein Data Bank accession number 1D4X)
shows no major differences from that of rabbit muscle α-actin [44]. Nonetheless,
biochemical examination of the properties of Ce-actin revealed several quantitative
differences from those of rabbit muscle actin. The critical concentration of Ce-actin is ~0.5
µM, which is slightly higher than that of rabbit muscle actin (~0.3 µM) under the same
experimental conditions [24]. Further, the kinetics of spontaneous polymerization from G-
actin are slightly slower for Ce-actin than for rabbit muscle actin [24], and Ce-actin
exchanges actin-bound ATP ~2-fold faster than rabbit muscle actin [25].

We have noticed the most significant differences between Ce-actin and rabbit muscle actin
in their interactions with UNC-60B, a muscle-specific actin depolymerizing factor (ADF)/
cofilin isoform in C. elegans [36, 45, 46]. UNC-60B severs rabbit muscle actin filaments
more efficiently than Ce-actin filaments [25, 36], but enhances dissociation of actin
monomers more efficiently from Ce-actin filaments than from rabbit muscle actin filaments
[24, 25], potentially indicating the function of UNC-60B in enhancing disassembly of Ce-
actin filaments is more likely to be by the latter mechanism. However, a mutation that
impairs filament severing by UNC-60B causes severe disorganization of actin filaments in
the body wall muscle [36, 47, 48], indicating that severing is in fact critical to its in vivo
function. Resolving these biochemical and genetic findings, we found that in vitro severing
of actin filaments by UNC-60B is enhanced by a co-factor, actin-interacting protein 1
(AIP1) [49–52], and in support of the in vivo importance of this function, mutations in the C.
elegans AIP1 genes (unc-78 and aipl-1) cause severe disorganization of muscle actin
filaments [53, 54]. Thus, while biochemical studies of the effects of UNC-60B on rabbit
muscle actin filaments highlighted its ability to sever filaments, analysis of its effects on Ce-
actin filaments more accurately reflect the importance of the AIP1 proteins (UNC-78 and
AIPL-1) in enhancing its relatively weak activity toward the endogenous substrate, and
suggest that the native actin is more likely to be a useful tool in characterizing the
biochemistry of actin/UNC-60B/AIP1 interactions.

3.3. Biochemical methods to analyze dynamic properties of C. elegans actin
Biochemical techniques that have been used to characterize interactions between actin and
actin regulatory proteins from other species are readily translated to study Ce-actin [55, 56].
F-actin co-sedimentation assays by ultracentrifugation have been used to examine the
binding of proteins to C. elegans F-actin [24, 25, 34, 36, 57], as well as to determine the
effects of a protein on disassembly of F-actin into G-actin or short actin oligomers [50].
Monomeric Ce-actin binds to and inhibits bovine DNase I in a similar manner as rabbit
muscle actin [24], making DNase I inhibition assays useful to quantify G-actin
concentrations [24, 36]. Ce-actin binds to 1,N6-etheno ATP (Invitrogen), a fluorescent
analog of ATP, allowing monitoring of the rate of exchange of actin-bound nucleotide [25].
Further, the conserved nature of actin filaments allows for such basic techniques as
measuring turbidity (absorbance at 310 nm) using a spectrophotometer [24, 36] or light
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scattering at 400 nm using a fluorescence spectrophotometer [25] for monitoring kinetics of
polymerization or depolymerization of unlabeled actin.

Fluorescently labeled actin is another tool translatable to study Ce-actin. Pyrene, which in
the form of N-(1-pyrene)-iodoacetamide will attach covalently to actin Cys-374, has the
property of undergoing a strong increase in fluorescence upon polymerization without
altering polymerization properties of actin [37, 39]. Since Ce-actin co-polymerizes with
rabbit muscle actin, pyrene-labeled rabbit muscle actin can be used as a fluorescent probe to
monitor actin polymerization and depolymerization. As examples, we have used pyrene-
labeled rabbit muscle G-actin to quantify relative numbers of exposed barbed ends of Ce-
actin filaments [25, 36], and used co-polymers of unlabeled Ce-actin (90 %) and pyrene-
labeled rabbit muscle actin (10 %) to monitor kinetics of actin depolymerization [58]. More
recently, we have confirmed that Ce-actin can be directly labeled with pyrene by essentially
the same method for rabbit muscle actin, and that pyrene-labeled Ce-actin fluoresces over
eight-fold brighter in the F-actin form compared to G-actin, and behaves qualitatively
similar to rabbit muscle pyrene-actin. For example, a mixture of unlabeled C. elegans G-
actin and pyrene-labeled Ce-G-actin diluted into polymerizing buffer shows little increase in
fluorescence at early time points, reflecting the inefficiency of spontaneous filament
nucleation for pure Ce-actin, but in the presence of an actin filament nucleator, such as
recombinant fragments of the worm formin CYK-1, exhibits robust and rapid
polymerization similar to rabbit muscle actin [59] (Fig. 4). Similarly, pyrene-actin can
monitor effects of factors on disassembly, where slowing of depolymerization might reflect
capping of barbed ends, or acceleration of depolymerization might reflect severing. A
perhaps more significant use for pyrene-labeled Ce-actin is to monitor binding of other
proteins independently of their effects on polymerization or depolymerization. For example,
binding of C. elegans gelsolin-like protein 1 (GSNL-1) to G-actin enhances pyrene
fluorescence [60], while binding of ADF/cofilin to pyrene-labeled F-actin quenches
fluorescence even in the absence of filament disassembly ([61]; S. O., unpublished data).
Such effects can be useful to determine affinity or rate constants for association and
dissociation between Ce-actin and the protein of interest. Also, they show the importance of
evaluating both polymerization-dependent and -independent changes in pyrene fluorescence
need to be carefully evaluated for each experiment when a new actin-binding protein is
investigated.

Ce-actin binds to actin-binding proteins from other species, potentially making such proteins
useful for biochemical characterization of Ce-actin particularly when they are easier to
obtain than the endogenous homologs and when precise details of their interactions with Ce-
actin are not critical. For example, chicken capping protein caps the barbed ends of Ce-actin
filaments with high affinity and is useful to selectively block polymerization and
depolymerization from the barbed ends in in vitro assays. We have used chicken capping
protein to determine depolymerization of Ce-actin from the pointed ends by ADF/cofilin
[25, 58]. Capping protein is a heterodimer of α and β subunits and simultaneous expression
of both subunits in E. coli is a key to producing properly folded capping protein [62],
something readily accomplished for chicken capping protein using the bacterial expression
vector available from Addgene (Plasmid # 13451). Human gelsolin segment-1 binds to Ce-
actin to prevent polymerization and has been used in crystallographic analysis of the
structure of Ce-actin [44]. The binding of bovine DNase I to monomeric Ce-actin can be
used to quantify G-actin concentrations by DNase I inhibition assays, as described above
[24].

Ce-actin also behaves similarly to rabbit muscle actin with respect to several commonly
used actin-binding small molecules, including latrunculin A and phalloidin. Latrunculin A
binds to G-actin and prevents polymerization but does not actively enhance
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depolymerization. Therefore, we have used latrunculin A to determine effects of ADF/
cofilins on Ce-actin depolymerization in vitro [25, 58]. Conversely, phalloidin binds to actin
filaments and prevents depolymerization. Although we have not used phalloidin in in vitro
studies, fluorescently labeled phalloidin labels Ce-actin filaments in fixed worms [53], and it
is expected to be useful when Ce-actin filaments need to be stabilized, or when Ce-actin
filaments need to be visualized by fluorescently labeled phalloidin.

3.4. Cell biological analysis of actin in C. elegans
The highly conserved sequences of Ce-actin isoforms compared to those of other organisms
allow researchers to use several commonly used actin probes for cell biological analysis of
actin in C. elegans. We have confirmed that three commercially available anti-actin
antibodies specifically recognize actin in C. elegans. Two of them are useful for
immunofluorescent staining of actin in fixed C. elegans worms and embryos. Mouse
monoclonal anti-actin antibody C4 (MP Biomedicals; Millipore) [63] specifically recognizes
actin in C. elegans and can be used for both Western blot and immunohistochemistry [36,
49, 53]. Likewise, rabbit polyclonal anti-actin antibody from Cytoskeleton, Inc. (catalog
number: AAN01) specifically recognizes actin in C. elegans and can be used for both
Western blot and immunohistochemistry [46]. For immunofluorescent staining of worms
and embryos, fixation by cold methanol (−20 °C, 5 min) [34, 54, 64], 4 % paraformaldehyde
[36, 53, 64], or the whole-mount procedure as reported by Finney and Ruvkun [65] are all
compatible with these antibodies. Availability of two antibodies from different host species
is extremely useful when samples need to be simultaneously stained with anti-actin and
other antibodies made in different species. Mouse monoclonal anti-actin antibody JLA20
(Developmental Studies Hybridoma Bank) [66] also specifically recognizes actin in C.
elegans lysates on Western blot (our unpublished data), but we have not been successful in
using this antibody for immunohistochemistry. JLA20 is IgM, and perhaps, it may not easily
penetrate into fixed tissues.

As mentioned, fluorescently labeled phalloidin is another useful probe for visualizing Ce-
actin filaments microscopically. We routinely use tetramethylrhodamine-phalloidin (Sigma-
Aldrich, catalog number P1951) to determine actin filament organization in body wall
muscle and other tissues in worms using a method as described previously [53]. In this
method, worms are fixed with 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,
followed by permeabilization with acetone at −20 °C for 5 min, washing with PBS
containing 0.5 % Triton X-100 and 30 mM glycine for 10 min, and staining with 0.2 µg/ml
tetramethylrhodamine-phalloidin in the same buffer for 30 min. A common source of failure
to stain is poor permeabilization of worms with cold acetone. This problem is circumvented
by ensuring fixative is removed as completely as possible before adding acetone, and by
loosening worm pellets by tapping to avoid clumping of worms in acetone. Also notable,
fixation by cold methanol is not compatible with phalloidin staining and should be avoided,
as methanol partially denatures actin filaments and drastically changes the pattern of
phalloidin staining.

Unfortunately, the availability of probes for live imaging of actin filaments in C. elegans
muscle lags behind other systems. However, C. elegans has a transparent body, and its
sarcomeric structures can be observed in live animals without dissection, indicating that it
could be a powerful system to study in vivo actin dynamics by using appropriate live probes
for actin filaments and imaging techniques. In particular, GFP-actin has been widely used
for characterization of live dynamics of actin filaments in a variety of cell types including
striated muscle [67–70], and GFP-tagged C. elegans ACT-2 has been shown to incorporate
into sarcomeric thin filaments in body wall muscle [71]. We have also preliminarily
observed that GFP-ACT-4 similarly incorporates into sarcomeric thin filaments in body wall
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muscle (S. Ono, unpublished data). These may be potentially useful probes for imaging the
live dynamics of actin in C. elegans muscle in vivo. In addition, small actin-binding domains
from several actin-binding proteins have also been used as live probes for actin filaments in
non-muscle systems, and some of them might be of use for muscle research in C. elegans.
For example, Lifeact [72], a 17-amino-acid actin-binding peptide from yeast Abp140p, has
recently been used to visualize actin filaments in live cells. Lifeact binds to actin filaments
with high specificity and low affinity without interfering with actin dynamics [72], and
GFP-Lifeact has been shown to localize to sarcomeric thin filaments in mouse heart [73].
However, Lifeact does not bind to ADF/cofilin-decorated actin filaments [74], pointing to
the importance of carefully evaluating such probes for their limitations. With the availability
of tools such as these, the analysis of actin dynamics in the living worm muscle represents
one of the areas of research ripest for expansion.

3.5. Conclusion
It is through combination of biochemistry, genetics, and cell biology that our understanding
of the mechanisms of assembly and maintenance of actin cytoskeletal structures is most
complete. C. elegans is one of the most useful model organisms for combining multiple
technical approaches. Although many of the mechanisms of cytoskeletal regulation are
expected to be conserved between C. elegans and other species, comparative studies have
shown that differences do exist in actin/actin-binding protein interactions, and therefore
biochemical functions of actin-binding proteins ought to be carefully characterized using
actin of the appropriate species. For C. elegans, the ease with which its actin can be obtained
and its compatibility with a wide range of biochemical techniques already available make
this organism an attractive model system for studying the actin cytoskeleton.
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Fig. 1.
Gel filtration chromatography of actin in the presence of 1 M Tris. Crude actin after
depolymerization by 2 M Tris (lane B) was applied to Sephacryl S-300 gel filtration
chromatography. The eluates were fractionated into ~60 fractions, and fractions 16 – 40
were examined by SDS-PAGE and Coomassie staining. Molecular weight markers were
applied to lane M (note that the markers are disturbed due to the presence of high
concentrations of Tris in other samples) and indicated on the left of the gel. Asterisks
indicate 4 fractions (fractions 29–32), which were pooled for the subsequent dialysis against
G-buffer.
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Fig. 2.
The final preparation of Ce-actin. Six micrograms of purified Ce-actin were examined by
SDS-PAGE and Coomassie staining. An asterisk indicates a 16-kDa protein that is typically
present in a Ce-actin preparation [24]. Molecular identity of this protein is currently
unknown. Molecular weight markers were applied to lane M and indicated on the left of the
gel.
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Fig. 3.
Analysis of Ce-actin by two-dimensional electrophoresis. Purified Ce-actin (1.7 µg in panel
A and 0.17 µg in panel B) or total worm lysates (100 µg protein in panel C and 10 µg
protein in panel D) were resolved by isoelectric focusing in the first (horizontal) dimension
and SDS-PAGE in the second (vertical) dimension and stained with Coomassie blue (A and
C) or subjected to Western blot with anti-actin antibody C4 (B and D). Acidic side (+) is on
the left.
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Fig. 4.
Pyrene actin polymerization. Purified pyrene-labeled Ce-actin was mixed with unlabeled
protein to yield 4 % labeled actin and diluted with either formin storage buffer (50 mM KCl,
20 mM HEPES, pH 7.5, 5 % glycerol, 1 mM DTT) (bottom black curve) or an equal volume
of buffer containing a recombinant C-terminal fragment of the worm formin CYK-1,
including the FH1 and FH2 domains (top gray curve), resulting in final concentrations of 2.5
µM Ce-actin and (if present) 100 nM CYK-1. Actin polymerization was induced by addition
of 10 × polymerization buffer (0.5 M KCl, 20 mM MgCl2, 1 mM ATP) at time 0, and
monitored as increase in pyrene fluorescence (excitation at 365 nm and emission at 407 nm).
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Table 1

Comparison of estimated isoelectric points (pI) of actin proteins

Actin protein Amino acidsa pIb

Human skeletal muscle α-actin (ACTA1) 377 5.23

Human cardiac muscle α-actin (ACTC1) 377 5.23

Human smooth muscle α-actin (ACTA2) 377 5.24

Human cytoplasmic β-actin (ACTB) 375 5.29

Human cytoplasmic γ-actin (ACTG1) 375 5.31

Human enteric γ-actin (ACTG2) 376 5.31

C. elegans ACT-1 376 5.30

C. elegans ACT-2 376 5.29

C. elegans ACT-3 376 5.30

C. elegans ACT-4 376 5.30

C. elegans ACT-5 375 5.44

a
Numbers of amino acids are based on complete sequences from cDNAs. N-terminal processing in mature actin is not considered.

b
pI values were estimated by the ProtParam Tool on the ExPASy Server [75].
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