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M utations that affect the Z-disk-associated ALP-Enigma proteins have been linked to hum an m uscular and cardiac 
diseases. Despite their clear physiological significance for hum an health, the mechanism of action of ALP-Enigma 
proteins is largely unknown. In Caenorhabditis elegans, the ALP-Enigma protein family is encoded by a single gene, alp-1; 
thus C. elegans provides an excellent model to study ALP-Enigma function. Here we present a molecular and genetic 
analysis of ALP-Enigma function in C. elegans. We show that ALP-1 and a-actinin colocalize at dense bodies where actin 
filaments are anchored and that the proper localization of ALP-1 at dense bodies is dependent on a-actinin. Our analysis 
of alp-1 m utants demonstrates that ALP-1 functions to m aintain actin filament organization and participates in muscle 
stabilization during contraction. Reducing a-actinin activity enhances the actin filament phenotype of the alp-1 mutants, 
suggesting that ALP-1 and a-actinin function in the same cellular process. Like a-actinin, alp-1 also interacts genetically 
with a connectin/titin family member, ketn-1, to provide mechanical stability for supporting body wall muscle contrac
tion. Taken together, our data demonstrate that ALP-1 and a-actinin function together to stabilize actin filaments and 
promote muscle structural integrity.

INTRODUCTION

Muscle generates contractile force and is required for pro
cesses such as locomotion, respiration, beating of the heart, 
and peristalsis. How m uscle cells become specified, assem 
ble the contractile m achinery, and generate force have been 
extensively studied (Perry, 1996; Arnold and Braun, 2000; 
Gregorio and Antin, 2000; Clark et al., 2002; Pownall et al.,
2002). How ever, little is understood about m echanism s in
volved in m aintaining m uscle structural integrity. M uscular 
dystrophies are a group of hereditary  m uscle diseases in 
which muscle integrity is com prom ised. Patients appear 
norm al at birth, b u t are characterized by  progressive m uscle 
weakness. Identification of m olecular m echanism s underly
ing m uscle m aintenance will increase our know ledge of 
m uscle biology and provide insights into these and other 
diseases.

In striated muscle, Z-discs are im portant functional sites 
for m uscle cytoarchitecture, force transm ission, and signal 
transduction (Clark et ah, 2002). Z-discs define the lateral 
boundaries of the sarcom ere and constitute anchoring sites 
for actin filaments. a-Actinin, the predom inant protein com
ponent of Z-discs, functions to cross-link and organize actin 
filaments (Blanchard et ah, 1989). Genetic studies in Drosoph
ila have show n that a-actin in-deficient m utants com plete 
embryogenesis, b u t exhibit progressive m uscular paralysis 
and die w ithin a few days of hatching (Fyrberg et ah, 1990; 
Roulier et al., 1992; Fyrberg et al., 1998). A lthough the a-ac-

T his artic le  w as p u b lish ed  o n line  ah ead  o f p r in t  in M BC  in Press 
(h t tp : / /w w w .m o lb io lc e ll .o rg /c g i/d o i/1 0 .1 0 9 1 / m bc.K 0 8 -0 6 -0 5 8 4 ) 
on M arch 4, 2009.

A d d ress  co rre sp o n d en ce  to: M ary  C . Beckerle (m ary.beckerle@ hci. 
u tah .ed u ).

tinin deficient flies exhibit very  severe phenotypes, the ob
servation that they retain som e m uscle function suggests 
that other Z-disk-associated proteins m ay also participate in 
anchorage and stabilization of the actin filaments.

The ALP (a-actinin-associated LIM protein)-Enigm a pro
teins are a group of evolutionarily conserved proteins that 
are prom inently  localized at the Z-disk and other sites of 
actin filament anchorage (Te Velthuis et ah, 2007). ALP- 
Enigm a family m em bers feature a single PDZ dom ain in  the 
N -term inus and either one or three LIM dom ains in the 
C-term inus; both the PDZ and LIM dom ains are protein- 
binding interfaces. The PDZ dom ain, a —80-120 am ino acid 
/3-barrel structure, is found in a variety  of signaling mole
cules (Doyle et al., 1996; H arris and Lim, 2001; Au et al.,
2004). N otably, in the ALP-Enigma family, the signature 
sequence of the PDZ dom ain, Gly-Leu-Gly-Phe, is replaced 
w ith Pro/Ser-Trp-Glu-Phe (Doyle et al., 1996; G uy et al.,
1999). This sequence is located in the PDZ dom ain 's b inding 
groove, w hich is an im portant site for interaction w ith b ind 
ing partners (Doyle et al., 1996; G uy et al., 1999), suggesting 
that the ALP-Enigma fam ily m ay have different protein 
target specificities than other PDZ-containing proteins. LIM 
dom ains are double zinc-finger m odules and have been 
show n to m ediate diverse biological processes (Schmeichel 
and Beckerle, 1994; Kadrm as and Beckerle, 2004). Together, 
the m ultidom ain structure of the ALP-Enigma family sug
gests a role for these products in protein targeting and 
protein complex assembly.

Seven ALP-Enigma fam ily m em bers have been identified 
in vertebrates: ALP, RIL, CLP36, M ystique, Enigma, ENH, 
and Cypher. ALP-Enigma proteins are h ighly enriched in 
cardiac and skeletal m uscles (W ang et al., 1995; Kuroda et al., 
1996; Xia et al., 1997; Faulkner et al., 1999; Kotaka et al., 1999, 
2001; Pomies et al., 1999; Zhou et al., 1999; H uang et al., 2003; 
N iederlander et al., 2004), and genetic analyses have re-
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vealed im portant roles for m em bers of this family in muscle. 
M ost ALP-Enigma proteins have been show n to interact 
w ith a-actinin (Xia et al., 1997; Faulkner et al., 1999; Pomies 
et a l, 1999; Zhou et al., 1999; Kotaka et a l,  2000; N akagaw a et 
a l,  2000; N iederlander et a l,  2004; Schulz et a l,  2004; Jani 
et al., 2007). In vitro studies revealed that chicken Alp en
hances the cross-linking of actin by a-actinin (Pashmforoush 
et al., 2001); however, their functional relationship in vivo is 
not understood. Targeted d isruption of m urine Alp results 
in right ventricular cardiom yopathy (Pashm foroush et al., 
2001). Mice that lack Cypher display congenital m yopathy 
and die from failure in m ultiple striated muscles at the onset 
of muscle use (Zhou et al., 2001). These studies dem onstrate 
that ALP-Enigma proteins are critical for muscle function 
and may participate in muscle stabilization. Still, details 
regarding how this family of proteins influences muscle 
function are unclear.

Caenorhabditis elegans is a pow erful m odel system  in 
w hich to  approach  the genetic basis of m uscle structu re  
and  function. W ith conserved m uscle com ponents, a sim 
ilar sarcom ere structu re , and a w ide variety of genetic tools 
(W aterston, 1988; M oerm an and Fire, 1997), C. elegans is a 
fast and efficient system that com plem ents vertebrate s tud
ies of muscle proteins. We previously reported that C. el
egans contains a single gene, alp-1, that encodes the entire 
ALP-Enigma family of proteins and that ALP-1 proteins are 
highly enriched in the m usculature (McKeown et al., 2006). 
Flere we have extended these studies by characterizing the 
subcellular localization of ALP-1 in C. elegans body wall 
muscle, analyzing a lp-1 m utants, and defining the relation
ship betw een ALP-1 and a-actinin. O ur studies suggest a 
model in which ALP-1 proteins function together w ith a-ac
tinin to stabilize actin myofilaments, thus prom oting muscle 
structural integrity.

MATERIALS AND METHODS

Nematode Strains and Genetics
C. elegans strains were grown under standard conditions (Brenner, 1974) at 
22°C. Bristol N2 was used as wild type. N2 and alp-1 (ok820) strains were 
obtained from the Caenorhabditis Genetics Center (Minneapolis, MN). The 
alp-l(tmll37) deletion m utant was provided by Dr. Mitani (National BioRe
source Project, Tokyo, Japan). The a-actinin mutant atn-l(ok84) was provided 
by Dr. Robert Barstead (Oklahoma Medical Research Foundation, Oklahoma 
City, OK). At least six independent outcrosses were performed for the alp-1 
m utant strain before the analysis was conducted.

Western Immunoblot
Worm lysates were prepared by collecting worms of mixed stages and ho
mogenizing them in RIPA lysis buffer. Protein concentration was measured 
by the Bio-Rad protein assay (Bio-Rad, Richmond, CA). Lysates were then 
electrophoresed through 10 or 15% SDS-polyacrylamide gels and immuno- 
blotted by standard methods (Towbin et ah, 1979). Primary antibodies used 
were as follows: rabbit affinity-purified anti-ALP-1 A (B74, 1:1000); rabbit 
affinity-purified anti-ALP-lPDZ (B78, 1:1000); anti-actin (C4, ICN Biomedi
cals, Costa Mesa, CA, 1:6000); anti-myo-2 (9.2.1, 1:7000; Miller et ah, 1986); 
anti-tubulin (12G10, Developmental Studies Hybridoma Bank, Iowa City, I A, 
1:10,000). Horseradish peroxidase-linked ECL anti-rabbit or anti-mouse IgG 
(Amersham Pharmacia, Piscataway, NJ) were used as secondary antibodies.

Rabbit polyclonal antisera B74 and B78 were generated (Harlan Bioprod
ucts, Stoughton, MA) using peptide antigens (PVPSNPPPSNVRSWW) and 
peptide antigens (MARSDRRTPWGFGVTEA) corresponding to the last 15 
amino acids and the residues (8-24) of the predicted ALP-1A protein. The sera 
were affinity-purified against the peptide using standard procedures (Pierce, 
Rockford, IL).

RNA Interference
RNA interference (RNAi) experiments were performed as previously de
scribed (Kamath et ah, 2001). In the established RNAi library (Geneservice, 
Cambridge, United Kingdom), two clones, IV-4D11 and IV-4D13, are found to 
affect alp-1. The clone IV-4D11 is designed to knock down alp-1; however, it 
only affects the alp-1 d transcript (our unpublished data). The other clone

IV-4D13 expresses the double-strand RNA (dsRNA) fragment covering a 
region of the alp-1 gene shared among all ALP-1 isoforms and also another 
gene T11B7.5, which is within an alp-1 intron. Thus, interference experiments 
using clone IV-4D13 should knockdown all alp-1 transcripts as well as T11B7.5 
transcript. Because the alp-1 (ok820) m utant deletes the entire T11B7.5 gene and 
yet still displays norm al muscle function (our unpublished data), T11B7.5 
function is presumably not required for proper muscle contraction. Our 
studies used the clone IV-4D13 to knockdown the alp-1 gene function and 
refer it to alp-1 RNAi clone.

Muscle C ontractility Assays
A pum ping assay was performed to examine the contractility of pharyngeal 
muscle. Individual adults that laid their first egg within 24 h  were scored 
visually for pharyngeal pum ping using a Zeiss Stemi 2000 dissecting micro
scope (Thornwood, NY). For each animal, the movement of the grinder was 
counted for three 10-s time periods.

A thrashing assay was performed to examine the contractility of body wall 
muscle. Worms that laid their first eggs within 24 h  were picked into a drop 
of 10 jil M9 buffer on a glass slide and allowed to recover from the transfer for 
1 min. Thrashing movements were then counted for 1 min. Animals that 
ceased to thrash for more than 5 s were excluded from the analysis.

Fluorescence M icroscopy
Indirect immunostaining was performed using a whole-mount fixation 
method as described (Finney and Ruvkun, 1990; McKeown et ah, 2006). 
Primary antibodies used included: anti-a-actinin (MH35, gift from R. Water
ston, University of Washington, 1:250), anti-vinculin (MH24, Developmental 
Studies Hybridoma Bank, undiluted), anti-ALP-1 (B78, 1:200), and anti-myo
sin (5-6, Developmental Studies Hybridoma Bank, 1:100). Alexa 488- or 
Alexa 568-conjugated secondary antibodies were used (Molecular Probes, 
Eugene, OR).

For phalloidin staining, young adults were collected in S-medium, fixed in 
2% formaldehyde for 10 min at RT, and permeabilized in 100% acetone at RT 
for 5 min, after a serial dilution of acetone. Worms were then washed three 
times with PBS and incubated with Alexa 48 8 -conjugated phalloidin (Mo
lecular Probes, 1:500 dilution) at RT for 40 min. After washing four times in 
PBS, samples were mounted to visualize actin filaments.

All images were acquired using an Olympus FV300 confocal imaging 
system (Melville, NY) and processed using Image J (NIH; http ://rsb .info .n ih. 
g o v /ij/)  and Adobe Photoshop and Illustrator software (San Jose, CA).

RESULTS

Generation of anti-ALP-1-specific Antibodies 
A single gene alp-1 encodes all the ALP-Enigma protein 
isoforms of C. elegans; alp-1 is predicted to produce one 
ALP-like and three Enigma-like isoforms (McKeown et al., 
2006; Figure 1, A and B). In an effort to dissect the function 
of ALP-Enigma proteins in C. elegans, we raised tw o ALP- 
1-specific antibodies: B74 and B78 (Figure IB). The B74 
antibody is generated against the ALP-1 A-specific region. In 
W estern analysis, B74 recognized a band of —46 kDa, cor
responding to the ALP-1 A isoform (Figure 1C). The B78 
antibody is directed against the ALP-1 shared PDZ dom ain 
(Figure IB) and thus should recognize the ALP-1 A, B, and D 
isoforms. W estern b lot analysis show ed B78 reacts with 
three proteins corresponding to ALP-1 A, B, and D (Figure 
ID). By W estern b lot analysis, ALP-1 A and B m igrate as 
expected based on their sequences, w hereas ALP-1 D mi
grates much slowly than predicted. The specificity of both 
antibodies has been show n by using the a lp-1 m utants (see 
below). A lthough we previously reported that the alp-1 gene 
produces four alternatively spliced variants (McKeown et al., 
2006), we have not been successful in confirm ing expression 
of ALP-1 C by either W estern b lot analysis or sensitive RT- 
PCR using alp-1 c -specific prim ers (data not shown). Previ
ous evidence for the expression of four transcripts came 
from N orthern analysis, and we currently believe that there 
is a nonspecific cross-hybridizing RNA species that m igrates 
a t the same region predicted for alp-1 c. Alternatively, if 
ALP-1 C does exist, it m ust be expressed at very low levels or 
in a tissue- or tem porally restricted pattern that makes de
tection in unstaged worm  populations difficult.
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Figure 1. Schem atic  re p re sen ta tio n  o f th e  alp-1 
g en e  an d  g en e  p ro d u c ts . (A) T he gen o m ic  o rg a 
n iza tio n  o f th e  alp-1 gene . F xon n u m b e rs  and  
a lte rn a tiv e  sp lice p o in ts  a re  in d ica ted . C olored  
boxes ind ica te  m otifs th a t  are  iden tified  in B. 
H atch ed  b a rs  h e re  a s  w ell as in B in d ica te  the  
e x ten t o f th e  d e le tio n s  in th e  alp-1(tm1137) and  
alp-1(ok820) m u ta n ts . T he b lack  b a r  in d ica tes  the  
dsR N A  fra g m e n t exp ressed  in th e  RN A i clone 
IV-4D13 (alp-1 RN A i), w h ich  is u sed  to  k n ock
d o w n  all alp-1 tran sc rip ts . (B) F our A LP-l iso
fo rm s a re  su g g ested  to  b e  p ro d u c e d  from  the  
alp-1 g en e  in p re v io u s  re p o rt (M cK eow n ct al... 
2006). L ocations o f th e  p e p tid e  a n tig en s  u sed  for 
a n tib o d ie s  p ro d u c tio n  a re  labeled  B74 (anti- 
ALP-1A a n tib o d y ) an d  B78 (an ti-A L P -lP D Z  a n 
tibody). T he B74 p e p tid e  an tig en , w h ich  is la
be led  by  th e  p in k  color b lock, is specific to  the  
A L P-l A a n d  is n o t p re sen t in o th e r  A L P-l iso
form s. The position and  identity  o f m otifs p resen t 
in th e  A L P-l iso form s a re  ind ica ted  by  colored  
b locks. (C an d  D) W estern  im m u n o b lo ts  o f w orm  
lysa tes sh o w  th a t  (C) th e  B74 an tib o d y  specifi
cally  recog n izes A L P-l A isoform  an d  (D) th e  B78 
a n tib o d y  reacts w ith  iso form s A LP-l A, B, an d  D.

ALP-1 Specifically Colocalizes ivith a-Actinin a t Dense 
Bodies
To gain insight into the functions of ALP-1 proteins, we used 
the anti-ALP-1 antibodies to examine their expression pat
tern and subcellular localization. Im m unostaining of wild- 
type w orm s using B74 or B78 revealed that endogenous 
ALP-1 proteins are highly expressed in the body wall muscle 
th roughout postem bryonic developm ent (Figure 2A). In ad 
dition, B78 (against ALP-1 A, B, and D) also detects ALP-1 
proteins at the apical and basal surfaces of the pharynx, 
another m usculature structure in the w orm , b u t at a very 
low level of expression (Figure 2B). These results suggest 
that ALP-1 proteins function in muscle cells and probably 
prim arily in the body wall muscle.

We perform ed double labeling with other muscle com po
nents and analyzed confocal microscope optic sections to 
define the subcellular localization of endogenous ALP-1 p ro
teins in body wall muscle. W ithin body wall muscle, anti
ALP-1 staining appeared in a periodic punctate array that 
was identified as dense bodies by colabeling with an a-ac- 
tinin antibody (Figure 2C). It should be noted that in body 
wall muscle, using anti-ALP-1 antibodies we did not ob
serve any nuclear staining, such as that reported for the 
ALP-1 ::GFP translational reporter (McKeown et al., 2006; see 
Discussion). In C. elegans body wall muscle, the contractile 
units attach to the muscle m em brane at dense bodies. The 
dense bodies also serve to cross-link the thin filaments and 
are thus functionally equivalent to the Z-discs of vertebrate 
striated m uscle (W aterston, 1988). Proteins found in dense 
bodies have been show n to distribute nonuniform ly within 
the dense body. For example, vinculin is found at the base of 
the dense bodies near the m em brane, whereas a-actinin is 
localized to the m ore cytoplasmic portion of dense bodies 
(Francis and W aterston, 1985). To determ ine in which sub
region ALP-1 proteins are located, we colabeled body wall 
muscle with antibodies directly against ALP-1 (B78) and vin
culin. Double labeling with anti-ALP-1 and anti-vinculin

antibodies revealed both proteins are localized at dense 
bodies, b u t ALP-1 is absent from muscle cell-cell junctions 
(dense plaques) that contain vinculin (Figure 2D). High 
magnification views of the dense bodies revealed that ALP-1 
proteins colocalize with a-actinin (Figure 2C'), bu t only have 
limited overlap with vinculin (Figure 2D'). These data indi
cate ALP-1 and a-actinin colocalize w ithin the dense body in 
a region that is spatially distinct from  the basal, m em brane 
proximal zone that accum ulates vinculin (Figure 2E).

Proper Localization o f ALP-1 a t Dense Bodies Is 
Dependent on a-Actinin
To better understand the functional relationship between 
ALP-1 and a-actinin, we evaluated the localization of ALP-1 
in a-actinin m utants. The a-actinin m utan t atn-l(ok84), 
kindly provided by R. Barstead, contains a 1.1-kb deletion 
and is predicted to be a null allele of the sole a-actinin gene 
(a tn-l) in C. elegans (Barstead et a l,  1991). A lthough atn- 
Kok84) m utants are viable and motile, their dense bodies are 
expanded slightly com pared with wild type, b u t still retain 
a periodic punctate appearance as show n by vinculin stain
ing (Figure 3; Ono et al., 2006). In contrast to vinculin stain
ing, the location of ALP-1 proteins in atn-l(ok84) m utants 
was not restricted to dense bodies and the pattern  of ALP-1 
proteins was m ore continuous instead of punctate (Figure 
3B). ALP-1 proteins still associate w ith thin filaments of the 
cytoskeleton in atn-l(ok84) m utants, as suggested by the 
relationship of linear staining with the anti-ALP-1 antibody 
to the dense body (Figure 3B) and the colocalization of 
ALP-1 and actin (data not shown). Additionally, we occa
sionally detect ALP-1 proteins at dense plaques (m uscle- 
muscle junctions) in the atn-1 m utants (Figure 3B, arrow), a 
situation not found in w ild-type worm s (Figure 2D, arrow). 
O ur data dem onstrate that a-actinin is required for proper 
dense body localization of ALP-1 and confirms that vinculin 
retains some capacity to accum ulate at dense body puncta in 
the absence of a-actinin.
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Figure 2. AI.P-1 is colocalized w ith  n-actinin, b u t n o t vinculin w ithin 
the  m uscle dense  bodies. (A) U sing  B74 an tibody / endog en o u s AT.P-1 
pro teins are  detected in body  w all m uscle in strips a long  th e  long itu 
d inal axis of the  w orm . (B) The AI.P-1 p ro te ins are  localized a t the  
apical and  basal surfaces in the  p harynx  using  B78 antibody. N ote  th a t 
the  nuclear-like sta in ing  and  neuron-ring  sta in ing  (gray arrow heads) 
a round  th e  p harynx  are  nonspecific labeling by the  B78 an tibody. (C 
and D) T he body wall m uscle from  w ild -type w orm s are  labeled w ith 
(C) n-actinin (green) and  AI.P-1 (m agenta), o r (D) vinculin (green) and 
AI.P-1 (m agenta). (C ') An en largem en t of C  show s th a t n-actinin 
(green) specifically colocalizes w ith  AI.P-1 (m agenta). O verlapp ing  
signals ap p ea r w hite  (M erge). (D ') L im ited overlap  w as observed 
betw een vinculin (green) and  AI.P-1 (m agenta). A rrow s indicate dense 
p laques, s truc tu res found a t m usc le -m uscle  junctions. N ote  th e  ab 
sence o f AI.P-1 a t  m uscle-m uscle  junction (arrow ) in 2D. Bar, 10 fxm. 
(F) Schem atic d iag ram  of th e  com ponents of a C. elegans d ense  body.

To explore the role of ALP-1 in m uscle dense bodies, we 
requested the production of alp-1 deletion alleles from the 
N ational Bioresource project in Japan and received the de
letion allele alp-1(tm1137). Another allele, alp-1(ok820), was 
generated by the C. elegans Gene Knockout Consortium  
(Oklahoma City, OK). We confirmed that the alp-1(ok820) 
allele contains a deletion from 2804 to 4039 bp, covering the 
region in the intron betw een exons 5 and 6 as well as p art of 
exon 6 (Figure 1 A), consistent with the deletion report from 
the knockout consortium. According to the predicted gene 
structure (McKeown et al., 2006), this is an in-frame deletion 
that would result in a 26-amino acid deletion that does not 
affect the LIM1 dom ain (Figure IB). The o ther deletion 
allele, alp-1(tm 1137), w as initially  reported  (Japanese N a
tional B ioresource Project) to carry a deletion from posi
tion 3993-4398 bp  as well as an add itional 3-bp insertion. 
H ow ever, sequencing of th is allele in our laboratory  re- 
p roducib ly  show ed th a t alp-1 ( b n l l  37) is deleted from 
3995 to  4398 bp  (Figure 1A), w hich is p red ic ted  to  elim i
nate the en tire  LIM1 dom ain  and resu lting  in a transla
tional fram eshift (Figure IB).

To visualize the im pact of the alp-1 (ok820) and alp- 
1(tm1137) deletions on the ALP-1 protein products, we per
formed W estern analysis using the B74 and B78 anti-ALP-1 
antisera on deletion m utants (Figure 4). Because both the 
alp-1 (ok820) and alp-1 (tm1137) deletions would affect coding 
sequences shared by all isoforms, these m utations are as
sum ed to affect all four resulting proteins (Figure 1, A and 
B). Using either the B74 or B78 antibody, W estern im m uno
blot results showed that alp-1 (ok820) m utants produced 
ALP-1 isoforms with altered, faster mobility, consistent with 
the prediction that the alp-1(ok820) deletion results in trun 
cated ALP-1 protein products (Figure 4). In contrast, alp- 
1(tm1137) m utants produced no detectable ALP-1 A, B, and 
D isoforms by W estern im m unoblot analysis (Figure 4). The 
nature of the alp-1(tm1137) m utation suggests that ALP-1C, 
if it does exist, should also be affected by the deletion, 
therefore alp-1 (tm1137) is likely to be a molecular null.

Characterization o f the alp-1 M utants

alp-1 M utants Are Viable and D isplay Normal Muscle 
Function
Hom ozygous alp-1 m utants are viable and produce a similar 
num ber of progeny as wild type (Figure 5A), indicating that 
alp-1 is not an essential gene. In addition , alp-1 m utants 
displayed no gross morphological defects (data not shown). 
Because ALP-1 proteins are expressed in the pharynx and 
body wall muscle, we examined muscle function in alp-1 
m utants in tw o ways: 1) a pum ping  assay to m easure the 
contractility of pharyngeal muscles and 2) a thrashing assay 
to test the contractility of body wall muscle. Surprisingly, 
the alp-1(tm1137) m utants displayed muscle contractility 
that w as indistinguishable from wild type (Figure 5A), in
dicating that alp-1 m utants have normal pharyngeal and 
body wall muscle function.

To com plem ent the m utan t analysis, we also used an 
RNAi strategy to examine the function of the alp-1 gene. 
RNA-mediated interference by feeding has been used to 
inactivate specific genes in C. elegans (Kamath et al., 2001). 
The RNAi clone IV-4D13 (alp-1 RNAi) from an established C. 
elegans RNAi library (Kamath and A hringer, 2003) is p re
dicted to knockdown all alp-1 transcripts (Figure 1A; see 
Materials and Methods). W estern im m unoblot analysis using 
the anti-ALP-1 B78 antibody showed that the levels of ALP-1 
proteins are substantially reduced in N2(alp-1 RN A i) (Figure 
5B). Indirect im m unofluorescence experim ents showed that
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A  Wildtype Inset

F ig u re  3. P ro p e r  localization  o f ALP-1 in d en se  
b o d ies is d e p e n d e n t on a -ac tin in . (A an d  B) 
D ense  b o d ies in a-actinin  m u ta n ts  a re  less well 
d e fin ed , a s  sh o w n  by v incu lin  sta in in g , b u t still 
sh o w  a perio d ic  p u n c ta te  ap p ea ran ce . In a-acti- 
nin m u ta n ts , ALP-1 s ta in in g  is ab n o rm a l, a p p e a r 
ing  co n tin u o u s, ra th e r  th an  as a d o tted  line. 
S om etim es ALP-1 w a s  m islocalized  to  d en se  
p laq u es  (m u sc le -m u sc le  junctions), as ind ica ted  
by a rro w s . V inculin  (green); ALP-1 (m agenta). 
Bar, 10 fxm.

Vinculin  ̂ ............ ALP-1 Merge

------ ..............

B atn-1(ok84)
Vinculin ALP-1

—  J
Merge

------

ALP-1 proteins w ere below detectable levels in the alp-J 
RNAi-treated w orm s (Figure 5C). In the pum ping  and 
thrashing assays, RNAi inactivation of the alp-1 gene did not 
result in any functional failure in m uscle (Figure 5A), con
sistent w ith the results from alp-1 ( tn il l  37) m utants. To 
achieve maximal elim ination of ALP-1 products, we per
formed RNAi knockdow n (alp-1 RNAi) on alp-1 m utants. 
Any residual ALP-1 proteins tha t may not be able to be 
detected by W estern b lot analysis w ould be elim inated in 
the alp-1 (alp-1 R N A i) animals, alp-1 (alp-1 RN A i) animals 
were viable and fertile and showed sim ilar muscle contrac
tility to alp-Kcontrol RN A i) anim als in the pharyngeal pum p
ing and thrashing assays (data not shown).

alp-1 M utants D isplay Defects in Actin Filament 
Organization in Muscle Cells
Although the alp-1 ( tn i l l37) m utants have grossly normal 
muscle function, it was still possible tha t the m utants could 
have disturbed muscle structure that does not im pact func
tion significantly. Thus, we examined the muscle architec
tu re of the alp-1 m utants for any structural defects. As 
shown in Figure 6, both a-actinin and vinculin w ere depos
ited norm ally a t dense bodies, and myosin displayed an 
undisturbed striated pattern  in alp-1 m utants. Interestingly, 
exam ination of F-actin organization revealed tha t a small

F ig u re  4. T he W estern  an a ly s is  o f alp-1 m u tan ts . U sin g  th e  (A) B74 
anti-A LP-1 A -specific  an tib o d y  an d  (B) B78 an ti-A L P -IP D Z  a n ti
body , ALP-1 p ro te in s  d isp lay e d  a ltered  m ob ility  in alp-l(ok820) 
m u ta n ts  an d  w ere  a b se n t in a lp - l( tm ll3 7 )  m u ta n ts  on W estern  
im m u n o b lo ts . A nti-actin  an d  an ti-m y o 2  a n tib o d ie s  w ere  used  as 
lo ad in g  con tro ls. T he as te risk  in d ica tes a b ack g ro u n d  band  ju st 
ab o v e  ALP-1D. T h is b ack g ro u n d  ban d  is ob se rv ed  even  w h en  th e  
ALP-1 p ro te in s  fail to  be  de tec ted  in p e p tid e  an tig en  com petition  
ex perim en t.

percentage of alp-1 m utants exhibited an alteration in the 
actin filaments of the body wall muscle (see Figure 7B). 
Specifically, small actin aggregates a t the ends of muscle 
cells were observed in alp-1 m utants. A lthough this actin 
aggregation phenotype was found in only a small percent
age of alp-1 m utants (8.8%; n = 272), it was reproducibly 
observed and never found in w ild-type w orm s (0%; n = 201; 
Figure 7C). The actin aggregation phenotype in alp-l(tm ll37)  
mutants was rescued by introducing alp-1 transgene (0%; n = 
217; Figure 7C).

The presence of actin aggregates in alp-1 m utants suggests 
that the structural integrity of actin filaments is com pro
mised in the absence of ALP-1. We w ere intrigued to test 
w hether this actin phenotype is associated w ith contractile 
activity. It is known tha t treatm ent of C. elegans w ith the 
acetylcholine receptor agonist, tetram isol, induces muscle 
hypercontraction, placing strain on the myofilam ent lattice 
(Brenner, 1974; Ono et al., 2006). Thus, we treated alp-1

F ig u re  5. Loss o f ALP-1 p ro te in s  in alp-1 m u ta n ts  o r  N2(alp-1 
R N A i) w o rm s d o es  n o t a lte r  m usc le  function . (A) Q uan tifica tio n  o f 
fu nctional a ssay s reveals th e  alp-1 g en e  is n o t essen tia l, an d  no 
sta tistical difference in m usc le  co n trac tility  b e tw een  w ild -ty p e  N 2 
a n d  alp-1 m u ta n ts , an d  N 2 (control R N A i) an d  N2(alp-1 R N A i)  a n i
m als. (B) W estern  im m u n o b lo t an a ly s is  sh o w s a k n o ck d o w n  of 
ALP-1 p ro te in s  in N 2(a lp -lR N A i)  w orm s. (C) In in d ire c t im m u n o 
fluorescence ex p e rim en ts , ALP-1 p ro te in s  a re  b e low  d e tec tab le  lev
els in N 2(a lp -lR N A i)  an im als , a -ac tin in , g reen ; ALP-1, m agen ta .
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alp-1 (tm1137)

a -a c tin in .......",

e : ••

Vincutiri -

Figure 6. D ense  b o d ie s  a n d  m y o sin  filam en ts a p p e a r  n o rm a l in  
alp-l(tm !137) m u ta n ts . T he b o d y  w a ll m u sc le  fro m  w ild - ty p e  
w o rm s (A, C, E, a n d  G) a n d  a 1p-l(tm ll37 )  m u ta n ts  (B, D, F, a n d  H) 
a re  s ta in e d  fo r (A a n d  B) ALP-1 p ro te in  (B78 an ti-A L P -lP D Z  a n ti
b o d y ). (C a n d  D) a-ac tin in ; (E a n d  F) v in cu lin ; (G a n d  H) m y o sin  
filam en ts (an ti-M yoA  an tib o d y ). Bar, 10 /u n .

m utants w ith  tetram isole to see w hether an  increased load 
on the m uscles exacerbate the actin-aggregation phenotype. 
Here, w e found that tetram isole treatm ent enhanced the 
observed actin-aggregation phenotype about fourfold 
(31.8%; n  = 223) relative to un treated  alp-1 m u tan t w orm s 
(Figure 7C). This result suggests that ALP-1 plays a role in 
stabilizing the actin m yofilam ent lattice during  times of 
increased m uscle load.

ALP-1 Functions Together w ith  a-Actinin to M aintain  
Actin Filament Integrity in Muscle Cells 
O ur observation that the alp-1 m utants exhibited a m inor 
disturbance in  m uscle structure raises the possibility that 
other genes m ay participate in  the sam e biological process 
and com pensate for the loss of ALP-1, a-actinin is a major 
contributor to actin filament organization and  has been iden
tified as a high confident interaction partner of ALP-1 in a C. 
elegans genom e-wide yeast-two hybrid screen (Li et a l, 2004). 
ALP-1 is colocalized w ith  a-actinin at dense bodies in m us
cles (Figure 2C), and  the a-actinin m utants, atn-1, also d is
p lay  actin aggregation phenotype although the phenotype is 
more severe than that observed in a lp - l( tm ll3 7 ) m utant 
w orm s (Figure 7, B and  C; Ono et a l, 2006). These data 
indicate that a-actinin and  ALP-1 m ay act together to m ain
tain actin cytoarchitecture integrity. To directly test this idea, 
w e looked for enhancem ent of the actin aggregation pheno
type in alp-1 m utants under conditions of reduced a-actinin 
activity, if ALP-1 facilitates a-actinin 's ability to stabilize 
actin filament organization, then reduction of w ild-type 
a-actinin gene products should enhance the actin aggrega
tion phenotype seen in  the alp-1 m utants. We generated the 
strain a lp -l(tm ll37 ); a tn -l(ok84)/+ , w hich carries a hom ozy
gous a lp -l(tm ll3 7 )  m utation and a heterozygous atn-l(ok84) 
m utation. A lthough anim als heterozygous for the atn-1 gene 
have no evident defect in actin filament organization on 
their ow n (Figure 7D), loss of ALP-1 activity in the a-actinin 
heterozygous m utan t background results in  profound en-

B *  ___ 4

alp-1 (tm1137)
r

atn-1 (ok84)/+

E_* *

alp-1 (tm1137); atn-1 (ok84)/+

J217)_j239)^^

Figure 7. ALP-1 a n d  a -a c tin in  fu n c tio n  to g e th er to  stab ilize  ac tin  
filam en t o rg an iza tio n . (A a n d  B) alp-1 m u ta n ts  d isp la y  an  actin - 
ag g reg a tio n  p h e n o ty p e  a t th e  e n d s  o f m u sc le  cells (arrow s). R e p re 
se n ta t iv e  p h a llo id in -s ta in e d  im a g e s  fro m  W T w o rm s  (A) a n d  
a lp - l( tm ll3 7 )  m u ta n ts  (B). (C) H y p e rc o n tra c tio n , in d u c e d  b y  te t
ram iso le  tre a tm e n t increases th e  p e n e tran ce  o f th e  ac tin  ag g reg a tio n  
p h e n o ty p e  d isp la y e d  in  alp-1 m u ta n ts . (D a n d  E) R e d u c tio n  o f 
a -a c tin in  ac tiv ity  en h an ce s  th e  ac tin -filam en t o rg a n iz a tio n  p h e n o 
ty p e  cau sed  b y  loss o f ALP-1. R e p resen ta tiv e  p h a llo id in -s ta in ed  
im ag es from  w o rm s h e te ro z y g o u s  fo r a n  ain-H okSii m u ta tio n  (D) 
a n d  w o rm s h o m o z y g o u s  for th e  alp-l(tm !137) m u ta tio n  an d  h e t
e ro z y g o u s  for th e  ain-U okSii m u ta tio n  (E). A rro w s in d ica te  actin - 
a g g reg a tio n  a t th e  e n d s  o f m u sc le  cells. (F) T he p en e tran ce  o f th e  
ac tin -ag g re g a tio n  p h e n o ty p e  in  alp-1 m u ta n ts  is in c reased  b y  th e  
r e d u c tio n  o f a -ac tin in  ac tiv ity . Bar, 10 /u n . T he n u m b e r  in  p a re n 
th eses in d ica tes th e  n u m b e r  o f w o rm s ex am in ed , p = < 0.001 in  
each  se t o f th e  e x p e rim en ts  b y  ch i-sq u a re  analysis.

hancem ent of the incidence of actin aggregation in the body 
w all m uscle as com pared w ith a lp -l(tm ll3 7 )  alone (Figure 7, 
E and F), suggesting that ALP-1 and a-actinin function 
together to m aintain actin filament integrity. We also gener
ated alp-1 and a-actinin double m utants and  exam ined their 
body  wall m uscle for evidence of enhanced actin aggrega
tion. We found that the actin filament phenotype in  hom ozy
gous a lp -l(tm ll37); atn-l(ok84) double m utants w as equiva
lent to that seen in the atn-l(ok84) anim als (data not shown). 
Because bo th  a lp -l(tm ll3 7 ) and  atn-l(ok84) are thought to be 
null alleles, the lack of an  additive effect on the actin aggre
gation phenotype in the double m utants suggests that alp-1 
and atn-1 are not functioning in parallel processes that sta
bilize actin filaments. Collectively, these genetic results in
dicate that ALP-1 functions together w ith  a-actinin to m ain
tain actin filament stabilization.

alp-1 and ketn-1 Genetically Interact to  Provide 
Mechanical S tab ility  fo r  Normal Muscle Function
H ie ketn-1 gene encodes the C. elegans kettin protein, a 
m em ber of the connectin /titin  gene family (Bullard et al., 
2002; Ono et a l,  2006). A  previous report show ed that the 
product of the ketn-1 gene functions in concert w ith  a-actinin 
to stabilize actin filament organization in C. elegans (Ono 
et a l, 2006). To investigate w hether alp-1 genetically interacts 
w ith  ketn-1, w e exam ined the effect of the reduction of kettin 
activity on actin filament organization in  alp-1 m utants (Fig
ure 8). In a w ild-type background, RNAi knockdow n of the 
ketn-1 gene induced actin-aggregation at the end of m uscle
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F ig u re  8. alp-1 g e n e tic a lly  in te ra c ts  w ith  kctn-1  to  p ro v id e  m e 
ch an ica l s ta b ility  fo r n o rm a l m u sc le  fu n c tio n . (A) T h e  ac tin  a g 
g re g a tio n  p h e n o ty p e  o b se rv e d  in alp-1(tm 1137) m u ta n ts  is d r a 
m a tic a lly  e n h a n c e d  in th e  kctn-1 (R N A i)  b a c k g ro u n d . (B a n d  C) 
P h a llo id in  s ta in in g  o f ac tin  f ila m e n ts  in kctn-1 (R N A i)  (B) an d  
alp-1 (tm 1137);kctn-1 (R N A i)  (C). A rro w s  in d ic a te  a c tin -a g g re g a -  
tio n  a t  th e  e n d s  o f  m u sc le  cells . B ar, 10 fxm. (D) Im p a ire d  b o d y  
w a ll m u sc le  c o n tra c til i ty  is o b se rv e d  in th e  th r a s h in g  a s sa y  fo r 
alp-1 (tm 1137);kctn-1 (R N A i)  r e la tiv e  to  k c tn -K R N A i) , (*p = 7.56K- 
11) a n d  alp-1(tm 1137); kc tn -K R N A i)  r e la tiv e  to  alp-1(tm 1137); con
trol R N A i, (**p = 1.03K-09).

cells a t low penetrance as show n in Figure 8A, and as 
previous reported (Ono et al., 2006). In the alp-1 (tm.1137) 
m utan t background, ketn-K K N A i) displayed significant en
hancem ent of actin-aggregation phenotype (73.6%; n = 110) 
as com pared with either ketn-K K N A i) alone (40%; n = 105) 
or alp-K tm l37); control R N A i (7.1%; n = 127; Figure 8A). In 
addition, the actin filaments were more disorganized with 
much larger aggregates w hen ketn-1 RNAi was perform ed in 
the alp-Ktm1137) background (Figure 8C). We next per

formed a thrashing assay to determ ine w hether the contrac
tility of body wall muscle is im paired when actin filament 
organization is severely disturbed. In the thrashing assay, 
we showed tha t the strong actin-aggregation phenotype in 
alp-1 (tm1137);ketn-1( R N A i) anim als is associated with im
paired muscle function (Figure 8D). O ur data dem onstrate  
a genetic interaction  betw een  alp-1 and  ketn-1 th a t is crit
ical for both actin filam ent stabilization  and norm al m us
cle function.

DISCUSSION

We used a genetic approach in C. elegans to clarify the 
m olecular function of ALP-Enigma proteins in vivo. We 
characterized alp-1 m utants and show ed tha t ALP-1 func
tions to stabilize actin filament organization in body wall 
muscle cells. Reduction of a-actinin or kettin in the alp-1 
m utants results in increased destabilization of the actin fil
am ents and is associated w ith im paired contractility of body 
wall muscles. O ur data reveal a possible mechanism for how 
ALP-Enigma proteins affect muscle function, and propose 
that ALP-1 and a-actinin function together to stabilize the 
architecture of the contractile apparatus.

ALP-1 Is a Muscle Protein and Functions Primarily in 
Body W all Muscle in C. elegans
In this report, we generated anti-ALP-1 antibodies which 
specifically recognize alp-1 gene products by W estern anal
ysis and indirect im m unostaining. We determ ined tha t en
dogenous ALP-1 proteins are highly expressed in the body 
wall muscle, w here they are localized to the dense bodies, 
specialized actin anchorage sites, consistent w ith our previ
ous report using a GFP translational reporter (McKeown 
et al., 2006). ALP-1 ::GFP w as also reported to localize to body 
wall muscle nuclei, how ever we did not observe nuclear 
staining using anti-ALP-1 antibodies. The addition of a GFP 
tag, which increases the m olecular w eight of the ALP-1 
proteins, may increase the nuclear dwell tim e of the fusion 
protein, enabling its detection in the nuclear com partm ent. 
A lternatively, the accum ulation of ALP-1 ::GFP may not ac
curately reflect the distribution of native ALP-1.

The pharynx is a m usculature feeding structure in the 
worm. N ot surprisingly, ALP-1 is expressed in this organ. 
Endogenous ALP-1 proteins are detected in the pharynx by 
B78 (against ALP-1 A, B, and D) b u t not B74 (against ALP- 
1A), suggesting one or more enigma isoforms (ALP-1 B, C, 
and D) are responsible for this pharyngeal staining, and 
revealing distinct expression pattern  for enigma and ALP 
isoforms.

Characterization o f  alp-1 M utants in C. elegans
In m am m als, ablation the ALP-Enigma family mem bers, Alp 
or Cypher, results in cardiac defects and skeletal muscle 
pathology, respectively (Pashm foroush et al., 2001; Zhou 
et al., 2001). Depletion of ALP-Enigma proteins in Drosophila 
has recently been reported to cause Z-line defects and first 
instar larvae lethality (Jani and Schock, 2007). Surprisingly, 
our analysis show ed tha t alp-1, the sole gene for the entire 
ALP-Enigma family in C. elegans, is not essential. The alp- 
K tm ll3 7 )  deletion results in the apparently  com plete loss of 
the ALP-1 A, B, and D isoforms by W estern im m unoblot 
analysis and the nature of the m utation predicts sim ilar 
im pact on the hypothetical protein product, ALP-1C, sug
gesting alp-1(tm1137) is a null allele. In suppo rt of this con
clusion, we perform ed RNAi to knockdown any residual 
alp-1 gene products in alp-1 m utants. The alp-1 (alp-1 RNAi) 
did not produce a more severe phenotype than alp-1 (control
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R N A i) w orm s, further reinforcing the conclusion tha t alp- 
1(tm1173) is a null, and ALP-l is not essential. There are 
several exam ples of muscle gene defects that result in lethal
ity in Drosophila b u t produce m uch more subtle phenotypes 
in C. elegans (M oerman et al., 1982; Bessou et a l,  1998; 
Flaherty et a l,  2002). One sim ple explanation is the existence 
of C. elegans-spedfic proteins redundan t for muscle function. 
Another explanation m ight be tha t albeit the basic sarcom ere 
structure is sim ilar, there is some difference in sarcom ere 
arrangem ent and organization in C. elegans from flies and 
vertebrates. For exam ple, the nem atode muscle is obliquely 
striated (the adjacent sarcom eres are staggered) w hereas the 
vertebrate muscle is cross-striated (the adjacent sarcomeres 
are aligned; Lecroisey et a l,  2007). These may result in 
different muscle load or stress accum ulation in the muscle 
cells and lead to the difference of observed phenotype. The 
viable phenotype of alp-1 (tm l 137) m utants has enabled us to 
explore ALP-l m echanism  of action via genetic interaction 
studies.

The Relationship between ALP-1 and a-Actinin
In our studies, using available genetic m utants and reagents, 
we evaluated the relationship betw een ALP-l and a-actinin 
in vivo. We found tha t ALP-l and a-actinin are colocalized 
a t dense bodies. In addition, a-actinin is required for ALP-l 
targeting to dense bodies. We further show ed by genetic 
interaction studies tha t ALP-l and a-actinin function to
gether to stabilize the muscle contractile apparatus, in par
ticular the actin-rich thin filaments. As a-actinin acts to 
anchor actin filaments a t Z-discs (M aruyam a and Ebashi, 
1965; Blanchard et a l,  1989), our data propose a model that 
a-actinin recruits ALP-l to dense bodies where ALP-l par
ticipates in a-actin in -dependen t anchorage and stabilization 
of the actin myofiliments within muscle cells. A previous in 
vitro study show ing tha t Alp enhances a-actinin-dependent 
bundling of actin filaments (Pashm foroush et a l,  2001) is in 
support of this model. Notably, since in the absence of 
a-actinin, ALP-l seems to retain its ability to associate with 
actin filaments, another ALP-l protein partner m ust be suf
ficient to recruit ALP-l to the actin cytoskeleton. To date, 
there is no evidence tha t ALP-l interacts directly with actin, 
therefore an as-yet-unidentified protein m ust be responsible 
for tethering ALP-l to actin filaments.

M am m alian studies have indicated that a-actinin is a 
p rom inent ALP-Enigma binding partner (Xia et a l,  1997; 
Faulkner et al., 1999; Pomies et al., 1999; Zhou et al., 1999; 
Kotaka et al., 2000; Nakagawa et al., 2000; N iederlander et al., 
2004; Schulz et a l,  2004). Im portantly, a-actinin was also 
identified w ith high confidence as an interaction partner of 
ALP-l in C. elegans genom e-wide yeast-two hybrid screens 
(Li et a l,  2004). These data suggest that the recruitm ent of 
ALP-l to dense bodies may depend on direct ALP-l-ATN-1 
interaction which is consistent w ith our results that ATN-1 is 
required for the proper localization of ALP-l. However, so 
far we cannot dem onstrate the ALP-l-ATN-1 interaction by 
coim m unoprecipitation in worm  lysates. It rem ains a formal 
possibility tha t ALP-l is dependen t on ATN-1 for its proper 
localization and this dependence is unrelated to their direct 
interaction.

A Link between alp-1 and a ConnectinlTitin Family 
Member, Kettin
kettin is a titin /connectin  family m em ber found in the Z- 
discs and the I-bands of invertebrate m uscles (Maki et al., 
1995; Hakeda et al., 2000; Bullard et al., 2002; Ono et al., 2005). 
This protein has been show n to be essential for the integrity 
of the Z-disk (Lakey et al., 1993) and directly associates with

actin (Lakey et al., 1993; van Straaten et al., 1999; Ono et al., 
2006). In C. elegans, kettin genetically interacts w ith a-actinin 
to m aintain actin filament organization (Ono et al., 2006). We 
dem onstrated tha t alp-1 genetically interacts w ith kettin to 
provide myofibril stability. A direct physical interaction be
tw een Ce-kettin and a-actinin has not been established in 
the worm , how ever titin /connectin  proteins have been 
show n to directly interact with a-actinin in vertebrates 
(Ohtsuka et al., 1997a,b; Sorimachi et al., 1997; Young et al.,
1998). M oreover, structural analysis has suggested the pos
sibility of a titin /a -a c tin in /z asp  (Enigma family member) 
ternary complex (Au et al., 2004). Likewise, A LP-l, a-actinin, 
and kettin may form  a ternary complex. O ur genetic inter
action data support this model and suggest tha t this protein 
complex functions to stabilize the actin myofilaments to 
m aintain muscle structural integrity.

A Role fo r  ALP-1 in S tabilizing Actin Filaments 
The alp-1 m utants display actin-aggregates a t the end of 
m uscle cells. We showed tha t hypercontraction induced by 
tetram isole enhanced this actin aggregation defect. A similar 
actin phenotype in ketn-1 m utants has also been reported, 
and it was show n that this actin defect could be suppressed 
by unc-54 background. The unc-54 m utants contain a myosin 
heavy chain m utation and display reduced muscle contrac
tion (Ono et al., 2006). Therefore, these results suggest that 
this actin aggregation phenotype is sensitive to the state of 
muscle contraction and the severity is correlated with m us
cle loading. The actin aggregates may stem  from  the detach
m ent of actin filaments from dense bodies or the dissolution 
of actin arrays in muscle cells. O ur data favor the former 
interpretation since ALP-l localizes a t dense bodies, which 
are actin-filament anchorage sites, and we show ed that 
ALP-l functions together w ith a-actinin, a predom inant ac
tin cross-linking protein. This observed actin filament p h e
notype in alp-1 m utants indicates tha t the disruption of actin 
m yofilam ent integrity m ight be the prim ary event triggering 
com prom ised muscle function in the loss of ALP-Enigma 
proteins in vertebrates. Intriguingly, m utations in the gene 
unc-87, which encodes a calponin-related protein, also result 
in actin aggregation w ithin muscle cells (Goetinck and W a
terston, 1994a,b). Ono and colleagues have characterized 
UNC-87 protein and showed tha t it antagonizes actin depo
lymerization factor (ADF)/cofilin-m ediated actin filament 
turnover, suggesting a critical role for actin dynam ics in the 
m aintenance of actin architecture in muscle (Yamashiro et 
al., 2007). Thus, the actin anchorage proteins, such as a-ac
tinin and ALP-l, and the actin dynam ic regulatory proteins 
UNC-87 and UNC-60B (Ce-ADF) m ight represent tw o par
allel pathw ays tha t participate in stabilizing muscle myofila
ments.

Recently, hum an m utations in C ypher have been linked to 
dilated cardiom yopathy and m uscular dystrophy in patients 
(Vatta et al., 2003; A rim ura et al., 2004; Selcen and Engel,
2005). These findings highlight the im portant role of ALP- 
Enigma proteins in m uscle m aintenance and illustrate the 
need for increased understanding  of the m olecular mecha
nism s by which this family of PDZ-LIM proteins contributes 
to muscle structure and function. O ur analysis of ALP- 
Enigma function in C. elegans and the dem onstration of 
genetic interactions between alp-1 and both a-actinin and 
kettin provide new insights into the role of ALP-Enigma 
proteins in m olecular pathology, and enhance our knowl
edge of how muscle cells provide mechanical stability for 
supporting  normal muscle contractility.

2368 M olecular Biology of the Cell



ALP-1 Acts to O rganize Actin Filaments

ACKNOWLEDGMENTS
We thank members of the Beckerle Lab for advice, discussions, and encour
agement, especially Kathleen Clark for intellectual input and critical review of 
this manuscript and Caroline McKeown for her early contribution on this 
project. We thank Ellen Wilson for assistance with manuscript preparation 
and Diana Lim for the help w ith figures. We thank the Caenorhabditis Genetics 
Center for providing strains, the Mitani laboratory and National BioResource 
Project for isolation of the alp-1 ( tm ll37) deletion mutant, and Robert Barstead 
for the atn-l(ok84) strain. This work was supported by National Institutes of 
Health Grant HL60591 to M.C.B. and Cancer Center Support Grant CA42014 
for shared resources.

REFERENCES
Arimura, T., et al. (2004). A Cypher/ZASP mutation associated with dilated 
cardiomyopathy alters the binding affinity to protein kinase C. J. Biol. Chem. 
279, 6746-6752.

Arnold, H. H., and Braun, T. (2000). Genetics of muscle determination and 
development. Curr. Top. Dev. Biol. 48, 129-164.

Au, Y., Atkinson, R. A., Guerrini, R., Kelly, G., Joseph, C., Martin, S. R., 
Muskett, F. W., Pallavicini, A., Faulkner, G., and Pas tore, A. (2004). Solution 
structure of ZASP PDZ domain; implications for sarcomere ultrastructure and 
enigma family redundancy. Structure 12, 611-622.

Barstead, R. J., Kleiman, L., and Waterston, R. H. (1991). Cloning, sequencing, 
and mapping of an alpha-actinin gene from the nematode Caenorhabditis 
elegans. Cell Motil. Cytoskelet. 20, 69-78.

Bessou, C., Giugia, J. B., Franks, C. J., Holden-Dye, L., and Segalat, L. (1998). 
Mutations in the Caenorhabditis elegans dystrophin-like gene dys-1 lead to 
hyperactivity and suggest a link with cholinergic transmission. Neurogenetics 
2, 61-72.

Blanchard, A., Ohanian, V., and Critchley, D. (1989). The structure and 
function of alpha-actinin. J. Muscle Res. Cell Motil. 10, 280-289.

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71-94.

Bullard, B., Linke, W. A., and Leonard, K. (2002). Varieties of elastic protein in 
invertebrate muscles. J. Muscle Res. Cell Motil. 23, 435-447.

Clark, K. A., McElhinny, A. S., Beckerle, M. C., and Gregorio, C. C. (2002). 
Striated muscle cytoarchitecture: an intricate web of form and function. Annu. 
Rev. Cell Dev. Biol. 1.8, 637-706.

Doyle, D. A., Lee, A., Lewis, J., Kim, E., Sheng, M., and MacKinnon, R. (1996). 
Crystal structures of a complexed and peptide-free membrane protein-bind
ing domain: molecular basis of peptide recognition by PDZ. Cell 85, 1067
1076.

Faulkner, G., et al. (1999). ZASP: a new Z-band alternatively spliced PDZ- 
motif protein. J. Cell Biol. 146, 465-475.

Finney, M., and Ruvkun, G. (1990). The unc-86 gene product couples cell 
lineage and cell identity in. C. elegans. Cell 63, 895-905.

Flaherty, D. B., Gemert, K. M., Shmeleva, N., Tang, X., Mercer, K. B., 
Borodovsky, M., and Benian, G. M. (2002). Titins in C. elegans with unusual 
features: coiled-coil domains, novel regulation of kinase activity and two new 
possible elastic regions. J. Mol. Biol. 323, 533-549.

Francis, G. R., and Waterston, R. H. (1985). Muscle organization in Caenorhab
ditis elegans: localization of proteins implicated in thin filament attachment 
and I-band organization. J. Cell Biol. 101, 1532-1549.

Fyrberg, C., Ketchum, A., Ball, E., and Fyrberg, E. (1998). Characterization of 
lethal Drosophila melanogaster alpha-actinin mutants. Biochem. Genet. 36,299
310.

Fyrberg, E., Kelly, M., Ball, E., Fyrberg, C., and Reedy, M. C. (1990). Molecular 
genetics of Drosophila alpha-actinin: m utant alleles disrupt Z  disc integrity 
and muscle insertions. J. Cell Biol. 110, 1999-2011.

Goetinck, S., and Waterston, R. H. (1994a). The Caenorhabditis elegans muscle- 
affecting gene unc-87 encodes a novel thin filament-associated protein. J. Cell 
Biol. 127, 79-93.

Goetinck, S., and Waterston, R. H. (1994b). The Caenorhabditis elegans UNC-87 
protein is essential for maintenance, but not assembly, of bodywall muscle. 
J. Cell Biol. 127, 71-78.

Gregorio, C. C., and Antin, P. B. (2000). To the heart of myofibril assembly. 
Trends Cell Biol. 10, 355-362.

Guy, P. M., Kenny, D. A., and Gill, G. N. (1999). The PDZ domain of the LIM 
protein enigma binds to beta-tropomyosin. Mol. Biol. Cell 10, 1973-1984.

Hakeda, S., Endo, S., and Saigo, K. (2000). Requirements of Kettin, a giant 
muscle protein highly conserved in overall structure in evolution, for normal

muscle function, viability, and flight activity of Drosophila. J. Cell Biol. 148, 
101-114.

Harris, B. Z., and Lim, W. A. (2001). Mechanism and role of PDZ domains in 
signaling complex assembly. J. Cell Sci. 114, 3219-3231.

Huang, C., Zhou, Q., Liang, P., Hollander, M. S., Sheikh, F., Li, X., Greaser, M., 
Shelton, G. D., Evans, S., and Chen, J. (2003). Characterization and in vivo 
functional analysis of splice variants of cypher. J. Biol. Chem. 278, 7360-7365.

Jani, K., and Schock, F. (2007). Zasp is required for the assembly of functional 
integrin adhesion sites. J. Cell Biol. 179, 1583-1597.

Kadrmas, J. L., and Beckerle, M. C. (2004). The LIM domain: from the 
cytoskeleton to the nucleus. Nat. Rev. Mol. Cell Biol. 5, 920-931.

Kamath, R. S., and Ahringer, J. (2003). Genome-wide RNAi screening in 
Caenorhabditis elegans. Methods 30, 313-321.

Kamath, R. S., M artinez-Campos, M., Z ipperlen, P., Fraser, A. G., and 
Ahringer, J. (2001). Effectiveness of specific RNA-mediated interference 
through ingested double-stranded RNA in Caenorhabditis elegans. Genome 
Biol. 2, RESE ARCH0002.

Kotaka, M., et al. (2000). Interaction of hCLIMl, an enigma family protein, 
with alpha-actinin 2. J. Cell. Biochem. 78, 558-565.

Kotaka, M., Lau, Y. M., Cheung, K. K., Lee, S. M., Li, H. Y., Chan, W. Y., Fung, 
K. P., Lee, C. Y., Waye, M. M., and Tsui, S. K. (2001). Elfin is expressed during 
early heart development. J. Cell. Biochem. 83, 463-472.

Kotaka, M., Ngai, S. M., Garcia-Barcelo, M., Tsui, S. K., Fung, K. P., Lee, C. Y., 
and Waye, M. M. (1999). Characterization of the hum an 36-kDa carboxyl 
terminal LIM domain protein (hCLIMl). J. Cell. Biochem. 72, 279-285.

Kuroda, S., Tokunaga, C., Kiyohara, Y., Higuchi, O., Konishi, H., Mizuno, K., 
Gill, G. N., and Kikkawa, U. (1996). Protein-protein interaction of zinc finger 
LIM domains with protein kinase C. J. Biol. Chem. 271, 31029-31032.

Lakey, A., Labeit, S., Gautel, M., Ferguson, C., Barlow, D. P., Leonard, K., and 
Bullard, B. (1993). Kettin, a large m odular protein in the Z-disc of insect 
muscles. EMBO J. 12, 2863-2871.

Lecroisey, C., Segalat, L., and Gieseler, K. (2007). The C. elegans dense body: 
anchoring and signaling structure of the muscle. J. Muscle Res. Cell Motil. 28, 
79-87.

Li, S., et al. (2004). A map of the interactome network of the metazoan C. 
elegans. Science 303, 540-543.

Maki, S., Ohtani, Y., Kimura, S., and Maruyama, K. (1995). Isolation and 
characterization of a kettin-like protein from crayfish claw muscle. J. Muscle 
Res. Cell Motil. 16, 579-585.

Maruyama, K., and Ebashi, S. (1965). Alpha-actinin, a new structural protein 
from striated muscle. II. Action on actin. J. Biochem. 58, 13-19.

McKeown, C. R., Han, H. F., and Beckerle, M. C. (2006). Molecular charac
terization of the Caenorhabditis elegans ALP/Enigma gene alp-1. Dev. Dyn. 235, 
530-538.

Miller, D. M., Stockdale, F. E., and Karn, J. (1986). Immunological identifica
tion of the genes encoding the four myosin heavy chain isoforms of Caeno
rhabditis elegans. Proc. Natl. Acad. Sci. USA 83, 2305-2309.

Moerman, D. G., and Fire, A. (1997). Muscle: structure, function, and devel
opment. In: C. elegans II, ed. T. B. Donald, L. Riddle, B. J. Meyer, and J. R. 
Priess, Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press, 417
470.

Moerman, D. G., Plurad, S., Waterston, R. H., and Baillie, D. L. (1982). 
Mutations in the unc-54 myosin heavy chain gene of Caenorhabditis elegans that 
alter contractility but not muscle structure. Cell 29, 773-781.

Nakagawa, N., Hoshijima, M., Oyasu, M., Saito, N ., Tanizawa, K., and 
Kuroda, S. (2000). ENH, containing PDZ and LIM domains, heart/skeletal 
muscle-specific protein, associates w ith cytoskeletal proteins through the PDZ 
domain. Biochem. Biophys. Res. Commun. 272, 505-512.

Niederlander, N., Fayein, N. A., Auffray, C., and Pomies, P. (2004). Charac
terization of a new hum an isoform of the enigma homolog family specifically 
expressed in skeletal muscle. Biochem. Biophys. Res. Commun. 325, 1304
1311.

Ohtsuka, H., Yajima, H., Maruyama, K., and Kimura, S. (1997a). Binding of 
the N-terminal 63 kDa portion of connectin/ titin to alpha-actinin as revealed 
by the yeast two-hybrid system. FEBS Lett. 401, 65-67.

Ohtsuka, H., Yajima, H., Maruyama, K., and Kimura, S. (1997b). The N~ 
terminal Z  repeat 5 of connectin/titin binds to the C-terminal region of 
alpha-actinin. Biochem. Biophys. Res. Commun. 235, 1-3.

Ono, K., Yu, R., Mohri, K., and Ono, S. (2006). Caenorhabditis elegans kettin, 
a large immunoglobulin-like repeat protein, binds to filamentous actin and

Vol. 20, M ay 1, 2009 2369



H.-F. Han and M. C. Beckerle

provides mechanical stability to the contractile apparatuses in body wall 
muscle. Mol. Biol. Cell 17, 2722-2734.

Qno, S., Mohri, K., and Gno, K. (2005). Molecular and biochemical character
ization of kettin in Caenorhabditis elegans. J. Muscle Res. Cell Motil. 26, 449
454.

Pashmforoush, M., Pomies, P., Peterson, K. L., Kubalak, S., Ross, J., Jr., Hefti, 
A , Aebi, U., Beckerle, M. C., and Chien, K. R. (2001). Adult mice deficient in 
actinin-associated LIM-domain protein reveal a developmental pathway for 
right ventricular cardiomyopathy. Nat. Med. 7, 591-597.

Perry, S. V. (1996). Molecular Mechanism in Striata ted Muscle, Cambridge, 
UK: Cambridge University Press.

Pomies, P., Macalma, T., and Beckerle, M. C. (1999). Purification and charac
terization of an alpha-actinin-binding PDZ-LIM protein that is up-regulated 
during muscle differentiation. J. Biol. Chem. 274, 29242-29250.

Pownall, M. E., Gustafsson, M. K., and Emerson, C. P., Jr. (2002). Myogenic 
regulatory factors and the specification of muscle progenitors in vertebrate 
embryos. Annu. Rev. Cell Dev. Biol. 1.8, 747-783.

Roulier, E. M., Fyrberg, C., and Fyrberg, E. (1992). Perturbations of Drosophila 
alpha-actinin cause muscle paralysis, weakness, and atrophy but do not 
confer obvious nonmuscle phenotypes. J. Cell Biol. 116, 911-922.

Schmeichel, K. L., and Beckerle, M. C. (1994). The LIM domain is a modular 
protein-binding interface. Cell 79, 211-219.

Schulz, T. W., et al. (2004). Actin/alpha-actinin-dependent transport of AMP A 
receptors in dendritic spines: role of the PDZ-LIM protein RIL. J. Neurosci. 24, 
8584- 8594.

Selcen, D., and Engel, A. G. (2005). Mutations in ZASP define a novel form of 
muscular dystrophy in humans. Ann. Neurol. 57, 269-276.

Sorimachi, H., Freiburg, A , Kolmerer, B., Ishiura, S., Stier, G., Gregorio, C. C., 
Labeit, D., Linke, W. A., Suzuki, K., and Labeit, S. (1997). Tissue-specific 
expression and alpha-actinin binding properties of the Z-disc titin: implica
tions for the nature of vertebrate Z-discs. J. Mol. Biol. 270, 688 -695.

Te Velthuis, A. J., Isogai, T., Gerrits, L., and Bagowski, C. P. (2007). Insights 
into the molecular evolution of the PDZ/LIM family and identification of a 
novel conserved protein motif. PLoS ONE 2, el89.
Towbin, H., Staehelin, T., and Gordon, J. (1979). Electrophoretic transfer of 
proteins from polyacrylamide gels to nitrocellulose sheets: procedure and 
some applications. Proc. Natl. Acad. Sci. USA 76, 4350-4354.
van Straaten, M., Goulding, D., Kolmerer, B., Labeit, S., Clayton, J., Leonard, 
K., and Bullard, B. (1999). Association of kettin w ith actin in the Z-disc of 
insect flight muscle. J. Mol. Biol. 285, 1549-1562.
Vatta, M., et al. (2003). M utations in Cypher/ZASP in patients with dilated 
cardiomyopathy and left ventricular non-compaction. J. Am. Coll. Cardiol. 42, 
2014-2027.
Wang, H., Harrison-Shostak, D. C., Lemasters, J. J., and Herman, B. (1995). 
Cloning of a rat cDNA encoding a novel LIM domain protein with high 
homology to rat RIL. Gene 165, 267-271.
Waterston, R. H. (1988). Muscle. In: The Nematode Caenorhabditis elegans, ed. 
W.B. Wood and the Community of C. elegans Researchers, Cold Spring 
Harbor, NY: Cold Spring Harbor Laboratory Press, 281-335.
Xia, H., Winokur, S. T., Kuo, W. L., Altherr, M. R., and Bredt, D. S. (1997). 
Actinin-associated LIM protein: identification of a domain interaction be
tween PDZ and spectrin-like repeat motifs. J. Cell Biol. 139, 507-515. 
Yamashiro, S., Gimona, M., and Qno, S. (2007). UNC-87, a calponin-related 
protein in C. elegans, antagonizes ADF/cofilin-mediated actin filament dy
namics. J. Cell Sci. 1.20, 3022-3033.
Young, P., Ferguson, C., Banuelos, S., and Gautel, M. (1998). Molecular 
structure of the sarcomeric Z-disk: two types of titin interactions lead to an 
asymmetrical sorting of alpha-actinin. EMBO J. 17, 1614-1624.
Zhou, Q., Chu, P. H., Huang, C., Cheng, C. F., Martone, M. E., Knoll, G., 
Shelton, G. D , Evans, S., and Chen, J. (2001). Ablation of Cypher, a PDZ-LIM 
domain Z-line protein, causes a severe form of congenital myopathy. J. Cell 
Biol. 155, 605-612.
Zhou, Q., Ruiz-Lozano, P., Martone, M. E., and Chen, J. (1999). Cypher, a 
striated muscle-restricted PDZ and LIM domain-containing protein, binds to 
alpha-actinin-2 and protein kinase C. J. Biol. Chem. 274, 19807-19813.

2370 M olecular Biology of the Cell


