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ABSTRACT 

By sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunodiffu- 
sion, we identified paramyosin in two smooth invertebrate "ca tch"  muscles 
(Mytilus anterior  byssus retractor  and Mercenaria opaque adductor) and five 
invertebrate striated muscles (Limulus telson levator,  Homarus claw muscle, 
Balanus scutal depressor,  Lethocerus air tube retractor,  and Aequipecten 
striated adductor) .  We show that (a) the paramyosins in all of  these muscles have 
the same chain weights and (b) they are immunologically similar. 

We stained all of these muscles with specific ant ibody to Limulus paramyosin 
using the indirect fluorescent ant ibody technique. Paramyosin was localized to 
the A bands of the glycerinated striated muscles, and diffuse fluorescence was 
seen throughout  the glycerinated fibers of  the smooth catch muscles. 

The presence of paramyosin in Homarus claw muscle, Balanus scutal depres- 
sor, and Lethocerus air tube retractor  is shown here for the first time. Of  the 
muscles in this study, Limulus telson levator is the only one for which the anti- 
paramyosin staining pat tern has been previously reported.  

Until 1967, paramyosin was believed to be lim- 
ited to molluscan smooth "catch" muscles (1, 
12), obliquely striated (11) and cross-striated ad- 
ductors (10, 28), and to annelid obliquely 
striated body wall muscles (17). Then the pres- 
ence of paramyosin in the cross-striated muscle 
of primitive arthropods, the horseshoe crabs, was 
reported by de Villafranca and Leitner (4) and 
Ikemoto and Kawaguti (15), and this protein was 
localized to the thick filaments (21). More re- 
cently, paramyosin was isolated from the asyn- 
chronous flight muscles of several species of in- 
sects (2), and we localized this protein to the A 
bands of Lethocerus flight muscle (22). Thus, the 
distribution of paramyosin is phylogenetically 
widespread, and this protein is present in muscles 

that are distinctly different, both structurally and 
physiologically. 

In order to understand the significance of the 
presence of paramyosin in such different mus- 
cles, it is necessary to determine the following: 
(a) its distribution; (b) whether or not it is simi- 
lar in different muscles of different animals; and 
(c) its quantitative relationship to myosin. Addi- 
tional data regarding the phylogenetic and ana- 
tomical distribution of paramyosin are needed in 
order to differentiate between possible functional 
and/or phylogenetic bases for its presence. Dif- 
ferent molecular weights have been reported for 
paramyosins isolated from various muscles (3, 
35). The validity of these determinations is ques- 
tionable, however, since Stafford and Yphantis 
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(30) demonst ra ted  partial chain loss due to pro- 
teolytic degradation of  paramyosin during isola- 
tion procedures.  Determina t ion  of molecular  
weights of different paramyosins,  without  resort- 
ing to extraction procedures ,  may establish 
whether  or not these differences are real. Im- 
muno-chemical  studies can provide further infor- 
mation regarding similarities among paramyo- 
sins. If paramyosins are indeed different,  then 
this may be reflected in the differing morphologi-  
cal and physiological propert ies  of muscles con- 
taining this protein.  On the o ther  hand, if para- 
myosins are similar, then such differing morpho-  
logical and physiological propert ies  of these tis- 
sues may be, in part,  a function of  the packing of  
paramyosin in the thick filaments.  Knowledge of 
the molecular  ratios of  paramyosin to myosin in 
these muscles can provide the basis for determi-  
nation of such packing arrangements .  

We have begun a comparat ive survey of inver- 
tebrate muscles by studying (a) a series of arthro- 
pod muscles which were not previously known to 
contain paramyosin; and (b) a series of mollus- 
can muscles, f rom which paramyosin had been 
previously isolated. In this paper ,  we show for 
the first t ime the presence of  paramyosin in sev- 
eral ar thropod muscles, including: Homarus 
(lobster) slow claw, Balanus (barnacle) scutal 
depressor,  and Lethocerus (giant water  bug) air 
tube retractor.  We also show that the paramyo- 
sins of  these species, of Limulus (horseshoe 
crab), and of  the following molluscan muscles: 
Aequipecten (scallop) striated adductor,  Mytilus 
(mussel) anterior byssus retractor  ( A B R M ) ,  and 
Mercenaria (clam) opaque  adductor,  are all simi- 
lar in chain weight,  and all cross-react with anti- 
body to purified Limulus paramyosin.  Fluores- 
cent antibody staining confirms this immunologic 
similarity and localizes paramyosin to the A 
bands of the striated muscles. The companion 
paper in this series (23) establishes the molecular  
ratios of paramyosin to myosin in all of these 
muscles. 

M A T E R I A L S  A N D  M E T H O D S  

Preparation o f  Glycerinated 

Muscle Bundles 

Small bundles of Limulus telson muscle were glycer- 
inated at various lengths as described previously (21, 
6). Lethocerus abdomens, stored in 1:1 glycerol-stand- 
ard salt solution (18), were donated by Dr. Frank A. 
Pepe (University of Pennsylvania Medical School, Phila- 

deiphia, Pa.) and Dr. Benjamin Walcott (SUNY at 
Stony Brook, N. Y.). The air tube retractor muscle 
was dissected free of surrounding tissues just before use. 
Muscle length was determined by the extent of air tube 
protrusion before and during abdomen glycerination. 
Aequipecten striated adductor, Mercenaria opaque adduc- 
tor, Mytilus ABRM, and Homarus claw muscles were 
glycerinated in situ at various lengths. All of the above 
muscles, except that of Lethocerus, were kept moist 
with Limulus wash solution (LWS) (40 mM KCI, 6.7 
mM KH2PO4, brought to pH 7.3 with KOH; [22]) dur- 
ing preparation for glycerination. Balanus specimens, 
obtained from Pacific Bio-Marine Supply Co. (Venice, 
Calif.), were dissected as follows. The mantle, onto 
which the scutal depressor muscle inserts, was carefully 
separated from both the shell and scutes, and the animal 
was discarded. The shell was then broken between mus- 
cle origins with the aid of an electric bone saw, hammer, 
and chisel. The mantle was cut between muscle inser- 
tions. The resulting preparations consisted of a piece of 
shell, a scutai depressor muscle, and a piece of mantle. 
After removal of fat and loose connective tissue, the 
muscles were divided into small bundles, and the bundles 
tied at either end, separated from the muscle, and tied 
at varying lengths to sticks for glycerination. The muscles 
were washed and kept moist during dissection with arti- 
ficial seawater obtained from Carolina Biological Supply 
(Burlington, N. C.). All of the above muscles, except 
Lethocerus air tube retractor, were glycerinated in 
glycerol-LWS (1:1). Bundles of chicken breast muscle 
and frog skeletal muscle were tied on sticks and glyc- 
erinated in glycerol-standard salt solution and glycerol- 
LWS (1:1), respectively. 

Preparation o f  Myofibrils from 
Glycerinated Muscle Bundles 

Myofibrils (or muscle homogenates in the case of 
Mytilus ABRM and Mercenaria opaque adductors) to 
be used for gel electrophoresis were prepared by ho- 
mogenization of muscle bundles in 20 ml of LWS in a 
SorvaU Omnimixer (Dupont Instruments, Sorvall Op- 
erations, Newtown, Conn.). The fibrils were washed 
three times by centrifugation in the same solution, and 
a suspension of fibrils in LWS of 1:10 (vol/vol) was 
obtained. A 0.5-ml aliquot of this suspension was used 
for determination of protein concentration by the biu- 
ret technique (9), and the protein concentration of the 
suspension was adjusted to 2 mg protein/ml by addition 
of 0.01 M phosphate buffer, pH 7.0. A 2-ml aliquot of 
the suspension was dialyzed vs. phosphate buffer for 2 
h at 4~ 0.1 ml of 10% dithioerythritol (DTE) and 0.1 
ml of 10% sodium dodecyl sulfate (SDS) were added to 
1 ml of dialyzed myofibrillar suspension. The mixture 
was boiled for 3 min to denature the protein. 400 t~l of 
the denatured protein preparation were mixed with 400 
~1 of tracking dye (50% sucrose plus a few grains of 
bromphenol blue). Both this mixture and the dena- 
tured myofibrillar preparation were stored at - 18~ 
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Myofibrils or Mytilus and Mercenaria fibers for anti- 
body staining were prepared immediately before use by 
homogenization of muscle bundles in 25% glycerol, 
75% LWS, containing 0.01% streptomycin (Sigma 
Chemical Co., St. Louis, Mo.). The fibrils and fibers 
were washed three times by centrifugation. The pellet 
was suspended in 10 vol of LWS-glycerol (3:1). 

A n t i b o d y  Specif ici ty  

Antibodies against native Limulus paramyosin were 
prepared in rabbits (21). The gamma globulin (IgG) 
fraction was obtained from the whole serum by ammo- 
nium sulfate precipitation. The IgG fraction was ab- 
sorbed with both native Limulus tropomyosin, and 
native Limulus actomyosin. In immunodiffusion, this 
IgG fraction formed precipitin lines only against Limu- 
/us paramyosin (both the native protein and para- 
myosin denatured by boiling for 3 min in 0.01 M 
sodium phosphate buffer, pH 7.0, with 1% SDS + 1% 
DTE). Specific antibody to Limulus paramyosin was 
isolated from this IgG fraction by affinity chromatogra- 
phy, according to Pepe (25, 27). Both the specific 
antibody and the IgG fraction were used for fluorescent 
antibody staining procedures. 

Specific antibody against denatured Limulus para- 
myosin (denatured as described above) was prepared in 
the same manner. Antidenatured Limulus paramyosin 
formed precipitin lines only against both native and 
denatured Limulus paramyosin. This antibody was 
used in immunodiffusion experiments to (a) identify 
the protein in the presumed paramyosin band on gels; 
and (b) demonstrate immunologic similarity among the 
paramyosins from different muscles. 

We also prepared antibody to denatured Limulus 
myosin (denatured in the same way as paramyosin). 
The IgG fraction of the serum was absorbed with Lim- 
ulus paramyosin. This fraction formed precipitin lines 
only against native and denatured Lirnulus myosin. 
This antibody was used in immunodiffusion experi- 
ments to determine whether myosin was present in the 
presumed paramyosin bands. 

For the immunodiffusion studies, the proteins in the 
presumed paramyosin bands were eluted (19) from gels 
of three of the muscles studied (Limulus, Homarus, and 
Mercenaria). In addition, protein eluted from the myosin 
heavy chain bands of Limulus gels was used as a control 
for the specific activity of the antidenatured Limulus 
myosin. 

A n t i b o d y  Staining 

Three drops of myofibril suspension were incubated 
at 4~ overnight with one drop of the isolated specific 
antinative Limulus paramyosin at 0.6 mg/ml. One drop 
of myofibril-antibody mixture was placed on each 
cleaned slide and covered with a glass no. 0 cover slip. 
Excess antibody was washed out by introducing LWS- 
glycerol at one side of the cover slip and drawing this 

solution beneath the cover slip by capillary action. Four 
such washes were made and the fibrils were incubated 
for 30 min in a 1:10 dilution of the 7S fraction of 
fluorescent goat anti-rabbit IgG (Pentex Division Miles 
Research Labs) which was purified by elution from a 
diethylaminoethyl-cellulose column, and absorbed 
against glycerinated Limulus or Lethocerus muscle 
(21). Fibrils were washed again with four changes of 
LWS-glycerol and examined and photographed at x 
1,000 magnification on a Zeiss Ultraphot, with both 
phase and fluorescent optics, on Polaroid Type 57 
sheet film. Negatives were made on M plates (Eastman 
Kodak Co., Rochester, N. Y.) with a Polaroid MP-3 
camera. 

Control experiments included: (a) absorption of spe- 
cific anti-Limulus paramyosin with Limulus para- 
myosin before indirect staining; (b) staining with nor- 
mal rabbit IgG, followed by fluorescent goat anti-rabbit 
IgG; or (c) staining only with fluorescent goat anti- 
rabbit IgG. 

S D S  Polyacry lamide  Gel 

Electrophores is  

6% polyacrylamide gels containing 0.1% SDS were 
prepared. Gels of all preparations were loaded with 20 
/zg of muscle protein. Myosin and paramyosin isolated 
from Limulus and paramyosin isolated from the 
opaque adductor of Mercenaria (5) were donated by G. 
de Villafranca (Smith College, Northampton, Mass.). 
The Mercenaria paramyosin was prepared according to 
Johnson et al. (16). All gels containing purified proteins 
were loaded with 1.25/.Lg of the protein, which had been 
boiled for 3 rain after addition of SDS and DTE, com- 
bined with tracking dye, and stored in the same manner 
as the myofibrillar preparations. 

Gels were loaded with myofibrillar protein prepared 
from the Limulus, Homarus, Balanus, Lethocerus, Ae- 
quipecten, Mytilus, or Mercenaria muscles. All were 
also run with added purified Limulus paramyosin. In 
the case of Mercenaria muscle, gels were also run with 
added Mercenaria paramyosin. Controls were always 
run together with experimental gels. Control gels were 
loaded with: (a) vertebrate (chicken or frog) myofibril- 
lar proteins; (b) vertebrate myofibrillar protein plus 
purified Limulus paramyosin; (c) purified Limulus or 
Mercenaria paramyosin; and (d) Limulus and Merce- 
naria paramyosins, together. Purified Limulus myosin 
and paramyosin, both aged after denaturation, also 
were run together and separately. This was done to 
show that none of the breakdown products of myosin 
heavy chains have the same mobility as the band we 
identify as paramyosin. 

Electrophoresis was done on a Canalco Model 1200 
unit, using a Canaico Model 100 power supply (Ames 
Co., Div. of Miles Lab., Inc., Elkhart, Ind.) at constant 
current. Approximately 6 mA were delivered to each gel 
during the duration of the run. The gels were stained 
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with Coomassie brilliant blue for 1.5 h, destained in 
7.5% acetic acid-5% methanol, and stored in 7% acetic 
acid. The gels were photographed on Kodak M plates 
with the MP-3 camera, and were scanned on the EC 
Model 910 densitometer (E-C Apparatus Corp., St. 
Petersburg, Fla.) at 550 nm. The scans were traced on a 
Coming Model 840 (Coming Scientific Instruments, 
Medfield, Mass.) integrating recorder with both scanning 
and integrating circuits operating simultaneously. 

Molecular weights of the polypeptide chains were 
determined, with a standard curve constructed accord- 
ing to the method of Weber and Osborn (34). The 
proteins used as standards were: /3 galactosidase 
(130,000 daltons), phosphorylase A (95,000 daltons), 
catalase (60,000 daltons), and actin (45,000 daltons). 
These were plotted against mobility normalized to that 
of actin (Fig. 1). 

RESULTS 

Identification o f  Paramyosin Bands in SDS- 

Polyacrylamide Gels 

Gels of all of the invertebrate myofibrillar 
preparations show a band with electrophoretic 
mobility identical to that of polypeptide chains of 
purified Limulus paramyosin (Fig. 2a-g). This 
band is absent from gels of chicken breast myofi- 
brils (Fig. 2h).  In the gels of invertebrate myofi- 
brils, added Limulus paramyosin increases the 
staining intensity of the band identified as para- 
myosin. In Aequipecten gels, two closely spaced 
bands are present near the level of Limulus para- 
myosin chains. Addition of Lirnulus paramyosin 
enhances the staining intensity of only the lower 
band, that with greater electrophoretic mobility 
(Fig. 2e). Addition of paramyosin to vertebrate 
myofibril gels introduces a new band with lower 
electrophoretic mobility than that which has been 
identified as phosphorylase (Fig. 2 h). 

Mercenaria paramyosin, when prepared ac- 
cording to the method of Johnson et al. (16), 
runs as two bands. When this paramyosin is added 
to the Mercenaria muscle homogenate, the two 
new bands migrate faster than either purified 
Limulus paramyosin or the paramyosin present in 
the muscle homogenate (Fig. 3a-d) .  

The addition of paramyosin to muscle homog- 
enates increases the staining intensity of the par- 
amyosin band on gels. An increase in the area of 
only the paramyosin peak was seen in densitome- 
ter tracings of gels to which Limulus paramyosin 
had been added (Fig. 3a).  

In order to determine that the band identified 
as paramyosin did not result from the breakdown 
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FIGURE 1 Standard curve. The abscissa shows the 
mobility in 6% SDS gels as related to actin mobility. 
The ordinate shows polypeptide chain weights (mol wt) 
in daltons x 10 a. Filled circle = myosin heavy chains; 
• = 13 galactosidase; empty triangle = paramyosin in 
gels of glycerinated muscle preparations and isolated 
Limulus paramyosin; empty square and filled triangle 
= extracted Mercenaria paramyosin; empty circle = 
phosphorylase A; filled square = catalase; asterisk = 
actin. 

FIGURE 2 Muscle homogenate gel pairs. Right mem- 
ber of each pair has added Limulus paramyosin. (a) 
Limulus telson; (b) Homarus claw; (c) Balanus scutal 
depressor; (d)Letho cerus air tube retractor; (e)A equi- 
peeten striated adductor; 09 Mytilus ABRM; (g) Merce- 
naria opaque adductor; (h) chicken breast. Direction of 
electrophoresis indicated by the arrow. 

of myosin heavy chains, we aged denatured Lim- 
ulus myosin and coelectrophoresed it with simi- 
larly aged denatured Limulus paramyosin. While 
aged Limulus myosin has apparently broken 
down and migrates as four to five distinct bands 
of high molecular weight (Fig. 4c), all of these 
show mobilities different from that of the aged 
Limulus paramyosin which migrates as a single 
band (Fig. 4a,  b) with no change in chain weight. 

We further established that the bands coelec- 
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FIGURE 3. Mercenaria opaque adductor homogenate. (a) Superimposed tracings of scans of the three gels 
shown below; (b) added Mercenaria paramyosin (single arrows); (c) added Limulus paramyosin (double 
arrow); (d) no added paramyosin; M = myosin heavy chains; P = paramyosin; A = actin. 

F~GURE 4. Aged myosin and paramyosin isolated from Limulus muscle. (a) Paramyosin; (b) myosin and 
paramyosin; (c) myosin. The myosin appears as four to five high molecular weight bands, all of which mi- 
grate much more slowly than the single paramyosin band (arrow). 

trophoresing with our  Limulus paramyosin con- Limulus paramyosin forms precipitin lines 
tain paramyosin chains by the results of double-  against purified Limulus paramyosin and against 
diffusion in agar. Ant ibody  against denatured the proteins eluted from presumed paramyosin 
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bands cut from gels of other invertebrate mus- 
cles. For examples, see Fig. 5. In contrast, anti- 
body against denatured Limulus myosin does not 
react at all with these proteins, but does react 
with both purified Limulus myosin and Limulus 
myosin heavy chains eluted from gels. 

Determination o f  Paramyosin 

Chain Weights 

Estimations of paramyosin polypeptide chain 
weights were made from our myofibril gels with 
our standard curve (Fig. 1) according to the 
method of Weber and Osborn (34). We obtained 
a value of 115,000 - 4,000 daltons for both 
purified Limulus paramyosin and the paramyosin 
present in myofibrils and muscle homogenates of 
all the invertebrate muscles we studied. Merce- 
naria paramyosin prepared according to the 

method of Johnson et al. (16) shows a mobility 
corresponding to polypeptide chain weights of 
about 102,000 and 97,000 daltons (Fig. 3 b). 

Paramyosin Localization 

The IgG fraction of rabbit anti-Limulus para- 
myosin serum binds to all the invertebrate myofi- 
brillar and whole fiber (Mytilus ABRM) prepa- 
rations examined, but not to vertebrate myofi- 
brils. Fluorescent localization of paramyosin is 
always restricted to the A bands of those myofi- 
brillar preparations with identifiable sarcomeres 
(Figs. 6-10).  All controls were negative. 

The isolation of specific antibody using P-ami- 
nobenzoate (PAB)-cellulose (25, 27) affects the 
fluorescent staining pattern of Limulus sarco- 
meres only. Paramyosin localization in all of the 
other invertebrate preparations is the same with 

FIGURE 5 Double-immunodiffusion patterns. Center 
wells contain undiluted antidenatured Limulus para- 
myosin. Arrows point to precipitin bands. Peripheral 
wells contain serial dilutions of: (a) Homarus and (b) 
Mercenaria paramyosins eluted from gels; (c) dena- 
tured Limulus paramyosin. 
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either the IgG fraction of anti-Limulus para- 
myosin or PAB-cellulose isolated antibody. 

Unlike the arthropod muscles described be- 
low, the sarcomeres of Aequipecten striated ad- 
ductor, a molluscan muscle, are similar in length 
to those of vertebrate striated muscle and have 
short (1.9/~m),  regular A bands. These muscles 
are also similar to insect flight muscle, and both 
will be referred to as Class I. Specific anti-Limu. 
lus paramyosin stains long (~3 .0  p,m) sarco- 
meres throughout the A bands. Brighter fluores- 
cence occurs at both the lateral edges of the A 
band and in a single central line (Fig. 6a ,  b). 

All of the arthropod muscles studied here have 
long sarcomeres (>5.0 /zm) and long A bands 
(-> 3.0 /~m) as compared to vertebrate striated 
muscle. We will refer to these muscles as Class II 
on the basis of their structural similarity. 

We have previously described the patterns of A- 
band staining of Limulus sarcomeres at various 
lengths using absorbed, non-PAB-cellulose iso- 
lated specific anti-paramyosin (21). With PAB- 
cellulose isolated specific anti-Limulus para- 
myosin, the patterns are the same as seen before, 
in the cases of long (11.0-8.0 ~tm) and short 
(<6.5 /zm) but not in the case of intermediate- 
length (8.0-6.5 /~m) sarcomeres. In the latter 
case, the central A-band staining, previously ob- 
served with nonpurified antibody (21), is now 
absent (compare Fig. 7a--c). 

In Homarus myofibrils, the entire A band is 
stained in short sarcomeres (~5 .5 /zm) .  In longer 
sarcomeres ( - 7 . 5  ~tm), a narrow central region 
remains nonfluoreseent (Fig. 8a -c ) .  In phase mi- 
crographs paired with the fluorescent ones, this 
unstained zone is identified as the H band. 

In Balanus myofibrils, short ( - 5 . 0  /zm) and 
long ( - 9 . 0 / z m )  sarcomeres stain only at the lat- 
eral edges of the A bands. In intermediate-length 
(~7 .0  tzm) sarcomeres, the entire A band is 
stained except for a narrow central region (Fig. 
9a-f). The most intense staining borders this un- 
stained central region. 

Short sarcomeres ( - 5 . 0 / x m )  of Lethocerus air 
tube retractor myoflbrils exhibit diffuse A-band 
staining. In longer (~11.0 /zm) sarcomeres, the 
central A-band staining is less intense than that 
seen at the lateral edges of the A band (Fig. 10a- 
c) .  

Whole fiber preparations of glycerinated Myti- 
/us ABRM, a smooth, molluscan catch muscle 
(32), contain cells 1.8 mm long and 10 /.tm in 
diameter (33). Neither fibrils nor definable sarco- 

meres are present. These fibers, together with 
those of Mercenaria opaque adductor, constitute a 
third class of muscle fiber (Class III). Entire fibers 
stain diffusely with specific anti-Lirnulus para- 
myosin. 

To summarize the results of staining with spe- 
cific antinative Limulus paramyosin: in Class I 
fibers, at the sarcomere lengths we studied, stain- 
ing occurs in narrow bands at the lateral edges and 
in the center of the A band. In Class II fibers, 
lengthened sarcomeres stain at the lateral edges of 
the A band. The staining region extends toward 
the center of the A band as the sarcomeres 
shorten, until, at short sarcomere lengths, the en- 
tire A band is stained. The staining of Balanus 
short sarcomeres differs from this general pattern, 
being at the lateral edges of the A bands. Diffuse 
staining occurs throughout Class III fibers. 

DISCUSSION 

We have established that a protein band seen in 
gels of homogenates of seven different inverte- 
brate muscles contains paramyosin polypeptide 
chains. First, this band has a chain weight identical 
to that of purified Limulus paramyosin (115,000 
-+ 4,000 daltons). Second, this band is absent 
from gels of vertebrate skeletal muscle homoge- 
nates, which do not contain paramyosin. Third, 
we have shown that this band is not a product of 
degradation of myosin heavy chains. When 
myosin breakdown does occur, as illustrated by 
our gels of aged Limulus myosin and para- 
myosin, the resultant polypeptide fragments 
never exhibit the same mobility as Limulus para- 
myosin chains. Fourth, and most conclusively, 
the protein eluted from the band unique to our 
gels of invertebrate muscle cross-reacts with spe- 
cific anti-Limulus paramyosin. We also show that 
in the case of Limulus muscle this band is not 
contaminated with myosin fragments, since pro- 
tein r from the paramyosin band of Limulus 
gels does not cross-react with anti-Limulus 
myosin. Similar results were obtained with anti- 
L/mu/us myosin run against the other para- 
myosin bands eluted from gels. However, the 
interpretation of these last results is equivocal, 
since the immunologic cross-reactivity among the 
different myosins is not known. 

We have established that there are, indeed, 
basic similarities among the paramyosins in all of 
the muscles we studied. First, all paramyosins in 
our gels of muscle homogenates have the same 
chain weight (115,000 - 4,000 daltons). This is 
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FIGURES 6-10 Photomicrographs of myofibrils pre- 
pared from glycerinated invertebrate striated muscles 
and stained with anti-Limulus paramyosin by the indi- 
rect fluorescent antibody technique. Lines indicate A 
bands. 
FIGURE 6 Aequipecten striated adductor myofibrils 
incubated with specific anti-Limulus paramyosin, x 
1,000 (a) and (b) paired phase and fluorescence photo- 
micrographs of myofibrils with long ( -3 .0  v.m) sarco- 
meres. 

FmURE 7 Limulus telson myofibrils, x 1,000. (a) 
Phase photomicrograph of intermediate-length (7.5 ttm) 
sarcomeres paired with (b). (b) Fluorescent photomicro- 
graph of same myofibril incubated with anti-Limulus 
paramyosin before PAB-cellulose isolation of the spe- 
cific antibody. [(a) and (b) reprinted with permission 
from J. Cell Biol. 1972. 55:226.]. (c) Fluorescence 
photomicrograph of a myofibril with sarcomeres of 
lengths similar to those seen above incubated with 
specific anti-Limulus paramyosin that had been iso- 
lated by affinity chromatography with PAB-ceilulose. 

FIGURE 8 Homarus claw myofibrils, x 1,000. (a) Phase photomicrographs of myofibril with sarcomeres 
-7 .5  ~tm long. This picture is paired with (b). (b) Fluorescence photomicrograph of the same myofibril 
incubated with PAB-cellulose isolated specific anti-Limulus paramyosin. (c) Fluorescence photomicro- 
graph of a myofibril with 5.5 ~m sarcomeres. 
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FIGURE 10 Lethocerus air tube retractor myofibrils. 
All myofibrils were incubated with specific anti-Limu- 
/us paramyosin, x 1,000. (a) and (b) Paired phase and 
fluorescence photomicrographs of two myofibrils with 
long (~11.0/~m) sarcomeres. As evident in the phase 
picture, this myofibril was pulled out to non-overlap of 
thick and thin filaments. (c) Fluorescence photomicro- 
graph of myofibril with short (-5.0/zm) sarcomeres. 
Note: This muscle has the shortest A bands of all the 
Class II muscles studied here. 

FIGURE 9 Balanus scutal depressor myofibrils. All myofibrils were incubated with PAB-cellulose 
isolated specific anti-Limulus paramyosin, x 1,000. (a) and (b) Paired phase and fluorescence photomi- 
crographs of long (~9.0/xm) sarcomeres. (c) and (d) Paired phase and fluorescence photomicrographs 
of intermediate (~7.0 /~m)-length sarcomeres. (e) and (f) Paired phase and fluorescence photomicro- 
graphs of short (-5.0/,~m) sarcomeres. 

identical to the chain weight of Limulus para- 
myosin run on our gels which was isolated by the 
method of de Villafranca and Haines (5), and is 
at variance with previous reports of paramyosin 
molecular weights obtained on extracted proteins 

from different species (2, 3, 5, 35). We, like 
Stafford and Yphantis (30), find lower chain 
weights (102,000; 97,000 daltons) for Merce- 
naria paramyosin isolated according to the 
method of Johnson et al. (16). Stafford and Yp- 

ELFVIN ET AL. Paramyosin Identification and Localization 269 



hantis (30) reported that enzymatic degradation 
of Mercenaria paramyosin to /3 and 3' chains 
(100,000 and 95,000 daltons) occurs during this 
method of preparation. They modified the isola- 
tion procedure to minimize proteolytic degrada- 
tion and obtained a fraction with 105,000 daltons 
chain weight, termed a-paramyosin. They be- 
lieve this to be the intact molecule. Our estimate 
of Mercenaria paramyosin chain weight, from 
gels of glycerinated muscle homogenates, is still 
higher than that of a-paramyosin chains, and 
agrees with the chain weights of paramyosin in all 
of the invertebrate muscles discussed here. 
Therefore, proteolysis is an important factor to 
be considered in the estimation of correct para- 
myosin chain weight. Our results suggest that the 
procedure used in preparing Limulus paramyosin 
(5) minimizes alteration of the protein. By deal- 
ing exclusively with homogenates of glycerinated 
muscle, we seem to have avoided proteolysis of 
paramyosin chains, and our estimates are proba- 
bly closest to the true chain weight. 

Even more stringent evidence for similarity 
among the various paramyosins is the immuno- 
logic cross-reactivity observed with specific anti- 
Limulus paramyosin. This was demonstrated by 
(a)  the formation of precipitin lines when the 
protein eluted from the gel band was diffused 
against specific antidenatured Limulus para- 
myosin; and (b) the fluorescent antibody stain- 
ing of myofibrils of the striated muscles, with 
specific antinative Limulus paramyosin. These 
results indicate that there must be considerable 
homology in the amino acid sequence and/or the 
tertiary configuration of the different paramyo- 
sins. 

We have utilized the ability of all of the para- 
myosins to cross-react with specific anti-Limulus 
paramyosin in order to examine the localization 
of this protein in sarcomeres of the striated mus- 
cles at different lengths. Paramyosin localization 
to the A bands of all of the striated muscles we 
studied is strong evidence that this protein is a 
component of the thick filaments. Specific anti- 
Limulus paramyosin consistently stains the lat- 
eral regions of the A bands in all of the muscles 
we studied, while more central A-band staining 
varies with muscle type and sarcomere length. In 
general, extreme lateral A-band staining may be 
explained as due to exposure of paramyosin re- 
sulting from the bending of cortical myosin mole- 
cules away from the thick filament surface at the 
tapered filament ends. This is analogous to the 

explanation proposed by Pepe (24, 26) regarding 
lateral A-band staining with anti-chicken myosin 
in vertebrate striated muscle. 

Class I muscles (Aequipecten striated adductor 
and Lethocerus flight muscle; reference 22) are 
similar to vertebrate striated muscle. These stain 
in narrow bands at the lateral edges and in the 
central region of the A band. Aequipecten long 
(3.0 t~m) sarcomeres also stain diffusely through- 
out the A band. Exposure of the paramyosin core 
to antibody binding in the center of the A band of 
these muscles suggests that there is a region in the 
middle of the thick filaments in which paramyosin 
may not be completely covered by myosin. 

In the Class II arthropod muscles, more para- 
myosin becomes available for antibody binding as 
regions of thick-thin filament overlap increase. 
This is indicated by broadening of the lateral stain- 
ing region with decreasing sarcomere length. Ex- 
posure of paramyosin along the entire region of 
overlap between thick and thin filaments indicates 
that crossbridges are lifted farther away from the 
filament core, where they interact with actin, than 
they are in the H zone, which remains unstained. 
Complete overlap thus results in entire A-band 
staining of short sarcomeres. Balanus short sarco- 
meres, showing lateral A-band staining, are an 
exception to this generalization. It is not clear 
whether this staining pattern is related to the ob- 
servation that, in such short sarcomeres of Bal- 
anus muscle, thick filaments penetrate the Z band 
and terminate in adjacent sarcomeres (14). 

The complete misalignment of thick filaments 
and absence of identifiable sarcomeres in Mytilus 
ABRM (Class III) result in diffuse staining of the 
entire muscle fiber. 

The A-band staining patterns we have observed 
remain consistent with the hypothesis that para- 
myosin constitutes the core of thick filaments in 
paramyosin-containing invertebrate striated mus- 
cles (2, 13, 15, 20-22). This agrees with the loca- 
tion proposed for paramyosin in the thick fila- 
ments of molluscan smooth catch muscles (3, 7, 
29, 31) in which the protein is believed to play a 
role in the catch mechanism. The nature of that 
role, however, remains obscure. It has recently 
been suggested (8), on the basis of in vitro hybrid 
filament formation, that paramyosin may act to 
"turn off" catch. The function of paramyosin in 
noncatch muscles is certainly unknown. As a first 
step toward understanding the possible role(s) of 
paramyosin in both types of muscle, we have de- 
termined the paramyosin:myosin heavy chain ra- 
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tios in the thick f i laments  of the muscles s tudied 
here .  This work is described in the next paper  
(23).  
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