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ABSTRACT 

By quantitative sodium dodecyl sulfate-polyacrylamide gel electrophoresis, para- 
myosin:myosin heavy chain molecular ratios were calculated for three molluscan 
muscles: Aequipecten striated adductor, Mercenaria opaque adductor, and Mytilus 
anterior byssus retractor; and four arthropodan muscles: Limulus telson, Homa- 
rus slow claw, Balanus scutal depressor, and Lethocerus air tube retractor. These 
ratios correlate positively with both thick filament dimensions and maximum 
active tension development in these tissues. The role of paramyosin in these 
muscles is discussed with respect to the following characteristics: force develop- 
ment, "catch," and extreme reversible changes in length. 

The paramyosin content of molluscan muscle has 
been observed to vary (a) with the structural orga- 
nization of fibers, and (b) with the dimensions of 
the thick filaments. A paramyosin:myosin ratio 
greater than 1:1 has been reported for lamelli- 
branch smooth adductors (30, 32). Obliquely and 
cross-striated adductors have been reported to 
contain proportionally less (1:2 and 1:3, respec- 
tively) of this protein (30, 32). In such molluscan 
smooth "catch" muscles as lamellibranch opaque 
adductors (6-8, 10-12, 20, 27) and Mytilus an- 
terior byssus retractor muscle (ABRM) (18, 20, 
21,26, 28, 32), thick filaments range from 500 to 
1,500 /~ in diameter and from 10 to 40 tzm in 
length. They are oriented parallel to the cells, but 
are not organized into identifiable ordered, re- 
peating sarcomeric units (33). The cross-striated 
adductors of the lamellibranch Aequipecten, on 
the other hand, resemble vertebrate striated mus- 
cle with respect to both filament dimensions and 
sarcomere organization (24). 

In previous papers (1, 5, 19) we and others re- 
ported the identification of paramyosin as a com- 
ponent of striated arthropod muscles, by sodium 
dodecyl sulfate (SDS)-polyacrylamide gel electro- 
phoresis and immunodiffusion. We also showed 
that the arthropodan and molluscan paramyosins 
in homogenates of glycerinated muscle have iden- 
tical chain weights, and further, that this protein 
is similar enough in these different muscles to 
cross-react immunologically across phyletic lines. 

Here we report the paramyosin:myosin heavy 
chain ratios in the following arthropodan muscles: 
Limulus telson levator, Hornarus slow claw mus- 
cle, Balanus scutal depressor, and Lethocerus air 
tube retractor; as well as in the following mollus- 
can muscles: Aequipecten striated adductor, Myti- 
lus ABRM, and Mercenaria opaque adductor. 
The correlation between paramyosin content, fila- 
ment dimensions, and maximum active tension 
development is discussed in relation to the func- 
tional role of paramyosin in these muscles. 
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M A T E R I A L S  A N D  M E T H O D S  

SDS-Polyacrylamide Gel Electrophoresis 
SAMPLE PREPARATION: Homogenates were pre- 

pared for SDS-polyacrylamide gel electrophoresis from 
glycerinated muscles as previously described (5), up to 
the point of dilution of the denatured muscle proteins 
with the tracking dye mixture. Aliquots of each prepara- 
tion, adjusted to 2 mg protein/ml, were diluted first with 
buffer (5) and then with tracking dye-sucrose, to final 
protein concentrations of 1.0 mg/ml, 0.5 mg/ml, 0.25 
mg/ml, and 0.125 mg/ml. Purified Limulus paramyosin 
and myosin, donated by Dr. George de Villafranca 
(Smith College, Northampton, Mass.), were also dena- 
tured and each was brought to a protein concentration 
of 0.5 mg/ml with buffer and tracking dye-sucrose. All 
samples were stored at -18~ They were reboiled for 
3 min, then cooled before use. 

GEL ELECTROPHORESIS" 6% polyacrylamide gels 
containing 0.1% SDS were prepared as previously de- 
scribed (5). Using the purified Limulus paramyosin 
and myosin, we determined the range of protein loadings 
over which Beer's law holds, as well as the differences in 
dye binding for the proteins. Gels were loaded with 
increasing amounts of each protein, between 0.5 and 
20.0/zg, respectively. At least four gels were run of each 
protein at each loading. After electrophoresis the gels 
were stained and destained as before (5). The gels were 
scanned at 550 nm on an EC model 910 densitometer 
(E-C Apparatus Corp., St. Petersburg, Fla.). The scans 
were traced on a Corning model 840 integrating recorder 
(Corning Scientific Instruments, Medfield, Mass.) with 
both scanning and integrating circuits operating simulta- 
neously. The base lines were set to zero at the back- 
ground of the gels. Staining intensity, as obtained from 
the integration record, was plotted against protein load- 
ing for each protein (myosin loadings were corrected to 
give the values for heavy chains only). Linear regression 
analyses were performed to determine the slopes. The 
slopes calculated for each protein, where dye binding 
was a linear function of loading, are shown in Fig. 1. A 
factor for converting staining intensity ratios to molecu- 
lar ratios was obtained from these slopes. 

Gels were always loaded with 20.0 t*l of each muscle 
preparation, respectively. A minimum of five gels each, 
at loadings of 2.5 /xg, 5.0/zg, 10.0/zg, and 20.0/xg of 
total muscle protein, were run on each muscle prepara- 
tion. The gels were stained, destained, and scanned as 
previously described (5). The staining intensities of the 
myosin heavy chain and paramyosin chain bands were 
obtained from the integration records. The mean and 
standard deviation of paramyosin:myosin staining inten- 
sity (uncorrected) ratios were calculated for each muscle 
preparation. This was done for each protein loading 
between 2.5 and 20.0 p.g. These ratios were compared at 
different loadings, for each muscle type. 

Staining intensity ratios were converted to para- 
myosin:myosin heavy chain molecular ratios, with the 

factor obtained from the slopes in the dye binding experi- 
ments. 

R E S U L T S  

SDS-Gel Electrophoresis 

Fig. 1 shows the relationship between staining 
intensity and protein loading for both purified 
Limulus paramyosin and myosin. Dye binding is 
seen to be a linear function of protein loading up 
to 10.0 tzg of paramyosin and 16.0/~g of myosin 
(thus, 14.5 ~g of  myosin heavy chains). We deter- 
mined that paramyosin chains stain 1.1 times 
more intensely with Coomassie brilliant blue than 
do myosin heavy chains, giving a correction factor: 
paramyosin/myosin heavy chain = 0.9. 

Gels loaded with between 2.5 and 20.0 /zg of 
total muscle homogenate  gave remarkably consist- 
ent paramyosin:myosin heavy chain "uncor- 
rected" ratios within each muscle type. This indi- 
cates that within the protein loadings we used, 
Coomassie brilliant blue binding to these proteins 
was linearly related to the protein content of these 
bands. The "uncorrected"  values were converted 
to molecular ratios (Table I). We observed consid- 
erable variation in paramyosin:myosin heavy 
chain ratios among the different muscles studied. 

Morphological and Physiological 

Correlations 

Examination of the paramyosin:myosin molecu- 
lar ratios we obtained reveals that these ratios fall 
into three groups which correspond to the three 
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FIGURE 1 Dye-binding curve showing Coomassie bril- 
liant blue binding to paramyosin chains and myosin 
heavy chains on SDS-6% polyacrylamide gels. OD in 
arbitrary units, read at 550 nm. P = paramyosin chains 
(slope = 5.1); MHC = myosin heavy chains (slope = 
2.5). Slopes were calculated by linear regression analysis 
of four separate loadings of each protein at points be- 
tween 0.5 /zg protein and that loading at which the OD 
was no longer a linear function of protein present. 
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TABLE I 

Relationships of Paramyosin:Myosin Heavy Chain Molecular Ratios to Both Filament Dimensions and Develop- 
ment of Maximuim Active Tension in All Muscles Studied 

Filament dimensions 
PM:MHC molecular Maximum active ten- 

Muscle source No, of gels ratios • SD length diameter* sion 

fan nm (kg/cm 9 

Class I 
Aequipecten striated adductor 33 0.065 +- 0.02 1.8 21 1.2~: 
Lethocerus flight 34 0.13 - 0.02 2.4 18 (27) 0.3 (14) 

Class II 
Lethocerus ATR 24 0.32 +-- 0.14 -3.0 -18 1.25 (34) 
Limulus telson 70 0.48 - 0.12 4.9 22 (4) 3-5w 
Homarus claw 40 0.51 +- 0.13 6.0 18 (13) 2.811 (23) 
Balanus scutal depressor 56 0.47 - 0.19 5.0 20 (14) 5.2 (15) 

Class III 
Mytilus ABRM 52 2.88 +-- 0.72 25.0 65-70 (20)  10-14 (21, 22) 
Mercenaria opaque adductor 42 5.50 +-- 1.43 40.0 >100 (12) 12.8 (22) 

* All diameters, except for Aequipecten, were measured in sectioned material. 
~t Millman, Gibson, and Overy, manuscript in preparation. 
w Our unpublished data. 
I1 Slow muscle, not claw. 
Numbers in parentheses denote references. 

classes of muscle fiber types described in the pre- 
vious paper (5). Class I muscles, structurally most 
similar to vertebrate striated muscle, have the 
lowest ratios (less than 0.2). Class II muscles, 
intermediate in structural type between Class I 
and smooth catch muscles (Class III), have higher 
ratios (0.3-<0.6).  Class III muscles have the high- 
est ratios (greater than 2.0) (Table I). 

We find a much lower paramyosin:myosin ratio 
in Aequipecten striated adductor (Class I) and a 
much higher ratio in Mercenaria opaque adductor 
(Class III) than those quoted by Squire (30). 
Szent-Gyfrgyi et al. (32) reported ratios, in agree- 
ment with Squire's, which were obtained from 
isolated filaments. In such preparations, consider- 
able loss of protein can occur, and this may seri- 
ously affect the ratios obtained. Our experiments 
were performed on glycerinated, otherwise intact 
tissue, in which such protein loss is minimized (5). 

There is a marked correlation between the para- 
myosin:myosin heavy chain molecular ratios and 
both our own and published values of thick fila- 
ment length (Fig. 2). The figure shows a linear 
relationship between these parameters. The fila- 
ment diameters of Class I and II muscles are about 
the same, and are less than those of Class III 
muscles (Table I). 

The values for tension which the muscles can 

i: 
PM/MHC 0.410110, 

0. , �9 �9 , I i ,, i i 
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FIGURE 2 Linear relationship between thick filament 
lengths (abscissa) and paramyosin:myosin heavy chain 
molecular ratios (ordinate) for all the muscles studied 
here. Class I: *-Aequipecten striated adductor, A -  
Lethocerus asynchronous flight muscle; Class II: Q -  
Lethocerus air tube retractor, �9  scutal depres- 
sor, �9  telson levator, �9 slow claw 
muscle; Class III: II-Mytilus ABRM, • 
opaque adductor. 

develop can be roughly grouped according to our 
class designations (Table I). Maximum active ten- 
sion development is lowest (0.3-1.2 kg/cm z) in 
Class I muscles. These values are lower than those 
reported for vertebrate skeletal muscles (2.3 kg/ 
cmZ; reference 22). In Class II muscles, the lowest 
value for maximum active tension is seen in Letho- 
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cerus air tube retractor (1.25 kg/cm2), which has 
the shortest thick filament length in this class. The 
maximum active tension developed by the other 
members of Class II ranges between 2.8 and 5.2 
kg/cm 2. Class III muscles, which have the highest 
paramyosin:myosin ratios and the greatest thick 
filament lengths and diameters, show extremely 
high values for maximum active tension develop- 
ment (10-14 kg/cm2). 

DISCUSSION 

Effect o f  Paramyosin on Thick 

Filament Dimensions 

On the one hand, the length (approximately 1.6 
~m) and diameter (approximately 16 nm) of thick 
filaments in different vertebrate striated muscles 
(which do not contain paramyosin) are remarka- 
bly similar. These dimensions probably are deter- 
mined by the manner in which the constituent 
myosin molecules aggregate (25). On the other 
hand, thick filaments containing paramyosin are 
always longer and of greater diameter than those 
lacking this core protein, and vary greatly among 
different muscles (24, 32). 

FILAMENT LENGTH: Filament length, in par- 
ticular, is influenced by the presence of paramyo- 
sin. Ikemoto and Kawaguti (17), using only myo- 
sin isolated from horseshoe crab (Tachypleus 
tridentatus) muscle, reported that the lengths of 
reconstituted thick filaments never exceeded those 
of vertebrate skeletal muscle. Addition of para- 
myosin, however, resulted in the formation of 
considerably longer thick filaments. Thus, para- 
myosin may provide for an assembly of proteins 
resulting in structurally stable filaments of lengths 
unlikely or impossible with myosin alone. 

We show that there is a linear correlation be- 
tween the paramyosin:myosin heavy chain molec- 
ular ratios and the lengths of the thick filaments in 
all of the muscles studied here (Fig. 2). Thus, it 
appears that the amount of paramyosin present 
determines thick filament length. In order to es- 
tablish this relationship conclusively, we are re- 
constituting thick filaments with varying molar ra- 
tios of paramyosin:myosin. 

FILAMENT DIAMETER: While the thick fil- 
aments of paramyosin-containing invertebrate 
muscles are always of greater diameter than those 
of vertebrate striated muscle, no clear relationship 
exists between paramyosin content and filament 
diameter. The diameters of the thick filaments of 
Class I and Class II muscles are very similar, 

despite the 5-10-fold greater paramyosin content 
of the latter (Table I). Class III muscles, however, 
which have a paramyosin content at least six times 
greater than that of Class II muscles (and 30-60 
times greater than that of Class I muscles), do 
have thick filaments with unusually large diame- 
ters (Table I). It should be noted that these thick 
filaments are also of unusually great length (Table 
I). 

Relationship Between Filament 

Dimensions and Tension 

FILAMENT LENGTH: Increased thick fila- 
ment length allows for an increased region of 
overlap between a thick filament and its surround- 
ing thin filaments. Lowy et al. (22) suggested that 
individual thick filaments of greater length, having 
greater numbers of sites available for interaction 
with surrounding thin filaments, can produce 
greater tensions than individual shorter thick fila- 
ments. This suggestion was based on a comparison 
among frog sartorius, oyster oblique adductor, 
and Mytilus ABRM with respect to filament 
length and maximum active tension developed by 
each of these muscles. 

Our results indicate that thick filament length 
can be correlated with maximum active tension 
development, when the three "Classes" of inver- 
tebrate muscles are compared with one another. 
This correlation does not hold, however, when 
Class I muscles are compared with vertebrate skel- 
etal muscle (2.3 kg/cm2; reference 22), or when 
muscles within Class II are compared with one 
another (Table I). It is not clear, moreover, that 
increased filament length would necessarily be 
solely responsible for increased tension develop- 
ment by a whole fiber. It is conceivable that a 
larger number of shorter thick filaments, serially 
arranged in adjacent shorter sarcomeres, could 
provide an equivalent number of crossbridges 
along an equivalent length of muscle. 

FILAMENT DIAMETER" There is no rela- 
tionship apparent between filament diameter and 
tension development when Class I, Class II (Table 
I), oyster obliquely striated ( - 3 0  rim; 5 kg/cm"; 
reference 22), and vertebrate striated muscles are 
compared with one another. Class III muscles, 
having unusually large thick filaments, develop 
unusually high tensions (Table I). Their enor- 
mously increased filament diameters may provide 
greater filament strength (22). This might be re- 
quired to support the increased load borne by each 
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thick filament of Class III muscles, which interact 
with a very large number of surrounding thin fila- 
ments via numerous crossbridges (6, 29, 34). 
Other parameters, however, also must be consid- 
ered in determining a structural basis for tension 
development. 

The Roles o f  Paramyosin in 

Muscle Function 

"CATCh":  The phenomenon of "catch" is 
seen only in Class III muscles, having unusually 
high paramyosin:myosin ratios and thick filaments 
of unusually large length and diameter. The role 
of paramyosin, if any, in either initiating, main- 
taining, or effecting the release from catch in these 
muscles, however, is obscure. Different investiga- 
tors have suggested that this protein affects each of 
these parameters (2, 9, 18, 32). The mechanisms 
invoked have involved shifts either in paramyosin- 
paramyosin interactions within the filament core 
(2, 32), or between filaments (18) or in para- 
myosin interactions with cortical myosin molecules 
(2, 9, 32). In any case, it appears that a critical 
mass of paramyosin is necessary for the type of 
actin-myosin interaction characterizing catch to 
occur. The pharmacology of neurotransmitters in- 
volved in both establishing and releasing catch 
is known (3, 33), and the changes in intracellular 
calcium after sarcolemmal binding of these trans- 
mitters is being studied (B. M. Twarog, personal 
communication). It would be of interest, there- 
fore, to study the effects of such changes in the 
ionic environment on isolated filaments. 

T H I C K  F I L A M E N T  S H O R T E N I N G :  We have 
documented changes in length of Limulus telson 
muscle A bands and thick filaments (a) as sarco- 
meres shorten below ~7.0  tzm (4), or (b) after 
activation of intact fibers. ~ This phenomenon 
may occur in other Class II muscles as well. In 
Balanus scutal depressor, Hoyle et al. (16) re- 
ported sarcomeres as long as 20.3 tzm and as short 
as 3.9 /zm, having A bands of 14.3 /zm and 2.2 
/xm, respectively. Similar changes in both sarco- 
mere and A-band lengths are seen in Homarus 
slow abdominal muscle (our unpublished observa- 
tions). 

A combination of (a) long, thick filaments with 
longer regions available for actin-myosin interac- 
tion, and (b) shortening of these filaments endows 
Class II muscles, so equipped, with the ability to 

i Dewey, M. M., B. Walcott, D. E. Colflesh, H. Terry, 
and R. J. C. Levine. Submitted for publication. 

undergo extreme, reversible length changes. In- 
deed, in situ changes of 100% or greater in sarco- 
mere length have been observed in living Lirnulus 
telson, Homarus slow abdominal, Lethocerus air 
tube retractor, and Balanus scutal depressor mus- 
cles. 

In vertebrate striated muscle and in Class I 
muscles (24, 27) which have no or little para- 
myosin, thick filament lengths remain constant 
during contraction. These muscles do not undergo 
great changes in sarcomere length. We are cur- 
rently investigating whether or not the thick fila- 
ments of Class III muscles change length under 
various conditions. 

The phenomenon of filament shortening, like 
catch, may be produced by a shift in the interac- 
tions between myosin and paramyosin. Again, a 
critical paramyosin content appears to be required 
for such behavior. Such an alteration may result in 
changes in molecular packing in the filament 
cores. Most paramyosin-containing filaments in 
noncatch muscles (Classes I and II) have cores 
which appear electron lucent ("hollow") in elec- 
tron micrographs of cross-sectioned tissue. In con- 
trast, filaments containing larger amounts of para- 
myosin (Class III muscles) appear solid in cross 
section (33). It is not known in the first case 
whether the hollow core (a) is present along the 
entire length of the filaments, or (b) represents 
(the location of) paramyosin molecules, although 
the latter has been assumed (30). It is possible that 
the electron-lucent regions of Class II thick fila- 
ments are indeed empty of protein molecules, and 
represent sites which can be occupied by internal- 
ized protein during filament shortening. A change 
in cross-sectional appearance of these filaments 
may thus accompany a change in filament length. 
We have seen both hollow and solid profiles of 
thick filaments in Limulus telson muscle (4), but 
at this time we cannot determine whether these 
differences are due to variations in molecular 
packing (i.e. the presence or absence of para- 
myosin) normally occurring along the length of the 
filaments, or changes in filament organization oc- 
curring during shortening. A detailed analysis of 
the behavior of these paramyosin filaments in vi- 
tro and a systematic study of their subunit struc- 
ture in cross-sectioned material, at different sarco- 
mere lengths, is underway. Information gained 
from these investigations, together with the para- 
myosin:myosin molecular ratios reported here, 
should (a) elucidate the molecular organizations 
of these filaments, (b) allow comparison with 
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Squire 's  models  (30, 31) for paramyosin-contain-  
ing f i laments,  and  (c) provide a b roader  basis for 
unders tanding  thei r  behavior .  
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