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SUMMARY Canine atria1 myosin light chains were electrophoretically distinct 
from myosins of canine ventricles on 5-20X polyacrylamide gradient slab gels 
(SDS), giving molecular weights of 26,000 and 21,000 as compared to 28,000 and 
18,500 for ventricular myosin light chains. While atria1 myosin heavy chains 
were immunologically identical with ventricular myosin heavy chains, in con- 
trast, there was 8.0% relative cross-reactivity of atria1 myosin light chains 
with left ventricular myosin light chains by radioimmunoassay. According to 
charge separation on two-dimensional polyacrylamide urea gels, atria1 myosin 
light chains were different from those of ventricular myosins. Variances in 
ATPase activities between atria1 and ventricular myosins were strongly demon- 
strated. There was a lower % activated ATPase activity in atria1 myosin, 
however the Ca2+ activated ATPase activity, at ATP saturation levels, was 
higher in atria1 myosin as compared to ventricular myosins. 

Introduction 

Both a gradient (as described by O'Farrell) (l)), and a high percent of 

polyacrylamide (made possible by the use of a slab gel (l)), facilitates greater 

resolution of low molecular weight proteins. With the use of a gradient of 

polyacrylamide (5-20%) on a slab gel (dodecylsulfate), atria1 myosin light chains 

can be distinguished from those of the ventricles. Resolution of this type 

showed that atria1 myosin light chains were different from light chains of other 

myosins (2-5). Immunological and kinetic differences were also noted between 

atria1 and ventricular myosins. 

Procedures 
Mvosin Purification. Myosin was purified according to procedures defined 

earlier (6). Atria of dogs were dissected free from ventricles and blood ves- 
sels. Six left and right atria were pooled for atria1 myosin purification. Single 
left or right ventricles dissected free of atria, were used for ventricular myosin. 
After the tissue was minced, it was sheared, washed three times in a low salt 
buffer (0.05 M KH2PO4, p ?I 6.8, 0.001 M EDTA, 0.01 M Na PPi, 0.001 M DTT), and 
centrifuged (9,000 x g, 10 min), after each wash. Myosin was then extracted 
from the pellet in a buffer with a high salt concentration (0.1 M KH2PO4, 0.3 
M KCl, 0.01 M NaPPi, 0.001 M DTT, 0.001 M FDTA, and 0.05 M K2HPO4, pH 7.5). 
After stirring the homogenate for 15 min (7) the solution was filtered and 
centrifuged (9,000 x g, 15 min). Myosin was crystalized with a g-fold dilution 
of water containing 0.002 M EDTA. Myosin, after pelleting at 9,000 x g for 10 
min, was homogenized in 0.05 M NaPPi, pH 7.5, 0.001 M DTT, 0.001 M EDTA, and 
0.002 M ATP, stirred for 10 min and centrifuged (40,000 x g for 20 min). 
Myosin was collected from the supernatant by a salt fractionation using the 35% 
to 42% @‘H,$~so~ fraction,. dialyzed, and centrifuged as described earlier (7). 
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Myosin ATPase Activity. Potassium-EDTA-activated ATPase activity of myosin 
was measured in a mixture containing 0.1 M Tris.HCl, PH 7.5, 5mM EDTA. 0.65 M 
KC1 and various concentrations of ATP. 

- _ 
Calcium-activated ATPase activity was 

measured in 0.2 M Tris. maleate , pH 6.5, 0.01 M CaC12 and various concentrations 
of ATP. Incubation with enzyme was carried out at 37O for 5 min. The reaction 
was stopped by addition of 1 ml of 20% trichloroacetic acid; from the 2 ml re- 
action mixture, 1 ml aliquots were assayed for inorganic phosphate by the method 
of Fiske and SubbaRow (8). All glassware was acid washed. Myosin solutions 
were dialyzed against the specific assay buffer used for enzymatic analyses. 
Protein concentrations were determined according to Lowry (9). All other for 
analyses of myosin ATPase activity were described earlier (10). 

Immunological Analyses of Myosin. Preparation of antisera was the same as 
described earlier (6,7), as well as development of double diffusion immunoassays 
(697). A radioimmunoassay was developed for myosin light chains. Goat antimyo- 
sin was diluted 1:85 in 0.05 M potassium phosphate, pH 7.5, 0.001 M EDTA, and 
0.1% serum albumin. The reaction mixture contained 300 ul of potassium phosphate 
buffer, 100 ul of diluted antiserum, and 50 ul of lz51 myosin light chains; com- 
ponents were added in that order. (Iodination of myosin light chains was carried 
out as described earlier (11). Samples were incubated overnight at 4O C. After 
incubation 2 ml of charcoal suspension was added (1.25 g charcoal, 0.125 g 
Dextran 250, 0.75 g NaCl in 200 ml of potassium phosphate buffer without albumin). 
The slurry was centrifuged, the supernatant decanted to analyze the lz51 antigen- 
antibody complex, and the pelleted charcoal assayed for the free 1251-myosin 
light chains. 

Affinity Chromatography. For coupling either myosin light chains or myosin 
heavy chains to Sepharose (Pharmacia) the procedures described by Pharmacia were 
followed. Five grams CNBr-activated Sepharose 4B were washed in-O.001 M HCl and 
filtered. The swollen gel was transferred to a 60 ml plastic bottle containing 
either 2 mg light chains or 20 mg heavy chains in 0.2 M sodium phosphate buffer, 
pH 8.0, 0.5 M KC1 and shaken 20 hours at 4O. To remove uncoupled antigen the 
mixture was filtered and washed with 50 ml of 0.2 M sodium phosphate buffer, pH 
8.0, 0.5 M KCl. Two additional washing cycles were then used to remove nonco- 
valently bound contaminants. Each cycle consisted of a pH 4.0 wash (250 ml of 
0.1 M acetic acid, and 0.5 M KCl) and a pH 8.0 wash (250 ml of 0.1 M boric acid 
and 0.5 M KCl). The Sepharose coupled myosin chains were then washed in 500 ml 
of 0.3 M KCl, and 0.05 M Tris, pH 7.5. 

The filtered complex was suspended in 25 ml of 0.05 M Tris, pH 7.5, and 
0.3 M KCl, containing 10 ml of goat antimyosin chains from dog hearts, partially 
purified by (NH4)2S04 precipitation and treated as described earlier (11). The 
myosin-Sepharose immunoadsorbant was shaken at room temperature for 2.5 hours. 
Five hundred ml of 0.05 M Tris , pH 7.5 and 0.3 M KC1 were added to the Sepharose 
coupled antigen-antibody complex. The slurry was filtered, resuspended in 0.05 
M Tris , pH 7.5, 0.3 M KCl, transferred to a Pharmacia Kg/30 Column and washed 
until absorbancy at 280 mu was below 0.03 absorbance units. The antibody spe- 
cific for each of the defined myosin chains was eluted from the myosin-Sepharose 
immunoadsorbant prepared for either myosin heavy chains or myosin light chains 
with 0.2 M acetic acid, pH 2.8 and 0.3 M KCl. 

One-Dimensional Slab Gel Electrophoresis. The gradient of polyacrylamide 
was a modification of that of O'Farrell (1). A water-cooled Bio Rad slab gel 
apparatus (of which the glass plates were 10 cm square with 1.5 mm spacers) was 
used in the following sodium dodecylsulfate gel gradients of 5-20X acrylamide. 
The 5% acrylamide well contained: 3.75 ml 1.5 M Tris.HCl, pH 8.8, 0.15 ml 
10% sodium dodecylsulfate, 0.75 ml glycerol, 2.5 ml (30% acrylamide + 0.8% N,N' 
methylene-bisacrylamide), 7.77 ml H 0, 0.05 ml 10% TEMED, 0,03 ml 10% ammonium 
persulfate. The 20% acrylamide we1 z contained: 1.80 ml 3 M Tris,HCl, pH 8,8, 
0.15 ml 10% sodium dodecylsulfate, 3.0 ml glycerol, 10.0 ml (30% acrylamide + 0.8% 
N, N' methylene-bisacrylamide), 0.2 ml 10% TEMED, and 0.03 ml 10% ammonium per- 
sulfate. The 3% stacking gel contained: 2.5 ml 0.5 M Tris.HCl, pH 6.8, 0.1 ml 
10% sodium doedecylsulfate, 1.0 ml (30% acrylamide + 0.8% N,N' methylene-bisacryl- 
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Figure 1 
Light chains were purified from whole myosin with 8 M urea as described ear- 

One-dimensional slab gel electrophoresis in dodecylsulfate as described 
!~e~e!ks is shown for atria1 myosin light chains (AC and AC ) (1). (2) - 
tricular myosin light chains (VC and VC ), as well as'(g) rediced a:d carblE;- 
methylated light chain C are sh wn. a I? L ght chain C tends to form a doublet on 
dodecylsulfate gels unlek reduced and carboxymethylked). Atria1 light chains 
(AC and AC ) and ventricular myosin light chains (VC and VC ) give four bands 
whek combin$d (4). Atria1 myosin light chains (5), vktriculgr myosin light chains 
(6), and atria1 + ventricular myosin light chains (7) were subjected to isoelectro- 
focusing as described by O'Farrell (l), except the 2% ampholines were comprised of 
1.6% of pH range 4 to 6 and 0.4% pH range 3 to 10, and then electrophoresed in the 
second dimension through a gradient of polyacrylamide (SOS). A stained isoelectro- 
focusing 
myosin (7 B 

el of atria1 myosin (5), ventricular myosin (6), and atria1 t ventricular 
s are placed above each respective slab gel. 

amide), 6.2 ml H20, 0.01 ml TJMED, 0.2 ml 10% ammonium persulfate. In preparation 
of protein sample for electrophoresis, 0.10 ml of myosin (0.10 ml of myosin (O.l- 
0.5 mg) was mixed with 0.10 ml of sample buffer. (The sample buffer contained: 
2.5 ml 0.5 M Tris.HCl, pH 6.8, 2.0 ml glycerol, 4.0 ml 20% sodium dodecylsulfate, 
0.5 ml 0.1% bromphenol blue, 0.5 ml 6-mercaptoethanol, 0.25 ml H20). Aliquots (5- 
20 1.11) were added to separate wells and electrophoresed at 20 ma (70-225 v) for 
4 hours. The electrophoresis buffer contained 6 gm Tris, 28.3 gm glycine, and 10 ml 
10% sodium dodecylsulfate in 1 liter (pH 8.3). 

Two-Dimensional Slab Gel Electrophoresis. Conditions for two-dimensional gel 
electrophoresis of myosin in urea were as those described by Traugh and Porter (12) 
except gel dialysis was omitted (13). The first dimensional urea gel was subjected 
to electrophoresis at pH 8.7; the running buffer was pH 8.2. The second dimension- 
al urea gel was subjected to electrophoresis at pH 4.6. 
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Figure 1 (continued) 
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Two-dimensional electrophoresis of myosin, where the first dimension was iso- 
electrofocusing and the second dimension was carried out in sodium dodecylsulfate, 
were as described by O'Farrell (1). 

Results and Discussion 

Canine atria1 myosin light chains have molecular weights of 26,000 and 21,200 

on sodium dodecylsulfate (SDS) gels (Figure 1 (1)) as compared to the 28,000 and 

18,500 molecular weights for ventricular myosin light chains on this type of gel 

(Figure 1 (2 and 3)). The combined atria1 and ventricular myosin light chains gave 

four bands on SDS gels (Figure 1 (4)). When atria1 and ventricular myosin light 

chains were subjected to isoelectrofocusing in the first dimension followed by 

electrophoresis in sodium dodecylsulfate in the second dimension, patterns shown 

in Figure 1 (5-7) were obtained. With isoelectrofocusing, each of the light chains 

gave more than one band (14). The heterogeneity of myosin light chain C2 is possib 

a consequence of phosphorylation (14, 16-18) or spontaneous modification as describ 

by Frearson and Perry (18). Ventricular myosin light chain Cl gave two or more 

closely aligned bands on a first dimensional isoelectrofocusing gel, however, these 

components merged as one spot when electrophoresed in the second dimension. It 

is not known at this time why differently charged species are obtained for myosin 1 

chain Cl on urea gels. Reducing and carboxymethylating the light chains does not 

reduce the number of bands present after isoelectrofocusing. Using isoelectrofocus 

various species of actin were shown to be present in cultured muscle cells (15). 

Each of the atria1 myosin light chains are slightly different from those of 

ventricular myosin. The atria constitutes a small part of the heart so that in 

the past, if one used the whole heart in preparation of myosin, the myosin light 

chains specific to the atria could have been overlooked. Both atria1 and ventric- 

ular myosin light chains were obtained from cultured cardiac cells when the whole 

heart was used. 

According to charge separation on Z-dimensional polyacrylamide urea gels 

after electrophoresis, atria1 myosin light chains were distinct, and different 

from those of ventricular myosin (Figure 2). Ventricular myosin light chain Cl 

gave two components, Clc and Cld, on this type of gel system (13), while light 

chain C2 remained one component. Different from that of ventricular myosin, atr 

myosin light chain Cl remained one component (Figure 2). 

1 .a1 

Light chains from the atria were irmnunologically distinct from ventricular 

myosin light chains, giving an average of only 8% cross-reactivity by radioimmuno- 

assay (Figure 3). 

Differences in ATPase activities between atria1 and ventricular myosins were 

strongly demonstrated. There was low K+ ATPase activity in atria1 myosin, using 
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Figure 2 

Two dimensional polyacrylamide slab gel electrophoresis in urea as described 
in Methods (A) ventricular myosin, (B) atrial myosin (Clab are non speci f i c com- 
plem Clc). For (A) electrophoresis in the first dimension was 6 hours 
(5ma/tube) whereas for (B) electrophoresis was 9 hours (5ma/tube). (If a-trial 

myosin light chains were electrophoresed for the same period of time as ventric- 
ular myosin light chain, the 2 atrial myosin light chains superimposed on ven- 
tricular myosin light chain Clc) 
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Figure 3 
Radioimnunoassay against antimyosin (dog) using iodinated dog left ven- 

tricle light chains (LV-LC) competing with dog right ventricle light chains 
(RV-LC) and dog atria1 light chains (A-LC). (Antimyosin, or antimyosin light 
chains gave similar results). Conditions are described in Methods. Percent 
cross-reactivity, calculated according to Grota (22) gave 100% relative cross- 
reactivity for right and left ventricular myosin light chains but only an av- 
erage of 8% (three analyses) for atria1 myosin light chains. (Left and right 
ventricular myosin light chains were immunologically identical.) 

TABLE I 

MYOSIN ATPase ACTIVITY 
(pMoles Pi/mg myosin.min-1) 

K+ Activated 
Atrial Myosin 

Ca2+ Activated 
Atrial Myosin 

S.D. S.D. 
1.05 + 0.29 Left Ventricular Myosin 1.56 2 0.17 

(p<.OOl) 

1.34 + 0.16 Left Ventricular Myosin 0.91 + 0.14 
(p<.Ol) 

Optimal conditions for k and Ca2+ activated myosi n ATPase, where each 
cation is used alone in the reaction mixture was described earlier (IO); assays 
were carried out at ATP saturation levels of 3 mM. Other conditions used here 
are described in Methods. Standard deviations (S.D.1 are for 3 to 5 animals. 

conditions optimal for these enzymatic properties in the ventricle (Table I) (16). 

Ca*+ ATPase activity, on the other hand, was higher in atria1 myosin as compared 

to ventricular myosins. Data for left ventricular myosin are shown. Right ven- 
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Figure 4 
Ouchterlony pattern of dog left ventricular heavy chains (1); dog atria1 

heavy chains (2); sheep atria1 heavy chains (3); and sheep left ventricle heavy 
chains (4). (0.1 mg.of protein was added to each well,) The center well contained 
about 0.1 mg of goat yG antimyosin heavy chains purified by affinity chromatog- 
raphy. 

tricular myosin had 25% lower K+ and Ca 2+ ATPase activities as compared to left 

ventricular myosin (17). Similar differences between atria1 and ventricular myo- 

sins were noted in other species. A physiological explanation for this high Ca 2+ 

ATF'ase activity in atria1 myosin relative to ventricular myosins is not possible 

at this time, however, these comparative studies may give further insight into the 

properties of myosin in the various chambers of the heart, and the important role 

myosin light chains play in regulating the enzymatic activity of myosin. 

If  there are differences in the heavy chains between atria1 and ventricular 

myosins it is not perceivable by immunodiffusion techniques (Figure 4). Atria1 my- 

osin precipitin bands fused with those of ventricular myosin for both dog and sheep 

myosin when incubated against goat antimyosin (heavy chains) of dog in an Ouch- 

terlony reaction. Goat antimyosin heavy chains was purified by affinity chromatog- 

raphy. 

The importance of the intensity and time course of contractile activity has 
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been described by Mommaerts (19); contractility appears to be, at least in part, 

related to the rate myosin hydrolyzes ATP (20, 21). From these results it appears 

that the velocity of contraction is greater in the atria as compared to the ventric 
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