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Abstract. Culture of neonatal rat hearts yields a fairly homogeneous population of syn-
chronous and spontaneously beating myocardial cells. Incubation of the culture with [*2P]-
orthophosphate followed by polyacrylamide gel electrophoresis and autoradiography yields
a reproducible profile of both high- and low-molecular-weight phosphoproteins. This phos-
phoprotein profile is clearly distinct from that observed with mesenchymal cells, the major
contaminant of the heart cell cultures. By comparison with purified standard proteins, and
by copurification with neonatal rat myosin, we have identified one of these phosphoproteins
as the 20,000-dalton myosin light chain. The demonstration of phosphoproteins in intact
contracting myocardial cells provides a system to study the complex interaction of the
phosphoproteins involved in the control of cardiac contractility.

There are multiple mechanisms by which
cardiac contractility is controlled (1, 2).
Cardiac inotropic and chronotropic agents
such as isoproterenol, glucagon, histamine,
and nonepinephrine have been shown to
bind to specific cardiac membrane recep-
tors and increase the activity of adenylate
cyclase (3, 4). The resulting rise in cellular
levels of cyclic AMP then activates a pro-
tein kinase which in turn mediates the
phosphorylation of specific intercellular
proteins (5, 6). A number of phosphopro-
teins have previously been characterized in
heart muscle, and their relation to changes
in contractile activity have been suggested
(7-9). In order to better understand the ca-
pacity for cell regulation through altera-
tions in protein phosphorylation, we have
examined the phosphoprotein profile in a
relatively homogenous population of con-
tracting cardiac cells in culture. This sys-
tem yields a reproducible pattern of phos-
phoproteins and allows for a correlation of
changes in contractile events with changes
in protein phosphorylation.

Materials and Methods. Eagles modifi-
cation of minimal essential media (MEM),
essential and nonessential amino acids,
supplemented vitamins, penicillin, and
streptomycin were obtained from Grand
Island Biological Company. Calf serum and

trypsin were from Flow Laboratories.
Acrylamide, sodium dodecyl sulfate, and
Coomassie blue were from Bio-Rad, and
[3?PJorthophosphoric acid from New En-
gland Nuclear. Plastic petri dishes and cul-
ture flasks were from Falcon and Corning,
and colchicine was from Sigma. Zivic-
Miller strain of Sprague—Dawley rats were
used throughout.

Heart cells were obtained by trypsin
treatment of 2- to 4-day-old rats using the
technique as described by Harary and Far-
ley (10) with minor modifications. Hearts
were aseptically removed from 12 to 20
neonatal rats, and the blood was rinsed
clean in Hank’s balanced salt solution
without calcium or magnesium. The ven-
tricular tissue was finely minced and then
incubated at 37° with gentle stirring in
Hank’s salt solution with 0.125% trypsin.
The resulting cell suspension was collected
without removing the minced tissue frag-
ments and centrifuged at 600 g for 10 min.
The supernatant was removed and the cell
pellet resuspended in MEM supplemented
with complete amino acids /-glutamine 200
mM, 10% heat-inactivated calf serum,
vitamins, penicillin, streptomycin, and
additional calcium chloride to yield a final
concentration of 4 mM. This mixed cell popu-
lation was then incubated in a 120-cm? Fal-
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con flask. After 90 min the nonadherent
cells (predominantly myocardial cells) (10,
11) were gently removed and replated in
60-cm Falcon dishes that had been previ-
ously coated with gelatin. The flasks, con-
taining predominantly mesenchymal tissue
elements, were then overlaid with culture
media (supplemented MEM, 1.8 mM cal-
cium) and maintained for periods of up to 14
days.

The culture dishes containing cardiac
cells were incubated at 37° in an atmo-
sphere of 5% C0,/95% room air and after 24
to 48 hr the media changed to supplemented
MEM with a final calcium concentration of
1.8 mM. Cells were observed daily utilizing
an inverted stage, phase-contrast Nikon
microscope, with the stage warmed by a
curtain of air to between 35 and 40°. Within
24 hr of plating of the heart cells, spontane-
ous contractile activity was observed.
Rates of contraction were assessed by
manual counting for two successive 15-sec
periods and the average rate calculated.
Duplicate counts did not vary by more than
10%. In experiments where it was em-
ployed colchicine 1 x 10~® M was added
after baseline heart rates were determined
and just prior to the addition of [*2P]or-
thophosphoric acid.

All cultures used for the identification of
phosphoproteins were incubated for 48 to
96 hr and had spontaneous synchronous
heart rates of between 90 and 120 beats/
min. Visual observation of the percentage
of heart cells, using either the criteria of cell
morphology (11, 12) or the presence of
contractile activity, demonstrated that be-
tween 60 and 90% of the cells in culture
were myocardial cells.

Phosphate incorporation into cultured
cell proteins was performed as previously
described by Klein et al. (13). [*2P]Or-
thophosphate (250 wCi/culture dish) was
added to MEM prepared without serum.
Actinomycin D at 2.5 pug/ml was added to
inhibit the synthesis of 3*P containing RNA
and this improved the clarity of the au-
toradiographs. After 1 hr of incubation in
this media, the cells were scraped from the
dishes into 0.5—1.0 ml of phosphate-
buffered saline (pH 7.40) by means of a

rubber policeman. Subcellular fraction-
ation of 3?P-labeled heart cells was obtained
as previously described (13) after Dounce
homogenization. In addition to the whole
cell homogenate, a crude nuclear fraction
(1000 g pellet), plasma membrane (12,000 g
pellet), mixed microsomal, mitochondrial
(100,000 ¢ pellet), and soluble cell fraction
was obtained.

Aliquots of the 32P-labeled myocardial
cells containing between 20 and 40 ug of
protein were applied to a vertical slab gel
electrophoresis system to allow for identifi-
cation of individual protein subunits con-
taining 32P. Samples for electrophoresis
were prepared by heating at 100° in 2%
SDS, 0.1 M dithiotreitol, 10% glycerol, and
0.01% bromphenol blue. Sodium dodecyl
sulfate gel electrophoresis employing either
S or 11% acrylamide resolving gels over-
layered with 3 or 5% acrylamide stacking
gels, respectively, were used as described
(13). Purified molecular weight standards
were routinely used for comparison. Two-
dimensional gel electrophoresis using
isoelectric focusing in the first dimension
(pH 5 to 7) and 11% SDS—gel electrophore-
sis in the second stage was performed as
described by O’Farrell (14). Myosin was
purified from adult and 2-day-old rats by
the technique described by Shiverick e al.
(15). Since there were insufficient amounts
of cardiac cell protein to directly purify
heart cell myosin, [*2PJorthophosphate-
labeled heart cells were copurified with
chromotographically pure cardiac myosin.
After addition of the purified myosin to the
heart cells, the mixture was homogenized in
high-salt buffer and then centrifuged at
45,000 g for 30 min. The supernatant was
then diluted with 20 vol of water, allowed to
sit for 24 hr, and the partially purified
myosin was collected by centrifugation at
12,000 g for 10 min. An aliquot of the pre-
cipitate containing 25 wg protein was
applied to an 11% polyacrylamide gel as de-
scribed above.

To analyze radioactively labeled pro-
teins, the gels were dried and exposed to
Kodak RP ‘*X-omat’’ film for varying
lengths of time. Specific protein bands were
identified by scanning the photographic
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negatives on a E-C Model 910 densitome-
ter. Subsequent to the scanning of the au-
toradiograph from 11% gels, the relative
amount of 3P radioactivity in each band
was determined by cutting out the indi-
vidual peaks traced by the densitometer
and weighing them (13). This allowed for
comparison of the degree of [**P]phosphate
incorporation into specific molecular
weight regions from different samples with
identical amounts of cell protein applied to
a single acrylamide gel. The validity of this
method was established by demonstrating a
linear relationship between the measured
peak volume and the amounts of protein
applied (range 10 to 60 ug protein).
Results. Phosphoprotein profile of cul-
tured myocardial cells. Figures 1 and 2 are
graphic reproductions of the phosphopro-
tein profile obtained from [?Plorthophos-
phate-treated myocardial cells in culture.
These figures are derived from the den-
sitometer tracings recorded from the
autoradiographs corresponding to 5 and
11% acrylamide gels, respectively. As
can be seen, there are a number of fairly
discrete peaks in each of these tracings. By
comparison with known molecular weight
standards, Fig. 1 demonstrates phospho-
proteins that comigrate with an apparent
molecular weight of 200,000, a broad peak
in the molecular weight range of 130,000—
140,000, a peak at 116,000 and two ad-
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FiG. 1. High-molecular-weight phosphoprotein
profile. This is a densitometer tracing from the au-
toradiograph obtained after electrophoresis of 32P-
labeled rat heart cells on 5% acrylamide gels. Stan-
dard proteins are myosin 200,000, B8-galactosidase
116,000, phosphorylase b 94,000, and bovine serum
albumin 68,000.

ditional broad peaks at approximately
105,000 and 94,000. This latter peak has
the greatest relative amount of radioac-
tivity and comigrates with the enzyme
standard phosphorylase b. In Fig. 2, there
are a minimum of seven discrete phospho-
protein peaks in the region between the
molecular weight standards of 43,000 to
14,000. A major phosphoprotein in this re-
gion has identical electrophoretic mobility
with the purified 20,000-mol wt myosin light
chain (MLC,). In contrast to the 5% acryl-
amide gels (Fig. 1), the 11% gels yield a
much clearer separation of the phospho-
proteins.

Further support for the identification of
the 20,000-mol wt phosphoprotein as a
myosin light chain comes from three addi-
tional lines of investigation. First this phos-
phoprotein shows identity with the purified
MLC, from cardiac muscle when subject to
two-dimensional electrophoresis. Second,
when a 3*P-labeled cell extract was added to
a previously purified preparation of rat car-
diac myosin and further partially purified as
described the resulting product demon-
strated one major phosphoprotein (Fig. 3).
This phosphoprotein exhibited identical
mobility to the Coomassie blue staining
band of the 20,000 MLC,. No significant
radioactivity could be identified in the
200,000 (myosin heavy chain) or 26,000-mol
wt regions (myosin light chain,). Third,

RELATIVE ABSORBANCE

310 21 M
MOLECULAR WEIGHT (x103)

F16. 2. Low-molecular-weight phosphoprotein

profile. This is a densitometer tracing of an autoradio-

graph obtained from an 11% acrylamide gel. Standard

proteins are ovalbumin 43,000, carbonic anhydrase

30,000, soybean trypsin inhibitor 21,000, myosin light
chain, 20,000, and lysozyme 14,300.
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F1G. 3. Partial purification of cardiac cell myosin.
After incubating cultured cells with [*2Plorthophos-
phoric acid, the cell extract was partially purified with
unlabeled myosin as described under Methods. This is
a densitometer tracing of an autoradiograph obtained
after electrophoresis of 25 ug of purified protein.
Compared to Fig. 2, standard proteins including MLC,
are the same.

when subcellular fractionation was per-
formed the 20,000-mol wt phosphoprotein
could be identified only in the whole cell
homogenate and the 100,000 ¢ soluble cell
supernatant.

In two separate experiments colchicine, 1
X 107% M, but not lumicolchicine, 1 X
107 M (16), increased the spontaneous
heart rate 70% (P < 0.01) and the quantita-
tive incorporation of 32P into the MLC, by
35% (P < 0.05) when compared to control
cardiac cell cultures (Table I).

Phosphoprotein profile of mesenchymal
cells. The major contaminant of the heart
cultures were mesenchymal (fibroblast
cells). To determine which, if any, of the
major cardiac phosphoproteins were due to
nonmuscle cell proteins, a fibroblast-

TABLE 1. EFFecT oF COLCHICINE ON *P
INCORPORATION INTO CELL PROTEINS

[**P]Phosphoprotein activity”
(percentage of control)

Protein peak” Colchicine Lumicolchicine
37,000 mol wt 96 * 6 103 x4
20,000 mol wt (MLC,) 135+8 93+ 12

“ Refers to the two major protein peaks as seen in Figs. 2
and 4.

® Data are mean * SEM and are expressed as a percentage
of 3P incorporation into protein peaks of control cultures.
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F16. 4. Comparison of the autoradiographs ob-
tained from cultures enriched in nonmuscle cell (A),
and myocardial cells (B) after incubation with [*?Plor-
thophosphate and employing 11% acrylamide gels.
Standard proteins are the same as Fig. 2. The two
purified myosin light chains are indicated as MLC. The
* indicates a major low-molecular-weight phospho-
protein in heart cells. Each lane contains 40 ug of cell
protein.

enriched culture was incubated with [3?P]-
orthophosphate and treated identically
to that described for the heart cells. Equal
amounts of cell protein were then elec-
trophoresed simultaneously with 32P-la-
beled heart cells. Figure 4 illustrates the
phosphoprotein profile of a mesenchymal
cell culture (lane A) in contrast with a car-
diac cell culture (lane B) from an 11%
acrylamide gel. It can be seen that these two
autoradiographs show quite dissimilar
phosphoprotein profiles. Most strikingly,
the major cardiac band at approximately
37,000 (Fig. 4%) is virtually absent from the
mesenchymal cell pattern. In addition,
quantiation of the peaks in the region (not
identical mobility) of the MLC, and the re-
gion of approximately 42,000 reveal that the
nonmuscle cells contain less than 30% of
the activity recorded for the heart muscle
cells. :

Discussion. Myocardial cells can be
maintained in tissue culture and provide a
relatively homogenous system to study
factors which alter cardiac intropy and
chronotropy (10—12). The present report
demonstrates the presence of a family of
both high- and low-molecular weight phos-
phoproteins from cultured heart cells. Most
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prior studies with cardiac tissue have ex-
amined either individual proteins phos-
phorylated in situ or utilized those proteins
as substrate for in vitro phosphorylation
(7-9). In contrast, the present report de-
scribes the spectrum of phosphoproteins in
intact, spontaneously contracting myocar-
dial cells.

One of these phosphoproteins has an
identical electrophoretic mobility when
examined with both single and two-di-
mensional gel electrophoresis to the puri-
fied 20,000-mol wt myosin light chain,. In
addition, this phosphoprotein was identi-
fied in the soluble cell supernatant after
cell fractionation and copurified with
myosin from rat heart. Similar to the find-
ings of Stull et al., we could not identify
[**P]phosphate incorporation into the re-
gion of the slower migrating of the two
myosin light chains (Fig. 3, molecular
weight approximately 26,000 MLC,). This
later observation suggests that there was
neither in vitro protein phosphylation oc-
curring at 3° during myosin purification nor
nonspecific exchange of 2P label between
cardiac proteins. These separate lines of
evidence suggest that a major phosphopro-
tein in cultured rat heart cells is the myosin
light chain,.

Recent reports have suggested the pres-
ence of additional phosphoproteins in mus-
cle (17). These include myosin light chain
phosphatase (approximately 70,000) (18),
and the troponin subunits TN-T (37,000)
and TN-I (28,000) (7). While similar elec-
trophoretic mobilities do not prove identity,
we can tentatively identify regions of 3P
labeling corresponding to these previously
reported phosphoproteins.

Cultures of heart cells are contaminated
by nonmuscle mesenchymal cells, and fi-
broblasts contain contractile proteins that
are substrate for phosphorylation (19).
However, it is unlikely that these cells
contribute significantly to the profile we
observed since: (i) they are a small propor-
tion of the cells in our cultures; (ii) the lack
of correspondence between many of the
phosphoprotein peaks seen in the muscle
and nonmuscle cell cultures; and (iii) the
quantitative decrease in protein phosphor-

ylation observed in cultures of nonmuscle
cells. It is possible that the decrease in 32P-
protein labeling of the mesenchymal cells
was due to a decreased incorporation of the
nuclide into ATP compared to heart cells.
In either case, the current data support the
fact that the phosphoprotein profile we ob-
served is primarily attributable to the
myocardial cells.

Cultured cells serve as a model system
for studying the effect of various phys-
iologic and pharmacologic agents upon
cellular functions. Many drugs can alter the
rate and force of contraction of heart cells.
Colchicine has been previously reported to
increase the spontaneous rate of contrac-
tion of cultured heart cells (16, 20). In the
present study this increase in chronotropy
was associated with a significant increase in
32P incorporation into the 20,000-mol wt
myosin light chain. In addition, we have re-
cently reported that trifluoperazine, a drug
that binds to calmodulin, both reversibly
inhibits the contraction of cultured heart
cells, as well as decreases the 2P content of
MLC; (21). A knowledge of the different
phosphoproteins in myocardial cells thus
allows for further investigation into the ac-
tion of cardioactive agents at the molecular
level.
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