KOREAN JOURNAL OF ZOOLOGY
Vol. 24, No, 4, 173-188 (1981)

Synthesis of Muscle Proteins During the Differentiation of
Cultured Chicken Pectoralis Muscle Cells

Doo Bong Ha, Wook Bin Im and Byoung Je Yoo
(Department of Zoology, Seoul National University)

S B HRIS St BHE MR EOEY AR
A4g5E B iEkl B

WSLEL - TR - aulR
(ME&k BRX B%HERD
(Received August 20, 1981)

2 o

TA Ze] F3eol i TEe] dAdY FAH FAHE FIHI] 9o
Adl ZAEE 2~9d 7k o ks A S A §A FA4-E SDS-polyacrylamide 4
A7l 959, MM AT H AP ez B

Acting E3lo] 275 s FAH z o] HFer ZFHdy,
myosing- v o 3UA KB AF FA= 7] A Fetget. Myosing] of 34 A7)
ol ZHAZI e 03] dods A7 A9 2k, Myoglobin
2+ Beasl8y AAE FHAEFH AFEA soF 5U A Ao Fe}
g1t} Creatine phosphokinasey | ¢k 3¥ute], ]z glyceraldehyde dehy-
drogenase= 64 qtell A7 9 F5 Aol A&t Tropomyosin ag} 8, =z =
troponin C& #3tx71 %8 ¥y o 4592 g

BAeFEF40] AL vl 2~5d Aolo A FH38] Frstm o] F AY
Wkl gdgich o] 548 FHAEL AL 27 TEAZAAE Heed HMF
ol Bout #3871t AgPel vzt HMa9k Mol A3 @8t =z
vl of 5eigkel 5F9 FHEL 25 AEEH A

INTRODUCTION

The differentiation of myoblasts into contractile muscle fibers involves regulation of
gene expression at the transcriptional, translational, and posttranslational levels (Bucking-
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ham, 1977). Although some of these processes are subject 1o mneural control both during
embryonic development (Fambrough, 1976; Rubinstein et al., 1977) and in adult animals
(Salmons and Sreter, 1976), the fundamental features of the process are faithfully repro-
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duced in cultured muscle cells in vitro (Merlie et al., 1977). hus, in primary cultures
of chicken pectloralis muscle the presumptive myoblasts underge several cycles of cell
division, followed on the second and third days of culture by cell-cell contact and fusion
into multinucleated myeotubes. The synthesis of myofibrillar and sarcoplasmic reticulum
proteins initiated during fusion leads to the development of cross striation and by the
fifth day spontaneous contraction appears.

Differentiated cells then synthesize characteristic proteins which are cxpressed at specific
times during their differentiation. Some differentiated cell types synthesize large amounts
of only one or a few such proteins, whereas other cell tvpes such as muscle cells synthe-
size a complex array of characteristic proteins. In the latter casc it is suggested that there
are mechanisms which coordinate gene expression during cellular differentiation.

The most abandant of the contractile proteins in muscle arc acﬁn, myosin, troponin and
tropomyosin, which are present in a well defined stoichiometry in the myofibrils of skeletal
muscle fibers (Potter, 1974). Among these proteins, Emerson (1977) found that the
synthesis of the heavy chain subunit of myosin was highly regulated during the differen-
tiation of quail myoblasts in cell culture, being abruptly increased when myoblasts fused.
Ha et al. (1979) found that muscle specific proteins including myosin, tropgonin, actin and
tropomyosin, showed a large increase in concentration during myoblast differentiation and
the increased synthesis of these proteins was inhibited by the inhibition of cell fusion in
the environment of low medium calcium concentration;, suggesting their ccordinate regu-
lation.

The extent to which these proteins are regulated coordinately, however, has not been
known. It is, therefore, the purpose of the present experiment to study the temporal
sequence of synthesis of contractile proteins during myoblast differentiation. Since the
differentiation might well be reflected by the change in the composition of some isozymes,
the pattern of lactic dehydrogenase isozyme and its activity during the myoblast differen-

tiation was concomitantly determined in this study.
MATERIALS AND METHODS

1. Muscle cell culture.

The cultures were prepared from superficial breast muscles of 12-day old chicken em-
bryos essentially according to O'Neill and Stockdale (1972), as described elsewhere (Ha
et al., 1979). After the required day of culture, the cells were labeled in fresh medium
with 35S-methionine as described in the legends of appropriate Figures. Protein in the

sample was measured by the method of Lowry (1951).
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2. Analysis of protein composition by electrophoresis.

The cultured cells harvested at appropriate time were processed for electrophoresis as
described earlier (Ha et al., 1979). Proteins were analysed by one-dimensional sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis essentially according to Laemmli
(1970) using 6~12% gradient slab gels as described elsewhere(Ha ¢ al., 1979). In some
cases, proteins were analyzed by two-dimensional polyacrylamide gel electrophoresis accor-
ding to the method of O'Farrell (1975) using isoelectric focusing with pH gradient as first
dimension and SDS polyacrylamide gel clectrophoresis as second dimension as described
elsewhere (Ha et al., 1979).

After electrophoresis, the gels were stained with 0,29 Coomassie blue in 50% methanol
and 10% acetic acid, and destained in 35% methanol, 10% acetic acid and 19 glycerol.
The destained gels were either dried immediately under vacuum or processed for fluore-
graphy according to Bonner and Laskey (1974). Autoradiograms were made by exposing
the dried gels on X-ray films (Kodak X-Omat XR-5 film).

In order to approximate the relative amount of protein and radivactivity incorporated
into the protein, wet gels and autoradiograms were scanned in a Transdyne densitometer.

The total protein content of the samples applied for one or two dimensional electropho-
resis (usuall 50 ng) was kept constant within each series of experiments. Therefore, the

radioactivity of individual bands refers to a fixed amount of total protein,

3. Lactic dehydrogenase isozyme assay.

Cultured cells or breast muscle cells from intact embryos were homogenized in a 4
volume of 0.5M citrate buffer (pH 6.0) at 4°C and the Lomcgenate was centrifuged at
9,000xG for 30 min. and then at 100,000 G for 1 hour. The supernatant was again
homogenized in an aliquot velume of 0.5 M citrate buffer and kept frczen until used.

The enzyme activity was measured photometrically according to Bergmeyer and Bernt
(1974). The reaction mixture contained 48 mM phosphate buffer (pH 7.5), 0.6 mM
pyruvate, 0. 1 mM reduced niacinamide adenine dinucleotide (INADH) or reduced niacinamide
hypoxanthine dinucleotide (NHXDH), and 10 g protein in a total volum of 3,15 ml. The
enzyme activity that oxidizes 1 gmole of NADH in 1 min. is termed as 1 unit and the
unit per mg protein is expressed as specific activity.

The isozyme composition of lactic dehydrogenase was analyzed by the method of iso-
electric focusing on polyacrylamide slab gel using 1% ampheline according to O'Farrell
(1975). After electrophoresis the gel was stained with Wright's (1971) staining solution
in the dark at 37.5C for 1-2 hours. The staining solution consisted of 2 ml NADH (2.5
mg/ml), 2 ml nitroblue tatrazolium (1.5 mg/ml), 1 ml phenazine methosulfate (0.2 mg/ml),
1.5 ml tris buffer (0.5 M, pH 7.2), 0.5 ml KCN (0.1 M), 0.5 ml lactate (0.5 M, pH
adjusted to 7.0 with Na,CO,), and 1 ml distilled water.
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RESULTS

1. Morphological changes during differentiation

The presumptive myoblasts from 12-day old chicken embryos (pectoralis muscle) were
cultured up to 9 days. In this in vitro culture, the cells underwent a progressive morpho-
logical differentiation including elongation, fusion, formation of multinucleated cells and
alignment in a one direction. Fig. 1(A-F) shows these morpholegical changes with culture
time.

After 24 hours of culture the original round-shaped myoblasts elongated into long
needle-shaped cells (Fig. 1, A) which continued the elongation up to 48 hours (Fig. I,
B and C). At 48 hours of culture the myoblasts kept proliferate and few cells appeared
to commence fusion although most of the cells remained mononucleated. At 60 hours, the
elongation of myoblasts was very remarkable and cell fusion was also actively cccuring
(Fig. 1, D). When the culture reached 72 hours fusicn was almost complete and dense
long multinucleated fibers were seen aligned in a single direction (Fig. 1, E). After 72
hours, these fibers seemed to undergo little change, at least in morphological aspects,
until 120 hours (5 days; Fig. 1, F).

2. Changes in protein patterns during differentiation

The myoblasts cultured for various period of time were analyzed for their protein
pattern by SDS-polyacrylamide gel electrophoresis and a typical gel pattern stained with
Coomassie blue is given in Fig. 2, In the initial period of the culture (2 days) the
myosin content is relatively low compared to other low-molecular weight proteins. Its
synthesis seems to burst at 3 days of culture when the fusion is the most notable and to
reach saturation until 9 days of culture. On the other hand, actin seems to be present
from the very initial stage of differentiation and remain with little change in the relative
amount throughout the entire culture period. Other proteins, which are tentatively
identified as Ca-ATPase, phosphorylase, creatine phosphokinase (ATP: creatine phospho-
transferase), glyceraldehyde dehydrogenase and myoglobin, with appropriate marker
proteins, also seem to change little in the amount during the differentiation.

Fig. 3 is a densitometric scanning of the electrophoresis gel given in Fig. 2 to show
the change in these protein amounts in the course of differentiation between 2 to 9 days
of culture. As obviously seen in the Coomassie blue-stained pattern (Fig. 2), the densito-
metric scanning of the gel clearly indicates that the myosin peak appears at third day of
culture and keeps its amount relatively constant thereafter. The actin peak is the most
predominant throughout the culture period. The myoglobin peak gradually increases in its
height as the culture proceeds and at third day of culture it exceeds that of actin
until 6th day. During this period actin seems to decrease in its relative amount. Creatine

phosphokinase appears at third day and exists with little change in the amount through-
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Fig. 1. Morphological changes of chicken pectoralis muscle cells in culture. Cells weré
harvested after 24 (A), 36 (B), 48 (C), 60 (D), 72 (E), and 120 (F) hours
of culture and haematoxylin-stained. % 100.
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Fig. 2. The protein composition of chicken
pectoralis muscle cells in culture.
Numerals at the top of each lane
indicate the days of culture. Arrows
on the right indicate the position of
marker proteins; 1, myosin; 2, phos-
phorylase; 3, serum albumin; 4, actin;
5, creatine phosphokinase; ¢, glycer-
aldehyde dehydrogenase; 7, lactic dehy-
drogenase; 8, myoglobin.

Vol. 24, No. 4
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Fig. 3. Densitometric scanning of SDS-polyac-
rylamide gel clectrophoretogram (Fig.
2) of chicken pectoralis muscle cells in
culture. Numcrals on the left are days
of culture. Arrows at the bottom are
the position of marker proteins: 1, myo-
sin; 2, actin; 3, creatine phosphokinase;
4, glyceraldchyde
myoglobin.

dehydrogenase; 5,
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Fig. 4. Incorporation of S-methionine into
proteins of cultured chicken pectoralis
muscle cells. The cultures were grown
for 3 days (A), 5 days (B), 7 days (C)
and 9 days (D). During the last 24
hours of culture, cells were labeled with
%S-methionine, 25¢ Ci/ml medium.
Autoradiogram was made by fluoro-
graphy of the dried SDS polyacrylamide
slab gel. Arrows on the right indicate
the position of marker proteins: 1,
myosin; 2, phosphorylase; 3, serum
albumin; 1, actin; 5, creatine phospho-
kinase; 6, glyceraldehyde dehydrogen-
ase; 7, lactic dehydrogenase; 8, myo-

globin.
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Fig. 5. Densitometric scanning of autoradio-

gram shown in Fig. 4. Cells were cul-
Fig. 4. tured for 3 days (A), 5 days (B), 7
days (C) and 9 days (D). Arrows at
the bottom indicate the position of
marker proteins as in Fig. 4.
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Fig. 6.

Fig. 7.
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Incorporation of 3S-methionine into proteins of cultured chicken pectoralis muscle
cells. The cultures were grown for 3 days (A), 5 days (B), 7 days (C) and 9 days
(D). Before harvesting the cells at appropriate days, the cells were exposed to 25
£Ci/ml medium of %S-methionine for 24 hours. Proteins were separated by isoele-
ctric focusing (IEF) on polyacrylamide tube gel as one dimension (with the pH
gradient between 9.2 and 3.2) and then by SDS-polyacrylamide slab gel etectro-
phoresis (SDS) as two dimension. After two dimensional electrophoresis, the gels
were stained, dried and processed for fluorography as described in Methods. Dark
column at the left of each plate is one dimensional SDS polyacrylamide gel elec-
tropheretogram run concomitantly with the isoelectric focused gel in order to
localize two-dimensionally separated spots. Several black spots at far left of C and
D are radioactive marker proteins also run one-dimensionally. 1. actin; 2, tropo-
myosin f§; 3, tropomyosin «; 4, myosin light chain 1; 5, myosin light chain 2;
6, troponin C.

The protein composition of chicken pectoralis muscle cells in culture. The cultures
were grown for 3 days (A), 5 days (B), 7 days (C) and 9 days (D) as in Fig. 6.
Proteins were one-dimensionally separated by isoelectric focusing (IEF) on
polyacrylamide tube gel and then by SDS-polyacrylamide slab gel electrophoresis
(SDS) two-dimensionally. At the left of each plate are one-dimensional SDS
polyacrylamide gel electrophoretogram run concomitantly with the isoelectric
focused gel in order to localize the protein spots. Several spots at the far left of
each plate are marker proteins. 1, actin; 2, tropomyosin 8; 3, tropomyosin a; 4,
myosin light chain 1; 5, myosin light chain 2; 6, troponin C.
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Fig. 8. Specific activity of lactic dehydrogenase
of chick pectoralis muscle cells in em-
bryo (A) and in culture (B). The acti-
vity was measured for supernatant
(——@——) and for pellet(-++++O-++evr )
of 100,000x G contrifugation.
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out all the culture period. Glyceraldehyde dehydrogenase appears at 6th day.

3. The incorporation of 35S-methionine into muscle proteins during differentiation

The change in the relative amount of few muscle-specific proteins during cell differen-
tiation as revealed in Fig. 2 represents that of the myoblasts in the steady state during
culture. The gradual increase in the myosin content as the myoblasts proceed morpholo-
gical differentiation (Fig. 2) is revealed in the autoradiogram (Fig. 4), where the incor-
poration of ¥S-methjonine into myosin and other proteins are clearly seen. The radioac-
tivity of the myosin band of different age of myoblasts is the highest at third day culture
indicating that the synthesis of myosin in the myoblast is the most active at age of 3
days, when the cell fusion is most remarkable.

The incorporation of radioactivity into myosin after third day of culture decreases
slightly and this rate of incorporation is kept until 9 days. On the other hand, the rate
of ¥S-methionine into actin seems to be fairly constant from 3 to 9 days possibly indica-
ting that this protein is synthesized from early period of culture.

Fig. 5 shows the densitometric scanning of the autoradiogram shown in Fig. 4 to reveal
the degree of radioactivity incorporation into various species of proteins in the muscle cell,
although the degree may only be an approximation of incorporation because the scanning
pattern does not necessarily represent the incorporation quantitatively. At 3 and 5 days of
culture (Fig. 5, A and B), the incorporation of 3*S-methionine into myosin is very re-
markable reaching almost the same rate of other low-molecular weight proteins including
actin. This high incorporation rate, however, declines after 7 days of culture (Fig. 5,
C and D),

The protein bands resolved by one-dimensional electrophoresis are frequently hetero-
geneous, leading to ambiguities in the interpretation of the rate of synthesis of individual
proteins. For this reason the influence of age upon the rate of synthesis of muscle proteins
was analyzed by two-dimensional electrophoresis of proteins labeled in cell cultures with
35G-methionine. A typical two-dimensional pattern of this autoradiogram is given in Fig. 6
(A-D). A 21 hour-exposure of cells to 3*S-methionine leads to intense labeling of several
hundred muscle proteins. Only a few of these are detectable by Coomassie-blue staining
(Fig. 7, A-D). Many muscle-specific proteins were intensively labelled. Tropomyosin
(¢ and B) and troponin C which were not identified in one dimensional gel were clearly
seen. They were synthesized from early period of differentiation in relatively constant
rate. Myosin light chains 1 and 2 were also labeled intensively throughout all the period
of culture.

4. The changes in lactic dehydrogenase isozymes during differentiation.

The enzyme activity of lactic dehydrogenase was measured in the myoblast during in
vivo embryonic development and in the myoblast during in vitro culture. In the in vivo
embryonic myoblast, the fraction of 100,000XG supernatant was much higher in the
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enzyme activity than in the pellet. The enzyme activity in the supernatant of the embryo
was increased gradually in the earlier period of the development (13-15 days of incubation)
and then increased sharply at about 19 days of incubation. The sharp increase continved
after hatching and the enzyme activity was the highest in the adult (Fig. 8, A).

The enzyme activity in the cultured myoblast was also higher in the supernatant than
in the pellet. The activity in the supernatant increased sharply form earlier period of
culture (2-5 days) and then kept constant (Fig. 8, B).

There was a remarkable difference in the enzyme activity between in wive embryo and
in vitro cultured myoblasts. The activity of 5-day cultured myoblasts was almost the
same with that of hatched chicken muscle cells and was more than five times higher than
that of 17 day embryo. The myoblast cultured for 5 days is equivalent to 17 day-old
embryo with respect to the age.

The isozyme composition of embryonic and cultured myoblasts was gralyzed and the
electrophoretic pattern is presented in Fig. 9, Isozymes of H, and HM were present in
embryos of 13, 15, 17, and 19 days and in adult. On the other hand, H,M, tyre first
appeared at 15 day embryo and HM, and M, at 19 day embryo. In other words, the
embryo of 19 day incubation was equipped with all five isozymes.

The isozyme pattern of lactic dehydrogenase of cultured myoblasts is also shown in Fig.
9. Isozymes of H, and H,M types were present from the earliest period of culture (2
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Fig. 9. The isozyme patterns of chick pectoralis Fig. 10. The NHXDH/NADH ratio of lactic

muscle cells in embryo (A) and in dehydrogenase of chick pectoralis muscle
culture (B). Isozymes were separated cells in embryo (A) and in culture
by isoelectric focusing on polyacryla- (B). The ratio was measured for super-
mide slab gel and stained as described natant (——@——>) and for pellet
in Methods. (eoeeee (@RIRT ) of 100,000%G centrifu-

gation,
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days) while H,M, first appeared at 3-day culture and HM; and M, at 5-day culture. Thus,
all five types appeared only at 5-day cultured myoblasts.

If niacinamide hypoxanthine dinucleotide (NHXDH), an analog of niacinamide adenine
dinucleotide (NAD), is used as coenzyme instead of NADH, H form gives higher activity
than M form. Therefore, the ratio NHXDH/NADH reflects the subunit composition, the
higher the ratio the more H subunit than M subunit in a single molecule of the enzyme.
This ratio in the embryonic and in the cultured myoblasts is shown in Fig. 10. In the
supernatant fraction of the embryo, the ratio tended to decrease from 13 days until
hatching and adult. The ratio in the pellet also decreased in general as the embryo
proceeded developing, but in this case the decrease was very sharp during the initial
period and then rather slowly with wide fluctuations.

In the cultured myoblasts, the ratio in the supernatant fraction also decreased as the
culture was prolonged; the decrease being abruptly during 2 to 5 days of culture and then
slowly. The ratio in the pellet, on the other hand, showed an opposite change to that of

supernatant; it increased steeply until 9 days of culture.

DISCUSSION

The morphological changes during the myoblast differentiation in culture observed in
the present study (Fig. 1) are very similar to those which have been well established and
widely observed. Many reports describing biochemical changes in association with the
myoblast differentiation were based on this typical morphology and results described in
the present paper therefore may be directly compared with previous reports.

The change in the protein composition during the myoblast differentiation (Figs. 2 and
3) suggests that most of muscle proteins are synthesized at relatively constant rate
during development of myoblast into contractile muscle fibers. There were more than
hundred proteins resolved in SDS polyacrylamide gel electrophoresis (Figs. 2, 4 and 6)
and the concentrations of most of these proteins seemed to be essentially constant during
the myoblast development. However, some “muscle specific” proteins showed changes in
the concentration and in the rate of synthesis (Figs. 3 and 5) as myoblasts developed.
The content of myosin during the first 2 or 3 days of culture was very low but increased
after 3 days, while that of actin remained relatively constant in much higher concentration
from the very early period of culture. This suggests that the synthesis of actin and hence
the expression of actin genes in the myoblast is actively occuring far earlier than that of
myosin. It may be speculated therefore that accumulation of actin to a certain degree in
the myoblast induces the expression of genes for myosin. Devlin and Emerson (1978)
reported that the contractile proteins were regulated coordinately during myoblast differ-
entiation. A futher study is required to shed light on this speculation. Paterson and

Strohman (1972) early suggested that the potential for myosin synthesis during myogenesis
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and cell fusion potential should be developed sequentially. On the other hand, Moss and
Strohman (1976) and Vertel and Fischman (1976) suggested that cell fusion was not a
prerequisite for myosin synthesis and accumulation during myogenesis in vitro. Ha et al.
{1979, however, presented results that myosin synthesis was greatly inhibited by inhi-
bition of cell fusion with low medium calcium concentration. In the present experiment,
the synthesis of myosin was very slow before cell fusion possibly suggesting that the
fusion might trigger the myosin synthesis.

The content of myoglobin also increased graduvally as the culture time elapsed and
reached its maximum at about 4th day of culture, when it exceeded that of actin (Fig.
3). Because of the far abundant content of myoglobin during 4 to ¢ days of culture, the
relative concentration of actin during this period decreased (Fig. 3).

A muscle specific enzyme, creatine phosphokinase (ATP: creatine phosphotransferase)
was first detected in SDS polyacrylamide gel electrophoresis at 3rd day of culture after
which it remained rather constant in the concentration (Fig. 3). This is in well agreement
with the finding of that the enzyme activity is sharply increased at about 2 days after
cell plating (Turner e al., 1976). Glyceraldehyde dehydrogenase appeared much later (at
6th day of culture) than other proteins mentioned above, indicating late expression of its
gene(s).

The temporal consequence of the synthesis of other muscle specific proteins, tropomyocsin
and troponin, could not be analyzed in the present experiment because of their early
synthesis in the myoblast. The incorporation of 3%S-methionine into tropomyosin and tro-
ponin was so intense from early period of culture as revealed in Fig. 6. Much shorter
period of radioactive labeling of the culture seemed to be mnecessary for the analysis of
their synthesis. Allen et al. (1978) reported that small amounts of tropomyosin were
detectable during fusion and that as fusion approached a maximum tropomyosin accumu-
lation began to increase. They also reported that the increased synthesis of tropomyosin
after the initiation of muscle cell fusion was consistent with the increased synthesis of
other proteins characteristic of muscle, including myosin. In our experiment, tropomyosin,
both @ and B, was radioactively labeled from the 3rd day of culture and remained rather
constant thereafter, partially supporting their conclusion.

With regards to lactic dehyvdrogenase isozymes, Philip and Vesell (1962) reported that
during embryonic development of the chick the activity of anodal migrating lactic dehy-
drogenase isozymes decreased as the activity of the cathodal isozymes increased and that
in chick embryo cells grown in culture an isozyme pattern identical in all chick tissues
developed within a few days and the intensity of the anodal bands decreased with relatively
increasing intensity of the cathodal bands.

Data of the present study indicated that both in chick muscle cells during embryonic
development and in culture the sequential alterations consisting of a redistribution of total

enzyme activity among the isozymes occurred. As myoblasts in intact embryo and in
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culture underwent differentiation the isozyme composition was gradually shifted in such a
way that the M subunit was increased (Fig. 9). This tendency was also seen in the
result of th measurement of NHXDH/NADH ratio during the development. Since the
ratio reflects the subunit compesition, the lower ratio indicating the more M subunrit,
the measurement of the ratio will provide the change in the isozyme activity. In the
present study, this ratio both in embryonic and cultured myoblasts kept decreasing as the
myoblasts aged, indicating more appearance of M subunit during the differentiation of
myoblasts into contractile myofibrils. The pattern of this decrement was very similar in
both systems.

SUMMARY

In order to study ihe temporal sequence of synthesis of several muscle-specific proteins
during the differentiation of myoblasts, the composition of proteins was analyzed by omne-
and two-dimensional polyacrylamide gel electrophoresis in chick embryonic pectoralis muscle
cells in culture. The lactic dehydrogenase activity and the isozyme composition were aiso
analyzed during the myoblast differentiation.

Actin was present from the very initial stage of differentiation and the rate of its syn-
thesis as determined by the incorporation of 3S-methionine was relatively constant throu-
ghout the entire culture period (2-9 days). Myosin, on the other hand, was increased in
its content abruptly from 3rd day of culture when the cell fusion was most remarkable
and kept rather constant until later period of culture. Myoglobin appeared more and more
as the myoblast develops and reached maximum at about 5Sih day of culture. Creatine
phosphokinase appeared at 3rd day and glyceraldebyde dehydrogenase at 6th day of cul-
ture. Tropomyosin a and 8 and troponin C seemed to be synthesized from early period
of differentiation in relatively constant rate.

The lactic dehydrogenase activity increased sharply from earlier period of culture (2-5
days) and then kept constant until 9th day of culture. The isozyme composition of this
enzyme changed as the myoblasts differentiated into contractile muscle cells. Isczymes of
H, and H;M types were predominant in early myoblasts and HM; and M, types appeared

much later. All five types of isozymes appeared only at 5th day cultured myoblasts.

RFFERENCES

Allen, R.E., M.H. Stromer, D.E, Coll and R.M. Robson, 1978. Synthesis of tropomyosin in
cultures of differentiating muscle cells. J. Cell Biel. 76:98-104.

Bergmeyer, H.U. and E. Bernt, 1974. UV-Assay with pyruvate and NADH. In: Methods of Enzy-
matic Analysis, II (H.U. Bergmeyer, ed.), pp. 574-579.

Bonner, W.M. and R.A. Laskey, 1974. A film detection method for tritiwm-labelled proteins and
nucleic acids in polyacrylamide gels. Eur. J. Biochem. 46:83-88.



188 Korean J. Zoology Vol. 24, No. 4

Buckingham, M.E., 1977. Muscle protein synthesis and its control during the differentiation of
skeletal muscle cells in wvitro. In: Biochemistry of Cell Differentiation, II (J. Paul, editor).
University Park Press, Baltimore, Vol. 15, 269-332.

Devlin, R.B. and C.P. Emerson, 1978. Coordinate regulation of contractile protein synthesis during
myoblast differentiation. Cell 13:599-611.

Emerson, C.P. Jr., 1977. Control of myosin synthesis during myoblast differentiation. In: Pathogene-
sis of Human Muscular Dystrophies (L.P. Rowland, ed.). Amsterdam, Excerpta Medica, 799-811.

Fambrough, D.M., 1976. Development of cholinergic innervation of skeletal cardiac and smooth
muscle. In: Biology of Cholinergic Function (A.M. Goldberg and I. Hanin, editors). Raven Press,
New York. 101-160.

Ha, D.B., R. Boland, and A. Martonosi, 1979. Synthesis of the calcium-transport ATPase of
sarcoplasmic reticulum and other muscle proteins during development of muscle cells in vivo and
in vitro. Biochim. Biophys. Acta 585:165-187.

Laemmli, U.K., 1970. Cleavage of structural proteins during the assembly of the head of bacte-
riophage T4. Nature 227:680-685.

Lowry, O.H., N.]J. Rosebrough, A.L. Farr and H.J. Randell, 1951. Protein measurement with the
Folin phenol reagent. J. Biol. Chem. 193:265-275.

Merlie, J.P., M.E. Buckingham and R.G. Whalen, 1977. Molecular aspects of myogenesis. Current
Topics in Dev. Biol. 11:61-114.

Moss, P. and R. Strohman, 1976. Myosin synthesis by fusion-arrested chick embryo myoblasts in
cell culture. Develop. Biol. 48:431-437.

O’Farrell, P.H., 1975. High resolution two-dimensional electrophoresis of proteins. J. Biol. Chem.
250:4007-4021.

O'Neill, M.C. and F.E. Stockdale, 1972. A kinetic analysis of myogenesis in wvitro. J. Cell Biol.
52:52-65.

Paterson, B. and R.C. Strohman, 1972. Myosin synthesis in cultures of differentiating chicken
embryo skeletal muscle. Develop. Biol. 29:113-138.

Phillip, J. and E.S. Vesell, 1962. Sequential alterations of lactic dehydrogenase during embryonic
development and in tissue culture. Proc. Soc. Exp. Biol. Med. 110:582-585.

Potter, J.D., 1974. The content of troponin, tropomyosin, actin and myosin in rabbit skeletal
muscle myofibrils. Arch. Biochem. Biophys. 162:436-441.

Rubinstein, N.A., F.A, Pepe and H. Holtzer, 1977. Muscle types during the development of em-
bryonic chicken fast and slow muscles. Proc. Natl. Acad. Seci. 74:4524-4527.

Salmons, S. and F.A. Sreter, 1976. Significance of impulse activity in the transformation of muscle
type. Nature 263:30~34.

Turner, D.C., R. R. Gmiir, M. Siegrist, E. Burckhardt and H.M. Eppenterger, 1976. Differen-
tiation in cultures derived from embryonic chicken muscle. Muscle-specific enzyme changes before
fusion in EGTA-synchronized cultures. Develop. Biol. 48:258-283.

Vertel, B.M. and D.A. Fischman, 1976. Myosin accumulation in mononucleated cells of chick
muscle cultures. Develop. Biol. 48:438-446.

Wright, D.A. and S. Subtelny, 1971. Nuclear and cytoplasmic contributions to dehydrogenase
phenotypes in hybrid frog embryos. Develop. Biol. 24:119-140.



