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The isomycsins from dorsal axial muscle, which appear successively through 
metamorphosis of P.wah.Hi. are shown tobecomposed ofidentical fast-type light chains but 
Of diSihCt heavy &ix. We observe that this modificatial goes with achange in ATPase 
activity as also in the csse of mouse. Metamorphosis in amphibian as well as birth in 
mammalian are thus both accompsnied by the synthesis of new myosins of higher catalytic 
efficiency. 0 1985 Academic Press, Inc. 

Canractile pmperties of adult muscles are gradually acquired during late prenatal 

snd early postnatal development. A biochemical basis for this ancient observaticn has been 

obtained by recent electmphoretic and immunxytochemical studies which have 

denxmstrated that fetal, rrxnatal, and adult mycsins appear successively in skeletal 

muscles of birds snd mammalians [l-9]. Hatching snd birth represent major physiological 

events which are thus accompanied by the synthesis of new types of mycsins. 

Metamorphosis in amphibians involves thepsssage from an aquatic toa terrestrial 

mode of life snd cmstitutes similarly a model of the orgsnism adaptation to a new vita.l 

situaticn. We have shown in previous studies [ 10,111 that fast skeletal muscles of adult 

amphibians, both the fmg Hana esculenta and the umdelan Pleumdeles waltlii, contain 

three isomyceins. We have also analyzed the my&n patterns of the dorsal muscle of 

P.wahlii at various stages of its development and observed for the first time that. as in the 

other vertebrates, there is a succession of myceins forms which differ by their 

electrophoretic properties in the native state [ 11 I. 
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We present in this paper the characterizaticn of these isoforms.We show that larval, 

metamorphosis, and adult mycsins of the dorsal axial muscle of P.waltlii are all composed of 

a combinaticn of the same fast-type light chains, but that they differ by both their heavy 

subunits and their ATPase activities. Similar results are obtained with nsamtal and adult 

mycsins from a mammalian so far not investigated, Mus musculus, for which arecombinsnt 

plasmid demonstrating the transition from fetal to adult mycsin heavy chain ,RNA, has 

beenrecently cloned [12]. 

EXPERIMENTAL 

Animals and muscles. Dorsal axial muscles from P.waltlii, at selected stages of 
development defined from the staging series by [13],?&$&?d from the breeding of 
C.Gallien. Dorsal and lingual muscles from mice of various ages and from 18 day embryos of 
muscular dysgenesis mutants were gifts of C. Gallien snd of F.Rieger. 

hQuein extracts. Rapid preparaticn of crude myosin was performed in ice. The muscles 
were cut in small pieces and washed with either 4 vol. of 600 mM KCl, 40 mM NaHC03,lO mM 

Na2C03.1 mM MgCl2,lO mM Na4P207 pH 8.8 (buffer A) in the case of P.waltlii, or with 5 
vol. of 20 mM NaCl, 5 mM sodium phosphate and 1 mM EGTA pH 6.5 in the case of 
Mmusculus. Mycsin was then extracted with either 4 vol. of A or with 3 vol. of 100 mM 
Na4P207,5 mM EGTA and 1 mM dithiothreitol pH 8.5 ; after 20 mn of gentle agitaticn, the 
mixtures were centrifuged at 10 OOOg snd the my&n containing supematants diluted twice 
with glycerol for catservaticn at -20°C. 

whor&io armlysis ofrmtive my&n. Ncn-dissociating ccnditia~s were used but for a 
few modificaticns as previously descriied 114,151. Running buffer was 20 mM Na4P207 

(pH 8.5), 10 % glycerol, 0.01 8 2-mercaptoethsnol, 2 mM MgC12 and 1 mM ATP. Cylindrical 
gels (6x0.5cm) were 4 8 in polyacrylamide ; about 1 ~lg my&n per bsnd was loaded. 
Electrophoresis was carried outat 5 mAper tube for 20 to 22 hours at 2°C. 

ATpaSe a~titi@ measurementS. Mycsin ATPase activity was measured at the gels in the 
cmditims just described, but for replacing the Na4P207 buffer by 30 mM K4P2O7. After a 

short run of 4h30, the buffer in theupper tank was changed for ATP for an other 1 h30. The 
gels were then incubated at 37°C with ATP and CaCl2 in the ATPase assay medium [ 141 and 
the kinetics of the amount of phosphate released was obtained by measuring at successive 
times the absorbance of the white band of calcium phosphate formed. 

Analysis of mycsin light chsins by isoekctric focusing. Myasin isoenzymes were first 
separated by electrophoresis in mn-dissociating ca~diticns. Several bsnds coming from 4 
to 8 gels were sliced after light staining or without staining by comparison with a control 
and then loaded an tubes. The gels (9x0.27cm) ccntained 2% ampholines pH 4-6.5. 
Isoelectric focusing was run for 16 000 V.h. according to [ 161, and gels stained according to 
[171. 

~~~sisdmyosinheavy~inthep~ot9)S. This was 
performed in 5 % pdyacrylamide separaticn slab gels, in the presence of 0.1% SDS [18] and 
of 25 % glycerol, according to [71. Loads were of about 2 to 10 ng my&n per band. 
Ktectrophoresis was carried outat 20 mAper slab for 5 hours. Gels were stained with silver 
nitrate [ 191. 

~Sdthepratedytic dige~tkSlpa~HlSdtheheapych&~. Thiswas dateaccording 
to 1201 aspreviouslypublished [211. 
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RESULTS aml DISCUSSION 

The various myceins which appear sequentially in development of P.waltlii (Fig.11 

may be ranged into three categories, the larval, the metamorphosis, and the adult types 

[ 111. This compares well to what is observed in the other classes of vertebrates, such as 

the mammalians. In rat, for instance, aze encounters successively embrytic, neonatal and 

adult isomyceins [31. Similar patterns are obtained for fast muscles of the mouse, both the 

lingual [ 11 I and the dorsal (Pig.1) muscles. It appesrs however that development in mouse 

is more precocious thsn in rat, as adult myceins appear a few days earlier and as 18 day 

embryos do not display the fetal but already the neonatal forms. The same three neonatal 

isomyceins are found to bepresent in muscular dysgenesis 18 day embryos which undergo 

aneuromuscular lethal mutatim (results not shown). 

The quite distinct electrophoretic mobilities displayed by the native myosins at 

successive steps of development of hI.musculus snd even more of P.waltlii may come from 

structural differences in either the large, or the small, or both subunits which compose the 

molecules. We present in figure 2 the light chain cmtents of these myosins. Neamtal and 

adult murine myceins are composed of a combination of the same fast-type light chains, two 

alkali cries ElP end x3P of isoelectric points pf respectively 5.5 and 4.85 snd one cne 

phcephorylable form E2P of pI equal to 5.2. Weobserve that larval, metamorphosis, and 

adult myceins of P.wsltlii are also all compased of identical fast-type light chains ; these 

a b c d a b c d 

l3gure 1. h@cein &enzymes of fast-type muscles through development of a mammalian 
IA) and ofanamphibian (El). ELectroPhoretic analysis in non-dissociating anclitkns. 

A. Dorsal muscle myceins from M.musculus of selected ages, displaying successively 
neavltalcaandb: 3 days petal and 1 day pcetnatal), a mixture of neaWal and adult 
Cc : 11 days>, and adult Cd) mycsins. 

B. Dorsal muscle myosins from P.wahlii. at selected stages of development [ 13 I. displaying 
larval (a and b : stages 42 and 541, a mixture of larval. metamorphosis, and adult 
(c : stage 55,), and adult Cd) myceins. 
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5.2 

a 

F&III%! 2. Light chain analysis by isoelectric focusing of myosins first separated by 
electrophoresis inmn-dissociating ccnditia~s. 

A. Id.- 

B. P.W&lii 

a. necnatal myosins from 1 day mxlse 
b. mixture of neuWal and adult myceins from 11 days mouse 
c. adult myosins. 
a. lsrval myceins from stage 54 
b. metamorphosis myceins from stage 55~ 
c. adult myceins. 

The numbers indicate the isoelectric prints of the various light chains, the two alkali 
types UlF snd u3F. and thephosphorylable cne w3F. 

differ from the murine cries by their isoelectric points, XlP and E2P being somewhat 

more acidic, with pI equal to 5.45 and 5.15, snd x3P somewhat more basic with apI of 4.9. 

In the case of amphibian myosins, about 20 % of the E2P is under the phcsphorylated form 

with a p1 of 5.05. As in birds or in mammalisns [1,5,221 , one may reascnably suppcse that 

the three mycsins in each category, the larval, the metamorphosis, and the adult ams, are 

alkali light chain homodimers and hetemdimer. The difference in electrophoretic mobility 

between the isoforms within cne class originates in the small subunits ; on the other hand, 

homologous myceins, that is ElP or u3P hcmodimers or the heterodimer, of twodifferent 

categories, such as the larval and the adult cries , must differ by their heavy chains. 

Differences in the large subunits are demaistrated by electrophoretic snalysis 

both of the whole proteins and of their proteolytic peptide maps. Pig.3 shows that the heavy 

chains of larval mycsins (b) migrate in SDS slightly ahead the adult axes (a), snd this is 

accompmied by distinct peptide maps Wig.4). Different patterns of nwnatal and adult 

heavy chains of murine mycsins are also presented in Fig.4. 

The basic ATPase activity of my&n is generally recognized to be linked to the 

nature of its heavy chains, the light chains playing a role in stabilizing the ccnformaticn of 
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a fX a b a 

Rectrophoresis in the presence of SDS and glycerol of the heavy chains of adult 
(b) myceins of P.waltlii. 

the whole molecule and also possibly in the interacticn with actin. As we have just 

described, myceins of both P.waltlii and M.musculus display the same light chains but 

different heavy chains through development. The ATPase activity of the various classes 

of mycsins has been measured cngels after separation inrxn-dissociating cuxliticns. This 

determinaticn was not simple in the case of the amphibian myceins. as they are kmwn tobe 

fragile and less active than the mammalian aes [ 23,241. Twomodificaticns to the original 

technique [ 141 were therefore found essential, replacing the electrcphoresis scdium 

mhoephate buffer by potassium pyrophcephate and allowing the run to last altogether 

not more than 6 hours at 2’C. ln these caxiitiam of assay,no alkaline inactivatim was 

--- 

Superimposed densitometric scans of thepmteolytic digestkn patterns of heavy Figure 4. 
chains isolated from my&n isoenzymes prealably separated by gel electrophoresis in 
mn-dissociating ccnditias. 

A. 
B. 

M.muscuhls : neaxtal (3 days) and adult mycsins. 
P.walUit : larval (stage 42) and adult myceins. 
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5. l3gure Ca2+-activated ATPase activity of myasin cn rm-dissociating gels. The 
activity is expressed by the ratio of the calcium phosphate band at successive intervals of 
time over theprotein band stained after the assay with Coomassie blue. 

A. m myceins. A neanetal x adult 
EL P.w&lii myceins. A larval l metamorphosis x adult 

observed and straight lines for the hydtiysis of ATP were obtained (Fig.5). Adult 

P.waltlii myosins were found to be about 10 times more active than larval cries ; they were 

cn the other hand some 25 times less active than the adult murine cries, which are in turn 2 

times more active than thenecmatal cries. 

An increase in ATPase activity of mammalian and avian mycsin during development 

had been observed since a lcng time [25]. Difficulties inherent to the purificaticn of 

mycein at the perinatal period had however shed some doubt ~1 the validity of such result 

and a recent paper [81 reports that embrycnic and adult myceins from chicken pectoralis 

fast muscle show the same level of ATPase activity. In the two cases we present in this 

paper, the ATPase assay does not involve a lcmg pxeparatim of myosin ; the purificatim is 

obtained by electrophoresis of a crude extract, and rn degradatim can beobserved. Wecan 

thus ccnclude that, both in mouse and in P.waltlii, the physiological changes of birth and 

metamorphosis are accompanied by the synthesis of myosins of higher ATPase activity, 

which may account for thenew contractile properties of the adult muscles. 
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