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Electmphoretie studies have reaently made it oleax that the ensym 

oreatiue kinase is oue ofaninoreasingly large group ofeuzymesknom 

to ooaur in eeveral dietin& forms. Mooat au&or8 (Burger fi a&, 1964; 

DeaZandvmBreemm, 1964;Eppenbergeret&.,1964) have observed 

three eleotrophoretio varieties: one variety oharaoteristio of skeletal 

mustile, and anotherofthebrsin. Athirdeusym, intemediatein 

migration, ie found, in addition to either or both of the others, in the 

heart of some adult speaiee. Eppenberger et al. (1964) have described -- 

+the ontogeny of these emzymea in the rat and ohioken. !Fhe eleotrophoretio 

patterna ofomde ertrsctsofahiolrenmsole,~~, andbrain are shorn 

in Fig. 1. In oommon with other investigators, ‘118 have found it a general 

rulethatallmusole from adultmazmals or chiskeua oontains onlyolrs 

orestine kinme called for amvenieme %meole e-en. Brain oontrins 

exclusively the Abrain euzyzuP. Chicken heart extra&a oontain the *brain 

enzyme* and may oontain the intermediate eusyme. In mammds heart extracts 

1 Supportedinpart by researoh grants fromthe U.S.Air Foroe 
(AF-AFOSR-732-65), the Batioual Institutes of Health (CA-Oj6ll) and the 
Charles SimonMemorial Grant for CanoerReseareh from the Amefiean 
Canoer Sooiety (P-m). 

2 Supported in par-t by a graut from the Milton F'uud, Harvard Univereity. 
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usu8lly contain largely the "muscle enzyme* and occasion8.Uy the inter- 

mediate eE?,Qme. In all extracts edenylic kinase is a;lso usually visual- 

imeed (pig. 1). In birds other than the chicken the findings 8re 1110~8 

complex 8nd will bs reported elsewhere. 

In addition to these creatine kinases from the soluble portion of 

the cell, Jacobs et al. (1964) have described a separate mitochondrial -- 

em- The reports of Kar sad Pearson (1965) and of S&ml and Void 

(1964). indicating 8ddition8l electrophoretio bands, am at v8rianos 

with these findings. 

To date i&we are little published data on these ensymes apart from 

those on eleotrophoretic migration. Wood (1965) has oryetsllized the 

br8in ensyme from ox brain and hss compared some of its propertiea with 

those reported by Kuby et al. (1954) in their original study of the -- 

rabbit muscle enzyme. We are aware of no other published studies of the 

enzyme from brsin, although the rabbit muscle enzyme has been the subjeot 

Muscle (Crude) I l @ 

Heart (Crude) I fD 0 0 

Brain (Crude) I 0 0 

t 
Origin + 

pig. 1. Electrophoretic patterns (Fine et al., 1963) obtained with 
orude extracts (homogenisation in 0.1 M Tris, pH 7. 
centrifu tion at 100 Ooo x g) of skeletal muscle ( s 

follored by 

brain (5yfrom the B($lt chicken. 
J, heart (2), and 

The amount of the intermediate 
enayme found in heart extracts depde in pati on the age of the 
chicken. The stdning medium consisted of Trie buffer, 0.1 II, pH 7.5, 
15 ml.; M&12, 0.1 LI, 1.0 ml.; glucose, 0.1 Y, 1.0 ml.; hexokinase 
and glucose 6-phosphate dehydrogenase, partially purified fromywkst, 
0.6 ml.; creatine phosphate, 0.1 Y, 0.6 ml.; ADP, 0.05 If, 0.5 il.; 
TPW, 0.035 M, 0.5 ml.; Bitro El!, 10 m&/ml., 1.0 ml.; and PMS, 1 m&/ml., 
0.12 ml. In orude extracts of these tissues adenylio Idnase is also 
visualised by this method (indicated by hatched areas); it 08n be 
identified as such after elution from ths gel and can be partially 
inhibited by the addition of AMP, 0.1 Y, 1.0 ml., to the st8ining 
medium. 
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of a number of investigation8. Among these are several suggesting that 

oreatinekiua8e ia anen8yme dth adimerio structure. Dance and Watt8 

(1962) found that after tryptio digeetion only half the expeoted number 

Of lySi!b3 p1US ?&Z@lbI’3 BpOt8 WW fOUXld 011 fingS?QtiIlt analysis. 

Mahowald et al. (1962), Thomson et al. (1964) and Mahomald (1965) have -- -- 

reported that there are tr, cysteine reeidues per mole of en8yme which 

appear to be conoerned with the active site. Optiaal rotatory disperraion 

data indiaate that 2 mole8 of ADP are bound per mole of enzyme (Kaegi and 

Li, 1965). 

We have purified two oreatine kinaees from the chicken, one from 

mueole and a eecond from both brain and heart. Details of the purifiaa- 

tion procedure mill be presented elaemhere. Substantial aat8lytic 

difference8 have been found between the tro enqmes. By dissociating 

the en8yme mole&es in concentrated guanidine or by freeaing and thawing 

in the presence of 8al.t sad sodium phosphate a8 ha8 been aaoomplished 

with a number of debydrognnasea (Chilaon et al. 1965),the two enzyme8 -- 

aan be induced to fom an intermediate "hybrid" en8yme. On electro- 

phoresis, the artifioially fowed hybrid migrates to a diatwoe halfway 

between the two parental en8ymes. It8 aatalytio properties are inter- 

mediate aa well. It therefore reaemblefd the naturally OoOUrring inter- 

mediate sn8yme found in OMcken heart. 

Our finding8 with the purified en8ym88 are 8hOWninFi.g. 2. titer 

the euayaee wre dieeooiated in 6.5 M @aniline, mixed, and reaotivated 

by dilution or by dialysis, au intermediate en8yme wa8 found. This 

ewyme waa then separated from the others by chromatography on DEAE- 

oelluloae, and &tier separation rras free of the parental form& 

KbldiC StUdi8S =re performed OP the tW0 parental eYL8yme8~ th8 

artifioially formed hybrid and a sample of the naturally oaaurrlng 

hybrid enagpre separated by chromatography. The8e findings are 8ummari8ed 

in Table8 I and Is which ahor that the hybrid en8yme is intermediate im 
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Muscle I 0 

Broin I ea 

Heort I 0 

Mixture I 0 0 

After Guonidine I 0 l o 00 

After Chromotogrophy I 00 

t 
- Origin + 

Fig. 2. Eleotrophoretic patterna at pli 7.0 obtained with purified 
chicken creatiue kinewe. Slot 1 ahore the enzyme from muscle, Slot 
2 the enzyme from brain, and Slot 3 the same enzyme purified from 
heart. Equal amounts of the muscle wd brain enzymes mere mixed 
(Slot 4), dissociated in buffered 6.5 M guanidine containing 0.1 k 
Rl~rC8ptO0thU3O1, aud dislyzed. Slot 5 shows the prodnot, nith 
appearanoe ofthe intermediate orhybridenzpe. This enzyme ma 
then separated from the others by chronsto~aphy oc M3AE oelluloae, 
aa ehowu iu Slot 6. 

its rate of reaction in both the forward and reverse direotioua betlleen 

thetwpareutal forma audie similar to the naturallyoccurriugiuter- 

mediate enzymes4 

It ~8s of interest that, after dissociation by gu8uidine or 8fter 

freezing and thawing, both the hybrid enzyme and the purified brain 

enzyme shored a double spot on electrophoreeica. It seemed clear that 

the double spot mui contributed by the brain euzyme for ta re88ona: 

1) The double spot mm usuaJ.ly seen when the brain emyrrie ha8 been 

reversibly denatured with @muidAue or frozen and thawed in the presence 

of salt and sodium phosphate, although occasionally a double spot in the 

position of the brain enzyme was seen with crude extraota that had been 

frozen and stored in the abmnoe of sslt. 2) We have formed a hybrid 

molecule between the chicken brain enzyme and a purified sample of human 

muscle crcatiue kimse, indicating that the source of the muecle enzyme 
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Table I 

Ratio of rate8 of reaotion vith high and lor concentrations 
of creatine phosphate 

The arraay medium in a final volume of 3 ml. oontained Trie buffer, 
pH 7.5, 250 mail; TPW, 0.15 mM; M&lp, 3.3 mM; gluw8e, 3.3 mW; ADP, 0.5 mW; 
gluwse-6-phosphate dehydrogenase (Signa) 5 pg; hexokinase (Siwa) 4 pg; 
and one of tm concentrations of creatine phosphate. High concentration 
refer8 to 3.3 mM and low to 1.0 mW; the hi&&or ratio ie reported. The 
assay is similar to that of Oliver (1955) and Nielsen aud Ludvigsen (1963). 

The in vitro hybrid raa that formed by guanidine treatment of a -- 
mixture ofbrain andmuscle enxymes, while the natural hybrid sas isolated 
by chromatography from a crude extract of heart. 

Ri#l/lolr 

Muscle enzyme 

Brainenxyme 

Heart enzyme 

Bybrid(inxLtro) -- 

Rybrid (natural) 

3.7 

2.05 

1.95 

2.8 

2.7 

Table Ia 

Ratio of rates of reaction with high and low concentrationa 
of creatine 

The assay medium (Rotthauve, H. W. and Cerqueiro-Rodriguez, SI. 
(1964)), in a final volume of 3 ml, contained triethanolamine buffer, 
pH 7.6, 50 EM; ATP 4 MM, -12 4 ml& phosphoenolpyruvate 0.8 mll, DPWER 
0.3 mid, pyruvio kina8e 1.5 Int. Unita, lactic dehydromsaee 3.5 Int. 
Units, and one of two concentrations of creatine. Hi& wnoentration 
refer8 to 25 mM and lor to 6.25 lpy; the high/low ratio is reported. 

Hi&&W 

Muscle ensyme 2.05 

Brainenspe (fronheart) 1.15 

Hybrid(invitro) -- 1.55 

Equal mixture of muscle and 
brain ensymes 1.50 

vas not important in the hybridization process. This inter-8peoies 

hybrid al80 ahowad a double 8pot. 

It vas of 8o5e interest that the rate of reactivation of the oreatine 
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kinaaes studied here, as indicated by the per-t of the original activity 

recovered after dilution, varied oonsiaerably. (See Table II). At all 

enzyme ooncentrations tested, the "brain enzyme* was more rapidly and 

oompletely reaotivated than was the *muscle en%ymen. The hybrid moleoule 

Table II 

In each oaee the ensyme maa inactivated in buffered 6.5 M gmniaine 
oontsiniq 0.1 Y meroaptoethamol, and reactivation ww by 25fola dilution 
into buffered 0.1 Y meroaptoethanol. The muecle enzyme had a speoifio 
aativity of 250 units/m&, while the brain enzyme had a speaific activity 
of 200 udte/mg. 

Concentration, units/ml., 
En5,gae in inactivation mixture 5 reactivated 

Expt. A. Assayed 1 hr after dilution 

Musole 19 13 

Mufuscle 900 58 

Brain 27 46 

Brain 67 67 

Brain (isolated from heart) 700 71 

Hybzid (In vitro) 12.4 -m 40 

Expt. B. Bsaayed 2 hre after dilution 

Mu8ule 52 13 

103 20 

206 49 

310 65 

515 74 

Rabbit muscle* 52 4 

280 39 

460 44 

* Purchased from Boehringer Manuhedm Corp., New York, H. I. 
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was slightly less reaotivated than the brain enzyme. There was a clear- 

cut wncentration dependence of the total enzyme reaativated on tne oon- 

centration of enzyme in the original aliquot; with progressive dilution 

of the original enzyme there was less recovery of activity. At all 

concentrations tested the enzyme from rabbit muscle was less fully 

reaativated 

The findings presented here indioate that creatine kinase is an 

enzyme whose structure is that of a dimer, as suggested by Eppenberger 

et al. (1964) and Thomson e &.. (1964). The muaole enzyme may be com- -- 

posed of tlro identical subunits (R-H), the brain enzyme of trio identical 

but different subunits (B-B), and the hybrid molecule of two subunits, 

one of either kind (M-B). The hybrid enzyme, whether it ocours naturally 

or is formed in vitro, is intermediate in kinetic qualities and in elaatro- -- 

phoretio mobility between the two parental or unmixed forms. Hence, the 

nature of the multiple forms of creatine kinase resembles that found with 

the lactic dehydrogenases in that a hybrid enzyme occurs in viva (Cahn -- 

et al - ,* * 1962; Appella and Yarkert, 1961). 

E'urther properties of the creatine kinases will be described else- 

where. 
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