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New Creatine Kinase Isoenzymes in Birds. Distribution Among  Avian Orders, Tissue-Specif ic  
Patterns and Their Appearance in Ontogeny 

Creatine kinase (E.C. 2.7.3.2) f rom ver tebra tes  occurs 
in mul t ip le  molecular  varieties.  Three  isoenzymes are 
regular ly dist inguished by  electrophoret ic  separation.  
They  exhibi t  tissue-specific pa t te rns  of d is t r ibut ion  2. The  
ac t ive  enzymes have  a dimeric  s t ruc ture  S. Two different  
subuni ts  have  been recognized Xnd named  M and B, 
according to thei r  p r edominan t  occurrence in skeletal  
muscle and brain. The ac t ive  d imer  is formed by  com- 
b ina t ion  of ei ther  two identic  or two different  monomers .  
MM-type  creat ine kinases are found in skeletal  muscle 
of adul t  ver tebrates ,  BB- type  enzymes in brain. H e a r t  
tissue ve ry  ofte.n contains  the  MB-type  creat ine kinase 
in addi t ion  to ~ t h e r  MM or BB, which depends upon 
the  species (Figure la ,  incubat ions  wi thou t  the  specific 
substrate,  indicated as 'b lank '  in Figure  la,  indicate  one 
band, which is no t  creat ine kinase act ivi ty) .  A four th  
creat ine kinase isoenzyme has been regular ly  observed 
in bra in  and hear t  tissues of cer ta in  birds a, 4, I t s  electro- 
phoret ic  mobi l i ty  is clearly dis t inct  f rom the  usual iso- 
enzymes.  I t  is the  most  anodical ly  migra t ing  enzyme 
(Figure lb ,  a juveni le  bird has been chosen to show all 
four creat ine kinases in muscle tissue. Adu l t  birds show 
only the  MM-type  creat ine kinase in skeletal  muscle). 

I t  was noted t h a t  this new isoenzyme could only be 
observed in b i rds  of the  orders Passeriformes and Capri- 
mulgiformes ~. This  f inding could be explained by  the  
assumpt ion t h a t  a mu ta t i on  - possibly a dupl icat ion of 
a s t ruc tura l  g e n e -  which had occurred in the  evolu t ion  
of the  av ian  order  Passeriformes, gave rise to th i s  iso- 
enzyme.  This  hypothesis  led to a more detai led invest i -  
gat ion of the  occurrence of the  addi t ional  i soenzyme band 
in birds. 

Mitochondria-free superna tan t  fract ions were subjected 
to electrophoresis  on 1.5% agarose-plates (10 • 10 cm) 
for 1-2 h a t  a current  of 40 mA. In  order to obta in  op t imal  
e lectrophoret ic  separat ion of the  var ious  creat ine kinase 
bands, 2 different  buffer systems were used: (a) verona l  
0.02M, p H  8.6, (b) c i t ra te -NaOH,  0.01M, p H  6.5 for 
prepara t ion  of the  gels. The  same buffers at  the  same p H  
bu t  3-fold concent ra ted  served as vessel buffer.  Visualiza- 
t ion of creat ine kinase ac t iv i ty  on the  gels was achieved 
by  a me thod  described earl ier  5. Most  birds were deep- 
frozen short ly  af ter  dea th  and somet imes  stored for several  
weeks. Controls wi th  fresh mater ia l  showed t h a t  the  
enzyme ac t iv i ty  decreased in deep-frozen tissue, leaving 
the  i soenzyme pa t t e rn  unaffected.  Pa t t e rns  analogous to 
the  ones found in agar  gels, were obta ined wi th  starch- 
gel-electrophoresis ~. 

Distribution o/the new isoenzyme among avian orders. In  a 
first  series of exper iments  wi th  p H  8.6 buffer, 2 isoenzyme 
bands wi th  fast e lectrophoret ic  migra t ion  typica l  for the  
brain enzymes were regular ly  found in Passeriformes, bu t  
also in some Anseriformes and Columbiformes.  There was 
considerable var ia t ion  of the  absolute  and re la t ive  rates 
of isoenzyme migra t ion  wi th in  different  species (Figure 2). 
In  birds f rom other  av ian  orders 2 bra in  bands were 
detectable  only occasionally.  If  2 bra in  bands  were 
observed, t h e y  always had  v e r y  similar  mobili t ies.  I n  
most  cases it  could no t  be decided whether  only one single 
band was present  or ac tua l ly  2 bands wi th  a lmos t  ident ical  
e lectrophoret ie  mobi l i ty  (Figure 2, pheasant) .  Therefore  
a different  buffer  sys tem was used, since it  was suspected 
t h a t  the  2 bra in  enzymes  were a lways present,  bu t  not  
separable wi th  plq 8.6 buffer because of a re la t ive ly  small  
difference in net -charge of these proteins.  Using p H  6.5 
buffer  for electrophoresis  the  2 isoenzymes were separated 

in brain ext rac ts  of all  birds (Figure 3) except  a few 
Psi t taciformes.  

Al toge ther  some 250 birds belonging to 15 orders have  
been examined :  (8) P0dicipediformes,  (11)Ciconiiformes,  
(12) Anseriformes, (13) Falconiformes,  (14) Galliformes, 
(15) Gruiformes,  (16) Charadri iformes,  (17) Columbiformes,  
(18) Psi t taciformes,  (19) Cuculiformes, (20) Strigiformes, 
(22) Apodiformes,  (25) Coraciiformes, (26) Piciformes, 
(27) Passeriformes. The  numbers  'preceding the  names  
of av ian  orders refer to the  classification of WET~ORE ~, 
who subdivides l iv ing species into 27 orders. 

Tissue-speci/ic isoenjyme patterns and their appearance 
in ontogeny. The new isoenzyme always occurred together  
wi th  the  B B - t y p e  enzyme.  This  associat ion has been 
de tec ted  in superna tan t  fract ions f rom tissue homogenates  
of brain, heart ,  s tomach and intestine.  The  por t ion  of the  
to ta l  ac t iv i ty  cont r ibuted  by  the  2 isoenzyme bands 
var ied  and was character is t ic  for each organ:  I n  all  species 
examined  the  faster  moving  band was more ac t ive  in 
brain-extracts ,  whereas the  slower mov ing  band was more 
pronounced  in hear t -ex t rac t s  (Figure lb,  F igure  2). This  
observat ion  was conf i rmed by dens i tometr ic  es t imat ions  
of the  s tained enzyme bands. 

The  new isoenzyme has also been observed in undif-  
ferent ia ted  muscle tissue f rom bird embryos.  Ea r ly  em- 
bryonic  skeletal  muscle f rom ver tebra tes  general ly shows 
the  13B-enzymeL Dur ing  muscle di f ferent ia t ion changes 
in re la t ive  act ivi t ies  of the  2 s t ructura l  genes for creat ine 
kinase lead to a shift  in isoenzyme dis t r ibut ion  towards  
the  pa t t e rn  of adul t  muscle,  i.e. a p redominance  of the  
MM-enzyme.  Concomi tan t ly  a hybr id  enzyme wi th  a 
subull i t  composi t ion MB appears  at  in te rmedia te  stages 
of d i f ferent ia t ion L 

In  var ious  bird embryos  (domestic duck, domest ic  pi- 
geon, and 2 Passeriformes, i.e. Taeniopygiaguttataandca- 
nary) the  newisoenzyme could regular ly be detected togeth-  
er wi th  the  BB-enzyme  in early stages of embryonic  muscle 
(Figure 4). Dur ing  muscle different iat ion,  when  the  ap- 
pearance  of an MB-enzyme was expected,  ra ther  2 clearly 
separa ted  enzyme bands appeared in posit ions be tween 
the  isoenzymes of adul t  organs. This  brings the  number  
of creat ine  kinase isoenzymes in birds to  a to ta l  of 5. 
When  ext rac ts  f rom adul t  muscle t issue and brain- or  
hear t  t issue were combined  and dissociated in 8-M urea s, 
these 2 in te rmedia te  bands could be formed artificially, 
when the  dimeric  enzyme was recons t i tu ted  by  reac t iva-  
t ion upon dialysis against  tris-buffer. 

Fur the rmore  a va r i e ty  of mammals ,  reptiles, amphib ia  
and fishes were examined.  I n  agreement  wi th  o ther  
invest igators  8 we found only 3 creat ine kinases in these 
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ve r t eb r a t e s .  The  occur rence  of a doub le  b a n d  in  h e a r t -  
t i s sue  ha s  r ecen t !y  been  r epo r t ed  for t h e  ch ickL 

Subun i t  structure o/ the  new creatine kinases. P r e l i m i n a r y  
e x p e r i m e n t s  on  pur i f ied  b r a i n  enzymes  f rom b i rds  h a v e  
p rev ious ly  been  p u b l i s h e d  I. T h e y  ind ica t e  t h a t  t h e  2 
b r a i n  b a n d s  m a y  r e p r e s e n t  2 t h e r m o d y n a m i c a l l y  possible  
c o n f o r m a t i o n s  of t he  b r a i n  e n z y m e  (BB) or  i t s  s u b u n i t s  (B) 
as a l r e ady  sugges ted  in a n  ear l ier  pub l i c a t i on  a. Al ter-  
n a t i v e l y  i t  could  be  t h o u g h t  of as a t h i r d  s t r u c t u r a l  gene, 
cod ing  for  s u b u n i t s  X in a d d i t i o n  to  t he  s u b u n i t s  M a n d  
B. Th i s  seems less l ike ly  f rom the  e x p e r i m e n t s  r epo r t ed  
here,  s ince in t he  case of 3 d i f fe ren t  s u b u n i t s  fo rming  
d imer ic  enzymes  one would  expec t  a t o t a l  of 6 iso- 
enzymes ,  However ,  5 i soenzymes  on ly  h a v e  been  found.  

I t  could be  a rgued  t h a t  t h e  s i x t h  t heo re t i ca l ly  expec ted  
c o m b i n a t i o n  of s u b u n i t s  is e n z y m a t i c a l l y  i nac t i ve  or does 
n o t  fo rm in t h e  cell. A t  leas t  t h e  f i rs t  a r g u m e n t  c an  be  
exc luded  f rom dissoc ia t ion  a n d  r eaggrega t ion  e x p e r i m e n t s  
on  pur i f i ed  enzymes~.  

F r o m  th i s  i nves t i ga t i on  i t  is ev i d en t  t h a t  if a t h i r d  
s t r u c t u r a l  gene for c r ea t ine  k inase  h a s  evo lved  in b i rd s  
b y  gene dupl ica t ion ,  th i s  m u s t  h a v e  occur red  ear ly  in  
b i rds '  p h y l o g e n y  since t h e  new i soenzymes  h a v e  been  
found  in all  b i rds .  There fore  suff ic ient  t i m e  h a s  al lowed 
for cons iderab le  d ive rgence  of t h e  2 genes  b y  m u t a t i o n s .  

9 B. T. HOOTON, Biochemistry 7, 2063 (1968). 

Fig. 1. Electrophoretlc patterns of creatine 
kinases from brain, heart and skeletal muscle 
from (a) a mammal (laboratory mouse) and 
(b) a bird (Taeniopygia guttata, Passeriformes). 
Eleetrophoresis in 1.5% agarose-gels, made 
up in 0.02 M veronalbuffer, pH 8.6 at 40 mA 
for 60 rain. Other explanations see text. 
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Consequent ly  one migh t  expec t  differences in p r ima ry  
s t ruc tu re  of t he  crea t ine  kinases.  De te rmina t ions  of amino  
acid composi t ions  of purif ied bra in  enzymes  f rom sparrows 
however  do no t  indicate  s ignif icant  differences.  

I t  is ev iden t  t h a t  only expe r imen t s  on puri f ied enzymes  
can def ini te ly  decide which  hypo thes i s  is correct .  Such 
exper iments  are in progress  in our laborator ies .  I f  it  can 
be conf i rmed t h a t  t he  new isoenzymes  are d i f ferent  con- 

format ions  of the  bra in  enzyme  o r  its subuni ts ,  it  is ve ry  
!ikely t h a t  th is  is no t  a r a n d o m  p h e n o m e n o n  bu t  has  
physiological  implicat ions,  since f irs t  of all d i f ferent  
organs show typica l  differences in relatiw~ amo u n t s  of 
these  isoenzymes.  F u r t h e r m o r e  i t  is no t  very  probable  
t h a t  a mueat ion,  which only led to  a r a n d o m  phenomenon ,  
should persis t  over  a long per iod of immense  morphologi-  
cal and physiological  d ivergence in b i rd ' s  evolut ion ~~ 
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Fig. 2. Tracings of creatine kinase isoenzymes from brain- and heart- 
extracts of various birds (finch, Fringilla coelebs; starling, Stz~enus 
vulgaris; duck, Aythya ]uligula; pheasant, Chrysolophus pictus). 
Conditions of eleetrophoresis see Figure 1. The relative intensities 
of isoellzyme bands (compare Figure 1) are ind!cated by the different 
size of *~he spots. The positions of isoenzymes w,~,ich have been 
observed ill muscle tissue of adult birds are indicated by Open squares. 
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Fig, 3. Eleetrophoretic separation of creating kinases in supernatant 
fractions from brain homogenates in (I) veronalbuffer 0.02M, 
pH 8.6, 40 mA, 75 min and (II) citrate-NaOII-buffer 0.01M, pit 6.5, 
30 mA, 90 rain. 1)heasant, Chrysolophus ~ictus, quail, Francolinus 
]ra~colinus (Galliformes). The positions of the other isoenzymes 
(~IM/MB) are indicated by squares. 
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l"ig. 4. Ontogcnetic changes of isoenzyme patterns in developlng 
leg Imlsele (domestic duck). The patterns in various organs from 
the adult duck are added for comparison (lower 3 separations). 
Conditions as given ill Figure 1. 

Zusarnmen/assung. Durch  Abwand lung  der e lekt rophore-  
t i schen  A u f t r e n n u n g s m e t h o d e  wird  das V o r k o m m e n  einer  
neuen I s o e n z y m b a n d e  der  Krea t ink inase ,  das urspr t ing-  
lich auf die Voge lordnung  Passer i formes  beschr~tnkt zu 
sein schien, a l lgemein in versch iedenen  Geweben yon  
V6geln nachgewiesen.  E ine  wei tere  neue I s o e n z y m b a n d e  
wird  in b e s t i m m t e n  En twick lungss t ad i en  der  Skelet t -  
musku la tu r  beobach te t .  Es  wird  diskut ier t ,  dass  diese 
neuen I soenzyme  a l t e rna t ive  t h e r m o d y n a m i s c h  m6gliche 
Konfo rmere  der  Geh i rn -Krea t ink inase  (BB-Enzym)  oder  
ihrer  ~ lonomere  (g) sein k6nnten .  A n h a n d  der r n t e r -  
suchungsergebnisse  wird  aufgezeigt ,  dass  diesen v e rmu t -  
lich durch  Konfo rma t ionsun te r sch i ede  bed ing ten  Iso- 
enzymen  physioIogische Bedeu tung  z u k o m m e n  k6nnte .  
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Creat ine  of M o u s e  Brain:  Ev idence  of Act ive  U p t a k e  f r o m  Blood  

The exis tence of a d i s t inc t  concen t ra t ion  grad ien t  of 
creat ine be tween  p lasma  and  bra in  in m a n  and  animals  
is known  and  well d o c u m e n t e d  for some t i m e  1. A l though  
it was shown more recent ly  t h a t  cerebral  t issue is capable  
of syn the t i z ing  creat ine  f rom sui table  precursors2, a, i t  
is ye t  to  be de t e rmined  whe the r  in t racerebra l  fo rma t ion  
of c rea t ine  cons t i tu tes  the  sole source for the  bra in  to  
replenish  its compara t ive ly  h igh  con t en t  of th is  corn- 

pound.  To examine  the  possible con t r ibu t ion  of peri-  
pheraI  creat ine  to the  cerebral  pool by  way  of its t r ans fe r  
f rom blood ~o brain,  we have  s tud ied  the  d i s t r ibu t ion  

i A. HL'NTER, in Creatine and Creatinine (gongmans, Green and Co., 
Ltd., London 1928), p. 89. 
J. J. PlSANO and S. [TDE~F~IE~D, Fedn Proe. 17, 403 (1958). 
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