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Phosphorylation of structural protein catalyzed by rat-liver mitochondria 

Mitochondria are able to catalyze the incorporation of 3~P1 into exogenous 
phosphoproteins, such as casein 1 and phosvitin2, 3. Such a phosphorylation takes place 
through a reaction catalyzed by a mitochondrial protein kinase (EC 2.7.1.37) requiring 
the availability of ATP outside the mitochondria 4. 

Recently a protein fraction containing radioactive phosphorylserine and having 
similar characteristics to so-called "structural protein" has been isolated from mito- 
chondria incubated with 32P1 (ref. 5). This communication describes experiments 
which show that  structural protein after solubilization can be phosphorylated by 
mitochondria in the same manner as the foreign proteins, casein and phosvitin. The 
structural protein was prepared by two methods: (A) the procedure of CURTIS AND 
WADKINS, which is described in ref. 5, and (B) the procedure of RICHARDSON, HULTIN 
AND FLEISHER 6. Both preparations were rendered 7o-8o % soluble in water by treat- 
ment with o.2 M 2-mercaptoethanol at pH 8.5 in 8 M urea, after either succinylation 7 
or carbamylation. Urea was removed by dialysis (see ref. 5). 

The results reported in Table I show that  the solubilized structural protein, 
added to respiring mitochondria with 32P1 and ADP, is phosphorylated. The labelling 
of structural protein is not significantly affected by the different procedures used for 
its preparation and solubilization. The radioactive protein was found to behave 
homogeneously through several tests ((NH4)2SO4 and pHi precipitation, paper and 
sepraphore electrophoresis, gel filtration). These findings would seem to rule out the 
presence of contaminant radioactive proteins, suggesting that  the structural protein 
itself is the phosphate acceptor. 

The phosphorylation process is ATP dependent (Table II). In fact addition of 

T A B L E  i 

P H O S P H O R Y L A T I O N  O F  S O L U B I L I Z E D  S T R U C T U R A L  P R O T E I N  I N  T H E  P R E S E N C E  O F  R E S P I R I N G  M I T O -  

C H O N D R I A  

5 m g  of t he  solubil ized pro te in  were i ncuba t ed  for 60 rain a t  27 ° in 3 ml  of a m e d i u m  con ta in ing :  
ra t - l iver  m i tochond r i a  equ iva l en t  to a b o u t  4 ° m g  prote in ;  p o t a s s i u m  g l u t a m a t e ,  6 0 / , m o l e s ;  PI, 
3/zmoles ,  con ta in ing  3 ° / zC  of Z2Pl; ADP,  2 #moles ;  MgC12, I2 #moles ;  Tris-HC1 buffer  (pH 7.4), 
1oo/~moles;  sucrose,  293 / ,moles .  The  reac t ion  was s topped  by  add i t ion  of 30/~moles  of E D T A .  

I S  /'o Mitochondr ia  were r e m o v e d  by  cen t r i fuga t ion  and  the  pro te in  recovered by  prec ip i ta t ion  in o/ 
satd.  (NH4)~SO 4. The  pro te in  was  t h e n  washed  5 t imes  by  dissolving in 5 ml  of o.I M p h o s p h a t e  
fol lowed by  prec ip i ta t ion  wi th  (NH4)2SO 4, d issolved in 5 ml  of 8 M urea  and  d ia lyzed  3 t i m e s  
in 2 1 of o.1 M p h o s p h a t e  (pH 7.5) and  once in water .  F ina l ly  its absorbance  a t  280 and  260 nl/~ 
was de t e rmined  and  i ts  r ad ioac t iv i ty  m e a s u r e d  in a counter .  (A) S t ruc tu ra l  pro te in  isolated ac- 
cording to the  m e t h o d  of CURTIS AND WADKINS (see ref. 5). (B) S t ruc tu ra l  pro te in  isolated ac- 
cording to the  n le thod  of RICHARDSON, HULTIN AND FLEISHER 6. 

Incubation medium Protein preparation Counts/rain 
per mg protein 

Pro te in  omi t t ed  - -  78 
Mi tochondr ia  omi t t ed  Average  4 different  p repara t ions  18o ( ~  4 o) 
Comple te  (A) C a r b a m y l a t e d  1773 
Comple te  (A) Succ iny la ted  19o7 
Comple te  (B) C a r b a m y l a t e d  1571 
Comple te  (B) Succ iny la ted  1686 
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T A B L E  II  

A T P  D E P E N D E N C E  OF 3 2 p  I N C O R P O R A T I O N  I N T O  S T R U C T U R A L  P R O T E I N  

General  condi t ions  and  i ncuba t i on  m e d i u m  as in Table  I excep t  A D P  was  omi t t ed .  S t ruc tu ra l  
p ro te in  Prep.  A, solubil ized by  ca rbamyla t ion ,  was  used.  The  a m o u n t  of p h o s p h a t e  incorpora ted  
in to  the  p ro te in  and  into nuc leo t ides  was  de t e rmi ned  by  a s s u m i n g  t h a t  i t  h a d  t he  s ame  specific 
r ad ioac t iv i ty  as 3aPt. 3aPl specific r ad ioac t iv i ty  a t  the  end of i ncuba t ion  was  de t e rmined  in t he  
depro te in ized  (NHi ) i S O 4 s u p e r n a t a n t  by  m e a s u r i n g  t he  p h o s p h o m o l y b d a t e  complex  and  the  
r ad ioac t iv i ty  in t he  i s o b u t a n o l - b e n z e n e  phase  9. The  rad ioac t iv i ty  still p r e sen t  in t he  aqueous  
phase  af ter  th ree  ex t r ac t ions  w i t h  i s o b u t a n o l - b e n z e n e  was a s s u m e d  to be all due  to nucleot ides .  

Additions asp incorporated 
into structural protein 
(mpmoles]22 rag) 

3ap incorporated into 
extramitochondrial nucleotides 
(#moles) 

- -  2.98 0.262 
At rac ty los ide  (o.8 #mole)  o.o9 o.o23 
A D P  (0.8/*mole) 6.96 1.2o 7 
A D P  (1.6/*moles) 9.80 1.786 
A D P  (1.6 #moles)  

+ a t rac ty los ide  (0.8 #mole)  o.71 o.o28 

ADP greatly increases the incorporation of 32p both into extramitochondrial nucleo- 
tides (which can be assumed to be mainly [82pIATP ) and into structural protein. 
Moreover atractyloside, which is known to abolish the appearance of endogenous ATP 
in the medium outside mitochondria4, 8, completely prevents, as in the case of phos- 
vitin 4, the phosphorylation of structural protein. 

That serine is the amino acid residue mainly involved in the phosphorylation 
process is supported by the finding that [3~P~phosphorylserine, which almost quanti- 
tatively accounts for the radioactivity covalently bound to the protein, can be isolated 
from acid hydrolysates of s2p-labelled structural protein prepared by both procedures. 
Paper electrophoresis of the acid hydrolysates (see Fig. I) gives 3 radioactive peaks: 

Origin B 

loo 

Ser-P 

i 
5O I Origin 

Ser-P 

Fig. i .  I so la t ion  of rad ioac t ive  phosphory l se r ine  f rom acid hyd ro ly sa t e s  of 3aP-labelled s t ruc tu ra l  
protein.  5 m g  of sap-label led s t r uc t u r a l  pro te in  (Prep. B, solubil ized by  ca rbamyla t ion)  were hy-  
d ro lysed  in 2 M HC1 a t  IOO ° for IO h. The  hydro lysa t e ,  w i th  added  carrier phosphory l se r ine  a n d  
o r t h o p h o s p h a t e ,  was sub jec ted  to e lectrophoresis  in 2 o %  formic acid (pH 1.4) for 60 min  a t  
45 V /cm on W h a t m a n  3 MM pape r  (top figure). P e a k  A f rom top  figure, af ter  e lu t ion  and  fu r the r  
acid hydro lys i s  in 2 M HC1 for IO h a t  ioo  °, ha s  been  s u b m i t t e d  aga in  to paper  electrophoresis ,  
for  6o min  a t  45 V /c m (bo t tom figure). Phosphory l se r ine  was  de tec ted  by  n i n h y d r i n  react ion.  
Rad ioac t i v i t y  was  de t e rmi ned  by  s tepwise  coun t i ng  of t he  str ip.  
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B and C correspond, respectively, to phosphorylserine and to Pl; Peak A corresponds 
to a phosphopeptide which gives rise to roughly the same amounts of B and C upon 
further acid hydrolysis. Under these conditions a 5o O//o breakdown of phosphorylserine 
occurs. Therefore, since the recovery of radioactivity present in A plus B is not 
significantly lower than the radioactivity converted into inorganic orthophosphate 
(Peak C), the above results indicate that [3~PJphosphorylserine accounts for at least 
8o-9o % of the protein-bound radioactivity. 

The identification of Peak B as [3~P~phosphorylserine has also been confirmed 
by paper descending chromatography of radioactive band B, eluted from the paper 
electrophoregram, mixed with authentic phosphorylserine (solvents: (I) isopropyl- 
e the r -n -bu tano l -9o  % formic acid (3:3 : 2, by vol.) ; (2) n-butanol-ethanol-o.oo5 M 
HC1 (3:2:2, by vol.)). 

So far it has been shown that, among the several proteins tested, only casein 
and phosvitin are able to be phosphorylated by protein kinasel,l°, ' ' .  

The present results showing that mitochondrial structural protein can be phos- 
phorylated through the same mechanism indicate such a protein as a possible sub- 
strate for mitochondrial protein kinase. 

It  has been suggestedU, 12 that  the peculiar property of casein and phosvitin to 
be phosphorylated (unlike other phosphoproteins) by protein kinase is dependent on 
the presence of blocks of several phosphorylserine residues in a row, found only in 
these two proteins 1~ and not in many other phosphoproteinsl~, ~4. Experiments are in 
progress to investigate whether structural protein also contains such blocks of phos- 
phorylserine residues. 
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