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ABSTRACT 

A p r o t e i n  was i s o l a t e d  from c a l f  h e a r t  inner  mitochondria1 

membrane with the a i d  of an e l e c t r o n  paramagnetic resonance assay 

2+ based on the r e l a t i v e  binding p roper t i e s  of Ca , ~ n ~ * ,  and Mg 2+ 

t o  the  p ro te in .  The molecular weight of t h i s  p r o t e i n  was es t imated t o  

be about 3000 by urea/sodium dodecyl s u l f a t e  ge l  e l ec t rophores i s  and 

amino acid ana lys i s .  The p r o t e i n  had two c l a s s e s  of binding s i t e s  f o r  

ca2+ by flaw d i a l y s i s  s tud ies .  The d i s s o c i a t i o n  constants  of the  

high- and low- a f f i n i t y  binding s i t e s  fo r  ca2* were 9.5 and 33 pM, 

respec t ive ly .  This p r o t e i n  could e x t r a c t  ca2* i n t o  an organic 

phase. The s e l e c t i v i t y  sequence of t h i s  p r o t e i n  determined from t h e  

organic solvent  e x t r a c t i o n  experiments showed t h a t  it favored d iva len t  

ca t ions  over monovalent ca t ions .  Also, the  r e l a t i v e  s e l e c t i v i t y  

2+ sequence fo r  divalenf ca t ions  was Ca , sr2+ > . ~ n ~ *  > 
~ u t h e n i u m  red and ~ a ~ '  were shown t o  i n h i b i t  the 

protein-mediated e x t r a c t i o n  of caZ+ i n t o  , t h e  organic solvent .  The 

calcium t r a n s l o c a t i o n  i n  a Pressman c e l l  mediated by t h i s  p r o t e i n  was 

s e l e c t i v e l y  dr iven by a hydrogen ion g rad ien t ,  with a h igher  pH on the  

donor aqueous phase. When the  pH g rad ien t  was reversed,  no Ca 2 + 

2 + t r a n s l o c a t i o n  occurred. Also, no Ca t r a n s l o c a t i o n  was observed 

when a gradient  of ~ a ' ,  K', o r  ca2+ was s u b s t i t u t e d  f o r  the  H+ 

grad ien t .  
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The i s o l a t e d  p r o t e i n  was found t o  be  contaminated w i t h  a  l a r g e  

amount of phosphol ip ids ,  which was c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  no 

e x t r a  l i p o p h i l i c  an ions  were r e q u i r e d  t o  e x t r a c t  ca2* i n t o  t h e  

organic  phase. It w a s  found t h a t  t h e r e  were 150 moles of  phospho- 

l i p i d s  a s s o c i a t e d  wi th  each mole of the  p r o t e i n .  P a r t i a l  d e l i p i d a t i o n  

of t h e  p r o t e i n  was performed by us ing  e i t h e r  t h e  organic  s o l v e n t  

e x t r a c t i o n  procedure or  the  s i l i c i c  a c i d  column chromatography. 

Con t ro l  experiments i n d i c a t e d  t h a t  t he  ca2+ t r a n s p o r t  p r o p e r t i e s  of 

t h e  i s o l a t e d  p r o t e i n  were not  due t o  t h e  contaminat ing  phosphol ip ids .  

A complete d e l i p i d a t i o n  procedure was developed by us ing  Sephadex 

LH-20 column chromatography. The mole r a t i o  of phosphol ip ids  t o  t h e  

d e l i p i d a t e d  p r o t e i n  could be reauced t o  0.1 mole of phosphol ip ids  pe r  

mole of  p r o t e i n .  There were no f r e e  f a t t y  a c i d s ,  hexosamines, o r  

s i a l i c  a c i d s  a s s o c i a t e d  wi th  the  d e l i p i d a t e d  p r o t e i n .  The e x t r a c t i o n  

of  ca2+ i n t o  an o rgan ic  phase mediated by the  d e l i p i d a t e d  p r o t e i n  r e -  

qu i r ed  the Presence of a  l i p o p h i l i c  anion,  p i c r a t e .  P i c r a t e  a l s o  

enhanced the  r a t e  of  the  d e l i p i d a t e d  protein-mediated ca2+ 

t r ans loca t2on  through a  ,bu lk  organic  phase. 

Fu r the r  c h a r a c t e r i z a t i o n  of the  phys i ca l  and chemical p r o p e r t i e s  

of  t h e  d e l i p i d a t e d  p r o t e i n  were i n v e s t i g a t e d .  I t  was found t h a t  t h e  

d e l i p i d a t e d  p r o t e i n  becomes more hydrophobic i n  t h e  presence  of ca2+ 

and a l k a l i n e  pH i n  t h e  organic  so lven t  e x t r a c t i o n  experiments .  The pH 
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ir 

p r o f i l e  of the mole r a t i o  of ca2+ t o  p r o t e i n  exh ib i t ed  a t y p i c a l  

t i t r a t i o n  curve, showing a pKa of 8.0-8.1. The r e l a t i v e  c a t i o n  

s e l e c t i v i t y  of the  de l ip ida ted  p r o t e i n  determined from t h e  organic 

.. . solvent  e x t r a c t i o n  experiments was zn2*-.> caZt,. sr2* > 

3 + gb2*, ~ a *  > Mn2*. Ruthenium red and La . were, again shown 

t o  i n h i b i t  the  protein-mediated ca2+ e x t r a c t i o n  i n t o  the  organic 

phase. Respiratory i n h i b i t o r s ,  oligomycin, and an uncoupling agen.t 

had no e f f e c t  on the  ca2+ ex t rac t ion .  Phosphate d id  not  s t imula te  

the  protein-mediated ca2+ ex t rac t ion .  

h e  ~ a ~ * - ~ r o t e  i n  complex appears t o  have two p o s i t i v e  charges. 

The de l ip ida ted  p r o t e i n  only had one c l a s s  of ca2+-binding s i t e s  a s  

revealed from the  flow d i a l y s i s  s tud ies .  These ca2+-binding si tes 

2 + had a d i s s o c i a t i o n  constant  of 5.2 pM and bound 1 mole of Ca per 

mole of ca lc iphor in .  Evidence suggests  t h a t  t h i s  calcium ionophore 

p r o t e i n  (named "calciphorin")  may be 'a s t rong  candidate f o r  the  Ca 2+ 

c a r r i e r  responsible  f o r  the i n f l u x  mechanism i n  m i  tochondr i a l  Ca 2+ 

t ranspor t  system. Two poss ib le  models of calciphorin-mediated Ca 2 + 

t r anspor t  i n  mitochondria a r e  proposed. 
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BACKGROUND 

General f e a t u r e s  of ca2+ t r a n s p o r t  i n  mitochondria .  

The i n t e r a c t i o n  between ca2+ and mitochondria  has  long been 

recognized s i n c e  t h e  e a r l y  1940's (J)u~ois and P o t t e r ,  1943). It 

w a s  n o t  u n t i l  1962 t h a t  mitochondria  w e r e  found t o  b e  a b l e  t o  

accumulate l a r g e  amounts of ca2+ (Vasington and Murphy, 1962).  

Since then,  ca2+ t r a n s p o r t  i n  mitochondria  has  been t h e  s u b j e c t  

of ex tens ive  s tudy.  Severa l  r e c e n t  reviews g i v e  a d e t a i l e d  analy- 

sis and c r i t i c a l  eva lua t ion  of t h e  l a r g e  body of informat ion  

accumulated t o  d a t e  (Mela, 1977; Bygrave, 1977, 1978; C a r a f o l i  

and Crompton, 1978). 

I n  gene ra l ,  t h e  i n t e r a c t i o n  of ca2+ w i t h  mitochondria  can 

be  d iv ided i n t o  two main c a t e g o r i e s :  energy-linked accumulation 

and energy-independent binding.  The energy-linked accumulation 

of ca2+ i n  mitochondria  can be  supported by e i t h e r  r e s p i r a t i o n  

(Lehninger e t  a l . ,  1967),  o r  ATP hydro lys i s  (Lehninger e t  a l . ,  

1967; Spencer and Bygrave, 1973). I n  bo th  c a s e s ,  ca2+ i s  known t o  

be  accumulated wi th  h igh  a f f i n i t y  ( C a r a f o l i  and Azzi,  1972; Spencer 

and Bygrave, 1973),  h igh  rate ( Vinogradov and Scarpa, 1973; 

Spencer and Bygrave, 1973),  and h igh  capaci ty : i in  t h e  presence  of 

phosphate (Lehninger e t  a l . ,  1967; Spencer and Bygrave, 1973).  Res- 

pirat ion-supported ca2+ accumulation i s  found t o  be  i n h i b i t e d  by 

l an than ides  (Mela, 1968, 1969; Vainio e t  a l . ,  1970; Reed and 

Bygrave, 1 9 7 4 ~ ) ~  ruthenium red  (Moore, 1971; Reed and Bygrave, 1 9 7 4 ~ ) ~  

uncouplers  of o x i d a t i v e  phosphorylat ion and i n h i b i t o r s  of r e s p i r a t i o n  



(Carafol i ,  1975), but  it  is no t  i n h i b i t e d  by oligomycin (Cara fo l i ,  

1975). On t h e  o t h e r  hand, ca2+ accumulation supported by ATP 

hydr.olysis is known t o  be i n h i b i t e d  by t h e  phosphorylation inhib- 

i t o r ,  oligomycin, but  not by r e s p i r a t o r y  i n h i b i t o r s  (Spencer.and 

Bygrave, 1973). 

The energy-independent binding has been s tud ied  by many 

au thors  (Rossi e t  a l . ,  1967; Scarpa and Azzone, 1968, 1969; Rey- 

n a f a r j e  and Lehninger, 1969). Scarpa and Azzone (1968) showed 

t h a t  t h e  ca2+ bound a t  t h e  mitochondrial  su r face  under anaerobic  

condi t ions  w a s  then t r ans loca ted  i n t o  t h e  mitochondria when 

r e s p i r a t i o n  w a s  i n i t i a t e d .  Furthermore. they showed t h a t  t h e  r a t e  

2-1.. 
of ae rob ic  C a  t r a n s l o c a t i o n  was r e l a t e d  t o  t h e  amount of C a  2 c 

bound t o  t h e  mitochondrial  surface .  La te r ,  Reynafarie and Lehninger 

2+ 
(1969) found high . and  low-aff in i ty  C a  -binding sites i n  r e s p i r a t i o n -  

i n h i b i t e d  mitochondria. . They suggested t h a t .  t h e  h i g h - a f f i n i t y  

2+ 
Ca -binding sites may be t h e  ca2+ t r a n s p o r t  i i t e s  i n  mitochondria. 

Also, i t  w a s  suggested by Reed and Bygrave ( 1 9 7 4 ~ )  t h a t  t h e  low 

a f f i n i t y  binding s i t e s  a r e  probably t h e  ca2+-binding sites a t  t h e  

mitochondrial  s u r f a c e  described by Scarpa and Azzone (1968). These 

r e s u l t s  imply t h a t  ca2+ t r a n s p o r t  i n  mitochondria is a s e q u e n t i a l  

process: ca2+ binds t o  low-aff in i ty  caZ+ binding s i t e s  f i r s t  a n d  

2+ then t r a n s l o c a t e s  v i a  Ca t r a n s p o r t  sites under ae rob ic  condi t ions .  

Most au thors  now agree t h a t  t h e  energy - supported pene t ra t ion  

of ca2+ i n t o  mitochondria is  a carrier-mediated pass ive  process 

dr iven by a membrane p o t e n t i a l  ( f o r  review, see Bygrave, 1977; Cara- 



f o l i  and Crompton, 1978). By applying t h e  Nernst equation i n  

d i f f e r e n t  experimental condi t ions ,  many i n v e s t i g a t o r s  have re-  

ported t h e  est imated membrane p o t e n t i a l s  (Mitchel l  and Moyle, 

1969; Rottenberg and Scarpa, 1974; Nichol ls ,  1974; Puskin et a l . ,  

1976; Azzone e t  dl., 1976; Massari and Pozzan, 1976). However, 

t h e  a p p l i c a t i o n  of t h e  Nernst equation r e q u i r e s  a knowledge of 

f r e e  i o n  concentra t ions  both  i n s i d e  and o u t s i d e  of  t h e  meinbranes. 

Because p a r t  of t h e  accumulated c a t i o n s  can be  bound t o  f ixed  

an ion ic  s i t e s  in t h e  mitochondria1 membrane, o r  complexed with 

endogenous anions,  e.g. phosphates (Lehninger, 1970'), t h e  ex ten t  

t h a t  ca2+ remains f r e e  i n  t h e  in t ramitochondr ia l  ma t r ix  is s t i l l  

a po in t  of argument. The magnitude of t h e  g rad ien t  a g a i n s t  which 

ca2+ can be  t ranspor ted  i s  thus  n o t  y e t  c e r t a i n .  Rottenberg and 

Scarpa (1974) have. suggested ' t h a t  a l a r g e  f r a c t i o n  of t h e  Ca 2+ 

accumulated i n  t h e  absence of permeant anions i s  free i n  mito- 

chondr ia l  matrix, whi le  Gunter and Puskin (1972) observed from 

2+ t h e  e l e c t r o n  paramagnetic resonance (EPR) s p e c t r a  t h a t  Mn , 
2+ a Ca analog, is  mostly bound i n  regions  of high l o c a l  concentra- 

t i o n s  wi th in  .the mitochondria. The latter d a t a  may represen t  

a more r e a l i s t i c  p i c t u r e  s i n c e  f r e e  and bound Mn2+ can be d i s -  

t inguished by using EPR spectroscopy (Gunter and Puskin, 1972). 

The s p e c i f i c i t y  of d i v a l e n t  c a t i o n s  accumulated i n  mitochondria 

has  been determined by s e v e r a l  groups ( f o r  review, see Bygrave,l977). 

Vainio e t  a1.(1970)used dual-wavelength spectroscopy and murexide 

t o  measure t h e  r a t e s  of oxidat ion of cytochrome b induced by - 



diva len t  c a t i o n s  i n  rat l i v e r  mitochondria. The s p e c i f i c i t y  

sequence a r r i v e d  a t  is:. ca2+:.> sr2+ > Mn2+ > ~ a ~ +  . M ~ ~ +  i s  

not  accumulated i n  rat l i v e r  mitochondria under t h e  condi t ions  

favorable  f o r  t h e  uptake of ca2+ and sr2+ (Lehninger e t  a1. ,1967). 

2+ 
Although Mg accumulation i n  beef h.ear t mitochondria has 

been observed ( B r i e r l y . e t  al . ,  1962), t h e r e  is  no evidence t h a t  

t h e  M ~ ~ +  uptake is  a carrier-mediated process  (Br ie r ly ,  1976). 

Small amounts of ~ a ~ +  have a l s o  been found t o  be accumulated by 

r a t  l i v e r  mitochondria (Reed and Bygrave, 1974b). It has  been 

suggested t h a t  t h e  t r a n s p o r t  of ca2+, ,sr2+, and Mn2+ may o p e r a t e  

by a similar mechanism (Carafol i ,  1965; Vinogradov and Scarpa, 

1973). Kine t i c  s t u d i e s  have shown a sigmoidal curve of C a  2+ 

uptake versus  ca2+ concentra t ion p l o t  ( Vinogradov and Scarpa, 
- 

1973; Spencer and Bygrave, 1973).. . I n  f a c t ,  it is  almost c e r t a i n  

t h a t ,  two molecules of ca2+ must be bound t o  t h e  t r a n s p o r t  system 

t o  have ca2+ t ranspor ted  a t  s i g n i f i c a n t  r a t e s  (Vinogradov and 

Scarpa, 1973; Reed and Bygrave, 1975). 

The mechanism of ca2+ t r a n s p o r t  i n  mitochondria is  no t  

c e r t a i n .  The un ipor t  mechanism has been proposed by Selwyn e t  a l .  

(1970), Lehninger (1974),and Rottenberg and Scarpa (1974). The 

a n t i p o r t  mechanism has been suggested by Moyle and Mi tche l l  (1977a, 

1977b, 1 9 7 7 ~ ) .  Recent s t u d i e s  favor t h a t  an i n f l u x  and a n  e f f l u x  

2+ mechanisms a r e  respons ib le  f o r  r egu la t ing  t h e  .Ca t r anspor t  i n  

mitochondria (Puskin e t  a l . ,  1976; Crompton et  a l . ,  1977, 1978; 

Gunter e t  a l . ,  1978; Akerman, 1378). 



. . 

2+ . : . . . . . . . . . . . . Evidence of t h e  C a  c a r r i e r  i n  mitochondria 

2+ 
The f i r s t  evidence f o r  t h e  C a  c a r r i e r  i n  mitochondria is 

t h a t  mitochondria show high s p e c i f i c i t y  and high a f f i n i t y  i n  t ak ing  

2+ 2+ 
up d i v a l e n t  ca t ions .  Only t h r e e  d i v a l e n t  c a t i o n s  (Ca , Sr  , 

2+ 
and Mn ) a r e  accumulated s i g n i f i c a n t l y  by i n t a c t  r a t  l i v e r  mito- 

chondria i n  an energy-linked process  s to ich iomet r i c  wi th  e l e c t r o n  

t r a n s p o r t  (Lehninger e t . a l . ,  1967). The s p e c i f i c i t y  among these  

t h r e e  d iva len t  ions  is  ca2+ > sr2+ > Mn2+ (Vainio e t  a1.,1970). 

2+ 
The i n i t i a l  r a t e  ve r sus  C a  concentra t ion p l o t  shows a s a t u r a t i o n  

phenomenon (Vinogradov and Scarpa, 1973; Spencar and Bygrave, 1973) 

which is  thought' t o  be a genera l  c h a r a c t e r i s t i c  of carrier-medi- 

a t e d  t r a n s p o r t  processes (Wyssbrod e t  a l . ,  1971). 

Subs t ra te  competi t ion has  been repor ted  by C a r a f o l i  (1965). 

Cara fo l i  showed t h a t  when mitochondria w e r e  incubated simultaneously 

wi th  sr2+ and ca2+, uptake of each ion w a s  found not  t o  be influenced 

by t h e  presence-of t h e  o the r  ion  when t h e i r  concentra t ions  w e r e  

0.5 mM o r  less.. ~t higher concentra t ions ,  ca2+ uptake w a s  still  

2+ almost maximal, whereas t h e  sr2+ uptake w a s  i n h i b i t e d  by Ca . 
Another p iece  of evidence f o r  t h e  ex i s t ence  of a C a  2+ 

c a r r i e r  i n  t h e  mitochondria1 membranes is obtained from t h e  dose 

response r e l a t i o n s h i p  between lanthanide  concentra t ion and t h e  

rate of ca2+ accumulation (Mela, 1968, 1969). By measuring t h e  

oxidation-reduction change of t h e  r e s p i r a t o r y  chain  c a r r i e r s  

during ca2+ accumulation, Nela (1969) found t h a t  l an than ides  a t  

an  ext rapola ted  concentra t ion of about 0.06 nmoles per mg of 



mi tochondr i a l  ;pro t e i n  s p e c i f i c a l l y  i n h i b i t e d  ca2+ uptake.  Th i s  

number, 0.06 nmoles p e r  mg of mi tochondr i a l  p r o t e i n ,  h a s  been 

used by Mela (1969) as t h e  c o n c e n t r a t i o n  of ca2+ c a r r i e r  sites 

i n  mitochondria .  

The g e n e t i c  r e l a t i o n s h 4 p  between t h e  h i g h - a f f i n i t y  C a  
2+ 

b inding  i n  r e s p i r a t i o n - i n h i b i t e d  mi tochondr ia  and t h e i r  a b i l i t y  

t o  accumulate  ca2+ p rov ides  ano the r  h i n t  f o r  t h e  e x i s t e n c e  of t h e  

c a r r i e r .  Using Sca tchard  p l o t s ,  Reyna fa r j e  and Lehninger (1969) have 

2+ 
r epor t ed  t h a t  t h e r e  a r e  h i g h a f f i n i t y  C a  -binding s i t e s  i n  r e s p i r a -  

t i o n - i n h i b i t e d  rat  l i v e r  mitochondria .  C a r a f o l i  and Lehninger 

(1971) found t h a t  mi tochondr ia  from a l l  v e r t e b r a t e  t i s s u e s  t hey  

2+ examined showed h i g h - a f f i n i t y  Ca b ind ing .  However,mitochondria from 

y e a s t  and b lowf ly  f l i g h t  muscle,  which a r e  unable  t o  accumulate  

ca2+ i n  a  resp i ra t ion-dependent  p r o c e s s ,  were r e p o r t e d  t o  posses s  no 

high-af f  i n i t y  ca2+-binding sites (Caraf o l i  and Lehninger , 1971) . 
Estimated number of ca2+ c a r r i e r  sites i n  mitochondria .  

24- 
The f i r s t  a t t empt  i n  e s t i m a t i n g  t h e  number of C a  c a r r i e r  

s i t e s  w a s  made by Reynafar je  and Lehninger (1969). Using Sca tchard  

p l o t s ,  Reyna fa r j e  and Lehninger (1969) have r e p o r t e d  t h a t  r e s p i r a t i o n -  

2+ 
i n h i b i t e d  rat  l i v e r  mi tochondr i a .posses s  two major c l a s s e s  of C a  - 
binding  s i t e s  w i t h  wide ly  d i f f e r e n t  a f f i n i t i e s .  They f u r t h e r  found 

impor tan t  s i m i l a r i t i e s  between t h e  r e s p i r a t i o n - i n h i b i t e d  h i g h - a f f i n i t y  

2+ ca2+ binding  and t h e  energy-linked C a  up take .  These o b s e r v a t i o n s  

have l e d  Reynafar je  and Lehninger (1969) t o  conclude t h a t  t h e  high- 
, 

a f f i n i t y  ca2+ binding  s i t e s  a r e  i d e n t i c a l  t o  t h e  ca2+ c a r r i e r  sites. 



The number of h igh-a f f in i ty  ca2+-binding s i t e s ,  1.2 m o l e s  per  

mg of mi tochondr ia l ' p ro te in ,  i s  t h e r e f o r e  taken by Reynafarje 

and lehninger  (1969) a s  t h e  number of ca2+ c a r r i e r  sites. 

By measuring t h e  oxidation-reduction change of t h e  r e s p i r a t o r y  

cha in  c a r r i e r s  during ca2+ aaccumulat ion ,  Mela (1969) found t h a t  

l an than ides  a t  an  ext rapola ted  concentra t ion of about 0.05-0.07 

m o l e s  per  mg of mitochondrial  p r o t e i n  s p e c i f i c a l l y  i n h i b i t e d  Ca 
2+ 

uptake. Thus, t h i s  number, 0.05-0.07 m o l e s  per  mg of p r o t e i n ,  has  

2+ 
been used by Mela (1969). a s  t h e  concentra t ion of Ca c a r r i e r s  t h a t  

exists:  i n  mitochondria. 

Ruthenium red has r e c e n t l y  been found t o  be another potent  

i n h i b i t o r  of mitochondria1 ca2+ t r a n s p o r t  (Moore, 1971; Reed and 

Bygrave,. 1974a, 1974 c ) .  By applying ~ e n d e r s o d s  k i n e t i c  a n a l y s i s  

of t%ghk3y--bound i n h i b i t o r s  (Henderson, 1972), Reed and Bygrave 

( 1 9 7 4 ~ )  w e r e  a b l e  t o  estimate t h e  concentra t ion of.' ruthenium red- 

s e n s i t i v e  ca2+-binding sites i n  mitochondria. The number they 

est imated wao' 0.08 m o l e s  per  mg of p r o t e i n ,  which i s  approximately 

t h e  s&e a s  t h e  number of c a r r i e r  sites est imated by Mela (1969) from 

t h e  lanthanide  experiments. Xn t h e  same paper, Reed and Bygrave 

3+ 2+ ( 1 9 7 4 ~ )  used t h e  same method t o  es t ima te  La - s e n s i t i v e  Ca - 

c a r r i e r  s i t e s  i n  mitochondria. The number they published w a s  less 

than 0.001 m o l e  per mg of p ro te in .  However, t h e r e  w a s  a miscalcu- 

l a t i o n  i n  t h i s  number. The cor rec ted  value  should be less than 

0.0001 m o l e  per  mg of p r o t e i n  , an extremely s m a l l  number compared 

t o  0.4 nmoles per  mg of p r o t e i n  f o r  adenine nuc leo t ide  t r a n s l o c a s e  



est imated by Henderson (1972) and 0.28 m o l e s  pe r  mg of p r o t e i n  
L 

f o r  both  cytochrome and cytochrome oxidase est imated by W i l l i a m s  

(1968). The main source of e r r o r  i n  t h e  e s t i m a t i o n . o f  t h e  number 

3+ of L a  - s e n s i t i v e  ca2+ c a r r i e r  si tes by Reed and Bygrave came from 

t h e  a p p l i c a b i l i t y  of Henderson's d e r i v a t i o n  under t h e i r  experimental  

condi t ions .  There are two main assumptions in .Hendersonls  s impl i f i ed  

d e r i v i a t i o n .  These a r e  t h e  enzyme-inhibitor complex is  a 'dead-end' 

complex and t h a t  only one molecule of t h e  i n h i b i t o r  combines with 

a s i n g l e  form of t h e  enzyme. While t h e  ruthenium red experiments d i d  n o t  

3+ seem t o  be  too f a r  away from these  c r i t e r i a ,  t h e  La experiments d id .  

3+ La has been shown t o  be  accumulated by i n t a c t  mitochondria (Reed 

3+ and Bygrave, 1974b). Thus, t h e  La - c a r r i e r  complex can no t  be  

'dead end'. Also, ca2+ and Mn2+, which a r e  known t o  be accumulated 

by i n t a c t  mitochondria, show p o s i t i v e  c o o p e r a t i v i t y  (Vinogradov 

2+ 
and Scarpa, 1973). Two molecules of Ca o r  Mn2+ a r e  found t o  bind 

t o  t h e  t r a n s p o r t  system i n  t h e  process of i o n  t r a n s l o c a t i o n  (Vino- 

gradov and Scarpa, 1973). Although t h e r e  is no d i r e c t  evidence 

regarding how many ~ a ~ +  ions  are needed t o  bind t o  t h e  t r anspor t  

3+ system when t r a n s l o c a t i o n  of La occurs ,  it seems reasonable t o  

assume t h a t  more than one is needed. Thus t h e  use  of Henderson's 

2+ d e r i v a t i o n  t o  es t ima te  ~ a ~ + - s e n s i t i v e  C a  c a r r i e r  concentra t ion i s  

quest ionable.  

2+ The number of C a  c a r r i e r  si tes appears t o  be between 

0.05 t o  1 .0  m o l e  p e r  mg of mitochondria1 p ro te in ,  and is probably 

c l o s e r  t o  t h e  former vaiue .  



2+ 
Mechanism of C a  t r a n s p o f t  ili mitochondria. 

2+ 
The most convincing d a t a  showing t h a t  Ca t r a n s p o r t  i n  

mitochondria is a pass ive  process ,dr iven by a membrane p o t e n t i a l  

a c r o s s  t h e  inner  mitochondrial  membrane,has been demonstrated by 

Scarpa and Azzone (1970). They found t h a t  ca2+ t r a n s l o c a t i o n  into 

mitochondria could be i n i t i a t e d  by adding valinomycin i n  t h e  sus- 

+ + 
pension medium t o  induce t h e  e f f l u x  of K . Since K i s  thought t o  

b e  t r ans loca ted  independently v i a  valinomycin, t h e  only poss ib le  

+ 2+ 
coupling between K e f f l u x  and C a  uptake under t h i s  condi t ion  i s  

bel ieved t o  be  t h e  membrane p o t e n t i a l  a c r o s s  t h e  inner  mitochondrial  

+ 
membrane generated by t h e  d i f f u s i o n  of K . Recently, t h e  d r i v i n g  

f o r c e  f o r  ca2+ t r a n s p o r t  i n  inner  mitochondr i a l  membrane v e s i c l e s  

has  a l s o  been demonstrated t o  be t h e  negat ive- ins ide  membrane poten- 

t i a l  (Niggl i  e t  a1. ,1978). . 
Selwyn e t  a l .  (1970) was t h e  f i r s t  group t o  i n v e s t i g a t e  

whether t h e  pass ive  ca2+ movement i n r o  non-respiring mitochondria 

down an electrochemical  g rad ien t  occurred v i a  a n e u t r a l  a n t i p o r t  

2+ + ( c a 2 + / 2 ~ +  o r  c a 2 + / 2 ~ + ) ,  an  e lec t rogen ic  a n t i p o r t  (Ca /H o r  

2+ + 
Ca /K ), o r  an e lec t rogen ic  un ipor t  mechanism. They used l i g h t  

s c a t t e r i n g  t o  monitor r esp i ra t ion- inh ib i t ed  mitochondrial  swel l ing  

induced by high e x t e r n a l  concentra t ions  of va r ious  ca2+ s a l t s .  

Swelling should have occured only when both  pH balance and charge 

balance a r e  s a t i s f i e d .  I n  t h e  presence of a c e t a t e ,  Selwyn e t  a l .  

(1970) found t h a t  swel l ing  d i d  no t  occur. However, swel l ing  d i d  

occur i n  t h e  a c e t a t e  system when a n  uncoupler which could a c t  t o  



+ 
t r a n s p o r t  H was added.. Acetate i s  known t o . p e n e t r a t e  t h e  membrane 

only i n  i ts  undissocia ted  f r e e  a c i d  form (Chappell, 1968). This 

-k 
f ind ing  showed t h a t  t h e  c a r r i e r  could not  be a c a 2 + / 2 ~  a n t i p o r t e r ,  

s i n c e  t h i s  mechanism would balance both charge and pH; and t h e  mito- 

chondria should have swollen before  t h e  a d d i t i o n  of uncoupler. They 

a l s o  found t h a t  th iocyanate  induced swel l ing  t o  t h e  same degree both 

i n  t h e  presence and t h e  absence of an uncoupler. These r e s u l t s  showed 

t h a t  a n e u t r a l  a n t i p o r t  ca2+/2K+ w a s  no t  l i k e l y ,  s i n c e  t h e  replace- 

+ 
ment of K by d i v a l e n t  ca2+ would have lowered t h e  osmolar i ty  of t h e  

in t ramitochondr ia l  f l u i d  and caused t h e  shrinkage of t h e  mitochondria. 

According t o  Selwyn et al .  (1970), t h e  th iocyanate  experiment a l s o  

2+ + 
ru led  ou t  Ca /H a n t i p o r t  mechanism, because t h i s  mechanism would 

have r e s u l t e d  i n  an imbalance of pH and hence i n h i b i t e d  t h e  swel l ing  

due t o  lowering t h e  a v a i l a b i l i t y  of protons f o r  exchange wi th  t h e  

2+ 
Ca ions.  However, Puskin e t  a l .  (1976) suggested, t h a t  t h i s  

2+ + C a  /H a n t i p o r t  could occur i n  conjunction wi th  a s u b s t a n t i a l l y  

l a r g e r  ca2+ unipor t  a c t i v i t y .  The mechanisms which w e r e  no t  ru led  

out  by Selwyn et  a l .  (1970) w e r e  un ipor t  and ca2+/K+ e lec t rogen ic  

a n t  ipor  t . 
Rottenberg and Scarpa (1974) measured t h e  d i s t r i b u t i o n s  of 

-I= ca2+ and Rb (in t h e  presence of va1inomycin)across t h e  mitochondria1 

membrane. They found t h a t  t h e  d i s t r i b u t i o n  r a t i o  f o r  ca2+ w a s  

+ 
about t h e  same a s  t h e  square of t h e  d i s t r ibu t ion . . ' r . a t io  :fur".:.Rb . 

+ ' 
Assuming t h a t  t h e  Rb d i s t r i b u t i o n  i n  t h e  presence o f .  valinomycin w a s  

governed by membrane p o t e n t i a l  obeying t h e  Nernst equation,  Kotten- 



berg and Scarpa (1974) i n t e r p r e t e d  t h e i r  r e s u l t s  a s  evidence t h a t  

2+ 
C a  uptake in mitochondria is an e lec t rogen ic  process  d r i v e n  by 

membrane p o t e n t i a l  wi th  a .net  charge t r a n s f e r  of 2. 

An e n t i r e l y  d i f f e r e n t  mechanism w a s  proposed by Moyle and 

Mitchel l  (1977a). They est imated t h e  e l e c t r i c  charge s td ichiometry  

of ca2+ t r a n s l o c a t i o n  from t h e  number of a c i d  equ iva len t s  t h a t  were 

2+ 
exported through t h e  r e s p i r a t o r y  chain  system per  C a  imported 

2+ 
through t h e  la3+-sensi t ive C a  c a r r i e r .  It w a s  concluded t h a t  t h e  

2+ 2+ 2+ 
s p e c i f i c  C a  c a r r i e r  is not  a C a  un ipor te r ,  but  i s  a C a  a n i o n  

2+ 
symporter o r  a C a  / c a t i o n  a n t i p o r t e r  with a n e t  charge t r a n s f e r  of 

2+ 
one. La te r ,  Moyle and Mi tche l l  suggested t h a t  t h e  Ca -anion 

symporter is a ~ a ~ + - ~ h o s ~ h a t e  (Moyle and Mi tche l l ,  1977b) o r  a 

2+ 
Ca -monocarboxylate (Moyle and Mi tche l l ,  1977c) symporter. However, 

2+ 
t h e r e  a r e  ser ious  doubts a g a i n s t  a C a  -anion symporter being t h e  

mechanism f o r  ca2+ t r a n s p o r t  i n  mitochondria. I f  t h i s  mechanism 

were t r u e ,  Azzone et al .  (1977) ca lcu la ted  t h a t  t h e  concentra t ion of 

t h e  anion i n  t h e  mat r ix  would be e i t h e r  10 t i m e s  lower o r  equal  t o  

t h a t  of t h e  o u t e r  space assuming t h a t  t h e  s teady state d i v a l e n t  

4 3 
c a t i o n  d i s t r i b u t i o n  of e i t h e r  1 0  o r  1 0  (Azzone e t  a1.,1976) i n  

t h e  presence. of a membrane2potential of 180 mV. However, t h e  

d i s t r i b u t i o n  of phosphate was found t o  be opposi te  (Klingenberg, 

1970). Another c r i t i c i s m  of ca2+-*hosphate symport mechanism comes 

from Reynafarj e and Lehninger (1977) . They showed t h a t  during 

2+ 
Ca uptake, a n e t  2 p o s i t i v e  charges w e r e  t r a n s f e r r e d  even under t h e  

experimental condi t ions  descr ibed by Moyle and Mi tche l l  (1977a). 



There have been numerous a t t e m p t s  t o .measu re  t h e  membrane 

p o t e n t i a l  a c r o s s  t h e  i n n e r  mi tochondr i a l  membrane. The measured 

h i g h  v a l u e s  v a r y  from 130 t o  200 mV (Mi tche l l  and Moyle, 1969; 

N icho l l s ,  1974; Azzone e t  a l . ,  1976). I f  t h e  u n i p o r t  mechanism 

were t h e  on ly  f u n c t i o n a l  mechanism, a membrane p o t e n t i a l  of 180 

2+ 
mV would y i e l d  an  e q u i l i b r i u m  g r a d i e n t  of  l o 6  f o r  C a  . Since  

t h e  d i v a l e n t  c a t i o n  c o n c e n t r a t i o n  i n  t h e  matrix compartment is  n o t  

l i k e l y  t o  exceed a few mM (Azzone e t  a l . ,  1975; Puskin e t  a l . ,  1976) ,  

6 2+ a n  accumulat ion r a t i o  of 10  would reduce  t h e  cy toplasmic  C a  

2+ 
c o n c e n t r a t i o n  t o  10- '~.  A t  such  a low l e v e l  of C a  , many 

cytoplasmic enzyme systems can n o t  f u n c t i o n  ( C a r a f o l i  and Crompton, 

2+ 
1978).  Thus, t h e  C a  u n i p o r t e r  a l o n e  is  n o t  a b l e  t o  r e g u l a t e  t h e  

2+ 
Ca t r a n s p o r t  i n  mitochondria .  

Puskin e t  a1. (1976) used EPR t o  measure t h e  Mn2+ d i s t r i b u t i o n  

2+ 
i n  t h e  presence  of K+ and valinomycin. S ince  f r e e  Mn i n  mito- 

chondr ia  can be  measured by EPR (Gunter and Puskin ,  1972),  t h i s  

methud uf c a l c u l a t i n g  luwbrane p u ~ e n t i a l  i s  ~ l ~ u u g h ~  Lu  b e  u ~ o ~ t !  

a c c u r a t e .  However, t h e  membrane p o t e n t i a l  c a l c u l a t e d  by us ing  

+ 
Mn2+ w a s  u s u a l l y  40-50 mV lower than  t h a t  c a l c u l a t e d  from t h e  K 

d i s t r i b u t i o n  i n  t h e  presence  of valinomycin. This  f i n d i n g ,  to-  

g e t h e r  w i t h  t h e  f a c t  t h a t  ruthenium r e d  a d d i t i o n  t o  mi tochondr ia  

a f t e r  ca2+ accumulat ion causes  a slow e f f l u x  of ca2+ from rnitochon- 

d r i a  (Sordahl ,  1974) and a l t e r s  t h e  s t e a d y - s t a t e  d i s t r i b u t i o n  of  

d i v a l e n t  c a t i o n s  a c r o s s  mi tochondr i a l  membranes (Puskin e t  a l .  ,1976) 

has  1ed .Pusk in  e t  a l .  (1976) t o  sugges t  t h a t  t h e r e  may b e  more than 



one ca2+ t r a n s p o r t  mechanism i n  mitochondria. One of t h e  

ca2+ t r a n s p o r t  mechanisms is  ruthenium red s e n s i t i v e  (presumably 

2+ 
Ca-. un ipor t  ) and t h e  o the r  is  less ruthenium red s e n s i t i v e .  

2+ 
C a  e f f l u x  has a t t r a c t e d  much a t t e n t i o n  recen t ly .  The 

e f f l u x  of ca2+ from mitochondria can be  induced by pros taglandins  

(Malmstrom and Cara fo l i ,  1975), f a t t y  a c i d s  (Harr is ,  1977), phos- 

phoenolpyruvate (Roos e t  al., 19781, and N=+ (Crompton e t  a l . ,  1976, 

1977, 1978). Whether t h e  i n f l u x  and e f f l u x  mechanisms a r e  s e p a r a t e  

e n t i t i e s  is  s t i l l  debatable.  While many au thors  favor  s e p a r a t e  

mechanisms f o r  i n f l u x  and e f f l u x  (Puskin et  a l . ,  1976; Gunter e t  a l . ,  

1977, 1978; Crompton e t  al.,  1977, 1978; Akerman, 1978), Pozzan e t  a l .  

(1977) suggest  t h a t  caZ+ e f f l u x  occurs always through t h e  n a t i v e  

c a r r i e r  r e spons ib le  f o r  t h e  ca2+ i n f l u x  mechanism. 

2+ 
Attempts a t  t h e  i s o l a t i o n  of t h e  C a  c a r r i e r .  

Using Scatchard p l o t s ,  Lehninger and h i s  co-workers.(Reynafarje 

and Lehninger , ( I9691 Lehninger and Cara fo l i ,  1971) have repor ted  t h a t  

r e sp i ra t ion- inh ib i t ed  r a t  l i v e r  mitochondria possess two major c l a s s e s  

2+ 
of Ca -binding s i t e s  with widely d i f f e r e n t  a f f i n i t i e s .  A t  pH 7.4, 

2+ 
t h e  low-aff in i ty  s i t e s  can bind about 40 nmoles of C a  per  mg. of 

mitochondria1 p r o t e i n  wi th  a Kd l a r g e r  than 30 PM, whereas t h e  high- 

a f f i n i t y  s i t e s  can bind 0.1-1.0 nmoles of ca2' per  mg of p r o t e i n  w i t h  

a Kd of about 1 .0  ~ . I M  (Lehninger and Caraf o l i ,  1971) . Reynaf a r j  e 

and Lehninger (1969) a l s o  found important s i m i l a r i t i e s  between t h e  

2+ 
resp i ra t ion- inh ib i t ed  h igh-a f f in i ty  C a  binding and t h e  energy- 

l inked caZ+ uptake. These s i m i l a r i t i e s  inc lude t h e  number of 



of binding sites f o r  ca2+, t h e  a f f i n i t y  of t h e  binding sites, and t h e  

competi t ive e f f e c t s  of va r ious  d i v a l e n t  ca t ions .  These observat ions  

2+ 
l e d  Reynafarje and Lehninger t o  conclude t h a t  t h e  h igh-a f f in i ty  C a  - 
binding sites a r e  t h e  s i t e s  of t h e  ca2+ c a r r i e r  molecule. 

Since the. suggest ion t h a t  high - a f f i n i t y  

2+ ca2+-binding sites are t h e  sites of t h e  C a  c a r r i e r ,  t h e  i s o l a t i o n  

of s e v e r a l  h igh-a f f in i ty  ca2+-binding p r o t e i n s  from mitochondria has  

been reported.  Lehninger (1971) f i r s t  ex t rac ted  a so lub le ,  heat-  

l a b i l e ,  high-af f  i n i t y  ca2+-binding f r a c t i o n  from mitochondria by 

us ing osmotic shock. From t h i s  s o l u b l e  f r a c t i o n ,  Gomez-Puyou e t  a l .  

(1972) ex t rac ted  an inso lub le  f r a c t i o n ,  by amonium s u l f a t e  precip-  

2+ 
i t a t i o n ,  which contained a h igh-a f f in i ty  C a  -binding glycoprote in .  

Upon a p p l i c a t i o n  t o  a n a l y t i c a l  g e l  e l ec t rophores i s ,  t h i s  i n s o l u b l e  

f r a c t i o n  showed a major p r o t e i n  band of molecular weight around 

67,000 d a l t o n s  and four  o t h e r m i n o r  bands . No f u r t h e r  c h a r a c t e r i s -  

t i c s  of t h i s  g lycoprote in  have been repor ted .  

La te r ,  Utsumi and Oda (1974) ex t rac ted  from l i v e r  mitochondria 

a water-soluble f r a c t i o n  conta in ing a glycoprotein.  This  f r a c t i o n  

can bind ca2+ and ruthenium red t i g h t l y  and is a b l e  t o  r e v e r s e  t h e  

i n h i b i t i o n  of ca2+ t ranspor t  whed added t o  ruthenium red- t rea ted  

mitochondria. But chis water-soluble f r a c t i o n  con ta ins  more than 

s i x  bands according t o  SDS g e l  e l ec t rophores i s .  It is not  c l e a r  

whether t h i s  f r a c t i o n  is i d e n t i c a l  t o  t h e  water  so lub le  ca2+-binding 

f r a c t i o n  i s o l a t e d  by Lehninger (1971). 

2+ 
Sot tocasa  e t  a1.(1972) have a l s o  ex t rac ted  a s o l u b l e  C a  - 



binding glycoprote in  from ox l i v e r  mitochondria. The p r o t e i n  

moiety of t h i s  g lycoprote in  has  a molecular weight of about 

42,000 dal tons .  This  g lycoprote in  has  both high- and low- 

a f f i n i t y  ca2+ binding sites a s  revealed  f r a n  Scatchard p l o t s .  It 

has  been s t r o n g l y  suggested t h a t . t h i s  g lycoprote in  is  l o c a l i z e d  

between t h e  two membranes of m i t o c h o n d r 5 a . a ~  can be r e a l i z e d  from 

t h e  method of i s o l a t i o n  (Sottocasa e t  a l . ,  1971'; Sot tocasa  et  a l . ,  

1972). They have a l s o  shown t h a t  t h e  g lycoprote in  i s  assoc ia ted  

wi th  t h e  mitochondria1 membrane only when ca2+ i s  present  and is 

re leased  i n t o  intermembrane space when ca2+ is removed by EDTA. These 

f ind ings  l ed  Sandr i  e t  al i(1976) t o  c l a s s i f y  t h e  g lycoprote in  a s  a 

11 mobile carrier" which a s s o c i a t e s  wi th  t h e  membrane and t r a n s l o c a t e s  

2+ 
ca2+ when C a  i s  present  i n  t h e  medium, bu t  is  l o c a l i z e d  i n  t h e  

2+ 
intermembrane space when Ca is  not  present .  

The f a c t  t h a t  ruthenium red is a potent  i n h i b i t o r  of C a  
2+ 

t r a n s p o r t  i n  mitochondria (Moore, 1971) combined wi th  t h e  b e l i e f  t h a t  

ruthenium red i s  s p e c i f i c  f o r  mucopolysaccharides and glycoprote ins  

have l e d  C a r a f o l i  and Sot tocase  (Cara fo l i  e t  a l . ,  1971; C a r a f o l i  

and Sottocasa,  1974) t o  concentra te  on t h e  i s o l a t i o n  of g lycoprote ins  

from mitochondria.They used a chaotropic  agent  s p e c i f i c  f o r  membrane 

g ~ y c o p r o t e i n s , l i t h i u m  d i i o d o s a l i c y l a t e  (Marchesi and Andrews,l971), 

t o  e x t r a c t  g lycoprote ins .  Two c l a s s e s  of g lycoprote ins  wi th  s l i g h t l y  

d i f fe ren t . amino  a c i d  compositions have been i s o l a t e d .  The monomer 

molecu$ar weight of t h e  p r o t e i n  moiety of both g lycoprote ins  i s  about 

3U,UUU da l tons .  These g lycoprote ins  have been t e s t e d  on a r t i f i c i a l  



2+ 
l i p i d  b i l a y e r s  f o r  t h e  p o s s i b i l i t y . o f  t r a n s l o c a t i n g  C a  a c r o s s  

t h e  apo la r  region (Carafol i  e t  a l . ,  1974; P r e s t i p i n o  et  a l ,  1974). 

A n  inc rease  of membrane conductance induced by t h e s e  g lycoprote ins  i n  

t h e  presence of ca2+ has  been shown. However, no Nernst p o t e n t i a l  

due t o  a ca2+ grad ien t  ac ross  t h e  l i p i d  b i l a y e r s  can be measured. 

Also, la3+ i n h i b i t i o n  of ca2+ t r a n s p o r t  is no t  demonstrated. These 

observations,  toge the r  wi th  t h e  f ind ing  t h a t  t h e s e  g lycoprote ins  a r e  

very hydrophi l ic ,  l ed  Cara fo l i  (.1975) t o  p o s t u l a t e  t h a t  these  

i s o l a t e d  g lycoprote ins  may be s u p e r f i c i a l .  ra2+-binding sites and 

2+ 
a r e  not  involved i n  t h e  transm.embrane t r a n s l o c a t i o n  of Ca . The 

observed inc rease  of membrane conductance due t o  t h e s e  g lycoprote ins  

i n  t h e  presence of ca2+ may i n d i c a t e  t h a t  ca2+ is not  t h e  charge 

c a r r i e r  spec ies  b u t  is required  f o r  t h e  absorpt ion of these  glyco- 

p r o t e i n s  t o  t h e  membrane. This  may be  due t o  t h e  a c i d i c  n a t u r e  of 

these  g lycoprote ins ,  . a s  w e l l  as t o  t h e  presence of s ial ic  a c i d  i n  

these  g lycoprote ins .  

106 
Recently, C a r a f o l i  e t  a l ,  (1977) used FZu-ruthenium red t o  

l a b e l  mitochondria and then reiuoved t h e  s o l u b l e  p r o t e i n s  by exten- 

s i v e  sonicat ion.  Ahydrophobic f r a c t i o n  conta in ing a major 20,000 

da l ton  p r o t e i n  and 7 o the r  m.inor p r o t e i n  bands a s  i d e n t i f i e d  by 

SDS g e l  e l e c t r o p h o r e s i s  can bind ruthenium red wi th  high a f f i n i t y .  

2+ 
Whether t h i s  f r a c t i o n  is  s p e c i f i c  f o r  C a  has not  been repor ted .  

Another approach t o  t h e  i s o l a t i o n  of a  ca2+ ionophore from 

mitochondria is  t o  r e l e a s e  t h e  ionophore by p r o t e o l y t i c  d iges t ion .  

Blondin (1974, 1975) i s o l a t e d  some oxyoctadecadienoic a c i d  compounds 



from a p a r t i a l  t ryp  t i c  d iges t ion  ,of  ' l i p i d  .de le ted  mitochondria. 

These compounds a r e  a b l e  t o  i n t e r a c t  w i t h  ca2+ and and f a c i l i t a t e  

2+ 
t h e  t r a n s f e r  of ca2+ and yg  a c r o s s  t h e  mitochondria1 inner  membrane 

o r  ac ross  a carbon t e t r a c h l o r i d e  phase separa t ing  two discont inuous  

aqueous compartments. Makhmudova e t  a l .  (1975) inves t iga ted  t h e  

e f f e c t  of these  compounds on phospholipid b i l a y e r s .  An i n c r e a s e  

of e l e c t r i c a l  conductance wi th  slight..cation-selectivity w a s  

repor ted .  But t h e  s e n s i t i v i t y  of ca2+ t r a n s p o r t  t o  ruthenium red 

was no t  mentioned. By using prolonged t r y p t i c  d iges t ion ,  Blondin 

et::al. (1977) could a l s o  r e l e a s e  a K + / c ~ ~ +  ionophore from a 10,000 

d a l t o n  prote in .  However, t h e  s p e c i f i c i t y  of t h i s  ionophore among 

d i v a l e u t  carrious 11as LIU t bee11 luves t lgakrd. 
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. . 

CHAPTER 1 

ISOLATION OF A CALCIUM IONOPHORE FROM CALF HEART 

, INNER MITOCHONDRIAL MEMBRANE 



SUMMARY 

A p r o t e i n  was i s o l a t e d  from c a l f  h e a r t  inner  mitochondria1 

membrane wi th  t h e  a i d  of an e l e c t r o n  paramagnetic resonance assay  

- 2+ 
based on t h e  r e l a t i v e  binding p r o p e r t i e s  of C a  , Mn2+, and FIg2+ t o  

.. the  p ro te in .  The molecular weight of t h i s  p r o t e i n  has  been es t imated 

t o  be about 30'00 by ureaisodium dodecyl s u l f a t e  g e l  e l e c t r o p h o r e s i s  

and amino a c i d  a n a l y s i s .  The p r 0 t . e i n . i ~  shown t o  have two c l a s s e s  

of binding s i t e s  f o r  c a 2 + b y  flow d i a l y s i s  s t u d i e s  and can e x t r a c t  Ca 2+ 

i n t o  an  organic  phase. The s e l e c t i v i t y  sequence of t h i s  p r o t e i n  

determined from t h e  organic  so lven t  e x t r a c t i o n  experiments shows t h a t  

i t  favors  d i v a l e n t  c a t i o n s  over monovalent ca t ions .  Also, t h e  rela- 

t i v e  s e l e c t i v i t y  sequence f o r  d i v a l e n t  c a t i o n s  is ca2+,sr2+> Mn2+ > 

2+ 
-- - 

Mg . Ruthenium r e d  and la3+ a r e  shown t o  i n h i b i t  t h e  protein-mediated 

2+ 
e x t r a c t i o n  o f .Ca  i n t o  t h e  organic solvent .  The calcium t r a n s l o c a t i o n  

i n  a Pressman c e l l  by t h i s  p ro te in  is  s e l e c t i v e l y  dr iven by a hydrogen 

2+ ion g rad ien t .  Control  experiments i n d i c a t e .  t h a t  t h e  Ca t r a n s p o r t  

p r o p e r t i e s  of t h e  p r o t e i n  . a r e  not  due t o  t h e  contaminating phospholipids. 

~ v i d & c e  s u g g e s t s  ;:that t h e  . i s a l a t & d  p r o t e i n  may be a ca2+ C a r r i e r  i n  t h e  

2+ mitochondria1 C a  t r anspor t  system. , . . . 



INTRODUCTION 

2+ 
Piany reac t ions  i n  c e l l s  a r e  known t o  be C a  dependent. These 

r e a c t i o n s  inc lude a c t i v a t i o n , o f  enzyme systems, a c t i v a t i o n  of contrac- 

t i l e  and m o t i l e  systems, hormonal r e g u l a t i o n s  and several membrane- 

l inked func t ions  ( f o r  examples of t h e s e . r e a c t i o n s ,  see Cara fo l i ,  1976). 

Because of t h e  impor.tant r o l e s  played by calcium i n  these  r e a c t i o n s ,  

' 2+ 
t h e  i n t r a c e l l u l a r  l e v e l  of C a  i s  thought t o  be very  w e l l  regula ted .  

Based'on c e r t a i n  assumptfons, C a r a f o l i  and Crompton (1978) 

have ca lcu la ted  t h a t  i n  t h e  h e a r t  c e l l s ,  t h e  t o t a l  membrane a r e a  

2+ 2 
a v a i l a b l e  f o r  C a  t r a n s p o r t  is about 12.2 m /gm of t i s s u e .  Among 

which, 87% of t h e  t o t a l  a r e a  belongs t o  t h e  inner  mitochondrial  mem- 

brane, whereas t h e  sarcoplasmic re t iculum and t h e  sarcolemma occupy 

12% and 1%, respec t ive ly ,  of t h e  t o t a l  a rea .  Thus, i n  t i s s u e  l i k e  

h e a r t  where sarcoplasmic re t iculum is s c a r c e  and is l e s s  a c t i v e  i n  

t h e  t r anspor t  of ca2+ rhan i n  i t s  s k e l e t a l  muscle counterpar t  (Tada 

e t  a l . ,  1978), mitochondria may p lay  an- important r o l e  i n  sequester ing 

ca2+ ( ~ f f o l t e r  e t  a l . ,  1976; C a r a f o l i ,  1974). 

2+ 
C a  t r a n s p o r t  in .mi tochondr ia  appears t o  be a carrier-mediated 

process (Lehninger, 1970; Selwyn e t  al:, 1970; C a r a f o l i  and Sot tocasa ,  

1974; Reed and Bygrave, 1974) t h a t  responds t o  a negat ive- ins ide  mem- 

brane p o t e n t i a l  a c r o s s  t h e  inner  mitochondria1 membrane (Scarpa and 

Azzone, 1970). There have been numerous a t tempts  (Lehninger, 1971; 

Sot tocasa  e t  a l . ,  1972; Gomez-Puyou e t  a l . ,  1972; C a r a f o l i  and Sotto- 

casa ,  1974; Utsumi. and Oda, 1974; Cara fo l i ,  1973) t o  i s o l a t e  a p r o t e i n  



with  c h a r a c t e r i s t i c s  c o n s i s t e n t  w i t h  those .expected of a carrier, 

i. e. , high-af f i n i t y  ca2+ binding ( ~ b r a f  o l i  and. Azzi, 1972 ; Spencer 

and Bygrave, 1973), high s p e c i f i c i t y  f o r  ca2+ ( ~ = h n + g e r  e t  a1. ,1967) 

and h i g h s e n s i i i v i t y .  t o  ca2+ t r a n s p o r t  i n h i b i t o r s  (Moore, 1971; Mela, 

1968, 1969; Reed and Bygrave, 1974). Among these  p r o t e i n s ,  a 

67,000 da l ton  p r o t e i n  (Gomez-Puyou e t  a l . ,  1972) and a 33,000 d a l t o n  

2+ 
glycoprote in  (Carafoli ,  1975) have been implicated i n  C a  t r a n s p o r t .  

However, it appears t h a t  these  p r o t e i n s  may be extrinsic.membrane bind- 

ing  p r o t e i n s  r a t h e r  than t h e  ca2+ c a r r i e r  (Cara fo l i ,  1976; C a r a f o l i  

e t  a l . ,  1974;Prest ipino e t  a l . ,  1974). 

2+ 
It has  been suggested t h a t  ca2+ and Mn a r e  t r anspor ted  i n t o  

mitochondria v i a  t h e  same c a r r i e r  (Lehninger and Cara fo l i ,  1971; Vino- 

gradov and Scarpa, 1973) . Free Mn2+ shows sextet:-hyperfine-$p& t r d i n  

e l e c t r o n  paramagnetic resonance (EPR) spectroscopy (Gunter and Puskin, 

2+ 
1972; Puskin and Gunter, 1972). When Mn is bound t o  p r o t e i n s  (Reed 

and Cohn, 1970) o r  phospholipids (Allen e t  . a l . ,  l966) ,  t h e  EPR s p e c t r a  

2+ 
do n o t  show hyper f ine  s t r u c t u r e .  n u s ,  t h e  bound Mn can be d i s t ing-  

uished from t h e  f r e e  Mn2+ in,  a b i o l o g i c a l  sample. Using Mn2+ a s  a Ca 
2+ 

2+ 
analog, a novel  approach of i s o l a t i n g  a low molecular weight Ca iono- 

phore from c a l f  h e a r t  inner  mitochondria1 membrane is  repor ted  i n  t h i s  

' chapter .  The i s o l a t i o n  method i s  based on t h e  r e l a t i v e  binding proper- 

2+ 2+ 2+ 
t ies of C a  ,Mn , and Mg t o  t h e  p r o t e i n  and uses  EPR spectroscopy t o  

fol low the  high a f f i n i t y  Mn2+-binding s i t e ( s )  through a s e r i e s  of i so-  

l a t i o n  s t eps .  The poss ib le  r o l e  of t h i s  i s o l a t e d . p r o t e i n  i n  t h e  mito- 

chondr ia l  ~62' cransporr system is dlscussad .  



Some of theY.results described.here have been reported pre- 

viously (Jeng and Shamoo, 1978;. Shamoo and.Jeng, 1978; Jeng et al, 

1978). 



EXPERIMENTAL PROCEDURE 

MATERIALS 

8 6 ~ b ~ 1 ,  2 2 ~ a ~ l ,  54m~12 , 6 5 ~ n ~ 1 2  and 8 5 ~ r ~ ~  2 were purchased 

from New England Nuclear.  4 5 ~ a ~ 1 2  w a s  ob ta ined  from Amersham. Sephadex 

G 5 0  ( f i n e )  was t h e  product  of Pharmacia.  S i l i c i c  a c i d  (Bio-Si l  A,  

100-200 mesh) w a s  ob ta ined  from Bio-Rad. S i l i c a  g e l  G p l a t e s  (250 pm) 

were p roduc t s  of F i s h e r  S e i .  Sequanal g rade  p y r i d i n e  and c o n s t a n t  

b o i l i n g  H C 1  (6N) were ob ta ined  from P i e r c e .  D ig i ton in ,  ruthenium 

r e d ,  deoxycholic  a c i d ,  methylene c h l o r i d e ,  bovine serum albumin, soy- 

bean t r y p s i n  i n h i b i t o r ,  h o r s e  h e a r t  cytochrome 5 and b a c i t r a c i n  were 

a l l  purchased from Sigma. I n s u l i n  w a s  ob ta ined  from L i l l y .  A l l  o t h e r  

r e a g e n t s  used were of t h e  h i g h e s t  commercial p u r i t y  a v a i l a b l e .  

Phospholipase C w a s  a generous g i f t  from D r .  Richard D. Mavis. 

D i g i t o n i n  and deoxychol ic  a c i d  were r e c r y s t a l l i z e d  i n  e t h a n o l  b e f o r e  

use .  Ruthenium r e d  w a s  used wi thou t  f u r t h e r  p u r i f i c a t i o n .  



METHODS 

. . . . . . . . . . . . . . 

Isolat iori . 'of  ' caf f ' h e a r t  miiochoridrf a. 

Calf h e a r t  mitochondria were. prepared a s  previously  described 

(Crane et  a l . ,  1956) wi th  s l i g h t  modificat ion.  The h e a r t s  w e r e  ob- 

t a ined  from a s l augh te r  house and w e r e  packed i n  i c e  'immediately on 

t h e  k i l l i n g  f l o o r .  A l l  f a t  and connective t i s s u e  were trimmed o f f ,  

and t h e  muscle was c u t  i n t o  small p ieces  and passed through a pre- 

cooled e l e c t r i c  meat g r inder .  The m a t e r i a l  was. then blended i n  a high 

speed blender.  To every 100 m l  of mince, 300 m l  of b u f f e r  (0.25 M 

sucrose,  0.5 mM EDTA, and 1 0  mM Tris.HC1, pH 7.6-7.7) and 1 m l  of 

6 N KOH w e r e  added." The blender w a s  operated f o r  40 seconds a t  f u l l  

speed. .The pH of t h e  homogenate was adjus ted  t o  7.8 wi th  6 N KOH. This 

homogenate was immediately cent r i fuged f o r  5 minutes a t  3,000 rpm 

(1000 x g) i n  a Beckman JA-10 r o t o r .  The red supernatant  was decanted 

through a 4-fold cheesecloth and kept ,  and t h e  sediment and a p a r t i a l l y  

sedimented buff l a y e r  were discarded.  The same c e n t r i f u g a t i o n  prd- 

cedure w a s  repeated.  The supernatant  of t h e  second . cen t r i fuga t ion  

w a s  spun f o r  35 minutes a t  10,000 rpm. (11,000 x g ) ' i n  t h e  same r o t o r .  

The r e s u l t i n g  supernatant  w a s  discarded and t h e  mitochondria which had 

been sedimented were resuspended i n  one l i t e r  of b u f f e r  conta in ing 

0..25 M sucrose  and 10 mM T r i s . H C 1 ,  pH 7.6-7.7. The homogenized sus- 

pension was again  subjected  t o  c e n t r i f u g a t i o n  f o r  35 minutes a t  10,000 

rpm. The l a s t  s t e p  was repeated and t h e  mitochondria were resuspended 

i n  a small volume of t h e  sucrose  and Tris.HC1 buf fe r  a s  described i n  



the previous step. Protein concentration was determined by the 

biuret'method (Jacobs et al., 1956). The'concentration was then ad- 

justed' to 50 mglml.. This mitochondri-a1 suspension was divided into 

several plastic bottles (50 ml each) and kept in the freezer. . . 

Further fractionation of m~tochondria. 

~ubmitochondrial particles were prepared according. to the method 
. . 

of Schnaitman and Greenawalt (1968). ,Recrystallized digitonin (1.2 

mg per 10 mg of mitochondrial protein) was dissolved in a small volume 

of buffer solution (0.25 M sucrose and 10 mM Tris, pH 7.8) prior to use. 

Mitochondria were thawed on the day of the .experiment. While stirring 

gently, ice-cooled digitonin: solution was added to the mitochondria 

suspension. The final digitomin concentration was 0.5%. This resul- 

ting suspension was gently stirred for 15 minutes over ice and then 

diluted with 3 volumes of buffer solution. The diluted suspension 

was centrifuged for LO minutes at 8,000 x g in a Beckman JA-20 rotor. 

The supernatant.was carefully decanted.and the pellet was gently resus- 

pended in the same volume of isolation medium. The suspension was cen- 

tri,fuged again at the same spced for 10 minutes. Tlie pellet contained 

submitochondrial particles and was resuspended in the buffer solution 

at a concentration of about 35 mg/ml. 

The submitochondrial particles obtained from the previous step 

contain both inner mitochondria1 membranes and matrix compartments. 

This preparation was fractionated further by treatment with 1.2 

mg of Lubrol per 10 mg of protein. The final concentration of Lubrol 
. . 

was 0.3%. This Lubrol-treated suspension was gently stirred for 15 



minutes over i c e  and then centr i fuged a t  144,000 x g f o r  one hour. 

The p e l l e t  obtained is  enriched wi th  inner  mitochondrial  membranes 

(Schnaitman and Greenawalt, 1968). This p e l l e t  was resuspended i n  

10 mM T r i s ,  pH 7.8 and t h e  p ro te in  concentra t ion was adjus ted  t o  

Inner  mitochondrial.membranes were f r a c t i o n a t e d  by adding 

0.3 mg of potassium deoxycholate (K DOC) per  mg of p r o t e i n  i n  t h e  

presence of 1. M KC1.  Af ter  s t i r r i n g  for :  15 minutes over i c e ,  t h e  

p r o t e i n  suspension was cent r i fuged a t  105,000 x g f o r  30 minutes. The 

supernatant  was divided i n t o  5 m l  f r a c t i o n s  and s to red  i n  a f r e e z e r .  

For f u r t h e r  f r a c t i o n a t i o n ,  5 m l  of t h e  DOC-soluble inner  

mitochondrial  membrane p r o t e i n  was thawed and dialyzed a g a i n s t  500 

m l  of column buf fe r  ( 1% K DOC, 0.02% NaN3, and 10 mM T r i s . H C 1 ,  pH 7.8) 

a t  room temperature f o r  2 hours. The d i a l y s a t e  was cent r i fuged a t  

105,000 x g f o r  30 minutes a t  room temperature. The supernatant  was 

then appl ied  t o  a Sephadex G-50 column e q u i l i b r a t e d  wl th  1X.X DOC, 0.02% 

NaN.. and 10 mM Tr i s .HC1 ,  pH 7.8. The column was 2 m long and 2.5 3 ' 
cm i n  inner  d i m r e e r .  The opera t iona l  pressure  was usua l ly  30 cm and 

t h e  flow r a t e  w a s  10  m l  per  hour. The e l u t i o n  p r o f i l e  was monitored 

by 280 nm absorbance. 

EPR assay of t h e  high-af f i n i t y  Mn2+-binding p ro te in .  

EPR spectroscopy was c a r r i e d  ou t  a t  9.5 GHz i n  a Varian E-12 

system. The c e n t r a l  f i e l d  was 3400 gauss. The magnetic f i e l d  was 

swept t o  meet t h e  resonance condi t ions .  To test f o r  h igh-a f f in i ty  

binding, a s u i t a b l e  concentra t ion of MnC12 was added t o  a sample and 



and t h e  EPR spec.trum was t aken . .  MgC12 w a s  then added t o  t h e  same 

sample a t  a concentra t ion 50 t i m e i t h e  MnC12 concentra t ion and t h e  

2+ 
EPR spectrum. w a s  taken again. .Free Mn. concentra t ion i n  t h e  s o l u t i o n  

could be determined from t h e  formula: 

I 

K .x. I 
C = 

R x S x B  

where 

2+ 
C = f r e e  Mn concentra t ion i n  mM 

K = constant  

I = height  of t h e  f i r s t  l i n e  

R = rece ive r  gain  

S = average height  of t h e  g=2 standard before  and a f t e r  

' th.e scan 

B = c o r r e c t i o n  f a c t o r  r e l a t e d  t o  t h e  width of t h e  l i n e s .  

The constant  i n  t h e  formula could be determined from t h e  s lope  of 

t h e  known concentra t ion of M n C 1  i n  aqueous s o l u t i o n s  v s .  I/ (R x S x  B) 2 
2+ p l o t .  The concentra t ion of f r e e  Mn i n  t h e  sample could then be de te r -  

mined. The concentra t ion of bound Mn2+ w a s  ca lcu la ted  from t h e  d i f  f -  

erence of t h e  c o n c e n t r a t i o n s  of Mn2+ added t o  t h e  sample and t h e  f r e e  

Mn2+ ca lcu la ted  from EPR spectrum. The ca lcu la ted  concentra t ion of 

2+ 
bound Mn2+ a f t e r  t h e  Mg f l u s h  is  r e f e r r e d  t o  a s  t h e  concentre t ion of 

Mg2+-irreplaceable high-aff h i ty  Mn2+binding sites. The prof e i n  con- 

c e n t r a t i o n  was determined and t h e  binding pe r  mg of p r o t e i n  was then 

ca lcu la ted .  High-aff in i ty  Mn2+ binding was measured s t a r t i n g  with 

i n t a c t  mitochondria. In t h e  binding experiments using.mitochondria 



and submitochondrial p a r t i c l e s ,  30 UM rotenone was added t o  t h e  

2+ 
medim t o  prevent t h e  uptake of Mn . Frac t ions  conta in ing a high 

. . 

2+ 
concentra t ion of ,N2+-irreplaceable . hi'gh-af . f i n i t y  Mn binding sites 

were chosen f o r  f u r t h e r  p u r i f i c a t i o n .  

Determination'of'protein concentrat ion.  

When t h e  p r o t e i n  concentra t ion t o  be determined was i n  t h e  . 

range of 10-20 mglml, t h e  b i u r e t .  method - .  (Gornall  e t  a l . ,  1949) w a s  

appl ied  and c r y s t a l l i n e  bovine serum albumin (BSA) was used a s  p r o t e i n  

standard.  One hundred m i c r o l i t e r s  of p r o t e i n  s o l u t i o n  were s o l u b i l i z e d  

i n  3 m l  of 0.2%' K DOC, a s  modified by Jacobs e t  a l .  (1956). Three 

m i l l i l i t e r s  of b i u r e t  s o l u t i o n  (3% NaOH, 0.15% cupr ic  s u l f a t e ,  and 

0.6% sodium potassium t a r t r a t e )  w a s  then added. Correct ions  w e r e  

made f o r  non-biuret co lo r  and t u r b i d i t y  by using appropr ia te  blanks.  

The absorbance a t  560 nm w a s  measured a f t e r  20 minutes of incubat ion 

period. 

Lower p r o t e i n  concentra t ion ( 0.1-10 mglml) was determined 

according t o  t h e  method of Lowry e t  a l .  (1951) The p r o t e i n  concen- 

t r a t i o n  was ca lcu la ted  from t h e  absorbance a t  750 .nm measurements wi th  

BSA a s  t h e  standard.  

Gel e lec t rophores i s  and glycoprote in  i d e n t i f i c a t i o n  

Urea/SDS polyacrylamide g e l  e l e c t r o p h o r e s i s  was c a r r i e d  ou t  

according t o  t h e  method of Swank and Munkres (1971). Cy l indr ica l  

g e l s  (5.5 x 120 mm) containing 10% acrylamide, 1% bis-acrylamide, 

0.1% SDS, 8 M u rea  and 100 mM H PO , a t  a f i n a l  pH of ' 6 . 8  ad jus ted  3 4 

by T r i s ,  were made on t h e  day of e lec t rophores i s .  Gels w e r e  poly- 

merized by t h e  a d d i t i o n  of 0.03% (vo l /vo l )  TEMED and 0.02% ammonium 



p e r s u l f a t e .  The samples t o  be analyzed were dissolved a t  2 mg/ml 

i n  1% SDS," 8 M urea ,  1% mercaptoethano1;and 0.01 M H3P0 ad jus ted  t o  4 : 
0 pH 6.8 w i t h , T r i s ,  and heated f o r  1 0  minutes a t  60 p r i o r  t o  eleccropho- 

r e s i s  . Bromophenol b lue .  (- 0.005% ) '  was used as t h e  t r ack ing  dye. The 

r e s e r v o i r  s o l u t i o n  contained 0.1% SDS and.O.1 M H3P04, ad jus ted  t o  pH 

6.8 wi th  Tr i s .  .Gels w e r e  run a t  constant  c u r r e n t  ~cif ':2,;mA.:per'.:gel .over- 

n i g h t  and s t a ined  f o r  two'hours in a s o l u t i o n  conta in ing 0.25% ~'oom- 

a s s i e  blue,  45% methanol, and 9% a c e t i c  ac id .  Th.ese g e l s  w e r e  then 

des ta ined i n  10% a c e t i c  acid.. Apparent molecular weights w e r e  est imated 

from log  (molecular weight) versus  r e l a t i v e  mobi.lity p l o t s .  Molecular 

weight s tandards  used were soybean t r y p s i n  i n h i b i t o r  (21,300), cyto- 

chrome - c ( l f , 7 0 0 ) ,  , i n s u l i n  (5,700), i n s u l i n  B (3,400), i n s u l i n  A (2,300),  

and b a c i t r a c i n  (1,400). 

G e l s  were a l s o  s t a ined  wi th  pe r iod ic  ac id /Schif f  base (Fair-  

banks e t  a l . ,  1971) t o  i d e n t i f y  g lycoprote ins .  Af ter  e l ec t rophores i s ,  

g e l s  were immersed i n  25% (vol /vol )  isopropanol and 10% a c e t i c  

a c i d  overnight ,  i n  10% isopropanol and.lO% a c e t i c  a c i d  f o r  6 hours, 

and then i n  10% a c e t i c  a c i d  a lone  f o r  s e v e r a l  hours u n t i l  t h e  background 

w a s  c l e a r .  Afterwards, g e l s  w e r e  dipped i n  t h e  fol lowing s o l u t i o n s  

i n  sequence: 0.5% per iod ic  a c i d  f o r  2 hours, 0.52 sodium a r s e n i t e  and 

5% a c e t i c  a c i d  f o r  1 hour, 0.1% sodium a r s e n i t e  and 5% a c e t i c  a c i d  f o r  

20 minutes f o r  3 times, 5% a c e t i c  a c i d  f o r  15  minutes, and f i n a l l y ,  

Schiff  reagent  ( 0.45% b a s i c  fuchsin ,  0.9% sodium m e t a b i s u l f i t e ,  and 

0.09 N HC1) overnight .  These g e l s  w e r e  r insed  wi th  0.1% sodium meta- 

b i s u l f i t e  and 0.0.1::N H C 1  u n t i l  t h e  r i n s e  s o l u t i o n  f a i l e d  t o  t u r n  pink 



upon a d d i t i o n  of formaldehyde. 

'Amino ' ac id  ana lys i s .  

Amino a c i d  a n a l y s i s  w a s  performed according t o  t h e  method of 

Spackman e t  a i .  (1958). The p u r i f i e d  p r o t e i n  sample (0..1 mg) was 

lyoph i l i zed  i n  a. vacuum. r e a c t i o n  f l a s k .  One m i l l i l i t e r  of P i e r c e  

constant  b i i l i d g  HC1  ( 6 ~ '  ) was added and t h e  l i q u i d  was deaerated un- 

d e r  vacuum. The s topper .  of t h e . r e a c t i o n  f l a s k  w a s  then closed and 

t h e  f l a s k  was placed i n  a heat tng block a t  1 1 0 ~ ~  f o r  24 hours. Af ter  

cooling,  t h e  sample w a s .  d r i ed  i n .  a vacuum d e s s i c a t o r  over ' ~ s o ~ . T h e  
. . 

dry sample was then mixed wi th  100 p 1  of c i t r a t e  s t a r t i n g  b u f f e r  and 

run on a Durrum D500 analyzer .  

ca2'--binding s t u d i e s .  

To remove t h e  bulk of DOC, p u r i f i e d  p r o t e i n  was d ia lyzed 

a g a i n s t  1 0  mM Tris.HC1, pH 7.8, f o r  72 hours..  ca2+ binding was meas- 

0 
ured by flow d f a l y s i s  a t  23 i n  a Teflon chamber set according t o  t h e  

method of Colowick and Womack (1969). The Teflon chamber set con- 

s i s t e d  of a lower and an- upper c y l i n d r i c a l  chamber separa ted  by a 

p iece  of Spectrapor 2000-dalton.molecular weight cutoff  d i a l y s i s  

membrane. Both t h e  lower and upper chambers w e r e  9.5 mm i n  diameter. 

The depths of the ' lower  and t h e  upper chambers were 5 and 25 mm,respec- 

t i v e l y .  Each chamber had a 7 x 2. mm Teflon f l e a  stirrer. P r o t e i n  was 

added t o  t h e  upper chamber. The experiment was i n i t i a t e d  by adding 

4 5 ~ a ~ 1  t o  t h e  upper chamber. Increas ing amounts of non-radioactive 
2 

C a C 1 2  were added a t  l a t e r  t i m e s  t o  d i s p l a c e  t h e  4 5 ~ a  bound t o  t h e  pro- 

t e i n .  The flow r a t e  of the. d i a l y s i s  b u f f e r  was about 1 m l  per  minute. 



One m i l l i l i t e r  f r a c t i o n s  w e r e  c o l l e c t e d  in a f r a c t i o n  c o l l e c t o r  and 

500 111 was p ipe t t ed '  from each tube  t o  count - t h e '  r a d i o a c t i v i t y .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

I n  o rder '  t o  prepare the ,  p r o t e i n  f o r  these  experiments, column 

f r a c t i o n s  conta in ing t h e  pure p r o t e i n  were.pooled and dia lyzed.  a g a i n s t  
. . 

50% (vol/vol)  e thanol  a t  4' f o r  5  days. The r e s u l t i n g  cloudy d i a l y s a t e  

was cent r i fuged at. ,228,000 x  ,,g f o r  30' minutes. The yellowish p e l l e t  

was d i s s o l v e d . i n  a  small volume of sequanal grade pyr id ine  at  a  

concentra t ion of 1.0 mg/ml. The experiments w e r e  c a r r i e d  ou t  a t  room 

temperature. ~ e p e n d i n ~  on t h e  experiments, d i f f e r e n t  amounts of pur- 

i f i e d  p r o t e i n  i n  pyr id ine  were added t o  2  ml of methylene ch lo r ide .  

One m i l l i l i t e r  of aqueous phase conta in ing t h e  described concentra t ion 

of r a d i o a c t i v e  ca t ion .was  then added t o  t h e  organic  phase. The two 

phases were then mixed.by vor texing f o r  one minute and separa ted  by 

c e n t r i f u g a t i o n  i n  a  Beclanan TJ-6 table-top cen t r i fuge  a t  900 x g f o r  

15 minutes at.,room temperature. Al iquots  (0.5 ml) of t h e  methylene 

ch lo r ide  phase w e r e  then assayed f o r  r a d i o a c t i v i t y  by l i q u i d  s c i n t i l l -  

a t i o n  o r  y counting. 

Bulk phase t r anspor t  experiments. 

2+ 
Protein-mediated 'ca t r a n s p o r t  through an organic phase was 

measured by using a  Pressman c e l l  (Pressman, 1973) a t  22OC.' This 

c e l l  c o n s i s t s  of two aqueous phases separa ted  by a  s t i r r e d  organic  

phase. Methylene ch lo r ide  was used a s  t h e  organic  phase. The volume 

of t h e  aqueous and organic. phases were 2  and 6 m l ,  r e spec t ive ly .  45~aC12 

was added t o  one of t h e  aqueous phases, and t h e  p r o t e i n  was added t o  t h e  



organic  phase. The 'organic  phase w a s  s t i r r e d  gen t ly  by a s t i r r i n g  

bar .  The'nonradioactive aqueous s i d e  was then a s s a y e d ' f o r  t h e  

appearance.of  r a d i o a c t i v i t y .  

Phosphorus ' de teHina t ion .  

Phosphorus w a s  determined by a modified method of Chen e t  a l .  

(1956). Samples conta in ing 10-40 nmol of phosphorus i n  1 3  x 100 

mm pyrex t e s t  tubes  were mixed wi th  40 p 1  10% Mg(N03)2' 6 H20 

i n  95% ethanol  (~mes '  'and Dubin, 1960) . Each tube was then evaporated 

t o  dryness o v e r  a flame wi th  r a p i d  shaking and f u r t h e r  heated i n  t h e  

flame u n t i l  t h e  brown fumes had disappeared. Af ter  t h e  tubes had 

cooled, 0.3 m l  of 0.5 N H C l  w a s  added t o  each tube. The tubes were 

then capped wi th  marbles and heated i n  a b o i l i n g  water  ba th  f o r  15 

minutes t o  hydrolyze t o  inorganic  phosphate any pyrophosphate formed 

i n  t h e  ashing procedure. Af ter  cool ing,  0.7 m l  of a scorb ic  acid-  

molybdate mixture was added t o  each tube. This a s c o r b i c  acid-molyb- 

d a t e .  mixture ; which ..was made up on:.the day of t h e  experiment, con- 

t a ined  1 p a r t  of 10% ascorb ic  a c i d  and 6 p a r t s  of 0.42% ammonium 

molybdate . 4H,O i n  1 N H2S04. These tubes were then incubated a t  
L 

4 5 ' ~  f o r  30 minutes and t h e  absorbance w a s  read a t  820 nm. Standards 

(0-50 p l  of 1 mM Na2HP04) were t r e a t e d  i n  t h e  same manner. 

P a r t i a l  d e l i p i d a t i o n  of t h e  i s o l a t e d  p ro te in .  

The phospholipids assoc ia ted  wi th  t h e  p u r i f i e d  p r o t e i n  were 

p a r t i a l l y  removed by t h e  fol lowing two methods: 

(a)  Methylene c h l o r i d e  ex t rac t ion .  

P roce in . s&ple  conta in ing 80 pg of p u r i f i e d  p r o t e i n  was d r i e d  



under a stream of n i t rogen  gas  i n  a test tube . The 'dry  sample 
: j  

was then' so lubi lTzed 'by adding.2  m l  of methylene ch lo r ide  and 

mixed with '  2 ml. of d i s t i l l e d  water ' for  2 minutes on a vor tex  m i x e r .  

The two phases w e r e  separa ted  by c e n t r i f u g a t i o n  i n  a Beclanan TJ-6 

table-top cen t r i fuge  a t  1000 x g f o r  15  minutes a t  room temperature. 

The aqueous .phase w a s  c a r e f u l l y  w i t h d r a y  and kept. The remaining 

organic phase w a s  mixed with another  2 m l  of d i s t i l l e d  water and the. 

same procedure repeated.  The two aqueous phases were then combined, 

lyophi l ized,  and s o l u b i l i z e d  i n  pyr id ine .  The p r o t e i n  and phospho- 

l i p i d  phosphorus concentra t ions  were determined and t h e  mole ratio: 

of phospho1ipid:protein was ca lcu la ted .  

. (b). S i l i c i c  a c i d  columxi chromatography. 

S i l i c i c  a c i d  (Bio-Sil A, 100-200 mesh) w a s  packed i n  a s h o r t  . 

g l a s s  column wi th  a 1.2 cm diameter. The t o t a l  bed-volume w a s  

2.8 m l .  The column . w a s  washed with 10': bed-'vol&s of methanol. and 

then 10 bed-volumes of chloroform/methanol (C/M ) 6 : l  be fo re  t h e  

sample w a s  appl ied .  The sample. conta in ing 100 ug of p r o t e i n  i n  

200 u l  of C/M 6 : l  was e l u t e d  with 15  bed-volumes'of C / M  6:1 and 

then wi th  10 bed-volumes of C/M 1: 1. Three-mi l l i l i t e r  f r a c t i o n s  

were co l l ec ted .  Each tube w a s  d r i e d  under a stream of n i t rogen  gas  

and re-solubi l ized i n  200 u 1  of sequanal g rade 'pyr id ine .  An a l i q u o t  

( 20 p1) from each tube  was then analyzed by TLC on S i l i c a  g e l  G 

p l a t e s  ( 250 um) wi th  chloroform-methanol-28% ammonium hydroxide 

(65:35:5, by volume) a s  t h e  developing so lven t  (Meissner and F l e i s c h e r ,  
. . 

1971) . The p l a t e s  were. charred a t  1 0 0 ' ~  f o r  one. hour a f t e r  spraying 



wi th  chromerge (christie, 1976). F rac t ions  conta in ing phospha- 

t i d y l e t h a n o l m i n e  (PE) .and c a r d i o l i p i n  (not sepa rab le  by t h i s  method) 

and phosphatidylcholine.  (PC) a s  i d e n t i f i e d  wi th  t h e  a p p r o p r i a t e  

s t andards  w e r e  pooled', respect5vely.  F rac t ions  which d id  n o t  con- 

t a i n  any phospholipids by v i s u a l  a n a l y s i s  were a l s o  pooled. These 

combined f r a c t i o n s  were then d r i e d  under n i t rogen  i n d i v i d u a l l y  and 

each was re - so lub i l i zed  i n  a smal l  volume of sequanal  grade pyr i -  

d ine .  The' p r o t e i n  and phospholipid phosphorus concentra ' t ions of 

each f r a c t i o n  were then determined and t h e  mole r a t i o  of phospho- 

1 i p i d : p r o t e i n  w a s  each ca lcu la ted .  

Phospholipase C d i g e s t i o n  of phospholipids.  

Phospholipids were d iges ted  by phospholipase C according t o  

t h e  method of Mavis e t  a l .  (1972). This  d i g e s t i o n  was c a r r i e d  out  

i n  a two-phase system. Two m i l l i l i t e r s  of d i e t h y l  e t h e r  conta in ing 

4.2 umol of phospholipid phosphorus t o  'be d i g e s t e d  were added t o  a 

screw cap, c u l t u r e  tube conta in ing 0.5 m l  of 0.05 M potassium phos- 

phate  b u f f e r ,  pH 7.0. The assay  was i n i t i a t e d  by pipeEting t h e  

phospholipase C d i r e c t l y  i n t o  t h e  aqueous phase. The tube  w a s  cappcd 

t i g h t l y  and vortexed f o r  2 hours a t  room temperature. The d i g e s t i o n  

was terminated by removing t h e  tube from t h e  mixer and al lowing t h e  

phases t o  separa te .  Al iquots  of t h e  e t h e r  phase were then analyzed 

by t h i n  l a y e r  ch roh tography  (TLC) on a 250 v n S i l i c a  g e l  G p l a t e  

wi th  petroleum e the r -d ie thy l  e the r -ace t i c  a c i d  ( 80: 75: 1 .5 ,  by 

volume) a s  t h e  developing so lven t  (Mavis, e t  a l . ,  1978). The p l a t e  

was sprayed wi th  chromerge ( C h r i s t i e ,  1976) and baked a t  1 0 0 ~ ~  



for .  one. hour. ~ i ~ l ~ c e r i d e s ,  the products of phospholipase C 

hydrolysis., ?igrated' in  th i s  solvent.  =ombination, whereas undi- 

gested pho~pholipids stayed at  the' urigln (Mavis., e t  a l . ,  197.8).  



RESULTS 

EPR a s say  of high-af f i n i  t y  Mn2+ b inding .  .-- 

The EPR spectrum of Mn2* i n  d i s t i l l e d  water  shows s i x  hyper- 

f i n e  l i n e s  (F ig .  1 )  due t o  t he  i n t e r a c t i o n  of unpai red  manganese e l e c -  

t r o n s  wi th  i t s  I = - nuc lea r  sp in .  The peak-to-peak s e p a r a t i o n  
2  

i n  the s e x t e t  spectrum of MII '* (H~o)~ was determined t o  b e  95 

Oe. The p r o p o r t i o n a l i t y  cons t an t  K ,  mentioned i n  t h e  Methods s e c t i o n ,  

was determined t o  be 18.73 ( r e s u l t s  no t  shown). The EPR s p e c t r a ,  

2+ 
demonstrat ing how the Mg2+-irreplaceable  h i g h - a f f i n i t y  Mn - 

binding  s i t e s  were determined, a r e  shown i n  Fig.  2. I n  t h i s  f i g u r e  

only the  f i r s t  two peaks of the M n 2 + ( ~  0 )  s e x t e t  spectrum a r e  
2 6 

shown. The h e i g h t  of t he  f i r s t  peak i s  p r o p o r t i o n a l  t o  t he  f r e e  

xn2+ concen t r a t ion  i n  the  s o l u t i o n .  The t o t a l  Nn2+ c o n c e n t r a t i o n  

was the same i n  every  sample. F ig .  2a shows the Mn2+ spectrum i n  

the  b u f f e r  s o l u t i o n .  The sample used i n  F ig .  2b was a  p r o t e i n  f r a c -  

t i o n  which contained only low-a f f in i ty  Nn2+-binding s i t e s .  Upon 

f l u s h i n g  wi th  excess  Ng2+, a l l  UE the bouihl ~ n "  was re leased i n t o  

2 + 
t he  medium i n  the  form of f r e e  Mn . This  r e s u l t e d  i n  an i n c r e a s e  

i n  t he  i n t e n s i t y  of t he  spectrum. Fig.  2c shows t h e  same experiment  

f o r  a  p r o t e i n  f r a c t i o n  con ta in ing  h i g h - a f f i n i t y  Ng2+- i r rep laceable  

~ n ~ + - b i n d i n ~  s i t e s  a s  we l l  a s  l ow-a f f in i ty  Mn2+-binding s i t e s .  

There was a  small  i n c r e a s e  i n  t he  f r e e  xn2+ i n t e n s i t y  due t o  Mn 2+ 

r e l e a s e d  from t h e  low-a f f in i ty  b inding  s i t e s  when t h e  s o l u t i o n  was 

f lushed  wi th  excess  Plg2+. The s i t e s  which Mn2+ remained bound t o ,  

even a f t e r  the a d d i t i o n  of Mg2+,  were r e f e r r e d  to  as the  high- 

a f f i n i t y  nn2+-binding o i t c o  . 



Figure 1: The f i r s t  de r iva t ive  of the EPR absorpt ion curve versus 

magnetic f i e l d .  The sample was 37 pM of Mn2+ i n  d i s t i l l e d  

water. The t o t a l  scan was 1000 O e ,  and the  peak-to-peak 

separa t ion  was determined t o  be 95 Oe. The c e n t r a l  v e r t i c a l  

l i n e  corresponds t o  the  absorpt ion peak of a  g  = 2  standard.  

Figure 2: EPR s p e c t r a  demonstrating the i d e n t i f i c a t i o n  of Mg2+- 

i r r e p l a c e a b l e  h igh-a f f in i ty  Mn2*-binding s i t e s .  Only two 

peaks of the  hyperfine M ~ ~ + ( H ~ O ) ~  s e x t e t  a r e  shorn 

here.  To ta l  Mn2+ added t o  each sample was i d e n t i c a l .  

( a )  shows the spectrum of 37 pM f r e e  Mn2+ i n  10 mM 

Tris.HC1,'pH 7 . 8 .  The superimposed s p e c t r a  i n  (b) and ( c )  

were taken before and a f t e r  the add i t ion  of Mg2'. Af ter  the 

. add i t ion  of ~ n ~ + ,  the decreased i n t e n s i t i e s  i n  ( b )  and ( c )  

compared t o  ( a )  were due t o  Mn2+ bound t o  e i t h e r  low 

( t l + ~ 2 )  - o r  high (H1+H2) - a f f i n i t y  s i t e s .  T1 + 

T2 represents  the t o t a l  Mn2+ binding.  Mg2+ was added a t  

50 times higher concentra t ion than Mn2+. Fract ions  which 

contained only low-aff in i ty  Mn2+-binding s i t e s  showed bound 

Mn2+ replaced by ng2* and re leased i n t o  f r e e  so lu t ion .  

This r e s u l t e d  i n  an inc rease  of the  spectrum ( b ) .  F rac t ions  

enriched i n  high-a£ f  i n i t y  Mn2+-binding s i t e s  showed t h a t  the 

i n t e n s i t y  of the f r e e  ~ n ~ +  spectrum was s t i l l  small even 

a f t e r  the add i t ion  of excess Mg2+ ( c ) ,  
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P r o t e i n  p u r i f i c a t i o n .  

High-aff in i ty  Mn2* binding was measured s t a r t i n g  with i n t a c t  

mi toehondria. It was found t h a t  the high-af f  i n i t y  Mn2*-binding 

s i t e s  r e s i d e  i n  mi top las t s  (mitochondria devoid of o u t e r  membranes), 

inner mitochondrial  membranes, and DOC-soluble inner  mitochondrial  

membrane p r o t e i n s  ( r e s u l t s  not shown). Since DOC was repor ted  t o  be 

a b l e  t o  bind ca t ions  (~ofmann and Small, 1967), the  e f f e c t  of DOC on 

the  ~ n ~ +  binding was thus t e s ted .  Table 1 shows t h a t  when 37 pM 

of bfn2+ was added t o  so lu t ion  containing 1% K DOC, about one-third 

of the  t o t a l  ~ n ' +  added was bound t o  DOC. Thus, whenever samples 

conta in ing DOC were used, they were d ia lyzed a g a i n s t  10 mM Tris.HC1, 

pH 7.8, f o r  a t  l e a s t  72 hours before t h e  EPR assay of h igh-a f f in i ty  

Mn2+ bind ing was per formed. 

The DOC-solub l e  inner  mitochondria1 membrane p ro te ins  were 

dialyzed aga ins t  1% K D O C ,  0.02%NaN and 10 m ~ ~ r i s . H C 1 ,  pH 7.8, 
3 ' 

f o r  2 hours a t  room temperature and the  d i a l y s a t e  was cent r i fuged.  

The supernatant  was found t o  be enriched with h igh-a f f in i ty  Mn2*- 

binding sires .  

The molecular exclusion chromatography of t h e  supernatant  on a 

Sephadex G-50 column i n  DOC y ie lded a 280 nm absorbance e l u t i o n  pro- 

f i l e  cons i s t ing  of 6 major peaks (Fig.  3) .  The f r a c t i o n s  under each 

peak were pooled and dia lyzed aga ins t  10 mM Tris.HC1, pH 7.8 f o r  72 

hours a t  4 ' ~  t o  remove t h e  bulk of DOC before  t h e  EPR assay.  

Table 2 shows t h e  r e s u l t  of the  Mn2+-binding assay fo r  each absorp- 

t i o n  peak from the  Sephadex G-50 column. This t a b l e  shows t h a t  the  

p e l l e t  ob t a iaed  from the previous c e n t r i f u g a t i o n  p r i o r  t o  the  



TABLE 1 

The e f f e c t  of DOC on t h e  EPR assay 

of ~ n ~ +  binding 

Free ~ n ~ +  concentra t ion 
Solut ion i n  s o l u t i o n  (pM) % ~ n ~ +  bound 

Standard 

I s o l a t i o n  
buf fe r  + 
1 M K C 1  

I s o l a t i o n  
buf fe r  + 
1 M K C 1  + 
1% K DOC 

The standard s o l u t i o n  was MnC12 i n  d i s t i l l e d  water .  The 

i s o l a t i o n  buffer  contained 0.25 M sucrose  and 10 mM Tris.HC1, 

pH 7.8.  The amount of ~ n ~ +  added t o  a l l  of the  th ree  solu- 

t ions  was i d e n t i c a l  ( 3 6 . 9  pM). EPR . s p e c t r a  were taken f o r  

each so lu t ion .  The f r e e  ~ n ~ +  concentra t ion i n  each s o l u t i o n  

was ca lcu la ted  using the  equat ion shown i n  t h e  Methods sec t ion .  



Figure 3: Elution p r o f i l e  of  the DOC-solub l e  inner mitochondr i a l  

membrane proteins chroma tographed on a Sephadex G-50 

column. The column was pre-equilibrated with 1% K DOC, 

0.02% NaN3, and 10 mM Tris.HC1, pH 7 .8 ,  and was e luted 

with the same .buffer .  The e l u t i o n  p r o f i l e  was monitored by 

280 nm absorbance. 



FRACTIONATION OF DOC SOLUBLE INNER 
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TABLE 2  

EPR as say  of Mn2Sbinding f o r  samples from each a b s o r p t i o n  
peak of t h e  Sephadex G-50 column chromatography 

Mn2+ b inding  s i t e s  (nmollmg p r o t e i n )  - 
Sample T o t a l  Mg2+-repiaceable ~ g ~ + - i r r e ~ l a c e a b l e  

P e l l e t  a f t e r  2.0 
d i a l y s i s  

Peak 1 9.2 5.7 

Peaks 2  and 19 .O 19 .O 
3 combined 

Peak 4 81.0 71.8 

Peak 5 112.2 6 6 . 3 .  

Pcak 6 211.1 2 i l . l  

The DOC-soluble i n n e r  mi tochondr ia1  membrane p r o t e i n s  were 

d i a l y z e d  a g a i n s t  t h e  column b u f f e r  (1% K DOC, 0.02% NaN3, and 

10 mM Tris.HC1, pH 7.8) f o r  2  hours  and t h e  d i a l y s a t e  was 

ccn t r i fuged .  The supernatant was chromatographed on a  Sephadex 

ti-50 column. The samples e l u t e d  from t h e  column w e r e  d i a l y z e d  

a g a i n s t  10 mM Tris.HC1, pH 7.8,  f o r  72 hours  a t  4 ' ~  t o  remove 

t h e  bulk  of DOC b e f o r e  t h e  EPR assay .  A 1 1  o f  t h e  Mn2+-binding 

s i t e s  were c a l c u l a t e d  by comparing w i t h  a  s tandard .  The 

s t anda rd  was obta ined  by d i a l y z i n g  column b u f f e r  a g a i n s t  10 mM 

Trie.HC1, pH 7  .8 ,  f o r  72 hours  a t  4 ' ~ .  The ~ g ~ + - r e ~ l a c e a b l e  

and Mg2'- i r r e p l a c e a b l e  Mn2*-binding s i t e s  a r e  r e f e r r e d  t o  

a s  t h e  low- and h i g h - a f f i n i t y  Mn2+-binding s i t e s ,  r e s p e c t i v e l y .  



column chromatography had few Mn2+-binding s i t e s .  The f i r s t ,  t h e  

second, and t h e  t h i r d  peaks a l s o  had few Mn2+-binding s i t e s .  From 

the  same t a b l e ,  i t  can be  seen  t h a t  t he  f o u r t h ,  t he  f i f t h ,  and t h e  

s i x t h  peaks had a  l a r g e  number of  Mn2+-binding s i t e s .  While most of 

t h e  Mn2+-binding s i t e s  of t h e  f o u r t h  and t h e  s i x t h  peaks were 

~ g ~ + - r e ~ l a c e a b l e  (low a f f i n i t y ) ,  a t  l e a s t  40% of t h e  Mn2+- b ind ing  

s i t e s  of t h e  f i f t h  peak were Mg2+-irreplaceable  (h igh  a f f i n i t y ) .  

Thus, the  f i f t h  peak, e l u t e d  a t  vo lume / to t a l  column volume = 0.53, was 

found t o  c o n t a i n  t h e  h ighes , t  number of ~ g ~ + - i r r e ~ l ? c e a b l e  

Mn2+-binding s i t e s  p e r  mg of p r o t e i n .  UrealSDS polyacrylemide g e l  

e l e c t r o p h o r e s i s  of  p . ro t e in  from t h i s  peak showed a  s i n g l e  band 

By comparison wi th  low molecular  weight  s t anda rds ,  t h i s  p r o t e i n  
\ 

has an apparent  molecular  weight of about  3000 da l  tons  (F ig .  5 ) .  The 

molecular  weight was f u r t h e r  confirmed from the  amino a c i d  a n a l y s i s  

(Table  3 ) .  The minimum molecular  weight c a l c u l a t e d  from Table 3 i s  

2883. The i s o l a t e d  p r o t e i n  gave an i n t e n s i v e  pink c o l o r  when s t a i n e d  

wi th  t h e  p e r i o d i c  a c i d / ~ c h i f f s  base reagent  (F ig .  6 ,  g e l s  b  and d ) ,  an 

i n d i c a t i o n  t h a t  it might be  a  g lycopro te in .  F igu re  7 summarizes t h e  

i s o l a t i o n  procedure.  The p e r c e n t  y i e l d  of  p r o t e i n  a t  each s t e p  of t h e  

i s o l a t i o n  procedure is  shown i n  Table 4. The p u r i f i e d  p r o t e i n  only 

accounts  f o r  0 -05% of t h e  t o t a l  mi tochondr ia1  p r o t e i n .  



Figure  4: 

F igu re  5: 

Urea/SDS g e l s  of  p r o t e i n  samples from each peak of t h e  

Sephadex G-50 column chromatography. Gel ( a )  was t h e  

sample app l i ed  t o  t h e  column. Gels (b)  and ( c )  were e a r l y  

and l a t e  f r a c t i o n s  from t h e  f i r s t  peak, respec . t ive ly .  

Gels ( d l ,  ( e l ,  (£1, and (g) were sample f r a c t i o n s  from t h e  

second, t h e  t h i r d ,  the f o u r t h ,  and the  f i f t h  peak,  

r e s p e c t i v e  ly  . 

Urea/SDS g e l s  of t he  i s o l a t e d   rotei in and t h e  low 

molecular  weight p r o t e i n  s t anda rds .  Gel ( a )  was the  ' 

i s o l a t e d  ~ ~ ~ + - i r r e ~ l a c e a b l e  Mn2+-binding p r o t e i n .  Gels 

(b), ( c ) ,  and (£1 were soybean t r y p s i n  i n h i b i t o r  (21,3001,  

cytochrome - c (11 ,700) ,  and b a c i t r a c i n  (1,4001, respec-  

t i v e l y .  Gels (d )  and ( e )  were i n s u l i n  (5 ,700)  i n  t h e  

absence and presence  of mercaptoethanol ,  r e s p e c r i v e l y  . 
With the  a d d i t i o n  of mercap toe thano l ,  i n s u l i n  was reduced 

t o  cha in  A (2 ,300)  and c h a i n  B (3,4001, which can no t  be  

reso lved  i n  t h i s  g e l  system. 







TABLE 3 

Amino acid composition of the isolated protein 

Amino acid 
Content 

(mol/mol of  protein) 

Asx 

Thr j 
S er  

Glx 
Pro 
G ~ Y  
Ala 
Va 1 
I l e  
Leu 
=Y r 
Phe 
His 
LYS 
Arg 

- --- 

Minimum molecular weight = 2883 

-- 

Tryp tophan content was not determined. 



Figure 6: Urea/SDS g e l s  of the  i s o l a t e d  p r o t e i n  i n  d i f f e r e n t  

s t a i n i n g  systems. 'Gel ( a )  contained 10 mg of DOC only. 

Gels (b)  and ( c )  contained 13 ug of p r o t e i n  which was 

twice t h e  amount of p r o t e i n  appl ied  t o  g e l s  ( d l  and (el. 

Ge.1~ ( a ) ,  (b) ,  and (d )  were s t a ined  by the  pe r iod ic  

ac id /Schif f  base method. Gels ( c )  and ( e )  were s t a i n e d  

with Coomassie blue.  The g e l s  showing p r o t e i n  were run 

following d i a l y s i s  t o  remove DOC. 







Figure 7 :  Flow chart of the isolation procedure. The single and 

double arrows after each centrifugation step represent 

supernatant and pe l l e t ,  respectively. 
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TABLE 4 

Percent  p r o t e i n  obtained i n  each i s o l a t i o n  s t e p  

I s o l a t i o n  s t e p  
P r o t e i n  
y i e l d ,  X 

Mitochondria 

Mitoplas ts  

Inner mitochondria1 
memb rane 

DOC-so l u b l e  p ro te ins  

P u r i f i e d  p r o t e i n  



Charac te r i za t ion  of the  ca2+-binding p r o p e r t i e s  

The d i s s o c i a t i o n  constants  05 the i s o l a t e d  p r o t e i n  f o r  Ca 2 + 

were ca lcu la ted  from flow d i a l y s i s  experiments. Fig. 8 is a Scatchard 

p l o t  (Scatchard e t  a l . ,  1957) of the binding da ta  from a flow dia- 

l y s i s  experiment. The p l o t  is b iphas ic ,  which i n d i c a t e s  two c l a s s e s  

of binding s i t e s .  The h igh-a f f in i ty  s i t e s  had a d i s s o c i a t i o n  constant  

of 9.5 pM and bound 170 nmol ca2* per mg of p ro te in .  Using 3000 

a s  the molecular weight, the  s to ichiometry  was about 0.5 rnol of ca2+ 

bound per  rnol of p ro te in .  The low-aff in i ty  s i t e s  had a d i s s o c i a t i o n  

constant  of 33 p and bound 0.8 rnol of ca2+ per  mol of prote in .  

Organic solvent  extraction experiments 

Table 5 shows data  from the  equi l ibr ium e x t r a c t i o n  experiments 

with organic solvents  of d i e l e c t r i c  constants  ranging from 2 (decane) 

t o  17.8 (butanol) .  The concentra t ion of p r o t e i n  i n  every sample was 

25 LIMO The PH of the aqueous CaC12 s o l u t i o n  was 7.8. The amount 

of ca2* ex t rac ted  i n t o  the  organic phase was approximately 1.3 mol 

per  rnol of p r o t e i n ,  uvirlg the  assumption t h a t  a l l  of the  p r o t e i n  was 

i n  the organic phase. The add i t ion  of p i c r a t e ,  a  l ip id - so lub le  anion, 

showed l i t t l e  e f f e c t  a t  pH 7.8 i n  inc reas ing  the  amount of ca2+ 

e x t r a c t e d  i n  the  presence of the  p ro te in .  The hydrophobicity of t h e  

solvent  a l s o  had l i t t l e  e f f e c t  on the  ne t  amount of ca2+ ex t rac ted .  

Table 6 shows the  r e l a t i v e  amounts of var ious  monovalent and d i v a l e n t  

ca t ions  ex t rac ted  i n t o  methylene ch lo r ide  i n  the  presence of the pro- 

t e in .  Divalent  ca t ions  were g r e a t l y  favored over monovalent ca t ions .  



Figure 8: Scatchard p l o t  of ca2'-binding da ta  const ructed  from 

flow d i a y l s i s  experiments. The p r o t e i n  sample used was 

dialyzed f o r  3 days aga ins t  10 mM Tris.HC1, pH 7.8, t o  

remove DOC. For h igh-a f f in i ty  binding,  n  = 170 mol/mg of 

p r o t e i n  and Kd = 9.5 vM; fo r  low-affini ty binding,  n  = 

264 nmol/mg of p r o t e i n  and Kd = 33 w; n is  the  number 

of ca2+-binding s i t e s  and K i s  the  d i s s o c i a t i o n  con- d  

s t a n t .  Kd values were ca lcu la ted  from the r a t i o  of 

x i n t e r c e p t s  to  y  i n t e r c e p t s .  The number of low-aff in i ty  

s i t e s  was ca lcu la ted  from the d i f fe rence  between the num- 

bers  of t o t a l  ca2+-binding s i t e s  (434 nmol/mg of  rotei in) 

and high-aff i n i t  y ca2*-binding s i t e s .  





TABLE 5  

Protein-mediated ca2+ e x t r a c t i o n  i n t o  
d i f f e r e n t  organic phases 

ca2+ ex t rac ted ,  yM 
Methylene 30% butan011 

Decane Chloride 70% toluene Bu tan0 1 

P r o t e i n  35 

Pyr id ine  0  

Pro te in  + 34 
p i c r a t e  

Pyr id ine  + 0  
p i e r a t e  

ca2+ ex t rac ted  from aqueous phase conta in ing 10 mM Ca 2+ 

and 10 mM T r i s . H C 1 ,  pH 7 . 8 ,  i n t o  var ious  organic so lven t s  with 

and without  the  add i t ion  of p ro te in .  Pyr id ine-solubi l ized pro- 

t e i n  wno added t o  var ious  u r g a n i c  solvents. #The f i n a l  concen- 

t r a t i o n  of the  p r o t e i n  was 25 w. P i c r a t e  (500 yM) was 

added t o  see  i f  a  l ip id - so lub le  anion f a c i l i t a t e d  ca2+ extrac-  

t ion .  



TABLE 6 

Cation s e l e c t i v i t y  

Sequence Zn > S r  > Ca > Mn > Na > Rb 

Ra t io  1.9 1.3 1.0 0.2 0.17 0.02 

The ca t ion  s e l e c t i v i t y  was determined by the  protein-mediated 

equi l ibr ium e x t r a c t i o n  i n t o  a methylene ch lo r ide  phase. The 

s t a r t i n g  ca t ion  concentra t ion i n  the  aqueous phase was 1 mM 

buffered by 4 mM T r i s . H C 1 ,  pH 7.0. The p r o t e i n  concentra t ion 

was 0.7 pM. Cations ex t rac ted  i n t o  the  organic phases were 

measured by d i r e c t  i so tope  counting. The amount of cs2+ ex- 

t r a c t e d  was s e t  a t  1.0. The r a t i o s  shown were normalized t o  

t h a t  of the  ca2+ ex t rac ted .  



ca2* was favored over ~ n ' *  by 5:1, b u t  zn2* and sr2+ were both 

2+ favored over Ca . 

C o m p e t i t i o n u d i e s  .. - . 
Cation competition and i n h i b i t i o n  experiments were a l s o  

conducted by t h e  organic solvent  e x t r a c t i o n  procedure. A s  expected 

from the  previous data  co able 6 ) ,  zn2* i n h i b i t e d  ca2+ e x t r a c t i o n  

i n t o  the  organic phase more s t rongly  than any other  d i v a l e n t  ca t ions  

t e s t e d  (Fig.  9 ) .  Monovalent ca t ions  (K+, Na*) i n h i b i t e d  ca2+ 

e x t r a c t i o n  only s l i g h t l y .  ~ a ' * ,  sr2+, and Mg2* demonstrated 

i n h i b i t i o n  in termedia te  between K+ , Na+ and t h a t  of zn2+ and 

Mn2+. ~ a ~ +  and ruthenium red showed the  s t r o n g e s t  i n h i b i t i o n  of 

ca2+ ex t rac t ion .  

Bulk phase t r anspor t .  

The protein-mediated t r anspor t  of ca2+ through a  bulk hydro- 

phobic phase is shown i n  Fig. 10. I n  Fig. 10a, the  s t a r t i n g  ca2+ 

concentra t ion on both s ides  was 1 mM. Experiments were run with a  pH 

gradient  from 8.4 oil L11e donor s ide  €6 6.0 on the  rece ive r  s ide .  When 

the  pH grad ien t  was reversed,  t o  5.0 on the  donor s ide  and 7 .8  on the  

rece ive r  s i d e ,  no ca2+ t r a n s l o c a t i o n  occurred. Also, no ca2+ 

t rans loca t ion  was observed i n  the  absence of a  pH grad ien t  (both s ides  

pH 8.0 o r  pH 5.0). There was a l s o  no ca2+ t r a n s l o c a t i o n  when a  

gradient  of Na', K', o r  ca2+ was s u b s t i t u t e d  f o r  the  H+ gradi-  

ent .  I n  the  presence of a  ca2+ gradient  (10 mM on the  donor s i d e  

and no ca2+ on the rece ive r  s i d e )  i n  add i t ion  t o  the  pH grad ien t ,  



Figure 9: I n h i b i t i o n  of protein-mediated ca2* e x t r a c t i o n  by 

various ca t ions  and ruthenium red (RR) i n t o  a methylene 

ch lo r ide  phase. Experiments were conducted by the  e q u i l i -  

brium e x t r a c t i o n  procedure. S t a r t i n g  ca2* concentra t ion 

i n  the  aqueous phase a s  1 mM i n  5 mM Tris.HC1, pH 7.0. 

P ro te in  concentra t ion i n  the organic phase was 2.5 pM. 

2+ The amount of Ca ex t rac ted  i n  the  absence of any o the r  

ca t ions  was s e t  a t  100%. 





Figure 10: Protein-mediated ca2+ t ranspor t  from a donor aqueous 

phase through an organic phase (methylene ch lo r ide )  t o  a 

r eee ive r  aqueous phase. ( a )  4 5 ~ a 2 *  was t ranspor ted  

from pH 8.4 on the donor aqueous phase t o  pH 6.0 on t h e  

rece ive r  aqueous phase. P r o t e i n  was i n i t i a l l y  added t o  the  

methylene ch lo r ide  phase. The f i n a l  concentra t ion of t h e  

p r o t e i n  was 2.8 pM. S t a r t i n g  ca2+ concentra t ions  on 

both donor and rece ive r  s ides  were 1 mM. The donor and. 

r ece ive r  s i d e s  wer.e buffered with 5 mM T r i s  (pH adjus ted  by 

HC1) and '5 mM MES (pH adjus ted  by T r i s ) ,  r e spec t ive ly .  

Experiments were conducted by us ing Pressman c e l l s .  The 

con t ro l  experiments with no p r o t e i n  added and experiments 

with reversed H+ grad ien t  showed zero  t r a n s p o r t .  

(b)  Pressman c e l l  experiments i n  t h e  premence of a ca2+ 

grad ien t  3~ w e l l  as a pH gradient. The donor s i d e  was 

10 mM 4 5 ~ a ~ 1 2  buffered with 10 mM Tris.HC1, pH 8.5 and 

the  rece ive r  s i d e  was 10 mM MES, pH 6.5 adjus ted  wi th  

T r i s .  The p r o t e i n  concentra t ion was 4 .3 .  pM. 
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the  ca2* t r anspor t  r a t e  through the  organic  phase was not  enhanced 

(Fig.  lob) .  Thus, the  ca2+ t r a n s l o c a t i o n  p r o p e r t i e s  of the  p r o t e i n  

a r e  extremely dependent on a pH grad ien t .  

Lip ids  a s soc ia ted  with t h e  p ro te in .  

The e thanol-prec ip i ta ted  p r o t e i n  used i n  the  previous ly  men- 

t ioned organic  so lven t  e x t r a c t i o n  and bulk phase t r a n s p o r t  experiments 

was contaminated wi th  l i p i d s .  Approximately 150 moles of phosphorus 
. .. 

was found t o  be as soc ia ted  with each mole of p r o t e i n  (Table 7 ,  

below). Visual  a n a l y s i s  of the  l i p i d s  with approximate s tandards  by 

TLC ind ica ted  t h a t  the  l i p i d  composition was about 50% PE, 30% PC, and 

l e s s  than 5% c a r d i o l i p i n  (Fig.  11). 

P a r t i a l  d e l i p i d a t i o n .  

The work of Tyson e t  a l .  (1976) ind ica ted  t h a t  c a r d i o l i p i n  might 

con t r ibu te  t o  some of the  ca2+ t r a n s p o r t  p r o p e r t i e s  repor ted  he re .  

I n  f a c t  , card iolipin-mediated ca2+ t r a n s p o r t  through a bulk organic  

phase under the  same condi t ion  a s  t h a t  shown i n  Fig.  lob was con- 

firmed (Fig.  12). Thus, i t  was necessary t o  d e l i p i d a t e  the  p r o t e i n  t o  

s e e  i f  t h e  ionophorous p r o p e r t i e s  were s t i l l  a s soc ia ted  with t h e  pro- 

t e i n .  

Blondin e t  a l .  (1977) repor ted  a r a p i d  d e l i p i d a t i o n  procedure by 

us ing d i e t h y l  e t h e r  t o  s o l u b i l i z e  the  ma jo r i ty  of phospholipids leav- 

ing  p ro te ins  p r e c i p i t a t e d .  However, t h i s  approach was not  success- 

f u l .  Almost 100% of the  p r o t e i n  was found i n  t h e  e ther-soluble  phase 

and the amount of phospholipids a s soc ia ted  with the  p r o t e i n  was not  



Figure 11 : Phospholipids associated with the protein.  The com- 

posi t ion was analyzed on a TLC plate  by comparing with the 

phospholipid standards. 

(a)  65 pg of  the i so la ted  protein.  

(b) 35 pg of cardiol ipin .  

( c )  35 pg of  PE. 

( d l  35 pg of PC. 

The developing solvent was chloroform-methanol-28% ammonium 

hydroxyde ( 65 : 35 : 5 : , by volume). 







Figure 12: Cardiolipin-mediated ca2+ trans location i n  the 

pressman c e l l  assay. The donor side was 10 mM 4 5 ~ a ~ 1 2  

buffered with 10. mM Tris.HC1, pH 8 . 5  and the receiver side 

was 10 mM MES, pH 6 . 5  adjusted with Tris. The concentra- 

t ion of cardiolipin was 0.42 mM. Methylene chloride was 

used as the organic phase. 





changed. By us ing  a  methylene c h l o r i d e  e x t r a c t i o n  procedure,  t h e  

amount of phosphol ip id  was reduced t o  36 mol p e r  rnol of p r o t e i n  

(Table  7 ) .  

A b e t t e r  method of d i l i p i d a t i o n  was t o  use  s i l i c i c  a c i d  column 

chromatography. C a r d i o l i p i n  and PE were e l u t e d  f i r s t  from the  column 

wi th  chloroform/methanol (C/M) 6 : l .  P r o t e i n  wi th  no phosphol ip id  

contaminat ion by v i s u a l  a n a l y s i s  on a TLC p la te  fol lowed as a  peak 

behind t h e  major phosphol ip id  contaminat ion.  PC could  be e l u t e d  from 

the  column wi th  C/M 1:l. The phosphol ip ids  a s s o c i a t e d  wi th  t h e  

p r o t e i n  were found t o  decrease  down t o  1 3  rnol per  mol of p r o t e i n  

(Table  7 ) .  

Bulk phase t r a n s p o r t  experiments  a f t e r  p a r t i a l  d e l i p i d a t i o n  

Fig.  13 compares Pressman c e l l  experiments  of t h e  p a r t i a l  

d e l i p i d a t e d  p r o t e i n  and the  major c o n s t i t u e n t s  of t he  contaminat ing  

phosphol ip ids .  I n  t h e  experiments  shown i n  F ig .  13,  t h e  amount of 

each of the  phosphol ip id  s t anda rds  used was i d e n t i c a l  t o  t h e  t o t a l  

amount of phosphol ip ids  a s s o c i a t e d  w i t h  t h e  p r o t e i n  a f t e r  p a r t i a l  

d e l i p i d a t i o n .  The p r o t e i n  samples used i n  F ig .  13a and 13b were 

p a r t i a l l y  d e l i p i d a t e d  by us ing  methylene c h l o r i d e  e x t r a c t i o n  and 

s i l i c i c  a c i d  column chromatography, r e s p e c t i v e l y .  I n  F ig .  13a,  t h e  

protein-mediated ca2+ t r a n s  l o c a t i o n  was the  s lowes t  . Wh;n t h e  

phospholipid con ten t  a s s o c i a t e d  w i t h  t h e  p r o t e i n  was reduced f u r t h e r ,  

t he  amount of protein-mediated ca2+ t r a n s l q c a t i o n  was inc reased  

whereas t h e  ca2* t r a n s l o c a t i o n s  mediated by phosphol ip ids  were 

decreased (compare F ig .  13b wi th  13a) .  



TABLE 7 

P a r t i a l  d e l i p i d a t i o n  of the  p r o t e i n  

Concentrat ion 
Methods used P r o t e i n  p 1 .* Mole r a t i o  

i n  d e l i p i d a t i o n  (mg/ml) (mol/ml) Pi:  p r o t e i n  

None 1.3 64.4  149 

Organic so lvent  0.12 
e x t r a c t i o n  

S i l i c i c  a c i d  0.26 
column 

* 
Pi = phospholipid phosphorus. 

The molecular weight of the  i s o l a t e d  p r o t e i n  was taken a s  

3000 i n  c a l c u l a t i n g  the  mole r a t i o s .  The organic  so lven t  used 

i n  the  organic so lvent  e x t r a c t i o n  d e l i p i d a t i o n  procedure was 

methylene chlor ide .  



Figure 13: Pressman c e l l  experiments with p a r t i a l l y  d e l i p i d a t e d  

prote in .  The donor s i d e  was 10 mM 4 5 ~ a ~ 1 2  buffered  

with 10 mM T r i s . H C 1 ,  pH 8.5, and the  r ece ive r  s i d e  was 10 

mM MES, pH 6.5 ad jus ted  with T r i s .  

( a )  P r o t e i n  was de l ip ida ted  by us ing methylene c h l o r i d e  

e x t r a c t i o n  procedure. The concentra t ion  of the  p r o t e i n  i n  

the  organic  phase was 0.82 pM, and the  concentra t ion  of 

the  phospholipid phosphorus a s soc ia ted  wi th  the  p r o t e i n  was 

29 w. The concentra t ions  of the  phospholipids used: 

PE, 29 pM; PC, 29 @l; c a r d i o l i p i n ,  14.5 pM (con- 

- - ta ined 29 yM of phosphorus). 

(b)  P r o t e i n  was d e l i p i d a t e d  by s i l i c i c  ac id  column chroma- 

tography. Tine concentra t ion  of the  p r o t e i n  was 0.72 pM, 

and the  concentra t ion  of t h e  prote in-associa ted  phosphorus 

was 9 pM, The concentra t ions  of the  phospholipids used: 

PE, 9 pM; PC, 9 pM; c a r d i o l i p i n ,  4.5 pM. 



C
a

2
+

 T
R

A
N

S
P

O
R

T
E

D
, 

n
m

n
l 



C a r d i o l i p i n  was r epo r t ed  t o  be  a b l e  t o  t r a n s p o r t  ~ b +  f a s t e r  

t han  ca2+ (Tyson e t  a l . ,  1976) by Pressman c e l l  assay .  The same 

s i t u a t i o n  was a l s o  observed (F ig .  1 4 ) )  b u t ' i t  w a s  o p p o s i t e  f o r  t h e  

i s o l a t e d  p r o t e i n .  

Phospholipase C d i g e s t i o n .  

Another method used t o  d i s t i n g u i s h  t h e  protein-mediated Ca 2  + 

t r a n s p o r t  p r o p e r t i e s  from those  of t h e  contaminat ing  phosphol ip ids  was 

c a r r i e d  o u t  by phospholipase C d i g e s t i o n  of phosphol ip ids .  The pro- 

duc ts  of t he  phospholipase C d i g e s t i o n ,  d i g l y c e r i d e s ,  can be r e so lved  

from the  undiges ted  phosphol ip ids  by us ing  TLC w i t h  petroleum e t h e r -  

d i e t h y l  e t h e r - a c e t i c  ac id  (80: 75: 1.5:,  by volume) a s  t he  developing 

so lven t  (Mavis e t  a l . ,  1978). F igure  15 shows t h e  r e s u l t s  of phospho- 

l i p a s e  C d i g e s t i o n  of t h e  i s o l a t e d  p r o t e i n ,  c a r d i o l i p i n ,  PE, and PC. 

I t  can be  seen  t h a t  both PE and the  phosphol ip ids  a s s o c i a t e d  wi th  t h e  

p r o t e i n  were almost completely d i g e s t e d .  The m a j o r i t y  of PC was a l s o  

d iges t ed  whereas c a r d i o l i p i n  was very  r e s i s t a n t  t o  t h e  phospholipase C 

d i g e s t i o n .  Table 8  compares t he  ca2+ t r a n s p o r t  p r o p e r t i e s  a s s o c i -  

a t e d  wi th  PE and t h e  p r o t e i n  be fo re  and a f t e r  t h e  performance of phos- 

phol ipase  C d i g e s t i o n .  The amount of PE-mediated ca2+ t r a n s l o c a t i o n  

was decreased wh i l e  t h a t  mediated by t h e  p r o t e i n  remained unchanged 

a f t e r  t h e  phospholipase C d i g e s t i o n .  



Figure 14: Comparison between RbC and ca2+ t r a n s p o r t s  i n  the  

Pressman c e l l  experiments mediated by the  p r o t e i n  and 

c a r d i o l i p i n .  The p r o t e i n  was p a r t i a l l y  d e l i p i d a t e d  by 

us ing s i l i c i c  ac id  column chromatography. The concentra-  

t i o n s  of the  p r o t e i n  and c a r d i o l i p i n  were 0.72 pM and 4.5 

pM, r e s p e c t i v e l y .  The donor s i d e  contained 10 mM 

rad ioac t ive  c a t i o n  and 10 mM Tris.HC1, pH 8.5. The 

r e c e i v e r  s i d e  contained 10 mM MES, pH 6.5 ad jus ted  with 

T r i s .  

@ : cardiol ipin-mediated Rb+ t r a n s p o r t .  

0 : cardiol ipin-mediated ca2+ t r a n s p o r t .  

A : protein-mediated ~ b +  t r anspor t .  

A : protein-mediated ca2+ t r a n s p o r t .  
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Figure 15: Phospholipase C digestion of the protein and the phos- 

pho lipid standards. 

(a), (cj, (e), and (g) were undigested protein, cardio- 

lipin, PC, and PE, respectively, while (b), ( d l ,  ( f ) ,  and 

(h) were the corresponding digested samples. 

The developing solvent was petroleum ether-diethyl ether- 

acetic acid (80: 75: 1.5, by volume). 







TABLE 8 

The e f f e c t  of phospholipase C d i g e s t i o n  on t h e  ca2+ 

t rans loca t ion  i n  t h e  Pressman c e l l  experiments 

ca2+ t rans loca ted  i n  30 hours - 
( nmol) 

Protein-  PE- 
Treatment mediated mediated 

none 47 105 

Phospholipase C 5 0 44 

The donor s i d e  was 10 mM 4 5 ~ a ~ 1 2  and 10 mM Tris.HC1, 

pH 8.5. The rece ive r  s i d e  was 10 mM MES, pH 6.5 adjus ted  with 

T r i s .  P r o t e i n  concentra t ion was 4.3 pM. The concentra t ion of 

the  phospholipid phosphorus assoc ia ted  wi th  the  p r o t e i n  was 

6.64 mM. PE concentra t ion was 0.64 mM. 



DISCUSSION 

2+ 
The molecular  mechanism of C a  t r a n s p o r t  i n  mi tochondr ia  

i s  e s s e n t i a l l y  unsolved a f t e r  more than  1 5  y e a r s  of e x t e n s i v e  

s tudy .  Seve ra l  comple te ly  d i s s i m i l a r  mechanisms have been proposed. 

Among t h e s e  a r e  the. u n i p o r t  mechanism proposed by Lehninger (Leh- 

n i n g e r ,  1974; Lehninger and Brand, 1975) and Selwyn e t  a l .  (1970),  

t h e  a n t i p o r t  mechanism of Crompton e t  a l ,  (1976),  t h e  symport mech- 

anism of Moyle and M i t c h e l l  (1977),  and t h e  theo ry  of more than  one 

mechanism f o r  ca2+ t r a n s p o r t  i n  mi tochondr ia  proposed by Puskin e t  a l .  

2+ 
(1976).  Desp i t e  t h e  disagreement  over  t h e  mechanism of C a  t r a n s -  

2+ 
p o r t ,  i t  is  g e n e r a l l y  accep ted  t h a t  t h e  t r a n s p o r t  of C a  a c r o s s  t h e  

i n n e r  mi tochondr ia l  membrane i s  a car r ie r -media ted  p roces s  ( C a r a f o l i  

and So t tocasa ,  1974; Lehninger ,  1970; Reed and Bygrave, 1974; Selwyn 

2+ 
e t  a l . ,  1970).  One way t o  s t u d y  t h e  mechanism of Ca t r a n s p o r t  i n  

mi tochondr ia  i s  t o  i s o l a t e  t h i s  c a r r i e r  i n  i t s  a c t i v e  form and s tudy  

2+ 
t h c  mcchanism of Ca transport i n  r e c o n s t i t u t e d  sysLru is .  

There a r e  s e v e r a l  p r o p e r t i e s  a s s o c i a t e d  w i t h  t h i s  s p e c i f i c  

2+ 
Ca c a r r i e r .  The minimum c r i t e r i a  r e q u i r e d  t o  i d e n t i f y  any i s o l a t e d  

2+ 
p r o t e i n  a s  t h e  s p e c i f i c  Ca c a r r i e r  should  c o n s i s t  o f :  i t s  

l o c a l i z a t i o n  i n  t h e  inne r  mi tochondr i a l  membranes (Pedersen and Coty, 

2+ 
1972),  h igh  s p e c i f i c i t y  f o r  C a  (Lehninger e t  a l . ,  1967) ,  t r a n s p o r t  

of sr2+ and Mn2+ a s  w e l l  (Lehl inger  and C a r a f o l i ,  1971; Vinogradov 

and Scarpa,  1973),  and h igh  s e n s i t i v i t y  t o  i n h i b i t o r s  of mi tochondr ia1  

2+ 
C a  t r a n s p o r t  systems (Mela, 1968; 1969; Moore, 1971; Reed and 



Bygrave, 1914). 

2+ 
IJsinp' t h e  f a c t s  t h a t  Mn2+. ib a .  good analog of C a  t r a n s p o r t  

.... . . 
.. . . 

in-nitoc.hoi'iJf Pa(Lehninger e t '  al .  ,. 1'967; Puskin and Gunter, 1972) 

' 2+ 
and f r e e M n  c a n  be d i s t i n g u i s h e d  from bound Mn2+ by EPR spectroscopy 

(Gunter and Puskin, 1972),  toge the r  wi th  t h e  assumption t h a t  t h e r e  

e x i s t  high-aff i n i t y  Mn2+-binding s i t e s  i n  mitochondri8, a p r o t e i n  

has  been i s o l a t e d .  from. i n n e r  mitochondrial  membrane t h a t  i s  a b l e  

t o  bind Mn2+ with high a f f i n i t y .  The y i e l d  o f  t h e  i s o l a t e d  p ro te in  

w a s  determined a s  3 pg per.mg of mitochondrial  p r o t e i n  before  t h e  

removal of DOC, which- was .  used t o  e q u i l i b r a t e  t h e  column (Jeng e t  a l .  

1978)'. Since DOC. was shown 'to i n t e r f e r e  wi th  t h e  Lowry p r o t e i n  

determination (Gad1 and Holczinger, 1975), t h e  p u r i f i e d  p r o t e i n  w a s  

d ia lyzed aga ins t  50% e thano l  t o  remove DOC. The ad jus ted  y i e l d  of t h i s  

p u r i f i e d  p r o t e i n  (Table 4 ) ,  0.17 nmol per  mg of "mitochondr ia l  pro- 

t e i n  assuming t h e  molecular weight of t h e  p r o t e i n  i s  3000, is between 

2+ 
t h e  two es thnatdnumbers  of Ca c a r r i e r  s i t e s  repor ted:  1.2 nmol/mg of 

mitochondrial  p r o t e i n  (Reynafarje and Lehninger, 1969) and 0..06 nmollmg 

of mitochondrial  p r o t e i n  (Mela, 1969), and is c l o s e r  t o  t h e  number 

2+ 
a r r i v e d  a t  by Mela (1969). This Mn -binding p r o t e i n  can a l s o  bind 

ca2+ wi th  high a f f i n i t y ,  as can be seen from Fig. 8. Also, from the 

s e l e c t i v i t y  sequence obta ined by o rgaa ic  so lven t  e x t r a c t i o n  experiments 

(Table 6), t h e  i s o l a t e d  p r o t e i n  i s  more s p e c i f i c  f o r  ca2+ than f o r  Mn 2+ 

2+ 
and a l s o  favors  ca2+ over Mg a s  i n f e r r e d  from t h e  EPR assay of t h e  

i s o l a t i o n  procedure. The  amount of zn2+ e x t t a c t e d  i n t o  an organic  

2+ 
phase i s  almost twice a s  much a s  Ca . I n  t h e  presence of 



2+ 2+ 
equal  concentra t ions  of zn2+ and Ca , t h e  amount of C a  ex t rac ted  

. . 

i n t o  t h e  organic  is : .decr&ased by 83% ( F i g  9) .  2n2+ has been 

2+ 
repor ted  t o  be an  i n h i b i t o r  of C a  uptake by mitochondria of f r o g  

. . 
2+ 

s k e l e t a l  muscle (Batra, 1973). It i s  l i k e l y  t h a t  Zn competes f o r  

2+ 2+ 
t h e  Ca binding site on t h e  p ro te in .  Other d i v a l e n t  c a t i o n s  (Mn , 

2+ 2+ 
Sr , Ba , and have been feud t o  be a b l e  t o  compete f o r  

t h e  same s i t e  of ca2+ binding (Fig. 9) ,whereas monovalent. c a t i o n s  

+ 3+. 
( ~ a +  and K )cannot.. La and ruthenium red,  i n h i b i t o r s  of mitochond- 

2+ 2+ 
r i a l  Ca t r a n s p o r t  (Reed and Bygrave, 1974), i n h i b i t  Ca ext rac-  

3+ t i o n  a t  very  low concentra t ions .  The mole r a t i o  of t o t a l  La o r  

ruthenium red t o  p r o t e i n  f o r  90% i n h i b i t i o n  of t h e  protein-mediated 

2+ 
Ca e x t r a c t i o n  i n t o  t h e  methylene c h l o r i d e  phase w a s  10 : l .  Hence, 

3+ 2+ 
La and ruthenium red a r e  potent  i n h i b i t o r s  of t h i s  Ca ionophore. 

An unexpected r e s u l t  i n  comparison wi th  t h e  d a t a  sho--,in Fig. 9' 

2+ 
is  t h e  l a r g e  i n h i b i t o r y  e f f e c t  shown by Mn . The previously  

2+ 
mentioned work (Table 6 )  showed t h a t  only a small amount of Mn was 

2+ 
ex t rac ted  i n t o  t h e  organic  phase in. comparison.with C a  . This 

i n h i b i t o r y  e f f e c t  may be due t o  t h e  i n t e r a c t i o n  between Mn2+ and 

ca2+, which i s  c o n s i s t e n t  wi th  t h e  ca2+-stimulated Mn2+ uptake 

observed i n  mitochondria (Vinogradov and Scarpa, 1973). 

Recently, Blondin e t  a l .  (1977) have repor ted  t h e  i s o l a t i o n  

of a low molecular weight ca2+ ionophore from beef h e a r t  mitochondria. 

The ionophore i s  re leased  from a l a r g e  molecular weight p r o t e i n  by 

using prolonged t r y p t i c  d iges t ion .  This procedure i s  t o t a l l y  d i f f e r -  

2+ 
e n t  from t h e  non-proteolytic  i s o l a t i o n  of t h e  i n t a c t  C a  ionophore 

repor ted  here.  Also, t h e  amino a c i d  composition of t h e i r  ionophore 



is  considerably d i f f e r e n t  from t h a t  shown i n  Table 3. 

A major problem i n  t h e  c h a r a c t e r i z a t i o n  of t h e  t r a n s p o r t  

p r o p e r t i e s  of t h i s  p r o t e i n  is t h e  l i p i d  contamination. Tyson e t  a l .  

(1976) have shown t h a t  phospholipids may func t ion  as ionophores i n  

t h e  Pressman c e l l  assay under c e r t a i n  condi t ions .  Their  d a t a  

show t h a t  c a r d i o l i p i n  t r a n s p o r t s  ca2+ i n  t h e  Pressman c e l l  assay.  

This cardiolipin-mediated ca2+ t r a n s l o c a t i o n  i n  t h e  Pressman c e l l  

assay w a s  a l s o  confirmed ( Fig. 12) under t h e  same condi t ion  t h a t  was 

used t o  assay t h a t  of t h e  i s o l a t e d  p r o t e i n  (Fig. lob) .  This f a c t  

prompted a f u r t h e r  i n v e s t i g a t i o n  i n t o  whether p a r t  o r  a l l  of t h e  Ca 2+ 

t r a n s p o r t  p r o p e r t i e s  of t h e  i s o l a t e d  p r o t e i n  a r e  due t o  co-purif ied 

phospholipids. The fol lowing r e s u l t s  s t rong ly  i n d i c a t e  t h a t  t h e  C a  2+ 

t r a n s p o r t  p r o p e r t i e s  a ssoc ia ted  wi th  t h e  p r o t e i n  a r e  not  due t o  t h e  

contaminating c a r d i o l i p i n :  ( a )  The r a t e  of ca2+ t r a n s p o r t  wi th  

c a r d i o l i p i n  w a s  repor ted  t o  be i n s e n s i t i v e  t o  pH over t h e  range 5.0 

t o  8.5 (Tyson e t  a l . ,  1976), while ca2+ t r a n s p o r t  with.  t h e  i s o l a t e d  

p r o t e i n  i s  very pH dependent, showing zero ca2+ t r a n s p o r t  r a t e  wi th  

no pH grad ien t .  (b) When t h e  mole r a t i o , o f  a ssoc ia ted  phospholipids 

t o  p r o t e i n  was reduced t o  3 6 : l  by methylene ch lo r ide  e x t r a c t i o n ,  t h e  

ca2+ t r a n s p o r t  rate by t h e  i s o l a t e d  p r o t e i n  w a s  s t i l l  slower than 

those  of c a r d i o l i p i n ,  PE, and PC, assuming a l l  t h e  assoc ia ted  phos- 

phol ip ids  w e r e  c a r d i o l i p i n ,  PE, and PC, r e s p e c t i v e l y  (Fig. 13a) .  Af te r  

t h e  mole r a t i o  of a ssoc ia ted  phospholipids t o  p r o t e i n  was decreased 

t o  13: l  by s i l i c i c  a c i d  g e l  chromatography (Table 7 ) ,  t h e  amount 

of ca2+ t ranspor ted  by c a r d i o l i p i n ,  PE, and PC were a l l  reduced (Fig. 

13b),  whereas t h a t  of t h e  i s o l a t e d  p r o t e i n  increased.  These r e s u l t s  

imply t h a t  t h e  p ro te in ,  no t  t h e  assoc ia ted  phospholipids,  p lays  t h e  



2+ 
.major.. r o l e .  in t h e  C a  t r a n s l o c a t i o n  i n .  t h e  Pressman. c e l l  assay.  

( c )  Tyson e t '  a l .  (19763. found. t h a t  . c a r d i o l i p i n  . could t r a n s l o c a t e  

2+' ' . .  . 

~ b +  f a s t e r  than Ca . This obs.ervation was con£ inned under t h e  

condi t ion  of t h e  experiments r e p o r t e d . h e r e  .. (Fig. 14) .  However, 

2+ t h e  i s o l a t e d  p ro te in  t ranspor ted .  ~ b +  slower rhan Ca (Fig. 14) . 

The phospholipase  digestion experiments tend t o  e l imina te  t h e  

p o s s i b i l i t y  t h a t  PE 'plays  a major r o l e  i n  t h e  protein-mediated 

2+ 
C a  t r ans loca t ion .  A s  c a n - b e  seen from Fig. 15,  most of t h e  

phospholipids assoc ia ted  with t h e    rote in were d iges ted  by phospho- 

l i p a s e  C. While d iges ted  PE decreases  its a b i l i t y  t o  t r a n s l o c a t e  

ca2+ through a.  bulk organic  phase, t h e  phospholipase C d i g e s t i o n  

2+ 
l eaves  t h e  protein-mediate Ca t r a n s l o c a t i o n  unchanged (Table 8).  Thus, 

2+ 
t h e  Ca t r a n s p o r t  p r o p e r t i e s  of t h i s  3000-dalton p r o t e i n  a r e  proven 

no t  due t o  t h e  contaminating phospholipids by t h e  i n d i r e c t  methods 

mentioned above. A more d i r e c t  method of showing t h e  independence of 

t h e  protein-mediated t r a n s p o r t  proper ty  from those. of phospholipids 

is  t o  d e l i p i d a t e  t h e . p r o t e i n  completely o r  t o . a n  i n s i g n i f i c a n t  amount. 

This approach has  been success fu l  and w i l l  be shown i n  Chapter 2.  

The i s o l a t e d  p r o t e i n  s t a i n s  pink i n  pe r iod ic  a c i d / ~ c h i f f  base 

s t a i n  (Fairbanks, 197I) ,  a n . i n d i c a t i o n  t h a t  t h i s  p r o t e i n  might be a 

g l y c o p r u ~ e l l ~ .  ' However, afrer de lep ida t ion ,  t h e  p r o t e i n  is no longer 

s t a ined  wi th  t h e  g lycoprote in  s t a i n  ( r e s u l t s  w i l l  be shown i n  Chapter 

2) .  This f a c t  toge the r  wi th  t h e  i n s i g n i f i c a n t  amount of carbohydrates 

detec ted  i n  t h e  d e l i p i d a t e d  p r o t e i n  ( see  Chapter 2 f o r  d e t a i l s )  a s s u r e s  

t h a t  the i s o l a t e d  p rn te in  i s  not a g lycoprote in .  



Probably, t h e '  kin. objec t ion  a g a i n s t  t h i s  i s o l a t e d  p r o t e i n  

2+ 
being th,e. speccf i c  C a  c a k r f e r '  comes' from ' t h e .  results. of organic  

so lven t  ext rac t ion.  experiments summarized in Table 5. It is gen- 

2+ 
e r a l l y  agreed t h a t  t h e  d r iv ing  f o r c e  f o r ,  C a  t r a n s p o r t  i n  mito- 

c h 0 n d r i a . i ~  t h e  negative-inside membrane.potentia1 ac ross  t h e  inner  

2+ 
mitochondria (Scarpa and'  ~ z z o n e ,  197.0) . This  impl ies '  t h a t  t h e  C a  - 
c a r r i e r  complex i s  p o s i t i v e l y  charged. Thus, t h i s  s p e c i f i c  ca r r i e r '  

2+ 
mediated C a  e x t r a c t i o n  i n t o  t h e  organic  phase should r e q u i r e  l ipo-  

p h i l i c  anions,  e.g. p i c r a t e ,  t o  n e u t r a l i z e  the.  complex a s  i n  t h e  case  

+ 
of kalinomycin-mediated K . e x t r a c t i o n  . i n t o  t h e  organic  phase (Haynes 

and Pressman, 1974). Table 5 shows t h a t  t h e  a d d i t i o n  of p i c r a t e  

2+ had l i t t l e  e f f e c t  i n  increas ing t h e  n e t  amount of Ca e x t r a c t i o n  i n t o  

. a l l  of t h e  organic  phases . ' tes ted . '  These experiments may i n d i c a t e  

e i t h e r  t h a t  t h e  ~ a ~ + - ~ r o t e i n  complex is  n e u t r a l  o r  t h a t  t h e  con- 

. t a m h a t i n g  phospholipids a c t  a s  ' l i p o p h f l i c  anions.  I n  Chapter 2, .it 

w i l l  be  shown t h a t  a f t e r  complete d e l i p i d a t i o n ,  t h e  protein-mediated 

2+ 
Ca e x t r a c t i o n  i n t o  t h e ' o r g a n i c .  phase abso lu te ly  r e q u i r e s  p i c r a t e .  

Thus, t h i s  3000-dalton p r o t e i n  seems t o  be an e lec t rogen ic  calcium 

ionophore p r o t e g .  and is- . theref  o r e  named "calciphorin" . The exact  

2+ 
r o l e  of ca lc iphor in  i n  t h e  o v e r a l l  mitochondrial  Ca t r a n s p o r t  

system is not  c e r t a i n .  It. could a c t  a s  e i t h e r  t h e  c a r r i e r  f o r  t h e  

2+ 
inward t r a n s p o r t  o f . C a  o r  f o r  t h e  e f f l u x  mechanism (Crompton, e t  a l .  

2+ ,1976; Gunter ,et a l . ,  1977) i n  t h e  mitochondrial  C a  t r a n s p o r t  

system. 
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CHAPTER 2 

THE ELECTROGENICITY OF THE DELIPIDATED 

CALCIUM IONOPHORE 



SUMMARY 

The isoIated calcium ionophore protein (named calciphorin) is 

delipidated by using Sephadex LH-20 column chroniatography. The mole 

ratio of,phospholipids to calciphorin can be reduced to 0.1 mole of 

phospholipids per mole of calciphorin. There are no free fatty:acids, 

hexosamines, or sialic acids associated with the delipidated calcipho- 

rin. The extraction of ca2* into an organic phase mediated by the de- 

lipidated calciphorin requires the presence of a lipophilic anion, 

picrate. Picrate also enhances.! the rate of calciphorin-mediated ca2+ 

translocation through a bulk organic phase. Thus, calciphorin seems to 

be an electrogenic ca2+ ionophore . 



INTRODUCTION 

Since the Iirst inrroduction by Pressman ( Moore and Pressman, 

1964;Pressman, 1965), the ion transport properties of the ionophores 

have created a new field of research. Ionophores, meaning ion bear- 

ers, can provide not only a valuable tool for studies on the linkage 

between metabolism and ion transport,but also present perfect models 

for studies on the molecular mechanism of the ion selectivity (Press- 

man, 1976;Gomez-Puyou and Gomez-Lojero, 1977). In general, ionophores 

include carriers and channels. Carriers are assumed to be lipophilic 

molecules that bind substrates on one side of the membrane, diffuse 

through the lipid bilayer, and dissociate the bound substrates on the 

other side of the membrane. Channels are aqueous filled pathways span- 

ning the membrane (Shamoo and Goldstein, 1977). Among all the model 

carriers reported, valinomycin (Moore and Pressman, 1964;Pressman, 

1965), A23187 (Reed and Lardy, 1972), and X-537A (Pressman, 1973) are 

the most commonly used in experiments, whereas gramicidin (Bodanszky 

and Yerlman, 1969) and alamethicin (Mueller and Rudin, 1968) are the 

representatives of model channels. 

There are two distinct classes of model carriers. The first class 

is the electrogenic carriers, and valinomycin is the best known example. 

Valinomycin is electrically neutral and forms a positively charged com- 

-I- + 
plex with K . The K -valinomycin complex can respond to an externally 
applied potential across the artificial bilayer membrane causing an 

increase in membrane conductance (Eisenman et al,, 1973). The extrac- 



tion of 'the ion-carrier complex of this class into a bulk organic 

phase requires the presence of a lipophilic anion to neutralize the 

complex (Haynes and Pressman, 1974). The second class is the electro- 

neutral carriers. A23187 and X-537A belong to this class. The. ion- 

carrier complex is electrically neutral. This complex cannot respond 

to an externally applied.potentia1 across the bilayer membrane to in- 

crease the membrane conductance '(~ulf and Pohl, 1977), and the extrac- 

. tion of the ion-carrier complex into an organic phase does not require 

a lipophilic anion (Pfeiffer and Lardy,. 1976). 

Despite the fact that these model carriers and channel.-formers 

act as ion transport mediators when introduced into natural membranes 

or artificial bilayer membranes, they have no known in vivo transport 

function (Shamoo and Goldstein, 1977). A logical extension90 the model 

ionophores woult .be .$he iso3ation o.f ionophores from biological membranes 

of higher organisms which have known iori-transport properties (Shamoo and 

Goldstein, 1977)., 

ca2+ transport in mitochondria has .attracted much interest recently 

(Mela, 1977;Bygrave, 1977;Bygrave, 1978; Caraijoli and Crompton, 1978). 

The reason is at least two-fold. Physiologically, there are lines of 

evidence that ~ a 2 +  transport in mitochondria plays an important role in 

regulating the intracellular ca2+ concentration (Bygrave, 1978 ; Carafo- 

li and Crompton, 1978). Kinetically, ca2* transport in mitochondria 

appears to be a carrier-mediated process (Carafoli and Sottocasa, 1974; 

Lehninger, 1970; Reed and Bygrave, 1974; Selwyn et a1.,1970), and this 

ca2+-carrier complex responds to a negative- inside membrane potential 

across the inner mitochondria1 membrane (Scarpa and Azzone, 1970). The 



isolation of this carrier would therefore provide a better model 

for carrier-mediated transport 'studies. Indeed, there have been num- 

erous 'attempts to isolate this specific carrier (Lehninger, 1971; 

Gomez-Puyouet al., 1972; Sottocasa.'et al., 1972; Carafoli and Sotto- 

casa, 1974; 'Utsumi and Oda, 1974; Carafoli, 1975). However, all of the 

.isolated fractions or pure proteins appear to be hydrophilic, extriq- 

2+ sic membrane binding proteins rather than the Ca carrier (Carafoli, 

1976;Prestipino 'et al., 1974) ., 
In Chapter 1, a 3000-dBlton calcium ionophore protein (named 

calciphorin) has been isolated by using a novel approach (Jeng'et al., 

1978;Shamoo and Jeng, 1978; Jeng and Shamoo, 1978). Calciphorin has 

2+ shown high affinity and high specificity for Ca , and the calciphorin- 

mediated ca2+ extraction intd the organic phase is inhibited by low 

concentrations of ruthenium red and ~ a ~ + .  Also, calciphorin can trans- 

lo=ate ca2+ through a bulk organic phase. in.-Pressman cell- experiments 

in the presence of a pH step gradient between the aqueous phases, with 

high pH on the donor side. However, large amounts of phospholipids . 

were found to be associated with .calciphorin. Indirect experiments 

with the partially delipidated calciphorin indicate that the transport 

properties found. are associated with the protein and not the phospho- 

lipids. Another objection against calciphorin being, the specific ~ a 2 +  

carricr ii that the adJiLiun uf a lipophilic anion had Iittle effect on 

2+ the net amount of calciphorin-mediated Ca . .extraction into all of the 

organic phases tested. These experiments may indicate either that the 

~a~+-calci~horin complcx is niutsal u.r L-lial: the cdnrminating phospho- 

lipids act as lipophilic anions. 



In this2.cchapter, a complete delipidation procedure i s  described 

and the question as to the electrogenicity of calciphorin is  answered. 

Some of the results  described i n  th is  chapter have been reported 

prevTously (Shamoo, ' e t  a l . ,  1978) .  



EXPERIMENTAL PROCEDURE 

MATERIALS 

4 5 ~ a ~ 1 2  was purchased from Amersham-Searle Corp . Sephadex LH- 
20(25-100~m)was obtained from Pharmacia. Silica gel G plates (250 

pm) were products of Fisher Scientific. Sequanal grade pyridine was 

purchased from Pierce. Methylene chloride, mannose, galactosamine 

hydrochloride, N-acetylneuraminic acid were obtained from Sigma. All 

other reagents used were of the highest commercial purity available. 

Isolation of calciphorin 

. Calciphorin was isolated from calf heart mitochondria as detailed 

in Chapter 1. Mitochondria were prepared as previously described (Crane 

~t al., 1956). Inncr mitschondrial mernbranes,isolated according to 

the method of Schnaitman and Greenawalt (1968), were partially solu- 

bilized with DOC. The DOC-soluble inner mitochondria1 membrane was 

chromatographed on a Sephadex G-50 qolumn equilibrated with 1% K DOC, 

0.02% NaN3, and 10 mM Tris.HCl~pH 7.8. The elution profile was moni- 

tored by 280 nm absorbance and the fifth major peak was identified as 

calciphorin. 



Delipidation of calciphorin by Sephadex LH-20 column chromatography. 

Sephadex LH-20 beads in chloroform/methanol (C/M, 6:l) were 

packed in a Bio-Rad Econo-column with 0.7 cm in inner diameter. The 

total bed-volume was 10 ml. The column was washed with 2 bed-volumes 

of C/M 6:l before the sample was applied. The protein sample used in 

this procedure came from the fifth major peak of the Sephadex G-50 

column chromatography (Fig. 3, Chapter 1) and had been dialyzed against 

50% (vol/vol) ethanol at 4'~ for 5 days. The resulting cloudy dialysate 

was centrifuged at 228,000 x g for 30 minutes. The yellowish pellet 

was dissolved in a small volume of C/M 6:l. The sample containing 

200 pg of protein in 200 p1 of C/M 6:l was eluted with 3 bed-volumes 

each C/M 6:1, C/M 1:1, and methanol. Three-milliliter fractions were 

collected. Each tube. was dried under a stream of N2. The first 12 

fractions were re-solubilized in 200 p1 of sequenal grade pyridine while 

the rest of the fractions were in the same volumes of methanol. An 

aliquot ( 20 ~ 1 )  from each tube was then analyzed by TLC on Silica 

Gel G plates ( 250 pm) with chloroform-methanol-28% ammonium hydrox- 

ide ( 65:35:5, by volume) as the developing solvent (Meissner and 

Fleischer, 1971). The plates were charred at 1 0 0 ~ ~  for one hour 

after spraying with chromerge. Fractions containing 

no phospholipids by visual analysis (Fraction C) were pooled. The 

rest of the fractions (Fraction 8 )  other than the void volume (Fraction 

A) were also pooled. These combined fractions were then dried under 

nitrogen individually. Fractions A and B were resolubilized in small 

volumes of sequanal grade pyridine,and Fraccioa C in methanol. The 



protein and phospholipid phosphorus concentrations of each com- 

bined fraction was then determined and the mole ratio of phospholipid: 

protein was calculated. 

Fatty Acid Analysis. 

The total fatty acid content associated with the delipidated 

calciphorin was determined using gas chromatography. Before the app- 

lication to the gas chromatograph, the fatty acids were convkrted to 

fatty acid methyl esters according to the method or Farquhar (1962) 

modified by isalemet a1.(1976). Delipidated calciphorin (100 pg) 

was taken to dryness with a stream of N and was re-solubilized in 2 2 

ml of HC1-methanol solution containing 5% HC1 (w1v.j:: and 0.017, butyl- 

ated hydroxytoluene (BHT) in anhydrous methanol. The tube was flushed 

witn nitrogen, capped tightly, placed in a water bath at 60'~ for 1 

hour, and vortexed occasionally. After removal from the water 

bath, 4 ml of water and 6 ml of petroleum ether with 0.01% BHT were 

added to the tube. The tube was vortexed and the resulting mixed 

phases were separated by centrifugation at 1000 x g for 5 minutes. The 

petroleum ether extraction was repeated twice and tne extracts were 

pooled and concentrated. The final concentration of the fatty acid 

methyl esters was about 1 mg/ml of petroleum ether and 3 ~1 was in- 

jected using a Hamilton lambda syringe to a Hewlett Packard Model 

58308 gas chromatograph equipped with dual flame ionization detectors. 

The solid phase of this gas chromatograph was 10% diethylene glycol 

succinate on chromosorb W,and helium was used as tne carrier gas'at 

a flow rate of 24 ml/min. The temperatures of the injector and the 
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detector. were 20U and 250°c, respectively. A Hewlett Packard Model 

188508 gas chromatograph:' termi.nal was used to plot the elution pat- 

tern of the fatty acid rtlerhyl esters as a function of the retention 

time and to compute the area.under each peak. The total amount of 

fatty acids in the sample was estimated by comparison with the total 

peak areas of the standards. The standards.used were NHI-F, GLC-60 

(both from Supelco), and GLC-006 (Analabs). The free fatty acid con- 

tent of the sample was calculated by subtracting 2 times the amount 

of phospholipiG phosphorus associated with the delipidated calci- 

phorin from the tota1,amount of fatty acids obtainedabove. 

Neutral sugar determination 

The total amount of neutral sugars (glucose, galactose, mannose, 

fucose, and xylose) associated with the delipidated calciphorin was 

determined by the metnod of Dubois et al. (1956) using mannose as the 

standard. Samples containing 20 yg of delipidated calciphorin in me- 

thanol were dried in test tubes under a stream of nitrogen and were 

resuspended in 200 yl of water by vortexing. Five microliters of 

8 ~ 2  redistilled reagent grade phenol immediately followed by 50U 

microliters of concentrated sulfuric acid were then added to each 

tube. The stream of sulfuric: acid was directed against the liquld 

ourface rather tl~an against the side of the test tube in order to 

obtain a good mixing. The tubes were allowed to stand for 1U minutes, 

vortexed, and then placed in a water bath at 25'~ for 15 minutes. The 

absorbance at 490 nm was then read. The standards containing 0.5 

to 1.0 yg of erirnnosc in 200 y1 01: waLer were rreated in the same manner. 



. . 
All of the.'standards and samples were prepared'at least in tripli- 

cate to minimize errors resiilting from contaminations. 

Determination of hexosamines 

The total amount of hexosamines (glucosamine and galactosamine) 

associated with the delipidated calciphorin was measured according 

to the method of Dische and.Bbrenfreund (1950). Galactosamine hydro- 

chloride was used as the standard. Duplicate samples containing 10 

pg of delipidated calciphorin in methanol were dried in test tubes 

under N2 and were resuspended.in 62.5 p1 of water by vortexing. Equal 

volumes ( 62.5 yl) of 5% sodium nitrite and 33% acetic acid were. then 

added to each tube to deaminate the hexosamines and to convert them 

to 2,5-hexose anhydrides. The excess nitrous acid was then removed by 

adding 62.5 p1 of 12.5X ammonium sulfamate to each tube, and the tubes 

were shaken for 30 minutes-at room temperature. For control experiments 

without deamination, 187.5 p1 of a mixture of equal volumes of 5% 

sodium nitrite, 33% acetic acid, and 12.5% ammonium sulfamate were 

each added to another pair of duplicated samples containing TO pg of 

delipidated calciphorin in 62.5 p1 of water. After shaking, 250 p1 

of 5% hydrochloric acid and 25 p1 of 1% indole in ethanol were added . . 

to each of the deaminated and non-de.aminated samples. The tubes were 

then placed in a heating block for 5 minutes at 1 0 0 ~ ~ .  After cooling, 

250 y1 of ethanol were added to each tube to remove the slight tur- 

bidity which appeared after heating. The tubes were vortexed and the 

absorbances at both 492 and 520 nm were recorded. The'standards con- 

taining 1 t o  5U moles of galactosamine hydrochloride were treated in 



'the same manner. Tne dl£ference of the absorbance'at 492 and 520 

nm (A492- A52i) !or the non-deaminated solutions was subtracted from 

the corresponding va'lues for the deaminated samples or'standard solu- 

tions. The amount of galactosamine in the sample was estimated from 

the (A492- A520) VS. galactosamine hydrochloride plot for the standard 

solutions. 

Determination of sialic acids. 

The total content of sialic acids (N-acetyl-, N-glycolyl-, and 

N,O-diacetylneuraminic acid) associated with the delipidated calci- 

phorin was determined according to the method of Warren (1959). N- 

acetylneuraminic acid was used as the standard. Samples containing 

10 pg of delipidated calciphorin in methanol were dried in test tubes 

under N2, and were resuspended in 50 p1 of water by vortexing. Peri- 

odate solution ( 25 p1) containing O.zM sodium periodate (meta) in 

9M phosphoric acid was then added to each tube. The tubes were then 

vortexed and allowed. to stand at room::taperature for 20.minutes. 

Arsenite solution ( 250 p1) which contained 10% sodlum arsenite, U.5 M 

sodium slilfate and 0.1N H.SO was added next, and tne tubes were vor- 
L 4 

texed until a yellow-brown color had disappeared. Finally, 750 p1 

of 0.6X thiobarblturic acid in 0.5 .M sodium sulfate was.added, the 

tubes vortesed and capped with marbles, and then heated in a heating 

block at 10~'~ for 15 mlnutes. The tubes were then removed and 

placed in cold water for 5 minutes. After coollng, 1.075 ml of cyclo- 

hexanone was added. Each tube was vortexed for 30 seconds and the 

phases were separated by centrifugation in.a Beckman TJ-6 table-top 
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centrifuge.'at YO0 x g for 5 minutes. The clear upper cyclohexanone 

phase was red and.the absorbanceat 549 nm.was read. The.standards 

containing 1 to 10 nmoles of N-acetylneuraminic acid were treated in 

' the same manner. 

Other methods. 

The concentrations of calciphorin and the phosphorus associated with 

the delipidated calciphorin were determined by the methods of Lowry 

et al. (1951) and Ames and Dubin (1960), respectively. Methylene 

chloride was used as the organic phase in the organic solvent extrac- 

2+ tion experiments. Ca . . transport through;:a bulk organic.phase5:was 

measured by using Pressman cells (Pressman, 1973)., UrealS~S poly- 

acrylamide gel electrophoresis was carried out according to the method 

of Swank and ~unkres. (1971) : These methods were described In detail 

in Chapter 1. 1 r1 



RESULTS 

Delipidation of Calciphorin 

Calciphorin was delipidated completely by Sephadex LH-20 column 

chromatography. Fig. la shows the elution pattern from the Sephadex 

' 

LH-20 column run on a TLC plate. The numbers on the plate correspond 

to the actual fraction numbers collected from the column. The zeroth 

spot was the sample before fractionation. Fractions I to 10 were 

eluted with C/M 6:1, fractions 11-20 with C/M 1:1, and the rest of 

the fractions with methanol. It can be seen that the bulk of the 

phospholipids were eluted in the first two fractions (Fraction A). ... 

Fractions 13-30, containing no phospholipids by visual analysis, were 

combined(Fraction C). Other fractions (3-12) containing only little 

phospholipids, were also pooled (Fraction B). Figure lb shows the 

elution profile of DOC ori the Sephadex LH-20 column eluted under the. 

same condi'tion as that shown in Fig. la. By comparison with Fig. la 

and lb, it can be concluded that there was an insignif~cant amount, if 

any, of DOC present i.n tns Frar. t ian C. 

The mole ratios of phospholipid phosphorus to calciphorin in Frac- 

tions A, B, and C are shok in Table 1. The mole ratio of Fraction A 

shown in this table was an underestimation. Because the presence 

of large amounts of phospholipids was found to interfere with the 

Lowry protein determination giving a high absorbance at 750 nm (un- 

published observation), the concentration of calciphorin in Fraction 

A should have been lower than the measured value. Thus, the mole ratio 



Figure  1. TLC p l a t e s  showFng the  e l u t i o n  p r o f i l e  from t h e  Sepha- 

dex LH-20 column chrouiatography. The numbers o n  t h e  p l a t e s  =orres-  

pond t o  the  a c t u a l  f r a c t i o n  numbers c o l l e c t e d  from thecolumn.. The zer- 

'0 th  s p o t s  were samples before  applying t o  t h e  column. F rac t ions  

were e l u t e d  by the  fol lowing so lven t s :  I t o  10,C/M 6: l ;  1I t o  20, 

C/M 1:l; 21 t o  30, methanol. The developing so lven t  was chloroform- 

methanol-28% ammonium hydroxide (65 :35 :5 by volume). 

a )  The s q l e  app l l ed  t o  t h e  column was 200 yg of  ca lc iphor in .  

The ze ro th  s p o t  was 10 pg of ca lc iphor in .  

b )  , T h e  sample app l i ed  t o  t h e  column was 6.4 mg of DOC. The 

zeroth  spo t  was 130 pg of DOC. 







TABLE 1 

Phospholipid phosphorus associated with calciphorin 

in fractions eluted from the Sephadex LH-20 column 

Sample mole ratio 
phosphorus:calciphorin 

Calciphorin 
before delipidation 

Fraction A 

Fraction B 

Fraction C 

In calculating the mole ratio,.. 3000 was taken as 

the molecular weight of calciphorin. Thirty fractions 

were collected f rou  the Sephadex LH-20 column during the 

delipidation procedure. These fractions were combined 

into 3 groups according to the visual analysis of the 

phospholipid content on TLC plates. Fraction A, Fraction 

B, and Fraction C were combined from fraction numbers 1 

to 2, 3 to 12, and 13 to 30, respectively. 



in. Fraction A should be much higher than 410. The mole ratio 

of phospholipid phosphorus to calciphorin in Fraction C could be re- 

duced to about 0.1 by combining only the fractions eluted with me- 

thanol from the Sephadex LH-20 column. 'It will be seen that the 

presence of phospholipids at a mole ratio of 0.3 does not conrribute 

to the characteristics associated with cilciphorin (Table 3 and Fig. 

3, below). Thus, in order to obtain a higher yield of the delipidated 

calciphorin, more fractions eluted from the Sephadex LH-20 column 

were combined in Fraction C. The mole ratio of phospholipid phosphorus 

to calciphorin in Fraction C used in the subsequent experiments was 

0.3. The delipidated calciphorin was not soluble in water, but could 

be solubilized in methanol. 

Fig. 2 shows the result of the urea/SDS polyacrylamide gel electro- 

phoresis of calciphorin before and after delipidation. After delipidation, 

calciphorin migrated faster in the urea/SDS po1yacrylami.de gels. The 

mobilities of calciphorin before and after delipidation were 0.54 and 

0.68, respectively. The amino acid composition of the delipidated cal- 

ciphorin was still the same as that shown in Table 3 of Chapter 1 and 

the delipidated calciphorin lost its pink color in periodic acid/Schiff 

base.stain (results not shown). 

Prosthetic - -  - groups - .  associated with the delipidated calciphorin. 

The contents of phospholipid phosphorus,free fatty acids, and 

carbohydrates associated with the delipidated calciphorin are shown 

in Table 2. Since there are two fatty acid chains associated with 

each head group of the phospholipids, the content of free fatty acids 



. . .  

Figure 2 .  Urea/SDS gels  and.: ge l  scans..of calciphorin before and 

after del ipidation.  Gels were scanned.'atj560 nm. 

Top Gel: 7 pg calciphorin before delipidation 

Bottom Gel:3 pg =.alciphmrin after delipidation 







TABLE 2 

Prosthetic groups associated with 

the delipidated calciphorin 

Mole ratio 
Prosthetic group prosthetic group:calciphorin 

Phospholipid phosphorus 0.1 

Free fatty acids 0 

Neutral sugars 
(glucose, galactose, mannose, 0.5 
fucose , xylose) 

Hexosamines 0 
(glucosamine,ga'lactosamine) 

Sialic acids 0 



was calculated by subtracting 2 times the amount of phospholipid 

phosphorus associated with the delipidated calciphorin from the 

total amount of fatty acids obtained by gas chro&tography. Except 

for neutral sugars, the samples used in the determination of'other 

prosthetic groups were dbtained froui the sephadex LH-20 column de- 

lipidation procedure. By using calciphorin de1ipidated.fromSephadex 

LH - 20 column, the mole ratio of the neutral sugars to calciphorin 

was 14:l. None of the 'other components of the carbohydrates (hexosam- 
. . 

ines and sialic acids) were found in the sample of delipidated calci- 

phorin. Since the same mole ratio of neutral sugar to calciphorin was 

also found in other fractions containing higher phospholipid content 

eluted from the Sephadex LH-2U column (result not shown) and there 

are no known glycoproteins containing neutral sugars as the sole car- 

bohydrate component, the measured content of neutral sugars was prob- 

ably due to contamination. Therefore, the possible sources of inter- 

ferring substances such as various phospholipids and. high concentrations 

of DOC were tested. None of the above substances showed any interference 

on the determination of the neatral sugars (results not shown) carried 

out by the method of Dubois et al. (1956). Because calcipnorin was 

delipidated from tne Sephadex LH-20 column and the Sephadex beads were 

prepared by cross-linking selected dextran (anhydroglucose polymer) 

fractions with epichlorohydrin, it is likely that the neutral sugars 

measured in the sample of delipidated calciphorin came from.the degrada- 

tion products of the Sephadex beads. Indeed, control experiments 

with Sephadex LH-20 beads gave extremely high readings at 490 m. 



By using methylene c h l o r i d e  a s  t h e  d e l i p i d a t i o n  .procedure, it  was 

found t h a t  t h e  mole r a t i o  of n e u t r a l  sugars  t o  ca lc iphor in  was 0.5. 

(Table 2) .  Thus, t h e  t o t a l  carbohydrate content  i n  c a l c i p h o r i n  is  

i n s i g n i f i c a n t  and ca lc iphor in  i s  t h e r e f o r e  no t  a  glycoprotein.  

Organic solvent  e x t r a c t i o n  experiments.. 

The r e s u l t s  of calciphorin-mediated ca2+ e x t r a c t i o n  i n t o  t h e  

methylene c h l o r i d e  phase a r e  shown i n  Table 3 .  I n  t h e  absence of any 

l i p o p h i l i c  ions ,  t h e  amount of ca2+ ex t rac ted  i n t o  t h e  organic  phase 

w a s  only  0.01 mole per  mole of ca lc iphor in  under t h e  assumption t h a t  

a l l  of t h e  p r o t e i n  w a s  i n  t h e  organic  phase. The a d d i t i o n  of p i c r a t e ,  

a l i p o p h i l i c  anion, enhanced t h e  mole r a t i o  t o  0.25, whereas t h e  

a d d i t i o n  of tetramethylanrmonium, a l ip id - so lub le  ca t ion ,  had no e f f e c t  

2+ 
on t h e  amount of calciphorin-mediated Ca ex t rac t ion .  Control  exper- 

iments wi th  pyr id ine ,  i n  which ca lc iphor in  w a s  s o l u b i l i z e d ,  showed zero 

e f f e c t s  on t h e  ca2+ e x t r a c t i o n  under a l l  of t h e  condi t ions .  The p r o t e i n  

sample used in t h e  organic  so lven t  e x t r a c t i o n  experiments had 0.3 moles 

of phospholipids assoc ia ted  wi th  each mole of d e l i p i d a t e d  ca lc iphor in .  

2+ 
The e f f e c t s  of phospholipids on Ca e x t r a c t i o n  were t h e r e f o r e  t e s t e d .  

I n  t h e  experiments shown.in Table 3 ,  the,amount of each of t h e  phospho- 

l i p i d  s tandards  used was i d e n t i c a l  t o  t h e  t o t a l  amount of phospholipids 

. a s s o c i a t e d  with ca lc iphor in .  For a l l  t h e  experiments c a r r i e d  ou t  under 

t h i s  condit ion,  phospholipid s tandards  w e r e  found not  t o  be a b l e  t o  

2+ 
e x t r a c t  Ca i n t o  t h e  organic phase i n  t h e  presence o r  absence of a  

l i p o p h i l i c  anion, except t h e  small e f f e c t  of c a r d i o l i p i n  i n  t h e  pres- 

ence of p i c r a t e .  Since c a r d i o l i p i n  only accounted f o r  less than 5% 



TABLE 3 

E f f e c t s  of l i p o p h i l i c  ions  and contaminating phospholipids on 

calciphorin-mediate& ca2+ e x t r a c t i o n  . i n t o  . t h e  organic  phase 

. . .  - 
Mole r a t i o ;  'caLf e x t r a c t e d / p r o t e i n  

Addit ion ca lc iphor in  pyr id ine  c a r d i o l i p i n  PE PC 

None 0.01 0 0 0 0 

P i c r i c  a c i d  

Tetramethyl- 
ammonium 
ch lo r ide  

The aqueous phase contained 1 m l  of 1 mM 45Ca~12 and 5 mM 

T r i s  . H C l ,  pH 7.8. . The organic  phase w a s  2 m l  of methylene chlor ide .  

When used, 50 ~ 1 1  ... p i c r i c  a c i d  o r  tetramethylammonium c h l o r i d e  was 

added t o  t h e  aqueous phase. Calciphorin and phospholipid s tandards  i n  

. pyr id ine  w e r e  added t o  t h e  organic phase. Calciphorin was d e l i p i d a t e d  

by Sephadex LH-20 column chromatography. There were 0.3 moles of 

phospholipids assoc ia ted  wi th  each mole of d e l i p i d a t e d  ca lc iphor in .  The 

concentra t ions  of ca lc iphor in  and t h e  phospholipid s tandards  used were 

1 .3  and 0.4 uM, respec t ive ly .  The molecular weight of ca lc iphor in  w a s  

taken a s  3000 d a l t o n s  i n  c a l c u l a t i n g  t h e  mole r a t i o s .  The mole r a t i o  

of t h e  cardiolipin-mediated ca2-" e x t r a c t i o n  i n  t h e  presence of p i c r a t e  

w a s  ca lcu la ted  i n  t h e  same manner i n  o rder  t o  make a d i r e c t  compar- 

i s o n  with t h e  e x t r a c t i o n  mediated by ca lc iphor in .  



of t h e  t o t a l  contaminating phospholipids be fore  t h e  d e l i p i d a t i o n  of 

ca lc iphor in '  (Fig. 11, Chapter 1 ) .  and almost 100% of t h e  c a r d i o l i p i n  

could be  e lu ted  i n  t h e  void. volume dur ing .  the.  S.ephadex LH-20 column 

d e l i p i d a t i h n  procedure (Fig. l a )  , t h e  l a 1 1  e f f e c t  of ca2+ ex t rac ted  

due t o  c a r d i o l i p i n  i n  t h e  presence of p i c r a t e  can be  neglected.  

f 

Bulk phase t r a n s p o r t  experiments. 

The rate of ca2+ t r a n s l o c a t i o n  from a donor aqueous phase through 

a bulk organic  phase t o  a r e c e i v e r  aqueous phase mediated by t h e  de l ip -  

ida ted  ca lc iphor in  w a s  a l s o  enhanced by t h e  a d d i t i o n  of p i c r a t e .  Fig.  

3 shows t h e  r e s u l t s  of t h e  bulk  phase t r a n s p o r t  experiments. I n  

these  experiments, t h e  donor aqueous phase - w a s  10  mM 4 5 ~ a ~ 1 2  and 1 0  

mM Tris.HC1, pH 8.5 and t h e  r e c e i v e r  aqueous phase was 1 0  rnM MES, pH 

2+ 
6.5 adjus ted  wi th  Tr i s .  The rate of calciphorin-mediated C a  t rans-  

l o c a t i o n  was enhanced a t  l e a s t  twice by t h e  a d d i t i o n  of p i c r i c  a c i d  

t o  t h e  donor s i d e .  Cardiol ip in ,  a t  t h e  same concentra t ion a s  t h a t  of 

t h e  phospholipids assoc ia ted  wi th  t h e  d e l i p i d a t e d  ca lc iphor in ,  had 

l i t t l e  e f f e c t  on ca2+ t rans loca t ion ,  whi le  t h e  presence of p i c r i c  a c i d  

and pyr id ine  showed no e f f e c t .  



Figure 3. Bulk phase t r a n s p o r t  experiments wi th  delip.5dated 

ca lc iphor in .  The donor aqueous phase w a s  2 m l  of 1 0  mM 4 5 ~ a ~ 1 2  

and 1 0  mM T ~ ~ s . H c ~ ,  pH 8.5, a n d . t h e  r e c e i v e r  aqueous phase w a s  2 

m l  of 1 0  mM MES, p~ 6.5 ad jus ted  wi th  Tr i s .  The organic  phase used 

was 6 m l  of methylene chloride:  When used, 50 vM of p i c r i c  a c i d  

was added t o . t h e  donor aqueous phase. Calciphorin and c a r d i o l i p i n  

were added d i r e c t l y  t o  t h e  organic  phase. The mole r a t i o  of t h e  

contaminating phospholipids associa ted .  wi th  ca lc iphor in  w a s  0.3. The 

concentra t io& of ca lc iphor in  and c a r d i o l i p i n  i n  t h e  organic  phase were 

1.4 and 0.4 VM, respec t ive ly .  



10 20 
TIME, HR 

15 - / A CALCIPHORIN 
+ PICRIC ACID 

10 - 

- 0 - 0  
I i 



DISCUSS I O N  

A s  mentioned i n  Chapter 1, a major problem i n  t h e  charac ter -  

i z a t i o n  of t h e  t r a n s p o r t p r o p e r t i e s  of ca lc ' iphor in  is t h e  l i p i d  con- 

tamination.  It has been shown t h a t  t h e  t r a n s p o r t  p r o p e r t i e s  a r e  

a s soc ia ted  w i t h  ca lc iphor in  r a t h e r  than t h e  c o n t a m h a t i n g  phospholipids 

by i n d i r e c t  approaches wi th  t h e  p a r t i a l l y  d e l i p i d a t e d  ca lc iphor in .  A . . - 

more d i r e c t  method is  t o  use  Sephadex LH-20 column chromatography. t o  

d e l i p i d a t e  ca lc iphor in  (Fig. l a ) .  The mole r a t i o  of phospholipids t o  

ca lc iphor in  was reduced t o  an i n s i g n i f i c a n t  amount, 0.1 mole of  phos- 

pho l ip ids  per  mole of ca lc iphor in .  However, a  mole r a t i o  of 0.3 was 

found t o  be  s a t i s f a c t o r y  in t h e  subsequent s tudy  of calciphoin-associ-  

a t e d  t r a n s p o r t  p r o p e r t i e s .  A t  t h i s  mole r a t i o ,  phospholipids d i d  

no t  c o n t r i b u t e  t o  t h e  ca lc iphor in  mediated ca2+ e x t r a c t i o n  i n t o  t h e  

organic  phase (Table 3) .  Tyson e t  a l .  (1976) have shown t h a t  cardio- 

l i p i n  can func t ion  a s  an ionophore i n  t h e  Pressman c e l l  experiments. 

Even when t h e  phosphol ip id 'content  of c a l c i p h o r i n  w a s  reduced down 

t o  a mole r a t i o .  of 13  by. s i l i c i c  a c i d  column chrom~tography,  t h e  r a t e  

of ca2+ t r a n s p o r t  medicated by c a l c i p h o r i n  i n  t h e  Pressman c e l l  experi-  

ments was s t i l l  much slower than t h a t  mediated by c a r d i o l i p i n  assuming 

t h a t  a l l  of t h e  phospholipids a s soc ia ted  wi th  c a l c i p h o r i n  were cardio-  

l i p i n  (Fig. 13b, chapter  1 ) .  However, when t h e  mole, , r a t i o  of phospho- 

l i p i d s  t o  . ca lc iphor in  was reduced t o  0.3 by Sephadex LH-20 column 

chromatography, c a r d i o l i p i n  was no longer a c t i v e  a s  compared wi th  t h e  

ca2+ t r a n s p o r t  r a t e  a s soc ia ted  wi th  c a l c i p h o r i n  i n  t h e  Pressman c e l l  



experiments  (Fig.3) .  Thus it can  b e  concluded t h a t  t h e  t r a n s p o r t  

p r o p e r t i e s  a r e  a s s o c i a t e d  w i t h  c a l c i p h o r i n  and n o t  t h e  contaminat ing  

phosphol ip ids .  

Both t h e  i n t e g e r  numbers of r e s i d u e s  i n  t h e  amino a c i d  compos- 

i t i o n  of c a l c i p h o r i n  (Table 3 , .  Chapter 1 )  and t h e  s i n g l e  b,and i n  t h e  

urea/SDS polyacrylamide g e l  e l e c t r o p h o r e s i s  of c a l c i p h o r i n  b e f o r e  

d e l i p i d a t i o n  (F ig .  6 ,  Chapter 1 )  g i v e  i n d i c a t i o n s  t h a t  c a l c i p h o r i n  i s  

a pure  polypept ide .  Although it  is  n o t  l i k e l y ,  i t  i s  s t i l l  p o s s i b l e  

. t h a t  more than  one polypept ide  migra ted  w i t h  t h e  same m o b i l i t y  i n  t h e  

g e l  a s  a s i n g l e  band. However, a f t e r  d e l i p i d a t i o n ,  c a l c i p h o r i n  m i g r a t e s  

t o  a  s p o t  d i f f e r e n t  from t h a t  of c a l c i p h o r i n  b e f o r e  d e l i p i d a t i o n ( F i g .  

2 ) .  The chance of more than  one polypept ide  having s i m i l a r  amino 

a c i d  composi t ion,  mig ra t ing  t o  t h e  same s p o t  i n  t h e  g e l  b e f o r e  d e l i p i d -  

a t i o n ,  be ing  s o l u b i l i z e d  w i t h  t h e  same o rgan ic  so lven t  when e l u t e d  from 

t h e  Sephadex LH-20 column dur ing  t h e  d e l i p i d a t i ~ n . ~ r d c e d u r e  and moving 

w i t h  t h e  same m o b i l i t y  a g a i n  a f t e r  d e l i p i d a t i o n  i s  extremely smal l .  Thus, 

t h e  urea/SDS polyacrylamide g e l  e l e c t r o p h o r e s i s  of t h e  d e l i p i d a t e d  c a l -  

c i p h o r i n  once a g a i n  assures t h e  purity of c a l c i p h o r i n .  

2+ 
It has  been shown t h a t  t h e  d r i v i n g  f o r c e  f o r  C a  t r a n s p o r t  i n  

mitochondria  i s  t h e  nega t ive - in s ide  membrane p o t e n t i a l  a c r o s s  t h e  i n n e r  

' mitochondr ia1  membrane (Scarpa and Azzone, 1970).  Th i s  means t h e  ca2+ - 
c a r r i e r  complex i s  p o s i t i v e l y  charged and t h e  e x t r a c t i o n  of t h i s  corn? 

p l e x  i n t o  a n  o rgan ic  phase r e q u i r e s  a  l i p o p h i l i c  an ion  t o  n e u t r a l i z e  

. t h e  p o s i t i v e  charge  of t h e  complex. However, b e f o r e  d e l i p i d a t i o n ,  t h e  

a d d i t i o n  of p i c r a t e  had l i t t l e  e f f e c t  i n  i n c r e a s i n g  t h e  n e t  amount of 



calciphorin-mediated ca2+ , tract ion i n t o  a l l  of t h e  organic  phases 

t e s t e d  (Table 5, Chapter 1 ) .  . These experiments may . ind ica te  e i t h e r  

t h a t  t h e  ca2+-calciphorin complex is n e u t r a l  o r  t h a t  t h e  contaminating 

phospholipids a c t  a s  l i p o p h i l i c  anions.  The latter explanat ion is  

t r u e ,  s i n c e  a f t e r  d e l i p i d a t i o n  t h e  presence of a  l i p o p h i l i c  anion 

2+ 
has  been shown t o . b e  a b l e  to .enhance t h e  e x t r a c t i o n  of t h e  C a  -ca lc i -  

phorin complex.into t h e  organic  phase s i g n i f i c a n t l y  (Table 3 ) .  I n  

t h e  same tab le ,  a  l i p o p h 5 l i c  c a t i o n  shows no e f f e c t  i n  enhancing t h e  

2+ 
calciphorin-mediated Ca e x t r a c t i o n  i n t o  t h e  organic  phase. Thus, 

2+ 
t h e  Ca -ca lc iphor in  complex is  p o s i t i v e l y  charged. Another p iece  

o f . ev idence  t o  support t h i s  po in t  comes from t h e  Pressman ce l l  experi-  

ments. I n  Fig,. 3,  i t  can be  seen t h a t  t h e  rate of ca lc iphor in-  

2+ 
mediated Ca t r a n s l o c a t i o n  through a bulk organic  phase is  a l s o  en- 

hanced by t h e  presence of p i c r a t e .  

Probably t h e  most d i s t i n c t  proper ty  assoc ia ted  wi th  ca lc iphor in  

is  i t s  hydrophobicity and i t s  i n s i g n i f i c a n t  con ten t s  i n  t h e  p r o s t h e t i c  

groups l i k e  phospholipids and carbohydrates. There are s e v e r a l  r e p o r t s  

2+ 
of t h e  i s o l a t i o n  of h igh-a f f in i ty  Ca -binding p r o t e i n s  from mitochon- 

d r i a  (Lehninger, 1971;Sottocasa e t  a l . ,  1972; C a r a f o l i  and Sot tocasa ,  

1974; -Utsumi and Oda, 1974; Cara fo l i ,  1975). However, a l l  of these  

i s o l a t e d  f r a c t i o n s  o r  pure p r o t e i n s  a r e  water-soluble g lycoprote ins .  

2+ 
It has been shown t h a t  t h e  .Ca c a r r i e r  is l o c a l i z e d  i n  t h e  inner  mito- 

chondr ia l  membrane (Pedersen and Coty, 1972). Thus, t h e  requirement 

2+ 
of hydrophdhicity f o r  t h e  C a  c a r r i e r  e l imina tes  those  g lycoprote ins  

a s  candidates  f o r  being t h e  c a r r i e r .  On t h e  o the r  hand, ca lc iphor in  



is  very  hydrophobic .: A s  mentioned i n  Chapter 1, ca lc iphor in  is . . 

so lub le  i n  d i e t h y l  e t h e r  .:bef o r e  t h e  d e l i p i d a t i o n  procedure. Af ter  

de l ip idat ion, ,  ca lc iphor in  is  s t i l l  . . n o t  water-soluble. The mole r a t i o  

of phospholipids assoc ia ted  wi th  each mole of ca lc iphor in  a f t e r  

d e l i p i d a t i o n  can be reduced t o  0.1 and . t h e r e  is no f r e e  f a t t y  a c i d  

assoc ia ted  wi th  ca lc iphor in  (Table 2). Although t h e r e  are some con- 

taminating n e u t r a l  sugars  - i n  t h e  d e l i p i d a t e d  ;alciphorin due t o  t h e  

degradat ion products  of t h e  Sephadex LH-20 beads e l u t e d  during t h e  

d e l i p i d a t i o n  procedure, these  contam&ating sugars  do no t  p a r t i t i o n  

i n t o  t h e  organic  phase' i n  t h e  organic so'lvent e x t r a c t i o n  experiments. 

Therefore, t h e  presences. of these  n e u t r a l  sugars  does no t  i n t e r f e r e  w i t h  

t h e  . physical-chemical proper ties assoc ia ted-  wi th  c a l c i p h o r i n .  - A  s i m i l a r  

s i t u a t i o n  has  a l s o  been repor ted  on t h e ' c o n t w t  of n e u t r a l  sugars  

a ssoc ia ted  wi th  t h e  n i c o t i n i c  ace ty lcho l ine  recep to r  where t h e  va r ious  

amounts of neGtra l  s u g a r s  detec ted  w e r e  a sc r ibed  ' t o  t h e  contamination 

from t h e  agarose column used dur ing p repara t ion  (Br i l ey  and dhangeux 

1977). The l a c k  of carbohydrate content  of ca lc iphor in  is a l s o  

c o n s i s t e n t  wi th  t h e  negat ive  r e s u l t  from t h e  pe r iod ic  a c i d l ~ c h i f f  base  

g lycoprote in  s t a i n  i n  g e l s  of t h e  d e l i p i d a t e d  ca lc iphor in .  Thus, i t s  

hydrophobici ty.and i t s  i n s i g n i f i c a n t  content  i n  t h e  p r o s t h e t i c  groups 

render ca lc iphor in  t o  be a .un ique  p ro te in .  

The lnule rario of ca2+ ex t rac ted  b y  d e l i p i d a t e d  ca lc iphor in  

(stoicl i iol i ie~ry) i n  t h e  presence of p i c r a t e  i s  0.25 (Table 3 ) .  However, 

these  organic so lven t  e x t r a c t i o n  experiments were no t  performed under 

the  optimal condi t ions .  It w i l l  be  shown i n  Chapter 3 t h a t  t h e  vor- 



texing time, t h e ' r a t i o  of p i c r a t e  t o  p ro te in ,  and t h e  pH and . .  

concentra t ion of ca2+ i n  t h e  aqueous s c l u t i o n  a r e  a l l  important f a c t o r s  

2+ 
t o  achieve t h e ' o p t i m a l  s to ichiometry  of t h e  C a  ex t rac t ion .  S imi la r ly ,  

t h e  calciphorin-mediated ca2+ t r a n s p o r t  rate through a bulk  organic  

phase i n  t h e  presence of p i c r a t e  can be  enhanced by i n v e s t i g a t i n g  

t h e  optimal condit ion.  

The s e l e c t i v i t y  of t h i s  d e l i p i d a t e d  ca lc iphor in  f o r  c a t i o n s ,  t h e  

2+ 
e f f e c t s  of i n h i b i t o r s . o f  C a  t r a n s p o r t  on t h e  calciphorin-mediated 

2+ 
C a  e x t r a c t i o n  i n t o  t h e  organic  phase, and o t h e r  phys ica l  and chemical 

p r o p e r t i e s  a ssoc ia ted  wi th  c a l c i p h o r i n  w i l l  be  s tud ied  i n  Chapter 3 .  
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FURTHER CHARACTERIZATION OF THE DELIPIDATED 

CALCIUM IONOPHORE 



SUMMARY 

The p h y s i c a l  and chemical  p r o p e r t i e s  of t h e  d e l i p i d a t e d  

c a l c i p h o r i n  were i n v e s t i g a t e d .  It was found t h a t  d e l i p i d a t e d  

c a l c i p h o r i n  becomes more hydrophobic in t h e  presence  of C a  
23. 

and a l k a l i n e  pH i n  t h e  o rgan ic  s o l v e n t  e x t r a c t i o n  experiments .  

The pH p r o f i l e  of t h e  mole r a t i o  of ca2+ t o  c a l c i p h o r i n  e x h i b i t e d  

a t y p i c a l  t i t r a t i o n  curve ,  showing a pK of 8.0-8.1. The a 

r e l a t i v e  c a t i o n  s e l e c t i v i t y  of c a l c i p h o r i n  determined from t h e  

2+ 
o r g a n i c  s o l v e n t  e x t r a c t i o n  experiments  w a s  2n2f C a  , sr2+ > 

+ 
~ b ~ + ,  N a  > Mn2+. Ruthenium r e d  and I,a3+ were shown t o  i n h i b i t  

calciphorin-mediated ca2+ e x t r a c t i o n  i n t o  t h e  o r g a n i c  phase.  

Resp i r a to ry  i n h i b i t o r s ,  oligomycin, and an  uncoupling agen t  had 

no e f f e c t  on t h e  ca2+ e x t r a c t i o n .  Phosphate  d id  n o t  s t i m u l a t e  

ca lc iphor in-media ted  ca2+ e x t r a c t i o n .  The ~ a ~ + - c a l c i ~ h o r i n  com- 

p l e x  appea r s  t o  have two p o s i t i v e  charges .  The d e l i p i d a t e d  c a l c i -  

phor in  on ly  had one c l a s s  of ca2+-binding s i t e s  as r evea l ed  from 

t h e  f low d i a l y s i s  s t u d i e s .  These ca2+-binding s i t e s  had a  d i s so -  

c i a t i o n  c o n s t a n t  of 5 . 2  u M  and b6uad 1 mole of ca2+ per mole of 

c a l c i p h o r i n .  Evidence sugges t s  t h a t  c a l c i p h o r i n  may be a  s t r o n g  

cand ida t e  f o r  t h e  ca2+ c a r r i e r  r e s p o n s i b l e  f o r  t h e  i n f l u x  mechanism 

i n  mi tochondr ia1  ca2+ t r a n s p o r t  system. Two p o s s i b l e  models of 

calciphorin-mediated ca2+ t r a n s p o r t  i n  mi tochondr ia  a r e  proposed. 



INTRODUCTION 

One of t h e ' m o s t i m p o r t a n t  problems i n  mitochondria1 C a  
2+ 

t r a n s p o r t  t h a t  remains. t o  be resolved i s  t h e  mechanism of ca2+ t r a n s p o r t .  

2+ 
Se3wym:et a s . .  (1970) inves t iga ted  t h e  pass ive  C a  movement i n t o  

non-respiring mitochondria down an. e lec t rochemical  g rad ien t  of . 

v a t i o u s  ca2+ salts. They concluded that t h e  ca2+ t r a n s p o r t  

mechanism is e i t h e r  a ca2+uniporter o r  a ca2+/~+ a n t i p o r t e r .  Moyle 

and Mitchel l  (1977) est imated t h e  e l e c t r i c  charge stoichiometry.  of 

2+ 
C a  t r a n s l o c a t i o n  from t h e  number of a c i d  equ iva len t s  t h a t  w e r e  

exported through t h e  r e s p i r a t o r y  chain  pe r  ca2+ imported through 

3+ 
the  la - s e n s i t i v e  ca2+ c a r r i e r .  They suggested t h a t  t h e  s p e c i f i c  

2+ ca2+ c a r r i e r  i s  n o t  a C a  un ipor te r ,  but  is a ca2+/phosphate 

symporter wi th  a n e t  charge t r a n s f e r  of+1.  However s e r i o u s  

doubts on t h e  v a l i d i t y  of t h e  a n t i p o r t  mechanism have been r a i s e d  

(Azzone e t  a l . ,  1977;Reynafarje and Lehninger, 1977). 

+ 
The d i s t r i b u t i o n s  of ca2+ and Rb ( i n  t h e  presence of val ino- 

mycin) ac ross  t h e  mitochondria1 membrane have been measured by 

Rattenberg and Scarpa (1974). It was found t h a t  t h e  d i s t r i b u t i o n  

r a t i o  f o r  ca2+ w a s  about t h e  same a s  t h e  square  o f  t h e  d i s t r i b u t i o n  

+ + 
ra t io :  f o r  Rb . Assuming t h a t  Rb d i s t r i b u t i o n  in ' : the  presence of 

valinomycin w a s  governed by membrane p o t e n t i a l  obeying t h e  Nernst 

equation,  Rottenberg and Scarpa (1974) i n t e r p r e t e d  t h e i r  r e s u l t s  

a s  evidence t h a t  ca2+ uptake i n  mitochondria is  an e l e c t r o g e n i c  

process dr iven by ..a membrane p o t e n t i a l  with a ne t  charge t r a n s f e r  of 

+2. 



There h w e  been many attempts at measuring .the membrane potential 

across the' inner' mitochondria1 membrane. The'.measured values vary 

from 130 to 20O'mV(Mitchell and Moyle, 1969; Nicholls, 1974;. 

Azzone et a1;,1976). Assuming that the uniporter is the sole 

mechanism reponsible for the ca2+ transport in mitochondria,. a 

membrane potential of 180 mV would suggest that the equilibrium 

gradient of ionized ca2+ across the inner mitochondrial membrane 

6 2+ is 10 . The maximal Ca concentration in the matrix compartment 

is about 1 mM (Puskin et al., 1976). The uniport mechanism thus 

-9 implies that the cytoplasmic ca2+ concentration is almost 10 M. 

At such a low ca2+ concentration, many cytoplasmic enzyme systems 

will be inactivated (for a summary of these enzymes, see Carafoli 

and Crompton, 1978). Therefore, it is not likely that uniport 

2+ mechanism is the only functional process in regulating Ca transport 

in mitochondria. 

Puskin et a1.(1976) used electron paramagnetic resonance (EPR) 

spectroscopy to measure the distribution of Mn2+ across the inner 

mitochondria1 membrane. Since free Mn2+ can be' measured by PPR 

(Gunter and Puskin, 1972), this approach is-calculating the membrane 

potential is probably more accurate. However, the membrane potential 

calculated by using Mn2+ is usually 40-50 mV lower than that calculated 

+ from the K distribution in the presence of valinomycin (Puskin et al., 

1976). This finding, together with the fact that the addition of 

ruthenium red to ca2+ loaded mitochondria causes an efflux of Ca 2+ 

from mitochondria, has .led Puskin et a1.(1976) to suggest that there 



may b e  more than  one ca2+.mechanism i n  mitochondria .  One of t h e  

ca2+ t r a n s p o r t  mechanisms i s  ruthenium red  s e n s i t i v e  (presumably, 

2+ t h e  Ca u n i p o r t e r )  and t h e  o t h e r  is  ! l e s s  ruthenium r e d  s e n s i t i v e .  11 

2t 
C a  e f f l u x  from mi tochondr ia  has  a l s o  been s t u d i e d  by o t h e r  

groups (Alcerman, 1978; Crompton e t  a l . ,  1977, 1978; Pozzan e t  a l . ,  

1977; Ramachandran and Bygrave, 1978).  It appea r s  t h a t  bo th  i n f l u x  

and e f f l u x  mechanisms a r e  involved i n  r e g u l a t i n g  ca2+ t r a n s p o r t  i n  

mi tochondr ia .  m e t h e r  t h e s e  mechanisms a r e  s e p a r a t e  e n t i t i e s  i s  

n o t  c l e a r .  While Puskin e t  a l .  (1976) and Crompton e t  a l .  (1977, 

1378) f a v o r  s e p a r a t e  mechanisms, Pozzan e t  a l .  (1977) sugges t  t h a t  

ca2+ e f f l u x  occurs  always through t h e  n a t i v e  c a r r i e r  r e s p o n s i b l e  f o r  

ca2+ i n f l u x  i n  mitochondria .  The i s o l a t i o n  of t h e  ca2+ t r a n s p o r t  

system i n  mitochondria  w i l l  p rovide  a p o s s i b l e  way t o  r e s o l v e  t h e  

disagreements .  

I n  t h e  previous  chap te r% a ca2+ ionophore ( c a l c i p h o r i n )  has  

been i s o l a t e d  from t h e  i n n e r  mi tochondr ia1  membrane (Jeng and 

Shamoo, 1978; Jeng e t  a l . ,  1978; Shamoo and Jeng,  1978; Shamoo e t  

a l . ,  1978).  The molecular  weight of c a l c i p h o r i n  i s  3000. Calc iphor in  

i s  hydrophobic and does n o t  c o n t a i n  any p r o s t h e t i c  groups l i k e  

phosphate  and carbohydra tes .  Also, c a l c i p h o r i n  i s  e l e c t r o g e n i c .  The 

e x t r a c t i o n  of t h e  ca2+-calciphorin complex i n t o  a methylene c h l o r i d e  

phase r e q u i r e s  t h e  presence  of a l i p o p h i l i c  an ion .  These p r o p e r t i e s  

2+ 
sugges t  t h a t  c a l c i p h o r i n  i s  a l i k e l y  cand ida t e  f o r  t h e  Ca c a r r i e r .  

I n  t h i s  c h a p t e r ,  t h e  p h y s i c a l  and chemical  p r o p e r t i e s  of 

c a l c i p h o r i n  a r e  f u r t h e r  i n v e s t i g a t e d .  P o s s i b l e  mechanisms for c-1- 



ciphorin-mediat ed ca2+ t r a n s p o r t  . i n  mitochondria a r e  discussed.  

Some of t h e ' . r e s u l t s  .descr ibed '  i n  this chapter  have .been 

repor ted  previously  (Jeng and Shamoo, 1979). 



E WERIMENTAL PROCEDURE 

MATERIALS 

8 6 ~ b ~ 1 ,  2 2 ~ a ~ 1 ,  5 4 ~ ~ 1 2 ,  6 5 ZnC12, and 8 . 5 SrC12 were purchased 

from New England Nuclear. 4 5 ~ a ~ 1  w a s  obtained from .hersham. ~ e -  2 

phadex LH-20 ( 25-100 pm) w a s  purchased from Pharmacia. S i l i c a  

g e l  G p l a t e s  ( 250 vm) w e r e  products  of F i sher  Sci.. P o l ~ ~ r o p y l e n e  

tubes were obtained from Falcon. Methylene ch lo r ide ,  oligomycin, 

rotenone, antimycin A, carbonyl cyanide m-chlorophenylhydsa~z.one 

(CCCP) w e r e  purchased from Sigma. A l l  o t h e r  r eagen t s  were of t h e  

h ighes t  commercial p u r i t y  a v a i l a b l e .  
-. - , 

P u r i f i e d  ruthenium red w a s  a generous g i f t  from D r .  Jerome 

S. Puskin. 

METHODS 

I s o l a t f o n  and d e l i p i d a t i o ~ i  of calciphorin.  

Calciphorin w a s  i s o l a t e d  from c a l f  h e a r t  mitochondria a s  

d e t a i l e d  i n  Chapter I... Mctochondria w e r e  prepared a s  previously  

described (Crane e t  al . ,  1956). Inner mitochondria1 membranes, 

i s o l a t e d  according t o  t h e  method of Schnaitman and Greenawalt(l968), 

w e r e  p a r t i a l l y  s o l u b i l i z e d  with DOC. The DOC-soluble inner  mito- 

chondr ia l  membrane p r o t e i n s  w e r e  chromatographed on a Sephadex 

G-50 column e q u i l i b r a t e d  wi th  1% WOC, 0.02% NaN3, and 10 mM Tris.HC1, 



pH 7.8. The e l u t i o n  p r o f i l e  was monitored by 280 nm absorbance 

and t h e  f i f t h  major peak was i d e n t i f i e d  a s  ca lc iphor in .  

Calciphorin was d e l i p i d a t e d  using Sephadex LH-20 column 

chromatography a s  described i n  Chapter 2. The phospholipid content  

a s soc ia ted  wi th  t h e  de l ip ida ted  ca lc iphor in  w a s  less than 0 .3  

mole per mole of p ro te in .  Del ip idated  ca lc iphor in  w a s  s o l u b i l i z e d  

i n  methanol a t  a concentra t ion of about 0.5 mg/ml, and kept  i n  t h e  

f r e e z e r  . 
I n v e s t i g a t i o n  of t h e  optimal cond i t ions  i n  t h e  organic solvent  

e x t r a c t i o n  experiments. 

2+ 
The maximal amount of calciphorin-mediated Ca e x t r a c t i o n  w a s  

inves t iga ted  both a s  a func t ion  of e x t r a c t i o n  t i m e  and a s  a func t ion  

of t h e  p i c r i c  a c i d  t o  ca lc iphor in  r a t i o .  I n  both types of exper- 

iments, t h e  organic  phase used was 1 m l  of methylene ch lo r ide ,  and 

t h e  aqueous phase was 0.5 m l  of 1 mM 45Ca~12,  buffered by 5 rnM 

T r i s . H C 1 ,  pH 7.8. The concentra t ion of ca lc iphor in  was 2 UM i n  the  

organic phase. These phases were mixed i n  12 x 75 mm polypropylene 

tubes by vor texing and were separa ted  by c e n t r i f u g a t i o n  i n  a 

B e c h a n  TJ-6 table-top c e n t r i f u g e  a t  1000 x g f o r  15 minutes. The 

tubes were then punctured from t h e  bottom and t h e  methylene ch lo r ide  

phase was co l l ec ted .  Aliquots (250 ~ 1 ,  dupl ica ted)  of t h e  organic  

phase were then counted i n  a l i q u i d  s c i n t i l l a t i o n  counter .  

2+ 
I n  i n v e s t i g a t i n g  t h e  amount of Ca ex t rac ted  a s  a func t ion  

of vor texing time, t h e  concentra t ion of p i c r i c  ac id  w a s  200 ~.IM 

( p i c r i c  ac id  t o  ca lc iphor in  r a t i o  was 25:l)  i n  aqueous phase. Vhen 



t h e  experiments of ca2+ e x t r a c t i o n  as a func t ion  of p i c r i c  a c i d  t o  

ca lc iphor in  r a t i o  w e r e  peoformed, t h e  vortex.  . time was 2 minutes. 

The e f f e c t  of pH on t h e  amount of ca lc iphor in  p a r t i t i o n e d  i n  

t h e  organic phase. 

The amount of ca lc iphor in  p a r t i t t o n e d  in t h e  organic  phase 

as a f u n c t i o n . o f  t h e  pH i n . t h e  aqueous phase w a s  measured.by 

t h e  organic  so lven t  e x t r a c t i o n  procedure.,  The concentra t ion of 

ca lc iphor in  w a s  2 u M  i n  t h e  organic  phase. The aqueous phase 

contained 1 mM CaC12 buffered wi th  5 mM T r i s  o r  MES depending on 

t h e  pH used. For pH ranging from 5.0 t o  6.5, MES w a s  used. a s  t h e  

buf fe r  and t h e  pH's were adjus ted  by T r i s .  Tris.HC1 was used i n  

t h e  pH range between 6.5 and 9.5. The organic  so lven t  e x t r a c t i o n  

experiments were c a r r i e d  out  under t h e  optimal e x t r a c t i o n  cond i t ions  

inves t iga ted  above. An a l i q u o t  ( 600 u l )  of the  methylene c h l o r i d e  

phase from each tube w a s  d r i e d  under N2, and t h e  amount of p r o t e i n  

was determined by t h e  method of Lowry e t  a l .  (1951). 

caLT-binding s t u d i e s .  

2+ 
Ca -binding was measured e i t h e r  by organic  so lven t  ex- 

t r a c t i o n  procedure o r  by f low d i a l y s i s  experiments a t  room tem- 

pera ture .  When t h e  organic  so lven t  e x t r a c t i o n  procedure w a s  u s e d ,  

t h e  concentra t ion of ca lc iphor in  w a s  2 u M  i n  t h e  methylene c h l o r i d e  

45 phasesand t h e  concentra t ions  of CaC12 i n  t h e  aqueous phases 

ranged between 2.5 and 500 pM. The e x t r a c t i o n  w a s  performed under 

t h e  optimal condi t ions  described above. In  cons t ruc t ing  t h e  

Scatchard p l o t s  (Scatchard et  a l . ,  19571, t h e  bound and t h e  



f r e e  ea2+ were assumed t o  be those  t h a t  appeared i n  t h e  organic  

phase and remained i n  t h e  aqueous phase, r e spec t ive ly ,  a f t e r  t h e  

phases were separa ted  by cen t r i fuga t ion .  

The flow d i a l y s i s  experiments (Colowick and Womack, 1969) 

were d e t a i l e d  i n  Chapter 1. The concentra t ion of ca lc iphor in  i n  

t h e  upper chamber.was 9 pM buffered by 25 mM Tris.HC1, pH.. 7.4. 

The d i a l y s i s  b u f f e r  w a s  25 mM ~ris..HCl,pH 7.4. Spectrapor 2000- 

da l ton  molecular weight cutoff  d i a l y s i s  membranes w e r e  used. 

Determination of t h e  charge on t h e  ca2+-calciphor i n  complex. 

The charge of t h e  ca2+-calciphorin complex w a s  determined by 

measuring t h e  amount of p i c r a t e  ex t rac ted  i n t o  t h e  organic  phase 

i n  t h e  organic  so lven t  e x t r a c t i o n  experiments. The amount of p i c r a t e  

ex t rac ted  was measured spect rophotometr ica l ly .  I n  preparing t h e  

standard absorbance versus  p i c r a t e  concentra t ion p l o t ,  50 pM 

p i c r i c  ac id  i n  d i s t i l l e d  water was scanned over t h e  v i s i b l e  wave- 

l eng th  i n  a spectrophotometer, and t h e  wavelength of maximal 

absorbance w a s  i d e n t i f i e d .  The absorbance a t  t h i s  i d e n t i f i e d  wave- 

length!. (355 -) versus  p i c r i c  acfd concentra t ion i n  d i s t i l l e d  water 

p l o t  was then const ructed .  

The organic  so lven t  e x t r a c t i o n  experiments w e r e  performed 

under t h e  optimal ca2+ e x t r a c t i o n  condi t ions  descr ibed above. 

The concentra t ion of ca lc iphor in  used i n  t h e s e  experiments va r ied  

from 0.5 pM t o  5 pM i n  1 m l  of methylene ch lo r ide .  The aqueous 

phase contained 1 mM CaCl and 5 mM Tris.HC1, pH 8.5. I n  each 
2 

sample, t h e  t o t a l  p i c r i c  a c i d  t o  ca lc iphor in  r a t i o  was 50:l .  Af ter  



t h e  separa t ion  of t h e  two phases, 700 u 1  of t h e  methylene 

c h l o r i d e  phase w a s  withdrawn from each sample. Among t h i s ,  200 

p l  of t h e  methylene c h l o r i d e  phase w a s  counted i n  a s c i n t i l l a t i o n  

2+ 
counter  t o  measure t h e  amount of C a  ex t rac ted .  The rest of t h e  

methylene c h l o r i d e  phase ( 500 u1) was d r i e d  under N2, resuspended 

i n  750 u l  of d i s t i l l e d  w a t e r ,  and t h e  absorbance w a s  read a t  t h e  

wavelength of maximal p i c r i c  a c i d  absorpt ion i d e n t i f i e d  above. 

I n  c a l c u l a t i n g  t h e  amount of p i c r a t e  i n  t h e  organic  phase, two 

types  of background absorpt ion were subtrac ted .  The f i r s t  type  

was t h e  p a r t i t i o n  of p i c r a t e  i n t o  t h e  organic phase i n  t h e  absence 

of ca lc iphor in ,  and t h e  second type  w a s  t h e  s c a t t e r i n g  e f f e c t  due 

t o  t h e  presence of ca lc iphor in  i n  d i s t i l l e d  water. 

Other methods. 

The concentra t ions  of ca lc iphor in  and t h e  phosphorus associ -  

a t e d  wi th  t h e  de l ip ida ted  ca lc iphor in  were determined by t h e  methods 

of Lowry et a1. (1951) and Ames and Dnbin (1960), respec t ive ly .  

The p u r i t y  of ca lc iphor in  w a s  i d e n t i f i e d  by u r e a / S ~ ~  polyacrylamide 

g e l  e l e c t r o p h o r e s i s  (Swank and Munkres, 1971). These methods 

w e r e  d e t a i l e d  i n  Chapter 1. 



RESULTS 

The optimal condi t ions  i n  t h e  organic so lven t  e x t r a c t i o n  experiments. 

2+ 
The maximal amount of calciphorin-medfated C a  e x t r a c t i o n  

w a s  inves t iga ted  both  as a func t ion  of t h e  vor texing time and as 

. a funct ion of t h e  p i c r i c  a c i d  t o  ca lc iphor in  r a t i o .  . Fig. 1 .shows 

2+ 
t h e  r e s u l t s  of C a  ex t rac ted  as a func t ion  of t h e  vor texing time. 

I n  these  experiments, ' the  p i c r i c  a c i d  t o  ca lc iphor in  r a t i o  used 

w a s  25:1, which.was n o t  y e t  t h e  optimal condi t ion  f o r  t h e  C a  
2+ 

e x t r a c t i o n  (See Fig. 2, below). From Fig. 1, it can be seen t h a t  

a t  least 2 minutes of vor texing time is  required  t o  achieve a 

2+ 
maximal C a  e x t r a c t i o n  i n t o  t h e  organic  phase. 

Fig. 2 shows t h e  r e s u l t s  of ca2+ ex t rac ted  as a func t ion  of 

t h e  mole r a t i o  of p i c r f c  a c i d  t o  ca lc iphor in .  The mole r a t i o  of 

2+ 
p i c r i c  a c i d  t o  ca lc iphor in  required  t o  optimize t h e  C a  e x t r a c t i o n  

- w a s  found t o  be 50:l .  Therefore, i n  a l l  of t h e  subsequent organkc 

so lven t  e x t r a c t i o n  experiments, t h e  amount of p i c r i c  a c i d  added t o  

t h e  aqueous phase w a s  50 times t h a t  of ca lc iphor in  added t o  t h e  

organic  phase, and t h e  two phases w e r e  vortexed f o r  2 minutes. 

Factors  favor ing t h e  p a r t i t i o n  of ca lc iphor in  i n t o  t h e  organic  phase. 

A s  mentioned i n  Chapter 1, ,ca lc iphor in  was very  hydrophobic 

be fore  t h e  d e l i p i d a t i o n  procedure. It could be s o l u b i l i z e d  i n  

2+ 
d i e t h y l  e t h e r  i n  t h e  absence of C a  . Afte r  d e l i p i d a t i o n ,  although 

ca lc iphor in  w a s  not water-soluble, it  became less hydrophobic. The 

2+ 
pH and concentra t ion of C a  i n  t h e  aqueous phase w e r e  found t o  be 

c r i t i c a l  i n  t h e  p a r t i t i o n  of ca lc iphor in  i n t o  t h e  organic  phase. 



Figure 1. The e f f e c t  of vor texing time on t h e  ca lc iphor in-  

2+ mediated Ca e x t r a c t i o n  i n t o  t h e  organic  phase. The aqueous 

phase was 0.5 m l  of 1 mM 4 5 ~ a ~ 1  buffered wi th  5 mM Tris.HC1, pH 2 

7.8, and t h e  organic  phase was 1 m l  of methylene chlor ide .  De- 

l i p i d a t e d  ca lc iphor in  (2 nmoles.) w a s  added t o  t h e  methylene 

c h l o r i d e  phase and p i c r i c  a c i d  (50 nmoles)  t o  t h e  aqueous phase. 

I n  c a l c u l a t i n g  t h e  mole r a t i o  of ca2+ ex t rac ted  t o  ca lc iphor in  

added, a l l  of t h e  de l ip ida ted  ca lc iphor in  w a s  assumed t o  be i n  t h e  

organic  phase and t h e  molecular weight of ca lc iphor in  was taken 

as 3000. 
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Figure 2. The e f f e c t  of p i c r i c  a c i d  on t h e  calciphorin-mediated 

2+ 
Ca e x t r a c t i o n  i n t o  t h e  organic  phase. The aqueous phase w a s  

0.5 m l  of 1 rnM 45 . . CaCl buffered wi th  5 mM Tris.HC1, pH 7.8, and 
2 

t h e  organic  phase was 1 m l  of methylene ch lo r ide .  Del ip idated  

ca lc iphor in  ( 2 m o l e s )  w a s  added t o  t h e  methylene c h l o r i d e  phase, 

and t h e  indicated  amount of p i c r i c  a c i d  t o  t h e  aqueous phase. The 

vor texing time w a s  2 minutes. I n  c a l c u l a t i n g  t h e  mole r a t i o  of 

2+ 
Ca ex t rac ted  t o  ca lc iphor in  added, a l l  of t h e  d e l i p i d a t e d  ca l -  

c iphor in  w a s  assumed t o  be  i n  t h e  organic  phase and t h e  molecular 

weight of ca lc iphor in  was taken a s  3000. The e r r o r  b a r s  shown 

i n  t h e  f i g u r e  a r e  standard dev ia t ions .  



1 

0 
1 i i 

25 50 75 100 

MOLE RA T I0  PlCRlC ACID: CALCIPHORIN 



Fig. 3 shows t h e  e f f e c t  of pH.on . the  p a r t i t i o n  of calciphorin-  

i n t o  t h e  methylene c h l o r i d e  phase. l a e n  t h e  pH of t h e  aqueous 

phase was above 7 . 5 , a l l  of t h e  ca lc iphor in  added i n  t h e  organic  

solvent  e x t r a c t i o n  experiments w a s  found in t h e  methylene c h l o r i d e  

phase. A t  pH 6.5, both  MES and T r i s  b u f f e r s  were used. The amount 

of ca lc iphor in  found i n  t h e  organic  phase w a s  t h e  same wi th  t h e  

two b u f f e r  systems. Thus,the pH p r o f i l e  of ca lc iphor in  p a r t i t i o n e d  

i n  t h e  organic phase w a s  due t o  t h e  pH of t h e  aqueous phase and not  

t o  t h e  buf fe r  chosen. Fig.3 a l s o  shows t h a t  t h e  amount of p i c r i c  

a c i d  has  l i t t l e  e f f e c t  on t h e  p a r t i t i o n  of ca lc iphor in  i n t o  t h e  

organic  phase. 

2+ 
The e f f e c t  of C a  on t h e  p a r t i t i o n  of ca lc iphor in  i n t o  

t h e  organic  phase is  shown i n  Table 1. A t  low pH (5.7), t h e  

hydrophobicity of t h e  d e l i p i d a t e d  ca lc iphor in  was no t  a f f e c t e d  by 

t h e  presence of ca2+. A t  higher pH's ( 6.7 and 8 .7) ,  t h e  p a r t i t i o n  

of ca lc iphor in  w a s  g r e a t l y  favored i n  t h e  organic  phase i n  t h e  

2+ 
presence of C a  . Thus, a t  pH higher than 6.7, t h e  e f f e c t  of Ca 

2+ 

i s  mme important than pH i n  f a c i l i t a t i n g  ca lc iphor in  par t ioned 

i n t o  t h e  organic phase. 

Cation s e l e c t i v i t y .  

Table 2 shows t h e  c a t i o n  s e l e c t i v i t y  of t h e  d e l i p i d a t e d  

ca lc iphor in  by organic  so lven t  e x t r a c t i o n  experiments. The pH of 

t h e  aqueous s o l u t i o n  was 7.4 .and t h e  aoncentra t fons  of t h e  c a t i o n s  

2+ 
used were 1 mM. Both ca2+ and S r  w e r e  favored over  monovalent 

2+ 2+ 
c a t i o n s  and Mn . But zn2+ was favored over Ca . 



Figure 3 .  The e f f e c t  of pH on t h e  p a r t i t i o n  of ca lc iphor in  i n t o  

t he  organic phase. The experiments were performed by t he  organic 

solvent  ex t rac t ion  procedure. Calciphorin ( 2 nmoles ) w a s  added 

t o  t h e  organic phase and p i c r i c  ac id  t o  t he  aqueous phase. The 

vortexing time w a s  2 minutes. The aqueous phase contained 1 mM 

CaC12 buffered with 5 mM T r i s  o r  MES depending on t he  pH used.. I n  

t h e  pH range between 5.5 and 6.5, MES w a s  used as t h e  buf fe r ,  and t h e  -.- 

pH's were adjusted by Tr i s .  For pH rangjng from 6.5 t o  9.5, Tris.HC1 

was used. Dzfferent  amounts of p i c r i c  ac id  were used t o  s ee  i f  t h e  

p a r t i t i o n  of calc iphor in  w a s  af fected.  The amount of ca lc iphor in  

i n  t h e  organic phase was determined by t h e  method of Lowry e t  al .(1951).  

0 - : MES buffer ;  p i c r i c  ac id ,  50 nmO1 

A :, MES buffer ;  p i c r i c  acid ,  100 nmol 

0 : T r i s  buffer ;  p i c r i c  ac id ,  50 nmol 

A : T r i s  buffer ;  p i c r i c  acid, .  100 nmol 
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. TABLE 1 

Thc e f f e c t  of ca2+ on t h e  p a r t i t i o n  of ca lc iphor in  

i n t o  t h e  organic  phase 

ca lc iphor in  i n  organic  phase, % 

The experiments were. performed by t h e  organic  so lven t  ex- 

t r a c t i o n  procedure. Calciphorin ( 2 nmoles) was added t o  t h e  or- 

ganic phase and p i c r i c  a c i d  ( 50 nmoles.) t o  the aqueous phase. The 

vor texing time was 2 minutes. When added, t h e  concen t ra t ion  of 

CaC12 w a s  1 mM i n  the .aqueous  phase. A t  pH 5.7, t h e  buf fe r  w a s  

5 mM MES, pH ad jus ted  by T r i s .  For pH 6.7 and 8.7, 5 mM Tris.HC1. 

was used a s  t h e  buf fe r .  The amount of ca lc iphor in  i n  t h e  organic  . 

phase was determined by t h e  method of Lowry et a l .  (1951). 



TABLE 2 

Cation s e l e c t i v i t y  of t h e  de l ip ida ted  ca lc iphor in  

Sequence 

Rat io  

The c a t i o n  s e l e c t i v i t y  was determined by t h e  d e l i p i d a t e d  

calciphorin-mediated equi l ibr ium e x t r a c t i o n  i n t o  a methylene c h l o r i d e  

phase. The c a t i o n  concentra t ion i n  t h e  aqueous phase w a s  1 mM 

buffered by 5 mM Tris.HC1, pH 7.4. Calciphorin ( 2 .nmoles)  w a s  added 

t o . t h e  methylene c h l o r i d e  phase and p i c r i c  a c i d  (100 nmoles) t o  

t h e  aqueous phase. The vor texing t i m e  w a s  2 minutes. Cations 

ex t rac ted  i n t o  t h e  organic  phase were measured by d i r e c t  i so tope  

counting. The amount of i a2+  ex t rac ted  was set a t  1.0. The r a t i o s  

2 -r- 
shown w e r e  normalized t o  t h a t  of t h e  C a  ex t rac ted .  



pH p r o f i l e  of c a L '  ex t rac t ion .  

2+ 
Fig. 4 shows calciphorin-mediated Ca e x t r a c t i o n  a s  a 

funct ion of pH of t h e  aqueous phase. The amount of ca2+ ex t rac ted  

increased monotonically between pH 5.5 and 8.5 and s t a r t e d  showing 

2+ 
s a t u r a t i o n  a t  pH higher than 8.5. The amounts of C a  e x t r a c t e d ,  

a t  pH's where both MES and T r i s  b u f f e r  were used, were about t h e  

2+ 
same a t  each pH. Thus, t h e  pH v a r i a t i o n  of t h e  C a  e x t r a c t i o n  w a s  

due t o  t h e  pH of t h e  aqueous s o l u t i o n  and n o t  due t o  t h e  d i f f e r e n t  

b u f f e r s  used. Fig. 4 a l s o  shows t h e  mole r a t i o  of ca2+ ex t rac ted  

t o  ca lc iphor in  p resen t  i n  t h e  organic  phase. A s  shown i n  Fig. 3 ,  

a l l  of t h e  ca lc iphor in  added i n  t h e  organic so lven t  e x t r a c t i o n  

experiments was found i n  t h e  methylene c h l o r i d e  phase, provided 

t h a t  t h e  pH of t h e  aqueous phase was higher than 7.5. Thus, f o r  

pH higher than 7.5, t h e  curve obtained f o r  t h e  mole r a t i o  : p a r a l l e l e d  

2+ 
t h a t  of t h e  Ca ex t rac ted .  When t h e  pH of t h e  aqueous phase w a s  

lower than 7.5, t h e  amount of ca lc iphor in  p resen t  i n  t h e  organic  

phase w a s  c a l i b r a t e d  according t o  Fig. 3.  The mole r a t i o  versus  

pH curve thus  obtained showed a pKa of 8.0-8.1. 

2+ 
Ca -binding s t u d i e s  by organic  solvent  e x t r a c t i o n  experiments. 

Fig.  5 shows Scatchard p l o t s  of ca2+-binding d a t a  const ructed  

from t h e  organic  so lven t  e x t r a c t i o n  experiments f o r  d i f f e r e n t  

2+ 
pH's of t h e  aqueous phases. I n  t h e s e  experiments, t h e  bound C a  

w a s  assumed t o  be t h a t  which appeared i n  t h e  organic  phase a f t e r  

t h e  two phases were separa ted  by  cen t r i fuga t ion .  The concentra t ion 

2+ 
of Ca remaining i n  t h e  aqueous phase was taken a s  t h e  concentra t ion 

2 l-  
of f r e e  C a  . The p l o t s  a t  both  PH's a r e  b iphas ic ,  which i n d i c a t e s  



Figure 4. Calciphorin -mediated ca2+ e x t r a c t i o n  and mole r a t i o  

of ca2+ t o  ca lc iphor in  i n  t h e  organic  phase as a func t ion  of pH 

of t h e  aqueous phase. The experiments were performed by t h e  

organic  solvent  e x t r a c t i o n  procedure. Calciphorin ( 2 nmoles ) 

w a s  added t o  t h e  organic phase and p i c r i c  a c i d  ( 150 . m o l e s )  t o  

t h e  aqueous phase. The vor texing t i m e  w a s  2 minutes. The 

aqueous phase contained 1 rnM C a C 1 2  buffered wi th  5 mM T r i s  o r  MES 

depending on t h e  pH used. I n  t h e  pH range between 5.5 and 6.5, 

MES was used a s  t h e  b u f f e r ,  and t h e  pH's w e r e  adjus ted  by T r i s .  

For pH ranging from 6.0 t o  9.2, Tris.HC1 w a s  used. Dashed l i n e  

shows t h e  t o t a l  amount of ca2+ ex t rac ted .  The mole r a t i o s  of C a  
2+ 

ex t rac ted  t o  ca lc iphor in  present  i n  t h e  organic  phase were 

obtained by dividing t h e  amount of calciphorin~.in:the.organic:~phase 

2+ 
i n t o  t h e  t o t a l  amount of C a  ex t rac ted  a t  each pH. The amount of 

ca lc iphor in  i n  t h e  organic  phase was c a l i b r a t e d  using Fig. 3 .  
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Figure 5. Scatchard ' p l o t s  of caZ+-binding d a t a  const ructed  

from t h e  organic  solvent  e x t r a c t i o n  experiments. The organic  

phase was 1 m l  of methylene c h l o r i d e  conta in ing 2 . UM of  ca lc iphor in .  

The aqueous phase contained v a r i e d  amounts of 4 5 ~ a ~ 1 2 ,  200 uM 

p i c r i c  ac id ,  and 5 mM buf fe r .  The b u f f e r s  used a t  pH 8.5 and 6.5 

were Tris.HC1 and MES (pH adjus ted  wi th  T r i s ) , r e s p e c t i v e l y .  The 

bound and the '  f r e e  ca2+ w e r e  assumed t o  be  those  t h a t  appeared i n  

t h e  organic phase and remained i n  t h e  aqueous phase, r e spec t ive ly ,  

a f t e r  t h e  phases w e r e  separa ted  by cen t r i fuga t ion .  



Ca2+ BOUND, nmol/mg protein 



tHat t h e r e  a r e  two c l a s s e s  of Einding s i t e s  a t  each pH.Table 3  shows 

t h e  r e s u l t s  of these  binding s t u d i e s .  A t  pH 8.5, t h e  h igh-a f f in i ty  

sites had a  d i s s o c i a t i o n  constant  of 42 pM and bound 129 m o l e .  

2+ 
C a  per  mg calc iphor in .  Using 3000 a s  t h e  molecular weight ,  the .  . 

2+ 
stoichiometry was about 0.39 mole of C a  bound per  mole of c a l c i -  

p fb r in .  The low-aff in i ty  sites had a d i s s o c i a t i o n  constant  of 234 

u M  and bound 0.29 mole of ca2+ per  mole of ca lc iphor in .  The t o t a l  

ca2+ bound, a t  pH 8.5, was then 0.68 mole pe r  mole of ca lc iphor in .  

A t  pH 6.5, t h e  d i s s o c i a t i o n  constant  of t h e  h igh-a f f in i ty  sites 

( 50 pM ) was not  much d i f f e r e n t  from t h a t  measured a t  pH 8.5, 

but  t h e  number of ca2+-binding s i t e s  was much lower. It only  bound 

0.14 mole of ca2+ per mole of ca lc iphor in  a t  t h e  h igh-a f f in i ty  sites. 

The low-affini ty s i t e s  had a  d i s s o c i a t i o n  constant  of 174 u M  and 

bound 0.16 mole ca2+ per mole of ca lc iphor in .  

Competition s t u d i e s .  

Cation competition experiments w e r e  a l s o  c a r r i e d  ou t  by t h e  

organic  solvent  e x t r a c t i o n  procedure. A s  shown i n  Table 3,  t h e  

h igh-a f f in i ty  s i t e s  had d i s s o c i a t i o n  cons tan t s  around 50 u M  a t  both 

.pH 6.5 and 8.5. I n  order  t o  s tudy t h e  competi t ion of o t h e r  c a t i o n s  

f o r  t h e  high-af f  i n i t y  cat+-binding s i t e s ,  t h e  concentra t ion of 

ca2+ used i n  these  experiments w a s  50 pM. Fig. 6  shows t h e  r e s u l t s  

+ + 
of t h e  competition experiments. .Monovalent c a t i o n s  (K Na ) i n h i b i t e d  

ca2+ e x t r a c t i o n  only s l i g h t l y .  zn2+ and fi2+ demonstrated s t ronger  

2+ 2+ 
i n h i b i t i o n  than any o t h e r  d iva len t  c a t i o n s  t e s t e d .  Ba , Sr , 

2+ 
and Mg showed an i n h i b i t i o n  in termedia te  between K+, ~ a +  and t h a t  



TABLE 3 

2 9  
The d i s s o c i a t i o n  cons tan t s  and numbers of C a .  -binding sites 

2+ 
obtained from t h e  Ca -binding d a t a  

using organic solvent  e x t r a c t i o n  experiments 

High a f f i n i t y  Low a f f i n i t y  

nmol . nmol . 
= K z  (PM) dmg ) Kd "(mg p r o t e i n  ) 

2+ 
Kd'and ' n a r e  t h e  d i s s o c i a t i o n  constant  and t h e  number of Ca - 

binding s i t e s ,  r e spec t ive ly .  These va lues  w e r e  obtained from t h e  

Scatchard p l o t s  shown i n  Fig. 5. The x - in te rcep t s  are t h e  numbers 

2+ 
of Ca binding sites. K- va lues  w e r e  ca lcu la ted  from t h e  r a t i o s  d 

of x i n t e r c e p t s  t o  y i n t e r c e p t s .  A t  each pH, t h e  number of iow- 

a f f i n i t y  sites was ca lcu la ted  from t h e  d i f f e r e n c e  between t h e  numbers 

2+ 
of t o t a l  C a  -binding sites (x- in tercept  of t h e  low-aff in i ty  binding) 

and high- a f f i n i t y  binding sites ( x-intercept  of t h e  h igh-a f f in i ty  

binding).  



Figure 6 .  I n h i b i t i o n  of calciphorin-mediated ca2+ e x t r a c t i o n  by 

va r ious  c a t i o n s  and ruthenium red (RR) i n t o  a methylene c h l o r i d e  

phase. Experiments w e r e  conducted by t h e  equi l ibr ium e x t r a c t i o n  

procedure. The aqueous phase contained 0.5 m l  of 50 UM CaC12, 

200 pM p i c r i c  ac id ,  5 mM Tris.HC1, pH 7.4, and ind ica ted  concentra t ions  

of o t h e r  ca t ions .  Calciphorin concentra t ion w a s  2 UM i n  1 m l  

of methylene chlor ide .  The vortexing.  t i m e  was 2 minutes. The 

2+ 
amount of Ca ex t rac ted  i n  t h e  absence of any o the r  c a t i o n s  w a s  

set a t  '100%. 



t 

CONCENTRATION OF COMPETING CATION, p M 



of zn2+ and Mn2+. The classic mitochondria1 ca2+ transport inhib- 

3+ itors, La and ruthenium red, showed the strongest inhibition of 

2+ 
Ca extraction . Even when the amount of ~ a ~ +  or ruthenium red added 

was half of the delipidated calciphorin, 95% inhibition was observed. 

Table 4 shows the effects of respiratory inhibitors (rotenone, 

antimycin A), inhibitor :- of mitochondria1 ATPase (oligomycin), un- 

coupler of oxidative phosphorylation (CCCP), and phosphate on cal- 

ciphorin-mediated ca2+ extraction into a methylene chloride phase. At 

a concentration of 10 pM (about 400 pg per mg of protein) ' -  -. rotenone, 

antimycin A, oligomycin, and CCCP had very little effect on Ca 2+ 

extracted in the organic phase. Phosphate, at the same concentration as 

ca2+, 'also had little effect on the calciphorin-mediated ca2+ extraction. 

Determination of the charge on the caZ+-calciphorin complex. 

The charge of the ca2+-calciphorin complex was determined 

spectrophotometrically by measuring the amount of picrate extracted 

into the organic phase in the organic solvent extraction experiments. 

Fig. 7 shows the absorbtion spectrum of 50 pM picric acid in distilled 

water. The absorbtion peak was found at 355 nm. The absorbance at 

355 nm as a function of the concentration of picric acid is shown 

in Fig. 8. The plot is linear. The molar extinction coefficient 

calculated was 13,000 which is very close to the reported value, 

13,700, arrived at by Eisenman et al. (1969). To determine the 

2+ 
charge of the Ca -calciphorin complex, ca2+ and picric acid 

extracted were measured from the same sample. Fig. 9 shows the 



TABLE 4 

Effects of respiratory inhibitors, inhibitor of mitochondria1 ATPase, 

uncoupler of oxidative phosphorylation, and phosphate on calciphorin- 

2+ 
mediated Ca extraction into a methylene chloride phase 

Addit ioli % Extraction 

2pM 10vM 5 0pM 

Non-e : 

Rot enone 

Antimycin A 

Oligomycin 

CCCP 

Phosphate 

The experimental procedure was the same as shown in Fig. 6. 

2+ 
The amount of Ca extracted'in the absence of any competing 

substance was set at 100%. Phosphate was added in the form of 

Na2HP04. Rotenone, aqtimycin A, oligomycin, and carbonyl cyanide 

m-chlorophenylhydrazone (CCCP) were added in ethanolic solutions. 



Figure 7 .  The absorption spectrum of picric acid in  d i s t i l l ed  

water. The concentration of picric acid was 50 uM. 





Figure 8. The absorbance at 35'5 .nm versus the concentration of 

picric acid. Picric acid was in distilled water. The light 

path was 1 cm. 





Figure 9. ca2+ and p i c r i c  a c i d  e x t r a c t e d  i n  t h e  organic  phase as 

a funct ion of t h e  concentra t ion of ca lc iphor in .  The experiments 

w e r e  c a r r i e d  ou t  by t h e  organic  so lven t  e x t r a c t i o n  procedure. The 

45 
aqueous phase contained, 1 mM C a C 1 2 , p i c r i c  a c i d ,  and 5 mM T r i s .  

H C ~  pH 8.5. The amount of p i c r i c  a c i d  added t o  t h e  aqueous phase 

w a s  always 50 times more than ca lc iphor in  indicaFed. ca2+ e x t r a c t e d  

w a s  obtained by radfoac t ive  counting. P i c r i c  a c i d  ex t rac ted  i n  

t h e  organic phase was d r i e d  under N r ed i s so lved  in d i s t i l l e d  w a t e r ,  
2 ' 

and t h e  absorbance measured a t  355 nm. The background readings  due 

t o  t h e  p a r t i t i o n  of p . icr ic  a c i d  i n  t h e  organic  phase i n  t h e  absence 

of ca lc iphor in  and t h e  t u r b i d i t y  of c a l c i p h o r i n i n  d i s t i l l e d  water  

2+ were correc ted .  Both C a  and p i c r i c  a c i d  e x t r a c t e d  w e r e  measured 

from t h e  same sample. The s o l i d  l i n e s  w e r e  obtained b.y leas t -square  

f i t  and t h e  broken l i n e s  were simply drawn by connecting two d a t a  

po in t s .  
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r e s u l t s  of t h e  s imultan~eous measur. emen.ts of ca2+ and p i c r a t e  

e x t r a c t e d  . i n t o  t h e  o rgan ic  phase.In t h i s  f i g u r e ,  t h e  s o l i d  l i n e s  

were ob ta ined  by t h e  l e a s t - s q u a r e  f i t  w h i l e  t h e  broken l i n e s  were 

s imply  d r a m  by connect ing  two d a t a  p o i n t s .  The s t o i c h i o m e t r y  of 

t h e  ca2+ e x t r a c t i o n  ( mole of ca2+ e x t r a c t e d  per  mole of c a l c i p h o r i n )  

w a s  about  0.7 when 1 t o  3 vM c a l c i p h o r i n  was used,  and t h e  s t o i c h i o -  

metry r a i s e d  up t o  0.92 a t  h ighe r  c o n c e n t r a t i o n  of c a l c i p h o r i n  

added. The r a t i o  of p i c r a t e  t o  ca2+ e x t r a c t e d  i n  t h e  e n t i r e  range  

of  c a l c i p h o r i n  used w a s  about  3 : l .  

ca2+-binding s t u d i e s  u s ing  f low d i a l y s i s .  

2+ 
The d i s s o c i a t i o n  c o n s t a n t  of c a l c i p h o r i n  f o r  C a  i n  

aqueous phase was measured by f low d i a l y s i s  experiments .  F ig .  10  

shows a  p l o t  of ca2+ bound t o  c a l c i p h o r i n  a s  a  f u n c t i o n  of t o t a l  

ca2+ added. Th i s  p l o t  shows a s a t u r a t i o n  phenomenon. \men t h e  

2+ 
t o t a l  ca2+ added t o  t h e  medium w a s  18 MM, about  80% o f  t h e  C a  - 
binding  sites were s a t u r a t e d .  F ig .  11 shows a Sca tchard  p l o t  of 

t h e  same d a t a .  There i s  o n l y  one c l a s s  of ca2+ binding  s i t e s .  

These ca2+-binding s i t e s  had a d i s s o c i a t i o n  c o n s t a n t  of 5 .2  pM 

and bound 343 nmolfs of ~ a ~ + ~ e r  mole of c a l c i p h o r i n .  Using 3,000 

as t h e  molecular  weight  of c a l c i p h o r i n ,  t h e  s to i ch iome t ry  was 

about  1 . 0  mole of ca2+ bound p e r  mole of c a l c i p h o r i n .  The same 

s to i ch iome t ry  was a l s o  i n d i c a t e d  by a H i l l  p l o t  ( H i l l ,  1910) ,  where 

t h e  s l o p e  w a s  . equa l  t o  1 . 0  (Fig.  12)  . 



Figure 10. Ca2+-binding d a t a  obtained from flow d i a l y s i s  experiments. 

Delipidated ca lc iphor in  was 9 vM i n  1 m l  of 25 mM Tris.HCl,pH 7.4. 

The d i a l y s i s  b u f f e r  was 25 mM Tris.HC1, pH 7.4. The a b s c i s s a  i s  t h e  

2+ 
concentra t ion of t o t a l  Ca . added. 
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Figure 11. Scatchard plot of cat+-binding data constructed from 

flow d ia lys i s  experiments. The experimental conditions were the 

same as  shown in Fig. 10. The dissociation constant obtained was 

2+ 
5.2 uM, and the number of. Ca -binding s i t e s  was 343 nmolesper mg 

of calciphorin. 
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Figure 12. Hill plo+ of ca2+-bfnding data from flow dialysis 

.experiments. The experimental conditions were the same as shown 

2+ 
in Fig. 10. The abscissa:.is.the concentration of free Ca in the 

solution. The slope of the plot is 1.0. . 
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DISCUSSION 

The k i n e t i c s  of ca2+ t r a n s p o r t  i n  mi tochondr ia  are w e l l  

documented(for  review,  s e e  Mela,l977;BygraveY 1977,1978;Carafo l i  

and Crompton, 1978) ,  . b u t  t h e  mechanism of ca2+ t r a n s p o r t  i s  e s s e n t i -  

a l l y  n o t  so lved .  Recent s t u d i e s  of t h e  mechanism of ca2+ t r a n s p o r t  f a v o r  

t h a t  t h e  i n t r a m i t o c h o n d r i a l  ca2+ is r e g u l a t e d  by a n  i n f l u x  and a n  

e f f l u x  mechanisms(Sordah1, 1974; Puskin  et  a l . ,  1976; Crompton e t  

a l . ,  1977, 1978 1. Whether t h e  pathways f o r  ca2+ i n f l u x  and e f f l u x  

a r e  i d e n t i c a l  i s  s t i l l  deba tab le .  While Pozzan e t  a l .  (1977) have 

shown t h a t  ca2+ e f f l u x  occu r s  always through t h e  n a t i v e  i n f l u x  

c a r r i e r ,  o t h e r s  sugges t  t h a t  t h e  two mechanisms a r e  s epa ra t ed  

(Puskin et a1.,1976; Crornpton e t  a l . ,  1978).  Desp i t e  t h e  d i sag ree -  

ment i n  t h e  e f f l u x  mechanism, it  i s  accepted  t h a t  t h e  eff luxmechanism 

i s  e i t h e r  n o t  s e n s i t i v e  t o  ruthenium r e d  (Crompton e t  a l . ,  1977) o r  

ruthenium red  i s  n o t  d i r e c t l y  i n t e r a c t i n g  w i t h  t h e  e f f l u x  pathway 

(Pozzan e t  a l . ,  1977) .  On t h e  o t h e r  hand, t h e  i n f l u x  mechanism of 

2+ Ca t r a n s p o r t  is v e r y  s e n s i t i v e  t o  ruthenium r e d  (Noore, 1971; 

Reed and Bygrave, 1974a) .  Calc iphor in  is  v e r y  s e n s i t i v e  t o  ruthenium 

red .  The calciphorin-mediated ca2+ e x t r a c t i o n  i n t o  t h e  o r g a n i c  

phase can b e  i n h i b i t e d  completely by v e r y  low c o n c e n t r a t i o n s  of 

ruthenium r e d  ( Fig .  6 ) .  The s e n s i t i v i t y  t o  ruthenium r e d ,  t o g e t h e r  

w i t h  t h e  hydrophobic i ty  and t h e  e l e c t r o g e n i c i t y  l e a d  c a l c i p h o r i n  

2+ 
t o  be  a  l i k e l y  c a n d i d a t e  f o r  t h e  C a  c a r r i e r  r e p o n s i b l e  f o r  t h e  

2+ 
i n f l u x  mechanism of C a  t r a n s p o r t  i n  mi tochondr ia .  

A s  mentioned i n  Chapter 1, c a l c i p h o r i n  i s  v e r y  hydrophobic 



before  de l ip ida t ion .  Iii. t he .p resence  of i t s  n a t i v e  phospholipid 

environment, ca lc iphor in  can be s o l u b i l i z e d  i n  d i e t h y l  e t h e r .  

Af te r  d e l i p i d a t i o n ,  ca lc iphor in  becomes less hydrophobic. But it  

can rega in  i ts  hydrophobicity i n  t h e  presence of ca2+ and a l k a l i n e  

pH i n  t h e  organic  solvent  e x t r a c t i o n  experiments (Fig. 3 and Table 1 ) .  

It i s  poss ib le  t h a t  ca lc iphor in  undergoes a conformational change i n  

t h e  presence of ca2+* binding ca2+ i n  its hydrophi l ic  pocket,  and 

o r i e n t i n g  i t s e l f  i n  such a manner t h a t  t h e  hydrophobic groups f a c e  

t h e  l i p i d  mi l ieu .  

The pH p r o f i l e  of ca2+ a t r a c t e d  i n t o  t h e  methylene c h l o r i d e  

phase showed a pKa of 8.0-8.1 ( f i g .  4 ) .  It has  been repor ted  by 

P f e i f f e r  et  a l .  (1978) t h a t  t h e  pKa of A23187, a  d i v a l e n t  c a t i o n  iono- 

phore, decreases  as t h e  so lven t  p o l a r i t y  inc reases .  A t  t h e  i n t e r f a c e  

between t h e  aqueous medium and t h e  o u t e r  h a l f  l e a f l e t  of t h e  inner  

mitochondria1 membrane, t h e  pKa of c a l c i p h o r i n  is  probably s l i g h t l y  

lower than t h e  observed value  from t h e  organic  so lven t  e x t r a c t i o n  exper- 

iments. Reed and Bygrave (1975) have found t h a t  t h e  group(s) involved 

i n  t h e  binding of ca2+ t o .  t h e  c a r r i e r  have a pKa of 7.8, by studying 

t h e  k i n e t i c s  of ca2+ t r a n s p o r t  i n  mitochondria. Thus, t h e  groups 

2+ 
respons ib le  f o r  t h e  binding of C a  t o  ca lc iphor in  seem t o  be  i d e n t i c a l  

2+ 
t o  t h a t  of t h e  Ca c a r r i e r .  

Del ip idated  ca lc iphor in  binds much more 2n2+ than caZ+ (Table 2 ) ,  

2+ 
and 2n2+ i s  a l s o  a b l e  t o  i n h i b i t  C a  e x t r a c t i o n  i n t o  t h e  organic  phase 

(Fig.  6). Mitochondria have been. repor ted  t o  be t h e  t a r g e t  of heavy metal  

poisoning (Aldridge and C r e m e r ,  1955) . .  It is p o s s i b l e  t h a t  c a l c i p h o r i n  is  t h e  



l o c a l -  t a r g e t  i n  mitochondria. Delipidated ca lc iphor in  favors  Ca 2+ 

and sr2+ over Mn2+ (Table 2) a's was shown f o r  t h e  undel ip idated  

ca lc iphor in  (Table 6, Chapter 1 ) .  Table .2 a l s o  shows t h a t  delipi 'd- 

2+ 4- 
a t e d  ca lc iphor in  favors  C a  over monovalent c a t i o n s  (Na' and Rb ). 

Although t h e  s e l e c t i v i t y  r a t i o s  found between ca2+ and monovalent 

c a t i o n s  a r e  not  a s  d r a s t i c  as. they w e r e  before  t h e  removal of t h e  

contaminating phospholipids (Table 6, Chapter l ) ,  monovalent c a t i o n s  

+ 
(Na+ and K ) a r e  s t i l l  no t  a b l e  t o  compete wi th  ca2+ f o r  e x t r a c t i o n  i n t o  

t h e  organic  phase (Fig. 6) .  Mn2+ demonstrates a g a i n  a high a b i l i t y  i n  

competing wi th  ca2+ for..:extraction (Fig. 6 i n  t h i s  chapter  and Fig. 9 

i n  Chapter 1 ) .  A s  explained i n  Chapter 1, t h e  i n h i b i t o r y  e f f e c t  may 

be due t o  t h e  i n t e r a c t i o n  between Mn2+ and ca2+, which is  c o n s i s t e n t  

wi th  t h e  ca2+-st imulated Mn2+ uptake observed i n  mitochondria (Vino- 

gradov 'and Scarpa, 1973). Other d i v a l e n t  c a r i o n s  (sr2+,  ~ g ~ + ,  and 

2+ Ba ) show a moderate i n h i b i t i o n  of ca2+ e x t r a c t i o n  ( F i g .  6) . The 

most s t r i k i n g  i n h i h i t o r y  e f f e c t s  a r e  shown by ~ a ~ +  and ruthenium red ,  

c l a s s i c  i n h i b i t o r s  of ca2+ t r a n s p o r t  i n  mitochondria. I n  t h e  presence 

of only hal f  t h e  amount of ruthenium red o r  La3+ a s  compared wi th  

ca lc iphor in ,  Ca2+ e x t r a c t i o n  mediated by ca lc iphor in  is  decreased by 

95%. The s to ichiometry  of ruthenium red o r  La3+ bound t o  c a l c i -  

phorin i s  t h e r e f o r e  1:2. 

Other important f ind ings ,  revealed  from t h e  competi t ion s t u d i e s ,  

a r e  shown i n  Table 4. A t  high concentra t ions ,  t h e  r e s p i r a t o r y  i n h i b i t o r s  

(rotenone, antimycin A), t h e  i n h i b i t o r  of mitochondria1 ATPase (oligomycin), 

and t h e  uncoupler of ox ida t ive  phosphorylation (CCCP) do not  have s i g n i f -  
# 



2+ ' 

i c a n t  e f f e c t s  bn C a  . ex t rac ted  i n t o  t h e  o,rganic phase. It has  

2+ 
been s h o h  t h a t  the ' .d r iv ing  f o r c e  f o r  C a  t r a n s p o r t  i n  mitochondria 

is  t h e  negative-inside membrane p o t e n t i a l  (Scarpa and Azzone, 1970). 

Binding of ca2+ would thus  be expected t o  be i n s e n s i t i v e  t o  res- 

p i r a t o r y  i n h i b i t o r s  and uncoupling a g e n t s  (Reed and Bygrave, 1974b). 

2+ 
Itl fac t , .  one of t h e  major c r i t i c i s m s  t o  t h e  h igh-a f f in i ty  C a  - 

binding i n  resp i ra t ion- inh ib i t ed  mitochondria repor ted  by Reynafarje 

and behninger (1969) is  t h a t  t h e  high-aff i n i t y  ca2+-binding sites 

disappear i n  t h e  presence of 2,4-dinitrophenol, an  uncoupling agent  

(Southard and Green, 1974; Akerman e t  a l . ,  1974). Recently, Moyle 

2+ and Mitchel l  (1977) suggested t h a t  t h e  ca2+ c a r r i e r  may be a C a  - 

phosphate symporter which t r a n s l o c a t e s  one p o s i t i v e  charge t o  t h e  

matriz.:compartment of mitochondtia. However, t h i s  hypothesis  has been 

shown t o  be based on inadequate d a t a  and assumptions (Azzone e t  a l . ,  

2+ 
1977; Reynafarje and Lehninger, 1977). The Ca. c a r r i e r  is  t h u s .  

expected not  t o  have a binding s i t e  f o r  inorganic  phosphate. The 

r e s u l t s  shown i n  Table 4 a r e  c o n s i s t e n t  wi th  t h e s e  f ind ings .  A t  

2+ 2+ 
equal concentra t ions  of Ca and phosphate, C s  ex t rac ted  i n t o  t h e  

organic phase is  not  enhanced s i g n i f i c a n t l y  by t h e  presence of 

phosphate. 

Without p i c r a t e ,  ca lc iphor in  is not  a b l e  t o  e x t r a c t  l a r g e  

2+ 
amounts of C a  e i t h e r  i n  t h e  absence o r  presence of a l i p o p h i l i c  

ca t ion ,  tetramethylammonium (Table 3 ,  Chapter 2 ) .  This e l imina tes  

the p o s s i b i l i t y  t h a t  ca lc iphor in  a lone  has a n e t  charge of -2 o r  

i s  more nega t ive ly  charged. Also p i c r a t e  is. not  found t o  be ex t rac ted  



by ca lc iphor in  i n  t h e  absence of ca2+ a t  pH 8.5 (unpublished ob- 

se rva t ion) .  The' p o s s i b i l i t y  t h a t  ca lc iphor in  i s  posi t ive ly ' .charged 

is t h e r e f o r e  el iminated.  Thus, ca lc iphor in  can e i t h e r  be n e u t r a l  

2+ 
o r  has  one negat ive  charge, and t h e  Ca -ca lc iphor in  complex 

i s  expected e i t h e r  t o  have 2 p o s i t i v e  charges o r  one p o s i t i v e  

charge, r e spec t ive ly .  I n  t h e  former case ,  t h e  amount of p i c r a t e  

ex t rac ted  should be twice a s  much as ca2+ ex t rac ted  i n t o  t h e  

organic  phase. I n  t h e  l a t t e r  s i t u a t i o n ,  both  p i c r a t e  and C a  
2+ 

should be ex t rac ted  i n  t h e  same amount. Fig. 9 shows t h a t  p i c r a t e  

2+ ex t rac ted  is  t h r e e  times more than t h a t  of C a  . It is l i k e l y  t h a t  

2+ 
Ca -ca lc iphor in  has 2 p o s i t i v e  charges,  but  t h e  e x t r a  p i c r a t e  

ex t rac ted  can not  be explained. I n  t h e  experiments shown i n  Fig.  

9 ,  t h e  background readings  due t o  t h e  p a r t i t i o n  of p i c r i c  a c i d  i n t o  

the  organic  phase i n  t h e  absence of ca lc iphor in  and t h e  t u r b i d i t y  of 

ca lc iphor in  i n  d i s t i l l e d  w a t e r  w e r e  correc ted .  It is p o s s i b l e  t h a t  

ca lc iphor in  i n  d i s t i l l e d  water becomes more t u r b i d  i n  t h e  presence 

2+ 
of C a  and p i c r a t e ,  but  t h e r e  i s  no s t rong  evidence f o r  it .  

An i n t e r e s t i n g  f ind ing  among t h e  p r o p e r t i e s  a ssoc ia ted  wi th  

t h e  d e l i p i d a t e d  ca lc iphor in  is t h e  a f f i n i t y  of ca lc iphor in  f o r  

ca2+ determined by flow d i a l y s i s  experiments. Fig. 11 shows t h a t  

ca lc iphor in  has only one c l a s s  of ca2+-binding s i t e s .  These sites 

2+ 
have high a f f i n i t y  f o r  C a  . The d i s s o c i a t i o n  constant  i s  5.2 pM. 

2+ 
Before d e l i p i d a t i o n ,  ca lc iphor in  showed two c l a s s e s  of Ca -binding 

2+ 
sites. The d i s s o c i a t i o n  cons tan t s  of t h e  high- and low-aff in i ty  C a  - 

binding sites were 9.5 and 33 VM, respec t ive ly .  Af te r  d e l i p i d a t i o n ,  

ca lc iphor in  l o s e s  i t s  low-af f i n i t y  ca2+-binding s i t e s .  These low- 



a f f i n i t y .  binding sites a r e  ev iden t ly  .due .  t o  .phospholipids (Reed 

and Bygrave,'.l974a). T h e ' s a t u r a t i o n  k ine tzcs  i n  the 'mi tochondr ia l  

2+ 
Ca t r a n s p o r t  system is always taken'  t o  be t h e  s t r o n g e s t  

evidence f o r  t h e  carrier-mediated ca2+ t r a n s p o r t  (Vinogradov and 

Scarpa, 1973). Calciphorin a l s o  shows a s a t u r a t i o n  phenomenon i n  

t h e  ca2+-binding s t u d i e s  (Fig. 10) . The observed s a t u r a t i o n  

k i n e t i c s  i n  mitochondria may be  due t o  t h e  l i m i t e d  ca2+-binding of 

ca lc iphor in .  From Fig. 11, it  is obvious t h a t  each mole of c a l c i -  

.2+ 
phorin can bind one mole of C a  . The proposed mechanism f o r  t h e  

2+ 
f i r s t  s t e p  of ca lc iphor in  (C)- mediated C a  t r a n s p o r t  is: 

2+ 
The C a  -ca lc iphor in  complex is then moved t o  t h e  inner  phase of t h e  

membrane i n  response t o  a negative-inside membrane p o t e n t i a l  and 

2+ 
d i s s o c i a t e s  t h e  bound Ca t o . t h e  matrix aompartment. The s lope  

2+ of l o g  (bound ca lc iphor in . / f r ee  ca lc iphor in)versus  t h e  log  [ f r e e  Ca ] 

p l o t  i s  expected t o  be 1.. Indeed, th i . s  s lope  is  obtained a s  shown 

i n  Fig. 12. 

2+ 
The s to ichiometry  of Ca bound t o  ca lc iphor in  inc reases  froin 

a low va lue  (0.11) to .  0.92 when t o t a l  ca lc iphor in  concentra t ion 

' i n c r e a s e s  from 0.5 t o  5 DM i n  t h e  organic  so lven t  e x t r a c t i o n  

experiments (Fig. 9) .  This f a c t  'may i n d i c a t e  t h a t  t h e r e  is  a 

11 cooperative" e f f e c t  between ca lc iphor in  molecules. Also, only 

hal f  t h e  amount of ruthenium red o r  ~ a ~ +  a s  compared with ca lc iphor in  

2+ 
i s  needed t o  i n h i b i t  t h e  t o t a l  calciphorin-mediated Ca e x t r a c t i o n  

i n t o  t h e  organic  phase (Fig. 6 ) .  Although t h e r e  is  no s t rong  evidence, 



i t  i s  poss ib le  t h a t  ca lc iphor in  is i n  a dimeric form. I n  t h i s  

2+ 
case,  t h e  ppoposed'.mechanism f o r  the .  binding of Ca t o  dimerized 

ca lc iphor in  a t  t h e  e x t e r n a l  phase of t h e ' i n n e r  mitochondria1 

membrane is :  

2+ 
where n is  t h e  number of Ca bound t o  one ca lc iphor in  dimer. 

Assuming Kl and K a r e  t h e  equi l ibr ium cons tan t s  of t h e  two binding 2 

s t e p s ,  r e spec t ive ly ,  shown above.  Then, 

where t h e  q u a n t i t i e s  i n  t h e  parentheses represen t  a c t i v i t i e s .  

Theref o re ,  

2 
The. s lope  o.f . log [bound c a l c i p h o r i n / ( f r e e  ca lc iphor in )  ] versus  

log  ( f r e e  ca2+) p l o t  should y i e l d  n, which i s  expected t o  be 2. 

Fi.g.. 13  shows such a p l o t ,  and t h e  s lope  obtained i s  1 . 7 .  

2+ 
The two poss ib le  mechanisms of calciphorin-mediated C a  



2 
Figure  13. The .p lo t  of log  [bound ca lc iphor in /  ( f r e e  c a l c i p h o r i n )  ] 

versus  log  ( f r e e  Ca) . .cons tmcted  from flow d i a l y s i s  .experiments, The 

experimental cond i t ions  w e r e  shown i n  Fig. 10. The s l o p e  i s  1.7. 
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t r anspor t  a r e  depic ted  i n  Fig. 14..  Fig.  ,14(a) shows t h e  p o s s i b i l i t y  

t h a t  t h e  t r a n s p o r t  u n i t  of c a l c i p h o t i n  is a monomer. ca2+ b inds  

2+ 
t o  t h e  Ca -binding s i t e  of ca lc iphor in  a t  t h e  e x t e r n a l  s u r f a c e  

of t h e  inner  mitochondrial  membrane; This process can be blocked by 

e i t h e r  ruthenium red o r  la3+. According t o  Table 1, ca lc iphor in  

becomes more hydrophobic i n  t h e  presence of ca2' a t  t h e  physiological  

2+ 
pH. The binding of Ca t o  ca lc iphor in  may induce a conformational 

2+ 
change of t h e  ca lc iphor in  molecule such t h a t  Ca and i t s  l igands  

r e s i d e  i n  t h e  i n t e r i o r  of t h e  complex leaving t h e  e x t e r i o r  more 

2+ 
hydrophobic. This C a  -ca lc iphor in  complex can respond t o  a negative- 

i n s i d e  membrane generated by r e s p i r a t i o n  o r  ATP hydrolys is .  

2+ . . . .  . .  
Bound C a  i s ' t h e n  d i s soc ia ted  i n t o  t h e  matrix compartment e i t h e r  i n  

i t s  f r e e  form o r  bound t o  t h e  . nega t ive ly  charged groups (Gunter 

and Puskin, 1972). Afterwards, f r e e  ca lc iphor in  d i f f u s e s  back t o  

t h e  e x t e r n a l  su r face  of t h e  inner  mitochondrial  membrane and recyc les .  

Fig. 14. (b) shows another  poss ib le  mechanism of calciphorin-mediated 

2+ 
Ca - t r anspor t ,  where f u n c t i o n a l  ca lc iphor in  is assumed t o  be i n  a 

dimeric form. In  the presence of ca2+, ca lc iphor in  is  dimerized. 

Two molecules of ca lc iphor in  bind two>.ca2+ (Fig. 13) .  This binding 

3+ 2+ process can be blocked by ruthenium red o r  La . The two C a  - 
binding sites of t h e  two calc iphor in-molecules  may be nearby so  t h a t  

3+ 
only one molecule of ruthenium red  o r  La  i s  required  t o  i n h i b i t  

two Ca2+ ex t rac ted  by a ca lc iphor in  dimer (Fig. 6 ) .  Again, c a l c i -  

phorin may undergo a conformational change, becoming more hydro- 

2+ 
phobic, when C a  is  bound. The dimerized ca2+-calciphorin 



2+ 
Figure 14. Possible.mechanisms of calciphorin-mediated C a  

t r anspor t  i n  mitochondria. The C-shaped molecule s t ands  f o r  

2+ 
calciphorin.The invaginat ion of thelC*epresents  t h e  Ca -binding 

site.  

(a)  The t r a n s p o r t  u n i t  of ca lc iphor in  is a monomer. 

(b) The t r anspor t  u n i t  of c a l c i p h o r i n  is  a dimer. 
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complex can move t o  . t h e '  i n s i d e  of . t h e  .inner mitochondria1 membrane 

i n  : response t o  a.negative-inside.membrane p o t e n t i a l .  Ca 
2+ 

is  then d i s soc ia ted  and ca lc iphor in  d i f f u s e s  back t o  t h e . e x t e r n a 1  

phase e i t h e r  i n  monomeric o r  dimeric form. 

I n  t h e  bulk methylene c h l o r i d e  phase, t h e r e  a r e  probably three---'--------.---' 
.. -, . . -. 
-.- 

d i f f e r e n t  complexes. . . in t h e  dimer hypothesis:  monomers,in equi l ibr ium. .  

1 with  dimers wi th  no ca2+ bound (c20), dimers wi th  1 ca2+ bound (C2 ), 

2 and dimers wi th  2 ca2+ bound (C2 ). I n  t h e  organic  so lven t  e x t r a c t i o n  

experiments, ca lc iphor in  is  shown t o  have a ..pKa around 8.0-8.1 (Fig. 4) . 
Probably c~~ dominates a t  h igher  pH and c21 a t  low pH. Assuming . 

t h e r e  is 20% cZ0 i n  t h e  organic  phase, it is  expected t o  have 80% 

c21 a t  pH 6.5. Therefore, a  s to ichiometry  of 0.4 mole ca2+ bound 

t o  each mole of ca lc iphor in  is- expected (Fig. 4) .  A t  pH 8.5, 
-. . 

2 t h e  r a t i o  of Cg t o  c2' ca lcu la ted  is  70:30, assuming t h e  PK, 

i s  8.1. There fo res in  t h e  organic phase t h e  r e l a t i v e  abundance of 

c ~ ~ : c ~ ~ : c ~ ~  is 20%;25%:55% a t  pH 8.5. The s to ichiometry  is  then: 

I 25% x 0.5 + 55% x 1 = 0..68 (Fig 4) .  C2 is expected t o  e x i s t  p r i o r  

to the formation of C A t  pH 8.5, co2+-binding o i t c o  of Ci 1 2 -  

probably have higher  a f f i n i t y  and t h e  number of binding sites i s  

expected t o  be  80% x 0.5 = 0.4 mole ca2+ per  mole ca lc iphor in  o r  

2+ 133 nmoles C a  per  mg calciphorin(compared wi th  129 nmoles per  

mg ca lc iphor in  shown i n  Table 3) .  The second ca2+ bound i n  C2 2 

probably has lower a f f i n i t y  and t h e  number of binding sites i s  

expected t o  be 55% x 0.5 = 0.28 mole ca2+ per  mole ca lc iphor in  

2+ 
o r  93 nmolesCa per  mg ca lc iphor in  ( compared wi th  96 m o l e s  Ca 2+ 



per  mg ca lc iphdr in  shown i n  Table..3)'. A t  .pH 6.5,  where t h e  r e l a t i v e  

O is  assumed t o  be 20%:80%:'0%, i t  is abundance of C; : C* : C2 

expected t h e r e  is  only one a f f i n i t y . c o n s t a n t  observed i n  t h e  . 

ca2+-binding s t u d i e s  by organic  solvent  e x t r a c t i o n  experiments. 

Although t h e  Scatchard p l o t s  shown i n  Fig. 5 a t  pH 6.5 a r e  no t  

monophasic, t h e  d i f f e r e n c e  i n  t h e  two d i s s o c i a t i o n  cons tan t s  

obtained a t  pH 6.5 do n o t  d i f f e r  a s  d r a s t i c a l l y  as t h a t  shown a t  

pH 8.5. Probably t h e  a d d i t i o n  of ca2+ s h i f t s  t h e  equi l ibr ium 

favoring: formation of dimer from monomer and renders  more C a  
2+ 

bound. 

Evidence presented here  suggests  t h a t  ca lc iphor in  may be  a 

s t rong  candidate  f o r  t h e  ca2+ c a r r i e r  r e spons ib le  f o r  C a  2+ 

i n f l u x  i n  mitochondria. However, whether t h e  f u n c t i o n a l  ca lc iphor in  

is  a monomer o r  a  dimer i s  no t  c e r t a i n .  The dimer hypothesis  can 

exp la in  most of t h e  experimental  r e s u l t s  presented here  and a l s o  

f i t s  t h e  k i n e t i c s  d a t a  .,.;where 2 ca2+ a r e  required  t o  bind 

t o  t h e  c a r r i e r  in order  t o  have ca2+ t ranspor ted  a t  s i g n i f i c a n t  

rates (Vinogradov and Ecarpa, 1373). 
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