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D I S T U R B A N C E S  OF  T H E  Ca  ++ T R A N S P O R T  E N Z Y M E  

S Y S T E M  IN M E M B R A N E S  OF  T H E  S A R C O P L A S M I C  

R E T I C U L U M  C A U S E D  BY H Y D R O P E R O X I D E S  O F  

PHOSPHOLIPIDS AND OF FATTY A C I D S *  

V. E. Kagan, T. D. Churakova, 
V. P. Karagodin, Yu. V. Arkhipenko, 
M. V. Bilenko, and Yu. P. Koziov 

UDC 612.01 5.31.015.1.014.4 6 

The hydroperoxide (tiP) of phosphatidylethanoIamine,  if added to a suspension of ves ic les  of the 
sa reop lasmic  re t iculum (SR), was shown to have a weak activating effect  on Ca-dependent  A TP-  
ase and to increase  the permeabi l i ty  of SR membranes  for  Ca ++, measured  during activity of 
the enzyme.  HP of [inoleic acid did not affect  the p a r a m e t e r s  of the Ca ++ t r anspor t  enzyme 
sys t em,  the activity of Ca++-dependent ATl~ase, the Ca /A TP  ra t io ,  or  the rate  of outflow of 
Ca ++ in SR membranes  on account of the low level of its incorporat ion into SR f ragments .  It 
is concluded that among the p r ima ry  molecular  peroxidat ion products  (HP of f ree  fatty acids,  
HP of phospholipids),  induced both in v i t ro  (by the Fe ++ + ascorba te  sys tem)  and in vivo (is- 
chemia,  av i taminos is -E) ,  only phospholipid HP is an effect ive modif ier  of Ca ++ t r anspor t  in 
SR m e m b r a n e s .  

KEY WORDS: sa rcop lasmic  re t ieu lum,  hydroperoxides  of lipids, membrane  permeabi l i ty ,  Ca-  
dependent A T P a s e .  

The development  of i schemia  is accompanied by accumulat ion of lipid peroxidat ion products  (LPP) in 
the membranous  s t ruc tu re s  of the cell  [1] and by hydrolysis  of phospholipids with the format ion  of monoacyl-  
glycerophosphat ides  and f ree  polyene fatty acids [8] which, in turn ,  can undergo autooxidation. Accumulation 
of L P P  is known to lead to an increase  in the permeabi l i ty  of ar t i f ic ia l  and biological  membranes  for ions and 
nonelec t ro ly tes  [4, 8,15] and to inhibition of membrane-bound enzymes  [2]. Among the many different  com-  
pounds produced by autooxidation of lipids of biological membranes ,  the HP of phospholipids in fatty acids,  
which are  p r i m a r y  molecu la r  L P P ,  occupy a special  place:  The i r  ability to intrude into the network of me t a -  
bolic convers ions  (through peroxidase  react ions)  [2] means that the effects  of modification of b iomembranes  
by hydroperoxides  can be rega rded  as r eve r s i b l e ,  whereas  in the la te r  stages of lipid peroxidat ion " i r r e v e r -  
s ib le"  secondary  products  (for example ,  in termolecuIar  polymer  c ross - l inkages ) ,  which cannot be util ized by 
the cell  enzyme s y s t e m s ,  accumula te .  It was shown previously  that a consequence of modificat ion of m e m -  
branes  of the sa rcop lasmic  re t icu lum (SR) by active forms of oxygen during i schemia  of skeletal  muscles  is 
an increase  in permeabi l i ty  of the SR ves ic les  for  Ca ++ ions (a d ec r ea se  in the C a / A T P  ratio) and par t ia l  in- 
hibition of Ca++-dependent ATPase  [1]; both ef fec ts ,  m o r e o v e r ,  a re  due to the accumulat ion of LPP.  Accord-  
ingly, in the investigation descr ibed  below the action of p r i m a r y  molecu la r  L P P ,  namely exogenous hydro-  
peroxides  of phospholipids and hydroperoxides  of f ree  fatty acids,  and also unmodified phospholipids and fatty 
acids ,  on the p a r a m e t e r s  of the Ca t r anspo r t  enzyme sys tem,  located in SR of skeletal  musc les ,  was studied.  

*This  was a combined r e s e a r c h  pro]eel  of the M. V. Lomonosov Moscow State Universi ty  and the I. M. 
Seehenov F i r s t  Moscow Medical Inst i tute.  

Labora t0 ty  of Physical  Chemis t ry  of B iomembranes ,  Mo V. Lomonosov Moscow State Univers i ty .  Labo-  
r a to ry  for  Transplanta t ion of Organs and Tissues ,  Academy of Medical Sciences of the USSR, and Depar tment  
of Operative Surgery and Topographic Anatomy, I. M. Sechenov F i r s t  Moscow Medical Inst i tute.  (Presented 
by Academician of the Academy of Medical Sciences of the USSR V. V. Kovanov. ) Trans la ted  f rom ByuIleten'  
~ksper imenta l 'no i  Biologii i Meditsiny, Vo[. 87, No. 2, pp. 145-149, Feb rua ry ,  1979. Original a r t ic le  sub-  
mitred December  13, 1977. 
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TABLE 1. Effect of Compounds Tested on Ac -  
tivity of Ca++-Dependent A TPase  (VATP, 
nmoles P i / m i n  �9 rag protein) and Rate of Out- 
flow of Ca -H- (VATP, out.Ca, in nmoles Ca+~/ 
r a i n .  mg protein) in Course of Transpor t*  

SR phos- Ca ++ 
Compound pho1~p- VATP VATP I" out. 
added (C) ids/C 

Control 2.81 +0,17 3,18__0,36 

320 3,32• 4,84___9,79 
HP of PEA IOO 3,74-4-0,28 5,53+0,75 

I0 4,07+9,33 7,544-0,94 

lO 2,76+0,22 3,17+0,47 
HP of LA 1,0 2,79~0,28 3,40~0,61 

1O 2,80+0.15 3,16+0,34 
PE, A 1,0 2,84~-0;23 3,24~-0,46 

100 2,89+0,25 3.27+0.54 
LA I0 3,12~0,23 4:21 "-'~-0,62 

1,0 3,674-0,28 6,94-+'0,79 

320 2,98+0,25 4,62+0,63 
HP of lipids T I00 3,20--0,28 6,27 0,64 

�9 Incubation medium: 100 ram NaCI + 5 mM Na oxalate + 2 
mM ATP + 2 mM MgCI 2 + 5 mM Tris-HC1, pH 7.0, 3WC; 
SR protein concentration 0.3 mg/ml. 
TOn induction of lipid pexoxidation in SR suspension by system of 
of Fe ++ (10 nmoles/mg protein) + ascorbate (0.3 raM). 

E X P E R I M E N T A L  M E T H O D  

Fragments  of SR f rom white skeletal  muscles  of rabbits were isolated by the method in [14]. The veloc-  
ity of Ca,dependent hydrolys is  of ATP (VATp) was measured  by a pH-met r ic  method and the parameter  Ca /  
ATP was calculated as descr ibed in [6]. The ra te  of outflow of Ca ++ f rom the SR vesicles  in the course  of its 
active t r anspor t  (VATP,out.Ca) was calculated by the equation: 

ca ++ 
VATP, out. Ca = (2 ~ ) V A T P ,  

assuming that Ca++/ATP for native membranes  in 2 [7]. The rate of passive outflow of Ca f rom SR, loaded 
beforehand with Ca oxaIate (Vout.Ca) was measured  by a pH-met r ic  method based on the react ion of binding of 
Ca ++ in the external  medium with EGTA, a specific complex of e thylene-glycol  (aminoethyl es ter )  and sodium 
N,N'-tetraacetate [6] or  by means of a Ca-se lec t ive  electrode [5]. The protein concentrat ion was determined 
by the biuret  react ion.  

Phosphatidylethanolamine (PEA) was isolated f rom egg yolk [13]. Linoleic acid (LA, f rom Nut r .  Bio-  
chem. Corp . )  or PEA was subjected to peroxidation by means of Iipoxygenase (from Reakhim, 20 pg /mg  lipids) 
in an aqueous suspension of 0.6 mg l ipids/m[ medium of the composit ion:  50 mM Tr i s -HCl  + 100 mM NaC[, 
pH 8.0, 37~ The hydroperoxide (HP) of LA was isolated by the method in [11, 9], suitably modified. The HP 
of PEA was isolated by preparat ive  th in- layer  chromatography on sil ica geI (from Fe r r ak ,  Germany) in a s y s -  
tem of c h l o r o f o r m -  m e t h a n o l -  28% NH4OH (13 : 7 :1 ) .  After fract ionation,  the chromatographic  plate was de-  
veloped in a chamber  saturated with I~ vapor and the stain containing HP of PEA was eluted with a m e t h a n o l -  
hexane (3:1) mixture .  LA and PEA were dissolved in ethanol and thei r  hydroperoxide derivat ives in metha-  
nol and added to a suspension of SR f ragments  by means of a Hamilton mic rosyr inge .  

E X P E R I M E N T A L  R E S U L T S  

The format ion and maintenance of a t r ansmembrane  Ca ++ gradient  in the SR sys tem,  which is the mech-  
anism of e lec t romechanica[  coupling in the muscle  f iber ,  are  possible because of two fac tors :  the presence of 
a calcium pump (Ca-dependent ATPase)  and the low permeabi l i ty  of the SR membranes  for  Ca ++ [7]. It will be 
c lear  f rom the data given in Table 1 that the addition of HP of LA and also of unmodified PEA to the SR suspen-  
sion did not affect the Ca-dependent  ATPase  act ivi ty.  The probable reason  why HP of LA had no  action on 
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Fig. I. Fig. 2. 
Fig .  1. Veloci ty of pass ive  outflow of Ca ions (Vout.Ca++) f r o m  SB ves i c l e s  loaded beforehand 
with Ca oxalate (200 n m o l e s / m g  protein} under  influence of HP of PEA (1), HP of LA (2), PEA 
(3), and LA (4) and dur ing induction of Lipid peroxidat ion by s y s t e m  consis t ing of Fe ++ (10 
n m o l e s / m g  prote in)  + a s c o r b a t e  (0.3 mM) (5). [C] - -  concentra t ion  of compound added or of 
induced hydroperox ides  of phosphol ipids .  Incubation medium:  100 mM NaCI + 0.5 mM EGTA + 
0.5 mM imidazole  or  (for m e a s u r e m e n t s  with Ca++-se lec t ive  e lec t rode)  100 mM NaCI + 5 mM 
imidazole ;  pH 7,0, 37~ SB pro te in  concentra t ion  0.5 m g / m [ .  

F ig .  2. Scheme of act ion of HP  of fat ty acids and HP of phospholipids added f r o m  exogenous3 
sou rce s  (a) and a r i s ing  during induction of lipid peroxidat ion (b). 1) CA ++-dependent A T P a s e ,  
2) phospholipid,  3) HP  of phospholipid,  4) HP of fat ty acid,  5) act ive Ca++ t r a n s p o r t ,  6) pass ive  
Ca ++ outflow. 

A T P a s e  ac t iv i ty  was the low level  of incorpora t ion  of po la r  hydroperoxides  of fatty acids into the hydrophobic 
phase of the m e m b r a n e ,  for  t he i r  par t i t ion  coeff icient  in a heptane --  water  s y s t e m  is 1 : 1 9  [3], and unmodified 
fatty acids a r e  v i r tua l ly  comple te ly  d is t r ibuted  in the hydrocarbon .  Meanwhile HP of PEA and LA had a weak 
act ivat ing ef fec t .  A s i m i l a r  ef fec t  of ac t ivat ion of Ca-dependent  ATPase  a l so  was observed  in the initial s tages  
of lipid peroxida t ion  (up to 10 nmoles  H P / m g  lipids) in SI~ m e m b r a n e s  with a catalyt ic  s y s t e m  of Fe ++ + a s c o t -  
bate which, however ,  was repIaced  by inhibition of the enzyme on the accumula t ion  of over  20 nmoles  H P / m g  
Iipids,  and comple te  inact ivat ion of CA-dependent  A T P a s e  occur red  a f t e r  the accumulat ion of m o r e  than 26 
nmoles  H P / m g  l ipids.  It follows f r o m  these  findings that  whereas  exogenous hydroperox ides  of phospholipids 
provide a good model  of the e f fec t  of ac t ivat ion of Ca-dependent  A T P a s e  during lipid peroxidat ion,  inhibition of 
the enzyme in the late s tages  of lipid peroxidat ion could hardly be due to the act ion of p r i m a r y  m o l e c u t a r p r o d -  
ucts of f r e e - r a d i c a l  oxidation of lipids (hydroperoxides)  and it is connected with o l igomer iza t ion  of molecules  
of the enzyme and the s c a r c i t y  of polyene lipids in the m i c r o e n v i r o n m e n t  of the A T P a s e .  The mechan i sm of 
inhibition of Ca-dependent  A T P a s e  dur ing lipid peroxidat ion is examined in g r e a t e r  deta i l  e l s ewhere  [2]. 

Inves t iga t ion  of the act ion of LA, PEA, and the i r  hydroperoxides  on pass ive  pe rmeab i l i t y  of the SI~ m e m -  
b r a n e s  showed that  an i nc r ea s e  in Vout.Ca was observed  only in the p resence  of unmodified fatty acids,  whereas  
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Fig. 3. Pa rame te r  C a++/ATP in SR suspension during 
action of HP of PEA fl), HP of LA (2), PEA (3), and LA 
(4) during induction of lipid peroxidation (5). Conditions 
of incubation stated in legend to Table 1. 

PEA itself and the two hydroperoxide derivat ives  did not give this effect (Fig. 1). Meanwhile, on induction of 
lipid peroxidation in the S]~ membranes  by the Fe ++ + ascorbate  sys t em,  accumulat ion of HP of lipids was 
accompanied by an increase  in Vout.Ca f rom SI~ vesic les  (a twofold increase  in Vout.Ca on the appearance of 
an additional 7 nmo[es H P / m g  [ipids; Fig.  1). It can be concluded f rom a compar ison  of these results  that 
the increase in Vout.Ca f rom the vesicles  observed during accumulat ion of L P P  in SR could not be due to the 
action of HP of PEA or HP of LA as c a r r i e r s  of C a ' + t h r o u g h  the SR membrane .  As was pointed out above, 
the absence of any effect of HP of LA was probably the resu l t  of the low level of its incorporat ion into the SR 
membrane .  

It must  be r emembered  that during induction of lipid peroxidation the format ion of HP of phospholipids 
takes place both in the external  and in the internal monolayer  of the membrane ,  as is shown by the identical 
ra tes  of accumulat ion of L P P  in intact SR membranes  (16.4 • 4.5 nmoles MDA*/mg protein af ter  15 rain) and 
in SR preparat ions  t reated with ultrasound (3 x 20 sec;  22 kHz, 0-4~ in the presence  of inducers of lipid 
peroxidation -- the Fe ++ + ascorbate  sys tem (18.0 ~: 2.6 nmoles MDA/mg protein after  15 min). On addition of 
exogenous HP of PEA, it was invariably found chiefly in the outer monolayer  (Fig. 2)o The appearance of 
permeabi l i ty  channels for Ca ++ requi res  the presence  of polar  hydroperoxide groups in both lipid mono[ayers  
of the membrane ,  i . e . ,  it must  depend on the t ransla t ion mobility of molecules of HP of phospholipids and, 
above all, on their  t r ansmembrane  t ranspor t ,  the velocity of which is low (the hal f - turnover  t ime of phospho- 
lipids between the two monolayers  of the membrane  is measured  in hundreds of minutes for [iposomes and tens 
of minutes for  b iomembranes  [10]). It can therefore  be postulated that factors  capable of increasing the rate 
of turnover  of [ipids between the inner and outer monolayers  must  lead to an increase  in permeabil i ty  of the 
membrane  for Ca ++. The permeabi l i ty  of the SI~ membranes  is known to depend on the functional state of Ca-  
t ranspor t ing  ATPase ,  and r i ses  sharply on activation of the latter [71. Correspondingly,  VATP,out.Ca (the 
rate of outflow of Ca ++, measured  during functioning of Ca-dependent ATPase)  r i ses  not only on the addition of 
free LA to the SIR suspension,  but also on addition of HP of PEA (Table 1). It can tentatively be suggested that 
in this case the activity of the "calcium pump" is a factor  contributing to the increase  in the turnover  rate of 
HP of PEA between the mono[ayers  of the SR membrane  and the consequent formation of "peroxide channels" 
for leakage of Ca ions [2]. Differences in the effect iveness of action of HP of PEA on the permeabil i ty  of SR 
membranes  in two functional s tates of the Ca ++ t ranspor t  enzyme sys tem (no effect of HP of PEA when ATPase  
is inactive and marked induction of permeabi l i ty  for Ca ++ in the presence  of HP of PEA during activity of the 
Ca++-transport ing enzyme) can hardly be explained by essential ly different levels of incorporat ion of HP of 
PEA into the SI~ membranes  in these s ta tes .  A separate  ser ies  of experiments  showed that the quantity of HP 
of PEA bound with the membranes  of SR f ragments  in these two cases  did not differ by more  than 30%. The 
physiological importance of this resul t  will be c lear  if it is r emembered  that each cont rac t ion-re laxat ion  cycle 
of the muscle  fiber is invariably accompanied by the l iberation and accumulat ion of Ca ions in the SB sys tem;  
these p rocesses  take place on account of activation of Ca-dependent ATPase .  When Ca-dependenf ,~TPase was 
active,  HP of PEA wgs found to be even more  effective than LA, i . e . ,  the "uncoupling" action of HP of PEA on 

* Malonic dialdehyde. 
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the enzyme system for Ca t ransport  in 813 was stronger (Fig. 3). The presence of exogenous HP of LA in this 
ca~e also had no effect on the l~rmeabil i ty of SR membranes for Ca ions (Fig. 3, Table 1). 

It can be concluded from these results that among the pr imary molecular products of lipid per~176 
namely hydroperoxides of f ree  fatty acids and hydroperoxides of phospholipids, only the latter are effective 
modifiers of permeability of SR membranes for Ca ions. 
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T I S S U E - S P E C I F I C  U N C O U P L E R S  OF O X I D A T I V E  

P H O S P H O R Y L A T I O N  OF M I T O C H O N D R I A  F R O M  T H E  

R A T  H E A R T ,  K I D N E Y ,  T H Y M U S ,  AND LUNG 

G.  M. ~ l b a k i d z e  UDC 612.262:612.398.145.1 

The effect of mic ros .me- f r ee  cytoplasmic fractions from the rat  heart ,  kidney, thymus, and 
lung on oxidative phosphorylation (OP) of mitochondria (MCH) from these tissues and also of 
MCH from liver and brain was investigated. Crossed experiments showed the existence of 
t issue-specific uncouplers of OP in these fract ions,  s imilar  in their properties to that found 
previously in rat  l iver.  The possible role of these regulators in the initiation of enzymic deg- 
radation of MCH through activation of phospholipase A during the outflow of calcium ions 
from MCH is discussed. Activation of DNase I associated with the mitochondrial membrane 
is postulated under these conditions. 

KEY WORDS: t issue-specif ic  uncouplers; calcium; phospholipase A; DNase I. 

The writer showed previously that ra t  liver tissue contains a factor whose action on homologous mito- 
chondria (MCH) has been identified as uncoupling [2]. On the addition of the fraction containing this factor to 
MCH from the kidney, heart ,  brain, and lung its action on oxidative phosphorylation (OP) was found to be 
t issue-specific [3]. Tissue-specif ici ty was expressed as a selective increase in the uptake of oxygen by MCH 
in state 3 (AOac t) and an increase in the duration of phosphorylation (tp) in homologous MCH. The addition of 
bovine albumin, which inhibits the uncoupling action of free fatty acids on OP, did not affect the amplitude of 
t issue-specific uncoupling. 
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