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Effect of lipid peroxidation on membrane-bound Cae+-ATPase 
activity of the intestinal brush-border membranes 
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We have studied lipid peroxidation and Ca2+-ATPase activity, of the porcine intestinal brush-border membranes u_sing a 
oxygen-radical-generating system consisting of dithiothreitol ( D T T ) / F e  z+ and tert-butyl hydroperoxide (t-BuOOH). 
The rates of lipid peroxidation were measured by formation of thiobarbituric acid-reactive substances (TBAR) and 
conjugated diene. Incubation of the membranes with D T T / F e  z+ in the absence and presence of t-BuOOH rec i t ed  in 
a slight (about 20%) and a marked (about 50%) inhibitica of ~ + - A T P a s e  activity, respectively. The degree of 
inhibition was dependent on the hydroperoxide concentration. Addition of thiourea effectively protected Ca2+-ATPase 
activity but eatalase and superoxide dismutase showed a slight and no effect on protection of the ATPase activity., 
respectively. Results of kinetic studies on the ATPase activity with varying ATP and Ca z+ concentrations revealed that 
the decrease in the enzyme activity by treatment with these oxidizing agents is mainly due to decrease of the Vm~ value. 
Modification of SH groups in the membrane proteins by thiol group reagents such as N-ethylmaleimide, monoiodoace- 
tare and monoiodoacetamide did not induce the inhibition of CaZ+-ATPase activity. From these results, it is suggested 
that inhibition of the ATPase activity of the membranes by treatment with DT"F/Fe 2÷ in the presence and absence of 
t - B u O O H  is dependent on lipid peroxidation and that oxidative modification of SH groups may be not directly involved 
to the loss of the ATPase activity, in addition, results of the fluorescence anisotropv measurements of pyrene-labeled 
membranes suggested that change in the Ca2+-ATPase activity is partly rel~:,:d to a decrease in the membrane lipid 
fluidity. 

Introduction 

Lipid peroxidation in biological membrane systems 
proceeds through a complex process involving re- 
arrangement and destruction of the double bonds in 
highly unsaturated fatty acids of membrane lipids. For- 
mation of lipid hydroperoxide in membranes would 
result in damage of the membrane structure and various 
cellular functions in vitro and in vivo [1-4]. 

It has been demonstrated by several investigators 
that lipid peroxidation of biological membranes results 
in changes in their lipid fluidity [5,6], permeability of 
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ions [71 and activities of membrane-bound enzymes 
[8-12]. However. an exact mechanism of change in the 
enzyme activities associzted with lipid peroxidation is 
still unclear. 

We have previously reported that the lipid peroxida- 
tion of the porcine intestinal brush-border membranes 
is dependent on the membrane surface charge and /o r  
potential [13] and that the antioxidant action of a- 
tocopherol is due to stabilization of the lipid organiza- 
tion of the membranes [14]. 

We have also demonstrated a decrease in the reactiv- 
ity of SH groups in the membrane proteins for the 
fluorogenic thiol reagent, N-[7-dimethylamino-4- 
methylcoumarinyl]maleimide [15], and a change in the 
fluorescence parameters of N-(l-pyrene)maleimide- 
labeled membranes [16] by lipid peroxidation of the 
membranes. These findings strongly suggest that the 
conformation of the protein moieties in the membranes 
is sensitively modified by lipid peroxidation. 

Recently we have found that Mge*-independent 
Ca-'÷-ATPase exists in porcine intestinal brush-border 
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membranes [17]. In the present study, therefore, we 
have examined in detail the effect of DTT/Fe  2+ treat- 
ment of the membranes in the presence and absence of 
a model lipid hydroperoxide, t-BuOOH, on the mem- 
brane-bound Ca2+-ATPase activity in order to obtain 
further information about membrane damage by lipid 
peroxidation. 

Materials and Methods 

Chemicals. Pyrene, DTT, 2-thiobarbituric acid, 3(2)- 
tert-butyl-4-hydroxyanisole and DTNB were purchased 
from Wako Pure Chemical Co. ATP (dipotassium salt), 
t-BuOOH, Lubrol PX, NEM, monoiodoacetate, mono- 
iodoacetamide, catalse (3100 U / m g  protein) and super- 
oxide dismutase (3000 U / m g  protein) were obtained 
from Sigma. All other reagents used were of the highest 
purity obtainable and came from commercial sources. 

Preparation of membrane vesicles. The brush-border 
membranes were prepared from the porcine small in- 
testine by the calcium-precipitation method as de- 
scribed in our previous paper [18] and susp~,nt:~,d in 10 
mM Tris-HCl buffer (pH 7.4) at about 20 mg 
protein/ml.  Protein concentration was assayed by the 
procedure of Lowry et al. [19] using bovine serum 
albumin. 

Lipid peroxidation of the membranes. Lipid peroxida- 
tion was generally performed by the incubation of the 
membranes (1 mg protein/ml)  with 20 mM DTT, 10 
/LM FeSO 4 and 5 mM t-BuOOH in 30 mM Tris-HCl 
buffer (pH 7.4) for 30 min at 37~C. The control mem- 
branes were incubated in the same manner without 
oxidizing agents. The reaction was terminated by dilu- 
tion with a large volume of 10 mM Tris-HCl buffer (pH 
7.4) and centrifugation at 25000 × g for 20 min. The 
pellets were washed three times with and resuspended in 
the same buffer. In measurements of TBAR and con- 
jugated diene formation, the reaction was terminated by 
addition of 5 mM 3(2)-tert-butyl-4-hydroxyanisole (as a 
final concentration) to the reaction mixture (1 ml). 
After addition of 1 ml of 10% trichloroacetic acid and 1 
ml of 0.67% of 2-thiobarbituric acid (50% CH3COOH) 
to each sample, it was heated at 90°C  for 60 min and 
then cooled to room temperature. The amount of TBAR 
in the supernatant was determined at 530 nm using the 
molar absorption coefficient of 1 .53- l0  s M - I .  cm- I  
and expressed as equivalents of malondialdehyde. The 
amount of conjugated diene formed during the reaction 
was measured by monitoring the absorbance at 233 nm 
of the detergent-dispensed membranes (0.02 mg pro- 
te in /ml  in 10 mM phosphate buffer (pH 7.1) containing 
1% Lubrol PX) as described in Ref. 20 and calculated 
using the molar absorption coefficient of 2.52.104 M -  i 
• c m -  ~ 121. 

Enzyme assay. Ca2+-ATPase activity was measured 
by incubating the membranes (9-10/~g proelin) in 1 ml 

of incubation medium containing 30 mM Tris-HCl 
buffer (pH 7.4), 0.1 mM ouabain, 0.2 mM EGTA, 3 
mM ATP and 0.4 mM CaCI2 for 30 min at 37°C as 
described in our previous paper [17]. Inorganic phos- 
phate liberated was measured by the m~thod of Fiske 
and SubbaRow [21]. Ca2+-ATPase activity was ca!cu- 
lated by subtracting the activity obtained with EGTA 
alone from that obtained in the presence of Ca 2+. The 
Ca 2+ concentration-dependence on ATP hydrolysis by 
the membranes were performed using EGTA-Ca 2÷ 
buffer. In the calculation of free Ca 2+ concentration, 
the dissociation constant of EGTA and Ca 2+ was esti- 
mated to be 2 -10  -7 M [22]. 

Labeling of the membranes with pyrene. A suspension 
of the membranes (1 mg prote in/ml)  was incubated 
with 2 /tM pyrene (dissolved in ethanol) in 10 mM 
Trisomaleate buffer (pH 6.85) at 0 ° C  for 30 min. The 
final concentration of ethanol was 0.33% or less. The 
reaction was terminated by dilution with a large volume 
of 10 mM Tris-maleate buffer (pH 6.85) and centrifuga- 
tion at 25000 x g for 20 min. The pellets were washed 
twice with and resuspended in the same buffer. 

Fluorescence measurements. Fluorescence measure- 
ments were performed using a Hitachi spectrofluorom- 
eter MPF-4 equipped with Rhodamine B quantum 
counter. The excitation and emission wavelengths used 
were 340 and 392 nm, respectively. The error due to 
light scattering of the sample emission could be entirely 
prevented using a 350 nm cutoff filter. The degree of 
the steady-state fluorescence anisotropy, r, was calcu- 
lated according to the equation: r = ( Iv  - IH)/(Iv + 
21n), where Iv and /~ are the fluorescence intensities 
detected by a polarizer oriented parallel and perpendic- 
ular, respectively, to the direction of polarization of the 
extraction beam. 

R e s u l t s  

Lipid peroxidation of the membranes 
The effects of increasing concentrations of t-BuOOH 

on TBAR and conjugated diene formation of the in- 
testinal brush-border membranes in the presence and 
absence of D T T / F e  2+ were examined. 

Incubation of the membranes with 20 mM D'IT and 
10 #M Fe 2+ resulted in slight increases in TBAR and 
conjugated diene formation. On the other hand, treat- 
ment of the membranes with t-BuOOH in the presence 
of D T T / F e  2+ caused marked stimulation of TBAR and 
co~ugated diene formation, depending on the hydro- 
peror,:ide concentration (Fig. 1). In this case. TBAR and 
conjugated diene formation of the membranes by treat- 
ment with either DTT, Fe 2+ or t-BuOOH alone were 
almost negligible (data not shown). 

Change in Ca' +-.4 TPase activity 
As shown in Table I, treatment of the membranes 

with 20 mM DTT and 10/~M Fe 2+ for 30 min at 37°C  
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Fig. l. t-BuOOH concentration-dependence of TBAR and conjugated 
diene formation oi' the membranes. The concentration of t-BuOOH 
was varied from 0.1 to 5 raM. The conditions and procedures of 
TBAR and conjugated diene measurements are described in Materials 
and Methods. o and O, TBAR formation; zx and A, conjugated diene 
formation. Open and closed symbols represent the values in the 
presence and absence of 20 mM DTT/I0 /tM Fe :+. respectively. 

Values are expressed as means of triplicate determinations. 

resulted in a slight decrease of  Ca2÷-ATPase activity 

(about  20%). Subsequent addi t ion  of  5 mM t -BuOOH 

to this system induced a further decrease of  Ca-" ~- 
ATPase  activity (about  50%) and the degree of  inhibi-  
t ion of the ATPase .¢.,:tivtty was dependent  on the 
hydroperoxlde concentrat ion (Fig. 2). On the other  hand, 
Ca2+-ATPase activity was not influenced by treatment  

of  the membranes  with 10 ~ M  Fe z+. 20 m M  or 5 mM 
t -BuOOH alone (0.333 + 0.005, 0.324 + 0.003 and 0.310 

+ 0.002/~mol  P i / m g  protein per min, respectively). 
Next  we examined the effect of  scavengers of the 

var ious active oxygen on Ca2+-ATPase activity and 

T B A R  formation.  
As shown in Fig. 3, thiourea, the hydroxyl radical 

scavenger, effectively blocked T B A R  formation and 
substant ia l ly  reduced the toss of  Ca'-+-ATPase activi ty 
by D T T / F e 2 + / t - B u O O H  t reatment  of  the membranes.  

On  the other  hand, catalase, the H.,O 2 scavenger, did 

not  prevent  the loss of Ca2+-ATPase activity but  sl ightly 
inhibi ted  T B A R  formation.  Superoxide dismutase,  the 
superoxide anion scavenger, had no effect on the loss of 
Ca-'+-ATPase activity and T B A R  formation.  

TABLE I 

Effect of lipid peroxidation on Ca 2 ÷-A TPase activi O" 

The conditions and procedure of lipid peroxidation were the same as 
described in Materials and Methods. Each value is expressed as mean 
(n = 5)_+S.E. 

Membranes Peroxidizing Ca" "-ATPase activity 
conditions (B mol P,/mg protein per rain) 

Control - 0.310 + 0.002 (100~) 

Peroxidized DTT/Fe '+ 0.255+0.005 (82%) 
DTT/FeZ+/t-BuOOH O.160+0.008 (52%) 
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Fig. 2. t-BuOOH concentratilm-dependence of ('a: "-ATPase acti'.iu,. 
In this expernttent, the membranes ( I mg protein/ml) x~cre incubated 
with various concentrations of t-BuOOH tO-5 mM) in ,he presence of 
20 mM DTT and tO ~tXl Fc: ' at 37°(" for 30 rain. ('a-"-ATPase 
activity ,.~.as measured ,flier incub,ition of the ntembranes v.dh corre- 
sponding c,,mcentrations of t-BuOt)H and DTT/Fe-". The mem- 
brane protein concentration employed in the ATPase measuremem 

was 10 ,ag. Values are expressed as mean (n = 12-13)± S.E. 
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Fig. 3. Effects of active oxygen scavengers on Ca 2 "-ATPase activity 
and TBAR fom~ation. The concentrations of superoxide dismutase. 
catalase and thiourea were 30 ,ug/ml. 30 ~g/ml and 30 raM. respec- 
tively. (A) Ca-" '-ATPase activity: (B) TBAR formation. Ca 2 "-ATPase 
activity and TBAR formation x~ere expressed as relative values to 
those ',ff the cc, ntrol membranes and of the contplete system, 
DTT/Fe: "/t-BuOOH, rcspecti','ely. 1. Control ntembrancs; 2. com- 
plete system; 3. complete system plus superoxide dismutase: 4. com- 
plete system plus catalase: 5: complete system plus thiourea. Values 

are expressed as means (n = 3)_+ S.D. 



154 

oo4 { ~ ,~_ 

oo~  o~o 
~ o o45 

o 1 3 
t-BuOOH conch 

Fig. 4. t-BuOOH concentration-dependence of the kinetic parameters 
of Ca-" ".ATPase activity. The ATP concentration ',','as varied from 
O.Ol to 0.25 raM. Tile conditions of lipid peroxidation were the same 
as those de~,cribed in the legend It, Fig. 2. except for the use of 5 mM 
t-BuOOH. Ca:"-ATPase activit' ',',as measured for l0 min after 
;,ddhion of the membrane:; to the ATPase assay llledium, o, Vma ~ 

• value: 0. K,,, value. Values are expressed as mean., (,'1 = 3) 4- S.E. 

TABLE It 

Effect of thiol group reagents on Ca 2 + -A TPase actit~i(r 

The membranes (0.5 mg protein/mt) were incubated with thiol group 
reagents (l mM of each) in 30 mM Tris-HCI buffer (pH 7.4) for 30 
rain at 37 o C. The reaction was terminated by the addition of 2-mer- 
captoethanol (18-20 mM a~ a fin:fl eencentration) to the reaction 
mixture. Then 20 #1 of the reaction mixture was added to 0.98 ml of 
the ATPase assay medium and incubated for 30 rain at 37 o C. In this 
experiment, 2-mercaptoethanol (20 raM) did not affect the Ca 2+- 
ATPase activity. Values are expressed as means (n = 3-6)+ S.E. 

Reagent Ca" *-ATPase activity 
(ttmol Pi/mg protein per rain) 

No addition 0.3304- 0.009 
NEM 0.319+0.018 
Monoiodoacetate 0.410 4- 0.024 
Monoiodoacetamide 0.406 + 0.0l 7 

Kinet ic  s tud  r o f  Ca  2 *-A T P a s e  activi O" 

To investigate ",,,'hat kinds of  factor are related to 
inhibit ion of  Ca2+-ATPase activity by treatment  of  the 
membranes with D T T / F e  2÷ in the presence and ab- 
sence of t-BuOOH, the effect of these t reatments  on the 

kinetic parameters of the ATPase activity was ex- 

amined. 
The ATP concentrat ion-dependence profiles (0.01- 

0.25 raM) of ATP hydrolysis by the control  and per- 
oxidized membranes revealed simple saturat ion kinetics. 
From the plots of [S]/~, versus IS] of the ATPase  
activity (, ' )  of the control membranes,  the K m and Vm, x 

values were determined to be 0.036 +_ 0.003 m M  and 

0.658 4- 0.010 # m o l  P i / m g  protein per min, respectively. 
On the other  hand,  the K m and Vm~ x values of  the 
membranes  treated with 20 m M  D T T / 1 0  ,ttM Fe 2+ in 
the absence and presence of  5 m M  t-BuOOH were 
0.034 _ 0.005 m M  and 0.484 + 0.009/. tmol P i / m g  pro- 

t e i n / m i n ,  and 0 . 0 3 2 + 0 . 0 0 3  mM and 0 .408+0 .011  

# tool  P i / m g  protein per rain, respectively. 
The  effect of  increasing concentrat ions of  t -BuOOH 

on the kinetic parameters  of  the ATPase  activi ty of  the 
membranes  with D T T / F e  z+ was presented in Fig. 4. 

F rom these results, it is clear that  l ipid peroxidat ion 

of the membranes  causes a decrease of  the Vnlax value 

but  does not  affect the K,,  value. 
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Fig. 5. (A) Effect of t.BuOOH on fluorescence anisotropy of DTT/Fe 2 *-treated pyrene-labeled membranes. The membrane protein concentration 
was 0.05 mg/ml, t-BuOOH concentration was varied from 0.1 to 5 mM The fluorescence anis0tropy of pyrene-labeled control membranes at 
25o( . was 0.115_+0.002. Values are expressed as means (n = 3)4-.S.D. (B) Relationship between Ca2+-ATPase activity and the fluorescence 

anisotropy. The values of the fluoresct:nce anisotrop~, and Ca2*-ATPase activity were obtained from Figs. 5(A) and Fig. 2. respectively. 



Ca 2 + concentration.dependence 
We have previously reported [17] that there are two 

kinetic forms with a high affinity and a low affinity for 
Ca  2÷ stimulation of the ATPase activity. Therefore. the 
effect of lipid peroxidation on the Ca-" ~ concentration- 
dependence of ATP hydrolysis by the membranes was 
examined in the range of free Ca-" ~ concentration from 
0.0665 to 250 'aM. 

From the Eadie plots of the ATPase activity (e)  of 
the control and peroxidized membranes  against  
v/[Ca2+], the K m values for Ca-" ~ of the high and low 
affinity components  of the membranes were determined 
to be 0.36 and  102 #M for the control membranes.  0.44 
and 110 ,aM for the DTT/Fe- '+-treated,  and 0.34 and 
116 ttM for the DTT/FeZ+/t-BuOOH-treated mem- 
branes, respectively. This result suggests that  the affin- 
ity for Ca 2+ is not or scarcely influenced by lipid 
peroxidation. 

Effect of SH modification on Ca-" +.A TPase actit'itv 
In order to clarify whether SH groups have an im- 

por tant  role on the ATPase activity, we examined the 
effect of several thiol group reagents on Ca'-~-ATPase 
activity of the membranes.  

As shown in Table II, exposure of the membranes to 
N E M  did not affect on Ca-'+-ATPase activity. On the 
other hand, treatment of the membranes with mono- 
iodoaeetate or monoiodoacelamide resulted in an in- 
crease of the ATPase activity by 20-25%. 

Relationship betwee,, Ca" ~-A TPase activity and fluores- 
cence ani~otr opy of pyrene-labeled membranes 

As shown in Figs. 5A and  B, the degree of the 
fluorescence anlsotropy of pyrene-labeled membranes  
increased depending on the concentrat ion of t -BuOOH 
and  it was shown that there is a good correlation 
between the degrees of increase of the fluorescence 
anisotropy and ~nhibition of Ca-'*-ATPase activity. On  
the other hand, treatment of the labeled membranes  
with DTT. Fe 2 + or  t -BuOOH alone did not show appre- 
ciable change in the fluorescence anisotropy (data not 
shown). 

Discussion 

The results of this study suggest that  the inhibition of 
Ca'-+-ATPase activity of the porcine intestinal brush- 
border  membranes by treatment with DTT/Fe" " io the 
presence and absence of t -BuOOH may be due to lipid 
peroxidation of the membranes.  

As shown in Fig. 1, incubation of the membranes 
with t -BuOOH in the presence of D T T / F e  2+ resulted 
in a marked enhancement of TBAR and conjugated 
diene formation. As is well-known [23-25], reaction of 
t -BuOOH in the presence of Fe -'+ causes formation of 
t-butoxyl and  t-butyl peroxy radicals, which then react 
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with membrane lipids to initiate peroxidation. There- 
fore it could be considered that the effect of t -BuOOH 
observed in the present study may be due to stimulation 
of lipid peroxidation by these radicals produced during 
the reaction. In fact. -I-BAR formation of the mem- 
branes by treatment ,.~ith DTT/Fe2"/t-BuOOH ,.','as 
effectively prevented by the addition of thiourea, which 
can scavenge hydroxyl and t-butoxyl radicals [26.27] 
(Fig. 3). 

Inhibition of Ca-" "-ATPase activity of the mem- 
branes induced by DTT/Fe- ' "  treatment ,.'.'as further 
strengthened irt the presence of t-BuOOH, depending 
on the hydroperoxide concentration (Fig. 2). This in- 
hibition was also effectively prevented b',' the addition 
of thiourea (Fig. 3). On the other hand. treatment of the 
membranes with I0 p.M Fc "~ ". 20 mM DTT or 5 mM 
t-BuOOH alone had no appreciable influence on the 
ATPase activity. From these results, it can be con- 
sidered that inhibition of the enzyme activity by 
D-I-T/Fe z" or DTT/FeZ'/ t-BuOOH treatment is re- 
lated to lipid peroxidation. Treatment of the mem- 
branes with D T T / F c  2" in the absence of t -BuOOH 
induced slight decreases in Ca z "-ATPase activity (Table 
1) and the I~ ..... alue. in cases where TBAR formation 
is very little (Fig. 1). This result suggests that C a : ' -  
ATPase activity of the membranes is sensitively mod- 
ified even at low levels of lipid peroxidation, because 
DTT or Fe 2 ~ alone did not affect the ATPase activity 
at tile same concentration. 

Recently. several investigators have reported th;~l 
oxidat!on of 51-t groups is an important factor in 
oxygen-radical-mediated inhibition of Ca" ' -ATPase ac- 
tivitie.s of sarcoplasmic reticnlum [10] and hepatocyte 
plasma membranes [12]. In the present study. Ca z ' -  
ATPase activity of the intestinal brush-border mem- 
branes was not inhibited by treatment with NEM (Ta- 
ble IlL suggesting that the SH groups are not "equired 
for the ATPase activity as reported in Ca-" "-ATPase of 
rat liver plasma membranes [28]. On the other hand. 
incubation of the membranes with monoiodoacetate or 
monoiodoacetamide resulted in an increase in the 
ATPase activity. It seems that this discrepancy may be 
due to a difference in their reactivity. In any event. 
these results indicate that modification of SH groups iv, 
the membrane proteins does not induce the inhibition 
of Ca-" ~-ATPase activity. Therefore it seems that the 
loss of C a : ' - A T P a s e  activity after treatment of the 
membranes with D T T / F e  2" or DTT/Fe'- ' / t-BuOOH 
is not directly related to a thiol-dependent mechanism. 

Results of kinetic studies of Ca-' ' -ATPase activity 
revealed that decrease of the ATPase activity is mainly 
due to decrease of the V,,.,, value (Fig. 4) and that the 
affinity ol Ca-" ' for the membranes is not influenced by 
lipid peroxidation. 

We have previously reported [61 that lipid fluidity of 
the membranes decreases depending on the degree of 



lipid peroxidation induced by aseorbic a c i d / F e  2+. In 
the present study, we have also observed an increased 
fluorescence anisotropy of  pyrene-labeled membranes  
after  t reatment  with D T T / F e  2+ in the presence and  
absence of  t -BuOOH (Fig. 5A). In general, the degree of  
the fluorescence anisotropy of  f luorophore a t tached to 
macromolecules depends on the degree of  restriction of  
the dye molecules [29]. Therefore  it seems that an  
increased fluorescence anisotropy of  pyrene-labeled 
membranes  after lipid peroxidation may  reflect a 
restricted motion of  the dye molecules in the m e m b r a n e  
lipids, i.e., decrease in lipid fluidity. This interpretat ion 
was further supported by an increased fluorescence 
anisotropy of  pyrene molecules embedded  in the lipo- 
somes prepared from the extracted lipids of  the per-  
oxidized membranes  ( r  = 0.106 _+ 0.001, 0.112 4- 0.001 
and 0.124 +_ 0.003 for the control,  D T T / F e 2 + - t r e a t e d  
and DTT/FeZ+/t-BuOOH-treated membranes ,  respec- 
tively). 

As is well-known [30], malondia ldehyde  produced as 
a peroxidation byproduct  is a cross-linking agent  of  
m e m b r a n e  components .  Therefore  we have  examined  
the effect of  malondia ldehyde t rea tment  on the fluores- 
cence anisotropy of  pyrene-labeled membranes .  Our  
results revealed that  the degree of  the fluorescence 
anisotropy of  the complex was unchanged by react ion 
of the membraneS with 500 t tM malondia ldehyde  ( r  = 
0.115_+0.003 ano 0 . 1 1 1 + 0 . 0 0 2  for the control  and  
treated membranes ,  respectively). This result suggests 
that an increased anisotropy of  pyrene-labeled m e m -  
branes  is not at t r ibuted to cross-linking format ion  of  
bo:h lipids and proteins in the membranes .  

It is of interest that  there is a correlation be tween the 
degrees of  Ca2*-ATPase  activity and the fluorescence 
anisotropy of  pyrene-labeled membranes  (Fig. 5B). It  
has been proposed [31,32] that mobili ty of  membrane -  
bound  proteins in biological membranes  is directly 
modulated by lipid fluidity, p resumably  through changes 
in fatty acid unsaturat ion.  In addition, recently, it has  
been reported by several investigators [33-35] that  
m e m b r a n e  lipid composi t ion is more  impor tan t  a factor  
than previously thought  in the regulation of  certain 
protein-mediated activities in biological membranes .  In 
the previous paper  [15], we have  reported that  there is a 
good correlation between changes in the protein confor-  
mat ion and lipid fluidity of  the m e m b r a n e s  associated 
with lipid peroxidation. Therefore  it seems that  alter- 
ation in Ca2+-ATPase activity induced by lipid per- 
oxidation is partly related to modificat ion of  the ATPase  
molecules through changes in l lp id-pro te in  interactions 
due to alteration of  the lipid env i ronment  a round  the 
enzyme,  al though the exact molecular  mechan i sm for 
how a decreased lipid fluidity influences Ca2+-ATPase  
activity is unclear at present. Fur ther  detailed experi-  
ments  such as reconstitution study could shed ad-  
ditional light on this problem. 
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