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SUMMARY 

Rat-hver m~tochondrla, devmd of outer membrane, were subjected to the 
action of pure phosphohpase A2 from porcine pancreas. Degradation products were 
removed by treatment with bovine serum albumin. 

Arrhenms plots of succmate-cytochrome c reductase and cytochrome c 
oxldase actw~tles revealed two breaks, an the temperature region 10-30 °C. The 
exact values of the break temperatures were dependent on the extent of phospho- 
hpid hydrolysis, particularly in the case of succlnate-cytochrome c reductase. 

The higher temperature break probably reflects a phase change of the llplds 
m close proximity to the enzyme molecules, while the lower temperature break 
can possibly be explained by a reorgamzatlon of the hpids in the gel phase. 

The values of the apparent actwatlon energies varied with the extent of 
phosphohpld hydrolysis and, consequently, with the relative phosphohpld com- 
position, indicating that the magnitude of the activation energy of a hpld-dependent 
enzyme is not merely governed by the physical state, but also by the composmon 
of the hpld environment. 

Differences were observed in the effect of phosphohpase treatment between 
the two enzyme actlvxties studied. This suggests a certain degree of heterogeneity m 
the dlsmbutlon of the llplds which are &rectly revolved m the functioning of the 
enzyme molecules. 

INTRODUCTION 

Recently accumulated evidence indicates that the properties of membrane- 
bound functional proteins can be influenced by the physical state of the membrane 
hplds [1-5]. Studies on essential fatty acid auxotrophs of Eschertchta coh revealed 
that temperatures charactenzing breaks in Arrhenms plots of transport actwit~es are 
determined by the fatty acid supplement on whach the cells are grown [1, 2, 5]. 
A correlation between the temperature charactenst~cs of physiological propemes of 
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E cob and the physical nature of isolated membrane hplds was directly demonstrated 
by monolayer studies of  Overath et al [l ] Breaks m the slopes of  Arrhemus plots 
were interpreted as reflecting phase transitions of  the membrane hplds [1-5] There 
are mdlcat~ons that the temperatures at which the slopes of  Arrhenlus plots abruptly 
change depend on the average composition of the membrane llp~ds; the temperature 
dependence of transport  processes is likely to be responsive to the physical state of 
the bulk of the lipid bllayer, randomized by lateral diffusion of the phospholiplds and 
therefore homogeneous in composition [4] Similar to transport phenomena mem- 
brane-associated enzyme activities can display discontinuous changes in the slopes 
ofthelr  Arrhenius plots The characteristic break temperatures, however, of for  instance 
various mltochondrial enzymes are not identical according to investigations of  Lenaz 
et al [6] and Watson et al [7], suggestlnga heterogeneous lipid distribution In 
contrast, a study of Raison et al [8] suggests that there is no variation in the break 
temperatures of  a number of  enzymes m rat-liver m~tochondrla 

To obtain more information about the influence of hplds on membrane- 
bound enzymes we studied the effect of pamal  degradanon of the inner-membrane 
phosphohplds by phosphohpase A2 on the temperature dependence of succlnate- 
cytochrome c reductase and cytochrome e oxldase actlwnes of rat-liver m~tochondrla 

MATERIALS AND METHODS 

Preparation of mner-membrane-matrtx parttcles 
Male Wlstar rats (200-300g) were rejected mtraperltoneally w~th 10/tCl 

[l,2-igC2]ethanolamlne (30 O/mole ,  Radiochemlcal Centre, Amersham, England) 
in 0 5 ml 0 15 M NaCl After about 16 h the ammals were killed by decapitation, 
hvers were homogenized in 0 25 M sucrose, 5 mM Tns, l mM EDTA, pH 7 4 
After removal of  nuclei and cell debris by centnfugat~on for 10mm at 850×9,  
mltochondria were pelleted at 4 5 0 0 x g  during 10 mm and washed twice Outer 
membranes were removed by dlg~tonln treatment according to Schnaltman and 
Greenawalt [9] Monoamlne oxldase determinations [10] revealed that usually 
90-95 ~ of the outer membrane material was removed by this treatment Protein 
was determined by the biuret method [l 1 ] 

Treatment w~th phosphohpase A 
Mltochondrla stripped of outer membrane were subjected to the action of 

phospholipase A The incubation medmm consisted of 0 25 M sucrose, 5 mM Tns,  
1 m M  EDTA, 2 mM CaCl2, pH 7 4 and 25 mg of mltochondrlal protein in a total 
volume of 2.5 ml The degradation was initiated by addition of 1 5 pg phosphohpase 
A2, purified from porcine pancreas [12] and generously supplied by Dr G H de 
Haas and coworkers f rom the Laboratory of Biochemistry, Umversity of Utrecht, 
The Netherlands. Incubations were at 37 °C during different lengths of  time, maximal 
7 5 rain The reaction was terminated by addition of EDTA to a final concentration 
of 4 raM. Controls were incubated in the presence of excess EDTA 

After dilution of the incubation medmm with sucrose-Trls-EDTA, containing 
0 5 or 2 0 mg albumin per ml (bovine serum albumin, Fraction V, Sigma, St. Louis, 
U S.A ) the mltochondrlal membranes were pelleted at 250 000 × g during 30 mm in 
a Spinco L2-65B ultracentrifuge, rotor-type TI 60 In some experiments a wash of the 
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membrane material wxth sucrose-Tns-EDTA-albumm followed. The pellets were 
suspended in sucrose-Trls-EDTA-alburmn. 

Lipid analysis 
After the incubation with phosphohpase A and after the washes with sucrose- 

Tr ls-EDTA-albumm ahquots of  the membrane materml were extracted according to 
the procedure of  Bhgh and Dyer [13] and the llplds were separated by thin-layer 
chromatography usmg chloroform-methanol-25 ~o (w/v) ammoma-water (67 • 33 • 
4 : 1, by vol.) as developing solvent The llplds were wsuahzed with iodine vapor. 
The relevant spots were scraped off and their radloactw~ty contents were measured 
w~th a hquld scintillation spectrometer m 12 ml scintillation mixture, consisting of 
0 7 ~o (w/v) PPO, 0.03 % (w/v) dlmethyl-POPOP and 10 % (w/v) naphtalene in 
dloxane diluted five parts to one of  water. Thus the extent of degradation of  both 
phosphatidylethanolamme and phosphatldylchollne was determined as well as the 
efficiency with which the reaction products were removed by the albumin treatment 

Enzyme assays 
Succmate--cytochrome c reductase act~wty was determined by a spectro- 

photometric method m a total volume of 2 5 ml medmm of  the following com- 
position, 0 1 M sodmm phosphate buffer, pH 7 3, 0.1 M sucrose, 005 M KCI, 
1 mM KCN, 1.5 #M rotenone, 0.08 mM cytochrome c (Type III, Sigma, St. Lores, 
U.S.A.). Membrane material was added in amounts corresponding to 0.15 mg of  
m~tochondrml protein. The reacnon was lmtlated by addition of  sodmm succlnate 
to a final concentration of 25 raM. Under these conditions the reaction rate remamed 
constant up to an increase m absorbance of at least 0 4 unit. 

Cytochrome c oxldase actwlty was determined by the method of Srmth [14] 
m a total volume of 3 ml medium consisting of 0.1 M sodium phosphate buffer, 
pH 7.3, 0 1 M sucrose, 0.05 M KCI, 1.5 #M rotenone and membrane material cor- 
responding to 0 15 mg of  protein. The reaction was started by addltion of reduced 
cytochrome c, to a final concentration of approx. 0.02 raM. The rate constant of  the 
reaction was determined by logarlthm~c recording of  the absorbance at 550 nm 

These measurements were performed with a Uwchem I-I1621 spectrophotom- 
eter (Hllgar and Watts, Rank Precision Industries, London, England) equipped with 
a thermostatted cell holder. The temperature m the cuvettes was determined w~th a 
thermocouple. At low temperatures a stream of dry air was flushed along the cu- 
vettes to prevent condensation 

RESULTS 

Mltochondrml inner-membrane-matrix particles were treated with phos- 
phohpase A dunng different lengths of  time and washed with sucrose-Trls-EDTA 
medium containing albumin as described above. Table I contains data on the extent 
of phosphohpld degradation and the removal of lysophospholiplds m four rmto- 
chondnal preparations (A, B, C and D). The free fatty acids were always completely 
removed by the albumin treatment as judged by thin-layer chromatography. The 
specific actwit~es of  succmate--cytochrome c reductase and cytochrome c ox~dase m 
these preparations are also presented m Table I. Neither addition of  2,4-dimtrophenol 
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T A B L E  ][ 

E X T E N T  O F  P H O S P H O L I P I D  H Y D R O L Y S I S ,  R E M O V A L  O F  L Y S O P H O S P H O L I P I D S  A N D  
S P E C I F I C  A C T I V I T I E S  O F  S U C C I N A T E - C Y T O C H R O M E  c R E D U C T A S E  A N D  C Y T O -  
C H R O M E  c O X 1 D A S E  1N P H O S P H O L I P A S E  A - T R E A T E D  I N ~ E R - M E M B R A N E - M A T R I X  
P A R T I C L E S  

The f irst  two  c o l u m n s  present the relative amounts  o f  lysophosphat ldyle thanolamme ( L P E )  a n d  lyso-  
p h o s p h a t l d y l c h o h n e  ( L P C )  in u n t r e a t e d  a n d  phosphohpase  A-treated m l t o c h o n d n a l  tuner  m e m b r a n e s  
The f o l l o w i n g  p a i r  o f  c o l u m n s  give the  c o r r e s p o n d i n g  f igures  a f te r  a l b u m i n  t r e a t m e n t  P r e p a r a t i o n s  
A ,  B a n d  D were  t r e a t ed  once  wi th  a s o l u t i o n  c o n t a i n i n g  0 5 m g  a l b u m i n  pe r  ml ,  w i t h  C the a l b u m i n  
c o n c e n t r a t i o n  was  2 0 m g / m l  a n d  the treatment was repeated once  m o r e  The  specif ic  ac t iv i t i e s  o f  the  
two  enzymes,  measured at 25 °C, a re  g iven  m the last two  c o l u m n s  a s / ~ m o l e s  c y t o c h r o m e  c (cyt  c) 
r e d u c e d  pe r  r a in  pe r  m g  o f  p r o t e i n  a n d  as the f i r s t -o rde r  ve loc i ty  c o n s t a n t  ( m l n -  ~), r e l a t ed  to  1 0 m g  
o f  p ro t e in ,  r e spec t ive ly  Other abbreviations PE, phosphat ldyle thanolamme,  PC,  p h o s p h a t l d y l -  
cho l ine ,  S u c c ,  s u c c m a t e  

P r e p n  I n c u b a t i o n  Before  a l b u m i n  Af t e r  a l b u m i n  Specific act lvl t~ 
t ime treatment treatment 
( ra in)  

L P E "  100 L P C : , I 0 0  L P E  100 L P C  100 Succ cyt c Cy t  c 

PE-] I_PE- PC  LPC- P E + P L E  P C + L P C  reduc t a se  ox lda se  

A I  c o n t r o l  1 1 I - 1 0 25 
2 0 5  13 6 2 2 0 2 1  
3 1 0 18 8 4 3 0 17 
4 2 5 28 13 12 5 0 14 - 

B 1 c o n t r o l  I 1 - 0 16 4 3 
2 4 0  39 17 - - 0 13 3 1 
3 6 0  51 27 - - 0 1 3  2 6  
4 7 5 62 31 - - 0 16 3 7 

C 1 c o n t r o l  2 1 ~_ 1 -~ 1 0 16 5 4 
2 1 0  17 7 <1 < 1  0 1 2  3 9  
3 3 0 30 13 1 <- I 0 09 2 3 
4 6 0  48 22 3 - 1 0 1 6  2 0  

D 1 c o n t r o l  2 2 1 2 - 5 1 
2 1 0  15 7 6 4 - 4 6  
3 2 5 29 12 14 6 - 4 0 
4 6 0 49 20 39 12 - 5 8 

(0.1 raM) to the reaction medmm nor mild sontcaUon of  the preparations resulted m 
any increase of  the enzyme actw~tles These findings indicate that under the con- 
dmons employed the rate-hmmng steps m the assay procedures were the enzyme 
reactions proper The specific enzyme actwmes are based on the protein contents 
of  the preparauons prior to the phosphohpase treatment, as th~s treatment causes 
loss of matrix protein Consequently these values have only hm~ted accuracy, because 
some materml may be lost during the albumin washes. Nevertheless a shght reduction 
of  the specific enzyme activities could usually be observed after incubation w~th 
phosphohpase A After relaUvely extensive phosphohpase treatment a parhal res- 
toration of  the specific actwmes was often detected. Th~s suggests that the mmal 
reduction is probably not due to ~rreverslble lnactwatlon but rather to suboptimal 
condmons created by the phosphollpase treatment. 
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Figs l and 2. Arrhemus plots o f  succmate-cytochrome c reductase (Fig ] )  and cytochrome c 
oxldase (Fig. 2) in phosphohpase-treated and control m]tot.hondrlal inner membranes The curves 
presented were obtained with Preparation C Data on phosphohpld hydrolysis are gwen in Table I 
under the corresponding numbers. Only tk=c .~bumm-treated preparations were used. The plots are 
arb~trardy positioned on the vertical s~ale m a sequence related to the degree,of phosphohpld hydrol- 
ys=s 
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F=g. 3 Arrhenlus-plot characteristics of succmate~cytochrome c reductase m dependence of the 
extent of phosphohpld degradation. (a) break temperatures, (b) apparent actwat]on energies. 
Triangles, Preparation A, squares, Preparation B, circles, Preparation C Ad&tzonal data about 
these preparations are gwen in Table I. High- and low-temperature breaks correspond to filled and 
open symbols, respectively. Similarly, high, lntermedmte and low actzvatmn-energy values, corre- 
spondmg to the three straight sectmns of the Arrhenms plots can be recognized by the filled, open and 
"dotted" symbols, respectwely. 
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Arrhemus plots of succmate-cytochrome c reductase (Fig 1 presents the 
Arrhemus plots obtained with Preparation C) invariably revealed two distract breaks 
even in control preparations, where the break temperatures were usually approx 
23 and 12 °C Phosphohpase treatment caused the lower-temperature break to stand 
out more conspicuously At the same time both breaks shifted to h~gher temperatures 
depending on the degree of phosphohpld hydrolysis, but maximally to about 31 and 
2l °C, respectively The apparent activation energies of  the reaction gradually decrease 
w~th the extent of phosphohpid degradation In Fig 3 the break temperatures and 
the activation energies are plotted against the extent of  degradation of phosphatldyl- 
ethanolamlne, which corresponds to approximately twice the extent of  hydrolysis 
of  the lecithin Although the accuracy of the data is hmlted it ~s clear that the break 
temperatures increase with phosphohpld hydrolysis, whereas the activation energies 
decrease Both parameters seem to reach certain limIt values when approx 40",, 
of  the phosphatldylethanolamme is hydrolyzed In PreparaUon C the Arrhemus 
plots revealed somewhat d~fferent break temperatures and activaUon energies than 
those in the Preparations A and B This can possibly be ascribed to the very e f  
fecUve removal of  lysophosphohplds by the repeated albumin treatment m this ex- 
periment On the other hand, considering the deviating values for break temperatures 
and actwaUon energies m the control, ammal differences mIght be responsible fo~ 
this observation as well 

Also the Arrhemus plots of  cytochrome c oxldase (Fig 2) exhibit two dis- 
continuous changes in slope, although the differences between the acuvaUon energies 
above and below the breaks are considerably smaller than in the case of  succmate- 
cytochrome c reductase F~g 4 presents the dependence of the break temperatures and 
the apparent activation energies on the extent of  phosphohpid degradation There is 
a substantml difference with respect to this dependence between cytochrome c oxldase 
and succlnate-cytochrome e reductase, particularly concerning the break temper- 
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Fig 4 Arrhenlus-p~tcharacteristlcs~fcyt~chr~mec~xIdasemdependence~fthe~xtent~fph~sph~- 
hpld degradatlon (a) break temperatures, (b) apparent actlvatlon energles Triangles, Preparatlon D, 
squares, Preparation B, orcles, Preparatlon C AddltJonal data about these preparatlons can be 
found m Table I For further explanatzon of the symbols see legend of Fig 3 
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atures. In the case of succmate-cytochrome c reductase a considerable increase of  the 
break temperatures was observed with phosphohpld hydrolysis, whereas those of  
cytochrome c oxldase are not very strongly influenced by phosphohpase treatment 
The data m Fig 4a are suggestwe of a shght increase of  the break temperatures at a 
low extent of phosphohpid degradation and a decrease agaan at higher degrees of  
hydrolysis. However, the hkely errors m determining the break temperatures from 
the Arrhenlus plots are of the same order of magmtude as the varmt~ons presented m 
this figure. Also the apparent activation energies do not change very much wath the 
extent of phosphohpld hydrolysis, except the activation energy above the upper break 
temperature which does decrease slgmficantly, as ~s shown m Fig 4b. 

DISCUSSION 

Phosphohpld-water systems containing one pure hpld component exhibit 
a sharp phase change at a well-defined characteristic temperature. Mixtures of 
phosphohplds however, usually show a broadened transmon, characterized by two 
discrete temperatures corresponding to the beginning and end of  the course of  lateral 
phase separation [15, 16] This latter process requires, m contrast to the phase change 
proper, extensive lateral diffusion of the phosphohplds, a phenomenon which has 
indeed been detected m model membranes [17, 18] as well as m biological membranes 
[19]. Recently strong evidence was presented for the occurrence of  lateral phase 
separation in biological membranes [20]. Such a phenomenon is supported by data 
obtained by d~fferentlal thermal analysas. According to calorametnc studies of Blazyk 
and Stelm [21] rat-hver nutochondna undergo a broad thermal transmon between 
approx --20 and -+-25 °C. As already mentaoned by these authors sharp breaks m 
Arrhenaus plots for physaologacal actlwtaes do not correlate wath broad thermal 
transatlons and cannot reflect the entare phase change. Lmden et al [20] detected two 
breaks m Arrhemus plots for transport processes m E.  coh  membranes The break 
temperatures appeared to correspond to the upper and lower temperature hmlt 
of the course of lateral phase separation. The authors suggest that between those two 
extremes the lateral compresslblhty of the membranes as very much increased, thus 
facilitating transverse mobd~ty of proteins revolved m transport processes. 

We detected two breaks m Arrhenlus plots for enzyme actwmes The higher- 
temperature break seems to correspond to the upper hm~t of the thermal transition 
as detected by calorimetric methods [21], as would appear to be in accordance w~th 
findings of others [8, 22]. The lower-temperature break however, does certamly 
not coincide with the termination of the thermal transmon. Obwously an interpreta- 
tion m terms of lateral compresslbahty of the membrane does not seem to be statable 
to explain the temperature dependence of membrane-bound enzymes. Another pos- 
sable interpretation was proposed recently by Eletr et al. [23]. They concluded from 
their mvestagatlons that one of the two breaks m the Arrhemus plot of a membrane- 
assocmted enzyme can be due to a conformat~onal change intrinsic to the protein 
In our study however, the Arrhemus diagrams exhibit lipid dependence which was 
most pronounced m the case of succanate-cytochrome c reductase. The reaction 
catalyzed by succmate-cytochrome c reductase ~s a multi-step process. For this en- 
zyme the occurrence of the lower-temperature break can possibly be explained by 
dafferent rate-hmltmg steps above and below thas temperature. Obvaously such an 
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explanation would not be vahd for cytochrome c oxldase We propose therefore the 
following interpretation of the occurrence of  two breaks in Arrhenms plots of  mem- 
brane-assocmted enzymes 

Below the higher temperature break, usually interpreted as reflecting the 
phase transition of the membrane hptds [5-8, 22, 24], the hplds directly influencing 
the conformation of the enzyme molecules are m a gel phase Upon coohng below 
this break temperature the composRlon of the gel phase continuously changes 
Recent studies on model systems mdxcate that reorgamzat~ons m the gel phase may 
occur due to lmmlsclblhty of the hpid components m this phase [16, 25] A slmdar 
reorgamzat~on could poss~bty occur m biological membranes e~ther locally or m the 
entire gel phase I f  the hp~d molecules determining the conformatlonal state of the 
enzyme are revolved in such a reorgamzatlon a change in the activation energy of the 
enzyme reaction could result. For  changes m the gel phase to occur lateral motion 
of the phosphohplds in this phase is required According to Shlmsh~ck and Mc- 
Connell [16] the lateral diffusion of the phosphohplds m the gel phase may indeed 
be very high Obviously, the poss~blhty cannot be excluded that the lower-temperature 
break is related to another "hquld-gel" phase transtt~on mvolwng lower melting 
hplds 

It  is hkely that during the course of  the lateral phase separations the hp~ds 
are not randomly distributed m the membrane [26]. However, also at h~gh temper- 
atures, when the llplds are all in the hquld-crystaihne phase some hpld heterogeneity 
may exist due to the presence of proteins Th~s could result m a partml solidification 
of the hp~ds surrounding enzyme molecules when the temperature ~s lowered The as- 
sumption that the hp~ds which influence the conformation of the enzyme molecules 
are m a gel phase below the higher break temperature does not require, therefore, 
that the entire enzyme molecule be in the gel phase. The fact that the h~gher-tem- 
perature breaks are observed in the most upper region of the thermal transltton de- 
tected by d~fferent~al scanning calorimetry may indicate that the more saturated 
phosphohpld species specifically influence the conformation of the enzyme molecules 
Referrmg to the relatively high transttlon temperatures of phosphatldylethanolamlnes 
as compared to leclthlns [16] of  ldent~cal fatty acid composition the specific involve- 
ment of the former class of  phosphollplds should also be kept under consideration 
Phosphohpase action on mltochondrml membranes results in a drastic modification 
of the relative proportions of  phosphollpld classes as well as molecular species [27] 
This can explain the influence of the extent of  phosphohpld degradation on the break 
temperatures m the Arrhemus plots of the enzyme actlvlt~es studied. The gradual 
alteration of the apparent actwatlon energies as a result of  phosphohpase treatment 
indicates that the enzyme reactions are influenced not only by the physical state of  the 
membrane hplds but also m a d~rect manner by the very composition of this hpld 
enwronment By contrast, the activation energies of transport processes do not 
seem to be very strongly dependent on the composition of the lipid bdayer [1, 2, 4] 
Thxs supports the ~dea of Linden et al. [20] that transport  processes are influenced 
by the membrane llplds in qu~te another way than membrane-bound enzyme actw~ues 

The observation that the two enzyme act~wtles stud~ed differ w~th respect to 
the dependence of break temperatures and act~vatton energies on phosphohpase 
treatment suggests that there may exist a certain degree of heterogeneity wRhm the 
hp~d phase of the m~tochondrml tuner membrane 
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