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SUMMARY 

The effect of cholesterol on the interaction of proteins with phospholipid men> 
branes was studied using three independent techniques: effects on vesicle perlneability, 
monolayer expansion, and phospholipid-dependent (Na + + K +)-ATPase activity. 
The proteins studied were: cytochrome c, albumin, hemoglobin, lysozyme, myelin 
basic protein, myelin proteolipid apoprolein, and the polypeptide gramicidin A. The 
results were as follows: 

1. All the proteins in this study produced a large increase in the permeability of 
phospholipid vesicles to Na +. When cholesterol was mixed with phospholipid in 
equimolar proportions, most proteins produced only a comparatively small increase 
in permeability. This inhibitory effect of cholesterol on the permeability of phos- 
pholipid-protein membranes, was 38-fold t\)r cytochrome c and 10-t\~ld for hemo- 
globin. The only protein that was not afl'ected by cholesterol was the myelin proteo- 
lipid apoprolein. Experiments with cytochrome c indicated that the above effects 
were unlikely to be due to inhibition of its binding to phosphatidylserine vesicles. 

2. The presence of cholesterol in phosphatidylserine monolayers inhibits the 
area expansion produced by the addition of cytochrome c to the bulk phase. The 
inhibition of monolayer expansion by cholesterol was shown to be considerably 
larger than that obtained by equiwdent dilution of the surface charges of phosphatidyl- 
serine by phosphatidylcholine. 

3. The presence of cholesterol inhibits the ability of phospholipids to activate a 
delipidated preparation of (Na + + K+FATPase. The degree of inhibition produced 
by nearly equimolar mixtures of cholesterol with brain phosphatidylserine and dioleyl- 
phosphatidylglycerol was approximately 60°,, while in mixtures with dipalmitoylphos- 
phatidylglycerol, it was more than 90rll,. 

4. The biological significance of these data are discussed in relation to the 
possible effects of increased cholesterol levels in cell membranes during the process of 
aging and 1he development of atherosclerosis. 

Abbfeviations: I)PPG, dipahnitoylphosphatidylglycerol: DPPC, dipahnitoylphosphatidyl- 
choline; DOPG. dioleylphosphatidylglycerol: TES, N-tris(hydroxynmthyl)-methyl-2-aminoethane- 
s tJlFOlliC acid. 
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INTRODUCTION 

The role of cholesterol as a component  of biological membranes has been 
studied extensively with phospholipid model membranes. Such studies, with well- 
defined membrane systems (monolayers, bilayers and vesicles) have been important in 
relating the physicochemical properties of phospholipid-cholesterol mixtures to the 
possible physiological role of cholesterol in cell membranes. Recent reviews 1"2 have 
discussed in detail the effects of cholesterol on the structure of phospholipid mem- 
branes, such as the "condensation" of the area per molecule in monolayers, the in- 
hibition of motion of the acyl chains within tile outer segment of the phospholipid 
bilayer, the increase of the width of the bilayer and the increased perpendicular 
orientation of the acyl chains. 

Permeability studies with phospholipid vesicles and bilayers support and 
extend the above studies. It has been observed that incorporation of cholesterol 
decreases the permeability of phospholipid vesicles to CI (ref. 3), to glucose'*, to 
other glycols and sugars 5'~' and to monovalent cations v. Furthermore it has been 
shown with bilayer membranes (black lipid films) that the presence of cholesterol de- 
creases the water permeability a and increases tile electrical capacitance and resis- 
tanceV,O. 1 o. 

Studies with biological membranes have indicated that partial remowfl of 
cholesterol from erythrocyte membranes increases tile osmotic fragility and glycerol 
permeability l~ . On the other hand, guinea pig erythrocytes with increased cholesterol 
phospholipid ratio show a decreased permeability to non-electrolytes, as well as 
active and passive Na + transpor0 2. Similarly, increased cholesterol in the membranes 
of Achoh'l~lasma laMlawii produces a decrease in the permeability rate of glycerol ~3. 
These studies are in accord with the effects of cholesterol on phospholipid membranes. 
However, other studies produced conflicting evidence indicating that partial removal 
of cholesterol has no appreciable effect on the hydraulic conducti',ity ~.* or non- 
electrolyte permeability ~s of erythrocytes. 

Tile studies with model membranes discussed earlier, strongly suggest that 
cholesterol could regulate tile permeability of biological membranes by affecting tile 
internal viscosity and molecular motion of the lipids within the membrane. Evidence 
on tile possible role of cholesterol o,1 "facilitated" transport was reported in relation 
to the inhibitory effect of cholesterol on the action of macrotetralide actins on bi- 
layers ~'. A similar effect of cholesterol was shown with another " ' ionophore", \.alino- 
mycin, on the rate of Rb + elttux through vesicles ~;. 

In this report we describe the influence of cholesterol on the interaction of 
several proteins with phospholipid membranes. The results indicate that the presence 
of cholesterol generally inhibits the ability of proteins to increase the permeability of 
phospholipid vesicles and inhibits the ability of these proteins to "expand" or "pene- 
trate" phospholipid monolayers. It also inhibits tile activity of a reconstituted prepara- 
tion of (Na + + K + )-ATPase. The results are discussed in relation to their physiological 
implications. A hypothesis is advanced relating the effects of cholesterol on membrane 
function to the process of atherogenesis. 

MATERIALS 

All phospholipids were prepared in this htboratory and were pure by tile 



10 1). PAPAttADJOP{)ULOS c/ ~/!. 

cr i ter ion of li]in layer ch roma tog raphy  on ~,ilica gel H and a solvent of  chlorofl)rm 
methanol  7M ammon ia  (23{}/90/I 5: v , \  ~). Ph{}sphatidylserhle l'ronl beef brain, and 
phosphat idy lchol ine  I'rom egg yolk were prepared as described ~s. l)ip:.l.lmitoylph{+s- 
phatidylglycerol (DPPG)  was synthesized l'ronl dipalmitoxlphosphat idxlch{}linc 
{ I)PPC),  by minor modi l ica t ions  ~' of  the method o1" Dax~ son e°. I)PP(" was s5 nthesized 
according to Robles and Van den Berg 2I . I)i{}lcyIphosphatidylglycerol {DOPG) v~;l> 
synthesized similar ly 1o I )PPG.  Cholesterol  was obta ined froln Sigma and recry slallized 
[BiCe |'I'OII1 methanol. All  lipids were slored in chlorol'orm under nitrogen in scaled 
ampoulesal 50 ( .  al acol lcei l l ral ion el 'approx. 10/tnloles:mI. Each ampoule \~'<is 
newly opened l\)r each cxt'lerimenl. 

( 'v lochronle <' Ihorse hear/. T}pc VII \vcis oblained l'ronl Sigln~l; albumin 
(hl.i1111.iil sorunl, cry>iallized) \vcis obtained fronl Miles-Pentex; hemoglobin (htlllllill. 
Iwicc cr,,.siallized) l'roin mlinn Rose,itch: gramicidin A (ucli\ i tx 100",i,) frolll Nuli-i- 
l ional Biochemicals: mvethl basic prolehl (A I) was ;l gii'l l'ronl Dr E. H. Eylar ;ind 
was prepared fiolll bovine br~iinee: myelin pro leol ip id  apopro leh l  (N2) \~as a gil'l 
l'ronl Dr M. Moscarel lo.  and was prepared from htlillall braili iiiyelin -'3. It was used 
as ~l solul ion in \~nler al a concenlr~llion o1" 7 mg 'ml .  ATPase  was prepared from 
l'rozen rabbil k idne\ outer medullas (obiained I'roni Pelf-Free7 Biologicals, Inc.} ~l <, 
betk}rc -,4. 

~t¥1llel" ;\.its t\~ice dislilled, the second time in all-glass itpplilil ius. Water used 
for the nlollol l tyei experiinenls was distilled l\vo nlore times in all-glass itpplirilll.l> 
<)liCE o'~or K M n O  4 (pre-final). Sails and chemicals were all ailalylk.u.il reagenl gfadc. 
W-tris (IL~ciroxymelh'>i)-methyl-2-1unino-elhane sulfonic acid {'IF]S) and histidine ~\ele 
l'ronl Sigma. 2-'lNii ~ was obtained fronl No;\' l-]ngland Nuclear and silicic acid from 
Mal l inckrodl  (A.R. 100 mesh). Crystalline ATP (disodium slilt) and ouabain ~\eic 
obtained l'rolll Sigma. (NH¢)_,SO¢ and l r i~  \~ere special enz;nle grade l'rom Miii ln 
Research. 

METHOI)S 

Phosphol ipid  concentra t ion  was assayed by measur ing inorganic  phosphorus  
alker HCIO¢ digestion,  with a m m o n i u m  molybda le  (1<',, \ v : v ) a n d  Elon {I in I0 di- 
lution of  30 g NaHSO 3 + 10 g/>din]ethylaminophenol  sulfitte per I). Protein concen- 
t ra l ion was measured by the biuret reacl ion e5 or by the method  of  go\vry e~'. ATPase  
ael.ivily was assayed under  condi t ions  idenlicat to lhose described previously ca. 

Phosphol ipid  vesicles were prepared as previousl3 described v-,v. The method 
involves sonicafion for one hour in a bath type sonic:_llOl, in :t closed glass tube 
placed under a nitrogen a tmosphere  at 24 C. Vesicles of  DPPG were sonicaled al 
42 ( ' .  All vesicles were prepared in an aqueous  solut ion of  NaCI (either 100 mM 
or 10 mM as specilied in each figure), bufl'ered by h istidine {2 raM) phB TES ('2 raM) 
ul pH 7.4 (or 6.5 in the case of  N2) and conta ining EDTA (0.1 raM). Permeabi l i ty  
proper t ies  (efllux of  22Na : )  were s ludied as bel\~re v by a procedure  based on lhe 
original  method of  Bangham e l  a A  e s  . Proteins were added to the pre-l\}rmed vesicle~ 
after passage lhrough Sephadex,  as belbre >'. 

/£.vp~I/Bio/~ qf /1~uno/~O'<'r,~ 
Et, pansion of  phosphol ip id  monolayers  was per formed ill ~t 62-ml capaciL~ 
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teflon trough, with a total surfitce area of  60 cm 2 (20 cm ; 3 C 1 1 1 ) .  The bulk phase 

(10 mM NaCI, 0.1 mM EDTA,  2 mM histidine, 2 mM TES, pH 7.4) was slirred with 

a small teflon bar-magnet .  Conslant  t empera ture  (25 'C )  was maintained by running 

lhe exper iments  inside a water-cooled Lucite box and by running waler  through a 

glass coil in the teflon trough, both being regulated by a cons tant - tempera ture  circula- 

tion balh. Phosphatidylserine monolayers  were formed by applying a 5 10/d-solution 

in hexane to the surface of  the water, which had been cleaned by sweeping ~.ith a 

teflon barrier. Surl'acc pressure measurements  were performed with a platinum foil 
( 0 .5cm wide. sanded with 400 grit. silicon carbide paper) suspended from a C a h n  

RG electro-balance connected to a recorder  which was calibrated in dynes/era. Con- 

stant film pressure (25+_1 dynes/cm) was maintained by manually posit ioning the 

teflon barrier. Area measurements  were calculated f rom ruler readings \vith a ruler 
a t tached to the side of  the trough. Expansion exper iments  were initiated by injecting 

5 y l (125 Mg) of  cy tochrome c solution below the surihce film. The linal concentra t ion 

of  cytocl l rome c was 2.0 Mg/ml or 160 pmoles/ml.  
Injection of  cy tochrome c under phosphat idylser ine films results in a sub- 

stantial increase in the film pressure s ° s '  at conslall t  area. Such an increase in pressure 

( I ~ )  has been taken as a measure of  "pene t r a t ion"  of  the injected substance into the 

monolayer  ~2. Measurements  o f  I.-r. however, are difficult to interpret  with mixed 
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Fig. I. Surface pressure area curves for monomolecular films of phosphatidylserine IPS), chole- 
sterol and an equimolar mixture. Each film was formed by spreading a dilute solution oF each 
lipid inhexane, ona  clean air \~ater(10 mM NaCI, pH 7.4) interface. Thelilms ~erecompressed 
by a tcllon barrier. . cholesterol. @, phosphatidylserine (PS), II, mixlure consisting of 55,.  
phosphatidxlserine, 45",; cholesterol (mole !',). The broken line represents the calculated area of 
phosphatidylserine in the mixed film indicating considerable "'condensation". The area per phos- 
phatidylserine molecule in lhe mixed [tim was obtained by subtracting the relative area of cholc- 
stcrol, which was assumed to be the same as in fihns of pure cholesterol. 

Fig. 2. Average area per molecule for monolayer of phosphatidylserine (PS), cholesterol and 
mixtures. The points shown were obtained at 25 dynes/cm and 25 C .  - -  -, the average area 
per molecule expected from ideal mixing of the two components. 
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films of  dilt 'erenl const i tu t ion ,  due It) differences in the re la t ionship  o f : r  to area per 
molecule for difl'erenl subslances,  :.is sho\vll in Fig. I. In the exper iments  presented 
here the pressure of  the lilms was kept constant ,  and the 'area ~as  expanded,  1~, 
compensa te  l\)r the effect of  the interact ing protein.  This method of  isopiezic exp:ln- 
sion s-~ gives a more unambiguous  picture of  the effect o1" the same protein on dill 'erent 
lilms. A constant  film pressure o1" 25 d v n e s c m  \~.as chosen as represent ing an area per 
phosphol ip id  molecule (72 A-') xx.hich i~ s imi lar  to th;.l! calculated for phosphol ip id  
bilayers by X-ray difl 'raction ~4s5. Fig. I shoxv~ the area per molecule at different 
surface pressures for li lms o1" pure phosphal idylser ine ,  cholesterol  and a mixture o1 
each at equ imola r  amounts .  In accordance  with previous results obta ined  with phos- 
phat idylchol ine/choles terol  mixtures ~' ,~s. the area of  the mixed lilm is less Ihan the 
total area ol 'each componen l  calculated from pure lilms, indicat ing a " ' condensa t ion"  
o l ' app rox .  20'.',. Fig. 2 shox~s the deviat ion from addi t iv i ty  for >e\eral phospha t idy i -  
ser ine/cholesterol  mixtures at the exper imenta l  condi t ions  ol 25 dynes cm and 25 ( ' .  

Because expansion is not ~een with lilms of  e i ther  phospha t idy lchol inc  or 
cholesterol  alone after injection of  c~tochrome c into the subphase,  the percent 
expansion o1" phosphat idylser ine ,p laosphal idylchol ine  and p h o s p h a t i d y l s e r i n e c h o -  
lesterot films were expressed its percent are:l expansion per phosphat idylser ine  :lrca 
only. In phosphatidy.lserine cholesterol  lilms when pho>phat idylser ine  is condensed 
by cholesterol ,  the uncondenscd arell was used in lhe exp;msion calculat ion (mole" , ,  
phosphat idvlserh le  72 A e Iotal nunlher of  molecules in film). The total  number  
o1" molecules present in the film was obta ined  from the initial [tl'e,~| of  cLlch lilm and 
the average area per molecule given in the graph o1" Fig. 2. 

R E S U L I S  A N t )  I ) I S ( ' U S S I ( ) N  

(a) Efecl of chole,~lcrol otz prolein-in&lceJ I~ermcabilil.r chan,4es 

The influence o1" cholesterol  on the abi l i ty  of  proteins  to increase the perme- 
abi l i ty  off phosphol ip id  vesicles was s tudied with several purified proteins  and poly- 
peptides,  a part ia l  list of  which is given in Table  1. The test system involved measure-  
ments of  the rate o1" etl'iux of  22Na ~- oul of  phospha t idy lser ine  vesicles and vesicles 
conta in ing equimotar  amounts  of  phosphat idylser ine  and cholesterol .  The prote ins  
were added outside the vesicles at dill 'erenl concent ra t ions ,  and the rate of 22Na~ 
elllux was moni tored  by dialysis.  As shown in lhe first t ~ o  columns of  Table 1, all 
the proteins  used in Ibis study lend to increase the permeabi l i ty  of  the vesicles to 
22Na +. However,  the self-diffusion rates obta ined with the same amoun t  of  protein 
were much smaller  when the vesicles conta ined cholesterol .  The effect of  cholesterol  
in the absence o1" protcin was much smal ler  (Lines 1 and 2, Columns  1 and 2). Thc 
rat io o f - ' 2 N a *  sel| '-diffusion rates obta ined with each protein (phosphat idylser ine  
vesicles over phosplaat idylser ine-cholesterol  vesic les) is  given in Column 3. From this 
last column,  we can see that  in the presence or  cy tochrome c the permeabi l i ty  of  
phosphat idylser ine  vesicles to Na  4 was 115 t imes larger  than thai  of  phosphat idyl -  
scrine-cholesterol  vesicles. As shown by the app rop r i a t e  control  in the absence of  
protein (Lines I and 2, Column 3) the difference in permeabi l i ty  between phospha t idy t -  
serine vesicles alone and with cholesterol  is only 2-fold (at 24  C) or 3-flold (at 36(7) .  

Similar ly  htrge differences in Na + diffusion rates were obta ined  when the 
effect of  o ther  proteins  wits s tudied with the two types of  vesicles, indicat ing a pro-  
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TABLE 1 

E F F E C T  OF V A R I O U S  P R O T E I N S  ON Na + P E R M E A B I L I T Y  OF P H O S P H A T I D Y L -  
S E R I N E  VESICLES WITH OR W I T H O U T  C H O L E S T E R O L  

Each reaction mixture was 1 ml and contained approx.  1 Fmole phosphatidylserine (with or 
without l p m o l e  cholesterol) and the am oun t  of protein indicated in Column I. Self-diffusion 
rates: 1st h after addition of proteins. The figures given in Lines I and 2 (lipid vesicles alone) 
are averages of several runs, taken from Papahadjopoulos  et al. v. The results shown in the sub- 
sequent lines are averages of two different experiments,  with a deviation usually within 10<'; of 
the average value. 

Protein -'eNa l seU~d~ffit.vion rate ('!~,, per h) Column 1,'Colunm 2 

N o n e  *.~; 
Nolle**, *** 
Cytochrome c***  

(10 mg/'ml) 
Basic myelin protein AI  * 

(0.65 mg/nfl) 
Scrum albumin HSA** *  

(50 nlg/nll) 
Hemoglobin * * 

(0.1 mg/ml )  
Gramicidin A** 

(2.10 r M) 
Myelin proteolipid protein N2 t 

(0.36 mg/ml) 

• 100 mM NaCI, pH 7.4, 24 C .  
• * 100 mM NaCI, pH 7.4, 36 'C.  

• ** 10 mM NaCI, pH 7.4, 36 C .  
t 10 mM NaCI, pH 6.5, 26 C .  

40 
PS 

Pc 

OO. 30 ."" 

~6 
g 20 

Phosphatidyl- PhosphatMyl- 
serine serine/cholesterol 

0.02 0.01 2 
0.06 0.02 3 

46.9 0.41 115 

40.6 0.92 44 

76.8 1.25 61 

21.5 1.12 19 

13.1 1.32 10 

15.0 4.9 3 

PS+Chol 

o'I 012 0'3 0'4 
Hemoglobin concentration (mg/ml) 

Fig. 3. Effect of  hemoglobin on eeNa } self-diffusion rate through phospholipid vesicles with and 
without cholesterol. Hemoglobin was added at the indicated concentrat ion outside the vesicles, 
in 100 mM NaCI,  pH 7.4, at 36 ' C. The am oun t  of  phospholipid in each mixture was approxi-  
mately 1 /mlole and the total volume 1 ml. O, phosphatidylserine vesicles; 2 ,  phosphatidylcholine 
vesicles; , phosphatidylserine/cholesterol (1/1 molar  ratio) vesicles. Points were taken f rom 
single experiments,  with appropr ia te  duplicates. Separate experiments deviate within 20{!i, of  the 
given values. 
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nounced inhibitory effect induced by the presence of  cholesterol. The ratios of  tile 
Na + self-diffusion rates (Colunln 3: Table 1) indicate a 44-1"c)1d inhibition by choleste- 
rol for the effect of  the basic nlyelin protein (A l), 6l-|\~ld inhibition l\~r human serum 
albumin, and 19-fold inhibition for hemoglobin. 

Fig. 3 gives more details on the effect of  different concentrat ions of  hemoglobiil 
on the Nit t- diffusion r:.tles through phospla:ttidylserine vesicles with and ,,,,ithout 
cholesterol. It is clear that the inhibitory effect produced bv cholesterol is sustaip, ed 
over :t wide range of  concentrations.  Similar results were obtained with lysozynle but 
not shown here. As shown earlier +<>. albumin was nluch more clt'ective in increasing 
the permeabilily of  phosphatidylserille vesicles at low protein concentrations,  when 
the buffer contained smltll :_tmoullts o|" ('a2+(().5 raM). A similar influence el ('~l e 
was | 'ound lnore recently for the effect of  the basic myelin protein (AI)  (unpubl ished). 
In both of  the above cases, incorporation of  ch,.Hesterol into the phospholipid vesicles, 
inhibits the effect el 'e i ther  albumin or A I in the presence of  Ca e÷. ~ls was seen aboxc 
in lhe absence of  Ca e" . 

Two possible alternative explanations of  the above results are that the effect of 
cholesterol is due to an inhibition of  prolein binding (resulting from a decrease in 
surfiice charge density), or due to tin inhibition of  protein "'peqetration'" into the 
bilayer (resulting l'rom an increase in membrane viscosity). The follox~ing t\xo ex- 
periments are relevant to this question. The amount  of  cylochrome c bound to pho~,- 
phatidylserine and phosphatidylserine/cholesterol (1/1) vesicles was estimated as 115 
and 80 (nmoles cytochrome ~' per /mlole phosph-ttidylserine), respectivel 3. The 
procedure for measurhlg bound cytochrome c was its described before e'~. It involve~, 
spectrophotometr ic  determinations of  the amount  of  cvtochrome c and phosphate 
present in the pellets obtained by high speed cenlrifugation of  sonicated phosphatidyl- 
serine and phosphatidylserine/cholesterol vesicles in the presence of  cylochrome ~' 
(original concentrat ions:  12 mg/ml cytochrome c and 0.77/tmoles phosphatidylserinc 
ml in 10 mM NaCI, pH 7.4). From the results obtained, it is clear that cholesterol 
does have an inhibilory efl'ect (30'Ii ~) on the amount  o f c y t o c h r o m e  ~' bound per pho>- 
phatidylserine. However, this effect is relatively small compared to the permeability 
effects and is unlikely to account for the 115-1\)ld inhibition in cytochrome c-induced 
permeability. 

The second experiment relating to the question of  charge dilution was a com- 
parison of  the effect of  hemoglobin on phosphatidylserine and phosphatidylcholhle 
vesicles (shown in Fig. 3). It is clear that hemoglobin produces a large increase in N a  
permeability with the neutral phosphatidylcholine vesicles, which is ahnost  as great 
as with lhe negatively charged phosph~ttidylserine vesicles. This result indicates that 
the hemoglobin effect is not strictly related to lhe surface charge density of  the vesicles. 
as is the c-tse for cytochrome c (ref. 29). Following this argument,  it can be concluded 
that the 19-1\31d inhibition of  the hemoglobin effect on permeability by cholesterol 
could not be due to the dilution of  the surf, tce charge density of  the phosphatidylserine 
vesicles. 

The last two lines in Table I describe the influence of  cholesterol on the inter- 
action of  gramicidin A and myelin proteolipid apoprotein (N2) with phospholipid 
vesicles. In contrast to the results with the other proteins, the presence of  cholesterol 
has much less etfect. The ratio of  the increase in Na ÷ self-diffusion rates (Line 3) is 
10 for gramicidin and only 3 for myelin proteolipid apoprotcin (N2). These results 
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indicate that the presence of cholesterol has only a minimal effect on the ability of N2 
to increase the permeability of phospholipid membranes to Na + and only a small 
effect on that of gramicidin A. The results with gramicidin A are in agreement with 
the work of Krasne et al. u which showed that gramicidin A was effective in increasing 
the conductance of bilayer membranes equally well below or above the temperature 
at which the fatty acyl chains Freeze (T~). 

The ability of the myelin proteolipid apoprotein to interact and increase the 
permeability of phospholipid membranes equally well in the presence or absence of 
cholesterol is of considerable biological interest, because of the high amount of 
cholesterol present in myelin membranes. The lack of cholesterol effect in this case 
could perhaps be attributed to the high "'hydrophobicity'" of this protein. Thus, 
proteolipid protein is extracted into organic solvents with lipids, it can remain soluble 
in organic solvents after remowd of most lipids and can become water soluble only 
after prolonged dialysis procedures 23'42. Its chemical composition indicates the 
presence of a high percentage of non-polar amino acids, as well us covalently linked 
f'ttty acids 23'a2. It is thus reasonable to speculate that the predominantly non-polar 
nature of this protein favors its penetration into the interior of the lipid bilayer even 
when the viscosity' of the hydrocarbon chain is increased due to the incorporation of 
cholesterol. The subject of tile penetration of protein into phospholipid membranes 
will be discussed in more detail later in relation to the monolayer studies. 

(b) E~'c!  q/" acyFchahz ~ukfitr and phase lra#lsilions 
It" the cholesterol effect on lipid-protein interactions discussed above is due to 

tile stabilization of the membrane, induced by immobilization of the acyl chains 
interacting with cholesterol, it should be possible to obtain similar results by simply 
freezing the acvl chains, i.e. lowering the experimental temperature below the T~ l\~r 
the lipids involved. The experiments preset, ted in this section were designed to test 
this possibility. 

In an earlier publication we have presented studies with vesicles composed of 
DPPG showingalargeincreasein Na + etftux between 30 C and 38 C which coincided 
with a decrease in the polarization of fluorescence of perylene embedded in the same 
vesicles j<~. It was concluded from lhis evidence that these vesicles undergo a phase 
transition al this temperature range (mid-point 38 C) from a solid to liquid crystal- 
line state. More recent measurements in tills laboratory with differential scanning 
calorimetry have verified this conclusion by indicating a temperature of 37.8 C for 
the rising purl. of lhe endothermic peak with sonicated preparations of DPPG vesicles. 
We have lhereli~re utilized this system to study the effect of cytochrome c on lhc Na -~ 
eftlux at dill'erent temperatures, below and at the phase transition region. 

Fig. 4A shows the effect of low concentrations of cytochrome c on the Na + 
efflux through DPPG vesicles at 24. 30 and 36 C. The lower (broken) line indicates 
the self-diffusion rates without cytochrome c and the upper (solid) line in the presence 
of I mg/ml cytochrome c. The numbers in parenthesis over each set of points re- 
presents the fold increase in permeability induced by cytochrome c. It can be seen that 
at temperatures of24 and 30 C there was only 3-fold increase, whileat 36 C the in -  
crease was 17-fold. This indicates that cytochrome c is much more effective in in- 
creasing the Na + diffusion rates at temperatures near the T~.. In a similar experiment 
with higher concentration of cytochrome c (5 mg/ml. Fig. 4By the increase in perme- 
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Fig. 4. Elfect of cytochronle c on eeNa self-difl'usion rate through phospholipid vesicles at 
ditt'erent temperatures. Cytochrome ~ was added at the indicated concentrations outside the 
vesicles, in 10 nlM NaCI, pH 7.4, al room temperature. The amotlnt of phospholipid in each 
mixlure was approx. I nmole, and the total volume 1.0 ml; the nlixture was then immediatel3 
dialysed at the indicated temperalure, against l0 ml of 10 m M NaCI buffer, which was changed 
tit l-h inter\.als. The points shown in Fig. 4 were obtained during the second hour and represent 
single experiments with appropriate duplicates. Q, vesicles with cytochrome c added: , vesiclcs 
alonc. (A} Vesicles of dipalmitoylphosphatidylglycerol (DPPG) (I mg cytochrome c per roll; 
(B) vesicles of dipalmitoylphosphatidylglycerol (DPPG} (5 mg cytochrome (' per ml): ((') vesicles 
o['dioleylphosphatidylglycerol (DOPG) (I mg cytochrome c per ml): (D) equimolar mixture of 
dioleylphosphatidylglycerol (DOPG) and cholesterol (I nag cytochrome c per ml). 

ab i l i ty  was high at all t empe ra tu r e s ,  25-fold at 24 C, 68-fold at 30 C and 17-fold 

(80°~> per  h self-diffusion rate) at 36 C. This  migh t  be ind ica t ing  tha l  at high con-  

cen t ra t ions ,  c y t o c h r o m e  c can induce  s t ruc tu ra l  r e a r r a n g e m e n t s  in the phospho l i p id  

bihtyer,  effect ively in te r fe r ing  with  the c o o p e r a t i v e  me l t ing  o f  the acyl chains.  An 

effect o f  c y l o c h r o m e  c 011 the  phase  t r ans i t ion  o f  n l y c o p l a s m a  phospho l i p id s  was 

r epo r t ed  recent ly  ¢'~ and has been verif ied more  recent ly  in this h tbo ra lo ry  with D P P G  

c y t o c h r o m e  c mix tures .  In lhis  l a t te r  case, the presence  o f  c y t o c h r o m e  c tends  to 

b r o a d e n  the e n d o t h e r m i c  peak o f  D P P G ,  lowers  lhe T<,, and reduces  the  overa l l  heat 

o f  t r ans i t i on  per  phospho l i p id  molecu le .  
In o rde r  to verit3, the  above  conc lus ions ,  we have  pcrl \~rmed s imi la r  e x p e r i m e n t s  

wi th  D O P G  vesicles which are  above  the i r  T~ at all three  expe r imen t a l  t empera tu re s .  
As shown in Fig. 4C, low c o n c e n t r a t i o n s  o f  c y t o c h r o n l e  c (1 m g / m l )  give a huge  in- 
c rease  in the Na  ~ dif fus ion rates  t h rough  D O P G  vesicles;  22-fold at 24 C, 20-fold  
at 30 C and 14-fold at 36 C. When  lhe same  a m o u n t  o f c y t o c h r o m e  c was added  to 
D O P G  vesicles c o n t a i n i n g  equimohu" an loun t s  o f  cho les te ro l  (Fig.  4D),  the increase 
in pe rn leab i l i ty  wus min ima l  (2-fold) and the  same  at all t empe ra tu r e s .  The  same  
results,  with on ly  a 2-fold increase in pe l 'meabi l i ty  at all t e m p e r a t u r e s  was ob t a ined  
with  I ) P P G  and cho les te ro l  (I,/I) vesicles, not  shown in the figure• It thus  appears  
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from the results shown in Fig. 4 that freezing of the acyl chains of a phospholipid 
bilayer (similarly to the incorporation of cholesterol) can inhibit the ability of a protein 
such as cytochrome c to produce a large increase in Na + permeability. However, 
the effect of freezing can be overcome by increasing the concentration of cytochrome 
c. This is in contrast to cholesterol-containing bilayers, which exhibit low perme- 
ability to Na + even in the presence of high concentrations of this protein. 

(c) Effect q/ 'cludesterol on the activity' o f  (Na + + K + )-A TPase 
The experiments described above indicate that cholesterol can have a huge 

inhibitory influence on the ability of some proteins to increase the passive Na + 
permeability of phospholipid membranes. A more biologically relevant question 
is whether the presence of cholesterol can similarly influence the specific function 
of membrane enzymes, especially those involved in transport phenomena. To examine 
this possibility.' we have investigated the influence of cholesterol oll the ability of 
several phospholipid vesicles to reactiwtte a de-lipidized preparation of ( N a + +  K +)- 
ATPase. Results described earlier have indicated that this enzyme can be re-activated 
specilically by the addition of vesicles composed of phosphatidylserine or phospha- 
tldylglycerol ~ . Furthermore, it was shown 24 that the activity is sensitive to changes 
in lipid viscosity as indicated by a sharp change of the slope of the Arrhenius plot of the 
enzyme activity at 32 C t~r dipalmitoylphosphatidylglycerol ("viscotropic effect"). 
The temperature is close to the experimentally determined T~ for this lipid, 38 C .  

We have re-examined the influence of membrane viscosity on the activity of the 
(Na + + K ")-ATPase by studying the effect of cholesterol on the reactivation obtained 
with three purified phospholipids. Bovine brain phosphatidylserine has a T~ at ap- 
proximately 15 C (ref. 44). Dioleylphosphatidylglycerol probably has a T~ lower than 
- 2 2  C (from a comparison of the results of Phillips et al. as, tor dioleylphosphatidyl- 
choline and the results of Papahadjopoulos et al. l<~, with DPPG and DPPC) and 
dipahnitoylphosphatidylglycerol has a T~ of 38 'C (ref. 19). The results are presented 
in Table 11. The second and third columns give the specilic activity of the preparation 
as Mg2~-stimulated and (Na + + K+)-stimulated ATPase at 37 'C. 

As observed earlier 24. the addit ion of phosphat idylserine vesicles induces a more 
than 10-fold increase of" the (Net++ K+)-stimuhtted part of the activity, with a negli- 
gible effect on the Mg2+-dependent part. Similar actiwttion is given by, DOPG, and 
considerably less but still significant (5-fold) actiwition is given by DPPG. When the 
same experiments were perl\~rmed with vesicles containing nearly equimolar amounts 
of cholesterol to phospholipid, the levels of ( N a + +  K+)-ATPase were significantly 
lower than those obtained with pure phospholipids. Column 4 in Table I1 gives the 
percent inhibition of the (Na + +K+)-ATPase  activity induced by the presence of 
cholesterol. It can be seen that there is approx. 60°~, inhibition of the actiwltion by 
phosphatidylserine and DOPG and more than 90°~~ inhibition of the activation by 
DPPG. Similar degrees of inhibition were obtained, irrespective to whether the 
(Na + ~ K ~)-ATpase activity was oblained by subtracting the ouabain controls from 
the totals (as shown in Table !I). or by subtracting the K+-flee controls from the 
totals. 

In order to test the possibility that tile inhibitory effect of cholesterol was due 
to the dilution of the phosphatidylserine or phosphatidylglycerol molecules (effectively 
decreasing the surlilce charge density) we studied the actiwition of ' the ( N a + +  K+) - 
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F A B L E  II 

E F F E C T S  OF C H O L E S T E R O I _  ON PFtOSPH()LIPII)-I)EI~ENDENT ATPase A(TIVlTY 

The pho.4pholipid cholesterol intios indicated arc mole i':.ltJo'-;. The alllOtllll>; Of phospholilqd added 
were: phosphat idylser inc ,  0.64 ,,moles : DOPG, O. 105 ,,mole: DPP(,, 0.59 uinoles.  ATPase ;.ic_'ti\ i- 
lies were a,;sayed as described under Methods + ounbain. 0.07 mg prolcJn \ta'~ l',rc-,cilt in 1.5 ml 
IoI;_t] vohlinC. All measurements were ;4l 37 (' cxcepl for I)OP(J which \~a~> at 3~ ( .  The <', 
inhibition t'oi (Na t K )-ATPasc in the plcsencc of cholcqcrol rcl'cr,~ to the Conlrol Ltcti',il~ 
l'or the same phosl)holipid. Figures in p~.irenthcsis represent Ihe ntli11[-,ci of '~cp[il'[llc c',pclhilc;ll> 
l't~r c:lch iipi.t I l l iX I t l iC ,  Va lue>  Jl'i table qre a\Cl~l{ :cs i'd" tl~is IltllYi/"~Ol" o f  IC4tlh,, ,  e l  ,,impl> ti ',oi'~lgck 
o1 lhe ap,~ropriatc dtlplic~itos \~ithin e4ch e,q~oiJ~nent. 

Plto~'l~holipiU uddud I I 'Pa~u a~ l i v i l r  ",, h~DiifflioH o /  
(-mo!~'~ /"; re.r,, prol~'iJl" h) ( \ ~  . Ix ) -A flJu.s{ 

77,1~d AL#" \ a  ~ I x  

None 21.5 i2) IS.2 3.3 
Phosphatidylscrinc 5(~.7 (4) 19.2 37.5 (ontr~q 
I~hospl'lalidylse~'ine,'cholcsterol(I 1.1) 19.7 12) 25.4 14.3 (,2 
D(3PG 45,'4 10.6 35 .2  ( t~ntrol 
l)()PG,cholcqerol il 1.5) ~.7.2 22.3 14.9 5,q 
I)PPG 43.S (2) 2(~.0 17.s ('ontrol 
l)PPG,choleqerol ( I I I 2(~.S i2) 25.4 1.4 92 
Phosphatidylseririe/phosphatidylcholinc ( I I ) {,!).6 16.8 43.,'-: 

A l P a s e  by vesicles cmnprised of  an equ i lno la r  mix ture  o1" phosphal idylser i t ]c  and 
phosphat idy lchol ine.  As shown in Table II, t i le act ivat ion obtained wi th  this mix ture  
,vas s l ight ly  higher than that given by pure phosphat id~lser ine, ind icat ing that s,lr- 
t'ace charge density is not an impor tan t  factor w i th in  the l imi ts  or this experiment.  
ll is thus  r easonab le  to conch ide  that  the inh ib i to ry  effect of  cho les te ro l  is re la ted to 

the inh ib i t ion  o f  m o l e c u l a r  m o t i o n  wi th in  the phospho l i p id  bikivcr ,  showll  by N M R  

ex pert illen 1 s 4~' . 
It should  be noted  th4lt the A T P a s e  acti,<ity in the presence  o f  tmsa tu ra ted  

phospho l ip ids  (phospha t idy l se r Jne  and D O P G ) i s  inh ib i ted  only  p:u-tly by ch,.qeslerol 

while the ac t iv i ty  in the presence  o f  D P P G  is a lmos t  c o m p l e t e l y  inhibi ted .  This  result  

is in good  a g r e e m e n t  with p rev ious  x~,ork on the ab i l i ty  o f  cho les te ro l  to condense  the 

area per  molecu le  o f  difl 'ere:ll phospho l i p id  m o n o l a y e r s  at the 'air xxater in le t -  
face s7 ' s s¢7 .  These  s tudies  hax.c indica ted  thai  ihe choles te ro l  " ' condens ing  eI'l'cct'" 

is re la ted to the f luidi ty  o f  the p h o s p h o l i p i d s  and it is in~.txinlal when the phospho l ip id s  

are  close to thei r  t r ans i l ion  poin t  (T~). Thus ,  cho les te ro l  sho 'as  much  less of  :i con-  
dens ing  effect with po lyunsa tu r ' t t ed  phospho l ip id s  c o m p a r e d  to phospho l i p id s  con-  
ta in ing  mix tu res  o f  bo th  sa tu ra ted  and unsa tu ra t ed  l 'atiy acvl chains.  In the cuse o f  
D P P G  m e m b r a n e s ,  cho les te ro l  wou ld  tend to expand  the a rea  per  molecu le  tit t em-  
pe ra tu res  below the 7~ and condense  above  the 7"<. At  the expe r imen t a l  t e m p e r a t u r e  
{37 C) the D P P G  vesicles are  very close to the i r  t i ansJ t ion  point ,  while  D O P G  and 

phosphu t idy l se r ine  are, respecl ively ,  50 and 22 degrees  h igher  l h a n / h e i r  T .  It appes.u's 
then thut the inh ib i t ion  of" the ( N a '  + K + }-ATPase ac t iv i tx  in this s \ s t e m  could  bc 
ascr ibed  to a " 'v iscot ropic ' "  effect, s imi la r  to that  seen ear l ie r  24 with I ) P P G  al tem-  

pe ra tu res  below the 7"<. 
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(d) E~fect of cholesterol on protehz-huluced expansion of monolarers 
In a previous publicat ion we reported an apparent  correlat ion between tile 

ability of proteins to increase the permeabil i ty of phospholipid vesicles and their 
ability to hlcrease the fihn pressure of phospholipid monolayers  "~. The increase in 
fihn pressure is usually interpreted as " 'penetrat ion" of the protein into the mono-  
] ' tver  3 0 ' 3 2 " 3 3 ' 4 8 ~  . The effect can also be measured by an expansion of tile monolaver  

area if the experiments are performed under constant  film pressure i.e. isopiezicalh ,'3~ 
In the series of experiments reported in this paper, we have studied the abili ty of 
cytochrome c to expand phosphatidylserine monolayers  in the presence of different 
amounts  of cholesterol. Parallel experiments were also run with monolayers  of 
phosphatidylserine mixed with different amounts  of phosphatidylcholine in order to 
examine the effect of charge dilution on the penetra t ion of cytochrome c. 

Fig. 5 shows the degree of expansion of different monolayers at different t ime 
intervals following the injection of cytochrome c under  each monolayer,  kept at a 
constant  surface pressure of 25 dynes/cm. The expansion is expressed as a percentage 
increase of the original area of the phosphatidylserine component  in each monolayer.  
After a dehty of approximately 2 min possibly due to mixing, a l inear increase in per- 
centage of expansion was observed until  approx. 30 min. A plateau region was ob- 
tained in most cases after 60 rain following injection. The degree of expansion obtained 
at equil ibr ium (60 rain) was very different for each monolayer.  Thus pure phosphati-  
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Fig. 5. Expansion of tile area of monolayers by cytochrome c with time. Monolayers composed 
of either pure phosphatidylserine(PSt or mixtures with phosphalidylcholine(PC) or cholesterol, 
were spread on a clean surface of water containing NaCI (10 nlM) at pH 7.4, and compressed 
to a film pressure of 25 dynes/era. Cytochrome c was added under the monolayer, and the barrier 
containing tile tilm was moved so as to keep the surface pressure constant at 25 dynes/on1 
+ I dyne/era. 1-he increase of the area of the film was expressed as a percent expansion of the 
area of the phosphatidylserine component in each mixed film. All experiments at 25 C.  Tile 
percentages of phosphatidylserine in the films are in moles. The curves sho,~n are average values 
obtained from 2 to 4 difl'erent experiments, with a deviation within 101'il of the average value. 
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dylserine was expanded by 38°i,. while when phosphatidylserine wets mixed \vith 
cholesterol at equimohtr proport ions  the expansion of  the phosphatidylserinc area 
was only 9.5°0. In equimohtr mixtures with phosphatidylcholine, the area of  phos- 
phatidylserine was expanded by 14°,,. while the expansion of  the area of  phosphati-  
dylserine in a mixed monolayer  consisting o1" 6{Y',, phosphatidylserine and 4(Y',, phos- 
phatidytcholine was expanded by 22°,,. As indicated by calculations presented in 
Methods. tile area of  phosphatidylserine in a monolayer  consisting of  an equimolar 
mixture of  phosphatidylserine and cholesterol is approx. 60",,. This calculation takes 
into account  the area per molecule of phosphatidylserine 172A 2) and cholesterol 
{38A 2) at 25 dynes/cm and the degree of  " 'condensation" produced b} cholesterol. 
Consequently,  for ,:1 propel" comparison o1" the effect of  cytochronlc c on tile phos- 
phatidylserine cholesterol monolayer,  the percentage expansion (9.5"~,)should be 
related to its effect on tile 60/40 phosphatidylserine/phosphatidylcholinc monolaver  
(22°~,). From tile large difference in percent expansion between these two monolaycrs.  
it can be concluded that the inhibition of  phosphatidylserinc expansion obser\.ed in 
the presence of  choleslerol is not simply clue to the dilulion of  surface charge. 

Tile above studies were extended to a series of  mixed monolayers with dilterent 
percentages of  cholesterol and phosphatidylcholine in phosphatidylserine. The degree 
of  expansion obtained after injection of  cvtochrome c, at equilibrium, with different 
monolayers  is shown in Fig. 6. Tile two curves give the percent expansion relative to 
the area of  tile phosphatidylserine conlponenl ill each lllonolaver ;,is :.i l'unctioll of  the 
composi t ion of  the monolayer  in percent moles ol" phosphatidylscrinc. It can be seen 
th'lt the phosphatidylserine/ 'phosphatidylcholinc curve gives higher expansion at all 
points compared to tile phosphatidvlserinc:cholesterol curve. It is interestil3g that both 
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Fig. 6. Cytochrome c-induced expansion of monolayers of phosphatidylserine {PS} mixed ~ith 
different amounts of  phosphat idylchol ine  (PC) or cholesterol. Experimental details as in Fig. 5 
and Methods.  The values of  expansion were obtained at equi l ibr ium,  60 mill after injection o f  
c y t o c h r o m e  c. Expansion of  the area is expressed as a percentage of  the area of  PS in each tilm. 
O, mixtures of  phosphat idylser ine  with phosphat idylchol ine:  , mixtures of  phosphatidylserine 
with cholesterol:  , ,  pure phosphatidylserine.  Points represent averages of  two experiments.  
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curves extrapolate to zero expansion with monolayers  of approx. 35°~ phosphatidyl-  
serine, it should be noted here that the values of expansion shown in Fig. 6 are cal- 
cuhtted on the basis of the phosphatidylserine component  present within each mixed 
monolayer  and not on the basis of the total area. Consequent ly  if the area of each 
molecule of phosphatidylserine was expanded to the same degree in each mixture, the 
percent expansion should be constant  in the different mixtures. 

The fact that both curves shown in Fig. 6 extrapolate to zero expansion below 
approx. 35"o mole phosphtttidylserine indicates that cytochrome c-induced expansion 
could be due to mult iple-point  a t tachment  of the protein at neighboring phosphatidyl-  
serine molecules. In any membrane  composed of two different molecules where one 
is negatively charged (such as phosphatidylserine) and the other neutral  (such as 
phosphatidylcholine),  the lowest energy configuration would tend to minimize con- 
tacts between the charged molecules. In a hexagonally packed array of such molecules 
of similar  size. if the negatively charged component  (phosphat idylser ine) is  =<33.30, 
of the total, each molecule will be completely surrounded,  on the average, by molecules 
of the other componen t  (Fig. 7A). At concentra t ions  of phosphatidylserine more than 
33",~ (or one phosphatidylserine for two phosphatidylcholine as shown in Fig. 7A) 
there will be an increasing number  of neighboring phosphatidylserine molecules. The 
htck of anv expansion below the 35°0 phosphatidylserine mixtures might therefore 
indicate that the cytochrome c-induced expansion depends on the concentrat ion of 

,d2, 10 A 

Fig. 7. (A) A schematic representation of hexagonally packed molecules of equal size. The dark 
circles represent the negatively charged component phosphatidylserine, the open circles represent 
the neutral component phosphatidylcholine. The molecular ratio in this arrangement (one phos- 
phatidylserine t"o1 every two phosphatidylcholine or 33.31!~, phosphatidylserine) is the maximal 
ratio which allows for no contacts between phosphatidylserine molecules. The actual shape of 
each molecule is not necessarily circular but it can bc considered as such for simplicity and because 
of the relatively high degree of molecular motion at the liquid crystalline phase. The area per 
molecule of either component, as determined by the area of monomolccular film at 25 dynes:cm 
is 72/~-'. (B) A schematic representation of a possible packing arrangement of molecules of 
phosphatidylserine and cholesterol. The shape of the cholesterol molecule was t~ken from 
VandenHeuvel u, and was determined by projection of space-filling models (approxim~ttely 38 /~). 
The area of phosphatidylserine is only an approximate representation of the arca that the two 
chains might occupy when "condensed" by cholesterol (approximately 58 A :~ calculated from 
the data of Fig. 2). The pattern of molecular packing shown here represents a molecular ratio 
of one phosphatidylserine for every 2 cholesterols (133.31!;i phosphatidylscrine) and allows for 
no contacts between phosphatidylserine molecules. 
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clusters of  more than one molecule of  pllosphatidylserine. If this is indeed the case. 
it also appears that cytochrome c does not tend to concentrate or segregate the phos- 
phatidylserine molecules in clusters under the conditions of  tilese experiments. The 
same argument holds lk)r the packing within mixed phospl]atidvlserinc cholesterol 
nlonolayers ~l.lihough in this case tile approximate  shape of  the molcules has to be 
taken into tlccount. As shown i11 Fig. 7B. the 1 to 2 molecular ratio (33.3",> pho~,pha- 
lJdylserine in cholesterol)is  again the maxirriv, I ratio with no neighboring phospi~ali- 
dvlserine molecules. 

The effect o1" cholesterol on phosphatidylserine monolayer  expansion was al~,o 
studied with two other proteins, both obtained from myelin. Results with the basic 
myelin protein (AI)  lit concentrat ions of  1.6 l~g,lnl in a 0.1 M NaCI bulk phase at 
pH 7.4 indicated an expansion of  65",,, at ~i constalll lilm pre,,,sure of  25 dynes cm. 
Tile expansion of  the phosphatidylserine urea ol 'a lilm of  phosphatidylserine choleste- 
rol (I,,'l) under similar conditions and concentrat ions o l ' A I  was o n h  42"<,. On tile 
ot her hgmd, inject ion ol" a si m ila r concent rat ion of the mvelin proteolipid apoprotcJn 
(N2) uildei" tile same conditions, resulted in an expansion per phosphatidylserhle tilea 
of  approx. 69 ~,. at'let 60 mhl, willl both phosphatidylserine and phosphatidylserine 
cholesterol (1/I) monolayers. These results are in good agreement with the eft'cots of  
these proteins on the permeability oi" \esicles ~i th ~lnd ~ithout cholestcrol. Thus 
there appears to exist a correlation Ior the inhibition o1" I;rotein-induccd exp:.illsion 
of monolayers, and o1" protein-induced increase in N a '  perlnc:lbi l i iy o1" xesiclcs. :l~ 
previously suggested ~ . 

All three experimerHal systems discussed so Iar h:.l\e indicated that cholesterol 
can inhibil the interaction of  several proteins with phospholipids, ~ith a concon~itant 
decrease in passive and ttctive (by extrapolation from tile ATPase restilis) transport  
of  nlonovalent cations. The l\Hlowing section will consider some possible biological 
implications or these results. 

it') Biological implications: ut4in~ and athero.sclerosi,~ 
Although cilolesterol is a major consti tuent of  many biological membranes,  it:, 

physiological role is still not well understood. Some evidence iridicales that partial 
removal of  cholesterol from erythrocyte membranes increases the osmotic l'ragilit 3 
arid glycerol permeability II. Conversely, guinea pig erythrocytes \~ith increased 
cholesterol-to-phospholipid ratio show decreased permeability to non-electrol\ tes, and 
Na + transport  12. Similarly, increased cholesterol in the membranes of 4chol~i?/a.wml 
laidlawii produces u decrease in the permeabili ty rate of  glycerol t3 

The studies discussed earlier involvirig phospholipid vesicles and other model 
membranes, strongly indicate thai cholesterol could regulate the permeability of  bio- 
logical n-ienlbranes by affecting the internal viscosity and molecular motion of  the 
lipids within lhe membr:lne. The degree of  cohesion between the lipid molecules will 
in turn determine the motJonal freedom and localization of  membra~:c enzymes. 
"'carriers" and "'gating" systems involved in transport  and other membral:c func- 
tioqs. The role of  cholesterol can thus be considered :is a stabilizing or a "Mampenit~g'" 
mech:mism, inhibiting structural changes in the membrane due to thermal, mechanic~ll 
and other slresses. It is probably not coincidental lhat the most stable and metaboli- 
c~tlly in2ctive membrarie (myelin} has the highest (one to one) cholesterol to phos- 
pholipid r: l i io s°'si. Other plasma n-iembranes vary from :l ratio of approx. 0.9 for 
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wtrious species of erythrocytes 52'53 to ratios of 0.6 to 0.7 for the more metabolically 
active plasma membranes of liver s'~'~s and non-myelinated nerve s6. Intracellular 
membranes have much lower ratios 5s compared to plasma membranes. 

We suggest that while cholesterol is needed in order to provide a generally 
stable menlbrane fi'amework, it is excluded from highly functional areas of membranes 
such as those containing (Na++K+)-ATPase.  These areas are likely to require 
greater structural fluctuations and molecular motion than more functionally inert 
areas. Following the same argument, it can also be suggesled that an increased 
cholesterol to phospholipid ratio, along with decreased unsaturation (which would 
tend to enhance the cholesterol condensing effect) could be detrimental to the function 
of the plasma membrane and indirectly to the cellular metabolism. Increased choleste- 
rol content and also decreased unsaturation have been observed to correlate with 
aging and the process of atherosclerosis s7 ,sg. Moreover, a rise in the free cholesterol 
content is one of the earlier events involving changes of aortic lipid composition in 
the pre-atherotic lesions, the fatty streaks ~° 62. 

The above evidence, combined with the studies on model membranes discussed 
earlier, and the well known "atherogenic'" effect of cholesterol-feeding in animals {'3"~'4 
suggests the possibility that increased cholesterol content in the membranes o1" aortic 
cells could be involved as an initiator of the process of atherogenesis. A hypothesis 
to lifts effect has been advanced recently ¢'5, proposing that increased incorporation 
of cholesterol into the plasma menabranes of arterial intima cells (induced by high 
levels of circulating plasma /7-1ipoproteins and/or endothelial injury), could have a 
critical inhibitory effect on several important membrane enzymes, wilh consequent 
alterations of the metabolic state of the cells. Inhibition of the pump ATPase will 
result in loss of intracellular K +. and consequently to inhibition of protein synthesis 
and other intracellular enzyme systems, followed by lysis due to osmotic imbalance 
and eventual cell death. Impairment of the adenyl cyclase and the resulting reduction 
of cyclic AMP levels, will produce inhibition of several intracellular enzyme systems 
and secretory mechanisms 6¢' and would also induce cell proliferation ¢'v. Many of the 
early and subsequent events in the development of atherosclerosis could thus be 
accounted for, by the initial inhibitory effects of increased membrane cholesterol. 
Some preliminary evidence on the effect of exogenous cholesterol on the behavior of 
cells in culture (Mayhew and Papahadjopoulos, unpublished), is in good agreement 
with some of the above hypothesis. It was found that when mouse fibroblasls were 
incubated with phospholipid vesicles containing high amounts of cholesterol, there 
was an accumulation of microscopically visible bodies in their cytophism, concomi- 
tant with a 60-70°, ', inhibition of rate of K + uptake from the medium. This indicates 
a possible rehttionship between exogenous cholesterol and the (Na+ + K+)-ATPase 
activit 3, of mamnlalian cells. 

Co#whufing remark,s 
The studies reported here have indicated that the presence of cholesterol can 

inhibit the interaction of many proteins with phospholipid membranes, although 
some fairly hydrophobic proteins such as the myelin proteolipid apoprotein are less 
affected. This inhibitory effect of cholesterol appears to be similar to the effect of 
freezing the acyl chains of the phospholipid bilayers below their T c. Both these effects 
were manil'ested as: a marked decrease in the ability of proteins to enhance the perme- 
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abi l i ty  of  phosphol ip id  vesicles to Na  +, and a substant ia l  decrease in the abi l i ty  of  
proteins  to " e x p a n d "  phosphol ip id  monolayers .  Fur the rmore ,  the presence of  choles- 
terol p roduced  a par t ia l  or  total  inhibi t ion of  the act ivi ty  of  phosphol ip id-ac t iwt ted  
( N a + +  K+)-ATPase ,  depending on the degree of  unsa tura t ion  of  the phosphol ip id  
componen t .  Comple te  inhibi t ion of  re-act iwtt ion was obta ined  when cholesterol  was 
mixed with sa tura ted  phosphol ipids .  

The results are in good agreement  with the awti lable in format ion  concerning 
the physicochemical  proper t ies  of  cholesterol  phosphol ip id  mixtures.  It would appear  
that  the inhibi tory  effects of  cholesterol  on p h o s p h o l i p i d - p r o t e i n  in teract ions  are 

the result of  the increased s tabi l i ty  of  the bilayers conta in ing cholesterol .  It is possible  
then that  the presence of  cholesterol ,  which condenses  the area  per phosphol ip id  
molecule and dras t ica l ly  decreases the molecular  mot ion  of  the acyt chains, makes  
the " 'penet ra t ion"  or "detk~rmation'" of  the bi layer  by many prote ins  energet ical ly 
u nfavorable.  

The fluidity of  the fat ty  acyl chains of  phosphol ip ids  has been shown to be a 
requirement  for several t r anspor t  systems "s v~ and also of  the (Na + q- K ~ )-ATPase e4.. 
The t luidi ty  of  the acyl chains p robab ly  provides  the required mot ional  f reedom, 
a l lowing proteins  within membranes  to undergo confo rma t iona l  changes and rota-  
t ional  and /o r  t rans la t ional  movements  associated with their  activity.  Cholesterol  
could  thus have a regula tory  role in these processes by contro l l ing  the f luidity of  the 

acyl chains. 
The physiological  role of  cholesterol  could thus be that  of  a " 'dampening"  agent,  

or s tabi l iz ing force, needed l\~r the overall  in tegr i ty  of  the celt pktsma membrane .  
However,  an increased level of  cholesterol  in membranes  due to a pa thologica l  s i tua-  
t ion,  could interfere with some vital funct ions of  the membraue ,  with de t r imenta l  
effects to cell metabol i sm and viabil i ty.  
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