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!. S u m m a r y  

In the  c o m p a n i o n  paper ,  I have reviewed the  t echn iques  e m p l o y e d  tk)r assessment  o f  

the  a symmet r i c  d i s t r ibu t ion  and o r i en t a t i on  o f  m e m b r a n e  pro te ins .  This art icle deals with  

m e t h o d s  appl icable  to the  invest igat ion o f  tile unequa l  d i s t r ibu t ion  o f  lipids be tween  the  

two m e m b r a n e  leaflets.  A m o n g  the t echn iques  I will discuss are the use o f  immunolog ica l  

t echn iques  and lectins,  chemical  reagents ,  enzyma t i c  isotopic  labeling and  degrada t ion  o f  

Abbreviations: SDS, sodium dodecyl sulfate, EGTA, ethylene glycol bis(~-aminoethyl ether)-:\",:\:'- 
tetraacctic acid ; TEMPO, 2,2,6,6-tetramethylpiperidine-N-oxyl. 
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membrane lipids, exchange proteins and physical techniques. Whenever appropriate, prob- 
lems of crypticity and non-availability of lipids to interact with the appropriate ligands, 
reagents, modifying enzymes or exchange proteins have been envisaged. It appears that in 
many cases, highly discordant results, sometimes with the same biological material, have 
been obtained. Some of the difficulties encountered presumably stem from the reported 
existence of non-bilayer arrangements and isotropic movement of lipids as evidenced by 
freeze-fracture and NMR studies. Other problems may be related to the induction of such 
arrangements, especially the inverted micellar arrangement, by the modifying agents, par- 
ticularly degradation enzymes or exchange proteins when they cause severe unilateral 
modification of the lipids of the exposed leaflet. In addition, the situation is complicated 
by the role of the induced increase in the flip-flop rate under different experimental con- 
ditions and by modification of the rearrangement of lipid molecules as a result of the 
metabolic state of  the cell or ghost preparation and of the reactivity of lipids as a conse- 
quence of temperature changes. Here, more so than with proteins, one must be cautious 
in interpreting experimental results. Moreover, it would appear that the use of different 
techniques in conjunction and the consequent comparison of results should be recom- 
mended. It has been emphasized that 'general rules' do not hold and that each new mate- 
rial should be assayed again. To give one example, it is not pertinent to state that proteins 
enhance the flip-flop rate in lipid vesicles (and hence in membranes). This holds true for 
glycophorin from erythrocyte membrane, but could not be proved when mitochondrial 
cytochrome oxidase was used. 

There seems to be no rule for the distribution of lipids between the two leaflets of dif- 
ferent membranes. For example, even for different strains of the same bacterial species, 
highly divergent results have been reported. It is generally (and probably under the influ- 
ence of different studies with erythrocytes) believed that in mammalian plasma mem- 
branes, choline phospholipids are enriched in the outer leaflet and aminophospholipids in 
the inner leaflet. Though this contention may prove to be correct, different instances of 
contradictory results have been given in the text. This shows that if rules do exist, they 
remain to be discovered or established. Finally, an important question may be raised: 
does the unequal distribution of lipids, as revealed by the present techniques, always cor- 
respond to the best fit for the function of each of the oriented proteins? 

!I. Introduction 

Introductory remarks concerning membrane asymmetry accompanying my previous 
review articles [1,2] will not be repeated here. Although, in most cases, the asymmetric 
orientation of proteins reflects an advantage for the cell or, for example, with colicin, 
phage [3] or lectin receptors [4] may be a property evolved for other purposes [1 I, the 
advantages inherent in the unequal distribution of lipids do not appear clearly, except for 
those parts in contact with integral membrane proteins or enzymes, of which the function 
may be influenced by lipids and the structure of which has evolved in such a way that 
they can bind the lipids needed for optimum functioning. An advantage which by itself 
does not explain asymmetry has been reported in the case of  platelets. In this case, accu- 
mulation of acidic phospholipids in the inner leaflet of the membrane protects the blood 
coagulation factors against the coagulation-promoting action of these lipids [5,6]. The 
asymmetric interaction of drugs categorized as 'crenators' and 'cup formers' with erythro- 
cyte membrane leaflets has also been correlated with the unequal distribution of lipids 
[7]. Lipopotysaccharides may be of importance to bacteria, protecting them from the 
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advelse natural condi~icms of llie envirolm~ent Il l .  Sphingoglycolipids ,nay sel,,'e as rccep- 

lois l~>t hoimones  -,nd also RIt bacterial toxins such as cholera toxil, [t l]. 

In recent ,cports.  the l+Ossibllit. ,, t~l" the transl'~iktvcr nlovcmcnt  tll lipids, particularly in 

active membranes  such as tlnlsc of  bacteria [10,111 and endopktsmic ,ct iculuin 1121 has 

been st,ggested. This movcnlent  has been at t r ibuted It) tile presence of pr,~tcins i l l . 1 3 .  
I-!- I ~ tc> th5 prescncc or i,lduclioi, of ,lon-I',ilaber phases [15. l(~l (see also Rels. 17 23 ). 
these ~au~,c~, not being mtittmlly exclusi\c. These ,eccnt dcveh~p,,aents shed some doubt on 

celt:.,ill rep,.~itcd cases of a:.,.vmN~etry aild ill f:.,ct. :.Is we ,.,.+ill see. such c,.:,l,Ii;~dicttlr', data 
,m hpid diSllibtl(iot, i,i different nlclllbraJles CUll be I+otii,d i,l the l i t e ra tu re . . , i  (hat a 

,.l,.'fii+itive tmc,clual distiibutiem is thought to be strewn only in the case ,if or,. tllrt>~.vtc 

membranes  123[. The tme,.tt, al distribcltitm of l ipopolysacchar ides  m the external nlem- 
brahe of piocaryotic gram-negative bacteria and of glycolipids and smloglycolipids in 
et,C:.l,VOlic ceils seelllS t~.) tie also ge,,er,dly accepted, th)wcver, alle, l l i() l l  has be¢ll leeiti- 
umtcly drav,.n [23] h) the ll,()s! COllllllon ]ipids. Nonetheless. ll~e general (}cctirlcIIcc ,.it 
unequal dis t r ibut ion of lipids, irrespective ,.)f the degree, is -,lmost cert:.tin in view <if eac- 
tt~i-s thz, i tend to disturb an eventualh equal disiributi(m I I I. 

lp. (he ctmlpani(m paper [2 I. I ha.re reviewed meth,.ids used flu as:..essittg the asvm- 
Illetric or ic ,~tat ion ~.i,ld distribcttic~,l of  membr:.lnC proteins. This article is center-lied with 

Ihe techitiques available t'm assessing thc distr ibution of membraiic lipMs. I will discuss 
lhe use ,.if: ii'lmmnolt)gical tecliniqu¢:., and lectins, chemical re:lgenls, ei iz;t i iai ic isolol',ic 
labeling aitd degradalio,t, lipid exchange piotei,ls and physical techniques. 

I11. Imlliunological techniques and the use of lectius 

Aiitibodies have been ,,sed for the Nicalization of lipopoi.vsacclialides in gram-negcllive 
bacteria and have been c, pplied to the sti,dy of the lateral mobil i lv  t~f these lipids in /I,e 

<rater membrane  of  SaDmuzc/la t.tT.J/timt,,rium [24.25 ]. Aniib,n.lies v.erc ,aised a,.g,:,iilst lhc 
polysaccharide moielv of lipopolysaccharides and ,.,..ore conjugated h~ ferrilin *. It was 

observed that at 0°C. the nascent lipopolysacch:,rides ,emaiil immobile,  although al 37~(  
they cliffuse away From the "export size" **. When the peplidoglycan ( ,mliein)kceer  \vas 

,em,~ved bv lysozymc digestitm at 0°( ", the label ,.',us localized in tl,e ot, ter leaflel of  (he 
ot.ltcr ,llelllbralle. However. if flip ;.,(lack on lhe illurcin [a,cr was cairied ,.)tit using I,.s~l- 

zvine or if trypsin was used at physiological tempe,att ,res 1"25 37°("). lipopol,,'s;tccharide~, 
were revealed o,, both faces of  the outer meinbr,me. Tiros. a rapid 'rearrangement" ill  lipo- 

polys,~cclmrides can klke place lcadi,,g to an :,rlificially sx.'minetric distr ibution of lhesc 
lipids, despite their unequal ,  and piobably  in this partict.~lar case. asymmetric  dis lr ibul ion.  
Fhesc observatiocts furnish an explanat ion f\~r reports on the symmetric  distril~uiion ot  
lipopoI.,,,saccharides revealed prex, iousl.v by the use of  ferritin-coiijugated antibodies dr,l- 
ing exr~erinients on penicillin-treated ,S'. l.v,,)lzimuriu,,pz 126.27]. 

It is ,.vortl/while ment ioning  with respect to the localization or" lip~w)lysaccharides 

* lhe Ierrilin-labeling method mentioned here and other methods [2] ",',ill not be detailed in ihi~, arti- 
cle. 

** lhe  use t~l mutants defecti'.e m lipopol.,, s;iccllaride bios.Vllthesis leads to the observation tha, the 
newlv ',;vnthesized lnoleculcs are translocatcd at a lilllitcd iIl.llnber of  sites on tile bacterial surface 
arid rctilain iil clusters if. shortly (3(I s) after tile b%,innine ,.)f bi,.).,.,'rlthe,;is, cells are c.oc, led. At 
37"(" the.,, diflu:..e, arisin.e in at, e'.en distribution [25 [. 
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that the direct study of anionic sites attributed to carboxyl or phosphate groups of these 
molecules was performed [28] by using positively charged Fe203 hydrosols [29] in acetic 

acid [30] or propionic acid [31] and multiply positively charged ferritin derivatives * 
[33]. Anionic sites were found distributed uniformly over the entire cell surface [28] of 

Bmcella canis. In other studies, large amounts of basic proteins (lysozyme, cytochrome c) 
were found to bind to the cell surface ofAcholeplasma laidlawii [34], although in Mvco- 

plasma hominis, phospholipase C failed to hydrolyse phospholipids in intact cells or iso- 
lated membranes, presumably because of the inacessibility of appropriate lipids to the 
enzyme ** 

Antibodies to different classes of lipid have been prepared in order to study their sur- 
face exposure. Generally, it was also necessary to use auxiliary lipids such as lecithins and 

cholesterol in order to demonstrate a reaction between the isolated lipid antigen and its 
antibodies [41,42]. Similarly, it was necessary to inject methylated serum albumin and 
auxiliary lipids with lipids in order to prepare antibodies. The polar head groups of phos- 

pholipids constitute the antigenic determinants. For example, for both phosphate moie- 
ties of cardiolipins, the distance between them and the free hydroxyl of the central 

glycerol moiety has been found to have an important influence on serological activities 
[43]. 'Natural'  antibodies to phospholipids ofA. laidlawfi were found in guinea-pig serum 

[44], so that the organism was attacked by fresh serum of non-immunized animals. The 
classical pathway but not the alternative pathway of the complement system was acti- 

vated by these antibodies *** 
Antibodies to phosphatidylinositols were raised in rabbits by injecting the phospho- 

lipids with an 'adjuvant' ,  namely the auxiliary lipids (phosphatidylcholines and choles- 
terol). By using these antibodies, 15% of the phosphatidylinositols in myelin and in 

* The preparation of multiply positively charged ferritin is carried out by activating its carboxyl 
groups with a water-soluble carbodiimide; activated carboxyl groups then react with a nucleophile 
such as N,N-dimethyl-l,3-propanediamine to form tertiary amine-type derivatives or with 1,6- 
diaminohexane to form primary amine derivatives [32,33]. 

** The negativity of cell surface charges is often observed by using positively charged colloidal iron 
or positively charged ferritin derivatives. Colloidal iron has been used to label liver cells [361, 
erythrocytes [37], chromaffin granules [38] and Xenopus levis oocytes [39]. Multiply positively 
charged ferritin derivatives, which have the advantage of reacting at physiological pH, have been 
used to label surface sites in erythrocytes, lymphocytes and spermatozoa [33]. The surface sites 
reacting with positively charged reagents may be sialic acid derivatives, as shown by their sensitiv- 
ity to neuraminidase [33l and the redistribution of the complexes formed with membrane parti- 
cles as in the case of erythrocytes [40]. However, with chromaffin granules, although the value of 
their isoelectric point was estimated to 3.0 [41 ], neuraminidase treatment did not induce notice- 
able changes in the pattern of colloidal iron binding [38]. With X. levis oocytes [39], treatment 
with positively charged colloidal iron [29] led to the observation, using electron microscopy, that 
at the peak of vitellogenic activity,when the microvilli are well developed, negatively charged sur- 
face molecules are preferentially localized in the distal portions of microvilli whereas crypts (or 
invaginations) between microvini and endocytotic pits are not labeled [39]. In this case, sialic acid 
of sialoglycoproteins is responsible for retaining iron particles and neuraminidase treatment of 
oocytes prior to treatment with colloidal iron leads to a marked reduction in the amount of label- 
ing [ 39]. During the early stage of oogenesis as well as after the peak of viteUogenesis, a random 
distribution of negatively charged surface molecules exists. Consequently, a redistribution of these 
molecules takes place during the peak of vitellogenic activity in which molecules synthesized in 
liver must enter the cell by endocytosis. 

*** For a description of the complement system and recent developments, see Refs. 45 --48. 
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micros(mlal nlembranes from rat brain were detectable [49I. However. incubatitm at 
45¢( " increased to approx. 50'.~ tile aumunt of phosphatidylinositols detectable using 
these antibodies. During these studies, it was observed that synaptic membrane phospha- 
tidylmositols also have a limited capaciD' to adsm-b antibodies. In this case. 'annealing" 
increased the amount of delectable phosphatidylinositols to only 25C~-. However. synaptic 
membranes and mitochond,ia contain cardiolipins which cross-react ~ith antibudics Io 
phosphatidylinositols, thus hampering quantitative studies, lnterpretatiotl ~f these ubser- 
valiollS ill telills of lnenlbralle lipid as\'tllilletry seems tlllcerlain and "steric. ionic alld Ii\- 
droph()bic interactions" have been invoked [40] to explain the fact (hal acidic lipid anti- 
bodies have little capacity to react with the acidic phosplmlipids of  membrailes. Studies 
with mitochondria and tnicrosomes have indicated that adsorption of  anti-phosphatidyl- 
inositol :mtiserum is enhanced after proteolytic digestion of these membranes [50 I. a 
phenomenon which will be discussed below. 

Atlentpts have been made to ex~,mine the antigenic actMty of  phosphatidylglscerols 
[51,521. Lipid extracts of  ,,l!t'c+qdasma I?neumoniae ,.,,'ere rept~rted tt} he responsible for 
the complement-fixing activity of  antisera to M./meumoniae cells, kipids were found to 
react specifically ~,nd to bh)ck ailtibodies responsible for growth and metabolic inhibition 
of  this organism. Ilowever. lipid extracts were l't~l.lnd to be unable to elicit an antibod\ 
resptmse and. consequently, v.'ere regarded :,s h:,ptens [511. After fractionati(m c~l 
M. I;m'umrm&e lipids, it was found that glycolipids were resptmsible for specific serolog- 
ical activities, whereas phosphatidylg[ycerols were iltactive, though they could serve as 
avxiliary lipids enhancing the serological actMties of  glycolipids. Studies with :11. h(,mmis 
seem at variance with these conclusions [52]. Phosphatidylglyceruls. which c:mstitute 
F,7',, ~ of  the phospholipids in this organism, were reported to be inmmnt+h),_,ically active. 
Antibodies directed against phosphatidylglycerols were detected in rabbits immunized 
intravenously with M. hominis cells or membranes isolated therel'r<mt, or injected with a 
lh~cculated complex of  methylated bovine serum albt,min am] ph<~sl~hatidylglycerols,' 
pht)sphaticlylcholines/cholesterol. Is was observed that antibodies are specifically btnntd 
to il+ltact M. /+ominis (as shown by complement-fixation and Coombs" tests). I]owever. 
cells were llOl agglulinated unless treated with atui-phosphatidylglycerol antibt)dies after 
partial digestion of  membrane proteins with promise. It was concluded that most ~>i'the 
phosphatidylglycerol molecules are masked, probably by proteins. 

M.rcoplasma uO,coides var. capri contains immunologically active phosphoglycolipids, 
presumably identical to glycerophosphoryldighicosyldiglycerides which are the main coin- 
ponents of  membrane glycolipids in this organism. Anti-phosphoglycolipid antibodies 
have been induced [53] by intravenous injection of  the flocculated complexes of  moth- 
ylated bovine serum albumin with a mixture of  the phosphoglycolipid and the auxiliary 
lipids (phosphatidylcholines and cholesterol). The antibodies are specific to both the 
phosphate and the carbohydrate moieties of  the phosphoglycolipids used for imnnmiza- 
tion. Anti-phosphoglycolipid antibodies specifically react with ilitact organisms and iso- 
lated membranes elM. m l,coides, as demonstrated by coniplement-fixation am.t :;gglutim,- 
tion tests. The antigenic determinants of  phosphoglycolipids were l\mnd to be niainlv 
located on the outer membrane surface. 

Studies with mitochondria of  different origin (rat liver, blowfly flight muscle. Sac- 
charo,o,ces cere~,isiae and Neurospora) showed that only a small percentage of car- 
dio!ipins react with anti-cardiolipin antibodies and none of  the cardiolipins in intact 
bovine heart mitochondria were fl.)t,nd to be available. It has been observed that car- 
diolipins from both sides of  the mitochondrial membrane do not react appreciably [54]: 
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even removal of F1-ATPase from inside-out vesicles of bovine heart mitochondria did nor 
unmask the antibody-binding activity. Consequently, cardiolipins were thought tt~ be 
'shielded' [54]. However, the interactions of anti-cardiolipin antibodies with mitochon- 
dria and the inner mitochondrial membrane [55] and those of anti-phosphatidylinositol 
antibodies with mitochondrial, inner mitochondrial and microsomal membranes have 
been observed ]55J. It was concluded that the polar head groups in each case are acces- 
sible to antibodies, the pronase treatment exposing even more antigenic determinants. 
The fact that intact mitochondria react with anti-cardiolipin antibodies is explained by 
the damage caused to the outer mitochondrial membrane, which is impermeable to pr,)- 
reins, during the complement-fixation assay'. However, a quantitative estimate of 'buried" 
and 'free" antigenic head groups was not possible. Recently. anti-cardiolipin antibodies 
were found to react with inside-out submitochondrial particles [56]. Alter digestion with 
trypsin, more antigenic sites were exposed and could interact with the antibodies. The 
same treatment applied to mitoplasts led to only marginal effects. These studies and those 
on phospholipase A2 degradation indicated that the inner leaflet of bovine inner mitocho~- 
drial membrane is about 3-times richer in cardiolipins than the outer leaflet of this mem- 
brane [56]. 

Anti-sphingomyelin specific antibodies have been elicited in rabbits by using conju- 
gates of two synthetic analogues of sphingomyelins, dihydrosphingosine phosphoryl- 
choline and ceramide phosphorylethanolamine [57], both bound covalently to either a 
synthetic polypeptide carrier or to a protein carrier. Though ceramide phosphorylethanol- 
amine conjugates are more potent in producing anti-lipid antibodies, the specificity c~l" the 
antibodies elicited was not different from those raised against dihydrosphingosine phos- 
phorylcholine derivatives. The synthetic carriers used were either a copolymer of the 
anaino acids, alanine, glutamic acid, lysine and tyrosine (6 : 1.9 : 4.7 : 1), called cop 1 
with an average molecular weight of 23 000 or a copolymer of glutamic acid and tyrosine 
(4 : 1 ) with an average molecular weight of 42 000. The protein carrier used was bcwine 
serum albumin. 

O o 
II 

1 t3C- . tCH2)14-( '1 t -C11-C1t  2 - O - P - O -  t t 3 C - ( C H 2 ) I a - - C H - C I I  - - C H 2 - O - P  - O -  
I i t L I 

OH NH 2 O O1t Nil O 
i i 

(CH2) 2 C=O CH 2 
I I 

+N(CH3)3 ((71t2) 1 6 - C I t 3  CH2 

NH2 

dihydrospingosinc phosphorylcholine ceramide phosphorylethanolamine 

For the preparation of conjugates of ceramide phosphorylethanolamine, dicyclohexyl- 
carbodiimide and hydrophobic solvents or a mixture of solvents were used. For coupling 
serum albumin with dihydrosphingosine phosphorylcholine, a water-soluble carbodiimide 
(1-ethyl-3-(3-dimethylaminopropyl)carbodiirnide) was employed. In each case, the car- 
boxyl groups of glutamic acid residues of either synthetic polymers or the protein were 
coupled to the free NH2 group of dihydrosphingosine phosphorylcholine or ceramide 
phosphorylethanolamine (see the formulae). As mentioned above, auxiliary lipids are 
generally needed to demonstrate the interaction of a lipid antigen with its antibody. The 
advantage of the synthetic analogues of sphingomyelins is that as they are water-soluble 
material, they can react with their antibodies without the need for auxiliary lipids [57]. 
On the other hand, antibodies with specificity directed towards synthetic derivatives of 
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sphin~omyelin~ are capable of  recognizing the nattu-a[lv ucct, ning compoumis in ~itu. hi 
the membrane ,.if c, vine red bl,~)o,.l cells, causing specific hemolvsis in the presence ot  ,.'~m> 
plement. ('eramide pllosplulr.vlethan¢~lamine conjugate specificall'., inhibits this hemoh sis. 
Guinea-pig ervthrocytes v,'ith a l,.~v, level of sphingCmlycIins ,.lu iu~l un,.terg,., hemt,l',sis. It 
has been suggested tl3at tile antibodies thus prepared may bc used for localizati,m ~,1 the 
lipid in tissues and cell membranes ]57[. 

Surfiice carbohydrates ~t" M.vcoplasma. presumably hotrod to ulycolipids, havu beeu 
studied bv using leclins. It ,,,,':is observed that ..i. kUdlawii and ..l[l'(',~l~]aStllclli'tvtlclllaH~ ale 

devoid of lectin-billdJng sires :it the cell surface. ])tJ! thai proilase dJfcsli,m ,.',ni]d rc~eal 
galactose groups [SN]. 11 was suggesled 11121 the glycolipids are hidden under ;t pr,)teiu 
laver. In uther cases, such as 3/. DIl('ltlll~)ll#lC alld SOllle leP, lperature-sensilive Ill(ltH[llS. 
gl.x colipids with both galactose and glucose groups were tkmm.l exposed oft Ill<.. cell saulace 
[58]. ttowever, with the above-mentioned mutants, the lectins of I'hase, dus ru&ari~ and 
l ic ia cracca, which react ~ i th the ',-acet vlglt, cosanfine ~roup, agghltmaled .l/Yc+q~/a.s;Ha 
~,,allinantm. It. mrcoMe.s var. ('~qJri and :'l[vcophlsnta /~tff;muzh. [Iowever. tile agglutmalio;l 
~sas lost af'er pronase treatmet~t, indicating that the carbohydrates are prtdxdq+,, p~oteiu- 
bound. With M. hontini.s, neither intact nor plonase-treated cells react \vith ]cot ins [55, I. 

o ' " ' )" For the visualization of surface carbohydrates linked to ~l>coh t ids in M. mrc<,idc.~ var. 
capri, concanavalin A which reacts witil a carbohydrate e l  the a-I)-glucosyl or a simiku 
configuration was used. The lectin was bound to the glutarahlehyde-fixed cells in suspen- 
sion and advantage was taken at" tile fact that horseradish peroxidase is a glycoptot,_'in to 
react the enzyme non-covalentlv with the free valences of  tl3e fixed concanavalin A. Aftel  
reaction with diaminobenzidine, pt~st-fixation is carried out with OsO,+ to reread the 
peroxidase (fl}r more details see the companion paper [2l and reDrences therein!. Tile 
I'act that gl+vcolipids are involved was ascertained from pronase treatment which did not 
change the staining pattern c}f the cell surface, whereas lipid extraction with acet{me :d}oI- 
ished completely the cytochetnical re~,ction. Tile glycolipid involved muv be a mixtulc ,,~t 
glycerophosphoryldiglucosyldiglycerides and small atll,atllllS of di- and monoglucos.x I- 
tligJ~cerides. In addition, a glucose-cotltaiuh~g surface polysaccbaride, presumab b, a 
glycan, cart react with concan:.lvalin A [59]. 

In other investigations 1601, lectins such as whe'lt germ agglutinin. Ricimls c,,;;;m;mis 
:,gglulitfin and concanavalin A ,,',,ere iodinated by the chemical method rising chhuamiue T 
(for details see tile companion paper [2] and references therein)and the surface receptors 
of  Mycc, plasma cells were studied using the interaction with radioactively iodinated lec- 
tins. Myc,.)plasma ceils and leaky membranes were fot, nd to bind lectins specificall,,. Since 
the binding to whole cells is similar t,.~ that Ol' membranes, it was suggested that onl,, sites 
at tile outer surface react. F'roteolysis of the cells increased tile lectin bindiug capacit,,, 
indicating that additional carbohydrate groups are uninasked [60]. Therel\~re. these 
investigations revealed the as+vmmetric distribution of carbohydrate sites, and as indicated 
b'~ lee)in binding which is more sensitive than the agglutination test used in previous 
studies 158]. all Mycoplasma species have exposed carbohydrate-containing molecules. 
Since proteolysi.,; generally increased the lectin binding, glycolipids or other protcase- 
resistant sites could be involved. In a few species of Mycoplasma. a decrease in hireling 
occmred after proteolysis, indicating )hal glycoproteins arc inwdved or )hal rearrange- 
ments took place [60]. 
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IV. Chemical reagents 

Most reagents used for assessing the asymmetric orientation of proteins can be em- 
ployed in studying lipids. Experiments performed by Maddy [61 ] with erythrocytes using 
4-acetamido-4'-isothiocyanostilbene-2,2'-disulfonate led to the observation that amino- 
phospholipids, phosphatidylethanolamines and phosphatidylserines were not labeled by 
this reagent. The reason for this non-reactivity is that these lipids are mostly not exposed 
to the external surface of erythrocytes and that this reagent is not permeant. The use of 
formylmethionyl(sulfone)methyl phosphate by Bretscher [62,63] demonstrated the 
asymmetric distribution of phospholipids in the erythrocyte membrane. Imidoesters have 
also been used for the study of lipid distribution. When erythrocytes and their ghosts 
were completely amidinated by penetrating and non-penetrating imidoesters, the perme- 
ant analogue modified the aminophospholipids in the same proportions in the intact cell 
and in non-sealed ghosts and, as expected, the non-penetrating reagent modified ghosts to 
a larger extent [64]. As discussed more extensively in the companion paper [2], the pet- 
meant analogue used was ethylacetimidate and the non-permeant analogue isethionyl- 
acetimidate. 

Trinitrobenzenesutfonate has been a widely used reagent for assessing aminophospho- 
lipid distribution in membranes of different origin such as erythrocytes [65--67], plate- 
lets [68], murine fibroblast (LM) cells [69,70], normal and virus-transformed hamster 
embryo fibroblasts [71], bacteria [10,11,14,66,72--77], viruses [78,79], sarcoplasmic 
reticulum [80,81], mitochondria [67], retinal rod outer segment disc membranes [82. 
83], synaptosomes [84-86] and liposomes [76,82,87]. In addition to trinitrobenzene- 
sulfonate, other amino group reagents such as l-fluoro-2,4-dinitrobenzene and 1,5- 
difluoro-2,4-dinitrobenzene have been used. The latter compound is a bifunctional cross- 
linking reagent [66,67]. These reagents can be used for lipids and proteins. However, 
though trinitrobenzenesulfonate is regarded as a non-penetrating reagent because of its 
charged sulfonic group, fluorodinitrobenzene and difluorodinitrobenzene do penetrate 
the hydrophobic core of membranes. Assays with trinitrobenzenesulfonate and fluoro- 
dinitrobenzene showed that, in the presence of NaHCO3 buffer at pH 8.5, the reaction 
of phosphatidylethanolamine and phosphatidylserine dispersions goes to completion 
[66,67]. Phosphatidylethanolamines and phosphatidylserines from sonicated dispersions 
of red blood cell lipids also react to completion with fluorodinitrobenzene. Isolated phos- 
phatidylethanolamines and phosphatidylserines react to completion with trinitrobenzene- 
sulfonate in a CHC13/CH2OH (1 : 1, v/v) mixture (1 ml) containing 0.1 ml of 5 (: >~l 
NaHCO3 buffer. Phosphatidylethanolamines react to completion within 20 rain and phos- 
phatidylserines within 60 min [65]. It is interesting to note that studies with albumin 
have shown that 26-30% of the amino groups of this protein are accessible to trinitro- 
benzenesulfonate [88]. The heterogeneity of the amino groups of serum albumin in the 
reaction with trinitrobenzenesulfonate has been reported [89]. Some authors demon- 
strated the penetration of trinitrobenzenesulfonate through the erythrocyte membrane; 
this is probably due to the presence of the band 3 protein which is an anion transporter 
with a very broad specificity [90,91[. As we will see, differential behavior of trinitro- 
benzenesulfonate, depending on temperature, has also been reported. Using trinitroben- 
zenesulfonate, Gordesky and Marinetti [65,92] and Marinetti and Love [66] observed 
that 20% of the phosphatidylethanolamines of erythrocytes can react. In a rare genetic 
abnormality, human erythrocytes (En(a-) erythrocytes)lack glycophorin A [93] and the 
heterozygous erythrocytes (En(a) erythrocytes) contain half the normal amount of this 
major sialoglycoprotein. The amount of aminophospholipids was found to be normal in 
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all erythrocyte variants. 11 was observed that a relatively large amot,nt of these lipids. 
23 and 26!.;, reacted with trinitroben/enesulfonate ill t(n(a) and En(a-) cells, respectively 
[94]. Whether these resuhs indicate the enrichment of the outer leaflet of thc "unmask- 
illg" of a certain amount of phospllatidylethanolan~ines, due to tile absence of the majtn 
sialoglycoprotein, remains to be elucidated. We wilt see ,hal glycolipids are also more 
easily labeled in tin(a-)ceils than m normal cells. 

Tile use of  trinitrobenzenesulfonale for tile evaluation of  lipid sidedness in hulnall 
platelets showed that only 12-185  of tile phosphatidylethanolamines were accessible 
a,ld lh'.|t tile phosphatidylserines were not labeled [68]. 1,1 a murine cell line (LM ceils). 
trinitrobenzenesulfonate reacted with truly 4?; of  the phosphatidylethanolammes and 5';  
of  tile phosphatidylserines. I.;nsamrated ratty acid chains and hmg chains were preferen- 
tially localized in the inner leaflet. When isethionylacefimidate was used, 6<; of lhe phos- 
phatidyletbanolamines were labeled. The permeant reagent, methylacetimidale, labeled 
more than 80'::~ of  tile phosphatidylethanolamines 170]. These rest,Its do not seem to be 
in good agreement with observations made on tile same cell line which indicated 70% 
labeling by trinitrobenzenesulfonate of  pbagosomal pllosphatidylethanolamines and 24'.:~ 
labeling m phagosomes prepared from prelabeled cells [69]. Ill tile htter  study, about 
52(.~ of the phosphatidylcholines were found to be readily exchangeable from latex 
phagosomes, indicating tile equal distribution of this lipid in both leaflets [69] (see also 
beh,w). 

Analysis of  lipids of normal and virus-transformed hamster embryo ffbroblas~s showed 
a decrease in phosphatidylcholines and pllosphatidylethanolamines but a marked increase 
in a phospholipid, provisionally identified as phosphatidyhhreonines, in transformed cells 
[71]. Phosphatidylethanolamines of transformed cells were found to reacl to a greater 
extent with both trinitrobenzenesulfonate and fluorodinitrobenzene, but ptlosphatidyl- 
serines and phosphatidylthreonines of  both normal and transformed cells did not react 
with trinitrobenzenesulfonate. Normal cells contain only traces of  phosphatidyl- 
threonines, but in transformed cells both compounds existed in file same proportions. 
Trinitrobenzenesulfonate labeled only 1 1.8% and 18.8 +- 12?4 of  the pllosphatidylelhanol- 
amines in normal and transformed cells, respectively; but tile permeant reagent, t]uoro- 
dinitrobenzene, labeled 6454 and 885 z, f" 14% of tile phosphafidylethanohmfines in normal 
and transformed cells, respectively. Furthermore, trinitrobenzenesulflmate dkl nol react 
at all with either phosphatidylserines or phosphatidylfllreonines, whilst fluorodinitro- 
benzene reacted with 8.2 + 6',; of  tile phosphatidylserines of  m~rmal cells and with 
10.3 +_ 3% of phosphatidylserines or phosphatidylthreonines of transtbrmed cells. Despite 
tile greater accessibility of  aminophospholipids m transformed cells, phosphatidyl- 
threonines were primarily labeled. Phospbatidylsermes were thougllt to be more ~ightly 
bound to proteins. Essentially none of  tile phosphatidylserines or tile phospholipid iden- 
tiffed as phosphatidylthreonines are exposed to the outer leafle! of  normal and trans- 
fl~rmed hamster embryo cells [71]. 

By means of  labeling using trmitrobenzenesulfonate and isetbionylacetimidate, tile dis- 
tribution of phosphatidylethtmolamines in Bacillus megaterium membrane has been 
examined. On average, 33f4. of tile total phosphatidylethanolanfines could be modified. 
Using inverted vesicles and trinitrobenzenesulfonate, it was possible to label tile remaining 
plmsphatidylethanolamines. It was concluded that phosphatidylglycerols, the other major 
phospholipids of B. megaterium, are localized essentially in the external leaflet [I0] .  In 
this experiment, Rothman and Kennedy [10] observed that trinitrobenzenesulflmate 
does not penetrate tile B. megaterium membrane at O°C. I lowevcr, at 15°( '. tt,e rcagem 
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slowly penetrates the cell membrane [10]. Fong et al. [78] used trinitrobenzenesulfonate 
to study the unequal distribution of phosphatidylethanolamines in the membrane of 
vesicular stomatitis virus. They found that, although disruption of the membrane by soni- 
cation rendered all the phosphatidylethanolamines reactive to trinitrobenzenesulfonate, 
this reagent labeled only 36% of this lipid in viruses or trypsin-treated viruses. Therefore, 
36% of the phosphatidylethanolamines were attributed to tile outer and 64% to the inner 
leaflet of the viral membrane. Trypsinization was performed to unmask lipids hidden by 
the glycoprotein of the viral envelope. These results have been confirmed in more recent 
studies on vesicular stomatitis virus grown on monolayer culture of baby hamster kidney 
(BHK-21) cells. In addition, it was observed that the inner leaflet phosphatidylethanol- 
amines contain a significantly higher proportion of unsaturated fatty acyl chains. In the 
outer leaflet, position 1 of the sn-glycerol moiety of phosphatidylethanolamine~ ,s 
enriched in saturated acyl chains, containing more than 60% of saturated chains, while in 
the inner leaflet approx. 30% of the chains at position 1 are saturated. Position 2 of the 
sn-glycerol moiety has the same composition with regard to the proportion of un- 
saturated chains. This was one of the first instances in which a difference in fatty acyl 
chain composition between pools of the same phospholipid on opposite membrane leaf- 
lets was reported [79]. Other studies [18[ have demonstrated the unequal distribution of 
unsaturated chains, and now more examples are accumulating [70] (see also below). Vale 
[80] used a combination of trinitrobenzenesulfonate and fluorodinitrobenzene in study- 
ing the distribution of aminophospholipids in sarcoplasmic reticulum. Other studies have 
confirmed that phosphatidylethanolamines are preferentially located on the outer leaflet 
and phosphatidylserines on the inner leaflet, phosphatidylcholines and lyso derivatives 
being equally distributed [81]. Combination of the reaction of trinitrobenzenesulfonate 
and fluorodinitrobenzene with mitoplasts and electron-transferring (ETPr0 milochondrial 
particles led to the conclusion that 65% of the plmsphatidylethanolamines of mitoplasts 
are localized on the outer leaflet while 66% of the reactive amino groups of protein are 
localized on the inner leaflet [67]. 

Studies by Litman [82] and Litman and Smith [83] with bovine retinal rod outer seg- 
ment disc membranes using trinitrobenzenesulfonate showed that phosphatidylethanol- 
amines are preferentially located on the outer surface of the discs while phosphatidyl- 
serines are preferentially located on the inner surface. 

Murine brain synaptosomal plasma membrane was treated under 'non-penetrating con- 
ditions' with trinitrobenzenesulfonate and about 10--15% of the phosphatidylethanol- 
amines and 20% of the phosphatidylserines of the outer membrane were labeled. In addi- 
tion, externally exposed phosphatidylethanolamines 0abeled molecules) were richer in 
saturated fatty acids [84,85]. These results are in contrast with the previously reported 
distribution of lipids in synaptosomal plasma membranes and isolated synaptosomal 
membranes which locate most phosphatidylserines and greater than 50% of the phospha- 
tidylethanolamines on the outer leaflet [861. These experiments were performed on brain 
preparations using 3H-labeled pyridoxal phosphate as the amino group reagent. Pyri- 
doxal phosphate does not penetrate the membrane, since, when synaptosomes were 
labeled and then the synaptosomal membrane isolated, the soluble protein fraction was 
not labeled. With phosphatidylserines, the extent of labeling was found to be the same in 
synaptosomes and in isolated membranes. It was concluded that most or all of this phos- 
pholipid is probably externally located. With phosphatidylethanolamines, the extent of 
labeling in synaptosomes was only half that in synaptosomal membranes. It was suggested 
that some of this lipid may be on the inner surface or that, alternatively, it may all be 
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exlernally nriented but less accessible to reagent in the intact synaplosomes [S6]. 
Further comnlent seems appropriate concerning the w-idely used reagent, lrinit~o- 

benzenesulflmate. Incomplete labeling of  aminophospholipMs wifll this reagem has been 
observed [65,66,75,80]. It has indeed been reported that under conditions in which heft1 
sides of  Bacillus subtiiis cytoplasmic membrane are exposed to this reagent, onl\  60 70'¢ 
of the tt)ta] aminophospholipids react [75]. Under the same conditions, however, com- 
plete hydrolysis of phospholipids hy phospholipase (' t'rnm Bacillus cereus can bc 
achieved. On the other hand. when trinitrobenzenesulfonic ~,cid was injected raider u 
mtmola.ver uf :mmlopho:,pholipi:.ts. it was observed that only g0% ~)t" lhe phusphatidyq- 
ethanolamines of B. s'uhlil is could be converted into the trinitr,.)phenyl derivatives. When 
cardiolipins were a component of the monolayer, a 209; decrease in the extent t)t" lrinitro- 
phenylation of  phosphatidylelhanolamines was observed. The trinilrophenylation gave 
rise to a significant increase in the surface pressure and the reaction did not proceed to 
completitm. The bulkiness and the charge of  trinitrobenzenesulfonate have been inw)ked 
to explain lhe failure to achieve complete labeling [23.75,q5]. However, lhe l,:lct th:.H 
10'); of the phosphatidylethanolanfines in sarcoplasmic reticulum are not laheled by 
triHit)obcn/enesulfonate was explained (m the hasis of their st)t)ng iiH(?ra,.)lon ~ith pro- 
1L'ill:', [SO I . 

l)ia/osulfalHlate has heen t.sed Ior the study of the distribution of lipid:, in PM: hac- 
teriophage m which phosphatidylethanolamines and phosphatidylglycerols consHtute 
95~ of the envelope lipids. {These compounds were reported Io give, respeclively, an azo- 
amino derivative and an ahlehyde.) The result ()f the reaction of the diaz(mium sail :.tnd 
the phosphatidylglycerols is the oxidation of  the flee glycerol residue h) the mont)- 
Hdehyde of the glycerol. This aldehyde is then reduced by,' NaBI'SII]H,~ t¢) give tl'e labeled 
molecule [~()l. 

R :  + X - - c X - ~  xx SO}i --) R 2 -..' I 

/ / F " ~  - - t ' - . ( l l  2 ( I t 2 - N [ |  2 ~ :-l' ( t t2 - . ( ' 112  N I t - . N = N  , 4 , Q . ~ S ( ) : {  

- R  1 + ~ ~ R  l 

1{ 2 --. + N = N - ( /  \).-SO.~ ~ I{ 2 - 

' - t ' L o I I  ~ '-t'-~ . .- 0 t l  
~ -011  ! ~ 0  

Using diazosulfanilate and a complex of  fluorescanmle [2] with cycluheptaanlyh)se, 
the distribution of  aminolipids in sarcoplasnlic reticulum [80,81 ] has been confirmed by 
tlidalgo [07]: significantly, 70 g0{7, of  the phosphatidylethanolamines were located a! 
the external side whereas phosphatidylserines were not accessible t¢) the rcagems. After 
fluorescamme-cycloheptaamylose treatment, both the ATPase activity of  sarcoplasmic 
reficulum Ca2+-ATPase and calcium transport were fouml to be inhibited. However, vesi- 
cles retained their impermeability to inulin [81,97]. It was observed that if partial label- 
mg of  "highly reactive" amino groups with the fluorescamine-cycloheptaamylose complex 
is performed, then enzyme phosphorylation or Ca2+-ATPase activity is not affecled, 
although calcium transport is inhibited. In these experiments, the rapid labeling of  phos- 
phatidylethanolamines, paralleling the time course of  Ca 2+ transport inhibition, led to the 
suggestion that the modification of  this class of  lipid might be the cause of  the inhibition 
of  Ca 2+ transfer to the inside of  vesicles, while the phosphorylation of  the enzyme and 
the subsequent lysis of  the phosphate formed could still occur. Ilowever, the possible 
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involvement of a rapidly reacting amino group of the ATPase itself, involved in Ca 2÷ 
transfer, has not been excluded [97]. 

A recent work essentially confirms and extends results on the unequal distribution of 
lipids in mitochondria [67]. In this study, a combination of fluorescamine labeling, phos- 
pholipase A2 degradation and reaction with antibodies to cardiolipins [56] was used. It 
was noted that fluorescamine labeled 95% of the phosphatidylethanolamines of the 
deoxycholate-solubilized bovine heart inner mitochondrial membrane. 41% of mitoplast 
and 61% of submitochondrial (inside-out) vesicle phosphatidylethanolamines were 
labeled. In this study, mitoplasts were prepared according to the procedure described pre- 
viously [98,99] and advantage was taken of the fact that the binding site of cytochrome c 
is located on the intermembrane ('cytoplasmic') side of the inner mitochondrial mem- 
brane. Cytochrome c was covalently linked to Sepharose 4B as performed before [100]. 
The preparation of submitochondrial particles was then passed through the colunm 
packed with the linked cytochrome c, the inside-out vesicles being recovered in the void 
volume and the right-side-out vesicles retained on the column. I have discussed in the 
companion paper [2] another method for obtaining orientationaily pure submitochon- 
drial particles [101]. 

V. Enzymatic isotopic labeling of membrane lipids 

Essentially two enzyme-labeling methods, namely the lactoperoxidase -a2sI--labeting 
method and the galactose oxidase-NaB[aH]H4 method, are used. In lipid-distribution 
studies, the use of the lactoperoxidase -~ 2Sl--labeling method, previously thought to label 
specifically only proteins, has been recently advocated [102-105].  Labeling of lipids, to 
some extent, was previously observed [106--109]. Labeled lipids have been observed to 
contaminate acid-precipitated labeled proteins from radioactively labeled cells [109]. The 
mechanism of lipid labeling remains uncertain but lipid peroxidation, as measured by 
means of the malondialdehyde content, was shown to occur during enzymatic iodination 
of rat liver endoplasmic reticulum which led to the loss of cytochrome P-450; butylated 
hydroxytoluene could prevent lipid peroxidation and cytochrome P-450 was preserved as 
a consequence [110]. In the surface protein labeling of intact myelin sheaths, a large 
amount of label was found to be associated with most lipid classes [108]. If lactoperox- 
idase was omitted the same amount of radioactivity was incorporated into the lipids, so 
that the enzyme dependence of lipid labeling could not be confirmed. However, work by 
Mersel et al. [103] on phosphatidylcholine and phosphatidylcholine/cholesterol liposomes 
has shown the labeling of lipids in an enzyme-dependent manner. Similarly, not only pro- 
teins but also lipids from ovine embryo secondary culture cells have been iodinated by 
using the lactoperoxidase-~2Sl--labeling method [103]. In these studies, the labeling of 
lipid was efficient and in the cell 20--30% of the radioactivity was found in proteins and 
20-.30% in lipids. Both neutral and polar lipids were labeled. Omission of lactoperoxidase 
reduced the labeling of liposomes to 6% and that of cells to 2% of that in the presence of 
the enzyme. Phosphatidylcholines, sphingomyelins, phosphatidylethanotamines, phospha- 
tidylinositols and cholesterol were found to be iodinated. When cells were disrupted by 
three cycles of freeze-thawing, the amount of label incorporated into the lipids increased 
2.5-fold, but in intact cells only the surface lipids were iodinated [ 103]. 

The lactoperoxidase-12sI--labeling technique has also been applied to A. laidlawii 
[ 104]. The distribution of phosphatidylglycerols in this organism was studied using phos- 
pholipase A2. However, Mycoplasma species contain mostly other lipids [105], phospho- 
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glycolipids "rod glycolipids which are not attacked by phospholipase A2- Besides phos- 
phatidylglycerols and diphosphatidy'lglycerols, phosphoglycolipids (i.e.. glycerophos- 
phoryldiglucosylglyccrides and glycerophosphorylmonoglucosyldiglycerides) and glyco- 
lipids {i.e., monoglucosyldiglycerides and diglucosyldiglyceridesJ are found in Mycop- 
pk.sma. Thus, in A. laidlawii, phospha{idylglycerols constitute only about 30<; of lhe 
polz, r lipids (for details and especially the variability t)f the ratio of these lipids, scc Refs. 
104 and 105). ('heroical reagents specific for amino groups ca|mot be used on this org:m- 
ism which lacks aminophospholipids. Radioactive io,,lination has been suggested as a gem 
eral labeling procedure t'~r lipids. With A. laMlawii, using the lactoperoxidase-12Sl -- 
labeling technique. 5'.:~ of  the radioactivity was foum.l in membrane lipids. ONe; c~l the 
labeling v.'as enzyme dependent and in a reaction mix lure in which 12Sl 2 replaced ~2Sl-. 
the labeling of  membrane lipids was reduced by 955;. Comparison of  tile labeling of  illtacl 
cells (which remain apparently intact) and isolated leaky membranes showed thai the 
exten! of labeling of  phospholipids :,nd phosphoglycolipids ,.','as approximately twice as 
great in leaky membranes. Thus. phospholipids and phosphoglycolipids are alrnost equally 
distributed between the two mernbrane leaflets. However. the extent of  labeling of  the 
two major glycolipids was almost the same in intact cells and isolaled membranes. Gly.co- 
lipids are lherefore conch, deal to be preferentially located orl the outer half of the bilayer. 
l hc  distribution of iodine label v.'as found to be the same at 0 .22 or 37~'C. fwice as iiiilC]l 
lipid was estimated to be in the outer half ofA. lahllawii membranes as c~mq~ared to the 
inner half. Conversely, two-thirds of the membrane proteins face the cytoplasmic com- 
parlmer, t. 

The nature of  the iodine binding site is not yet known, lodinatior~ of  the double bonds 
of  chains and iodination of  the ~-position of  carbon vl conlpounds have been discussed 
[I 04]. The latter position was favored, since an increase in saturated chains Io 80 mol~?; 
of  the total fatty acids on growing the cell in the presence of  palmitic acid did not afl'ecl 
markedly the level of  1251 bound to rnembrane lipids. On the other hand, highly un- 
sat|re, ted carotenoids were not labeled and among neutral lipids glycerides were labeled 
rather than cholesterol. 

Recently, this technique was used in a study of  hurnoral membrane attack by antibody 
ph,s complement. Tumor cells (line-I 0 tumor cells) were labeled, and 15 rain after addi- 
lion of  the complement It) the antibody-sensitized cells, specific release of some lipid 
classes from the cell surface occurred 111 I]. 

The galactose oxidase-NaB[3tt]ll4 method of  labeling which has been used for gak, cto- 
proteins also labels galactolipids. Glycoproteins or glycolipids endowed with galach~se or 
galactosamine residues at their ram-reducing hydroxymethylene end are oxidized catalyl- 
ically to an aldehyde by galactose oxidase isol;,ted from DacO'lium demlroi&'s. Oxidation 
goes no further than the aldehyde 1112]. The enzyme cailnol penelrate the cell mem- 
brane, consequently, only smface-exposed molecules alIe labeled upon reduction of 111e 
aldehydes fornred to the corresponding alcohols (by NaB[3tl]It4) I l l 2 -  115]. Studies 
conducled on erythrocytes and comparison with rest,Its obtained with immunol~gical 
lechniques revealed the crypticity of certain glycolipids. By crypticio,  it is meanl |hal a 
component is exposed it) :1 given membrane  surface, but that the reagent Cal/11t)l reJch 
and hence rezlCl with it because of the steric hindrance due to olher molecules on lh:.ll 
surface. In erythrocytes, glycolipids are essentially glycosphingolipids, i.e.. oligohexosyl- 
ceramides and gangliosides. The nlost abundant oligohexosylceramides are trihcxosvI- 
ceramides z, nd particularly tetr~,hexosylceramides (globosides). (;lycosphingolipids v..ith 
A and 13 blood group activity are also exposed to the surface. 1i| ]ltlln~ln etythlocyles, 



436 

oligohexosylceramides with six to ten (or more) sugar units are also present in very small 
amounts [116]. Antisera to the latter glycolipids react with erythrocytes; however, anti- 
sera to tetrahexosylceramides do not react whilst either fetal erythrocytes or trypsinized 
erythrocytes react with these antisera. In fetal erythrocytes, the surface is believed to be 
'incompletely coated' and in adult erythrocytes trypsin treatment is believed to unmask 
the globosides by eliminating fragments of glycoprotein. These facts together with the 
observation that the Forssman antigen, a pentahexosylceramide, does not react with its 
corresponding antibodies indicated that at least six sugar units are necessary for the 
accessibility of antibodies [ 117 ]. 

Oligohexosylceramide structures all possess a galactose or an N-acetylgalactosamine 
residue at the terminal end remote from the ceramide moiety of the molecule. Therefore, 
they can be oxidized using the galactose oxidase-NaB[3H]H,~ method. When this was 
carried out [115], it was observed that tetrahexosylceramides were the glycolipids pre- 
dominantly labeled. Trihexosylceramides were also found to be reactive, unlike dihexos- 
ylceramides. Glycoproteins of 95 000, 82 000 and 64000 daltons were observed to be 
labeled at the same time. After proteolytic treatment of erythrocytes, the specific activity 
of galactosamine in glycolipids and that of galactose in glycoproteins increased, but the 
total activity of glycoproteins did not change. The labeling of giycoprotein was greatly 
enhanced by neuraminidase treatment but that of glycolipids less so [115]. The surface 
exposure of globosides has been doubted since they are not accessible to their relevant 
antibodies (molecular weight approx. 200 000 [118,119] and since jackbean ~-N-acetyl- 
hexosaminidase (molecular weight approx. 100 000) does not hydrolyse them in erythro- 
cyte membranes, although it is active when an aqueous solution of these oligohexosyl- 
ceramides is used [115]. However, globosides become reactive with anti-globoside anti- 
bodies after treatment of erythrocytes with neuraminidase or a protease [120]. An im- 
portant change in the labeling of glycolipids is observed upon ghost preparation, since 
25% of the globosides of erythrocytes, as compared to 9(~0 in ghosts, are labeled using 
this technique. The treatment of red blood cells with alkaloids such as cytochalasin B or 
vinblastine, which disrupt intracellular cytoskeietal elements [120-122] or hinder their 
assembly, renders 100% of the tetrahexosylceramides and trihexosylceramides reactive. 
However, the dihexosylceramides remain refractory. This example shows that immuno- 
logical and enzyme-labeling techniques give different results, probably since the reactive 
site of the former has less access to surface molecules. 

That erythrocyte glycolipids are oriented to the outside, remote from the cytoplasmic 
compartment, is demonstrated by the observation that no glycolipid is labeled when 
reversed vesicles are used [114]. 

As reported by Gahmberg et al. [93], in En(a-) cells, the total sialic acid content of 
erythrocytes is greatly reduced since PASI is absent [93] *. After treatment with neu- 
raminidase, which eliminates sialic acid residues, galactose oxidase activity in PAS2 is 
reduced due to the absence of the PASI monomer which is suggested to form a complex 
with the genuine PAS2 monomer in the membrane. If labeling using lactoperoxidase and 
~2Sl- is carried out, PAS2 is not iodinated; its tyrosine residues must be more deeply em- 
bedded in En(a-) cells; PAS3 is only poorly iodinated [93]. 

* Erythrocytes contain sialoglycoproteins and sialoglycolipids. There ate four sialoglycoproteins, 
termed PAS1, PAS2, PAS3 and PAS4, which give positive periodic acid Schiff reactions. PAS1 is 
the sialoglycoprotein called glycophorin, a transmembrane protein which carries A, B and MN anti- 
gens as well as receptors for influenza virus, encephalomyelitis virus and phytohemagglutinins 
[123-1251. 
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Though tile sialic acid content of  erythrocytes is greatly decreased in En(a-) cells, the 
total carbohydrate content of  all cells remains similar. Band 3 protein contains twice the 
normal amount of  carbohydrate and is enriched in galactose and manrtose. This enrich- 
ment is explained on the basis of  the excess glycosylation of the band 3 protein as a result 
of the absence of  PASI,  which normally competes for the transferase. The excess gly- 
cos3,qatitm ,.,,'as suggested Io prevent the reaction of  the t.,,rosine residue uf PAS2 and 
F'AS3 due to steric hindra,lce. I lowever, although no difference in the composition of the 
glycolipids was found between different rnembranes, the content of glycolipid label ira 
l -n(a)  and I:n(a) heterozygous cells is appreciably greater than in normal ceils. The 
explanation furnished is that normally the major sialoglycoprotein partially impedes the 
labeling of  glycolipids. Nonetheless. protease treatment ¢/I normal cells which renloves 
sialoglycoproteins [I 23,1 26] does not change the a n l o u n t  Of label in glycolipids to the 
extent found in En(a-) and En(a) cells. 

( 'rypticity has been observed with sialoglycolipids of  rat brain synaptosomes, ttere, the 
galactose oxidase-NaB[31/I H4 method labeled mostly gangliosides GM3.70~3 of the lahel 
was found on these gangliosides. With isolated membranes of the synaptosome, hmvevet. 
gangliosides GM,+. GD2 and (;DI were also appreciably labeled I1271 . 

Vi. Enzymalic degradation of membrane lipids 

l!nzymes which are capable of cleaving lipids can be used. since, in p,iuciple, these 
cnl..vllles do ilol penetrate the membraue and sht)uld react with tile molecules c)l lilt: 

exposed lcailet {see. hmvevei, belo,,v). The action of sialidase (netiranlinida,,,c. :\-acct~l- 
neurammidate glycosyltransfcrase} on erythrocytes eliininates the sialic acid units lrum 
all sialic +,old-bearing proteins or lipids 112sl. Ilowever. with tumorigepic cells such as 
murine melanoma B16 cells, ahhough isolated sialolipids are degraded by l.'ihri(~ cho lera , '  

enzyme, a ('a>-requiring sialidase, it has been shown that the enzyme attacks plotein. 
hound btH liltle if ~,ny lipid-bot,ml sialic acid residues of  sialolipids, comprised mostly of 
hematosides (sialyllactosylceratnides~. Recently. Breton and l'~,osenbcrg [12¢~] reproted 
that 30']; of the sialolipids were degraded to lactosylccramide by the action ol+Closlr id i  - 

u m  perJJ'hzgens sialidase, which is indil'ferent to the presence of ('a 2+ ill the medium. 
althottgh the cleavage of sialic acid units from si-doglycoproteins reqt, i,es ('a 2+ This 
ex:,mple demonstrates that ar~ enzyme with an apploximatc molecular ,,veight of t+0 ()011 
does not have access to all the sialic acid residues of  surface molecules, especially those 
or sialolipids. Sialidase has found other applications, in particular wit h vesicular stomatit is 
virus. It has been observed that the total ctmtent of N-acetylneuranlinic acid present in 
tile hematosides of  the envelope is hydrolyzed on treatment with sialidase, though the 
virion retains its morphology on electron micrographs. l he  neuraminic acid free virttms 
showed a strong tendency to aggregate [130,131]. "Ihese rcsults clearly show the sided- 
hess of  sialoglycolipids in vesicular stomatitis virus. 

I+hospholipases are the most widely used enzymes m assessing the distribution of mem- 
brane lipids. As soon as the unequal distribution of  phospholipids in erythrocyte mem- 
brane leaflets was revealed by chemical labeling [61 -.63], Zwaal et al. [1321 refined and 
adapted their work on enzyme degradation. In contrast to most other techniques which 
concern specific lipid classes, all lipid components can be attacked by a.judicious choice 
t>l enzymes. When using phospholipases to attack membranes, the intrinsic specificity ot 
these enzymes should be borne m mind. For example, B. c e r e u s  phospholipase C is only 
active on glycerophospholipids and is inactive on sphingomyelins [133,1341. t :  per-  
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fringens (previously called Clostridium welchii) phospholipase C is inactive on phospha- 
tidylglycerols, cardiolipins, phosphatidylserines [133,135] and phosphatidylinositols 
(see below), but acts on sphingomyelins [ 133,135-137]. Staphylococcus aureus phos- 
pholipase C acts only on the sphingomyelins among the major membrane phospholipids, 
but is also active on lysophospholipids [137,138]. Cardiolipins are poor substrates for 
phospholipase A2 [139,140]. Furthermore, the procedure used for purification of phos- 
pholipase A2 has been reported to be important [56]. Purified according to the procedure 
described by Deems and Dennis [141], the enzyme from Na/a na/a is freed from a con- 
taminating 'lytic factor' [56,142]. This factor is believed to cause lysis of the membrane 
so that the enzyme obtains access to both sides. Another remarkable fact is the reversal of 
specificity of this enzyme, depending on whether an individual phospholipid is being 
assayed separately in Triton X-100 mixed micelles or as a mixture of phospholipids in the 
same detergent-mixed micelles. Thus, individually, phosphatidylcholines are the preferred 
substrates and in mixed phospholipids phosphatidylethanolamines are preferred [143, 
144]. 

Applied to erythrocytes, phospholipase A2 from N. na]a degraded 70% of the phos- 
phatidylcholines whereas neither phosphatidylethanolamines nor phosphatidylserines 
were attacked. On the other hand, sphingomyelinase of S. attreus degraded 80% of the 
sphingomyelins. Phosphatidylethanolamines and phosphatidylserines are exposed to the 
cytoplasmic leaflet, since, when erythrocyte membranes are lysed and then treated with 
phospholipase A2, all glycerophospolipids are converted to lyso derivatives [132]. 
Enzymes have been entrapped in resealed ghosts. It was observed that when pancreatic 
phospholipase A: was used 25% of the phosphatidylcholines, half of the phosphatidyl- 
ethanolamines and about 65% of the phosphatidylserines could be hydrolyzed before 
lysis occurred [145]. In other experiments, the action of phospholipases A2 and (" on 
inside-out sealed ghosts was examined. It was found that virtually all phosphatidyl- 
ethanolamines and phosphatidylserines and about 30-40% phosphatidylcholines and 
sphingomyelins are susceptible to hydrolysis [146]. 

Significant observations were made when the basic phospholipase A2 from a snake 
(Agkistrodon halys blornhofii) venom was used to study hydrolysis of human erythrocyte 
phospholipids [147]. Two stages were recognized; firstly (stage a), about 70% of the 
phosphatidylcholines were hydrolyzed without hemolysis; then (stage b) complete hy- 
drolysis of the remaining phosphatidylchotines followed by extensive hydrolysis of phos- 
phatidylethanolamines occurred and, finally, with the onset of hemolysis, attack on phos- 
phatidylserines was noted. Adjustment of experimental conditions led to the observation 
that at pH 7.4 and low (10 mM) Ca 2÷ concentrations, only the first stage occurred. At 
pH 8 and/or higher (40 mM) Ca 2÷ concentrations, both stages took place. It was suggested 
that stage b is mediated by the influx of Ca 2÷ into the cell when ATP levels are low. In 
fact, addition of glucose (regeneration of ATP) under any of the above-mentioned condi- 
tions prevented the occurrence of stage b (i.e., hemolysis) and the progress of phospho- 
lipid lysis further than stage a [147]. Recent experiments have demonstrated that spec- 
trin SH oxidation results in the accessibility of 50% of the phosphatidylethanolamines 
and of 30% of the phosphatidylserines to hydrolysis with phospholipase A2. This suggests 
a role for this peripheral, cytoskeletal protein in maintaining the distribution of these 
lipids [ 148,149]. 

Applied to porcine platelets, the enzymatic degradation, including the action of phos- 
pholipase A2 from N. naja, has shown that 46% of the total phospholipids exist in the 
external leaflet and that this leaflet comprises 90% of the sphingomyelins, 40% of the 
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phosphatidylcholines, 34% of the phosphatidylethanolamines and only 6(1, of  lhe phos- 
phatidylserines of tile membrane, thus indicating tile unequal distribution ¢~f lhe lipids 

1~,,1501. 
As mentioned above, labeling of  anlinophospholipids using irinitrobenzenesulfonatc 

indicated thai 12- 185~- of tile phosphalidylethanolamines ,.,<'ere accessihle and that phos- 
phatidylserines were not labeled when inlac! human platelets were used [6~1. These 
results tire :it variance with tile obserwilion of other authors ,a, ho used phosph~)tipase (" 
t'rom B. cereus for assessing tile sideness of lipids in human platelets [ 151 ] and cuncluded 
that intact cells lost about 50 75');. of tile phosphatidylethanolanlines, 20 50'" of  tile 
l-~hosphatidylcholines and 20 25~; of tile phosphatidylserines. This cnzynle does m~t 
hydrolyze sphingomyelins. Neither phospholipase (" from B. cereus nor sphingonlyelinase 
alone promoted plalelet aggregation. the  use of these enzy.mes logether resulted in aggre- 
gatioN. The loss of  at least 45' ;  of  the lotal phosph~dipids under tile action ~d" phospho- 
lipase C was not sufficient to induce aggregation, release reaction or significant hnpair- 
ment el + platelet respemsiveness to AI)P. thrombin or collagen. Phospholipuse (' front C. 
l)e#]l)'i##gens, ]laviiig a diff01ent suhstrate specificity and hydrolyzing, in particulai, sphin- 
g~m'lyelhls, has been shown to induce release reacthm [ l 51 ]. Other studies ol1 pialelel~, 
have been carried out [152 156] and, recently, bee vcnom phospholipase A2 and .S'. 
aurcus sphing,,mlyelinase were used to study hulnan plateleis. 45(,; ~1 the plaslna nienl- 
hrane phospholipids were hydrolyzed, c<m~prising 93<S of the sphingomyelins, 45';  ~1 the 
phosphaiidylcholines. 0{<: of  the f~hosphatidylserii~es, 1(~57 of the phosphalidylim~silols 
and 207,: of the phosphatidylethallolamiues, l:utl~.ernlore, il was tOulld that the Otltei 
Ieat]ei is deficient iri arachidonic acid, since only l O ' / u f  the c'<t<~plasnlic inelllhlall.,_" COil- 
lent of  tills acid was f(lund in this ]caller II 5-41. 

Studies of  tile asymmetric distribution of  lipids in subceilular liver cell nlenibrane frac- 
tions led to very puzzling and controversial results, Nilsson and Dallner [155.15{~], using 
.V. nala phospholipase Az, examined tile distribution of  lipids in microsomal, Golgi, inner 
initochondrial, lysosomal and nuclear ntembrane subfTactions. In general, about 50 55U 
of the total ptlospholipids were hydrolyzed. 50 60'.7'( of the phosphatidylcholines were 
degraded in different fractions, therefore, their distribution seems to be non-preferential. 
However, phosphatidylserines present in microsomes, the Golgi fraction and nuclear 
menlhrane were ahnost completely hydrolyzed. Phosphatidyleihanolanlines be/raved silu- 
ilarly to phosphat idy lser ines .  Conversely, 80-90~: of the phosphatidylinositols of :ill par- 
ticles as well as 82~ of  the cardiolipins of  the inner membrane of  mitochondria were not 
hydrolyzed by phospholipase A2. It has been observed that pronase treatment does not 
affect the results. Therefore, if masking of  lipids exists it is not relieved by lhis ireatmerit 

l i s~>l. 
Sundler el a[. li57] have studied the distribution of  lipids in liver nlicrosoi/lal and 

(,;olgi fractions. These authors used Cr<>talus a t rox  phospholipase A2 and a phosphatidyl- 
inositol phosphohydrolase isolated tlom a crude B. cereus phospholipase ('. Prelim- 
inary experiments with bilayer phospholipid vesicles indicated that 80% of tile outer leaf- 
let phospholipids can be degraded without attack on tile inner surface. In inicrosonlal 
vesicles, approx. 40~, of  tile outer surface phospholipid can be lysed before the enzyme 
gains access to tile internal leallet. By following the degradation of  tile major phospho- 
lipids in intact microsomes and m extracted lipids, it was conchided that the same frac- 
tion of  each class of  lipid is exposed on both sides of  the membrane. The same conclusion 
was reached using Golgi vesicles (the presence of  phosphatidylcholme-enriched particles 
in these vesicles being taken into account /157] ). Tile reason for the discrepancy hetween 
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the two sets of results is not clear. As Palade and Siekevitz [158] have shown, microsomal 
vesicles are released from endoplasmic reticulum without inversion [159,160], as shown 
by the presence of ribosomes attached to rough microsomes, cytochemical localization of 
glucose-6-phosphatase [159] and immunocytochemical localization of cytochromc bs 
[ 160]. Moreover, microsomes can be obtained as a reasonably pure fraction [1611. "['hus, 
perturbation should not be brought about by the process of homogenization. Sundler et 
al. [157] have suggested that the specificity of the phospholipase A2 (from N. naja)used 
by Nilsson and Dallner [155,156] may be the cause of the discrepancy. Yet, Higgins and 
Dawson [162] have obtained other diverging results and stated that 'Nilsson and Dallner 
have reported a completely reversed distribution of phospholipids to our findings" ] 162]. 
These authors [162], used C. perfringens phospholipase C and found that 50% of the 
phospholipids of rat liver microsomal membrane were hydrolyzed without loss of secre- 
tory proteins (i.e., damage to these vesicles). [3H] Leucine injected into rats 30 rain prior 
to killing labels secretory products in endoplasmic reticulum [1631. When vesicles were 
treated with C. perfringens phospholipase ('. secretory products (molecular weight 
50000-100000)  were not released [162]. Higgins and Dawson [162] have estimated 
that the composition of the outer leaflet phospholipids is 84% phosphatidylcholines, 8':,; 
phosphatidylethanolamines, 9% sphingomyelins and 4% phosphatidylserines and that of 
the inside leaflet is 28% phosphatidylcholines, 37% phosphatidylethanolamines, 6% phos- 
phatidylserines and 5% sphingomyelins. Phosphatidylinositols could not be located 
directly, phospholipase C from C. per/ringens being inactive on these lipids as is alsc~ a 
phospholipase C specific for phosphatidylinositols. The latter enzyme although active 
either on extracted lipids or detergent dispersions of microsomes, is not able to degrade 
phosphatidylinositols in either intact or disrupted microsornes. Higgins and Dawson 
[162] also found that neither phospholipase A2 from N. naja nor even phospholipase C 
from B. cereus is suitable to study lipid sidedness, since they cause damage to the vesicles, 
resulting in leakage, access of the enzyme to the inner side and complete degradation of 
phospholipids except for sphingomyelins which are not attacked by phospholipase Az. 
Recently, van den Besselaar et al. [18], using a purified N. naja phospholipase A2. ob- 
served the hydrolysis of 55-60% of microsomal phosphatidylcholines at 0°C. At 37°C, 
about 70-80% of the phospholipid were hydrolyzed. The residual phosphatidylcholines. 
which were found to have a relatively low content of" arachidonic acid, were exchangeable 
at 37°C by using a purified exchange protein (see below). Discrepancies in results clearly 
indicate that caution must be exercised when applying enzyme degradation techniques. 
kysophospholipids formed by the action of phospholipase A2 tend to disrupt the mem- 
brane structure. For example, with viruses [164,165], bacteria (E. coli [1661 and B. suh- 
tilis [ 1671) or intracellular organelles [ 162], lysis has been reported. Bevers et al. [1681 
have confirmed that in M. laidlawii, an intrinsic lysophospholipase degrades the lysophos- 
pholipids formed and thus prevents lysis. However, despite the controversy over tire dis- 
tribution of microsomal lipids, the original proposal of Nilsson and DaUner [155,15~] 
based on phospholipase A2 degradation has been recently supported [169]. 

Phospholipase A2 from N. na]a, purified as previously reported [ 141], hydrolyzed 73% 
of the total phosphatidylcholines and 39% of the total phosphatidylethanolamines when 
mitoplasts from bovine heart mitochondria were used. With submitochondrial particles, 
30% of the phosphatidylcholines and 63% of the phosphatidylethanolamines were hy- 
drolyzed. It was observed that after Triton X-100 solubilization of the membrane, more 
than 90% of the phospholipids were degraded. The rates of hydrolysis of phosphatidyl- 
chotines and phosphatidylethanolamines were rapid but that of cardiolipins slow, so that 
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when mitnplasts and subnlitochondri:d particles were assayed, after 60 rain. about 20 and 
60%, respectively, of the total cardiolipms were hydrolyzed [56]. Together with the use 
of  fluorescamine complexed to cych)heptaamylose and tile use of  anti-cardiolipin anti- 
bndies, the following composition for the inner mitochondrial membrane was suggested: 
28+,~ phosphatidylcholines. 139,: phosphatidylethanolamines and 6~/ cardiolipins ~m the 
cytoplasmic side and 11¢3 phosphatidylcholines. 217~- phosphatidylethanolamines and 
l gU-, cardiolipins on the matrix side 156]. This is again at v~.riance with the data reporled 
previously [ 156]. Work with rat liver milochondria, using phospholipase A2 from A. *ta/a. 
led to the conclusion that phosphatidylcholines ate evenly, distributed between the two 
faces, 905. of  the phosphatidylethanolamines being present on the cytoplasmic side and 
709; of  the cardiolipins on the matrix side [156]. The results of  other authors rio not 
agree with the even distribution of phosphatidylcholines in the mitochondrial inner mem- 
brane leaflets: about 65% of the phosphatidylcholines were "ttlrihuled to the outer leat]el 
[(171 . 

Results IYom dif(erent laboratories indicate the resistance of erythrocytes to lysis by 
phospholipase A2 [132,170. 1731. l lowever, here again, lysis by a basic phospholipase 
A2 1147] was reported under specific conditions as mentioned above. Recent studies ~m 
the action of lysophosphatidylcholine micelles have shown that several cell surface poly- 
peptides from erythrocyte membranes are liberated, thus inducing a sodium-selective per- 
meability defect which leads to colloid osmotic lysis. At the lowest lytic phospholipid 
concentration, selective disruption of the membrane protein fraction rather than gross 
structural reorganization of  the membrane was suggested to be the primary lytic mecha- 
nism 11741 . [ will describe below morphological changes induced in erythrocyte mem- 
branes by different phospholipases. These changes at least in the case of phospht~lipase 
A 2 acljoll will he explained on the basis of  the retention olel/zyllle reaction pl'~)dtlClS ill 
the membrane. 

ATP depletion of  erythrocytes has been reported to enhance lysis {147,1751. 
Although in the case of  intracellular organelles, it has been observed that serum :tlbumin. 
which complexes the fatty acids and the lyso derivatives, prevents the lylic action of, 
phospholipase A 2 [ ] 55,156l. this does nol occur with intact human erythrocytes [176]. 
Pt.rified .\'~ na/a phospholipase A2, though active in hydrolyzing phosphoglycerides, does 
not elicit cell hemolysis in the absence of albumin. Addition of bovine serum albumin to 
the incubation medium mixture brought about hemolysis. The removal of  lysophospho- 
lipids was judged to be the cause of cell lysis and EDTA treatment, which chelates ('a 2÷, 
led to an optimal degree of hemolysis [ 176]. Membrane phospholipids of  ATP-depleted 
chicken, rat and toad erythrocytes were found to be more susceptible to phospho- 
lipase C and A2 hydrolysis or a combination of both. with sphingomyelinase [177 I. Simi- 
larly, dry ether extraction of lipids of  these red blood cells was enhanced by ATP deple- 
lion. In these studies [177] it was observed that trinitrobenzenesulfonate labeled 205~ of 
the phospbatidylethanolamines of  fresh chicken erythrocytes whereas 40g, of  these lipids 
were labeled in ATP-depleted cells, in fresh rat, chicken and toad erythrocytes, intra- 
membranous particles are evenly distributed but are specifically clustered m ATP- 
depleted erythrocytes. In fresh chicken erythrocytes, the distance between these proto- 
plasmic fracture face particles is 13 nm as compared to 30 nm in ATP-depleted erythro- 
cytes. ATP depletion was found to be accompanied by dephosphorylation of certain 
membrane proteins. Therefore, a correlation may exist between dephosphorylation, 
exposure of  membrane phospholipids and clustering of particles [177]. The varied acces- 
sibility of  phospholipids to the action of phospholipase A= was also observed in A. laid- 
lawiL Accessibility of the enzyme to phosphatidylglycerols decreased to 50't, m cells 
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transporting and fermenting glucose, as compared to resting cells [ 178]. In studies during 
which the action of snake (Hemachatus haemachates) venom phospholipase A on eryth- 
rocytes and resealed ghosts was compared, increased availability of phosphatidylserines 
and phosphatidylethanolamines to the action of the enzyme was revealed. The presence 
of Ca 2÷ in addition elicited hemolysis of resealed cells in isotonic media in the presence of 
the enzyme, while normal cells are not hemolyzed under these conditions [ 179]. 

The action of phospholipase A2 on vesicles of lecithin mixtures led to much faster hy- 
drolysis of the more fluid species [180]. Studies on M. laidlawii led to the same observa- 
tion, i.e., the phospholipase discriminated between phosphatidylglycerols in the liquid- 
crystalline state and those in the crystalline state [ 181]. 

Other authors have used phospholipase C in assessing the distribution of lipids in mem- 
branes. The action of this enzyme on erythrocytes and ghosts has found numerous appli- 
cations [ 145,182- 192]. Dense spots, presumably discrete pools of diglycerides formed 
during enzyme digestion, have been observed [182]. However, red cells retained their tri- 
lamellar appearance on electron micrographs. Treatment of rat and human erythrocyte 
ghosts with phospholipase C from C. perfringens hydrolyzed individual phospholipids at 
different rates. The more ionic lipids (phosphatidylserines, phosphatidylinositols)were 
little affected [183]. Phase-contrast microscopy and electron microscopy showed dense 
droplets associated with the membrane which were identified as diglycerides and ceram- 
ides formed by phospholipase action. Significant shrinkage of the ghosts was observed 
[183]. The action of sphingomyelinase on erythrocyte membranes promoted the forma- 
tion of 60-A particles which were accompanied by complementary pits in the opposite 
monolayer of erythrocyte membrane when studied using freeze-fracture techniques. Pre- 
sumably, inverted micelles of ceramides were formed in the membrane [187]. A combi- 
nation of phospholipase C and sphingomyelinase has been observed to cause lysis [187, 
188]. Other studies have revealed that part of the phospholipids is available for lysis only 
after disruption of lipid-protein interactions by ATP depletion [175,177,189]. Degrada- 
tion of erythrocyte resealed ghosts by phospholipase C has been observed to be enhanced 
after hypotonic lysis is used during their preparations [190,191]. Similar results on the 
action of a phospholipase A are reported [179]. 

Morphological changes consisting of the induction of invagination in erythrocytes as a 
result of the action of a bacterial phospholipase C have been observed [192]. In a more 
systematic recent investigation, morphological changes of human erythrocytes as a result 
of an asymmetric manipulation using phospholipases were examined [ 193]. On treatment 
with N. naja or bee venom phospholipase A2, crenation of cells paralleling phosphatidyl- 
choline hydrolysis was observed. The biconcave disc or cup-shaped form was recovered by 
further treatment with lysophospholipase. In contrast, phospholipase C from C. per- 
frhzgens or Pseudomonas aureofaciens, or the use of fungal phospholipase D (from 
Streptom),ces chromofuscus), induced invagination in cell membranes which also paral- 
leled phosphatidylcholine hydrolysis. This morphological change was counteracted by 
phospholipase A2 [193]. It could be calculated that hydrolysis of only a small amount of 
phospholipids would induce morphological changes. Thus, hydrolysis of about 4.6% of 
the phospholipids located in the outer leaflet, by phospholipase A2 induced crenation, 
and hydrolysis of only 3% of the phospholipids of the outer leaflet, by phospholipase C, 
led to invagination. In these experiments, all phospholipases acted only on the outer leaf- 
let, since phosphatidylethanolamines underwent little hydrolysis and phosphatidylserines 
were not degraded at all. Furthermore, no change in the membrane protein pattern was 
observed using SDS-polyacrylamide gel electrophoresis. In addition, practically no hemol- 
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ysis occurred. Therefore, morphological changes were correlated with the hydrolysis of 
tile outcr leatlet phospholipids. Plmspholipases that do not attack tluman erythroc.vte 
menlbranes [145 I, such as Crotalus adamanteus venom phospholipase A2. porcine pan- 
creas phospholipase A2, B. cereus phospholipase C or cabbage phospholipase I). did not 
induce morphological changes. The explanation furnished by Fujii and Tamura [ 103 ] for 
the changes induced when effective enzymes are used is based on that given by Sheetz 
and coworkers [7,194,195] for crenator and cup-forming drugs. Deuticke J l ¢.~6J reported 
that hydrophobic ions induced characteristic shape changes of distinct types. Cationic 
drugs were suggested to intercalate mainly into the inner leaflel, because of the l o ca t i on  

of acidic phospholipid (phosplwtidylserines) in this leaflet, to expand ttle leafle! and to 
induce invagination. Anionic drugs are suggested to accumulate mainly in the outer leaf- 
let and to expand this leaflet because of the repulsion exerted by phosphafidylserines of 
the inner leaflet, thus inducing crenatitm of tile cells. Asymmetric removal of all (phos- 
pholipase (') or a part (phospholipase D) of tile polar head groups from the outer leaflet 
was suggested to shrink this leaflet, whereas the replacement of one molect,le of phos- 
phatidylcholme by one molecule each of lysophosphatidylcholine and [atly acid nlight 
expand the outer leaflet J193J. This hypothesis is supported by the fact that hod1 the 
prodt, cts of the action of phospholipase A2, i.e., lysophospholil~ids and fatly acids, 
remain in the membrane and the crenalion accompanying this situation is relieved bv the 
aclion of lysophospholipase. In addition, exogenous lysophosphatidylcholines or fatlv 
acids have heen found to incorporate into the erythrocyle membrane, probably into the 
outer leaflet, and to induce crenation [I 93.197]. In human erythrocytes, glycocholale :it 

h)w concentrations induces crenation and at high concentrations invaginalion [198]. II 
was suggested that at low concentrations glycocholate is incorporated into and expands 
the outer leaflet, whereas at high concentrations, its effect is lo remove phospholipids and 
hence shrink the leaflet. An ahernative explanation for the induction of invagiation by 
tile action of phospholipase C takes into account tile transmembrane movement of the 
diacylglycerides formed and their sl,bsequent conversion to phosphatidic acid in the inner 
leafle! which results in expansion of this leaflet J199]. C pepfringens phospholipase C has 
been used in studies with ra! liver memhrane [200], squid axon [201 ], rod outer segment 
[202,203] and sarcoplasmic reticulum [204]. In various cases, significant quantities of 
phosplmlipids were hydrolyzed without change in tile apparen! organization of mem- 
branes as revealed by electron microscopy. In sarcoplasmic reticulum vesicles, 60 70'~ of 
the phospholipids, including 90% of tile membrane phosphatidylcholines, were hydrol- 
yzed •204]. Electron micrographs have provided evidence for tile separation of digly- 
ceride droplets which remain associated with the membr~,ne 1205]. Recent studies on rod 
outer segment have shown tha! 909; of tile phospholipids can be hydrolyzed. Eleclron- 
microscopic monitoring continued to show the classical 'trilamellar' features of the men> 
brahe, despite tile fact that only seven molecules of phospholipid per rhodopsin molecule 
were retained. It has been demonstrated that diglycerides formed by lhe action of phos- 
pholipase C begin to separate as lipid droplets once 20% of the phospholipids have been 
hydrolyzed. Furthermore, hydrolysis has been shown to cause tire 'lateral aggregation" of 
rhodopsin molecules in the membrane and to perturb reversibly the properties of lhe 
photoreceptor [2021 . 

The distribution of lipids in bacteria has been examined by using phospholipases. In 
gram-negative bacteria, phosphatidylethanolamines, which are major lipid constituents. 
are riot accessible to these enzymes [206,207]. Phospholipase C from B. cereus, which 
has been shown [10J to act on spheroplasts of gram-positive bacteria without causing 
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lysis, was used to study different species of Bacillus. Accordingly, Bishop et al. 175] 
treated intact spheroplasts of B. subtilis and membranes derived therefrom, with phos- 
pholipase C from B. cereus [75]. After incubation of protoplasts for 2 h at 37°C,45 50~?; 
of the total phospholipids were hydrolyzed which included 90% of the phosphatidyl- 
ethanolamines and 70-80% of the lysophosphatidylglycerols. No lysis of protoplasts 
could be detected after this treatment. With isolated membranes, complete degradation of 
these lipids occurred and hydrolysis proceeded at a greater rate. Significantly, in these 
experiments, the dependence of hydrolysis on the temperature was ascribed to phase 
separation reducing the accessibility of the enzyme to the substrate. Control experiments 
with trinitrobenzenesulfonate revealed that 60% of the aminophospholipids were labeled 
with spheroplasts and 70% with membranes. The failure to achieve complete labeling was 
attributed to the bulkiness of the trinitrobenzene moiety. It was concluded that at least 
60% of the phosphatidylethanolamines are located on the outer side of the protoplasts 
and the possibility of transbilayer movement, at least for aminophospholipids, was 
envisaged. However, phospholipase C did not promote lysis of the protoplasts [75]. 
Phospholipase C from B. cereus has also been used by Paton et al. [76] in conjunction 
with phospholipase A2 (from Crotalus) and trinitrobenzenesulfonate to study the dis- 
tribution of phospholipids in Bacillus amyloliquefaciens. Both phospholipases hydrolyzed 
about 70% of the total lipids of protoplasts. In this process, 90% of the phosphatidyl- 
ethanolamines, 90% of the phosphatidylglycerols and 30% of the cardiolipins were 
degraded. However, protoplasts remained sealed as judged by the fact that the release of 
intraceUular ribonuclease inhibitor (molecular weight 12 000) or a decrease in A 6oo did 
not occur during incubation. When cold-shock-treated spheroplasts were examined, hy- 
drolysis of phosphatidylethanolamines and phosphatidylglycerols proceeded to comple- 
tion and up to 80% of the cardiolipins were hydrolyzed. In intact cells, 92% of the phos- 
phatidylethanolamines were labeled with trinitrobenzenesulfonate under conditions in 
which the reagent could not penetrate the membrane. These results led to the conclusion 
that the distribution of phospholipids is highly uneven, 70% of the total lipids being 
localized on the outer leaflet and the distribution of phosphatidylethanolamines being 
very unequal. As judged from the results of enzyme digestion, the distribution of phos- 
phatidylglycerols and cardiolipins is also unequal, although, due to the nature of these 
lipids, their distribution could not be confirmed with the chemical reagent used. It should 
be noted that with extracted lipids, only 90% of the cardiolipins were digested by phos- 
pholipase C. The reason for the lack of complete degradation is not clear. In this micro- 
organism, proteins constitute 60% by weight of the membrane. From the distribution of 
particles in freeze-fracture micrographs, and their diameter and density, it was calculated 
that 75% of the membrane protein is associated with the inner leaflet and this was corre- 
lated with the inequality of the amount of total lipids in the two membrane leaflets [76]. 

The sidedness of the lipid distribution in B. rnegaterium strain MKIO has been investi- 
gated by Demant et al. [208]. Their results do not agree with those obtained using 
another strain of B. megaterium [10]. At 37°C, 63% of the total phospholipids were 
removed without lysis of the membrane. More than 95% of the phosphatidylethanol- 
amines and 3'-glucosaminylphosphatidylglycerols, but only 80% of the phosphatidylgly- 
cerols and 20% of the cardiolipins and 2'-glucosaminylphosphatidylglycerols were hydrol- 
yzed. Isolated membranes and dispersed lipids gave similar results, consequently, it was 
suggested that the data reflect the specificity of the enzyme and not the distribution of 
lipids. Experiments carried out at 5 and 25°C, using protoplasts or isolated membranes, 
gave different hydrolysis patterns which led to the conclusion that 50% of the phospha- 
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tidylethanolamines, 70~. of the .~-glucosannnylphost~hatldylglycerols and at least 40'¢ 
of the phosphatidylglycerols are localized m the oute, leaflet. Cardiolipins and 2'-glu- 
cosaminylphosphatidylglycerols canm)t be localized since, as mentioned above, the 
enzwne has little effect on these substrates. The equal distribution of  phosphatidyl- 
ethanolammes has been confirmed by labeling with trinitrobenzenesulfonate. It was ob- 
served that the lipid phase transition in membranes aiId the tra,tsbilayer movement of  
lipids, particularly those reduced by treatment with phospholipase C, do influence the 
rate and extent of  phospholipid digestion and interfere with the interpretz, tion of  data 
concerning the unequal distribution of lipids. With M. laidlawii [168], it was similarly 
concluded that transbilayer movement of  lipids can occur. The fact that more than 6(E:; 
of  the phospht~lipids in intact B. megalerium protoplasts and more than 707; in B..~uhtilis 
protoplasts [75] can be hy'drolyzed by exogenous enzyme was interpreted as supporting 
this conclusion. 

Recently, the distribution of lipids in the membrane of Mycobacterium phh, i was 
studied using inverted vesicles of  electron-transferring particles (ETP vesicles). 80% of the 
phosphatidylethanolamines, 24% of the phosphatidylglycerols and 13% of the phospha- 
tidylinositols were found to be accessible to cleavage by phospholipase C from B. cereus'. 
70 .-75~/~ of the phosphatidylethanolamines were found to be accessible to trmilro- 
benzenesulfonate or dimethylsuberimidate at 4°C. Phosphatidyletharmlammes remaining 
after the action of  phospholipase were not labeled by trinitrobenzenesulfonate, thus indi- 
cating its inaccessibility. Treatment with phospholipase C of ETP membranes from which 
the latent AlPase-coupling factor had been removed resulted m the hydrolysis ot phos- 
pholipids to the same extent as that in ETP membranes. It was inferred that FIloSl p}los- 
phatidylethanolamines in inside-out vesicles are present m the outer leailel and most 
phosphatidylglycerols and phosphatidylinositols in the inner leaflet. It was observed that 
degradation of  40% of the total membrane phospholipids by phospholipase C does not 
affect the oxidation, the coupled phosphorylation or the generation of a pll gradent, but 
inhibits 90 -05% of the active transport of  Ca 2+ into the membrane vesicles. Treatment 
witlt phospholipase C did not render the membranes susceptible to lysis and they did not 
become leaky, since these membranes can maintain a proton gradient, as demonstraled bv 
the active uptake of  ~aCH3NH2. These vesicles also accumulate amino acids agains! a con- 
centration gradient. 

Both C peUJ'ingens and B. cereus phospholipases C have been applied to the study of  
the uneqt, al distribution oflipids in influenza virus envelope leaflets [209. 21 l J. The pre- 
dominance of  phosphatidylcholmes on the outer leaflet and that of  phosphatidylethanol- 
amines and phosphatidylserines on the inner leaflet were observed and the C pe<fringens 
enzyme hydrolyzed 51% of the sphingomyelins in the intact virus. Bromelain-treated, 
spikeless viruses [212] lost 71% of their sphingomyelins [209]. Both enzymes hydrolyzed 
42 43% of the phosphatidylethanolanlines and 80 817'o of  the phosphatidylcholines. 
The B. cereus enzyme hydrolyzed 37g of the phosphatidylserines + phosphatidylinosi- 
tols. It was concluded that phosphatidylcholines and sphmgomyelins are preferentially 
located on the outer surface where they are readily accessible to enzymes. It has been sug- 
gested lhat more sphingomyelins are located on the outer surface but that they oppose 
resistance to the C. per/'ringens enzyme [209]. In exchange studies, cholesterol was found 
to be equally distributed on both membrane leaflets [210]. The combination of  the 
action of phospholipase(" from both sources and the action of  exchange proteins from 
both calf liver and bovine heart led to conflicting results [21 l J. It was concluded that 
only 309;. of the total phospholipids are accessible. Phosphatidylcholines and phospha- 
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tidylinositols were proposed to be enriched on the outer surface, sphingomyelins enriched 
on the inner surface, and phosphatidylethanolamines and phosphatidylserines present in 
similar proportions on each surface. The reason for these discrepancies with previous 
results [209] is not clear. However, the authors conclude from their more recent experi- 
ments that 'the close agreement between results obtained with exchange proteins and 
phosphotipases C demonstrates that the hydrolytic action of the enzyme does not alter 
phospholipid asymmetry' [211]. 

The use of phospholipase D in studies of lipid idstribution has been rather limited 
because of the lack of readily available pure enzyme [23[, samples of which may alter 
membranes due to the presence of contaminants [213,214]. This enzyme was put to use 
in the study of dimyristoyl phosphatidylcholine vesicles. Its action perturbs the nature of 
the lipid in the outer leaflet, converting it to phosphatidic acid. Using Savoy cabbage 
phospholipase D. it was observed that the phosphatidic acid formed was translocated to 
the inner leaflet and that the rate of flip-flop of phosphatidylcholine increased from sev- 
eral days to 30 min [22]. Recently, a fungal phospholipase D was used in the study of 
morphological changes induced in erythrocytes by the action of phospholipases [193]. 

I have mentioned the existence of a lysophospholipase in the membrane ofA. laidlawii 
which degrades the lysophosphatidylglycerots formed by phospholipase A2 action [168]. 
Lysophospholipase has been used in studies with simple bilayer vesicles containing lyso- 
phosphatidylcholine [ 187,215 ]. A natural membrane, that of bovine chromaffin granules, 
is relatively rich in lysophosphatidylcholines which constitute 17 tool% of the total 
lipid phosphorus of this membrane [216]. Purified bovine liver lysophospholipase was 
found to be a convenient tool for examining the distribution and movement of this lipid 
in the membrane of granules [187,215]. Practically all the isolated lysophosphatidyl- 
cholines of chromaffin granules were found to be susceptible to hydrolysis by this 
enzyme (in fact, 94% were hydrolyzed, but l'-alkenyl glycerophosphorylcholines of the 
granule membrane which constitute 9% of the lyso derivatives are not susceptible to 
hydrolysis). However, only 10% of the total lysophosphatidylcholines were available for 
hydrolysis in intact granules and with ghosts 60% were deacylated. Treatment of granules 
or their ghosts with trypsin did not alter the susceptibility to hydrolysis of the lipids. Of 
note was the fact that about 20% of the lyso derivatives were not accessible to attack 
from either the outside or inside, presumably because of interaction with membrane pro- 
teins [2161. 

VII. Exchange proteins 

These proteins exchange lipids between biological membranes and artificial lipid vesi- 
cles, between serum lipoprotein complexes and membranes or vesicles and between artifi- 
cial lipid vesicles [217-232].  Two types of these proteins have been reported, those 
which exchange specifically a given type of phospholipid and those which have a 'uni- 
versal' function. As summarized previously [2], these proteins differ in their properties, 
especially in their isoelectric points and molecular weights. The specific protein for the 
exchange of phosphatidylcholines purified from bovine liver has a molecular weight of 
about 22000 [218,219]. The two exchange proteins for phosphatidylinositols from 
bovine brain have molecular weights of 29 000 and 30 000. Two bands of exchange activ- 
ity have been observed using SDS*polyacrylamide gel electrophoresis of bovine heart 
preparations; these activities correspond to molecular weights of 21 000 and 25900 
[221 ] *. A universal exchange protein from rat liver has a molecular weight of 12 000 using 

* Recently, a phospholipid transfer protein specific for phosphatidylglycerols was identified in rat 
lung [4141. 
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Sl)S-polyacrylamide gel electrophoresis and 13 500 using gel filtration [230[. Anulher 
universal exchange protein from rat llepatoma has a molecular weight of 11 200. as deter- 

mined using gel electrophoresis, and I I 168 on the basis of  amino acid contpositilm 
[231]. Specific exchange proteins recobmize the polar head group of phospholipids, intcl- 

act strongly with their hydrocarbon chains and form 1 : 1 complexes [229]. t!niver.sal 
exchange proteins can excha.nge phosphatidylethanolamines, phosphatidylcholines, phos- 
phatidylinositols and sphingomyelins, one also exchanges cholesterol [230]. fhe  inlet- 
action of  1tie lipid chains with a hydrophobic segmenl of  the exchange protein has I~een 
demonstrated recently using, photoaffinity techniques. Chakrabarti and Khorana [233] 
and Gupta et al. [234] have foreseen the potential use of  photoaffini ly labeling in the 
study of  lipid-protein interactions and have synthesized different photoactive pht~sphn- 
lipid components.  Other groups have used this labeling technique [235 2371 . I:,~r the 
study o[" the site of  interaction between lipid chains and the exchange protein from 
bovine liver, 1-acyl-2-(7-(4-azido-2-nitrophenoxy)-[ 1-14C]heptanoyl}-sn-glcyero-3-ph.s- 
phorylcholine was recently synthesized by Moonen el al. /238]. Tile label was incol- 
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porated into the protein by incubation with vesicles of  this phosphz, tidylcholine. After 
activation at 340 nm and separation of the complex by chromatography. 30":: ,it the 
endogenous radioactivity was linked to tile protein and proteolysis showed that the 2-acvl 
chain of  tile phospholipid is bound to the peptide segment, (;ly-Ser-l.ys-Val-l~he-Met-Tyr - 

Tyr. This segment is part of  a prolease peptide of  65 residues bearing the cluster ¢fl'hv- 
drophobic residues,-Val-Phe-Met-Tyr-Tyr-Phe-, which may be tile binding site. l 'his seg- 
ment. fori11ing residues 26 31. exhibits an average hydrophohici /y of 2440 cal per 
residue. It may have a/J-sheetstructure.  Residues 21 .24and  33 36 on both .',ides ~t the 
hypothetical binding site have 1he fl-turn conformation [23q -2421. Work is in progress 
to study oilier aspects of the interaction of  tile binding site with lipid chains ifl l)hosph¢l- 

lipids (van I)eenen, L.L.M., personal communication).  
An important  assumption made in using exchange proteins to study lipid distribution 

in membranes is that only the outer le~,flet components can be exchanged [229.243 

248J (see. however, be/owl *. Consequently. Barsukov et al. [2481 have used exch,mged 

* A nulIIbcr of artifices have been used to separate vesicles, l.or example, For,~sman anti..-en wa, 
inchided in one population of vesicles which could then react with tile antibudics [2,1':~[. ()lhers 
introduced phosphatidic acids into vesicles which the.',' could separate alter the exchange reaction 
usJn.e l)t-.Xl--cellulose chromato,m'aphy 1251),2511. In other exl'~eriments. ,me I Vlm ~I vesicle e,m- 
Iained m addition to lipids ~cholesterol/egg lecithins), .V-pahnitoyl-l)L-dihydrolact,~ccrcbr,~,ide. 
which call be retained by Rio#ms communis lectin and thus allow the separation lrnln ~e',icle~, ot 
the lipid mixture which does not contain a ligand for tile lcclin [2521. Yet another ~va~ of ,,cparai- 
ing vesicles is to use 'heavy molecules' for tile preparation of one type of vesicle fdinse vesiclesl. 
These molecules were synthesized h.~. hromination of dioleoyl phosphalidylcholine and the 
exchange examined between single bilayer vesicles obtained from the brominatcd lipid .rod tliolco),l 
pho~,phatid,.lcholine [2531 . In the latter example, only the molecules from tile external Icallct 
were exchanged and tlip-llop of lipid ',,.'as so slow that it could not be measured 1253 J. Another 
fact of interest is that the transhilayer movement of phosphatidylethanolamines ill mixed ph~'q> 
phatidvlcholine and phusphatidylethanolamine single-walled vesicles was nleasured ,;impl.~ h~ the 
use of amino group reagents: a half-time of at least 80 days ar 220( ̀  was estimaled [254]. 
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proteins as a tool in the study of the sidedness of lipid distribution. A fraction of 
exchange protein from rat liver was employed for the examination of spheroplast mem- 
branes of Micrococcus lysodeikticus, of which the lipids contain only phosphatidylgly- 
cerols, cardiolipins and phosphatidylinositols. Approximately half of the phosphatidyl- 
glycerols and diphosphatidylglycerols was transferred by this protein to phosphatidyl- 
choline liposomes. Phosphatidylinositols were not transferred. Ghosts of M. lysodeik- 
ticus and pronase-treated spheroplasts were examined concurrently. Pronase treatment 
removed the shielding of an additional part of the external lipids, so that 80% of the total 
phosphatidylglycerols and 20% of the phosphatidylinositols were transferred together 
with half of the cardiolipins. It was concluded from these results that cardiolipins are 
evenly distributed, and that phosphatidylglycerols are located predominantly in the outer 
and phosphatidylinositols in the inner leaflet. Control experiments were performed using 
phospholipase A2 from Naja naja oxiana; the same results were obtained with regard to 
phosphatidylglycerols and cardiolipins. Other controls were carried out using phospho- 
lipase C which confirmed the results on phosphatidylinositols obtained either with 
spheroplasts or with pronase-treated spheroplasts. 70% of the phosphatidylglycerols were 
hydrolyzed with native spheroplasts; this was taken to indicate the difference in accessi- 
bility between phospholipase C and either phospholipase A2 or transfer protein. ]'he 
eventual leakiness of spheroplasts was controlled by monitoring the E26o value (for nu- 
cleotidic material) of their supernatant. Lenard and Rothman [210] and Rothman and 
coworkers [211 ] also used, independently, two phospholipid exchange proteins in con- 
junction with two phospholipases to study the transbilayer distribution of phospholipids 
in the influenza virus envelope and found that 30% of the total phospholipids were acces- 
sible and 70% inaccessible. Consequently, there is an unequal distribution of lipids and, 
as stated above, the outer leaflet was found to be enriched with phosphatidylcholines and 
phosphatidylinositols and the inner leaflet with sphingomyelins. Phosphatidylethanol- 
amines and phosphatidylserines appear to have an equal distribution in the two leaflets 
[210,211]. The action of phospholipase C in these studies [210,211] led to results similar 
to those obtained with exchange proteins. Therefore, it was concluded that the hydrol- 
ytic action of these enzymes does not alter the phospholipid asymmetry. A rate of trans- 
bilayer movement of at least 30 days for sphingomyelins and of 10 days for phosphatidyl- 
cholines at 37°C was estimated by using bovine heart exchange protein which is supposed 
to be non-perturbing. 

Investigations on the phosphatidylcholine distribution in intact human erythrocytes 
using exchange proteins have confirmed that 75% of these lipids are exchanged [255]. In 
rat erythrocytes, however, the exchange amounted to 50-60% of the phosphatidyl- 
cholines, though after the rapid exchange, the residual phosphatidylcholines continued to 
be exchanged slowly [255-257].  The extent to which phospholipids of erythrocytes and 
resealed ghosts are exchanged has been observed to differ [257]. When purified bovine 
heart phospholipid exchange protein was employed, the transfer of phosphatidylcholines 
(and to a lesser degree that of sphingomyelins, phosphatidylinositols and lysophospha- 
tidylcholines) between phospholipid/cholesterol liposomes and labeled sealed ghosts was 
observed; 75% of the phesphatidylcholines of sealed ghosts were readily available to 
exchange, the remaining 25% being exchanged more slowly. However, the presence of 
exchange protein did not accelerate the exchange of phospholipids between intact red 
blood cells and liposomes. With inside-out erythrocyte membrane vesicles, 37% of the 
phosphatidylcholines were found to be readily exchanged, the remainder doing so at a 
slower rate. It was concluded that phosphatidylcholines are asymmetrically distributed 
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and that the asymmetry is mostly maintained during the formation of inside-out vesicles 
thou~l being partially altered during ghost preparation. These observations are in good 
agreement with those of other authors on the failure of exchange of erythrocyte phos- 
phatidylcholines to occur when bovine liver phosphatidylcholine exchange protein is used 
]243,2501. A half-time of equilibration of 2.3 h was estimated for resealed ghosts and of 
5.3 h for inside-out vesicles. To explain these observations the plausibility of a correlation 
between changes in the rate ot" lipid movement and 'alterations in the membrane struc- 
ture' was discussed by Bloj and Zilversmit [257]. 

Bovine liver exchange protein has been used to stud,,' the unequal distribution of phos- 
phatidylcholines in murine [.M cell plasma membranes. Cells were grown in the presence 
of radioaclively labeled phospholipid precursors, then latex phagosomes were prepared and 
the exchange of phosphatidylcholines with either unilamellar vesicles or unlabeled phage- 
seines followed. About 52~ of the phosphatidylcholines were readily exchanged: a sec- 
ond pool exchanged more slowly [6~)]. In the same study, 90 and 24G ofphosphatidyl- 
ethanolamines were found to be labeled by trinitrobenzenesulfonate when phagosomes 
and phagosomes prepared front prelabeled cells, respectively, were examined. Sphingo- 
myelins were located, from indirect evidence, on the outer leaflet. No m a j o r  difference 
was found in the distribution of acyl chains within a given phospholipid class but differ- 
ences in the acyl chain composition among different lipid classes resulted in an enrich- 
ment of unsaturated fatty acyl chains on the cytoplasmic face [69]. These results are not 
in good agreement with others obtained using the same cells [70]. Another more subtle 
discrepancy is that in the latter studies [70], the acyl chains of phosphatidylethanol- 
amines from the outer leaflet appeared more saturated, whilst the former study [69] does 
not indicate such a difference tk)r any particular lipid class. 

Based on the exchange of the outer leaflet lipids of biological membranes as a result of 
the use of exchange proteins, different experiments were carried out in order to manipu- 
late membrane lipids*. Rat liver exchange protein incorporated phosphatidylcholines 
rote spheroplasts prepared fronl/1/, h,sodeikt icus .  About half of the hacterial total phos- 
pholipids was thus replaced by phosphatidylcholines, a lipid class which bacteria do not 
synthesize [263]. As a result of this exchange, it was observed thal endogenous respira- 
tion of spheroplasts was not influenced but that the modified spheroplasts were timnd t~) 
be osmotically more stable. The permeability of these spheroplasts to low molecular 
weight molecules decreased as well as the rate of exogenous substrate (NADll. m~date) 
oxidation and ferricyanide reductase activity. After osmotic lysis, the enzyme activities 
were restored [263]. These experiments are of particular value, since they constitute an 
alternative means of manipulating phospholipids. For intact protoplasts, exchange con- 
cerned essentially the outer leaflet, since 90% of the phosphatidylcholines incorporated 
were susceptible to hydrolysis by phospholipase A2. Under the same condi t ions ,  less than 
50°, ~, of the normal protoplast phospholipids, mainly phosphatidylglycerols and diphos- 
phatidylglycerols, are hydrolyzed [263]. As discussed below, this property of exchange 
was also used in the analysis of microsomal and mitochondrial membranes, i lowever, as 
l\~r bacteria [13,14], rapid transbilayer movement was observed for some intracellular 
membranes. Thus, Zilversmit and liughes [17] used rat liver microsomes and the 
exchange of the in rive labeled phospholipids was studied. The lmlt'-time of transbilayer 
movement was found to be of the order of minutes. Using an excess of mitochondria and 

* I"or some o the r  m c l h o d s u s e d  I(~ manir,  ulatc  m e m b r a n e  l ipids see P, efs. 258 262.  
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phospholipid exchange proteins derived from bovine heart and bovine and rat liver, 
labeled phosphatidylcholines, phosphatidylethanolamines, phosphatidylserines and phos- 
phatidylinositols were found to act as a single pool and were exchanged to an extent of 
85-95% in 1--2 h [17]. The high latency of marmose-6-phosphate phosphohydrolase 
activity and the impermeability of microsomes to EDTA showed that lysis did not occur. 
It was concluded [17] that if microsomal membranes are largely composed of phospho- 
lipid bilayers, one or more of the phospholipid classes undergoes rapid translocation 
between the inner and outer membranes. 

Van den Besselaar et al. [18] have used the purified phosphatidylcholine specific 
exchange protein from bovine liver to examine exchange of rat liver microsomal phospha- 
tidylcholines with egg phosphatidylcholine dispersions. Exchange reached completion at 
25 and 37°C. When lipids were extracted from the microsomes and vesicles prepared no 
more than 60% of the phosphatidylcholines were exchanged. At 8 and 0°C, the exchange 
kinetics are complex. Exchange of phosphatidylcholines does not affect the permeability 
of microsomes to mannose 6-phosphate or that of phosphatidylcholine vesicles to Nd 3+. 
Parallel studies on nritochondrial inner membranes showed the complete exchange of 
phosphatidylcholines, whilst with vesicles prepared from extracted lipids, only 65% were 
exchanged. Here again, at 8 and 0°C, exchange is not effected, as if a single pool were 
available at 37°C. A rapid equilibrium between different pools was suggested to take 
place. However, the nature and loc~tion of the pools remain to be established, In other 
studies with rat liver microsomal membranes, it was found that a part (20%) of the phos- 
phatidylinositols was not accessible for exchange when phospholipid exchange protein 
from bovine brain was used [264]. The above-mentioned observation seems to indicate 
that for some intracellular active membranes, a high rate of flip-flop may be expected as 
is revealed also by NMR studies (see below). However, this did not appear to be the case 
with phagosomal membranes [265]. On the other hand, experiments with membranes of 
different origin, including microsomal and mitochondrial (see below) membranes, were 
based on the assumption of the exchange of lipids from only one leaflet with no apprecia- 
ble transbilayer movement. Therefore, the 'in situ' manipulation of lipids was attempted. 
Different examples of this type of manipulation have been reported. Lysophosphatidyl- 
cholines were introduced into intact rat liver microsomes by using exchange proteins. 
Cytochrome P-450 was converted into the inactive cytochrome P-420. When these micro- 
somes were incubated with phosphatidylcholines in the presence of lipid exchange pro- 
teins, lysophosphatidylcholines were partly replaced by phosphatidylcholines and the 
inactive cytochrome P-420 was reactivated. Reactivation with phosphatidylethanolamines 
failed to occur, indicating the specificity of the phospholipid needed for reactivation 
[266]. Interesting observations have been made on the activity of microsomal glucose-6- 
phosphatase [169]. Nilsson et al. [267] have shown that this enzyme is constituted of 
two parts, a specific carrier protein mediating the transport of the otherwise impermeant 
glucose 6-phosphate across the membrane and a phosphatase localized at the luminal sur- 
face [268,269[. Treatment of intact microsomes with proteases or diazosulfanilate does 
not inactivate the catalytic site as evidenced by its activity in detergent-dispersed micro- 
somes and, since the permeability of microsomes for mannose 6-phosphate, nucleoside- 
diphosphatase or dextran (molecular weight 70000) does not change after modification 
with protease or diazosulfanilate, a component of the glucose 6-phosphate system 
exposed to the external surface and involved in its transport is thought to be involved in 
the process and to be attacked by the reagents [267]. Supplementation of intact rat liver 
and hepatoma microsomes with exogenous aminophospholipids by using exchange pro- 
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reins was observed to prevent the decrease in ghlcose-6-phosphatase activity during the 
incubation, whereas the introduction of exogenot, s phosphatidylcholines had no protec- 
tive effect. With deoxycholate-dispersed hepatoma microsomes, however, introduction ~I 
additional pllosphatidylcholines causes activation, whilst pllosphatidylethanolamines have 
little effect [169]. It was concluded that the activity of  the transport unit depends on 
phosphatidylethanolamines and phosl~hatidylserincs and that of  the catalytic unit tm 
pht~sphatidylcholines. It was suggested that the diminished gh, cose-0-phosphat~,se activily 
m hepattmla microsomes may be partly attributed to a low level of phosphatidylcht~lines. 
In dcoxycholate-disrt, pted liver microsomes in which the phospllatidylcholiue content is 
much higher, tlle glucose-(>phosphatase :,ctivity is also nluch higher and exogenous phos- 
phatidylcholine does not affect the enzyme activity, t:tom this it was concluded that the 
two components ot + glucose-(>phosphatase are surrounded by two different lipid environ- 
ments. In other experiments, results obtained using hepatoma mitochondria led to tile 
conclusion that only exposed phosphatidylcholines arc readily exchanged [270]. Intru- 
duction of phosphatidylcholines into hepatoma mitochondria by tile use of phospholipid 
exchange protein resulted in a considerable activation of the monoamine oxidasc activity. 
;.in outer nlitochondrial membrane enzynle of low activity in hepalonla initocllondria 
1271.2721. It is noteworthy that. whatever tile cause of the discrepancies between the 
results of workers who maintain the principle that exchange affects only the external 
leaflet and those who interpret their results as being indicative of rapid transbilayer move- 
ment. methods of manipulating membr~,nes using exchange protein seem applicable. I Imp- 
ever. the possibility of  transbilayer movement should be considered very seriousl,,, since 
tlol only experiments with some organelles indicate that this occt, rs 117,18] bUl also 
NMR results (see below)and studies with lipid vesicles support this possibility. 

[choline-methyl-~"C]Phosphatidylcholines were introduced into the outer monolayer 
of  phosphatidylcholine vesicles with bovine liver exclnmge protein. When. at 30o( ', 
dioleoyl [cholb,e-methy1-13C]phosphatidylcholine or dimyristoyl [cholinc-me/h.vl -I 3C[- 
phosphatidylcholine was introduced into the corresponding non-labeled liposomes, and 
the rate of  flip-flop was estimated by using 13C-NMR, half-times of the order of  several 
clays were observed, ltowever, when dioleoyl [cholhze-nzethyl-13C]phosphatidylcholme 
was introduced into vesicles of  dimyristoyl phosphatidylcholine, it could 'migrate" from 
the outer to the umer leatlet with a half-time of less than 12 h. Differential changes in 
lateral packing of the two monolayers were suggested to constitute the "driving force" 
[273]. the surface area of dioleoyl phosphatidylcholine and dimyristoyl phosphatidyl- 
choline being, respectively. 78 and 60 A 2 [274]. Similarly, lysis of  molecules from the 
outer leaflet of  dimyristoyl phosphatidylcholine vesicles by phospholipase D, which leads 
to the formation of  phosphatidic acid in this leaflet, resulted in a half-time of the trans- 
bilayer movement of  30 mm [22]. 

An exchange protein has been reported to enhance the exchange of cholesterol as well 
as that ol 'other lipids [230 I. In addition, the possibility of  the non..catalyzed transbilayer 
movement of  cholesterol has been examined. Certain observations have indicated such a 
possibility and a rapid rate in erytbrocytes [275- 278] and vesicular stomatitis virus 
[279], others a slow rate in the intluenza virus membrane [210] and in Mvcoplasma/cal- 
ILseptunl [280]. Even with small vesicles, contradictory results have been reported. Some 
authors measured a very slow rate [281,282] whereas others detected rapid movement 
[252283].  

Tile presence of proteins in artificial membranes has not led to a genera] concept of 
the enhancement of transbilayer nrovement by these molecules. Thus, studies with soni- 
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cated glycophorin containing dioleoyl [choline-methyl -~ 3C]phosphatidylcholine vesicles 
(in which the glycophorin shows the natural orientation) indicate that the distribution of 
lipids is comparable to that of protein free vesicles. The distribution of palmitoyl lyso- 
phosphatidylcholine in these vesicles is unequal, the inner leaflet being richer, when com- 
pared to vesicles of the mixture in the absence of glycophorin. It has been observed that 
lysophosphatidylcholine, added to the pre-existing glycophorin-containing dioleoyl phos- 
phatidylcholine vesicles and incorporated into the outer leaflet, moves to the inner leaflet 
with a half-time of 1.5 h at 4°C. Moreover, if cosonicated vesicles (containing both lipids 
and glycophorin) are submitted to the action of lysophospholipase, complete degradation 
of the lyso compound takes place. A half-time of 1 h at 37°C has been measured for the 
movement of lysophosphatidylcholine [284]. Other experiments have shown that the 
increase in the rate of transbilayer movement of dioleoyt phosphatidylcholine in soni- 
cated simple vesicles in the presence of glycophorin is several orders of magnitude greater. 
When l aC-labeled molecules were introduced by means of phospholipid exchange protein 
from glycophorin-containing donor vesicles to non-labeled acceptor vesicles, it was esti- 
mated that after 3.5 h of incubation only 5% of exchange labeled molecules exist m the 
inner leaflet. Conversely, if glycophorin-containing vesicles were acceptor vesicles then 
25% of the labeled molecules were retained after 2 h of incorporation into the inner layer 
(normally one would expect 33% of the label in the inner leaflet; however, the possibility 
cannot be excluded that some 'glycophorin-containing vesicles' are poor in glycophorin. 
The average number of molecules of this protein per vesicle is four to five [285 ]). 

Recent investigations [286] on large unilamellar vesicles of phosphatidylcholines pre- 
pared by ether vaporisation [287], small cholate-dialysis vesicles and cytochrome oxidase- 
containing vesicles, prepared both by the cholate-dialysis method and by a direct incorpo- 
ration method, showed that exchange proteins can, in each case, reveal two pools; one 
rapidly exchanged and the other very slowly exchanged. The size of the pools depends on 
the nature of the vesicles so that in large vesicles, the pools are of equal importance. In 
small vesicles 65% of the phosphatidylcholines are exchanged and 35% only slowly 
exchanged, and in cytochrome oxidase-containing vesicles 70% of this lipid is exchanged 
and 30% slowly exchanged. It was concluded that the extremely slow rate of exchange 
of the second pool reflects the virtual non-existence of flip-flop in any of the three model 
membranes used and, in particular, the absence of flip-flop in vesicles with a phospho- 
lipid-to-cytochrome oxidase ratio of 2 : 1 is in contrast to the above-mentioned observa- 
tions with glycophorin-containing vesicles. 

VIii. Physical techniques 

Among these techniques, the most fruitful for asymmetry studies is the NMR tech- 
nique which was first used in this field by Bergelson and his colleagues [288,289]. NMR 
has been employed extensively for investigations on the distribution of lipids in vesicles 
formed of a single phospholipid or mixtures of phospholipids, with or without cholesterol 
[22,186,271,288-294]. Large phospholipid vesicles, with or without intrinsic proteins 
of erythrocyte membranes, have also been examined using NMR [295]. 

The unequal distribution of lipids, as revealed by 1H-, 31p. and ~3C-NMR techniques, 
was demonstrated mostly in artificial membranes and will not be detailed at length here 
(for more information see references cited in Ref. 1). Very briefly, the principle is that 
for a given resonant nucleus, the absorption attributable to both leaflets of a vesicle can 
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he estimated and, hence, the ratio of  the number of tile same molecules present in the 
outer and the inner leaflets investigated. This is possible, even if. as occurs for t i t  reso- 

nance, absorptions from molecules of both leaflets are superimposed, since rite use of  
shift reagents displaces the resonance position of  exposed molect, les *. Recently, this 
technique was used to study the distribution of  phosphatidylcholine molecules in sarco- 
plasmic reticulum, after in viw~ enrichment of  phosphatidylcholines by feeding rats with 
[methyl-'3(']choline [297]. The transbilayer movement of  phosphatidylch~dmes and 
lysophosphatidylcholines of sarcoplasntic reliculum has also been studied [2t)SJ. Thc 
NMR technique was used to monitor the transbilayer movement of lipids when asym- 
metric perturbation was performed on one leatlet. Thus. as reported above, the action of  
phospllolip:,sc D on such bilayer vesicles of  phosphatidylcholines led to relalivel\  rapid 
transbilayer movement of  the phospbatidic acid generated by enzyme action [221 . On the 
other hand. exchange protein-mediated modification of  the fatty acid composition of  the 
outer leaflet of  phosphatidylcholine vesicles led to the observation that this lipid effected 
lransbilayer movement. This study was made possible bv the use of  t~C-NMR 1273]. 

Another use of  NMR, developed in relation to the architecture of  membranes, is the 
examination of  the hart,re of  lipid arrangement in membranes. To appreciate Ibis recent 
development, which may have important implications with regard to the distrihulion of 
lipids, a short introduction to pertinent aspects of  the phase behavior of some lipid classes 
is appropriate (for recent summaries on lipid phase behavior, see Rcfs. 1 attd 2~)0). 

Pioneel work by Luzzati and coworkers 1300-302]. using X-ray diffraction, indicated 
that lipids of  biolo/dcal membranes exist in a bilayer structure under physiological condi- 
lions, and depending on the experimental conditions, show different polynlorphic 
arrangements. Reiss-Husson [303] has reported the coexistence of  the hexagonal type 1I 
phase in egg yolk phosphatidylethanolamines with the hik, yer phase between 25 mid 35°( ` 
(see also Ref. 304). The possibility of  the hexagonal type 11 phase existing has smcc hcen 
reported fl)r phosphatidylethanolanfines of  other origin by using X-ray diffraction [305, 
306] and ~p-NMR [21]. The enthalpy of  transition associated with the bilayer-hexago- 
hal I1 transition was found to be very low [307], which is consistent with NMR [308] 
and ESR studies [309]. indicaling little change in the order pararneter dttring this transi- 
tion. Concerning the behavior of cardiolipins, X-ray studies show that between c = 0.3 
and 0.53~ (i.e., 30 -53% lipid in aqueous medium) the structure is lamellar, between c = 
0.85 and 0.95~ a hexagonal type II phase exists and between c = 0.53 and 0.85% the two 
arrangements coexist. However. at all concentrations, Ca 2+ precipitates the lipid. This pre- 
cipitate strews the ttexagonal type II arrangement [3 I0].  Cardiolipins obtained as simple 
vesicles also undergo a phase change to the hexagonal type II phase under the intluence 
of  Ca 2÷ [31 I]. Neutralization of  the charges on the head groups has been suggesled ~o 
explain the property of  these lipids, which in the presence of  Ca 2+, behave as if they were 
dehydrated,  the unlimited swelling of  these lipids being attr ibuted to electrostatic repul- 
sion between their head grot, ps [305]. Phosphatidylserines are "bilayer formers'. 

* Shift reaeents are anions such its l.e(('N)~- or cations such as ~.ln 2+, Co 2+, l'u 2+, Pr "~+, Nd 3+, Yb 3+ 
and l)', 3+. These ions penetrate leaky membranes and displace the resonance position ~I molecules 
of both sides. If membranes arc sealed, only the resonance posilion of exposed mc~lecules is dis- 
placed. Chelation of some of lhese ions. for example, t, sing I.:DTA or chromato.eraphy, allows the 
removal ~f the shif! reagent from the relevant side. Molecules of both sides can be studied b.~ usin.,.2' 
a suitable choice of experimental conditions to exploit the different possibilities thl,s offered. (l.c~r 
an interesting review on the use of the shift reagents, see Ref. 296.1 
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Dilauroyl phosphatidylserine shows a lamellar structure between c = 0.3 and 0.8% [305]. 
In vitro experiments with lipid mixtures of the composition of the inner leaflet of eryth- 
rocyte membranes (relatively rich in phosphatidyiserines) led to the observation that 
addition of Ca 2+ triggers the bilayer-hexagonal type II transition [312], presumably by 
segregating phosphatidylserine molecules which exert a bilayer-stabilizing effect in mix- 
tures. Studies with phosphatidylserine sonicated vesicles have shown that neutralization 
of head groups by Ca 2+ leads to precipitation of aggregates termed 'cochleate cylinders' 
[313-315] .  However, the formation of the hexagonal type II phase is reported for phos- 
phatidic acids in the presence of Ca 2+ [316] and for monogiucosyldiglycerides [317]. 

Lipid mixtures separated from biological membranes show, in general, the bilayer 
structure [1,300,301,318], although exceptions to this rule have recently been reported 
(see below). It was assumed that in mixtures of extracted lipids, those lipids tending 
towards the bilayer structure impose mostly this arrangement; lipids able to swell un- 
limitedly favor this behavior so that bilayers which are able to swell unlimitedly are 
formed [305]. NMR investigations have advanced the recognition of arrangements inter- 
preted as being intermediate between the bilayer and hexagonal type II phases in artificial 
mixtures of lipids, extracted lipids or even in natural membranes. 

The application of ~H-NMR led Davis and lnesi [19] to conclude that in sarcoplasmic 
reticulum membrane, 20% of the lipids may experience isotropic motion. Studies on the 
31p-NMR spectra of known phospholipid dispersions led to the recognition of features 
attributed to bilayer, hexagonal type II and 'intermediary phases" such as cubic, rhombic, 
inverted micellar and vesicular phases for which isotropic motion is conceivable [20,21, 
299,319]. Using this tool (see Fig. 1), it has been confirmed that phosphatidylcholines 
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Fig. 1. Schematic representation of the sensitivity of the motion experienced by phospholipid mole- 
cules to the nature of the phase in which they participate. Different phases (left) and the correspond- 
ing a 1P-NMR spectra (right) axe reproduced. (A) Bilayer (aqueous dispersion of egg yolk lecithin); (B) 
hexagonal type II phase (soya phosphatidylethanolamines), and (C) cubic, rhombic, inverted micellar 
(micellax, vesicular) phases (not shown) (a mixture of soya phosphatidylethanolamines (85%) and egg 
yolk lecithin (15%)). Spectra were obtained at 36.4 MHz, at 300C, in the presence of broad-band pro- 
ton decoupling. The bax represents 50 ppm. (Redrawn from the reports by Cullis and de Kruijff [299] 
and CuUis and Hope [334].) 
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I31 t) 322] as well as sphingonlyelins [2991 in mixlures of lipids favor the hilayer 
arrangemenl and that their progressive addition to lipids showing the hexagonal type II 
arrangement leads to the phase transition. The lk)rmation of intermediary phases at inter- 
mediate concentrations of  bilayer tkmners has also been observed. It was noted that both 
saturated and unsaturated phosphatidylcholines retain the bilayer structure in the pres- 
ence of cholesterol [3201. Ilowever. in mixtures of  unsaturated (but not saturatedt phos- 
phatidylcholines and phosphatidylethanolamines, in which tile bilayer arraiIgement is 
elicited by the presence of the phosphatidylcholines, an equimolar ctmcenlration t)f 
cholesterol promotes the formation of the hexagonal type II phase [3231. The t'ormz, litm 
of intermediary phases (between tile bilayer and hexagonal type ii phases) by the addi- 
lion of Ca :+ to  cardiolipins [324] has also been reported. Phosphatidylserines promote 
tile formation of J.lle bilayer structure in mixtures with phosphatidylelhant~lamines 
J325]. Addition of Ca -'-+ causes rearrangement to the hexagonal type !I phase either by 
seglegation of phosphatidylserine molecules or because of an altered 'shape' of the ('a 2+- 
phosphalidylserine complex. Thus, in a model membrane system consisting of 20 tool!;.; 
bovine brain phosphatidylserines and 80 tool% egg yolk phosphatidylethanolanfines, addi- 
lion of ('a 2+ promotes the isothermal bilayer-to-hexagonal type II transition. Displace- 
ment of  ('a 2+ by a local anesthetic such as dibucaine reverses tile arrangement to ~hat of  
tile bilayer 13251. 

Freeze-fracture studies with model systems, cardiolipins [324] and mixtures ot'cardio- 
lipins and phosphatidylcholines [32¢~,327] show that the presence of Ca 2. red'aces the 
fornlation of particles and pits which are observable on tile freeze-fracture faces. The 
transition of cardiolipins from the bilayer to the hexagonal type 11 phase induced by' addi- 
tion of  Ca 2+ occurs through an intermediary phase formed of particles 70 .;~, in diameter. 
31P-NMR shows the isotropic motion of molecules. rhis  phase, existing below ('a > :car- 
diolipin ratios of  0.6, is presumed to be R,rmed of inverted micelles [326]. In an equimo- 
lar mixture of lecithins and cardiolipms at a low C a  2+ : cardiolipin ratio, particles of 
100 A and pits of  70 A in diameter are observed. Furthermore. if Ca > is Iemoved by a 
chelating agent (EGTA), the particles and pits disappear and smooth fracture faces result. 
The particles are suggested to represent inverted micelles sandwiched between lipid 
leaflets [326]. Here again. sIP-NMR confirms the presence of an arraugement attributable 
to  all intermediary phase. Silnilarly, the presence of  such phases can be detected bv the 
use of  S~P-NMR and freeze-fracture studies of  different mixtures of  lipids such as phos- 
phatidylcholine/monoglucosyldiglyceride or phosphalidylcholine/phosphatidylethan~l- 
amine mixtures in the presence of cholesterol [327]. 

Studies on different biological membranes have resuhed in spectra of typical hik, yer 
structures either for intact membranes or liposomes of extracted lipids [2~M,31g,328, 
3201. In the case of erythrocytes, the bilayer arrangement was conserved after enzyme 
degradation when combinations of different lipolytic enzymes (phospholipasc A2. phos- 
pholipase (" and sphingomyelmase) were used. The SlP-NMR spectra of erylhrocyte 
ghosts indicate that residual lipids, inchtdmg lyso derivatives, retain the bilayer arrange- 
ment even though more than 00g~ of the phospholipids are degraded [330]. The 3~I'- 
NMR features of  bovine, rat [15] and rabbit [16] microsomal flactions led to the st,gges- 
lion that a part of  tile lipids may experience isotropic motion, probably clue to tile pres- 
ence of inverted micellar or short cylindrical hexagonal type 11 arrangements of lipid 
inside the bilayer [15,16]. It was suggested that membrane proteins and particularly cyto- 
c h r o m e P 4 5 0  [16] allow tile isotropic motion of  lipids. This has been supported by 
reconstitution experiments [16]. The presence of a non-bilayer arrangemen! is tempera- 
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ture dependent. At 4°C, mainly the bilayer structure is observed and transbilayer move- 
ment is greatly decreased [18]. lsotropic movement of a fraction of the lipids in sarco- 
plasmic reticulum membrane preparations was suggested on the basis of 3Ip-NMR [290] 
which confirms results previously presented on the basis of ~H-NMR [19]. 2H-NMR has 
also given indications that a part of the inner mitochondrial membrane lipids may experi- 
ence isotropic motion [331]. This has been confirmed by using 31p-NMR [299]. With 
lipid extracts from inner mitochondrial membrane [327], rod outer segment [332] and 
E. coli [333], 'lipid particles' were revealed using freeze-fracture studies and 'pits' were 
observed on fracture faces. 3~P.NMR confirms that the isotropic movement of lipids does 
occur. For example, lipids in rod photoreceptor membrane are in the bilayer state as 
assessed using 3Ip-NMR at 37°C. However, extracted lipids are in the hexagon',d type II 
phase and isotropic motion was detected [332]. Non-bilayer structures have been sug- 
gested [334] to be involved in processes of cell fusion promoted by some 'fusogens" 
[335,336]. The well known role of Ca 2+ in promoting fusion [337--339] has also been 
attributed to its ability to elicit the inverted micellar structure at the fusion interface 
[299]. 

Apart from the possible involvement of the existing or induced intermediary phases in 
the fusion processes, the role of such phases in the transbilayer movement of lipids should 
be considered in connection with the genesis of membranes and as a factor in shaping the 
distribution of lipids [1,299]. In addition, the possible involvement of inverted miceUes 
in the process of transport of molecules was envisaged [299]. 

Thus, NMR techniques have contributed greatly to the measurement of the unequal 
distribution of lipids in lipid vesicles, to the recognition of their transbilayer movement 
and to the realization that non-bilayer arrangements may exist or be induced in some 
biological membranes. The electron spin resonance (ESR) technique used by Kornberg 
and McConnell [340] has demonstrated the slowness of the flip-flop movement in dipal- 
mitoyl phosphatidylcholine vesicles. A spin-labeled marker in which TEMPO-choline 
replaced choline in the phospholipid molecule was introduced into phosphatidylcholine 
vesicles and asymmetrically reduced by ascorbic acid. The transbilayer movement was 
studied and found to be a slow process with a half-time of 6.5 h at 30°C. This work initi- 
ated numerous studies on the transbilayer movement of lipids resulting in the confirma- 
tion of the slowness of this movement in vesicles. Recently, a synthetic spin label was 
introduced asymmetrically into a biological membrane by using exchange proteins [246]. 
In this experiment, 2-(5-doxylpalmitoyl)phosphatidylcholine was incorporated into the 
membrane of the isolated inner membrane-matrix complex of rat liver mitochondria. Rat 
or bovine liver exchange protein was used to stimulate the exchange. The signal thus 
introduced into the mitochondrial membrane was destroyed by ascorbic acid treatment at 
0°C, indicating that the label was incorporated into the outer leaflet and that flip-flop did 
not occur. This has been confirmed by labeling the mitochondrial preparation with either 
TEMPO-phosphatidylcholine or 2-(5-doxylpalmitoyl)phosphatidylcholine in the absence 
of exchange protein. When the latter spin label is used, ascorbate reduces the ESR signal 
by approx. 50%. With the former, ascorbate reduces all the label. It was suggested that 
both leaflets contain labeled molecules introduced by fusion in the membrane, but that 
when the label is on the head group the mitochondrial content is able to reduce the label 
and to introduce 'anisotropic' distribution without the need for ascorbate [246]. This 
situation led to the observation of a half-life of at least 24 h at 22°C for the spin label, in 
a parallel experiment during which human red blood cells were assayed with the same 
spin labels, the reducing power of the intracellular compartment was again observed. The 
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inwardly exposed spin label of  TtiMPO-phosphatidylclmline was reduced, then the ilip- 
flop was examined and t\)und to be so slow that the half-life could m~t be measured 
[341]. The head group of  inwardly oriented TEMPO-phosphatidylcholme was not 
reduced when ghosts were used, thus confirming the reducing power of  the intracellular 
compartment. On the other hand, when TEMPO-phosphatidylclloline, in v,,hich the l;,bel 
is Iocaled al the head group, was used, the exchange protein did not stimulate tim incor- 
poration into mitochondrial or erythrocyte membranes, therefore confirming the specific- 
ity for the head group of  the phospholipid to be exchanged. The incorporation of  lipid, 
which is thought to occur by fusion, concerned both leaflets of  the erythrocytc and mito- 
chondrial membranes in the absence of  exchange protein. Another observatio~ was  Iba l  

scmicated spin-labeled phosphatidylclmline induced crenation in erythrocytes. This was 
attributed to the formation of  lysoplmsphatidylcholine and free fatty acid during the 
sofdcalion. When vesicles were treated with albumin, morplmlogical changes m erythro- 
cytes were prevented [341 ]. 

Attempts have been made to design spin labels which do not cross the membrane and 
hence label ~mly one leatlel, l,abels I (positively charged). 11 (negatively charged) and III 
(t,ncharged) were synlhesized [3421. Using yeast cells, il was observed thal labels 1 and 11 
remained exposed on the outer surface. Comparison of  the speclra c.f labels 1 and II 
sho,,ved that label l was more immobilized. Using line-broadening l eagents such as 
Fe{CN)~,- (Kx(Fe~CN)~) and Ni > (NiCI2), which remove the signal from spin labels 
located in the same environment [343,344], it was observed thal the spectra of labels I 
and II vanished when Ni 2÷ and Fe(CN)~-, respectively, were used. Since these agents ate 
non-permeant, this observalion indicates thz, t flip-flop does nol occur during lhe experi- 
ments. When label I11 was assayed with yeast ceils, the spectra changed only slighllv on 
addition of broadening reagent. However, when sarcoplasmic reticulum vesicles ~ve~e 
assayed under the same conditions, 60% of the signal of  label Ill was removed. These ob- 
servations have been interpreled in terms of  the distribution of label 111 am~mg the 
numerous intracellular membranous structt, res of  the yeast cell and between the two leaf- 
lets of  sarcoplasmic reticulum [342]. Thus, the charged nature of  labelsl and II which 
prevents flip-flop may allow examination of  the change in the physical stage at or near 
the membrane surface, r"urther studies probing the depth of  the bilayers, carried out 
by tlubbell and McConnell [345] and others [34{),347], have led to the dcfmititm 
of  the order parameter, indicating a gradient of fluidity th,ough the acvl chains of  lipids. 
The c~riginal observation of  the partitioning of  some spin labels (such as "I'I-MPOI in both 
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the aqueous space and hydrophobic core of  membranes [348. 350], and the presence of  
discontinuities in the Arrhenius plots of  the relative fraction of spin label in the hydro- 
carbone core as a function of  temperature gave intk)rnlation on nlenlbrane asymmetry. 
The onset and completion of  the lateral phase transition, indicated by temperatures q ~.nd 
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tn (lower and higher, respectively), have been defined for phospholipid dispersions and 
bacterial (E. coli) [351] and mammalian cell membranes [352]. Using the hydrophobic 
spin label, 2-butyl-2-pentyl-4,4'-dimethyl-3-oxazolidine-N.oxyl (5 N 10), a nitroxide deri- 
vative of decane, two characteristic temperatures were found for t:'. coli inner membrane 
whereas four characteristic temperatures were observed for LM cells [353]: the latter 
temperatures are approx. 15, 21,30 and 37°C. It was hypothesized that these four tem- 
peratures correspond to t I and th of the two leaflets of the membrane, the values for one 
leaflet being 15 and 30°C and those for the other 21 and 37°C [352]. Since the hydro- 
phobic probe 5NI0 experienced transition in both leaflets, to test the above hypothesis 
a glucosamine derivative of 12-nitroxystearic acid (2-(10-carboxydecyl)-2-hexyl4,4- 
dimethyl-3-oxazolidine-N-oxyl or 12-NS-GA), which because of the polar group cannot 
flip from one leaflet to another [353], was used in addition to 5NI0 [354]. Bacterial and 
mammalian cell membranes were used and Arrhenius plots were obtained from log hH/hp 
vs. 1/k (h, height of signals in hydrocarbon (H) and polar environment (P). With t:. coil 
inner membrane preparations, two discontinuities were observed at characteristic tem- 
peratures (q and th) irrespective of the spin label used. However, analysis of sealed animal 
cell membranes gave four characteristic temperatures when the hydrophobic label (5NI0) 
was used. but only two with the amphiphilic spin label (12-NS-GA). The set of characler- 
istic temperatures depends on the orientation of the membrane. When Newcastle disease 
virus propagated in embryonic chick eggs is used, the two characteristic temperatures are 
approx. 14 and 33°C, Newcastle disease virus budding from the surface of the host cell 
being considered as a source of right-side-out membranes. When latex phagosomes, which 
are inside-out membranes, are obtained from LM cells and assayed, the characteristic tem- 
peratures are 23 and 38°C. With unsealed or disrupted membrane preparations (sonicated 
phagosomes, LM membrane fragments attached to latex), both sets of characteristic tem- 
peratures are recorded. For example, with sonicated phagosomes, the temperatures are 
12.7, 22.3, 29.2 and 38.3°C. it was concluded [354] that the inner and outer leaflets of 
animal cell membranes are physically distinct, each exhibiting a set of characteristic lower 
and higher limits of temperature for the lateral phase transition of lipids. It was envisaged 
that at all temperatures the outer membrane monolayer is probably less rigid than the 
inner monolayer and that this state could result from a lower protein : phospholipid ratio 
in the outer monolayer and/or the presence of phospholipids with lower melting points. 
The fact that the outer leaflet is richer in saturated phosphatidylethanolamines does not 
support this conclusion, but does not invalidate it. 

Waggoner and Stryer [355] have synthesized different fluorescent probes showing 
affinity for different regions of a phospholipid molecule in liposomes as assayed with 
phosphatidylcholine dispersions. For example, 12-(9-anthroyloxy)stearic acid probes the 
hydrophobic region of the membrane. N-Dansylphosphatidylethanolamine probes the gly- 
cerol region of the phospholipid, while octadecylnaphthylaminesulfonate probes the 
water-exposed region of the phospholipid [355]. Different depths of bilayers have been 
examined using 8-anilinonaphthalene-l-sulfonic acid and 2-(9-anthroyloxy)palmitic acid, 
which bind close to the polar/apolar interface, and N-phenyl-l-naphthylamine and 12-(9- 
anthroyloxy)stearic acid [356,357]. Thus, the presence of a gradient of fluidity [346] 
towards the center of the bilayer has been confirmed. In other studies, a series of n-(9- 
anthroyloxy) fatty acids (n = 2, 6, 9 and 12) was synthesized as fluorescent probes which 
were found to be sensitive to the fluidity gradient of the lipid bilayer as assayed with 
dipalmitoyl phosphatidylcholine. Fluorescence quenching shows that these probes are 
located at progressive depths. Methyl-9-anthroate, which was also assayed, can be located 
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at the center of  tile bilayer. The largest blue shift observed in this experiment was that 
betweell 2-(9-anthroyloxy)pahnitic acid alld 6-(9-anthroyloxy)stearic acid, indicating thai 
little water penetrates beyond the 6-(9-anthroyloxy)stearic acid position [358]. All the 
probes can detect tile transition in the bilayer. Recently, fluorescent probes have been 
prepared containing the anthranoyl, dansy[ or pyrene rings bearing acidic, basic or neutral 
functional groups and alkvl 'spacers" of  various lengths 1359]. Different anthracene or 
naphthalene derivatives can be used to investigate the phase transition temperature in 
phospholipid vesicles as has previously been observed by Overvth and Traiible 1360]. 
Values in agreement with those reported bv other authors [361 -363] were obtained with 
phosphatidylcholine vesicles. Among fllese compounds (altogether 22 derivatives were 
sw~thesized and assayed), anthranoyl esters appeal promising in tile study of membrane 
asymmetry 1359]. For example, the anionic derivative, 9-(2-sull\)ethylanthroate). as well 
as a quaternary amine, triethylaminoethylanthroate, both of  which are unable to flip 
from one bilayer of the membrane to another, the latter because of its fixed positive 
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charge, are crenators, whereas the tertiary amine, dinlethylaminoethylanthroate, is a cup- 
folmer. When assayed with erythrocytes, these compounds act according to tile hilayer 
couple hypothesis. However, when the number of carbon atoms of the spacer chain 
increased, the behavior of  some molecules did not follow the predicted pattern. It was 
suggested thal the most important determinant of  the shape changes may be perturba- 
tions near the surface, the probes affecting the deeper regions not being expected to 
induce shape changes. 8-Anilino-l-naphthalenesultbnate, a widely used fluorescent probe, 
is a crenator [364] and in this respect follows the bilayer couple hypothesis. Studies on 
monolayers and liposomes using anthroyl derivatives of fatty acids also led to the conclu- 
sion that the perturbation caused when tile bulky probe is located at the center of the 
bilayer is less than that when the probe is located near the surface [365 [. 

The use of  X-ray diffraction has led to controversy as to the distribution of cholesterol 
m myelin membrane leaflets. Some authors have presented electron density profiles 
which they interpret as indicating the asymmetric distribution of cholesterol [3661. flow- 
ever, using another choice of  phase, a more symmetric profile has been suggested [367]. 
Wide-angle X-ray diffraction studies have led to the conclusion that in gram-negative bac- 
teria outer lnembrane, part ot" tile phospholipids from tile t]uid domains exists as a tattoo- 
layer and/or as a bilayer [3681 . The presence of  the monolayer would be in keeping with 
the fact that in these bacteria, lipopolysaccharides are located only on the outer leaflet of  
the external membrane [ 25]. 

Recently, freeze-fracture techniques ]lave found applications in the study of mem- 
brane asynnnetry. I Iuman red blood cells have been electrostatically linked m "mono- 
layers' to positively charged (polylysine-treated) glass and then fractured. Tile detached 
part, enriched in the external leaflet of  erythrocyte membranes, and tile bound part, 
enriched in the internal leaflet, were then chemically analyzed. It was found that the 
external leaflet is richer in cholesterol than the internal leaflet [369]. Freeze-etching lech- 
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niques have led to interesting conclusions as to the interpretation of particles observed in 
different membranes such as erythrocytes, bacteria, fiber cells of eye lens, gap junctions 
and luminal epithelial cells of the bladder, and particular significance was attributed to 
the presence or absence of complementary pits [370]. In general, the protoplasmic frac- 
ture face is richer in particles than the exoplasmic fracture face, although exceptions exist 
[371,372] (see also the companion paper [2]). Thus, with erythrocytes, it has been sug- 
gested that particles attributed to the transmembrane glycoproteins are mostly associated 
with the protoplasmic fracture face, without pits appearing on the exoplasmic face (for 
an interesting discussion, see Ref. 370), and that this is correlated with a stronger interac- 
tion of the protein with cytoplasmic elements and with proteins and/or phospholipids of 
the inner monolayer, these interactions pulling the integral proteins to the protoplasmic 
fracture face during fracturing. Upon etching, the external surface gives rise to holes and, 
as mentioned, the outer fracture face shows no depression. With gram-negative bacteria, 
the exoplasmic fracture face is very rich in particles (8000//am 2) of diameter 40  8 0  A 
and thus appears granular. The complementary inner fracture face of the outer membrane 
shows pits (6000//am 2) of diameter 40.--60 A and a small number of particles of diameter 
100,8, [373,374]. Some observations seem to indicate that in this case lipids rather than 
proteins may be responsible for the presence of particles [370]. This idea has been rein- 
tbrced by studies with E. coli mutants lacking various proteins of the outer membrane 
[370,373 375] .  In particular, although a mutant lacking the three proteins a. b and c 
showed only 25% of the granulated exoplasmic fracture face, incubation of these mutants 
with Ca 2÷ resulted in the appearance of particles densely covering this face and of corre- 
sponding pits on the inner fracture face [376]. On the other hand, lipopolysaccharide 
mutants [371-375] also show an important reduction in the granular surface. Further- 
more, when half of the lipopolysaccharides of E. coli was eliminated by treatment with 
EDTA, 50% of the outer membrane exoplasmic fracture face particles and 50% of the pits 
of the outer membrane 'protoplasmic' fracture face disappeared [374]. Similar results 
have been reported for Pseudomonas aeroginosa, although in this case, part of the cell 
envelope proteins is also extracted [377,378]. However, in different lipopolysaccharide 
mutants of S. typhimurium, the particle density correlated well with the amount of outer 
membrane proteins [379]. It has been postulated that the particles may be constituted of 
lipopolysaccharide aggregates stabilized by divalent cations and proteins [370,376] and 
may represent transmembrane pores, the specificity of which is dependent on proteins 
[373,376]. That the outer membrane exoplasmic fracture face is particle-rich may corre- 
late [370] with the participation of lipopolysaccharides which are known to be confined 
to the outer leaflet [25]. However, the outer leaflet membrane in gram-negative bacteria 
is also protein-rich [380-382].  Nonetheless, other observations have been interpreted as 
supporting the hypothesis of the lipid origin of particles when complementary pits are ob- 
served [370]. For example, in th.e luminal membrane of bladder epithelial cells, as for 
E. coli outer membrane, most of the particles are found on the exoplasmic fracture face, 
complementary pits appear on the protoplasmic fracture face [383] and these particles 
together with their corresponding pits disappear upon treatment with either phospho- 
lipase or lipid solvents [384]. Gap junctions [385-398] generally show particles on the 
protoplasmic fracture face and pits on the exoplasmic fracture face. In Arthropoda, the 
localization of particles and pits is reversed [389]. In this case, also lipids rather than pro- 
teins have been suggested to give rise to the particles [370]. Complementarity is also ob- 
served in fiber cells of eye lens [391] and this, in contrast to other studies [392], has 
been explained on the basis of the changes of the lipid environment on aging leading to 
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aggregation of intramembraneous particles rather than formation of gap junctions. Ver- 
kleij and Ververgaert [3701 have found similarities between the gap junctions and the 
outer membrane of gram-negative bacteria, on tile basis that, in both [39q,400] cases, 
membranes are permeable to ions and small molecules. On the other band. subunit pat- 
terns are observed using negative staining of  both the outer membrane of t:~ coli 1401l 
and gap junctions [385]. The authors 1370] question whether significance should be 
attributed to the nature of  lipids involved in the composition of.junctions and in particu- 
lar to the globosides which were suggested to be inw_~lved in the formation of neurumus- 
ct,lar junctions [402]. 

IX. Conclusions and discussion 

I have briefly reviewed the leclmiques used/'or assessing the distribution of membrane 
lipids. It is clear that, in view of the many contradictory and often poorly explained 
divergenl data, one must be cautious in interpreting tile results. Experimental condilions 
play ~, crucial role and hence, rearrangements can take place. Thus. lipopolysaccharides of  
gram-negative bacteria have been reported to be symmetrically distributed 126.27]. 
Under milder conditions, they were found to be asymmetrically located [25J with the 
sugar moiety oriented towards the medium. 'Annealing" (for example, working at 45°( ' l  
increased the amount of  phosphatidylinositols detectable by specific antibodies in myelin 
and microsomal membranes from 15 to 50% of the nmmbrane content [49]. In many cir- 
cumstances, proteolytic digestion may increase the reactivity of  lipids. This is observed 
when antibodies, lectins, modifying enzymes or chemical reagents are used. For example. 
proteolytic treatment of  mitochondria and microsomes increases the adsorption of anti- 
phosphatidylinositol antiserum •50]. A significant observation is lllat anti-phosphatidyl- 
glycerol antibodies react with M rcoplasma hominis: however, cells are not agglutinated 
unless partial hydrolysis of  membrane proteins is carried out [52]. This situation is remi- 
niscent of  the case I reported in the companion paper [2J, that of  tile ferredoxm-NAl-)P 
oxidoreductase in chloroplast thylakoid membranes [403,404] in which cryplicily is ob- 
served. Anlibodies raised against this enzyme can inhibit it. indicating fllat its active site 
is exposed to tile chloroplast stroma. However. the precipitation of membranes does ilol 
take place unless tile chloroplast coupling factor (CF1) is eliminated by treatment with 
EDTA. In M. homhzis, phospholipase (7 from B. cereus fails to attack the phospholipids of  
intact cells or isolated membranes, althou~l it readily hydrolyzes extracted lipids. After 
partial proteolysis, phospholipase (" becomes active. Tile action of  B. cereus phospho- 
lipase C on lipopolysaccharide-producing strains (S or Rc type) of  X lyl~hhnurium has 
shown the inaccessibility of  the enzyme to phospholipids [206] with strains producing 
defective lipopolysaccharides (Rd or R e type) anti only a reduced amount of  proteins. 
phosphatidylethanolamines could be hydrolyzed. These results have been confirmed by 
the aclion of CNBr-activated dextran, used as a non-penetrating reagent, on aminophos- 
pholipids, it was concluded that the outer membrane of S and Rc strains either contains 
all the phospholipid molecules in its inner leaflet or that heads groups are completely 
covered. 

Fetal er}.throcytes as well as trypsinized erythrocytes react with antibodies Io telra- 
hexosylceramides (globosides). In normal erythrocytes, even Forssman antigen (with five 
sugar residues) does not react with the corresponding antibodies, indicating that at least 
six residues are necessary in the sphingolipid for the accessibility of  antibodies [ 112,114, 
116.117]. This case is of  particular interest, since reaction with galactose oxidase- 
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NaB[all]H4 labeled not only tetrahexosylceramides but also trihexosylceramides [115], 
demonstrating the differential accessibility of antibodies and of the enzyme, galactose 
oxidase. Some species of Mycoplasma such as M. laidlawii and M. fermentans were found 
to be devoid of lectin binding sites at the cell surface. Pronase digestion uncovered hidden 
glycolipids able to react with lectins [58,60]. A note of caution seems appropriate at this 
point; proteolytic treatment, as discussed in the companion paper [2], may have effects 
other than the simple unmasking of molecules and complex interplay with the process of 
lipid metabolism has been envisaged in some cases [405,406]. 

The reactivity of a chemical reagent is influenced by surface molecules. In En(a-) 
erythrocytes, which lack glycophorin, and in heterozygous En(a) erythrocytes, which are 
deficient in glycophorin, the labeling of aminophospholipids with trinitrobenzenc- 
sulfonate was found to be enhanced [93]. According to the metabolic state, the acces- 
sibility of phospholipids to reagents may vary. In AYP-depleted erythrocytes, 45% rather 
than 20% of the phosphatidylethanolamines are labeled by trinitrobenzenesulfonate 
[177]. Other problems with reagents are encountered. A reagent known to be non- 
permeant may be permeant according to the circumstances. Thus, many anionic com- 
pounds have been reported to penetrate the erythrocyte membrane [90,91]. Trinitro- 
benzenesulfonate penetrates the membrane of B. megaterium at 15°C but not at 0°C 
[ 10]. The reaction with this reagent was reported not to reach completion; the bulkiness 
and the charge of the reagent have been suggested as the cause of incomplete reactions 
[23,75,95]. However, the completion of labeling of phosphatidylethanolamines has been 
observed under certain conditions [66,67] and it has been reported that for vesicular 
stomatitis virus, the disruption of the membrane renders all the phosphatidylethanol- 
amines reactive to trinitrobenzenesulfonate [78]. In some cases, the incomplete reaction 
of phosphatidylethanolamines was also explained on the basis of the strong interaction of 
the lipid with proteins [80]. An observation correlated with the sidedness of aminophos- 
pholipids in erythrocytes is that the oxidation of spectrin, an internal cytoskeletal ele- 
ment forming a peripheral membrane protein, leads to appreciable accessibility of these 
lipids to interaction with trinitrobenzenesulfonate and phospholipase A2 [ 148,149]. 

Studies with mitoplasts of rat liver which are right-side-out particles, and ETPH parti- 
cles from bovine heart mitochondria which are inside-out particles, using trinitrobenzene- 
sulfonate and fluorodinitrobenzene have been conducted at two different pH values, 8.2 
and 8.5 [67]. Both particles appear more stable in pH 8.2 buffer and very little hydrolysis 
of phospholipids occurs. In pH 8.5 buffer, extensive degradation of dinitrophenylated 
and trinitrophenylated phosphatidylethanolamines and lysophosphatidylethanolamines 
occurs and dinitrophenyl glycerophosphorylethanolamines and trinitrophenyl glycero- 
phosphorylethanolamines are formed. Dinitrophenyl glycerophosphorylethanolamines 
and trinitrophenyl glycerophosphorylethanolamines are "also degraded by a phosphodies- 
terase to dinitrophenyl ethanolamine and trinitrophenyl ethanolamine. When ETPt~ par- 
ticles are labeled with trinitrobenzenesulfonate and fluorodinitrobenzene, washed and 
incubated in pH 8.2 and 8.5 buffers, the resynthesis of trinitrophenyl phosphatidyl- 
ethanolamines and dinitrophenyl phosphatidylethanolamines is observed in the first 
buffer by means of acylation of trinitrophenyl lysophosphatidylethanolamines and tri- 
nitrophenyl glycerophosphorylethanolamine or dinitrophenyl lysophosphatidylethanol- 
amines and dinitrophenyl glycerophosphorylethanolamine. In pH 8.5 buffer, trinitro- 
phenyl phosphatidylethanolamines are degraded to trinitrophenyl lysophosphatidyl- 
ethanolamines whereas dinitrophenyl phosphatidylethanolamines continue to be synthe- 
sized from dinitrophenyl glycerophosphorylethanolamine. These observations were taken 
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to indicate that phospholipase.s, phosphodiestelases and acyl transferases are at work and 
can modify the physionomy of immediate labeling producls 1671. 

The use of chemical reagents has lhc inherent drawback that specific liDd classes are 
recogni~'cd. ('areful use of  the degradation enzymes allm~.s the attack t)f lilt)st lipid classes. 
l/owever, caution should be exercized in using this tectmique. The reported specificity of 
phospholipases [133 144,1(~2.209J should be borne in mind. Theret\Jre, i fa  particular 
enzyme d~es not hydmlyze ~, given l~hospholipid m right-side-out biomemhraues, one 
catlTlOI automatically deduce its location o11 the itlner leaflet. Moreuver. even ~, pllosph~> 
lipasc C specific for phosphatidylim~sitols, which has proved to be active eilhcr oil 
extracted lipids or detergent dispersions of microsomes, does nol hydrolyse phosphati- 
dylmositols in either intact or leaky microsomes [162I. Similarly. C. l~eIJri, zgens sialidasc 
attacks partially and the enzyme from I'. ch,~lcpwe does not attack sialic acid residues 
linked to sialoglvcolipids in murinc melanoina BIO tumorigenic cells [1291 . ¿he action of 
phospholipase A 2 on erylhrocytes has been reported to depend on ('a 2+ and pll I23.147] 
and that on eryth,-ocytes [147.175.177] ~,nd A. laMlawii [178] t~ depend on the meta- 
bolic state. I~nzyme dcgr~,dation, as observcd with the action of phospholil~asc A~ ou 
either lecithin vesicles [17~)] or M. luid&wii [IS0],  also distinguishes betweeu molecules 
in the fh,id ¢)r the gel stale. rhe  temperature dependence of  hydrolysis of the ph~)spho- 
lipids of H. sublilis by 13. cereus phospholipase ( was similarly altributed t¢) lhc phase 
separation at low temperatt,re [75]. 

An important point with regard to the action of  enzymes on lipids is that enzymes 
change the nature of their substrates and, parlicularly, the favored arrangement of  reac- 
lion producls may be different from that of  the substrales. For cxample, as mentioned 
above, the action of sphingomyelinase on erythrocyte membranes promotes the forma- 
tion of  60-a particles and pits on freeze-fracture surfaces, this appearance revealing the 
formation of  inverted micelles of  ceramides [ lg6] .  Important changes reduced in mem- 
branes as a result of  enzyme action led different authors to ensure that lysis did not 
occur, since the enzyme responsible would then have had access to both sides. I have 
mentioned different methods used to test whether lysis occurs during enzyme ;.lClit)ll [ I 7. 
76,155,162,248,267]. On the other hand, even without lvsis, flip-flop of molecules may 
be promoted. The possibility of  the transbilayer movement of  lipids as a result ()l" on/vine 
action has been envisaged in different cases st, oh as with B. sublilis [207]. H. me~<atcr&m 
[208] and .11. laidlawii [1681. 

The removal of  products of the reaction with phospholipase A2 has been reported Io 
protect intracellular organeIles from lysis [155] and to facilitate hemolysis of erythro- 
cytes [ 1761. The source of  the enzyme is important: although phospholipases A: of d i f  
ferent origin have been reported not to cause Iysis of  erythrocytes, a basic phosphnlipase 
Ae elicited hemolysis under certain conditions [147].  

1 have discussed the striking discrepancies in the results on the sidedness of  lipid distri- 
bution in endoplasmic reticulum. Sundler et al. [157I, who used phospholipase A: from 
(7. atrox and phospholipase C f lom B. cereus, suggested that the results of  Nilsson and 
Dallner [ 155,156], obtained using phospholipase A2 from :V. na/a, may be err(meous and 
might retlec( the specificity of  the enzyme which the latter authors used. Higgins and 
Dawson [162] have found that both phospholipase A2 from A.'. ~zaja and phospholipase (" 
from B. cereus are not suitable, since both damage the vesicles. Different cases (>f lysis 
have been reported by other authors when using phospholipase A2 [164 167] and the 
influence of  temperature on the amount of  lipids hydrolyzed has been noted [ Ig].  I-low- 
ever, an agreement as to the causes of  the divergent results on microsomes does not exist. 
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The action of phospholipase C also has been found to be dependent on the metabolic 
state of erythrocytes [175,177,188]. On the other hand, in different experiments, the 
influence of temperature was interpreted in terms of phase separation [75,208] and the 
transbilayer movement of lipids was envisaged as a consequence of perturbation of the 
lipid composition of the exposed leaflet of the membrane [75,168,207,208]. The action 
of sphingomyelinase on erythrocyte membranes has been reported to promote the forma- 
tion of particles and pits which appear on the fracture faces of erythrocyte membranes 
[186] due to the arrangement of ceramide molecules in an inverted micellar form [370]. 
Another problem is the failure of completion of the enzyme action to occur, even if both 
leaflets of a leaky membrane are exposed. In such cases, the strong interaction of lipid 
with proteins is suggested to be the cause, as with chromaffin granules, in which 209~ of 
the lysophospholipids were found not to be attacked by a lysophospholipase [216]. 

It has been assumed, as in the assignment of lipids to both leaflets of the erythrocyte 
membrane, that lipids are in an approximately equal distribution between the cyto- 
plasmic and the exoplasmic leaflets. In contrast, it may be that the opposite holds true 
[76,211]. For example, in B. amyloliquefaciens, the distribution of lipids was reported to 
be very unequal; 70% of the total lipids being localized on the outer leaflet. Conversely, 
75% of the membrane proteins were estimated to be associated with the inner leaflet 
[76]. 

Concerning the use of exchange proteins in investigations of the distribution of mem- 
brane lipids, the basic assumption is that only the outer leaflet lipids are exchanged [229, 
243--248]. Consequently, lipid exchange has been used for the study of the distribution 
of lipids in membranes [ 17,18,69,210,211,243,248,250,255-257,265] and the technique 
has been employed for the in situ manipulation of the membrane protein environment 
[169,266,270 -272]. However, using exchange proteins, rapid transbilayer movement has 
been observed with microsomal and mitochondrial [17,18] preparations. It was ascer- 
tained that the permeability of microsomes is not affected and that the vesicles formed 
by extracted lipids consist of two distinct pools of lipids [17,18]. Even in vesicles, uni- 
lateral modification of the nature of the lipids either by the use of exchange proteins 
[273] or by enzyme modification [22] led to rapid transbflayer movement. Furthermore, 
we have seen that the results of enzyme degradation of some bacterial membranes are 
explained on the basis of flip-flop of phospholipids induced as a result of unilateral modi- 
fication [75,168,208]. For cholesterol, rapid flip-flop has been reported for erythrocytes 
[276-278] and vesicular stomatitis virus [279], whereas a slow rate of transmembrane 
movement has been observed for influenza virus [210] and M. galliseptum [280]. Even 
with lipid vesicles, contradictory results on the rate of cholesterol flip-flop have been 
reported [252,281-283]. 

The presence of the erythrocyte membrane integral protein, glycophorin, has been ob- 
served to enhance the lipid flip-flop rate in simple vesicles [284,285]. However, when 
cytochrome oxidase, a membrane-spaning complex from the inner mitochondrial mem- 
brane, was incorporated into vesicles, the rate of transmembrane movement of lipids did 
not change [286], so that there is no general rule implying the participation of integral 
proteins in the flip-flop movement of lipids. 

Apart from results on the unequal distribution of lipid molecules in the two leaflets of 
artificial vesicles [288-294],  NMR techniques provide a tool for the estimation of the 
nature of lipid arrangement, whether bilayer, hexagonal type II or intermediary phases 
[20,21,299,319]. 31P-NMR spectra of bovine and rat [15] and rabbit [16] microsomal 
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I+r:~ctions h,lve led to the suggestitul that a part of  the lipids may experience isotropic tnt> 
titbit probably due to the presence o(illverted tnicellar or short cylindrical hexagon,ll type 
II arr'angetnertts. In sarcoplaslnic reticuhim, both il]-NMR 1191 :lrld 3+P-NMR I><>1, and 
in trifler mitochoridrial menlbraric 2H-NMR 13.711 and "~II:'-N!~IR 1"091, indicated tile 
presence tff non-bilayer arrangements. 

Freeze-fracture studies carried out on extracted lipids of  lnitocll(mdrial lllelllbl:.tne 

13271. r(,d outer Seglnent ,n¢l t : .  (vdi [333i Ilave denlonstrated the presence of  
lipid paiticles alid pits, indicating tile presence cff the inverted micellar arrangelllenl "sand- 
wiched" between bilayer ph:.isos. However, the presence o1" parliclcs on tilt "extipiasmic' 
tlaCttll-e face and pits ell tile protoplasnfic fraclure face of  tile outer nlernbrane ol'gianl- 
negalive bacleria has been attributed to lipopolysaccharides piesent in the Oilier leaflet ~f" 
this lllelnllralle, or to aggregates of  lipopolysaccharides stabilized by' divalent co!lions and 
pi-oteii~s 1370.37~',1. Differenl cases, such as the lulninal llienlbranc of  bladder epithelial 
cells, seine oap junctions aild fiber cells t~l'eye lens have beeil reporled in whicit particles 
Lifo presenl on the exoplaslnic fracture face and pits on the protoplasmic lace. It has been 
stiggesled that tile particles lllav represent lipids witl l an asyilliIlelric distribution rather 
lhan proteins [370]. Reports on the particles and pits observ0d during frcez0-fracture 
stuclies ()I lipid extr:.lCtS t)f" Ilioh>gical tllembranes 1,+ . . . .  +,:l_,,+3,> I COill]rtll tile existence t)l" 
lipid particles attr ibuted to the presellce of  a non-bilayer arrailgeillelil o f  lipids, li r0illains 
it) be elucidated how the aSyll l i l letr ic disirit lul ion t)f lipids ¢;.i11 give the S,:llile lreezc- 
l'racl tlle appe: . t fanc0.  

I Ilave previously discussed the question :is to the origin of unequal distribution of 
lipids in the illenlbrane I l l  alld envisaged :is all inlportanl conlribtl t i l lg factor the aSVlll- 
nielry of lhe cnvironil lenl of' both side:~ of  biological illenlbranes. The inequali ly of  lhe 
distribution of  lipids was considered t~) be the OLltetilne of  tile rates of  processes which 
tend to increase this distribution and t i t  those which tend to dissipate it. These factors 
should be sougilt obiectively, since riley depend on tile nature of  Ihe illenlblano exaniined 
alld, probably, for a given ilielllbraile also on iho developmenlal step and pilysh)logical 
Slate. As suggested ] 1 i. the role of  lhe environnlonl is many-fold and einbraces all the 
causes o f  asyinnletric lipid perturbalions. Tile distribution of  ions [ l  3,14.407.408], pro- 
iCillS I13,141, ellZynles of  I{oth synthesis alld degradation, cxcilallge proteins and illduc- 
lion oI" a non-t}ilay'er arlangenlent, oven if  local aild trailsiellt, :ire possibilities which sh()uld 
be consideled. Of COtlrse, tile role of nlelllbrane proteins, both peripheral (:.is ex.cnlpliIicd 
with specttin [148.14<~]) and iiltegrai, and that of  selective flow sliouh, I als(~ be envisagcd 
I 11. I)epcnding on llie particul:_lr case, each factor may be ot'grealer or Icssci illlptirtance. 
Oile should consider constaiitly iiol only whai COllSlilUteS a nlelnbrane bti[ also ils envi- 
ronilient which, being asynlinelric, iilflueslces illenlbranes asylnnletrically: the concept of  
the membrane environment was emphasized [ lJ. Some recent developments are worthy 
of nolo. II has been reported lhat in la[ erythrocytes, exctlauge o( phosphalidylcholine~, 
1409] is responsible for the renewal of  tile l l lOle tmsaturated species of tile outer leaflct 
alld thai acylalioll activity is dhected tmvards tile l'ornlatic)n of diLlllSallllalec] phospllati- 
dylcliolines at tile inner face 1410]. o,i the other hand, lWo nleihyltiansfcrases have been 
rcpt)rled it) be involved in the genesis of t~hosptlatidylcholines in eiy lhrocyte liiClllbraile. 
I lie filst CllZ}'llle. lrailsferling a ineihyl group to phosphatidylothanoiamines, is located in 
lhe iililei stir(ace, tile secol/d, which transfers methyl grotlpS to pliospl~aticiyl-:V-mono- 
luelhylethan~llainines, facing tile exterior. Sllbstrales of  the first enzyine (pho¢,pliaticiyl- 
elhanokinliues) are localized Oli the cytopiasniic face and the products of the see(rod 
CliZyllie are mostly l\mnd Oil tile outer surface [4i 11. Tile intcrnlediales, phosphatidyl-..\:- 
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monomethylethanolamines, are purported to be embedded in the membrane. Similarly. 
microsomes and synaptosomes of  rat brain were reported to form phosphatidylcholines 
by methylation of  phospholipids [412]. In synaptosomes, a methyltransferase (methyl- 
transferase I) catalyzes the methylation o f  phosphatidylethanolamines to phosphatidyl- 
N-monomethylethanolamines. This enzyme was found to be tightly bound to the mem- 
brane. The second methyltransferase (methyltransferase II) catalyzes the two successive 
methylations to yield phosphatidylcholines. This enzyme was found to be easily solu- 
bilized by sonication [412]. In another study on the genesis of  phosphatidylcholines in 
microsomal membranes using either in vivo incorporation of  [14C]choline or CDP-[14('] - 
choline as a substrate for in vivo assays, it was concluded from degradation studies with 
C. perfringens phospholipase C that phosphatidylcholines from the outer leaflet are pref- 
erentially labeled by the choline-phosphotransferase pathway and that this pool does not 
equilibrate with that of  the inner leaflet. The inner leaflet phosphatidylcholines have been 
suggested to be synthesized by methylation of phosphatidylethanolamines [413}. Fur- 
thermore, one of  the various distributions suggested for lipids in microsomal membranes 
[162] has been confirmed and, in particular, phospholipases from bee venom and N. nala 
have been confirmed to cause leakage of  the contents of  microsomes [413 ]. 

In closing this section, I wish to mention that one should be aware that techniques 
used for the study of  the unequal distribution of  membrane lipids have been most often 
aimed at obtaining information as to the ratio of  the molecules on the leaflets. The 
nature and distribution of  these molecules, compatible with the maintenance of  life, may 
be more or less modifiable and change according to the experimental conditions as exem- 
plified throughout this article and, probably, according to physiological and physio- 
pathological conditions or developmental steps for a cell [1]. A question may now be 
raised: does the inequality of  lipid distribution, as revealed, always reflect the best fit for 
the function of  individual proteins? In other words, do cases exist in which the function 
of  a protein in a given leaflet is best modulated by a lipid which forms only a minor frac- 

tion in that leaflet? 
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