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Abstract:

It has been previously theorized that lipids possessing dif-
ferent headproup structures mix non-ideally  in liquid crystalline
bilayers, due  to either the attiractive or repulsive interactions of
therr headgroup moleties, T have measurcd the relative energiecs of
tnteractions between  bipide with different headproups, using a new
technique that measures the equilibtiwn dist ribution  of exchangeable
fluotescent lipids between different bilayer  envitonments. The
teqults obtained from these studies  suggest  that  lipids with dif-
ferent headgroup  structures may mix motre  ovearly rdeally in ligquid-
crystalltine hilayers than previously supgested on the hasis  of wmote
traditsonal, less direct techniques.

Phospho-  and  sphangolipids  bearing  two hvdrocarbon chains of
constderably  different  length, termed ‘'asymmetric  species', have
tecently been shown to exhibit solid-solid and, o one case. liquid
crvstalline~-liquid crystalline  (Mason, 1988) phase separations in
brnary mistures  with  phospholipids  that  carry two identical aryl
chams, 1 have studied binary wmixtures of  ‘asvametiic’ phospho-and
sphimgolipid  species with the ‘symmett ic' species  dipalmitoyl
phosphat 1dyvl choline (DPPC) and have found such mixtures to be
miscible, albett non-idenlly, 1n  the lTiquid-crystalline phase The
long~chatn sphingolipids were found to be very similar to shorter-
cham sphinpoliprds tn thewr miscibhilities with DPPC. in hoth the pel
wmd the  liquid=crystalline  s<tate, suggesting  that  "asymmettpic!
sphingolipids will exhibit no special tendency to Iaterally scegregate

from 'symmetric ' species in liquid-crystalline membranes



Résumé:

I1 a été proposé que des lipides, posscdant des tétes polacres
de structures différentes, forment un mélange non-r1déal en bircouche 3
1'état fluide due aux intéractions de répulsion ou dtattiact ton entre
les groupes de leur téte polaire. J' i1 mesure les énerpios relatives
d'intéractions entie des liptdes ayant diftérentes totes polaties, on
atilisant une nowelle techinique quit compare  1a  distothution
1'¢4quilibre de  lipides échangeables  fluotescents eatie ditferents
envitonnements de bicouches Tipidiques.  lLes  1ésultats obtenus prace
3 ces études suggorent que  des  liprdes, avant difterentos tetes
polattes, pourtaient se mélanger de facon plus déale, o 1 ratéreur
de brcouches a  ['état {luide, que le hirssatent entewdpe des oh-
servations hasdes sut des méthodes  plus traditionnelles ot woins
ditectes

I1 a2 été observé, récemment, que les phospho- et spliinpolipides
portant deusn <haines d'hydrocarhones  de longueur considdérablement

différentes, aommeEes ‘eaporrs  asymel rques proesentent oo
sépatations de phase  solide-<olide ot dans un cas partioulier,
fluide-fluide (Mason, 1988) eu mélanpes binatres de phospholiprdes,
portant deus chatnes acy les rdentgque s, Jtar etudie ddoa métangpe s
binartes  de phospho- nt oo aphingolipides  Tasyme triquest  aves

1'espoce "syméttrque’ dipalmitoy ] phosphatsdy beholine (DPPC)Y, ot 3

obhservé quc (e type de mélange étart misarble, hieo que de fagon non
1dénle, 3 1'état flumide. les sphingolipudes a longue chasne  of Te
sphinpoliprdes 3 courte hatoe présentent  de prandes Somnbitades
quant & lteur mescthilité wee le DPPO L o 1T Atat pel comne 4 ot

'

flutde, suggerant  que les  sphanpolipides D vaxmétrvgues e mont 1ent

pic de tendpe paticoeliere o ose Soparer dee eopeoe et e

' e gqui ovomerne e« membranes florde
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CHAPTER ONE: Introduction



r.

1.1 Preface:

The fluid-mosaic model of biological membranes (Sinper amd
Nicholson, 1972) has emerged as the acecepted model of membrance
structure. In 1nterpreting this model, lipids dre otten assipned o
purely structutal role, maintaining the bairiet properties of the
membrane and serving as o fluid, vet ordeted matiais 1ato which the
membiane proteins are mserted, In this view, the tmpottant func-
tional praoperties  of the membrane are attributed exclusively to the
protein component.

In fact, however, this view of membrane structure and tuuction
may be setriouslyv oversimplified 1n some mportant re<pects.  Recent
tesearch  has indicated  that  the functional toles  of  the Lipid
component 1n hiological membiranes are consoderably more comples than
previousiy eovicioned.  Almost  all brotoprcal  wmembranes contam o
wide arta,  of lipide,  the 1elative proportions of which wo tapht iy

a

regulated clear telationship between wmembi e Tiprd composition
and memb: .- tunction has been established 1 o vartety of studpes
that have demonstrated a signaticant 1ole of  Tiprd struc e in
modulating lipid-protein and protem-protom antetactions n bl -
cial and biological membtanes (Sandermann, 1978, Zwaal, 1978). Some
major (lasses of memhrane lipaids have  also been shown to form non-
hilaver structures that may be present  during biologicallyv important
processes  such  as membrane  fuston (Gullis and De Kruijff o 1979)
Other membrane Lipids have bheen shown to be involved 1 pathways fox
information tiransfer within or  across  membianes Phosphat idy |
mosttol (P1) nd 1ts mono- and diphosphory Tated derivatives, foy
example, have heen shown to be imolved in anformat ron propapation
from mammal ian ce11 surfaces to the cyroplasm. Upon stymplaton of
specific c ell surface rteceptors, phosphorylated derivatives of Pl are
tap1dly converted 1nto a series of potent second  messenpers Cinelud-
ing inesitol triphosphate and  diacylglycerol) which anduce dbramat g
and widespread cellular responses such as  calorm mobylizat ton and
kinase activation (Berridge and Irvine, 1984; Cockaroft and Gomborte,

1985). In the Light of these facts, 1 seems urcessary to broaden




our picture of the role of membrane lipids from that of a purely
structural component to one in which they are given a more active
role 1n membrane function.

The aim  of my thesis ts to contribute to the existing body of
knowledpe +oncetning how 1lipid  structure can  affect the gross
otpannrzation  of  lipid mixtures, and how this organization may be
telated to the physiological function of membranes. As discussed
later 1 thas chapter, my ultimate poal 1s to evaluate how well (or
how pootly) the Lipid phase 1n a biological membrane can he modeled
s  a  homogeneous  two-dimenstonal  'solution' ot different  lipid
species, whose distinetive propesties contribute to  the overall
ptopertice of the wmembtane only by 'averaging' with those of the
other lipid species present. The alternative view, that certain
types  of lipids <an form  Jaterally segregated 'clusters' or even
domains 1n the membtane plane, has bheen put forward and deserves
setrous  evaltuation, it only to dismiss the likelithood of such
behaviour, 1o view of  the potenti1al fluence of  such behaviour on
membrane func tion,

I will therefore present  stuwdies examining  the effects of two
aspects of liptd structure, namely polar headgroup stiucture and acvl
chain Tength  'mismatch', o lipid=1ipid interact rons 1t experimental
systems. The associations between lipid headgroups will  bhe studjed
using 4 new  approach mvolving  the equilihration of fluorescent-
fabelled lipids between lipid vesicles of different coumpositions,
The effect of acyl  chain teagth  'mismatch' on lipid mixing will be
studred 1u binary svstems combining plosphatidylcholine with var 1ous
phuospho-  and  sphingolipids  bearing highly asvmmetric hydrocathon
chains  (1.e v nydrocarbon chains  of considerably diffetent
length).  Such bipid species have recently heen  suggested to form
discrete domains within brological  membranes and  hence, may have a

significant role to play 1n membrane function.



1.2 Lipid Structures:

Animal cell membianes contain a wide vartety ot lipid species,
almost all of which however can be grouped nto three c¢lasses; the
glycerol-based phospholipids, the sphingolipids, and the sterols,

Biologically occurring phospholipids have the following basid
structure: a glyceral  backbone substaituted with long  fatty acyvl
chains at positions -1 and -2, linked through o phosphodiester
linkage at €C-3 to a polar  alcohol, The  most  common  polar Lipid
headgroup structures are shown 1o Frgute 1. Within a given headproup
class, e¢.g.. the phosphatidvicholines, there 1o o larpe  depgree of
variation with respect to  fatty  acyl ochain Teapth wnd degree of
unsaturation. The  liptds  of  human erythrocyte membranes, for
example, are composed of fatty acyl chains which vary an lenpth from
16 to 24 catbons and 1n degree of saturation from O to 6 double bonds
{van Decenen and (e  Gier, 1974). Long-chain saturated fatty vl
chains are found predominantly at the C-1 positron of the plycernl
backbone and unsaturated fatty acyl chamns at the C-2 position.
Phospholipids are by far the most widely distibuted of the membrane
lipids and comprise the major lipid component of  animal cell wen-
branes (sec Table 1).

The sphingolipids are a4 highly heterogencous «lass  of Tipids
based primattly on the long-chain bases sphingosine, drhydiosphingo-
sine, and 4-hyvdroxy<phingoesine. In all sphingolipids, the -2 amino
group of the sphingosine base is  linked to  a fatty acyl chan
creating an amphipathic nolecule with two long hydrophobic chatns, an
artangement similar in overall structure fo the diacyl glycerol
moiety of phospholipids. The N-linked acyl chains, typically 16 to
24 carbons 1n leagth, are erther satutated or mono-unsaturated, and

may be hydroxylated at C-2, Three  acyl  chaine, 1600, 24:0, and

1The acy]l chawn length and position, contirmation, and number of
unsaturated honds aree often designated by a shorthand notation For
example, an 18 carbon chain with 4 ci1s double bond between G, and €,y
would be wiitten 18:1 «a”, The & notation 1o often not ine luded
unless the double hond 1s of specific interest.
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Figure 1: Lipid Structures (at physiological pH)
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Table 1.

The Lipid Composition (in weight %) of Various Biological Membranes
(from Vance and Vance (1985))

Lipid Erythrocyte* Myelin* Mitochondria’: FEndoplasmic
Reticu[gﬂﬂf
Cholesterol 23 22 ; 6

Phosphat ndy]
Fthanolamine 18 15 1 17

Fhaosphat idyv]
Choline 17 10 $9 4(}

Phusphatadsy 1
Serine 7 9

.

£
L
|
1
R

Sphingomvel 1n 1

Gly osphingo-
lipids 3 28 -- 27

from humir: sovtrces
“Eofrom tat Jiver



2h:1, account for the majority of sphingolipid N-acyl chain groups in
human erythrocyte membranes (van Deenen and de Gier, 1974). Similar-
ly, three acvl chain species (18:0, 24:0, and 24:1) account for >50%
of the hydrocarbon chains  found in wmyelin (Abe and Norton, 1979).
some representative  sphingolipids are shown in Figure 1. (For the
purpose of «larity in this thesis, 1 will wuse the term 'phospho-
lipids' only to describe species based on diacyl glycerolphosphate
and will 1ncelude sphingomyelin with the sphingolipids). Although
less  prevalent in animal  cell membianes than aire phospholipids,
sphiingolipids can be found 1n relatively high concenttations in cell
plasma  wmembianes, particalarly 1n specific tissues such as myelin
(Table 1),

Cholesterol 1s the major sterol component of mammalian cellular
membranes.,  In addition to  the 4-membered steroid ring system,
cholesterol possesses a 3-A-hydioxy! group and a branched hydro-
carbon  chain  attached at  opposite ends of  the sterord nuc leus.
Cholestetol s generally found in cell plasma membranes  and 1s less
prevalent an antracellnlar menmbranes, although endosomes (which are
derived from the plasma membrane) are  a notahle  exception (Heiniger
et al., 1976: Fvans  and Hardison, 1985 Steck et al., 1988). The
cholesterol content  of  plasma membianes varies considerably from
tissue to  tissue; 1n some membranes, such as those of human ervvthro-
vytes and particularly myelin, 1t 15 a major component ., approaching
equimmolar tatios with phospholipids (van Deenen and de Grer., 1974),

To study the behaviour of 2 particular lipid species 1n a systenm
as heterogencous as g brological membrane would bhe an arduous, if not
mmpossible task. Therefore, one 14 often obliged to <tudy simpler
mode]l <ystems, typreally brlayers with relatively few lipid andfor
protern components,  with the eventual goal of extiapolating the data
to desciibe the biologreal  system. While this goal has yet to be
fully rcealized  1nomany  cases, an enormous amount of data has heen
amassed concerning the nature of  Tipid-lipid nteractions and how
these 1nteractions mav affect membrane structure and func tion.

One ot the more inttiguing theoretical mplications of nonideal

tnteractons between different lipid species 1s  the possible forma-
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b

tion of separate domains composed of disciete lipid species i
multicomponent liquid-crystalline bilayers. Such domains  have bheen
suggested to particapate  in several mmportant birologrceal tunctiions
including the binding of lhgands to the membrane  sur face
(Cuatrecasas, 1973; Haywood, 1974; Revesz and Greaves, 1975 Mallia
et gl;. 1976 ; Holmgren et al., 19805 Critchley et al., 1981), the
formation ol membranes with unusual morpholopy (Curatolo, 1987), the
enhancement of membirane «tability  (Schmrdt et 21;' 1978) and the
maintenance of bilaver continuity at hipid-protein antertaces
(Gerritsen et al.. 1979).

I will now discuss the physical hehaviour ot the common phospho-

and sphingolipids 1n aqueous solution, both as pute compounds and 1n

simple mixtuies with one another.
1.3 The Effect of Lipid Structure on Lipid-Lipid Interactions:
1.3.1 Introduction of Lipid Phase Behaviour:

Before discussing specific  liptd-1lipid tnterac ttons it s
necessary to introduce  the concept of  {ipid phase  hehaviour,
Membrane lipids can exist n several temperatuare-dependent states,
At Tow temperatures, some fully hydrated phospholiprds can form one
or more pgel o1 ciystalline phases  (denoted as Ly L' o Lo). in
these phases, the acyl (hains are tightiy packed with extensive van
der Waals' contactse and relatively little chain motion, At higher
temperatures. gel-state bilayers typteally convert to g thod state
called a liquid-crystalline phase (denoted as  La) in which the acyl
¢hains are no longer tightly packed sund eshibit noteased moleculfan
mot.ion. This particular  phase  transition s often collogquilly
referred to as '‘melting'. The tempetature 4t which a gaven hydrated
lipid undergoes this transition (denoted as Ty4) 15 dependent on the
stability of the system 1o the el phase:r  the more stable the pel
phase, the higher the Ty. Tu tends to increase  with tncreasing acyl
chain length., as this 1esults 1n additional van der Waals' contacts

between adjacent lipids, which are stronger 1n the pel state,




Conversely, unsaturated or branched acyl chains disrupt acyl chain
packing in the interior of the bilayer and hence lower Tu. For
single pure lipid species, the gel-to-li1quid-crystalline phase
transition 15 strongly coopetat tve and behaves as a  c¢lassical first-
order phase tiansition (Albon and Sturtervant, 1978). By contrast, a
heterogenecous mixtute  of phospho- and sphingolipids, such as those
found ta  biological membranes, will chatacteristically have a broad
gel=to-liquid crystalline phase transition.

For some lipids, raising th. tempetature still further may
tesult an another phase transition, trom the liquid-crystolline phase
to a non-btlayer (e.g., hexagonal) phase Such transitions have been
obscerved for unsaturated phosphatidvlethanolamines, cardiolipins, and
phosphat 1dic aci1ds  under physiological or near-physiological condi-
t1ons (Cullis and de Kruijff, 1978). The tendenc rtes of different
Lipid species to form nponlamellar vs. lamellar phases 15 often
explamed 1n terms of  their different 'dynamic shapes': the type of
appregate tormed by a specific lipid species 1n aqueous solution is
dependent on the ratio botween the volumes and ciross-sectional areas
of the headgroup and  the acyl  chams (Thewelaehvily et al. o 1976).
These latter properties in turn, depend on the length and depiee of
unsatwatyon of a biprd's  acyl chaimms  and the halance of repulsive
anet atteactine fotces (electrostatie,  steric, dipolar and hydiogen-

honding) between the headgroups ot adjacent lipiids,

1,3.2 The Effect of Headgroup Structure on Lipid-Lipid
Interactions

1.3.2.1 Pure Lipid Systems

Liprds with wdentical acyl chawns but different headgroups often
exhibit  remytkably  diffeirent phase  behaviour. For cxample, the
dipalmtoyl phospholipids listed 1n Table 2 have considerahly
ditferent pgel to liquid crvstallaine transition temperatures. Several
tac tors have been supgpested to 1nfluence the transition temperatutes

at phospholiprds  with different headgroups, including headgroup size



Lipid
pePrA
bi'PEF
DEPS

DPPC

“choar e

Table 2.

The Main Transition Temperatures (Tm) of
Several Dipalmitoyl Phospholipids

Charge™ = Tn_(°C) Reference
~1 (P Blume amed Tab 1l (1ost
0 6 phd
-1 Hh Gove et al. (1981)
Mubonald ot «l (1976)
0 41 Vil Drgok ot G0 (1976)

Phollype ‘fi_ oTo)

At neutral pH
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and charge  at physiological pH (Bach et al., 1978; Van Dijck et al.,
1978; Browning, 198la,b; for a contrasting report, see Eibl, 1983),
and ability to donate and accept hydrogen bonds (for recent reviews,
sce Bopps, 1980, 1987),

Hydropen-honding 1nteractions have heen suggested to promote
tighter assocrations between the headgroups of species such as PE, PS
and PA, which may a-count for the higher transition temperatures of
these Lipids (Bopps, 1980, 1987). Sevetal proups have presentoed data
concernng the effect of various physical parameters on phosphatidyl-
cthanolamine pthase transitions whioli support this cou.ept
(Papahad jopoulos and Werss, 1969;  Seddon ct al.. 1983). Similar
experwments have been performed on pure PS species {MacDonald et al.,
19765 van Drjck et al., 1978; Ceve et al. 1981), Cevc et al. (1981)
showed that  Ps  exhibits 1ts  masopum pel-liquid cryvstalline phase
transition tempetrature at  Jow pH, where 1t exists as a peutral
molecule, At neutral pH, a4 lower tiansition temperature 1s measured
at low salt concentrations: however, at  high ronue  strength, where
the negatinve charge of PS 1s  largely shielded., the transition
temperature mmoredses to a valae symilar to that of the neutral (low
pH) species  and to that ot the corresponding PF (Ceve Ei.ﬁl;' 1981).
These results  suppest  that the transition  temperature of PS is

stgnmifscant Iy anfluenced hoth by electrostatic factors and by

hydrogen-bonding imnteract 1ons between headgroups.,

Pure PA syatems have also beep studied 1n eftort to explain the
hiph phase  transstron temperature  of this lipid at physiological pH
(Jacobson and Papahadjopoulos, 1975; Rlume and  Fibl, 1979: Eibl and
Blume, 1979), Fogps (1987) sugpests that the monoptotonated toim of
PA can partrerpate noantewmolecular hydrogen bondmg 1n spite of its
nepatne chapge  at plvsiofoprnial  pH. when PA 1s completely tonized
at hph pH, the 1y drops apprecrably (Blume and Eibl,  1479: Eibl and
Blume, 1979, Eibl, 1983), probiably due to inereased charge repulsion
and loss of hvdiopgen bonding interactions hetween the PA head;iroups.,

sphingolipids posses addit tonal chemical  groups, which  are not
found 1u phospholiprds, that wav also participate n inter-molecular

hvdrogen bonding,  The amido proton and the C-3-hyidioxyl group of the



ceramide moiety, as well as the 2'-hvdioav]l groups present on a
significant portion of sphingoliptd N-acvyl chains, mav all serve as
hydrogen-hond donors. As well, the glveosphinpgolipids (cerebrosides,
sulfatides, and ganglivsides) possess multiple  potentral hydrogen
bonding muieties (hydioxyl and  amide  prooups) o there headproups
which have a latpge etfect on therr phase behaviour .

The transition  temperatutes  of various  sphinpomyelins  and
synthetic sphingomyelin analogues  have  typrcally been found to be
only slightly elevatred above those ot phosphatidylcholires of similag
chain lengths (Barcpholz ot al.. 19765 Barenhols and Thompson, 19805

Barenholz and Gatt, 1982; Cutatolo et al.. 1982, 1985) However,
pure synthet i sphinpemyclins can exhtbit comples pel~phase behav-
our, forming <table gel states with considerably greater enthalpres
and entropres of chain melt tug than are obhserved for the correspond-
1ng phosphat iy Icholines (Barenhol > et a0 1976, Cohen et al., 1984,
Curatolo et al., 1982, 1985). [t 15 thought that this distiactrve
piysical behaviour of the sphingomy e lins nay be duce to intemmolecala
hydrogen bonding hetween  splungomyelins  that 16 ot possible for
phosphatidylcholines (Curatolo et al.. 1982, 1985) .

The simple plycosphingolipids galictosy cerebroside  and
sulfatide exhibit telattvely high transition  temperatutes  when
compared to phospholipids ot spliingomyelins with simmilar acyl chains,
It has been suggested that this belwviour reflects the ocourtence of
strong intermolecular  hvdrogen  boondiog  between  plycosphingolipid
molecules 1in the gel phase, thus Stabibrzing thae phasce relative to
the liquid-c ry~talline phase (Bopgs of al., 1984). This concept s
supported by the finding  that synthetic glycolipids cousiating of
sugar tesiduce linked to the C-1 position of o 2,5-ditetradecyl=sn-
glycerol, were found to  posses  Ty's  17-27°C higher  than therr
corresponding ditetradecyl PC's (Hineg et al., 198%5). Studies of the
phase  behaviour of sulfatides (Boggs ot al., 1984, 198%) and
cerebrosides ( Clowes et Aal., 1971: Bunow, 1979; Bunow and Levin,
1980 Freire et "1_1__. 1980; Ruocco et al., 1981 Guratolo, [982;
Curatolo and Jungalwala, 1985; Reed and Shipley, 1987) with different

N-acyl chains have shown that the transition temperatures and
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enthalpies ol these species do not depend strongly on the acyl chain
length. This  result suggests that hydrogen-bonding interactions
between polar headgroups have a greater influence on the thermotropic
behaviaur of  these lapids than do the van  de:r Waals' intetractions
between the hydrocarbon chains. Synthetic sulfatide species exhibit
lower Ta4's than do the cortesponding  cerebrosides, probably reflect-
ing the  presence of electrostatic repulsions between the sulfogalac-
tosyl headgroups (Boggs et al o 1984) .

The  crystal structure  of a  synthetic cerebroside has been
teported by Pascher and  Sundell (1977). Within the crystal struc-
ture, the planes of the sugar rings lie almost parallel to the plane
aof the bilayer, and  the sugar headgroups fowm an extensive lateral
network ot hyvdropen bonds.,  Similar headgroup interactions have been
indicated n “H NMR  studies of N-16:0 cerebrosides (skaijune and
Oldtield, 1979). The sphingosine hydroxyl  groups and  the amide-
Finked hydioxy  fatty  acids  1n these systems are also involved in
Interal  hydiogen-bonding intetact tons., Such intetactions are
probably smportant n the formation ol highly stable, high-melting

el phases by cerebrosides (Boggs, 1987 Curatolo, 1987)
1.3.2.2 Binary Lipid Mixtures

Although studies tnvolving pure  lipid species have indicated
that lipids with different headgroup structures can exhibit quite
difiecrent physical behavieur, this  finding 15 of 1ittle biolugical
televance 1t these distimet  behaviours are not 1eflected in the
propertres of  wmembranes with mised lipid composirtion, Expetuents
mvolving biary  mixtures of  lipids with different headgroups have
been estremely mmportant to address this and other questions concern-
ing the  toles ot Liprds with different headgroups in determining the
physical properties of brologreal membranes.

Lat v experimments  studying the phase equilibiria of binary
mixtures of  svimetric phospholipid  species of similar chain length
have generally andicated Timited solid-phase miscibility and irepular,

though not  wdeal, mixing of the lipid species in the liquid-crystal-
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line state. Most PE/PC systems with symmetric acyl chains have shown
partial immiscibility in the gel-state and complete, but apparent 1y
non-ideal mixing in the liguid-ciystalline state (Wu and McConnell,
1975; Luna and McConnell, 1978; Blume ct al., 1982). Mintures ol
DPPE with DEPC were originally reported to exhthit Niqued-liquid
immiscibility (Wu and McCounnell, 1975), although morc tecent studies
employing DSC (Silvius, 1986, Brauner and Mendelsohn, 1986) and FT-1R
(Brauner and Mendelsohn, 1986) have failed to contorm this finding,.
It has been suggested that preovious analvses of Trptd miscability an
PE/PC systems have often farled to account adeguately  for the solid-
phase polymoiphism exhibited by the PC component (Sihvius, 1986),
which may lead to ertoneous conclustons conce rnnpg the thermodynamios
of lipid mining in the liquid=crystalline as well as the pel-state,

Several studies of the mising behaviour of phosphatdy Lcholines
with phosphattdylserines or phosphat idi acrds  (Shimshsck and
McConnell, 1973; van Dyck et al. 1977, 1978; Luna and M Connel 1,
1977, 1978; stewart et al 1979; Hui ct al., (O87%; Silvius and
Gagné, 1984a) have geneirally indicated high miscibi bty n the Liquad
crystalline state, although limited miscibiiity of  these species an
the gel-state of saturaced PC/PS ond PC/PA mixtures has been reporfed
(Luna and McConnell, 1977; van Dijck et al., 1978; Stlvius and Gapne,
1984a). Silvius and Gagné (1984a) have suggested that conflicting,
results obtained in earlier studies could be due to 1ncomplete sample
equilithration.

DSC experiments 1nvolving binary mixtures of PE and PS specares
(Silvius and Gagné, 1984b) and of PE and PA speuies  (Graham et al.,
1986) of like-acyl composition have indicated that such systems
exhibit near-ideal miscibility in both the gel and liquid-crystalline
states.

Lateral segregation of anionic from neutral lipids has been
reported in a number of binary lipid mixtures n the presence of
divalent cations, particularly calcinm (g(_LF:_A_ Ohnisht and Tto, 1974
Galla and Sackmann, 1975; Jacobson and Paphadjopoulos. 1975, Hartmann
et il_'_’ 1977; van Dijck et al., 1978 Verkleyrj et al., 19825 Caffrey

and Feigenson, 1984; Graham et al., 1985;  Kouaoucy et al., 1985;
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Haverstick and  Gaser, 1987; Leventis et al., 1987; PE/PA: Graham et
al., 1988 ; P_(__/l’_‘z Ohnishi and Ito, 1974; Tokutom: et al., 1981;: Chk1
et gl_., 1981; Hoekstra, 1982; Hui et al., 1983; Florine and
Feigenson, 1987; Feigenson, 1989; PE/PS: Cullis and Verkleiy, 1979
Tokutomy ¢t a4 , 1981; Tilcock and Cullis, 1981; Silvius and Gagné,
1984b) .  Such phase  separations ate usually of the solid/]1iquid-
crystallhime type, not the Liquid-crystallne/liquid-crystalline type.

Calor tmetac studies ol phosphattdyv]lcholine /sphingomyelin
mixtures (Untract and shipley, 1977; Barenholz ot al., 1976) have
shown these oystems to he completely miscibhle at physiologioal
temperatur e, although lateral separation of sphingomyelin-rich phases
occurs upon cooling.  Steady-state fluortescence techniques and fireeze
fracture microscopy have shown that phosphatidylcholine/sphingomyelin
vestoles  (Calhoun  and - Shipley, 1979 Leatz ct «l., 1981) exhibit
thermotropic  behaviomr  smmilar to  that  of DMPC-DPPC mixtures
(Shimschick and McCounell, 1973;  Chapman et al , 19745 Lee, 1975),
except that the forme:r system exhihits gel state mmmiscibility at low
fempetralutes, Lents  and  coworkers  (1981) have sugpested that
differences nacvl chatn composition, and not in head gioup struc-
ture, comprise  the major tactor in determining the phase separations
in sphingomyelin/ PO systems,

The mising of cerebrositdes  with phosplivlipids has heen studied
by @ vartety ot technrques to date (Bunow and Levin, 1980; Skatjune
and Oldfreld, 1982; Ruocco et 21;‘ 1983; Maggio et al., 1985;
Curatolo, 1986; Bunow and Levin, 1988: Johnston and Chapman, 1988;
hoynova et al., 1988). Such systems generally exhibit almost
complete mmmiscibility in the gel phase. At physiological tempera-
tures, o homopeneous  liquid-crystalline phase 15 formed only at
relatively low mole factions of cerehroside.  Above this 'solubility
limit ', there s separation of a  cerebroside-rich gel phase.  This
behaviour 1s  believed to be due to the presence of stiong hydrogen-
bonding mteractions between the cerebroside headgroups. Rintoul and
Welttr  (1989) have iecently shown 1n sulfatide/DEPC mixtures that
sultatde exhibits somewhat better miscibility with PC at physio-

logical temperatures than the coriesponding cerebroside. It 1s
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important to note that the glycosphingolipid/PC svstems just dis-
cussed exhibit gel/liquid-crystalline, and not Lrquid-
crystalline/liquid-crystalline phase separations.

In summaiy, a variety of bindry  phospho-and  sphingolipad
mixtures have been found to exhibit at least partial immscibility o
the gel state and appear to mix 1n a nontdeal manner 1n the liquid-
crystalline state, Ciear evidence for lLiquid=crystatbine/liquid-
crystalline phase separations has not  bheen  gpeported to date in
mixtures of lipid species with similar acy) chaimn lengths, althouph
both ‘clustering' and gel/liquid-crystall ine phase sepatat tons may bhe
possible for some lipid mixtutes of this type under physiological

conditions.

1.3.3 The Effect of Acyl Chain Structure on Lipid-Lipid
Interactions:

Given that the hydiocarbon chains of a lipid molecule closely
interact with neighbouring hydrocairbon chatns in  the snterior  of a
bilayer, it is not surprising that changes 1n the length and degree
of unsaturation of these chains can have a great effect  on membrane
behaviour. The C-1 acyl <hams of the phospholipids present jn most
cukaryotic systems ate typirially saturated, while the €-2 chains are
typically unsaturated (Holub and Kuksis, 1978). Most lipid mixing
studies to date have dealt with ‘'symmetric  chain' phospholipids,
whose two acyl chains are either chemically rdentycal or (g oo

slightly looser definition) very similar in leugth.
1.3.3.1 Lipids with Identical Acyl Chains:

While lipids bearing two identical acyl chains (which 1 will
refer to below as 'like-chain’ speciecs) are minority speciles in must
biological systems, studies of such lipi1d specics have  revealed o
number of important general trends tegarding the relationship of

lipid acyl chain structure to the properties of the lLiptd hilayer.
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A number  of groups have shown that for a given series of like-
chain lipids with the same headgroup and degree of unsaturation, the
enthalpres and entropies of the gel-to-liquid-crystalline transitions
ncrease aa the acyl charn length 1ncreases (Ladhrooke and Chapman,
19695 Lee, 1975; Mabrey and Startevant, 1976, 1978; Huang et al.,
1982; Silvius, 1982; Huang, aned Levin, 1983). I'he explanat ton of this
trend s as follows:  as  one tnereasces the acyl chain length, the
attractive van der Waals' forces between adjacent 1ipid acyl chains
increase, and  hence more energy 1< requited to weaken these interac-
tions on melting trom the gel to the liquid-crvstalline state,
Studies  of  brinary mixtutes ot saturated 1like-chain phosphatidyl-
cholines ol differing acyl chawn lengths have shown that in cases
where  the ditference tn acyl chain lengths 1s slight, mixing 1s
neatly i1deal. This has heen demonstrated for mistures ot DMPC writh
prp¢  (Shmmshick and  McConnell, 1973, Chapman et gl;. 1974, Lee,
1975), dielaidoyl phosphatidylcholine (DEPC) with DPPC (Wu  and
McConnell, 1975}, and DPPC with distearoyl phosphatidylcholine (DSPC)
(Shimshick and McConnell, 1973, Matubavasi et gi;, 1986). Mabrey and
Sturtevant  (1976) have  shown that  bigary  mixtures of like-chain
phosphat tdylcholines whose acyl moieties difter by 6 or more carbons
exhibrt tull  (but not  1deal) miscibility 1n the liquid ciystalline
state, vet underpo lateral phase separation 1 the gel state. Such a
tesult 15 not unexpected, since mixing of such disparate species 1in
the gel phase would  tovolve  extiemely mismatched  pairing  of acyl
chains 1n the centre of the bilayer, an energetically unfavourable
state,

Unsaturated like-chain phospholipids have generally heen shown
to have  a decreased gel-to-liquid-crystalline transition temperature
when compared  to thetr saturated counterparts, particularly when
thenr  cis-double  bonds are located near the centers of the acyl
chatns (Barton and Gunstone, 1975). This fact, coupled with the
observatton  that most  phospholipids poscess one unsaturated acyl
cham, has  led to the general belief that unsaturated fatty acids

have an extremely important role in maintaining the fluidity (se. the



liquid-crystalline state) of biological membranes at physiolopieal

temperatures,

Mixtures of saturated and unsaturated like-chain lipids with the
same headgroup typically show lower miscibility, at least 1n the pel
state, than do binary mixtures of saturated like~chain ipids with
similar acyl chain lengths (for o  comprehensive  listing of the
miscibilities of various binary phospholipid mintures, «ve Silvius,
1982}, Thus, the saturtatedfunsaturated mixed-acyl phospholipids
present in bhiological membianes, have the added advantape of avording
the low miscibility that occurs with miztures of disaturated and di-
unsaturated litke-chain lipids.

Despite theirr biological mportance, relatively few studies have
been undertaken invalving the thermotropic behaviout of
saturated/unsatu: ated phospholipids.  These studies have shown that
mixed chain phospholipid species tvpically show broad, uncooperat ive
phase transitions, likely Jdue to  the disruptive offect ol the
saturated chain on the foimation of the pel phase (Keough and Davis,

1980; Davis et al., 19815 Epand and Bottepa, 1988).
1.3.3.2 Lipids With Asymmetric Acyl Chains:

In recent years, a number of studies have been pettotmed on
asymmetric phospholipids (which 1 define as  lipids beariug acyl
chains of significantly different  Jengths). Such studies  are
important, as a number of natural lipids have structures of this
type. For example, more than 50% of sphinpomyelins found  1n nervous
tissue have cither saturated ot unsaturated N-acyl chains ol lonped
than 18 carbons (Barenholz and Thompson, 1980), Similar tatty acyl
composit Lons are found tn naturally occurring coerebrosides
(Abrahamsson et al., 1977), sullatides (Haines, 1971) and ganglio-
sides (Yu and Ando, 1980).

Several groups have systematically studied the propertyes of
dispersions of saturaterd phosphatidylcholines 1n which the die-
crepant y bhetween the lengths of the two acyl chains 1o progressively

increased (Rewugh and Davis, 1979; Stimpel ot al., 1981 Chen and
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Sturtevant,  1981). These studies have revealed that the physical
behaviour of such lipids 1s dependent on both the difference in chain
length and  the position  1n which the asymmetr e chains are attached
to the glycerol backbone. As  one might  expect, the Ty's of mixed-
acyl phosphatidylcholines are generally found to lie between the Tu's
of the two corresponding Like=chain PCs {Keough and Davis, 1979).

An mnteresting feature of  the hehaviour of  some asymmett ic
phospholipids was first observed by Tardieu et al. (1973) 1n an X-ray
study of the crystal phase of G(18):€(10) PC at 2-4% hydiation. These
workers found that under  these conditions the rhickness of bilayvers
composed of this Tipudl was adentical  to that  of  DMPG. It was
sugpested that  this was brought about through interdigitaton of the
Aacyl chains tn the centre of the bilaver 1.e., the stearovl chains
helonging to the PC molecules tn one leaflet paiced tarl-to-tatl with
the shorter decanoy ] chatus of the PC's in the opposite leaflet.,

These catlier studies were sometimes complicated by difficulties
in obtaining  liprds with unlike acyl chains 1n high rsomeric purtty,
Mose recent  studires involving more pure lipid prepatations have
penerally upheld the major [indings of earlier work, Preparations of
mixed-acyl phospholsprds of high a1someric purity (e.g. hy the nmethod
of Mason et al., 1981a) have enabled the mote exact analyvsis of these
Liptds by 0 number of physical technigues, including high 1esolution
DSC (Mason et il;' 1981h; Xu et al , 1987; Mason, 1988) X-ray

1984, Hui et

al. et
)

diftraction (Serrallach et al., 19845 Mc Intosh et

al., 1984; Matta et al.. 1987; Xu and Huang, 1987 Raman (Huang ct

al., 1983),  "'P NMR (Xu et al., 1987)., and ESR (Boggs and Mason,
1986). To date,  most of this work has focused on the propetrties of
asymmett 1o phosphat rdy lcholines. The  physical  bhehaviour of these
species can be ratwoenalized by considering the effect of the chain-
length mequaivalence on the packing of the hndrocatbon  chains within
the aterior ot the bilayer  (Mason etoal. 1981h). 1ln a tecent
rtevaew, Huang and Mason (1986) have classified asymmetiic phospha-
tidyicholines with  tespect to  the type of interdigitated bilayer

formed 1n the hydrated pel state. Such phases can be of three types:

tully mterdigitated, mixed nterdigitated, and paitially inter-
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digitated (see Figure 2). Which mterdsgitated phase an asvamettic
lipid will adopt can be predicted from the magnitude ot 1ts 'chawn-
length inequivalence parameter' (aC/CL), which s defined as the
ratio of the absolute difference 1n chaiwn lenpgth of the two hydro-
carbon rchains divided by the length of the longet chatn.  Highly
asymmet: 1 phospholipids (e.g. CO18):0(0)-PC,  C(I18).C(2)-PC) with a
AC/ICL value of approvimately 1.0 fomm fuelly wnterdipitated phases, n
which the long acyl chain spans tully the hydiocarbon portoon  of the
bilaver and the short cham (1 f one 1s present) tuns parallel to the
bilayer surface. As the differetice 1 acyl chatn lenpth decteases to
oC/CL values of 0.6 to 0.4 (c.p., for CcU8):cUIM=-prC), the Tipids
adopt a nixed nterdigitated arvanpgement. In such o bitaver, the
shorter chawmn  1n one  leaflet 1s packed ead-to-end with the shotter
chain of a lipid 1n the other leaflet, while the  long chains  of the
liptds fully span the hilayer. Partrally anterdipriated brlayers are
formed by asvimeti i jipids whose (wo  chains  are more  soedar o
length (e.. C(18):¢(12)-p0, c(18):.(16)-PC, or €OI6GY:C(1H)-PC).  in
this state, the short  acvl chains pack end to end with the longer
acyl chains from the opposite leaflet,

Mason (1988) has determined phase diagrams for biouary mixtures
of DSPC and o <ot tes of  phosphat ddylcholine species  with the wtruc-
ture C(18):¢(n) where n = 18, 16, 14, 12, and [0. He noted that
the degree of acyl chain asymmetry of the latter species rncreased,
so did its tendency to form an o ntcrdigitated pel phase that sepre-
gated laterally from non=interdigitated DSPC-tach pel  state domarnes.
Perhaps the wmost 1nteresting of the mistuwres described o this paper
18 the binary system DSPC/CCI8):c(10)-PC, which exhibits partoal
immiscibility in bhoth  the gel aud liquid-crystallone phases  The
observation of partial 1mmiscibility of these  two  speries o the
liquid-ctvstalline state suggests that highly asymmetiic polar lipids
could form segregated domaitns  (gel or  even  ligquid-crystalline) an
biological membranes, in which they are combined with Lipids with
more nearly symmetric acyl chains,

Relatively few studies to date have exammed  the effect of

hydrocarbon chain  asymmetiy on the phase behaviour of sphingolipids
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Figure 2.

Gohematao fapure of possible bilaver strw tures.  Iwo inter-
drprtated phses ana defiped by Huang and Mason (1986)  ate repte-
ot ed Fhe  fully nterdipatatel phase (s not shown,  The lipid
polat headprtoups are tepresented as crrcles and the acyl chains as

P Por ocomplet - descriptions o f these phases, ace text,
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In a Raman spectroscopic  study of aqueous dispersions ot N-ligno-
ceroyl sphingomyelin, Levin et al.  (1983) observed two thermal phase
transitions at 48.5° and 54.5°C. These 1eseaicher~ proposed a model
in which the lower transition 1s ascribed to the conversion of a
mrxed interdigitated  gel state to  a partially interdigitated gel
state, while the higher corresponds to (onversion from the partially
interdigitated  pel otate to a liquid- crystalline phase. X-tay
scattering expermments on sphingomyelin vesicles also suggest chain
interdigitation  when  the  length of the N-aecyl chain significantly
exXeceds the length of  the sphingosine  hydrocarbon chain (Maulik et
a1., 1986).

Sulfatides with Tonp N-acyl chains (24 to 26 carbons) are
believed to form interdigitated phases (Bopgs et al., 1988). A spin
Iabelled fatty acid, when incorporated into bilayers of sulfatides
bearing long, but not shotter  N-acyl  chasns (16 and 18 carbons),
showed o hipgh degree ot motional testtiction similar to that which
occurs 1 the mixed anterdigitated bilayers  formed by highly asym-
metyie PGCoospecies (Boggs and Rangaray, 1985, Bouggs and Mason, 1986).

Iti a recent ESR study, Grant and cowarkers tound that low mole
fractions (2 mol%) ot a long-chawn (N-24.0) spin-labeled lactosvl
cerampde specres  did not torm a discete  phase  n phospholipid
bilayers, and inatead appeared to bhe accommodated into the bilayer by
mnterdigtating tnto the oppositte monolaver  (Crant et al., 1987,
Mehlhorn et al., 1988). Evidence sugpesting such acyl chain inter-
dipitation was not found tor a shortet-chain (N-16:0) spec 1Les,

Colormetrie studies on synthet i galactosy leeramides have
demonstiated the  evistence of A partially  interdigitated phase for
the N-24:0 species (Reed and Shipley, 1987). Other studics examining
the thermotiopre  behaviour of  natural ceiebrosides have shown that
such systems  characteristically  exhibit complex  solid-phase polyv-
morphism  which  could be partially due to the formation of such a

phase (Bunow, 1979, Freire et al., 1980, Curatolo and Jungalwala,

1985).




19

1.3.4 Phospho- and Sphingolipid Mixing With Cholesterol:

The literature dealing with the effects of cholesterol on the
physical behaviour of both natural and artificial membranes 1s vast,
reflecting the extremely important role of cholesterol tn brolopical
systems. Cholesterol has been shown to have o variety of unigue
effects on lipid bilayers, some of which are discussed below.

One of the 1mportant propert tes of cholesterol is its abalety to
affect membrane ordering. H NMR  studies (OLdfield et ol ,1978) of
deuterium-labhelled phospholipids nu brlayyers have shown that there
are difterent degrees of motional order (measured as  the Tordes
parameter') associated with different  sepments of  the Lipid hydro-
carbon chains. The order parameter for the portion of  the chain
nearest the glycerol backbone 1s high and pearly const ant from the C-
2 to the C-10 methylene groups. As  one examanes  the ordern g ol
methylene segments 1n the 'distal' half of the acyl chan approaching
the centre of the bilayer, a gradual decrease in the order parameten
is obseived, such that the movemeual of the terminal methyl proupe o
nearly isutiopic. When cholesterol 1s rncorporated anto the bhilayer,
it increases furthet the motional order of the portions of the acyl
chains near the glycerol backbone while having Ihittle cffect on chain
ordering near the bilayer centre (Stockton and smith, 1970) This
effecl is different from the increase in wotional order experenced
by all methvlene sepments along the hydrocuhon charn when o bilayer
enters the gel state (Yeagle, 1985), Cholesterol  has  an overall
condensing cffect  on ligquid-crystalline Tiprd balayers, resolting an
a decrease 1n the suiface area per phospholiord molcoule,

Another weli-studied cffect of cholesterol an Tipid hilayetrs 1s
its ability to alter substantially the enthalpy nd thoe cooperativity
nf gel- to-liquid~crystalline phase transitions.  Estep and t OWOrker
(1978) showed that 20 - 25 mol% cholestetol ancotporated ynto DPPO
bilayeirs caused the elumination of the sharp gel-to=Tliquid-« 1ystal
phase tiansitiun. Mabrey et. al. (1978) and Davis and Keough (19814)
reported similai effects of caclesterol on the phase  transitions of

DMPC and mixed-chain phospholipids, respectively,  Employing X-ray
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ditfraction methods, Hui and He (198%) found that bulk lateral phase
separatrons of the phospholipid and sterol components do not appear
to occur i these mixtures a4t  tempetdtures about the main phase
transttion of the phosphol:pid component. These researchers have
supggested justead  that at  these temperatures, there may he lateral
segregat ton nto cholesterol-rich and cholesterol-poor 'micro -
domasns' rather  than bulk phases of distinct compositions. A numbe:
of proups employrng a variety of techniques, 1nctuding NMR (Blume and
Griffin, 1982), FSR (Presta and  Chan, 1982; Recktenwald and
McConnell, 1981), and fluorescence (Lentz et al., 19807, have
presented data consistent with  the occurtence of bulk phase separa-
ti1on into cholesterol ‘rich' and 'poor!' domains at temperatures well
below the maimm temperature transition of the phospholipid species,

The  oltects  of  cholesterol  on the properties of sphingolipid
bilavers have also been studied in some detasT.  Estep ot al. (1981)
have examined  the effects of cholesterol addition to N-18:0 sphingo-
myelin bilayers, Smmilar to the results ohtained for DPPC/cholesterol
mistutes, addition of up to 20 mol % cholestetrol resulted wn the
broadening and eventual disappearance  of  the  sharp  56-57  <C main
transttton peak  of N-18:0 sphinpgomvelin. Below the main tempetature
transittion ol the sphingomyelin, complex solid phase hechaviour was
observed,  consistent with the formation of  cholesterol-roh and
tholesterol-poor domains.

Ruocco and Sshiplev (1984) have extensively studied the mixing of
cholesterol with N-16:0 galactosy isphingosiue by differential
scanning «alovmet ry and x-ray diffracton, With 1o reasing cholos—
tertol up to 50 mol%, the cerebroside gel-to-liquid-crystalliune peak
decreased i enthalpy, The X-1av  dats andicates  that  a selid
terchroside phase and 1+ solid cholesterol  phase  are present at
tempetratores helow  the wmain transitiron temperature  of the cerebro-
sude, These  researchers suggest that this low temperature lipid-
Fiprd mmmiscibilaty 1esults from preferential «erehroside-cerebroside
assoctatrons via hydrogen bonding,.

The ability of cholestetol  to alter phospho- and sphingolipid

phase transttions has been exploited to suggest the existence of
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specific cholesterol-lipid associations. van Dijck et al. (1976)
utilized liposomes composed of 1:1 mixtures ot ditferent PE species
to demonstrate that cholestetol addition to this system specitreally
decreased the enthalpy of the lower-melt tng PE, suppesting a preter-
ential association of choelesterol with that component. Intetest-
ingly, however, in 1:l mixtutes of PE and Pe, cholesterol preferen-
tially abolished the transition of the PC componeat, regardless ot
whether the PC was the higher or lower melting compouent. This
result suggested a preferential anteraction of choleaterol with PC
‘in competition’ with PE. Further calopmmettic studies utt iz ng, the
same basic technique (Demel et ol 1977: van Drjck, 1979), as well
as experiments involving the partitioning  of tadtolabelled choles-
terol hetween different lipid envitonments (Yeaple and Young, 1986)
have enabled the consttuction of the following relative ranking of
cholesterol affinity for ditfetent liprda: sphingomyelin > PS5 > PG >

PC > PE (for a contrary report utilizing the cholesterol partitioning

technique, see Lange ¢t al., 1979).

1.3.5 The Implications of Lipid Clustering in Natural
Membranes:

As stated earlier in this chapter, putative lipid ‘domains' 1In
lignid-ctystalline bilayers have been suggested  to  play mmportant
roles in several membtane-mediated phenomena. Several laboratories
have presented cvidenie suggesting the existence of such phanes an
natural membrancs, usually oo the hasis of rather ndrirect, of
suggestive evideuce {(Dragsten ot al., 1981;  Spregel et al., 1985,
Metcalf et iL' 1386: van Meer and sSimons, 1986 Gordan el l_]__ 1987 ;
Yechiel and Edidin. 1987). rhe following discussion will concentiate
on the clustering behaviour of glycosphingolipids, as ouch specics
are believed to be more Likely to foim such phases than are naturally
occurring phospholipids.

Tillack and coworkers (1982) have shown that astalopanpliosides
form clustered domains 1n DMPC bilayecrs at relatavely  low mole

percentiges. This has interesting mplications, since emall ¢ lusters
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of gangliosides, and possibly other glycolipids, have been shown to
actt. as multivalent membrane recepLors and surface antigens
(Cuatrecasas, 1973: Haywoed, 1674; Revesz and Greaves, 1975; Mullin
et al., 1976; Holmgren et al., 1980; Critchley et al., 1981). The
most studied system of this type is the binding of the B subunit of
cholera toxin to Gy, . The B subunit possesses muitiple Guyy binding
sites. Two possible mechanisms of B subunit binding to Gui have
been supgested; the subunit  may bind to a single Gua molecule and
then laterally diffuse as  a receptor-ligand complex until it binds
other rceeptors (Saffman and Delbrack, 1975), or Gui <lustering may
be a precondition to B binding, Lateral redistribution of ganglio-
sides upon toxin binding has been obscrved using fluorescent ganglio-
stde probes,  (Sealacek et 2i., 1976, Reed et al., 1987) suggesting
the fi1rst mechantsm may be the more valid of the two. Recently,
however, Masserint  and coworkers (1988) have shown i1n an analogous
system that V. cholerae sialidase recognizes Gpio '‘micro-domains' on
membrane sut f aces,

Cerebiosides have been shown to have large effects on phospho-

liptd membrane morphology (Correa-Fierre et al., 1979, Curatolo and

Neuringer, 1986), It has been suggested that n natural membianes
where these lipids are found 1n high concentirations, cerehirosides can
affect  membrane  shape, possibly  through  specitic iwntewmmolecular
interactions, and may be involved in the mechanism  of fomwat ion of
memby anes  with unusual morphology  (Curatolo, 1987). While the
clustering behaviour of glycosphingolipids  has been  suggested to be
due  to ntermolecular hydrogen bonding  between  the carbohydrate
residues of adjacent polar headgroups (Boggs, 1987), it 1% pnssible
that Aoyl chun asyvmmetiy may  be 1nvolved as well, a< naturally-
occurting glycolipid species are composed of a4 large percentage of
long N-aev]l chaias,

Acyl hain asymmetry may provide a mechaniom for information
transfer across cell membranes throuph the formation of inter-
digitated phases, Several studies have shown that asymmet: ic
sphingoliptds  can couple the outer and 1nner membrane leaflets

through iterdigitation of their acvl chains 1n the centre of the
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bilayer, A cluster of such lipids on one stde ot the bulaver could
pecturb acyl chain (and even headgroup) packing 1n the opposite
bilayer leaflet (Nicholscn, 1976; Schmidt of al., 197&; Levin et al.,
1985; Crant et gi;, 1987: Boggs et al., 1988; Methorn et al., 1988,
Reed and Shapley, 1387).

1.4 Introduction to the Following Chapters:

From the preceding pages, it should be evident that while a
great deal of woirk has been petformed tu  attempt to elucidate the
functional and structural 1oles of membrance liptds, there ate sevetral
quest tons that have only recently  begun  to be  addressed. The
suggest ton that differential nonideal interactions between different
lipids can thermodynamically tavou: the tormation of bipid 'clustere!
or even discrete lipid phases in Piquid=crystalbine brlayers, while
interesting, is as yet unsubstant1ated,

As stated in the preface ot this chapter, the obgective ot my
thesis is tou examine how specific components of lipid structure 1.ce.
headgroup and acyl chain Teagth  "mismatch',  affedd lipid=11pnd
interactions in medel systems. Thi= objective will be approac hed
using two different experimental  technrques; fluatescenoe spectius=
copy and high-sensitivity differcnt tal scanning calorimetry.

Chapter 2 will examine how headgtoup  structure affects the
equilibrium partitioning of fluotescent  phospho~  and sphipol pid
probes hetween daifferent lipid bailayer environmentis. With tho
technique, probes dare allowed to pertttion bhoetween two papulat rons ol
vesicles composed of ditferent Lipid spec res, in thio case, betweern
those composed of phospholipids with hydiopen-honding  capabtlity v
those containing non-hydrogen bondiug prospholipide  and  between
chulesterol and cholesterol-free phospholipid hilayers. Fiom the
equilibrium concentration of probe in the lwo vestole populations,
one can determine the relative energies of different types of
headgroup-headgroup 1nteractons,

Chapter 3 will describe the thermotropic behaviour of binary

mistures of DFPC with phosphatidylcholine, oulfatide, and cerebroside
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species 1n which one hydrocarbon chain is at least 11 carbons longer
than the other, The purpose of these experiments is to determine
whethe: asymmetric  sphingolipids are more prone to segregate from a
symmettic phosphacidylcholine than are sphingolipids with nearly
symmetric hydrocaibon chains, whose miscibilities with symmetric—

chain phospholipids have heen studied previcusly.



CHAPTER TWO:

Partitioning of Exchangeable Fluorescent Phospholipids
and Sphingolipids Between Different Lipid Bilayer Environments
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2.1 Abstract?t:

Exchangeable phospho- and sphingolipid probes (phosphatidyl-
choline, -ethanclamine, -serine, and =-glycerol, phosphatidic acid,
sphingomyelin, cerebroside and sulfatide) have been synthesized in
which one aryl chain 1s substituted with a fluorescent bimanyl, (7~
dimet hy laminoc oumar in-3-y1)-, or diphenylhesatrienyl groug. The
dist ribution of these piohes between two different populatinns of
biprd vesicles can be readily monitored by fluorescence ntensity

measutrements, ac described by Nichole and  Pagano (Biochemistry 21

[1982 ], 1720-26), when one ot the vesicle populations contains a low
mole fractron ot a  non-exchangeable guencher, (12-DABS)-18 PC,
Mobes with  different polar headgroups were found to differ only mo-
test 1y in their relative affinities tor vesicles compused of 'hydio-
poen-bonding' lipids  (defrned 1n  the prewent work as those that can
hoth donate and accept hydrogen bonds c.g. PE  and PS) vs. ‘non-
hvihopen-hond g Tipids  (those tnat  can only accept hydrogen bonds
e.p. PC, PGy or O-methyl PA). Probes with differcnt headgroups also
show  modest,  albert  ireproducible  differences  in their 1elative
attimities for cholesterol-containing vs. cholesterol-f.ee  PC/PG
vesie e, The 1esults supgest that lipids with different headgroup
struc tures may X more  anearly ideally 1n ligquid-arystalline lipad
brlayetr- than  would be predicted from previous analyses of the phase

diagrams for binary Tipid mixtures.

PThe materi1al pre<ented 1n this chapter has been published as
patt ot Gardam, M. A., Ttovitch, J.J., and Silvius, J.R., (19R9)
Rrochemistry 29, 884-893,



2.2 Introduction:

The nature of the lateial interactions hetween ditterent Tipid
species can strongly intluence the physical propetties and the
organization of bilayer membranes that contain multiple liprd
components. Because of this fact, numerous studies have examined the
interac tions between different types ot polar tipids 1n bilayers,
using a variety of physical techniques (tor teviews, sec lLee, 1977,
Gaffney and Chen, 1977; Mabiey and sturtevant, 1978; Meldihior and
Steim, 1979; McElhaney. 1984; hkeough and  Davis, 1984; Thompson  uul
Tillack, 1985; Braune:r and Mendelsohn, 1986 Caratolo, 1987). I'o
date, wmost thermodynamic nformation eparding  the interactons
between different lipids 1n bilayers has been derived from analyses
of the phase diagrams  for vartous  binaty miztures  of phospho- and
sphingolipids. The ptinciples of repgular solution theory are often
applied 1n such analyses Lo estimate quantitatively how differences
1n the headgroups and/or the acyl chains of difterveat Lipid species
affect their free energy of mixing (Lee, 1977, van Dijck et al.,
1677 Von Dieele, 1978; Cheng, 1980; Reough and Davais, [9684).

The ahove approach to examine the thermodynamie s of Lipid mising
in bilayer membranes suffers from  severar  stigntfrcant Timitat tons,
particularly for the analysis of systems more complex than binary
mixtures, o1 for the study of lipid mixtures that eshibat complex
solid-phase polymorphism. Alternative approaches can be usefal to
provide information about the thermodinamics  of  mising bhetween
different lipid species in such systems, for which o full characteri-
sation of the phase diagram 15 not degirable o1 feasible One such
alternative approach is the measurement of the equilibrrum distrshu-
tion of eschangeable 1ipid species between  different types  of ligd
vesicles, a method that can detect difterences an the frec enerpy of
the exchangeable species 1 different  lipid  cnvitonments Thi«
approach has heen explorted previously to examine the cqurlohr rum
pattitioning of 1adiolabeled cholesteral  (Lange et alb 1979,
Wattenberg ct al., 1983, Fugler et al., 1985; Rujanavech and Silbert,

1986; Yeagle and Young., 1986) and of {luorescent phosphatidylcholne
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and  phosphatidic  acid probes (Nichols and Pagano, 1982) between
different types of lipid vesicles.

In the present study, the resonance eneirgy transfer-based method
doscribed by Nichols and  Pagano (1982) has becn adapted to examine
the partitioning of a variety of exchangeable fluorescent lipids
between lipid vesicles of various compositions. This method requires
no physical separation of different vesicle populations; instead the
equi b rum distribution  of a  fluorescent probe between two popula-
ttoits of vesieles 1o made  teadily measurable by including in one
vestele population a nonexchangeable quencher of the pirobe fluotes-
cence. HUsing thrs approach, 1t 1s possihle  to evaluate how the
structure  of the polar headgroup of a lipid molecule affects its
partitioning botween different lipid bilayer environments, which vary

in their lLipud polar headgroup compositions and/or stercl contents.



2.3 Materials and Methods:

2.3.1 Materials:

1-Palmitoyl-2-(8-(bimanylmercapto)octanoyl)- phosphat tdylcholine
([8-bimane]-PC). and the corresponding species with an ll-bimanyl-
mercaptoundccanoyl chain at the 2-position ({11-himanc]-PC), were
synthesized as described previously for the synthesis of  the latteq
compounid  (Silvius et al ., 1987) The intermediate phasphat dy -
choline species in the above sviitheses wete 0 all casesn puritred by
preparative thin-layer chromatopraphy.  1-Palmitov]=-2-(11-((7-d1~
methy lamino—coumarin-3~y 1) carbony Dmethy Lamnoundecanoy Ly -phosphiat -
dylcholine ([11-PMCA|-PC) was prepared by labeling T-palmitoy-2-(11~
(methylaminoe)undecanoyl j-phospliat wdy Leliod rae, syathes csed s deos—~
cribed previously (Stlvius et 11., 1987), with o slipht escess  of 7-
dimethylaminncoumar in=3-carboxylic  ac i N-bvdioxysuce tnmmmide  estey
(Molecular Probes, Junction City, Ore.) in 8:2:0.1 (volfvalfvol)
CHC1s/CH,0H/ttiethylamine for 6 hours at 25 C.  The tabeled phos-
phat tdvlicholine was purified by preparative  thin-layer chromato-
graphy, ucing 65:35:2.5:2.5 (val/vol/val/vel) CHCL L/ CH L0 H_ 0] one .
NH.OH as the developing solveat. 1-Deranoyl-2-(3-(4-(6=pheny [=t1ans-
1,3,5-hexat1eny [ ) pheny D) prapanoy 1) -sn-glyceto=3=-phosphochol ine Wl -
prepared by acylation of 1-—(1(*(1mny1—_m-phnsph::t idy s holime with the
anhydr ide ot (3-(&—(b—phen)1—£iﬁgj~l,?,T—huxaz1|onyl)ph~nyl)pxume'n
acid 1in the piresence of s-pyrrolidinopy 1idine (Mason et ., 1981)

The fluotescent phosphatidylcholines from the above prepatations,
were converted to the corresponding PE, Ps, PG and PA derivatives by
phosphalipase D-catalyzed transphosphatudylation oy hydiolysio, a-
described by Comfurius and Zwaal (1977). Etfioient transphospha-
tidylation of these probes could be  achieved nusing 1o ubatron tmes
or phospholipase concentrations that were ten- to forty-told Jeos
than those required for the transphosphatidylation of longer-chain
PC's. The transphosphatidylated probes were  extracted from the

reaction mixtuies and purified by preparative thin-layer chroga-

tography.
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N-(11-bimanylmercapto)undecanoyl-sphingomyelin and -cerebroside
were prepared by coupling sphingosinephosphorylcholine (Cohen et al.,
1984) ot gnalactosylpsychosine (Radin, 1974, as modified by Koshy and
Boggs, 1982) to 11-S-(mercaptomethyl)mercaptoundecanoic acid for 6
hr. at 372 € 1n the presence of 2,2'-hispyridyldisulfide and tri-
phenylphosphine (Kishimoto, 1975). The 1ntermediate N-(11-S-(mer-
captomethyl)mercapto)undec nnaovl- sphingolipids from the above
teactions were deprotected  with  execess  dithiothreitol  and labeled
with o slipht exress  of monobromobimane (Silvius et al., 1987). N-
(1T=brmanytmercapto)undecanoyl-sulfatide wis  prepared in a similai
manner  trom  sulfogalactosylpsychosine  (Koshy and Boggs. 1982), but
the acylatron atep was catried out using the acyl (hloride derivative
of 11=-S=(mercaptomethy Dmercaptoundecanorc acrd  (Koshy  and Boggs,
1981).  All of these sphimgoliptd piobes, as well as the intermediate
protec ted mercaptoacyl  compounds. were  puritied by preparative rthin
layer chromatopraphy (developing solvents: 65:25:4 CHC15/CHs0H/ conc.
NHLOH tor «erebroside, 80:20:5:3  CHCl,/CHLOH/CHsCOOH/H_,O for sulfa-
tide and 50:40:10:6 CHCl1./CH,OH/CH,COUH/H.0 for sphingomyelin). All
[Tuorescent labeling teactions were  cartied out with exclusion of
Light and under nitrogen.

Fgy yolk  phosphatidylcholine was  obtained from Avanti Polar
Lipids (Birwnpham,  Ala. ). and  phosphatidyvlethanolamine and phos-—
phat ty Iplycero]l  were prepared  from it by enzymatic transphos-
phatidy latron (Comfurius  and Zwanl, 1977). Diolenyl phosphat dy]-
SO e (hors) and 1,2-dioleoyloxny-3=(trimethylammonium)propane
(DOTAP) were synthesized as deseribed previously (Silvius and Gagné,
1984 Stamatatos et al.,, 1988). Chulesterol was obtained from Nu-
Chek Prep (Elvsian, Minn.) and was twice recrystallized from ethanol.
All common 1notgante chemicals were of  reagent grade or better. All
organie solhvents were tedistilled before use; diethyl ether used fou
vesicle preparations  was redistilled, stabilized with 1% water and

stored shielded trom light at 4 °C,
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2.3.2 Methods:

Large unitlamellar vesicles (LUV) were prepared by reverse-phase
evaporation and filteted through 0.1 um pore size Nucleopore mem-
branes (Wilschut et al., 1980). The hutfer wsed to prepare the
vesicles was 150 mM NaCl, 2 mM Tes, 0.2 mM FDTA, pH 7.4, Measure-
ments of the trapped volumes of such vesicles. carrred out using
carboxyfluorescein as an internal mairker (Wilschut of 11; 19800, pave
values of 3-4 ul per wmole lipid, consistent  with average vesicle
diameters of ca. 850-1150 A 1n thewe preparations,

Vesicles were labeled with oxchangeable  lipid  probes usiop
either of two ptotocols, *Symmetrically labeled vesiclen were pre-
pared by including 0.5-2 mole¥ of the fluotescent probe nto the
lipid mixture dispensed for the 1ntteal preparation of vesicles,
"Asymmetrically' 1labeled veste les were prepared by incubat g
preformed, uniaheled vesicles with sontcated disperstons of the probe
in buffer, nowmally at vesicle and probe concentrations of | mM and
5-20 uM, respectively, for 1-2 hr at 377 ¢,

The parvtitioning of exchangeable lipid probes between different
types of lipid vesicles was measured by incubating o fixed amount of
probe-labeled donor  vesicles (7.5-15 mmoles) with vinying amount s of
a second, unlabeled population of acceptor vesic les (0=300 mmoles) n
a total volume of 3 ml. One of the two vesicle populat tons 1n theo
mixtures contained 2 nole % of (12-DABS)-18 PC, . noncexchanpeable
quencher of the probe fluorescence (Sglvius ot al., 1987) The
spontancous exchange of thais quenchetr between lipid vesioles 1 too
slow to affect the results of this study (Silvius et ol o 1987) . 1he
fluorescence signal tecorded from  these samples  wits measured bhefore
and after the addition of 1% Triton X-100; the Lattey fluotescence
rearling allowed the original fluotesience reading to be corrected,
where necessary, for possible small variations in the amount of prob
from sample to sample (Nichols and Pagano, 1982).

To estimate the fraction of the total lipid that was  crposed 1o
the external aqueous medium 1n preparations of Lage ani=lamel oy

PC/PG and PC/PG/cholesterol vesicles, similar vesypoles  were prepared
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contarning 5 or 10 mole% PE. The percentage of total PE exposcd at
the outer surfaces of these vesicles was determined by the TNBS
Iabeling assay  of Nordlund et al. (1981). As PE has been shown to
adopt a random transhbilayer distribution in lipid vesicles with large
radiy of  curvatute (Nordlund et al., 1981), this value provides an
cestimate (typreally with a standard error of less than 10% »f the
estimated value) of the fraction of the total vesicle lipid that is
« xpuserdd At the external surface.

Phospholpid and sphingomyelin concentrations were determined by
the method of Lowty and Tinsley (1974), with the modification that
the cample  digestion time was extended to 4 hr. Concentrations of
glycosphingotiptd probes were determined hy measurements of probe
fluotescence 1n methanolic solution, using the corresponding labeied

sphimgomyelin as o standard,
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2.4 Results:

The structures of the fluorrscent-labeled tatty actds used in
this study ate shown in Figure 3. i1 chosphatidvlcholine vesicles,
the bimane-, DMCA- and DPHP-labeled liptd species show oxcitatlton
{(emission) maxima at 390 nm (468 um), 400 om (460 om) and 364 mm (435
am) respectively,

Tn Figute 4 ate shown time comsec of fluotescence observed when
lartge unilamellar donor vesicles (80:20 cpp PClepy PG), symmetiioalldy
or asymmetrically labeled with  (B-bimanc)-PC as descrrhed o Maer -
inls and Methods, are mixed with a4 large  (twentyiold)  exeows ol
acceptor  vesicles prepared  trom R0:20:2 ewpp PClope OGJ(12--DABS)-18
PC. Upon addition of the aceeptor vesisceles,  the fluosescono e crpnal
recorded from ¢ 1ther sample rapiudty falls to  new plhitesa vilue,
which remains stabie when the esicles are fipther ancub sted for
times up to 1t Ieast o fow hours, Amihe o pecater fraction of the
probe 1s i1eadily e hangeable (>9°% ve,  55% in the  «xample shown i
Figure 4) when ysymmelrically rather than symmetycalls ibeled donos
vaesicles are vsed., A still smalle: fraction  of (8=bhimwme)-po (<20%)
was readsly exchangeable from (vortexed) muli s amellar vesrc bes whioh
weoire symmetrically labelod with the probe (not shown) ., it thuy ape-
pears that only prohe molecules that are precent at the onter snr-
faces of the donci vesicles can oxchange between vecrcles on the time
scale of these experiments, and that virtually all of the probe
molecules 1n asymmetrically labeled vesicles become 1ncorporated into
the vesicles' wsuter surfaces (Pagano et al., 1981).  Sumelar aesults
were obtained using all of the other exchanpeable  {luarcscent probes
examined yn  thts study., Asymmetrically labelod vesicles were there-
fore used 1n all further experimente Aescribed n thie paper n ordes
to maximize the fraction of the probe that wae teadily exchanpeable,

In Figme 5 are shown  the time couracs of the fluoreaceno e
changes observed when a fixed amount of farpe unelame [ oar 8G020:2 o5
PC/e2gg PG/(12-DABRS)-18 P{ vesicles, asvmmetrically Pabcled with (8-
bimane)-PE to a final level of 1 nmol%. wae incubated with varygong

amounts of acceptor vesiciecs prepared from 80:20 epp PEIDOPS . 10 an




Figure 3.

This tipure Shows the  <rructures of  the fluotescent farty ooyl
chorn s ot ached to the exchianeab e Tipad prohes used 1 this study,
for bymane— and DMCA-Tibebed phiesphol tpid probes. the labeled aovd {
ot was attached to the 2-poartion of a phospholipid coreying g
pretmat ol hon ot the  I=po.it ron For DPHP~TIaleoled probes, the
b dboed choan waee attauahad to the 2-posction of  a phospholipid

catryan o cheoanov b proup at the T=pesatran,
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Figure 4.

Time o ses of T luorescence o hanges  observed  when Laggo
we Dl 80020 e PCopg PG veapc les (2.5 ,u,.‘i). Tabeled sym-
metrcoally o asvmmetrrcally with 2 mobc t8=hrmane)=Pe an de ot thed
o Matcrol s and Methoda s were mised G0 Come coto with bath=son e ated
SO cepy PCTe e PGLOT2=DABRS T PO vewp Jea (ll)(l/u,‘ﬂ The  dashed
It ontal Tine represents the tlanores emnce measuted  for g eque |
ottt “Hebimana =P pncorporated gnto #0062 opn POfopn Paf(Q12-
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Figurc 5.

Fime courses  of tlueres ence  changes observed when 80:20:2 egg
Pofepr PGICTZ=DARS)-PC donor 1LV (9pMy, asymmettically Iabeled with 1
mole% (3=himane) Py were mised  at time  zero with 80:20 epgPE/DOPS
ieoeptor TPV gt the tidieated rititos of donor to aceeptor vesicles,

M traces have heen plotted 1o 0 comon fluoteacemee scale
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be  seen that  while the amplitudes of the fluorescence changes
observed depend strongly on the amount of acceptor vesicles added.,
the half-time for equilibration of the probe between the vesicle
populat tors 1s  constant over a wide range of acceptor vesicle
cocentrat jons., This result suggests that the mechanism of probe
transter does no! 1nvolve collistons between vesicles (Roseman et al,
1980, Nichol, and Pagano, 1981, 1982). Under these conditions, the
platean fluorescence  values obtained for a given acceptor/donct
vesicle ratto can he  plotted in oider to obtain an effective part i-
tion coctfrorent (S * E,). These calculations are further desciihed

iy the appendis to this chapter,

2.4.1 Partitioning of Lipid Probes between Different Vesicle
Populations

2.4.1.1 Effects of Phospholipid Composition:

Many of  the physical properties of  polar lipids have been
suppested to depend strongly on the ahilities of the lipird headgroups
to partrctpate n hydrogen-bonding intetactions with the headgroups
ot neaphborng hiprds  n the membrane bilayer ({o1 reviews, see
Bopps, 1980, 1987).  To ecvaluate whether the hydropen-honding ability
ot a0 Liprd headproup  can affect tts  tendency to assaciate with
hvidropen-bonding’  Tiptds 1in preference to "pon=hydrogen-honding’
Prpods s 1 measured the partitaionimg of vattons phospho- and sphingo-
Fipid prebes between large unitlamellar vesic les which were composed
cither ot epp PE oand DOPS or of  egg PC and egg PG or O-methyl PA.
Wrno phospholiprds such as PF oand PS «an serve both as hvdrogen-hond
donors and wwceptors and are oonsidered to be good hydrogen-bonding
spectes. By contrast. liprds such as PC can serve  only as hydrogen-
boud acceptors and are constdered to be poor Eydiogen-bonding species
(Bopps, 1980, 1987; Hauser et 1_] 1981).

Fable 3 summirizes the results of o series of measurements of
the  partitroming of various  Lipid  probes  between 80:20:2 (molar

proportions) epe PClepg PG/(12-DABS)-18 Pe LUV and 80:20 egg PE/DOPS

o
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Table 3.

“lLarge unilamellar vesicles, prepated from 80:20°2 enp PCT gy,
G/ (12-DABS)-18 PC  or from 80:20 egy PE/DOPS. were asvimet rically
labeled with the indicated lipid probes af 1 mole%. The tluorescence
of labeled donor vesicles (3 ot 5 uM)  was measutred  atter ubet 1o
(30 min. for [bimane~octanoy ] J~labeled  species, 2 hr. for othes
probes) 1n the presence of vuving concentiatrons of Woeeptor vost-
(les (typroally 0.5 to 60 uM:  epge PLIDOPS vesioles were uaed e
acceptors with eag Pllepy PG/ (12-DABS)=PC  donor  vesid fog,  and viee
vetsa). The fluoresccnce meisurements obtained were ueod to dotermine
effectine pattitron coeffroients (k=) V- desspgbed rn the Appendr .
For presentition  an this table, the effective partat ron cocfiioient
measured for 4 piven probe o each experment ltas been divided by the

pffectine  partitior coefficient we touted for the cotresponding Po

probe o the same exper cment,

rgO - 2002 epg PU/O-methy ] DAL 12-D4BY)I=18 PC o ver o les were ua o
i place of ege PClepg PG/ (12-DABS)-18 PG these e perment s
alues in thas table and an fable hoare prresentod as the mean t

o F.M, from at Leaat three sopanate detormat pois

Fil
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Table 3.

Partitioning of Phospho~ and Sphingolipid Probes
Between PC/PG and PE/PS Large Unilamellar Vesicles®

Probe

PF
PE®
i
Pr

PG
G

bs

s

Sphiineoms el in
sphorngomel ti

(ere hrostde
tetebiosnde
Sult otde

Labeled acyl chain

Brmane~-octanoyl
Brmane-octanoy 1
DMCA~undecanoyl
DPHP

Bimane=-oc tanoy]
DMC \=undecanoyl

Eimane-oc tano 1
I MCA~unde« anoy |

Bimane-oc tanoy |
Bimiane-octanoy ]
DMCA-undec.inoy ]
DPHDP

Bimane-undecanoy |
DMCA-undes anoyvl

Bimige-undecancy 1
MG A-undec anoy |
DMuA-undec anovl

34B

Ko (Probe ) /Ko (PC Probe)

b e

.90
.79 +

.76

.73
40

24
04+

.68 +
.09+
.08 +
.83 +

4

82

+ + 4+ +

+

.81 +
. Y’)‘) +
.04 4+

0
0

0.
0.

N6

.08
09
03

.07
.06

-

.19

.07
RN
.24
.15

.06
L035

.08
.08
.05




Luv, In this table, the telative attintty of each probe totr PE/PS
vesicles vs. PC/PG vesicles 1s expressed as the ratio ot tie pdrty-
tion coefficient K, for that piobe to the pattition coetticient
measured (nn the same oxper imeut tor the cortesponding PC probe Data
were collec ted both by labeling PC/UG/(DARS~PC) vesicles with the osn-
changeable probe and titrating with PH/PS vestcles, and i the recip-
rocal experiment 1n which PE/PS vesicles were anttally labeled with
the probe and were  titrated with PC/PGIDABS-PL)  vesicles, The
results obtained using ei1ther method gencrally apreced very well, and
the data shiownt 1w Table 3 summat tze tesults obtatned From both tyvpes
of measutements.

several amportant  pownts are evudent from the data presented an
Table 7, Frist, the partition coefficrents for  the various fipud
probes tested i1n this system all e within a factor of two of the
values determined for the cortesponding PO probes (For r1efereme,
the offective partition coetfrcients |8 Kyl measuted for the PO
probes 1 these expermments avcraged 0,66 tor (8~bumane)-PC, 0,49 for
(11-DMCA)-PC and 0.85 for DPHP-PC). Serond, the offects of o probe's
headgroup «<tiucture on its telative af fimty tor PE/PS v PCIPG
vesivles are quite consistent 1egardiess of whether the probe canries
a bimane-, a coumar in- or  DPl~labeled oyl chatn.  This quant ttattve
consistency of the partitronng results obtamed with three different
families of  probes 15 notewarthy, since the otpactures ol the
fluotescent groups  and the flexibilities of the labeled acyl chains
d1ffer markedly for the thicee probe types. Third, the welcotivity ol
4 given probe for PE/PS vesicles  vs, PCIPG vesac s cannot be
systemnaticatly correlated with the hvdrogen-bonding  abality  of the
probe headgroun, tor example, PF and monoionrzed PA are both hydio-
pen-bonding speci1es while PC is  not (Ropgs, 1980, 1987), yet P
probes show a lower relative affinity, and  PA probes o preator
relative affinity, for PEJPS vesicles  (in comprtition with PCIPG
vesicles) than o PC probes. Essent rally sdentioal tesults were
obtained usiug PC/O-methyl PA vesicles 1n place of  PCIPG ve i les gn

these experiments.
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2.4.1.2 Effects of Cholesterol:

In a final serie< of experiments, 7 examined the partitioning of
several bimane-labeled phospho- and  sphingolipid probes  between LUV
composed of  epther 80:20 epg PClegg PG/ (12-DARS)-18 PC o1 48:12:40
epp PGlepg PGleholesterol. The results of thes: experiments ate
summiat 1zed in Table 4, where the effective partition coefficient
measured tor each probe has been nommalized to rhat measured for the
cortesponding PG probe  in the same  experiment. The 1elative
aftinities of various probes for cholesterol-containing vs. chole-
sterol-free vesipcles  decrease in the order sphingomvelin > cerebro-
side > sultatade = PC > PE. Apain, however, the different probes vary
anly modest iy an their telative affinities for cholesterol-contarning
vs. cholesterol-tree vesrcles, The partition coefficient measured for
the  amonie salfatide probe  n these expermments may be slightly
elovated, 1 favour of  the cholesterol-containing, vesteles, by the
tact that  the surtace charge density 1s somewhat lower 11 the chole-
stetol=contatning than in the cholestetol-tree vesicles,  However, by
examining the ceffect of surface charge on Tipid partitioning, oune an
estimate that this effect will be small (enhancing Ky by no more than

t al.,

20-25%) under  the  conditions  of theoe experiments (Gardam
1989)

Fhe vialue of the effective partition coeffrorent (5.K,) measured
tor  the partitroming of  (Il-bimane)=-11  PC between  cholesterol-
contarmmg and cholesterol=-ftree vesicles 1n the above oxper iments
MNetaped 00190 £ 027 a0 sow anedependent determinat tons., Fhe tesults
of TNEs-Tibeling  e.iperments,  carried ont using  smmilat vesicles
cont yrnang 5 omole% e PEOoas descrthed n Matetr1als and Methods,
tndicated that esseut vally the came fraction of the vesiele Tipeod wis
esposed ot the outer surfaces  of both cholesterol-contaring il
cholesterol={ree vestoles (iLe,, that 5 x 1), It thos  appears that
cholesterol-contaming vesicles  exhibit A substantiills (3- ta 6-
told) Tower aftiniey tor all of the probes studied here than do

sttlyt vestcles that do not contamn cholesterol,
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Table 4.

eLarge unilamellar vesicles, prepated from 80:20:2 epp PUlepp
PG/ (12-DABS)~-18 PC or 48:12:40 epp PLlepg PGl/cholesterol,  wete
asymmetrically  labeled with the indicated probes at | molek. The
pattitioning of the probes between these two fypes of vesicles was
determined as  desciibed for  the esperiments  summatized an Table 3,
The partition coeffictent for a given probe 1o def tned - the 1atio
of the aftfinities of the probe tor the cholesterol= onfatning
vesn les over the cholesterol-firee vesicles, For presentation in thie
tible, the partition coefficient  measured for ca h probe has heen

AdA1v ided by that weasured for (11-DMCA)=PC 1 the same exper omente

*
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Table 4.

Partitioning of Lipid Probes Between Large Unilalmellar PC/TG
Vesicles and PC/PG/Cholesterol Vesicles®

Probe Ko(Probe) /K, (PC)
N=-(1I-DMCA)-sphingomvelin 1.99 +0.18
N-(11-DMCA)-sulfatde 1.31 + 0.09
N=(11-DMCA)-cerobros:ide 1.76 + 0.09
(F1-DNCA) =R 0.77 + 0. 14
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2.5 Discussion:

Previous analyses of phase diagrams fou vorious binary mextures
of liptds with different headgroups (Shimsick and MeConnell, 1973 Wa
and M Connell, 1975; Mabrev and Sturtevant, [976: Anold of al..,

1981: Ruocco ot _L}i 1983 Mapmio et al., 1985: Curetalo, 1986, 1987)
have suggested that such  lLipids often  show sipnifrcant v non-nleal
mixing even in lLiquid-ctvatalline liptd brlayers. These results have
important wmplications for undetstanding the microscopre srpantsition
of multicomponent liptd membranes, indludiny  wuli aspects s the
lateral di-tiyihutions of different lipid species (Von Dreele, 19785
Knoll et al., 1985; Thompson and  Tillack, 1985, sometharju ot al.,
1985). the energy reguired to create  and to mamtain transmenbrane
lipid asvmmetty (Tenchov and Koynova, 1985), and the local formation
of nonlameliar  stiuctures (y mistures of 'hilaver-tormoae' and 'non-
hilayei-forming' 1ipids (Vasplenko ot al o 19827 Tileock ot al

1982: Bontr  and Hui, 1983 Siegel, 1984 Eriksson et al o 19855 Tate
and Giuncr., 1987). It theretore seems desirable to utihize conple-
mentaiv approaches, such as direct measurements of lipod partationimg,
hotween different lipid emvironments (Lange ot al.o 19795 Ny« froly and
Papano, 1982 Wattenberg et ol 1983 Fugler ot ol 1985 ;
Ruganavech and S1lbert, 1986; Ycagle and Young, 1986)  to confimm the
conclusions of the ahove studies and to extend them to more comples
svstems {ec.yp,, mixvtures of lipuls with heteropgencons e vi chain
compositions or mixtures of liprds and sterols). foa which o tipor -
ous determinat:on of the phase diagziam may not be feasihle

A somewhat surprising finding of thire studsy ga that Tipod probee
with a variety of differont headproups  vary only modestly an thers
relative affintties for different tvpes of phospholiprd bilayvers  As
alreadv noted, previous studies of  the behavieur of bhinagy lipad
mixtutes have suggested that the mixing of  liprds  with difteront
polat headgroups  can be  markedly nontdeal  evon i the Frgusd=cry -
talline state, AS a (ase in point, one can estimate from provionsly
reported results (Lee, 1977; Arnold ot al., 1981) thao the caocss en=

thalpy of mixing of a low mole fraction of dimyristoyl o dipalmtoyl
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PF with  the cotrcsponding PC 1n a liquid-crystalline bilayer will be
on the ordeyr of 1.0 keal wofi™'.  If the exchangeable PE and PC probes
evamined 11 this study were to show a similar discrimination in therr
interaction with PE vs. PG an lLipid bilayeirs, one would piredicr that
a P oprobe would  show roughly 4 five-fold greater relative affinity
for Ph-1i1ch vesioJes, nocompetition  with PC-11ch  vestcles, than
would the  correspondiug, PC o probe, In fart, I have found that ex-
changeable PL probes show  a slipghtly  lesser prefetence  {or PE-tich
vearddes vse PC-rich vesicles than do the corcvesponding PC probes.

The ohsernvat ton that PE probes farl to disc riminate in favour of
a4 hydropen-bonding’ liprd environment (PE/PS vesicles) over a 'non-
hydropen-bonding' environment  (PC/PG or  PC/O-methy]l PA vesicles) 1s
not inconsi-tent with the supggestion that the amino group of  PE mayv
form hvdrogen bonds to peighboring phospholip:d wmolecules 1 lipid
B loavers I'he PEoomino group cau tn pronciple hydrogen-bond  to the
phospliors ] group ot any phospholipd, 1npcluding  species such as PC
that lack hvdiopen bond=donating  groups. The transter of PE mole-
citle s Lo v PE=11 b to o PC=-tee i environment, etther within one bhi-
Laser or between dastinct bipid vesicles, thus need not decrease the
tot oF umber of hydiogen bonds between Lipad headgroups tn the system
a1 whiol e same < true for the transfer of PC molecules from a
PC-v1ch 1o a0 PE=11ch  environment . [hiere thus qeeed be noe puherent
cncrpetie Coo tot gt least oan terns ot a0 loss of hivdrogen=-bouading,
mteractrons, that accompanies the mtermising of PEoand PC moleculew
th Tapad Bordayer

The valaes obtved for ihe pattitioning of vartons liprd probes
between  POSPG vesacles  and PO/PG/cholesteral  vesio Tes (Table 4)
tndrcate that the ~tructure of the probe headgroup has 1+ sipurfrcant,
it modet inftloence on the rtelatave affinity ot the probe for chole-
sterol-tontarnng, Vs cholestercl-free bilavers, The  telatve
attrnitres  of adattorent lipid probes for cholesterol=tih hilacers
decrease 1 the order sphingomvelin > PC > PE. which  « sincides with
the  crder of gt tintties of  these thiee lipids for cholesteral as
deduced trom previous calormetoe <tudres (van Dijok ot oal. 1776

1979, Demel ot Al 19773 and some cholesterol-partitionmg measute-
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ments (Wattenberg et al., 1983; Fuple: t al., 1985 Yeaple and

Young, 1986: for a contrasting tepott, sce Lange et al., 1979). o
this system also, however, 1t 1s noteworthy that lipud probes with
different headgioups ditfer only wmodestly 1 thent disormination
Letween a cholesterol=free and 4 cholesterol-cont vining rprd bolaves
enyv 1 ronment .

Tn any stuwly 1nvolving the use of fluotescerad-labeled  Tipids to
clucidate the behaviour of unlabeled  Vipids, 1t 1o amportant to
ensure that the tesulrs obtamed with  the {luorescent Tipod ade-
quately teflect the behaviowr of the corresponding aunlabeled species,
[ helicve that this condition s fulfilled for  the thermodsy noamie
evperiments  descibed  here for the fallowing roasons Proswt, th
major cond lusions 1n this study are based on compatisons of the heha-
viout of probes with different headpgroups bat the same fluorescont-
labeled acvl chatns.  Such compar 1sons should serve to tactor oat th
possible effects of the fluorescent group per se on the patityoning
of lLipid probes between ditferent hilayer  environment s, In ~upport
of  thie sugpestion, one  should  note that such compatisons teveal
consistent offects of the probe headpronp Structare on the partatoon:
ing  of three ditferent  famtlies of fluorescent probes. with quite
different ~tructures of therr Tabeted aoy o cliina, between POJRG and
PF/PS  vesto les, second, ket po studies Coummmarreed o Gardan ot
o 1989) demonstrate that the headpronp structure ol v biped probs
amipnfroant 1 affects its rate ot desorptron trom v Trpyd bobaver, an
a mannet that - obsenved consistent v for th vatton s tamy e of
probeos evungncd an this stadv e well o Tor oo pre rous v tudyed
werres ot pyrene=1bolod phosphol ipyds (Moo 0 8 [ M EED) It
thus appear s that the prosence aof fhuorescont peportor proup on e
lipid probes esamined here  doe,  not e bamnate  the posaba bty of
headgroup=sjre e tnter s tions  bhetweon the probes and the <urround-
ing lLipid molecules For theose reg.ons. ofoel that i ool ab-
tauned 1o this  «tudv provide povalr b bhar ot vt e abil

woler tivities 10 the quteracttons be tween Dipids wrth e torent polae

headgroups 11 bigqusd=crystalline Tipid bala,or,
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These tindings  suggest that the intermixing of lipids with dif-
ferent headproups in liquid-crystalline bilayer membranes mav be more
acas Iy adeal  than would be 1aferred from previous analyses of phase
dragrams for binary lipid mixtures (see, e.g.. Lee, 1977 Arnold et
Al 19815 Maggio et al , 1985). However, the apparent dGiscrepancics
hetween same of  the  present  conc lustons  and  those derived fiom
studies of the type just citted may r1est on certain key differcnies 1n
the ¢operamental svstems and analyses employed in each case. Frrst,
the present o periments have used  samples composcd of (noninter-
wtang) unthame Lo Tipid vesacles,  whiole phase  dieagrams for mult -
component  Lipaod owmr tures oare typroalls o obtarmned using,  anples an
which difterent bilayers can revlily anteract  ar close  range (00 ¢
disper crone ot mulesbamel b ar vesyo Tes) It 1« possible that rthe
misane of i feroent phosphol cpuds may e apprecarably drfterent an
Faree vonbae T v ol bamelhar structnres, Secondy quantit «oopse
talveos of the plise doaprams for by Liprd mistures (oo o usig
repular solutron theorvh requane simultineous  evaluar jon of the
wisany of the Lipud species 1o the <colid tpedy and Tiguad=cryat a1 e
phases Fven sample Dipid mistures often eshaobat amultiple coestoting
colvd phases Chuta and Mctonne T 1977, 1978, Stewart etoal o 1679,
Grabm ctal o EST selveas, T986) 0 o bt that s not casuallvol-
Foved o 1 ample ropular-solution analy ses It mavy be diffrcult
tooaniiyv, e the phase diaprans for cach svetems 1ty sorousty fo oxtract
tiformat ron aboat the mesing o Taipads e the Tigquid=crvst il bine
“tte Panally . most ot the hrnary U oprd sv-rtoms for whieoh phoo o
ANETIT e presont o bable consest ot Tipnds with Citurated g
tans-ansatorat od o T chanes It 1~ posstble rliat the eftect s of
Boadpronp <toactur o the anterms ing of  other types  of lipads

e l-satorated=2-v ps—ansaturated AP Lo, Ol Speciea With

e teropeneous o v chhvin ompe sitrons)  may bhe rather dofferent tom
those observed i the systoms Just noted,

It concluston, the results presented o this study andicate that
Liptds with it terent headerounps may ntermey o Frquid=crystalline
brlwnwers o o mnner that as more nearly  adeal than some previous

studies have suappested., One major ubvantoge  of  the partitioning
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technique described here (and one possible soutve tor the diserepan-
c1les between the present conc lusions and those derived  trom previous
thetmodvnamic studies ot binary Liptd mintures) 1s the tact that the
partitioning approach can be applied even to systems  that contaimn o
number of  different molecular components.  This approadtt meay thus be
useful not only to anvestigate  liptd=Tipid nteractions n smple
vesicle systems  but also to test for possthle selectovity an bipad-
lipid and Lipid=-ptoten interactions 1o mote conplex systems, e lud-

1ng, brological menmbianes,
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2.6 Appendix: Equilibrium Partitioning of Labeled Probes Between
Lipid Vesicles:

the simplest model  of  partitioning of  an X hangerable 1ipid
probe 15 hetween two  populations of 1iptd vesieles can be des tibed

by the cquaton

[t i a (Acceptor) = K

w\. “ (Dbonor)

whirre Yiw(Acceptor)  and Xp«(Dorzor) represent the mole fractions of
the probc 1n the external sutfaces of the acceptor and donor ves-
i lea, tespectinvely, and Ky 1s g partition coetfrcrent  that s
det comned by the tree energy of trausfer of the probe from the donor
Lo the acceptor vearsles,  Applying  the above Adetinitron and simple
coneaderat 1ons ot mess bilance to describe the dirstribut ton of an ex-
Chanpeable fluorescent probe hetween two different  types  of lipad
ves oy, v ootraapghtforward derinvation gunves us the more dyprectly

usetul equat ron

|2 Foorw =t + ( Fuasx) o« S e Ky w JAcceptons]
[Donors] + 5K A ceptors]
wlier o
| {I lnu\w. = (l4\\ - ]D‘ . t frxch )
fn the above cguattons, the nowmalized  fluorescence Faoim 15
i fluotcea enee measured ot a given probe-containing ~ample,

div sded by thie fluotesconece measured  after  the  addition  of excess
Irrton A-100 (whreh provides 1 d1rect measutre of the amount ol probe
present ) 1o 1~ the nommalized tlucrescrnee of the probe  when pre-
went tn the donot vest les, Fac s the nortmalized fluorescencs ot
the probe when present n the  acceptod vestcles,  and faxen is the
fractron of  the totil probe that s readily avairlable for exchange.
Finally, 5 represents the  frawction of  total lipids 1n the acceptor
veord les that 1s  osposed  to the external medium, divided by the

cottespoding value tor the donor vesicles.
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Inm expetiuments, values tor the parametetrs (S R and Foax
wole ostmated by applying equation 2] to sets  of tluorescence daty
obtained by gnwubating o <mall  and fosed amount of o tluorescent
probe with « fised  concentration  of  donor vestoles and vagable
cotic entritions of  acceptor vesicles, Plots  of  faiewm va  the
A Ceoptor Ve o b concentrat ton wers it sdrtectiy ta o equation |27,
using v nonlinear least=squares Pitting routne emplovong a Meoquandt
vgor st to vireld by, Fras and (5 K as estiated parametoers
na  typreal csperament. 20-22 data porate were collected per o cunve,
and the mean crrors of astamation fot Paas and (5 KDY were of the
orde t of 1-2% and 3=5% ot the estimated values, pespectaveby Saince
Fi, and Fae an be detommined  directly, ot 15 possible Lo cat it
fewcr as well from the estimated value for Paax

e walvers gust desorihed can estinate an eftective partetion
conffrerent (L.KL) bt not Ky ttsclf. This lamttat ton can be overcome
1 Two wave, Frist, one can estamate the vatoe of 5 by an andepen
dent  esperiment:  an this study, this was achioved by apply ong the
INES tabeling sy of  Nordlumt et al. C1981) to o timate the frac-
tions of Lipide (vposed ot the  outer curfues  of vicrous  types of
vesic les that  contarted low mole fractpons of PLo(seo Matervals amd
Methods ), secomd, by omparing the (5 ky) values weasared for the
partitioning o f  two different  probes  between  two populat tons of
vesicles, one can calculate  the  patio of the . vilues tor the

partitonng of the two probes bhetween dofteront Liprd environments




CHAPTER THREE:

Intermixing of Dipalmitoyl Phosphatidylcholine
with Phospho- and Sphingolipids
Bearing Highly Asymmetric Hydrocarbon Chains



3.1 Abstract?t:

High-sensitivity  differentral  scannming calor ety has been
emploved to nvestigate the mixing of dipatmitovl phosphat tdvichol rae
(DPPC) with N-lignoceroyl galactocerebroside, N-lignoceroyl sulto-
palactocerebroside and  1-lTawroyi-2-1ipnoceroyl phosphat tdy lchol rae
These three lignoceroyl species,  whose two hydrocarbon chaos are
gquite disciepant 1n length. 1te completely misaible with  pere an the
liquud=cry~talline state. Miztures  of all three Tepnocetovd Tiprds
with DPPC show phase sepatation i the pel  state, whinol s observed
over a Lutted range ot compositions (from <10 moled o just over 40
mole% sulfatyde) n the  casc of  N=lignoceroyl sulfatule  and over
wide tange  of compositions 1n the cases of N=Tignocerovl cerebrospde
(<10 mole% to >90 mole% cerebrossde) and I=Twnovl=2-hignocerovl PG
{toughls 10 mole% to 90 moleX lauton 1/ bipnoc eroy] POY  The extetsive
solid=ald phase sepaation observed inmstures of DPPC wed I- 1o -
oyl=2=-11onoreronlt  PC, which  show  eutect g behay 1o, 1= sowewhat
unexpeds toed piven the  symilar transition temperatyge, aof  the two
components  but appears  to aeflect the bbbty of the Lipnoceravl
spre tes to form an nterdipitated el phace s However, the proesent
study  fainds no  evidence  that  tho N-Tipuocoroyd splingod tpids
markedIs more prone to sepropate laterally  an PC-rich bilavers than
e previonsly  studred  sphinpoliprd apeoyes with shorter N-aovl
chans It 1, Supeested on the bacrs of o these tewnlta that the
promary brologroal qmportmes of the vens Foare N=aoy ) chaane found an
gy splitnpolipard mae e an some fanction ather thear the paomat ran
of Titezal sestepation of -phingolip rd=onee e oo brolopicoal

wemby ane -

Vihe mater il oan this chapter hos beoro pobloshiod ae odan M
i w31 gua.. 0 OF O (1189) Brochim Baophve, Sota O8G0 19

-
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3.2 Introduction:

It 15 a otritking tact that some of the lipids found in mammalian
cell membrancs exhibit structures that depart strongly from the 'con-
“ensus’ pattern exemplified by a diacylglycerophospholipid with acyl
charmns of  rouphly  equal  length. One noteworthy example of this

phenomenon 15 the occurrence 1n mammalian cell plasma membranes of

&

phingolipids with N-acyl chains whose length greatly excecds that of

the  hydrocarbon  portion  of  the sphingosine backbone (0'Brien ard

Rouser ., 1964 Rouser et al., 1968) . A variety  of 'asymmet: i
phospho- el sphingolipids, whose two Indrocarbon charns differ
markedly on Jenpth, have hoen reported to form interdigitated phases,

m o which the lonpper of the two hydrocarb o charns extemds well bevond

the bilver wmrdplane (Mason et al..o 1981 Huang et al.. 1983,

Mo Tutooh of 19847 Hui et al 19847 Levin, et al.. 1985: Bogus

al

and Macon, P9840 Huang and Mason, 1986, Maulih er al.. 1986, Reed and
shiepleyv, 1987, Mattar ot al.. 1987, \u and Huang., 1987 Bogps et al.,
fa84) fo date, relatively little 19 known about the «ffects of this
deomatie asymume tiy an chaan tenpth on the abilitres of such Lipids to
mtemn wieth other liprds whose Ivdrocarbon chooins e more nearly
ompatable  n Tength, Lateral  seppepation of  tnterdipitated and

nomnte rdy vtated phases hes been teported noa few bhrnary Tiprd ove-

tews, e luding one o which o brgquid=Trgquard e well o «olid=solid
Phoce opacation has been teported (Tohmer ot 1, 1987 ki et al

[R5, Mo ans

In the  Lisht ot the above  onstderations, 1t s of nterest t.
examtne the mecothrboty of "assmmetrae !t Japobs, such s the naturalln
occurin sy N-Trpnocerovh sphipoliprds, with “syimetrc ' phospholipr Is
ti_e o ophosphelipids whose two v chiarns wte of  sumilar length) of
thie tvpe  that comprise  the mager tration  of  natural wembyar
phospholipud- The potential of the tormer <pecies 1o form 'oter-

dipatated phivees o orsolatten ey n Al 1985, Maulik 0 L,

ot
1986, Reod and shaplev, 1987 Bopge ot ol 1988) «ould n principle
v thear Literal  ceprepation from syvmmetrical phospholipids 1n

aese d Tiped bilners o even in hiological membranes,  To test this



possibility, I hn
lipid., dipalmitovl
asymmetric  lipids

s1de), N-lignoceroyvl
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e examned  the mivmpg of g ssmmetecal phospho-
phosphatidy leholine  (DPPCY, with the  hiphy
N-lignoceroyl palbw tocerebrostde (N=24:0 ceorehra-

Fr=sulfogalactocerebronide (N-24:0 saltatuded,

and  I-laurovi=2-lignoceroyl  phosplat idvicholine  (12:0/24:0  pPe) A

partrcularly nteres
Lauroyv1=-2-lignoceroy
behavior . However,
cerod] species exam
pate laterally an a
other lipods with

hyvdtrocarbon chains

ting  phase diagram  ts obtaimned  for the DPPC/IL -
1 P svstem, whioeh exhibits clear eatedt
here ts no eviydenc e suppesting that  the Lipno-
med herr e sipncticant Iy more prone to sepre

Tiquad=-crystalbine phosphioliprd balaver than are

the same headgroups but mote neardy svimme tre ol
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3.3 Materials and Methods:

3.3.1 Materials

Galactocerebroside and  3'-sulfopalac tocerebroside  (sultatide)
wete asolated  from an acetone  powder of bovine brain by Folch
extractjon, then purified by silicic acid and 1on-exchange chromato-
araphy o ustng methods desciibed  previously  (Radin, 1976, Momo:r et
aly 1976) N-Lignoceroyl galactocerehroside was svnthesized from
biaitn ccrehroside by alkaline  deacylation (Radin, 1974) tollowed by
tercylation with  Tignoceric  acid  tn the presence of tiiphenyl-
phosphine and 4.6 =hiopyredy Tdisul fode (Kishwmoto,  1975). N-1ligno-
cerov b omaltat rde was synthesized starting trom bovine hram salfatide
In the  procedure ot Koshy  and Bopps (1982, 1983). 1-Tauroy1-2-
Vipnioceray 1 phosphat vy lcholine was  eynthesized, starting from di-
Fanrov ] pliosphiat v Icholine, by the procedure of Mason et il (Mason
etoal. o 1981) . the e Tipids were purified by silicic acid column
chromatopraphy followed by preparative  thain-laver chromatography and
a tinal  precapitation trom chloroform with  cold cwetone. Dilautoyl

tnd dapetmeton U phophat ey Ichobie (994%)  were obtained  from Sigma

(9t Lout~., Mo o1,

3.3.2 Methods

Lipd samples were lvophinlizsed from oyvelohexane and dispersed 1n
P36 M Nl 10 HEPES, T omM EDTA, pH 7 4 by rvortexing ahove the phase
framsttron ot the higher-melting cormponent. Samples contamning N-
Ligsten eyl cetebrostdes N-Lignocermyl  sulfatide or I=-lanoyl-2-
Lipnocerovi PO owere very brirefly heated to 90¢C, to 657C or tao 60°C,
tespes tvely, then cooled rapidly to 5520 and cooled  from the 1atter
femper iture to 47C a4 rate less than 0.3 degrees per minute., Except
whete othetwrse explicrtly mndicated, samples were  then incubated at
40 tor 45 to 6O davs before calotimetrie analysis,
Hipgh--~ensotivaty daifferential seanniog calotmetric analysis

ot hipod samples was cartred out with a0 Microcal MC-1 scanning
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calorimeter, using a scan pite of  12°C/hr . Equilhaibrated samples (5
umoles total lipid 1 0.7 ml buffer) were loaded wtnto the calormetern
At temperatures belew 5°C and were acanned to a temperature at least
10° above the transition tempetature ot  the hipher-melting Liprd
component. In  some eXperwments, samples were then recooled to 59°C at
a tate of roughly 1°Cfmin. and tescanned within 2 hr. Concentrat rons
nf lipid stock sotutions were determined by phosphorus analssis
(Lowry and Tainsley, 1974) for phosphatrdylchiolines and by werphoog
thioughly dt el samples for  N-lignoceroyl galactocerebrocrde and N-
lignocetoyl sulfopgalactocerebroside Phase transitiron boundaries were

catmated from thetmograms tecotded for mixed-lipsd samples aaing the

ptocedure of Mabrey and Sturtevant (1976).



3.4 Results:
3.4.1 DPPC |/ N-lignoceroyl Cerebroside Mixtures

In Fipgute 6 are shown a series of calorimetric traces obtained
for egtensively  preimncubated  samples  combining DPPC with N-24:0
cerchroside g varying propottions. The preparation «f DPPC used .n
these experments, after incubation for 45 days at 4°C, exhibits sub-
v o pre- and main transttions at 20,670, 35.0°C and 42.0°C, respective-
Iy . Pure N=24:0 cerebroside preancubated unde:r  the same conditions
shows o small endotherm at 29,47C and o large cendothermic transition
at B5.2°C  Samples of N-24:0 cerebhioside that were 1neubated for
shorter perrods of tme (up to 20 days) also showed o second high-
temperaiure tronsttion, centered at 82.9°C (not shown), which te
probabiyv the same s the 827°C transition observed by Reed and Shipley
(1987) an samples of thie lipid that were incubated for  times on the
otder o minutes to hours The  amplitude of  the 82.9°C transilion
atvduadly decreased, while that of the 85.2°C transition rncreased,
as samples  were gncdhated  for ancrecasing  times at 4°C, The lower-
temperaiure thanstton of - N-24:0 cerebroside  was noi  ohserved 1n
samples that  were pacsbated  for short  tmmes (howrs or a few dave)
proot to calorametoy,

s ncreasaing, anount - of  N-24:0  cerebioside  are incorporated
mto bPPC brlavers,  the main tiansition of  the Jatter speies
atadi e brondens, with the upper houndaty shifting to progressivels
ipher temporatures (Fipute v). However,  the lower  boundary of the
man fransttion envelope remains near 43.6°C for mixtures containtng
A much o as 90 melef N-24:0 corebroside. The pre- and subtiansition
cndotherws obscerved for DPPC are broawdened and  shifted to Jower
tempetatures tor sauples containing 10 mole% Ccerehroside and canuot
be clearly resolved 1in samples contaitning 20 mole%  or more N=24:0
cetebroside, Howevet, an apparently  different  low-temperaturs
transttion 18 seen  at 25,07 in samples containing 50-90 mole%

cerebrospde  and Gt 29.4°C 1n samples  containtng 100 mole¥ cerc-

hroside.



Figure 6.

Heating thermograms recorded tor samples combainimg
indicated molar percentages of lLignoceroyl «crebroside,
dispersal as described in Materials and Metholds,
incubated for 45 days at 47C hefore calorimety g 1

detarls of the calormmetric  analyveis were as deacrithed

and Methods.
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In Figute 7 1s shown the phase diagram dernved trom the data
shown 1p Figure 6 for the DPPC - N-24:0 (eorebrosude ovstem A
hotizontal line of three-phase coexistence at 41.67C extetds from <10
mole% to over 90 mole% DPPC. A second Line of three-phase coenvistence
1s clearlv present at  25.0°C, extending from <50 mole® (o >0 moleX
N-24:0 cetehroside. To account  for  the  observed  behavior ot the
ptetransition as N-24:0 cerelboside s ntroduced mnto prpe, and
noting that DPPC and N=24'0 ceiebrosule are almost  cempletely phase-
separated at temperatures just below the myin phase transityon, 1t s
suggested that a thiid lime of three-phise coenistence  at o fempetas
tute somewhere hetween 33°C and 25°C (plotted tentatinvely ar 3370 on
the phase diagram) exists. This putatve featue of the phace dguran
miy not  be o« learly resolvable 1n the thermograms of samples conta-
g 20 mole% or more N~24:0 cerebrostde of the relevant  endothenm o
relatively hroad, sinee the enthalyy mmolved 1o amall

The position of the  liguidus carve  an the phase deapeam
Frgnre 7 madicates  that  DPPC and 26:0=ccrebroside wac completely
miscible, albet o o highly wonideal manner, 1n the Ligquid-cry<tal-
Tine «tate. The overall behavisr  of  the Liguodus carve s qurle
st lar to that observed by Ruocoo et (1983) 1n the phasc drapram

for thie DPPGCIN-palmitov] palactoretebrostde system.,

3.4.2 DPPC [/ 12:0/24:0 PC Mixtures

In Frpure 8 are shown the thermogroms secorded tor o werres ol
mixtures of  DPPC and 12:0/24:0-PC that were ncubated taor 45 dhave ol
42C heforc clurimetric analysis.  The effective hain fonpth i
ference for 12:0)24:0 PC 1s smittar to (albert slhipghtly preater than)
that estimated for N=lignoccroyl splonpoliprds (Paschor ind Sundde )L
1977) and  1s of  the pagnitwle Shown by Waoand Huang (1967) 1o fava
the formation of mised mmterdigitated phases o the  pel rats Py
12:0/24:0-PC after  lepnethy presn ubation shows o wajor phase tranon
tion 4t 49,50 and o swaller phiase transitron bt 26.97C Ihe enthal-
pies of these transitions e 1.4 2 0.2 and 148 20,0 beal mole

respectively . The larger. but not  the swmallor  transitiron a9 aloo




Figure 7.

Phase drapram deduced from caformetrie data for banary mintures
o f DEPG with N-lipnoceron ] palactoce rebrostde (24:0-cerebyoside) .
Phasc. are destpnated  as follows:  Too drguid-crystaltline: Pa’
“rapple’ phass toned by DPPC between the pre— and maan transsitions,
o'y vel phase tormed by DPPC botween the seb= and pre-transitoon s,
i . subped phase tormed by DPPC Sy, L, upper— and Tower-temperatut e
colbad phoy o Hormed In the Tinoccrovl apecre - Pat v pomnte plotted
vepresent the onsct oand complet gon temperatures,  estomated using rhe
proecedinge ol Mabire tnd  Stur teyant (206) . for endothetmie event -
Vs il with ropstens  of 0 two-plieae coecistence gn the phace
doagpiam o Wl e the poal temperatute s me vaned fTor cndothormie
teatute . ac ocpated with Lines  of  three-phase e sgstons e Phase
boapd e that o he reliabiy wssenad from the calormme tive data
e ated byosolad banes o the phase dragrams. whiole boundar jes
whone  posttion o« umot be acsaponed  precrselvy o which st he
postalated noorder to complete the phase diagrams wn vocordiee with
the  phoace rale, e indeoated e dashed Lines For clarpty, sowme

teptons ot the phase doagrams e et unlabeled  when the phases

present oo e clear Iy mtered  from the Tabeling of the adpcent

Loy ot
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Figure 8.

He stane thomme i recorded for Samples  of  DPEG plus the

tinbic sted ot percentapes of 120726 -0-D, Samples  were ften

drper od o G0 and gncubated tor 65 dave 0 b4 G oprior to calorg-

metey  other Dot of sample prepstatron and calocmmety o anlvss

e caven ot Materials amd Mot hods
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Shoerved an amples that are ncubated for shoirter times (hours to a4
few daysd ar 470 after hoeating to 607

As ttereasrng amounts of 12:0/24-0-p are o1 pordted wnto DPP(
bilayers, the  sub-, pre-= and main rransitions of the latter spesres
all ahtr 1o Jower  temperatures. The  sub- and  pretransit tons reach
new  constant  temperatures (18,770 and  25.0°C,  respectivelv)  au
Sanplos contaminge 210 mole%  and 220 wmole % 12 0f24:0-PC, pespre-
tivel,  The upper bounday  of the main transition jradualls shrefte
downward i« the mole percentapge of 2:0/24-0-PC 15 ancreased from @
ta 60 molc%,  then pradually rises apain from 70 to 100 wole%
12:0/24 O-D1

In Fipuse 9 36 shown the phase diagram derived from the calor-
et e data <hiown o an bipure 8 for the DPPC - 12:0/2600-PC System.,
Ihieo Tine o of thiee-phase coexistens e can he defiurtely assipned, 1t
I8 70 25 02 gl 35 070, respectively. A tourth Tine of three-phase
cornvratence mast e present hetween 2570 and 35°C to awccount tor the
behiovior  of  the low=tempe rature  transition of 12:0/24:0-PC; this
three-phar o bine 1. tentativels asspied at 27 .50 A clear eutect 1
protnt o eyt 5 07C, cortresponding te a cutec Lo composition «f
toushly 635 wolcZ 12,0026 :0-PC Phase soparation 1s seen below 35°C
mintures  ontaroray trom reuphly 15 mole%  up to at least 90 mole%
L0229 0-1¢C Phise separation at lower tempetatures, where the DPPO-

vich phiavve enters the LB and 1, phases, 1= even more estensive. The

two laprdes e toally wmscrble an the Tiquid=crsstalline phase.

3 4.3 DPPC | N-lignuceroyl Sulfatide Mixtures

In tipure 10 ate <howo o sertres ol themmo ot ans tecorded for
e tensively prerncubated  driapersions  combining DPPCowith N-24:0
sulfattde o vartous proportions, Pure N=26.0 suliatide shows a majan
endothermie transttion peaking at 52.87C,  followed by a0 small
transatton at 8.5 When o rthe sample was cooled  rapudly {rom o5°C
tfter the nitaoal heating run and  then mmwedriately rescanaed, A
“~imilar pattern ot cndotherms was observed,  but the major endotherm

e thes e was ST bty broader and appeared to be the sum of two



Figure 9.

Phase diagram deduced from calormetrio data for hinary mrstures
of DPPC with 1-laurovi-2-lignoceroy ] phosphat udy Ichotine (12 072400+
pey, Phases are desipuated as follows: Lo, higurd-civstalline, Uy,
“tipple’ phase formed bv DPPC hetween the pre-  and matn tronsifions;
La'v gel  phase formed by DPPC hetuween the sub= and pre=transtions,
L., suhgel phase tormed by DPPCy 540 b, upper— and lower=temperature
woltd phases  formed by the limocerovl species.  Data points plotted
tepresent the onset and completion temperatures,  estimated using the
procedure  of  Mabrey and  Sharrevant (26), tor endothermic events
assoc1ated  with tegrons  of  two~phase  coestatence o the  plis
diagr wm, 1= well 1« the peak  temperatures measured for ondotherm
teatures associated  with  Tines  of  three-plin-c  voenn <tonce Pl
Loundatries thit  can be 1 Toably agaapned from the calor et ro dat
are wndloated In solid Tines o the phase  diagroone, whoo le o irres
whoss  position o wwal  bhe  assigned  precrsely . or o whoch  medd Le
postulared 1n order to cnmplete the phase diagram. e ordince with
the  phase  sale. are andacated  as dashed binca Tor cdanity o some
tegions of the phase diagrams are  left unfabelod  when th phiane
present  can be  clearly  anfored  from the Tabeling of the ady ot

reg oS,
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Figure 10.

Eeating  themwograms  pecorded  for wistures  of  DBPPC plus the
indscaresd molar pereentapes ot 24:0-sulfatrde, Samples were dbpaperaed
At 607G and rncubated for 60 davs at 476 praor to calopmetry. Gther
detarl- of sauple preparation and calorimetsic malvsis wore as puaven

in Mater tals and Methods.
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transitions separated by -2 °C (not shown). Given the rich polsy-
morphic behavior observed previouslv  for this and other  species of
sulfatide using other conditions of sample preparation (Bopps et 1.,
1984, 198841, 1988Lh), this behavior 1~ not surpraising.  An addit ronal
small, telatively broad endotherm 1< seen, with a peak at AL 8YC, an
the thermograms of samples of  pure N-24:0  <ulfatsde that  are an-
cubated at 4<°C for  erther o few houts o 60 days atter dipersal at
657C. A low-temperature trausttion has also heen teported by Bopps ot
al. (Boggs et al , 1984) tor samples of thie Liprd disper~ed at rela
tivelv low salt concentrations,

As mercasing amounts of N=24:0 sulfatade are tneorpored antoe
DPPC bilavers, borh the pre= and  the cubttansitran shift 1o Tower
temperatures and become less alrstinot (Frpure 10) In voutist, the
warn phase teansition of PPPC ioaden, and praduab by sttt to hpher
temperatures as the proportion of N=24:0 <ulfatade tn the hilayers
tncteases, The lower boundars of the main transit ron envelope pemane
neat 41°C up to 40 mole¥% N=24:0  sulfatode but then propres avely
HIC LGOSy 1 the molar percentage of sulfatide increases bl fuy
thet. Interestngly, the swall upper=temperature franaton obsorved
for pure N-24:0 sulfatade 1w also obsernved for wmistutes contamng as
frttle as 20 moled sulfatide 10 DPP

Ity Fipgure 11 36 shown the phase diagroan anfored from the above
calor ettt tesults  tor  the DPPC = N=24:0 «ulfatide Syatem  The
presence of multiple uppet-temperature trannittons for N-24 0
sulfatsde complicates  «ubstantially the complete aosipnment of ol
featurcs 1n the phase diagram, However, the position  of the Togurda,
curve, and the Timis of the phase separat ton omedis ibely bhelow 4000,
cant be asarene d fare sy accurateds, DPPC and N=24:0  quliatade <how
lmmited regron  of usel=stat: fmnisc thility, eatending from <10 wmoled
to gust over 40 mole % sulfatide.  The  Poguidus corve,  which wae
defined from  the upper  boundary of the high-tonperature tramsition,
mdrcates completo fhut not adeal) mi-cibiloty ot the two bipsde
the Trauid=ctvstalline  <tate The pemarnde v of the phase doagaa o
this =yeten abave 402°C 1o plotted to rationalize the bhebororar of the

wator and the hiph-temperatare  transitions on o samples contaiming 20
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Figure 11.

Plhiase drapram deduced from calormetve data for hinary misrares
ol bhPPe with N-bipnocerov =V =sultopalac tocerebroside (N=24 sul-
1ot 1de Phvases are desapnated oo follows, L. Tiquid=crystalline:
oo Capplet plhiasco formed by DPPC between  the pre-  and maan
PoanaCrons Tty gel phase torwed by DPPC hetween the subh- md pre-
e rtions, b, cubpel phase formed by DPPC;, S, Yo upper— and
fover - tomper vtwre cobad phases tormed Iy the Linoceronl species, 1,
tntetmediate phase formed by 240 calfatide between the main and the
haphe t-temper iture transit ron. Dita ponts plaotted represent  the
onse b and completton temporatures,  ostmmated using the procedore of
Mabres  and o St atevant (2600 tor codothermic events asace tated with
reptons ol tuo-phase coestatence g the phase diagram, as well as the
peak temperature. measutod f o endbathermto feature s jwswoc tated with
Fines  obf three-pllase (oo L -tomce bha«e  houmdarcies  that  can bhe
e bbby waped from the  calotimetie data are adieated Ino<oid
Prnes o the phase draprans, whole  boundat res whose  pos it ion cannot
e v pned pnecise v o whivh must be  poscitulated 1n ornder to
compicte the phase dragrms n wcordanc e with the vhase rule, are
tdrcared e dhished Trnes For clapaty, some regions of the phase
diovvams e Tott unlabeled  wien the  phases present can he (Jearls

tfered frow the Dibeliag of the adjacent 1egione.
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mole% to 100 mole% N-24:0 sulfataide, on the assumptton that an
intermediate phase (designated '1') intervencs between the pel and
the liquid-ciystalline states 1n these samples, The behavior of the
Jower-tempetature transition of N-264:0 sulfatide—-vich mintutes is
also incliuded 1n the phase diagram, as phase boundar s related tao
this transition appear to itntersect the solidus curve. The  pre- and
subtiansitions of DPPC are not included i this phase diagram, stace
they cannot be mapped accurately in samples containmge 20 mole® ot
motre N—-24:0 sulfatide. However, these transitions do not appeatr to

be involved in detetmining the posttion of the solrdus curve,



W
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3.5 Discussion:

While the formation of interdigitated lamellar phases in a
variety of single-component lipid svstems 1s well-documented, less 1s
known ahout the potential for such phases to form sn lipid mixtures.,
particulariy in mistures that  contaimn both lipid species that form
mnterdipitated  phases 1n isolation and species  that do not. Co-
existence of mterdigitated and nomnterdigitated gel phases hias been
observed 1t the dihexadecy] PC/dpalmitov] PC <y<tem (Lohnet et al
1987 ko et ol . 19883, nd Mason (1988) has reported i1ntripguing
evadence  for a0 lmmted liquid-liquid phase separation, as well as
segrepgation ol interdigitated and  nponinterdigaitated gel phases, 11
mixtures ot djstearoy]l PO owith l-stearoyl-2-decanoyl PC. 1t has been
suggested  (Huangs  and Mason,  1986: Mason, 1988) that naturally
occutng lipd species  with highly discrepant avdiocarbon dhain
lengthe, such as very long-chain sphingolipids, way form segregated
mtepdigrtated domars  at physiological  temperatures in mixed-11p il
br bawers and even  1tn some hiolopical membranes,  However ., [ittle
dires  evidence has heen provided to as<ess this possibility.,

Dipalmitonl PC oand 12:0/24:0-PC show complete miscibility in the
Liquid-cevstaltine statee but estensive  phase separation 1n the gel
state, leading to the appearance of 3 eutectic pomt. The acyl chains
of 12:0/26:0-P¢C show a mrsmatch  n their effective  lengths . quan-
titated by the parameter  (aC/GL) defined by Huang and Mason (1986),
of almost exactly 0 5. Xu and Huang (1987) have shown that phos-
phat tdvicho bines mantfesting this degree of acvl chain msmatch torm
mxed mte rdipitated hilayers in the gel state. The gpel-phase mis-—
cibility observed  between 12:0/24:0-PC  and DPPC thus presumably 1o-
flects the ancompatability of  wnterdigitated  and noninterdi gitated
pel phases.  as has heen obsetved for the diliexadecy] PC/DPPC and the
distearovy PO/I=-wteatovl-2-decanoyl PU syvstems (1ohnet et i]_._' 1987 ;

hum et al., 1988; Mason, 1988), A sumtlar  cone lusion has very

recently been reported by Lin and Huang (1988) ro  explain the
cutfectie behavior  observed in mintures of  dimyristoyl PC and 1-

steatrov1-2-caprov 1 P,
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The phase diagram determined tor the DPPC/N-24:0 cerebrosude
system teveals extensive phase separation 1n the pel, but wot in the
liquid-~ciystalline state. In view of the results discassed above, 1t
might seem reasonable to  conclude that  this  exteasive pel-phase
separation 1s primarilv  attiithutable  to  the owompat thality of
noninterdigitated PC-1ich gel phase and an nterdipgitated pel phase
rich in N-24:0 cearebroside. However, this conelusion can he ques-
tioned on several grounds. tirst, Ruocco ot al. (1983) have repoited
that mistures of  DPPC and N-palmitoy 1 cerebroside eshibit phase
separation 1n the gel state over a wole range ot compositions  Othe
PC-c ctehiositde mintures, 1ndlwhing mivtures of epp PO, DPPC or T-pal-
mitovl-2-olcovl PC with bovine bran cerebroside, have also been
founel to oxhibit extensive phase wceparat ton o the pel state (Mapgpto
er é};g 1985; Cutatolo, 1986; Bunow and Levin, 1988, Johnston and
Chapman, 1988). The marked tendency of N=26:0 cerebrostde to phase-
separate from DPPC 1n the gel state may  thus be  determined more by
its  headgroup structwe  than by ats  potentaal (o form an inter-
digitated solid phase. second, Reed ad shipley (1987)  have rteported
eviden e that N-24:0 (erebroside forms partially tnterdriprtated sold
phases, m which neither acvl chain extends completely  across the
lipid bilayer. rather  than mixed nteddipgitated solbid phases,
which the longet acyl chain would  span the entirre thickness  of the
hydrocwbon  1egion. It 1s thus diffrcult to anterpret the phaoe
separation 1n the DPPCIN=-24:0 cerchroside ~ystem as analopous oo that
observed in mistures of  DPPC with 12:0/24:0-PC, where the pel phase
of the lignocerovl component 15 expected  to adopt o mised anter-
digitated structure. The Limited solid=solod phase separation that we
observe 1n miwtures of DPPC with  N-24:0  sulfatsde,  which  forms o
mved anterdigitated  gel phase (Bogps et al., 1988), likewise «anno
be attiibuted purcly to the ncompatibility of  nterdipitatod and
nontnterdigit ited  gel  phases. Rintoul et al. (1988) have reported
that mistures of diclaidoyl PC with natural broaan sultatede, which
does not form an interdipitated pel phase (Ruocco and Shipley, 1984)
show a solid-phase separition that 1s  similar  1n estent to that

observed he-re for the DPPC/N-lignacetoyl sulfatide systom,



I'm the liquid-crystalline state 12:0/24:0-PC, N-24:0 ceirehroside
and N-24:0 sulfatide are all fully miscible with DPPC. Moreover. the
peneral hehavior of the ligquidus curve 1n the phase diagram for the
DPPCIN=-26:0 cerebroside system 1s  very similar to that ohserved
previously i the phase diigrams for other PC-cerebroside mixtutres
(Ruocco et al 19835 Mapgio et al., 1985; curatolo, 1986; Bunow and
Levan, 1988; Johnston and Chapman, 1988), allowing tor differences in
the transitiron temperatures of the Lipid components 1n the different
systems., It t5 «lear that the N-~Lignocerov]l livad species studied
here, with hiphly disciepant hydrocarbon chaimn lengrhs, can readily
ac omoddate to the thurd matoas formed by g svmnet vic-chain Tipid such
as DPPG Grant and co~workers (1987, 1984) have  presinted evidenoe
that  the long acyl  chains of  several spin-labeled N-lignocerovl
plycosphingolypids extend across the hitaver midplane, penetiat ing
substantially anto  the opposing monolaver . when lTow mole percentages
of the sphingobiprd labels are incorporated snto Lilwers conposed of
symmet t 1ol phospholiprds, Tt would appear from the results presented
here that such nterdigitation allows good miving of lipids with aym-
metrteal and  csymmetr real hydrocarbon charns in the ligquid-cryvetal-
Line state, This result agrees with  the tindings of Grant  and o-
worhers (1987, 1988)  that spin-labeled N-lignoceroyl glvoosphingo-
Lipuds reveal no special tendeney to cluster when present at low mule
fractions 1 bilavers of lipide such as egg PC and dimvristoey] PC.

e phase  diagrams  presented  in thie study, when «ompated to
those reported previously for  other phosphoelipid/ ghveasphingolipud
mintures (Ruocoo et al., 19835 Maggio et al., 1985; Curarolo, 1986;
Bunow and levin, 198%;  Johnston and  Chapman, 1988; Rintoul et al.,
1988), provide  no evidence that N-lignoceroyvl sphingolipids aire mat-
kedly  more prone to  segregate  laterallv  from liguid-crystalline
phospho Lipids than are the corresponding sphingolipids with shorte)
aovl o chains. These  results rarse  some  question concerning  the
suppest ton that  the primary  biologiceal function of the very long M-
acvl chains ot some sphingolipids 1s to promote the lateral segrega-
tion ot sphingolipid-enriched domains  1n the membrane plane 1t is

more Tikely, 1o view of the preseat results, that verv long~chain
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sphingolipids may serve to confer spectal physical properties (e.p.
greater stability or enhanced mechanical coupling between the bilayel
leafiets [Schmidt et al., 1978]) to rthe membrane as a whole, ot

possibly to sphiingolipid-entiched domarns that may  seprepate an the

membrane plane on the basis of propetties other than the length ot

the lipid acyl chains.



CHAPTER FOUR: General Discussion
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The physical interactions between liptd molecules have cus-
tomarily been examined using simple model systems, which contamn
either a4 single Iipid species ot two defined lipid specres an the
case of miXing experments, Such  studies have  contributed much
information toward our cutrent understanding  of  Lepud phvsaeeal
behaviour . It 15 mportant to  note, however,  that madel membrane
svstems, like all scientitfic models, have wherent Timitattons, For
example, 1f two lipids are found to mix nearly wdeally noa binary
model svstem, 1t is likelsy that they will exhibit similar behaviioar
when patt of a more complex system, such as the  mult tcomponent Tipaid
bilayet «f 4 brological membrane Bv contrast. f the bhipids exhibut
phase separation 1n a simple binary  system, 1t mav be  diftrcult to
automat rcally evtyapolate  this behaviour to that foud o o brolop -
c1l membrane where the presence of many hipind  specres may wrtgate
the tendency  toward segregation  of well-defined phases Likewpare,
cone lustons obtarned from studies of the phvarcal behavieonr  of Tipdd
probes (¢ g., fluciescent-labe Tled ot span-labefled Topods) o must be
interpreted tn the light of proper controls which eliminate possihle
‘probe art tfcts? In general however,  when applied with artable
controls, model membranes and membrone  probes have  heen oxtiemely
uscful 1tn the study of membiane stiutare and fanction

One of  the « lassteal approaches to  the stady of Sample binary
mixtuies 15 high=sensitivity differentral scanning calormetsy Thi
technique 1nvolves  the measutcment of the heat capacity of o hipad
sample 1-11tnve to a referene, as the temperature of the  syatem e
scanned 1n the range of interest in this fashion, 1t s possihle 1o
obtain detagled ntormat ton about  the enthalpres  and  entropres of
mi~ing of  the lipid specics present  1n the oaple tnfortunately
hecause of the complevity of  the anformation obtarned  from cach
studies, 1t 15 very Jifftcult to analvee samples contartning more than
two o1 three total comportents (e.p., HoO and twa Lipid  species), Jot
alone natural membranes. Another, though leqs fundamental problem on
extrapoliting from calorimetric studies of symple model system, to
biological membianes avrises from the fact that the camples typroally

examined 1n calorimetric studics ate not  gdentacal an morphology ta
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natural membranes (hoeL, untlamellar stiuctures with very laige radii
of curvature) The  samples used 1n most calorimetric studies, for
example, are usually prepared  as multilamellar vesicles which allow
the potential for interactions between  the lipids of adjacent
Famellae that are not nommally preseat n biological membranes,

The vae of fluorescent  lipid probes  to study membtrane systems
has become an accepted  and  widely  used  technique These probes
const~t oof a0 Lipid molecule labeled on erther jte polar headgroup or
o one of 1t hrdiocarbon chains with 4 fluorescent group.  Since the
Piprd  <tiuiture 1o constderably  altered  with the addityon of the
fluortesoent group, 1t 1s possible  that  the  behaviour  exhibited by
such a probe mway be due (o this group and thus, may not be similar to
that of the antabelled specres, It 1s therefore important to rule
out  such a4 posablite by examining  the behaviour of two o more
probec o af the ditterent probes are found to have similar behay 1out,
one i couc lude that the fluoorescent Tabhel has fittle offeot,

It b heen supgpested,  based on data obtamed from model
tudie o that wttractive forces hetween the  headgroup  ndfor ooyl
cham portions of certvin Jrprds mov favour the formation of sepatate
Prpud dowe v oo muldt e omponent Tiquad=civetallbime bilayers (Dragsten
ctoal o sl spaepel et al, 1985, Metoalt et al., 1987: van Mec:

md Simons, 19800 ordon et aloe 19870 Yechiel nd bdidin, 1987).
Such domams have been theorized  to participate 1 a number of
membrane functyons,  such as ligand binding to the cell sutface
Chuattecasan, 19730 Haywold, 19747 Reves: and Greaves, 1975 Saffman
and Delbrock, 19750 sedlwek et al.. 19761 Mullin etoal., 1976,

Holmpren et _1_ 1980 t11tehley, ot _l_l___, 1981;: Reed ct al.. 1987,

Masserinr et al.. 1988) . the tormation of membranes with unusual
motphology  (Luratolo, 1987). and  the enhancement of membiane sta-
baleey (achwrde ot al., 1978). Arguably, the 1lipid species most
Pihelyv  to exhizbit  lateral  sepregation to form such  domarns in
brolopical mewmbranes  are the glivcosphingolipids. These lipids
possess  substantial  hydiogen-bonding  capacity in thert polar head-
croups (Bopgs. 1T987), and o large fraction of  these lipuds  found 1n

natural membranes carry highly  asymmetric hvdiocarbon chans (v an
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Deenen and de Gier, 1974; Abe and Notton, 1979). To date, however,
few studies have systematically examined the thermotiopic behaviow
of glycosphingolipids in simple mixtures with phospholipids,

Chapter 3 of this thests describes the use of 4 tiraditronal
approach to examine the mixing of svmmettcal  phospholiprds with
asymmet ric sphingo- and phospholipids. High sensitavity differential
scanning calorimetry was employed to examine the mixing  of DPPC with
thiee asymmetric lip1d species: N-lipnoceroyl  cerebrosude and
sulfatide, and 1-lautroyl-2-lignoceroyl phosphatidylcholine The
long-chain sphingolipid spectes are representative ol naturally
occurring sphingolipids while the long-cham PG, Aalthough  not
naturally occurring, was examined as o 'control’, having the same
polar headgroup s DPPC but a depree of hydrocarbon charn asymmetay
comparable to  that of the N-lignoceroyl sphingolipads.  All three
species wete found to  bhe highly wiscihle with DPPC 1 the Jiquid-
crystallime state, indicating that the  flund bilaver matrix can
readily accommodate  lipids  bearing highly  asymmetric hydrocarbon
chains. These 1esults, therefore, shed  some doubt on the above
suggestion that the function of asymmetyic Liptds, especially long-
chain  sphingolipids, 10 natuwal  membranes may be linked to their
ability to promote the segtegation of sphinpolipid=tich domiins

An alternative and relatively novel  approach  to . alormets i
mixing experiments such as  those just described, 1nvelves the study
of lipid probe partitioning between different birlayer emironments,
as described 1n Chapter 2 It 1o obvious, given the dicersity of
lipid structures found n natural membranes, that  not  all the
different lipird species found 1n a given wmembrane may anteract
'ideally', 1.e. with equivalent energies The  jmportant poaot
addressed by the work described 1n chapter 20 was not that a paven
lipitd species may show some discrimination in its anteractions with
uther types of lipids., but rather the magnitude of this selectivity.
1 have found that different phospho- and sphinpgoliprd  Lasses differ
only modestly 1n their relative affinities for "hydrogen-bonding' ve.
‘non-hydrogen~honding environments. Previous calorjmetric studger

had suggested that lipids that can act as both hydrogen-bond donors
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and acceptors (e.g., amino phospholipids) may interact in a highly
nonideal manner with 'ipids that can only accept hyvdrogen bonds. such
as the c<holine phospholipids (Shimsick and McConnel, 1973 ; Wu and
McConnel, 1975; Mabrey and Sturtevant, 1976; Arnold et al., 1981;
Ruocco et al., 1983, Maggio et al.. 1985, Curatolo, 1986, 1987: for
review, sce Bopps, 1987). Similarly, i1t was found 1n this study that
while the order of the relative affinities of different lipids for
cholesterol-containing vs. cholesterol-firee envaironments agreed with
the majority of previous reports (van Dijok et al., 1976, 1979 Demel
et al. 1977; Wattenberg et al., 1983; Fugler et al., 1985: Yeagle
and Young, 1986), the degree of variation itn this selectivity with
Fepid headpronp structure was considerably emaller than most previous
reports  would  sugpest Fhese results tndicate that lipids with
different headproups may anteirmiy  1n the liquid orystalline phase
more nearly deally than previously thought . Several reasons fot
this discrepancy hetween our conclusions  and  those of previous
studies have  been discussed 1n Chapter 2 and will not be presented
hete,

On the basis ot the above data., taken together with other
previous]y teported data for o variety of binary lipid svstems, it
appears unlitkely  that spontaneous segregation of lipid domains, on
the basis ot selective  headgroup or acyl charn interactions among
patticular bipid species, 16 likely to occur 1n bilayer membiancs
with the composttions typical of anmmal (ells. In order to prove o1
disprove this lnpothesis condlusively, of (ourse, it 1s necessary to
look for the existence  of such  behaviour in more comples menbrane
svstems, 1ncluding brological membranes, While the methodologies
needed  to address this  latter question are pooirly developed at
preseat, I discuss bhelow some  feasible future approaches by which
this problem could be addiessed.

The technique  of fluotescent probe paititioning 1s particularly
sutted to  the atudy of lipid «<lustering behaviour in natural mem-
branes because 1t enables one  to study far more comples membrane
systems Cine tuding biological membranes) than could be studied using

the very simple (one-to-thiree-_omponent) svstems that are amenable to
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study by mote traditional  techiniques such s calotmetny. One can
thus ravision several cxperments ustng ditferent  types ot phospho-

*

and sphingHlipid  probes to address the possibelsty of  Tiprd doman?
tortmatton i bhiologrcal membranes, tor  esample, exchanpeable selt -
quetching, ghosphimpol rpnd and phospholipird probes could be v
the sised which could rteadily parrition anto hotop toal membranes
(e . vaivthroovte  phosts)y an whioh then f luorese emee would be
conwttive to the ITateral distrabution feon . dispersed v lus -
tered') ot the probe molteonle: From the cquabhrvam tHlooce seence
mteasit value  measared tor probes with dittereat Leadproups, o
would be  able to determine, for example, o piveosplivapoliprd probes,
wetoe mote prone too Titerally  epaepats (t v, would Show 0 vareten
degrec of wlf=quenchine ) than phospholipnl probes bearimg Che same
tluote went morets Vs Tated proceduore woulst anvoly the labelling
of  matur b omembr mes wrtho twe hilderent brpad probe o the ecand
fluores ent Liprsd wonld gquench the foe-s weth an ot cencs depentdent
o the Tatceral o ctrdbat pon ob the fwo tvpes ot probe

In o thond approv b oo oudd e sure the pe batve porbabaca
cocttr 1etts of oseveral Trpud probe Chetwon noataadl e o pron-
wents ol fferent  Prpad comp o~itron The o mer upeme nt o wonld
prtov tle 0 ncans o determaone whinche probes o bt oo s bowme e
with the  bulkh membr e Loprds, o whiether there o v prasaba bty of
Pormiataron ot Dater sy seprerated doming ol cerbarn apooies
throuph  preferent ol 1o Pt on with cr oo owembrane protergs
Finalle. some troont weak Gdee Bonny et ol P89y e alvayge
ithtacene=beited Tiprd o also showe  promeac o the ctads of [egoacd
mising an baolos ol pembrane [fre o ohotodymer vy Lipord probee
o e tcotporated  anto bt ferent oatur ol mewba e o poaad to
ultri=violet Ligsht oand the resal ting auber ot photodimer oo omnted
aavng 1 aeasure of  the chaoter g e bvavtoar ot the ifteront Tipst
species 1N A given wembi ane

I o similar fashion to the fluore woont < tadye, AT RTINS
cpin-TlhelLiney studies  could aleo he el to ool Tar Pipad=c fuatoy -
tng helaviour o brofopre ol membtanes Groant oand owerker s (Grant ot

v}, 1987 Melhorn et il 1988) have recort Iy usod spin=Tabe [ed
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glycosphingolipid species 1n order to determine whether o1 not
glycosphingolipid-11¢h phases exist 1n simple phospholipid bilayers,
and it 1s  possible to  imagine  how more complex svstems could be
studied by these same types of approaches For example., one could
synthesize exchangeable  spain-labelled lipid probes and allow them to
partrtion n different biolugical  membr.anes as  suggested ahove, and
look  for evidence  of  sprn-oxnchanpge  broadening, 1ndicating the
presence of prohe « Lustering behav rour.

As andicated  an the ntroduction ot this thesis, natural
membranes  contain 2 great pumber of daifferent Tiprd specres. Tt
seems unhikely that such  ddiversits  could extst without hiologieal
advantage, and thus, the different lipid classes must have somewhat
different roles to play 1in mamtatning membrane structure and optmal
membr ane funed ton, It seems likelyv, on the basis of the exper iments
I have presented here, that these  1oles do not anvolve the ther-
modynamically  spontaneous formation of sepgrepated lipird domains n
mult tcomponent lipid bilavers sueh as  those  found i biological
memb iy anes Therefore, I suggest that  the function of those lipid
specres whose  structures  diverpe greatly  from  the saturated/un-
saturated mot tf  characteristic of most membiranes (e.p., the sphingo-
Lip1ds) lies  elsewhere It 15 possihle that  Tipids bearing asyn-
metric aovl o charns, such  as natarally ocouwrring sphingolipids, may
have stgmifircant effects on Lhipid-piotern anteractions Membiane
profterns cause a large petturbation of the membrane structure on
insertion 1nto  the bilayer (Cullis and De keayyff, 1979,
lotaelachvili, 1977}, Some  evidence  sugge-t s that lipids with
1repular peometites such as those possessing asvanetric < harns « ould
pack  around  the profemn and  thus maintam the cont rnuity of the
bilaver (Gertatsen et al., 1979).  Another role of asymmetric 11ipids
m natural  membranes imolyves the mechaniecal gtabilization of lipid
bilayers through acvl nterdigitation 1n the centie of the bilayer
(Schma dt ot l 1978),

Since the publtishing of  the Singer and Nicholson fluid-mosaic
mode 1 of brolopical membranes (1972), an enornous amount  of work has

heen performed on eludidating the structure and function of membranes
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and of  individual membrane components. Th s prey ous work has shown
that the functional 1ole of the lipid component of biolopgrceei
memb:anes 1s  far more compiex than originacly envisioned.  The work
presented in this thesis argues against one nt,tpumg potential role
for lipid diversity tn biological memhtanes, pamelv the spontancous
creation of laterally segregated domains, with distinct composit rons,

in brtoiogical membranes.
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