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Abslrsct.  I -heinleracl ionsbelweenunsaturaledphospho-
lipid bilayers deposited on mica werc measured rn
dqucous .olutron u. ing a 'urtr .c lbrce'  apparalu'
The hr l . rrcr,  $ere madc of t . -droleoylphosPhatidt l -
chol inc {DOPC). L-x-diolco} lphosphal idyl  €thanolaminc
(DOPE). and mixtures of thc 1wo, and wcre formcd on
mica by Langmuir-Blodgett deposilion aiter the lipids
were sprcad on an aqu€ous substrate lrom a chloroform
solution. Thc forc€s are interpreled as eleclrostalic
doublcJaycr and van dcr Waals lorccs with long rangc,
nnd u slro,rg repulsion (hydralion or sleric force) at dis'
tanccs of scvcral nm. Togcthcr thcy producc a region of
weak al l rrct ion (a sccondary minimum) at 5 nm (DOPE)
Jnd brm (DOPCr. l -uson of l$o bi laycrs inlo onc
$as obser'led whcn the local force per unit area was
I I MPa. Olher rescarchcrs reporl that phosphatidyl-
elhrnolamine in "esicles eDharces fusion. In this sludy
using dcposilcd bilayers, the presenc€ of DOPE in a
DOPC bihyer did nol promole fusion. nor did DOPE
bi la)crs fusc more easi ly than DOPC. Thc lalue of thc
forcc pcr unit arca at $hich lbc lwo bilayers luse into onc
was howclcr dccrcased by s€veral orders ol magnilud€
$hcn the bilayers werc formcd from lipids kcpt in
clrlorolorm solution lor sevcral days or more. Chro-
mrrography showcd lraces of lipid degradatioD producls
iD such chloroiorm solui ions.

Kcl $ords: Fusion Unsatura(ed l ip ids Inler-mem-
brxDe lorucs Surfxce iorccs apparalus

Irtroduction

Thc tusion or nrcmbrincs is bcl ictcd to occur in many
ccl lular proccsscs including erdocylosis.  crocl tosis rnd
lcr l i l iTat ion. Closc approrch rnd rDlcract ion bct$ccn

membratrcs is assumcd lo bc it precursor to fusion, Close
approach occurs in biological cells which are dehydrated
eilher by dry atmospheres or by frcczing. In thes€ cases.
the response of the membranes 1o the slrong iDlcrmem_
brane forces Day del€rmine lhc cx1cn1 ol damage rn lhc

Th€ study ol the interaction and fusion of lipid bi-
layers as a model ofbiological fusion is molivated by the
rclativ€ simplicity of such membranes .tnd by the obser-
vation thal fusion in biological membranes often occurs
in regions without membrane parlicles. i.c. in the putali\'e
bi layer marr ix o[ rhe mcmbrane (Ahkong et al .  1975i
Cul l is and Hope 1978i Kn t ton 1979).  In order to luse,
two mcmbran€s must first comcclose loSelher,and lhere-
fore overcome repulsive forc€s betwe€n them. The rcpul-
sion between lipid bilayers is slrongly dependent on the
l ipid composi l ion (Lis et al .  1982).  The aim of this sludy
was to examine the inter-membrane repulsion ard lusion

One model of mcmbranc lusion, firsl rcportcd by
t lorn 1198.1).  is thal  belwcen l ip id bi laycrs dcpositcd on
molccularll smooth misa sur,aces in aqucous solulron.
Thc advanlages of lhis modelare that thc lorcc and scpa-
ration between lhe surfaces can b€ accuralcly mcasurcd
(lsrrclachvili and Adams 19781 and that lhe process of
fu{on can bc \re\ \(d b} onr icr l  int .r fcr, 'mttry at r t
occurs. I hc chi€i d isad va nlagc is l he use ol mica supporls
for the bilalers. Firsl. rhe bihyers are not frec to undulate.
Sccond.lhe tusion proceeds from two parallcl bilaters to
, ,nc. hur rol  u 'ur l l i  t , '  /cror.  A'  Horn p.rn' .  . .u ' .
ho\\e!cr. such an iDtcfmcdi.rte st.t-rc is suggested by clec'
tron micrcgrapbs ofse!eral sccrctory slructures (Pil]lo d€
Si lva and Nos eira 1977).

The Israel ch\ i l i  and Horn lechniquc has bcen used
ro srudy jnter:rct ions of bi layers oi  sc\eral  lypes ol  l ip ids

In l l r ,  r r r , r \  I ) ( r .  dnn. . \ l '
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lMarra ^nd Israelachvili 1985; Israelachvili and Helm

1989) but 1o datc therc has bccn no study ol nnsaturalcd

sDecies. Unsaturatcd lipids are common in plant mcm-

brancs. In thc plasma membrane of rye protoplasls' for

exirmDle. unsaturalcd PC' and PE are lwo of the largesl

Ll .r . .c i  of l ipr. l ,  prc 'cnt t l lnch and Slcfon!.us lq87l lhe
,ru,Jrc '  rcporred in rhs prpcr rrse the lechnique ot l "rrel-
achvili and Horn to study the fusion bctween bilayers ol
DOPC. of DOPE and of mi)ilures of lhe two lipids

whcn lipid bil.ryers are broughl clos€ togethef so that
rhe aucraqi watcr thickncss b€tween them is a f€w nm.
then a slr ;ns interrcl ion is observed (Lis et al-  1982). I1ts
reDulsivc for most lipids studied. Two theorjes compete to
exolain this lorce: Marielia and €o-workers attribute it to
ooiarization ofthe solvent bv surface dipol€s (Gruen and
Maricl ia 1979r Kiel lander and Martcl ja 1985) whereas
tsraetachvili and Wennerstrdm (1990)and de Genn€s and
PiDcus 11990) anribule i t  to movemcnls ol  the l iPid
molecules. Having frie'tds on both sides, we shall call il
the hydralion-sleric interaction throughout lhis paper.
Thc forcc decrcases approximately exponenlially wilh
seDaration. and has a charactcristic lcngth of typically
0.i5 nm. At small separalions this lorce is much larger
than olhcr intcr-mcmbrane intcractio'ls (elcct roslalic and
v:rn dcr waals forces). The magniludc ofthe repulsron al
a given distancc varies among lipid species over morc
than an order of magni lude (Lis et aI  1982; Marra and
lsra€lachvili 1985). Thus, iibilayers are lo fuse.lhey must
bc brought close bgether against a repulsion which
raf lcs 5tronsl!  $i th compori l ion

we cl*c io inre.r isate DOPC anJ DOPF bi ldlers
for two reasons. First. wc anticipatcd a substantial difcr'
encc in the inlerbilayer repulsion for lhesc lipids Wc also
considered thal the dilferenl molecular geomelries of
lhc\c 'Dc. ic:  miqhl bc rmFortaDt in fusion Pho'phal idl l -
chohni r"  a hpiJu hich torms bi ldler '  t rnd $ hi(  h i r  lound
in relativcly high conccnrrations in many membrancs ol
Dlants and animals. Phosphatidllethanolamine is usually
iound in smal ler concentrat ions bul-  of the l ip ids that can
form nonlamellar phases. unsalurated PE is one of the
mosr common. Non-bilnyer configuraljons ha\'e becn Im-
plicated in lusion (de Kruijlfct al. 1985)and we therefore
wished to invesligatc tbe efecl ofsu€h a lipid The mode
ofaclion of fusion-promoting Iipids is nol known. but lwo
possibi l i l ies meri t  considcrat ion: ( i )  does the fusion dc-
pend on a .educlion in rhe shorl rlinge r€pulsion belween
lhc otpo.cd bi l r lcrs or r i t r  doc! Ihc lusion-promoting
lipid facilrtaie lhe gcom€lric dcformations which are
intcrmcdiale stagcs in fusion? Thc surfrce forces appara'
tus al lows direcl  measurcment of lhe repuision, and thus
yields infornnrion which can help disl inguish beiqeen
thesc possible explanl | t 'ons.

Most meirsuremcnts of inl€r-bilayer lorces using lhc
surlacc forces apparatus have bccn madc on lipids which
are solid'� at |oom tcrnpcralurc. $hereas biobgical bilav'
ers rrc fluid undcr normal condilions Wc use dioleoll
liDids bccausc we expccl.d that bilalcrs oi both DOI'C
una OOpe acpo'nca on micN would be liquid at room

I w. lrc rhc nofrcne|rrur. liqud
r io r . l  Pr lhs  . f t i  I ' e lh ic . r  ( l9 i l j )

tempcralure. lurlher thcy are membcru of lhc relatilely
small class of unsaturrtcd lipids which are avaihblc com_
mercially in pure form.

Bilaycrs with a wide rangc of surfac€ dcnsities caD be
deposited on hydrophilic surfaces by varying lhc laleral
prassure of the monolaycr at thc air-waler inle.facc from
which they are derived. l h€ appropnatc lateralpressurc in
a monolayer for lhe deposilion of a bilayer which resem'
bles a frcc membranc is not simply dctcrminedr. Marra
and Israelachvili (1985) hav€ studied th€ interaction ol
bilayers deposiled onto mica surfaces from monolayers
subjcct to lateral pressures of aboul 35 mN m ' (with
differenccs for dillerent lipid species). Thcy rrgue Ihat this
condilion produc€s surface densities which equal lhose of
a bilayer ilr excess watcr. It 's di{ficult, howcver, to deler-
minc accurately the pressureat which is deposited a mono-
layer of approprialc dcnsity bccausc thc arca densily of
nuid bilaycrs in excess water is nol krown accuralely
Furthcr ther€ are lccbnical dilficultics in dcpositrng ho-
mogeneous monolayers at laleral pressur€s approachlng
rhat hich col lapscs the monolaycr.

In all cases reported h€re. the lirsl monolayer deposil-
ed on the mica surface was DOPE al 35 mN m ' This
gives a stable, homogeneous hydrophobic surlace. and
al lo$s comparison wi lh previous resul ls.

The measuremenls of force wcre conducled in an
aqueous solut ion of 1 mol m I  NaCl at pH ofapproxi-
malely 6 luncontrollcd). Thc strong inler-bilaycr rcpul-
sior t|t close approach (hydration-steric lorcc) is at most
weakly dependent on a range of dissolved ions (Marra
le85t i r l rhough clcclr ic doublc l i r )cr intcraL(ion. may
depend weakly on lhe pH. The surface density of mono-
layers of phospha{idylcholines is al most a very w€ak
funcljon of pH of lhe subphase at the surface pressurc
used berc lBirdi 1987).

Mrtcrials and melhods

The forces and separations belween surfaces were mea-
sured using a tccbnique describcd by lsraclachvi l i  and
Adarns (1978) in which moleculady smoolh mica shcets.
partially silvcrcd on one su acc. are glued to two cylin-
dr icalglass lenscs{radius lypical ly 20 mm)whose axesare
at right anglcs. One oi thc lcnscs is mounted on a lcvcr
spring sysrcm and the other on a pjezo-electric crysul.
The lwo silvered srriaccs lo.m an inlerferomclcr lo pro_
duce fringes of equal chromalic order (FECOS) in while
l ight rnd gi \c a resolul ion of rela( ivc posi l ion of aboul
: !0.1-0.1nm. The dcnecrion ofthe spr ing as the surfaces
approach is calibrarcd ro givc the force wilh a precision of
abour 1"1,.  The t \hirc l ight was f i l lered so lhat the l ip id
bi laycrs were er iposed only lo lhe greer parl  ot th€ l is ible
spectrurn which $as thc r)nc useftrl lor thc measuremeDls.

The watcr used was obtained from a MilliQ-Organex
fed b) rcversc osmosis $a(cr. The Iipids us€d wcrc boughl

I  A .on \ id . rb le  InnAc. l  Dnxnr lc r  f rc tsures  (11 i  t r  i0nrN
ni r) havc heen srrgc{cd ns ntpronti.lc ir comBrnsn{ {(h
h i [ !e rs  (A lb rcchr  e r r l  1978 i  Nrg lc  1976 i  Crucn dnd Wol le
1981)

!nd nnid loltosrng Ihc su38cs_



f rom A\anl i  Pohr Lipids and lhe nominal pur i ty was
>99"r, .  Ethanol and chloroiorm were Merck A R

For deposilion cxperimcnts. lhc lipids were dissolved
in shlorolorm to give solulions wilh a con€€ntration of
101n molecules m r. They were lhen sp.ead on the air_
w.rlcr intcrlacc of a Langmuir trough- All glasswarc \!as
cleancd in sulphochromic acid and r insed in Mi l l ipore
watcr. Stainlcss slcel and te{lon surfaces were cleaned
eithcr iD sulphochrom i !-  acid and waler or in alcoholand
dricd in a jc l  ol  nj t rogen.

The dcpositions werc conducled and the isoth€rms
wcrc mcasured in a Teflon coated trough. All surfac€s in
corlact $ith ater \,!ere T€flon excepl for lhe points of
two s{ainlcss slccl nccdles used to sccurc a floating tcflon
barricr used to measure lhc surlace pressure.The sensitiv-
ily in measuremcnt o[surfacc pressure was 0.1 mN m '

bul  the cal ibral ionwas accurateonly 10 I  mN m-' .  For
deposit ion. lhe barr ier was mo! 'ed by a smal l  servo motor
(on ant i-v ibrat ion mounls) to nlaintain constant lateral
pressure within 0.1 mN m I.  The though was used rn a
laminar flow cabinel in which the lemp€ralure was
2211 C and the hurnidi ty was nol control lcd. To deler-
mine thc surface densrties dcposiled on mica. hcshly
clervcd sh€ers of mica with a surface arca of about
3000 mmr were raised and lowered {for lirst and second
monolaycrs respecrivclyl lhrough the inlcrface at l0 mm
per minule. and lhe area swept by the barrier was mea_
surcd. The same spced. 10 mm per minutc. Nas used for
dcposition of the monolay€rs. This speed was choscn to
ma\imisc l rornofcnciry of Ihc monolalcr.  Homogeneity
was chcckcd by e;iposing monolayer-coated mrca sam-
ples 1(r sleam. and looking for inhomog€ncities in the
pairern of lhe water cond€nsal ion on the monolayer.  Al
specds of l0 mm pcr minute, areas Srcater than sev€ral
squxre millimetr€s w€re prodLr€d with no observable in-
nolnogcncny,

Lipid bilayers wcrc deposited on the unsilvered sid€ of
lhe cxposed mica surlaces by passing the lenses through
Iipid monolalcrs at the aiFwaler interfac€ first from
waler lo air, lhen from air 10 water. To minimize the
contaminal ion ol  the monolayers on thc trough by olh€r
surlacranrs. rhe suriace was rinsed in the following $ay.
First, the lrough was cleaned and filled and the inlerface
asprred. Then a moDolayer of the d€sired composilion
was spread. This monolaycr w.s then compressed and
d'p.red. A lurrher mon^laler ol  lhe srme (omposrlron
wrs spread. conrpressed rnd aspir€d. The f inal  monolayer
for deposirion $as then sprend and the chloroform was
nl lowcd to evlporatc for 15 mio.

l h (  l , { r c '  I t p i r ' . r l u '  $ r '  f i l l e d  q r r h  l m o l  m - r
NaCl solurron which had bcen degasscd b) bolh healing
aDd punrpiDg. The lcnses bcarirg lhe bi lalers were trans-
fcrred 1o lhe apparrtus whi lc cooslaD(ly immersed iD
aqucous solul ion in smal l  beakcrs. An amounl ol  concen-
U. ' l (d chlor, , fornr 'oruroD of l iprJ.  r in lh( 'Jmc 'JI io as
lhe ouler bi lavcr l  was deposited on lhe surfacc of the
solut ion in the. lpparr lus to rntroduc€ approximatel t
10" ' I ip id Dxncculcs lnorc than suff ic icnl  1()  prol ide a
collapscd nonolaycr on the air-waler intertacc iD the
utfrr . r lu. .rnd t ! '  \J lururt  l l \ '  r , t rrc.us Iolul i^n.

)11

Results and discussion

D.r posit ioII ol t'nr,|otttt (ts

The firsl laycr dcposilcd on lhe micu was in all €ascs
drawn from a monolayer of DUPt r l  rn .r ' f_$alcr in ler-

face with a surface pressurc ol 15 nrN m I To nrainllin
this surfacc pressure rn lhc l rough, the reduct ion in thc
area ofthe monolayer was 1.05t0.01 t imes the surfacc
area ofth€ mica passed through it. Thus wc assume lhat
the surface density ollhe monolayer on the mica was 1 05
times that of the monohyer at the airwater int€rface
This €ontraction is small comparcd lo lhal which accom-
panies lhe Iiquid-solid transilion in monolay€rs at the
air"waler interface (Albrecht €t al .  1971J)so I t  s.ems to us
unlikely that this small reduction in arca p€r molccule
implies a condensalion from lhe liquid lo thc solid phase
When the second monolayer was dcposited, the arca pcr
molecule in this outer layer was greater than that in the
monolaycr at lhe air-water int€rfacc. when thc mono-
layer pressure was 35 mN - m'.  the surface density in the
outer deposited monolayer of DoPC as 0.88!0.01
times that at the air-waler interface. For DOPE the same
factor was 0.9010.01. This e)ipansion upon deposition
again suggesls lhat lhe dcposited monolaycr was 1n lhe
nuid phase. we constructed isolherms for monolayers of
each of the lipids at the air waler inlerfacc. In mono-
layers spread from organic solution thcre is always a
significant incertitudc in thc absolule value ofthe area per
molecule due to evaporation of the solvent. We do not
r€porl these isolherms h€re lor that reason.

Hoilogen?iti ol niv.l lit bilt\'?ts

Are lhe mixed monolayers of DOPE'DOPC bomoee-
ncous? The distance resolulion of the surface forces
appara(us is sullicient to clearly rcsolve the diff€rence in
thickness between nrcnolayers of DOPE and DOPC (see
Fig. 1). The FECOs produc€d between surlaces bearing
mixed monolar'$ers wcre snooth !nd showed Do sign of
bilayer helerogeneil) at the linit of resolulion.

There is h,-.l!cver the complication thal lhe diffcrenl
repulsion between the tlvo spccies could lead lo d€n)ixing
when the force bctwcen the surfaces is large at very close
approrch- At :r given scpar lion. lhe force per molecule
isgreater lbr DOPC rhan for DOI'li (see Fig. 1) and so al
suficiently large interbilayer lbrce. DOPC nroleculcs
rnighi be expected lo dillule away liom the contact zone.
lcaving a surface monolalcr r ich in DOPE. Tbis problcm
hns becn aDalysed in dctai l  by Bryanl and wol le ( l9l t9)
bur $€ c.rn gi !e here an order ofmagnitudc calculal ion.'Ihc cncrgy pcr molecule due to rn exponcnlial rcpulsion
bctwccn plancs wilh characteristic lenglh; is Pd l wherc
P is thc force per unil area rnd a the area pcr molecrle.
and othcr inrcrrct ions ha\e been negle€lcd. Equi l ibr iun1
demixing heconics subsrrntixl u,hen the enefg) dillcrence
for the lwo moleculcs is conrparlblc rith the thcrm.rl
energy t r. and so i! inporlrnr lor prcssrres P of ordcr
t  r  di .  which for lypical  values is rboul .10 MPa. As thc
prcssures rcportcd hcre arc r,rrhcr snaller. such a local
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Fig. l. l.orccs bcl$ccn lso brlry{s of DOPE
(lillcd point$ and DOPC bpcn p.inrsl n.ro$
lqucous 1 mol m r NdCl solution. Thc rcfclcoce
drsln.cc D:0 is lhal bclwccn two mica $trtaces
co.t.d {nh onc DoPE mooohy.r. Thc srtcr
thictncss berseen lhc lso phospholitid bilalers
can bc cslinllcd lrom lhc distane 0 b! subtracl
ine apprcximrtclt 4 nm The a( ct'vc 'n'nrmum
for DOPE is sho{n in rhe insdl. Solid hnes are

suidcs tor thc c!c. rnd dashed lincs i.dic,rc rhc
lores dnd distances al which thc svslcm i\ ort of

changc in composition is expected lo be only a small
c l lccl .

A rclatcd qucst ion corscrns the *ay in which bi layers
nray defonn due to their interaction at close approach
whcn bilayers arc prcssed togelher in the experiments
reported here'. llre energy ofinleracljon increases among
lhe mol€crles in thc relalively small region of closc
approach. Onc mighl thcrcforc cxpecl moleculcs 1o dif-
tuse in the planc ol thc bilayer. away from the region ol-
close approAch. and thus bwer the tolal energy ot lhe
system. To obtain an appforiimat€ upper cstimale to thc
e)ilent of this effect. suppos€ lhat the lipids in the region
ofclose approach equilibru!c wilh lhose in the regions of
l rge separ lion and negligible inieruclion. The formcr
h.rvc a polcnt ialcncrg) of intcracl ion ofabout Pa; (sec
above). The\\,ork lo lransitr a lipid ofarea./ bcl\tcen two
regions ol a Dlonolayer dilfering in lateralpressure by Jt!
is /,1n. Neglecting diffcrences in composilion (discussed
above). equilibriurn rcqtr�res Pa ).:a 4 ft. Tbe propor-
r ionalchange in molecul, \ r  {e l la :  - ,4n k}\ \ 'hetekA
is the rrea elast ic nodulus of rhe monolayer.  and so lbr

. t a  u :  P  )  k , .  ( l )

Taking kr . ts 100 mN . m I  and ;  as 0.1 nn. lhc pressure
fequircd lbr a onc percent chrnge in d is about 30 MPa.
Thc clTecl should lbcrclbre be sm1rl l  in lhe expeinenl i

Whcn r\ \o crosscd c! l indcrs arc brought closc logclher so
rhal the separar ion./  is l )uch lcss th, ln rheir  radius R. the

local geomelrl near the point of least separatron repre-
sents that of a sphcre with radius R near t| plane Th€
force l.(l)for rhis geometfy is simplr- rclalcd (Dcrjagurn s
afprn\rmationr Io the cnerpl  of  interrctron pcr t tni t  arca
U(r1) belwccn two parallel planes scparaled by d (a

simpler bul imprucl ical  geomclry) ihus: l r (d)rR-
2u U(d). For this reason thc force curves prescnted have
F{d) R as lhc ordinAlc.

Tbe refer€nce distancc D:0 us€d ir  this pnper is thc
contact bctween lwo mica surfaces bolh coatcd wilh one
DOPE monolayer. The traler thickness bclween the two
phosphol ipid bi layers can bccsl imaled from lhedislaDces
rho$n in rhe lorce dir l . rnce prof i les b) .ubl 'd( l ing dp_
proximarely 4 nm { lhe thickness oftwo l ip id monolByers).

The force belw€en surfaces as a lunction of dislance
was qual i tat ively simi lar for al l  cases sludied: tbcre was
a weak exponenl ial  rep ls ion al  separal ions ol  up to
l0 40 nn. and a weak al l fa€t ion (a secondary minimum)
at rbour 5 nm (DOPE) and 6 nm (DOPC). The magni-
tudc of lhc allractiL was larS€r tor DOPE lhan for
DOPC. Figure I sho$s a typical turce dislance curve for
DOPC and another for DOPE.

ln thc region of expoDcntial repulsion. the decay
lcngth was in r l l  crscs cqual to rhc cr lculalcd Dcbyc
length of lbe aqueous solut ion (scc Fig. l ) .  We inlerprel
this as thc forcc duc lo an clcclr ic double lalcr ( lsra'
c lachvi l i  and Adams 197lt l .  The magnitude corresPonded
kr r  sur lace polcDtial  of  25a5 'nV for al l  lhe siudied
afcas. This corrcsponds lo appro\imalcly onc chrrge per
90 nrnr (deduc€d from Grahame\ equal ionr sce for exam-
ple lsrael.rchYi l i  Igt l5).  Mrrr.r  (1985) has rcportcd the
forccs ofinter crion berwecn biluj-crs olsalurrled PC !t1d
P[.  bur rcpo|1s lhat thcre nre Do double la\€r forccs in thc
presence of rnono\alent crliors. \lt can onl] speculatc
ho\\ the ditfercnce ber\\'ceD saluralcd and unsaturirtcd
nrighl lead to a diference in eilccli\. surface charge. I'cr-
haps lhc unsaruruled l ip ids arc dcposircd al  rathcr lowcr
surface dcnsi l ics rnd lhat this r l lo\  s sur lacc chrrrres
( i n c l u d i n g a d s o r b c d  H '  r n d O H ' { r n s ) l o  r c m a ' n  o n  t h e



nrica. or to migrate (hrough it whcn lhe surf.lce is im-
merscd in solul ion. The salurrrcd I ip ids form more t ight ly
packed laycrs on the nl ica. and mighl excluoc sucn sur
face char8es. Chrrged impurilies in thc outer monolayer
could in pr inciple be responsibte i f0.7% ot lhe l ip ids were
chcmically changcd lo producc a dissociating form. bur
this is incor)sistcDt wi l l r  orr  chroDralography results {sce
l r r c r ' .  F u f l h c r .  V r  u { l ' J b 5 r d i d  n o t  o b \ c r \ c a n }  i m p u r i _
1y $i1h the saluratcd l ip ids he purchased from rhe iame
company (Avant i  Pola. Lipids).

A1 dislanccs of less than 5 nm (DOPE) and 6 nm
(DOI,Cl). rhc rcpulsion increascd stceply with decreasing
separation. This si.ong force at close approach is th;
hldralion-steric forcc. Figurc t shows thit, ar any given
separat()n. Ihe shoft rangc repulsbn between DOPC
bilaycrs is greatcr than rhat berween DOpE bilayers in
agrccmenr wirh rhe resulrs of Marra (1985).  Th€ separa,
tron in the figure is thal between lhe mica surfaces coared
wilh one monolayer ol  DOPE. The al tracl jon mrnrmum
rs much larger lor DOPE (-2 mN rn) lhan for DOPC
(10.:mN.m ')  r 'h ich iDdicaies smal ler hydrat ion-
slcflc lorccs for DOPE rhan for DOPC. The shorr-range
rcp lsion begins al a scpararion 0.8 nm grcatcr fof
DOPC than for DOPE. This may be inrerpr€red as rhe
rcsrll ola larger hyclration,slcric repulsion for DOpC. or
ol thepDrat ive larger siz_e ofrhe higher DOpC headgroup.
The diference bcrwcen rhese interprerations is largeiy

Whcn no fusion occurred. and after separation of rhe
surfaces, subscquent forcc measurcmenls werc complelely
rcproducible.

When a sulficiently large. consranl force was appli€d, the
distance bel$ecD lhe silvered surlaces reduc€d bv aboul
J nrn over .r  pcnnd ot:  r .  o \ .  The pro\ess \  as srmrtdr ro
lhat reported by Horn ( t98,1):  a very smal l  regior on the
iringes at lhe posirion ofclosesl approach movcd suddcn-
ly rryanamounl correspondingto4 nm and rhen expand-
cd lo form a straight iringc corrcsponding to flar, parallcl.
crrculur regions $irh radii of llpically 30 !lm. Tbe separa-
lron bctuccn the sjhcfcd snr iaccs in rhis statc {as rypical-
l \  4 nm grcdl(r  lhan h.r$ccn rhe sr l !cr<d {urtacc5 on t$o
barc micns broughl inro contacr.  Fol lowing Horn. we
Inlerpret this as lhc lusion ot ls 'o bi latcrs inro one. pro-
cccding from onc poirrr .tod sprcadinS out to produce a
srDgle bi laler berwecn rhe mica surfaccs
scopic irca. Wc hcnccforth rcicr ro this stale as fusion (sec
ft)otnore l ) .  lD lhis natc rhe surfaces adherer l  srronety and
could be scparaled by .r forcc ol rhe order oi I mN. Thrs
is not ful ly co|sistenl $i lh the ndhesion of rvo ful l ! ,  hJ,
drophobic surtaccs in pure $,rrcr.  but suggesls rhat on
scfanlro'r  thc single rcmainin8 bihyer scp raled lC) lca!e
on cach rnrca a moDolaycr plus somc ot ihe l ip id rhnl $as
squcczco out on tusron.

Afrc. fusiiD and scparation ot lhc su.faccs. thc forces
bctween lhc rcsi(us rhar had fuscd $ere no1 rcprod u cibtc.
Rcpulsi !c forccs ol tcns of hundreds oftN wcrc measured
nr separatrons ol  tens ofnm_ Sumcient l)  targe forces could
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ovcrcome thes€ rrreproducible repulsions and bring lhc
surlaccs rrlo close approach. Thcse force-dislancc curves
somel 'mes cxhibi ted almosr horizontal  regions. This be-
havrour may be inlerprered as the forccdista ncc cu rye for
lhedcformalion of debris rcmainingafter thefusion-scpa-
ralion cyclc. Aflcr fusion had becn froduced ar one point,
olhcr zones ol the mica surlaces where rhe bitayers wcre
not damaged could still bc uscd for a lirniled numbcr of
lurlhcr m€asurcm€nts.

Thc forces rcquired lo producc fusion $.ere large (F of
order 4 mN). When rhe mica surfaccs oftheappararus are
subjccted 10 large prcssurcs. they deform andthe relation
bel$een F R and rhe inreracr ion en(rg) of pt .rnar \urtucer
no longcr obt i in\  At rcry largc prc\(rrrc\  rhe dcfo ned
surtact\  hrm crrrular f lar regions. Net lccr ins lhe torcc
app eo rn lhe \mrtt  arc,r  ncar thc perimeler ot lh is regron
and rhe $eal lorces crerrcd hy rhc ,urfccer far f rnm ion-
tad, the prcssure acling on the region of close approach
is jusl the force divided by the arca of this circle. The
pressures al which lusion occurred were aboul 2 Mpa.
Therc \rcre no signrf icdnt di f lercncc. amon! lhe prcisurcs
requrred ro fu\c bi l , ryers ot purc DOpt .  pure Dtrpt and
of mixturcs of thc rwo

This observarion is relevant to any erplanat ion otrhe
reporied eflcct oi PE in enhancing rhc fusion of uncon-
strained bilayers. Our resulls indicale that such fusion
enhancement cannor simply bc related lo th€ weaker re-
pulsion al  short  dis lance belween bi laye.scontaining that
l ip id.  In an al tcrnat ivc cxplanal ion. the lusion or uncon-
strained bilayers may inlolve local lluctua ons rn rnc
normal direcrion and. ifso. the effect of pE on fusion mav
be relr l (d lo d pural i te ef lecr on \u(h unduldlrons. In our
cxp€rimcnts rhe movcment of lhe bilaycrs in thc normal
direclion is constrain€d by rhc mica subsrrale. Ihus (h€
lacl \  of  aI  cf lccl  ot  PF on fu, ion in our c\perimcnrs i \
consistcnt with thc lat ter explanat ion.

Ch?Dlit.tl dungt! in unsoturat.d litids

The resulls reported abole $erc ior experinents in which
considcrablc carc uas (rken ro avoid oxidat ion of the
lipids in chloroform solurion. Solurions in chloroform
were m:rde up on the da! ofthe experiment. thcgas phasc
abole the solut ion r{  as r insed $ i th ni trocen. and lhe solu-
t ion was kcpl in a sealed. l ighrt ighr con-rainer crrher in I
t rezer or in a contai f lcr  ol  tdry icc) CO.. Thrs the t ip ids
wcre rn contact wrth chloroiorm and ai . .  and pnt at room
lemperalure siDrul taneousl)  for aboul hal fa minule whi lc
they wcrc prcparcd. and for thc t imc lakcn for mosl of thc
c'hlorolorm 1o eraporate during ntonolayer spreading(on
rhe ofder ola lninuie).  ID orher cxp€rimDnts we had uscd
lipids in chloroform solulions $hich werc kcpr in a ticezer
fur periods of onc lo fii! davsl lhcse iDcluded c)iperi-
nrents using I ip ids obtaincd fronl  Sigma which $ere del i \ -
ercd rn chloroiorm in scaled corraincrs. With rcspccr ro
inler-n)enrhrane forces. thesc "old ntutions gave results
stnr i lar lo thosc rcponed abore. Witb respecl ro i l rs iolr .
ho$e!cr,  thc rcsult \  \ 'ere di i lcrcnl  and deprnded on
l c n r r h , ' f ( \ n , \ u ' r  ' , ,  ( h l . i , , t o r m .  t h (  t r c * u r r  f e q u . r e d
I n r  r u n . ' n  s , , \ . , 1 $ r ) \  l c \ .  r h a n  l h : r t  r c q u i r c d  t ^ r  t u . i ^ n  . i



t80

bilflycrs using frcshly prcparcd solutions (corrctallon co-
cfficicnl o[ l.R with respect k) cxposure to chlorolb.m
was 0.18).  In lonrfast.  howelcr.  lhe pressure requircd
to producc iusion did not s igni f icant ly decrease wi lh t ime
during erpcr inrcnts last ing up to rwo dals during which
lhc dcposircd bi layers wcrc cxposed to sal inc solut ion ar
room lcmpcrature rnd rcgular ly exposcd to jntensc i  u-
minat ion fo.  thc i rr tcrfcromctry.

ln ordcr to f ind $hish l rrnsrormrl ion ot thc t ip ids had
occurrccl ,  L^lrromatographs of lwo l ip id chloroform sotu-
l ions $efc Fr lbrmcd. Onc sdul ion w s srored ior 8
months undcr nirrogcn at -  5 Ci ihc othcr was prcpared
nnd used immediately.

ll l)as bccn rcpo(cd lhat rub-oxidation occurs rn rne
unsarurnred chains ol  phosphol ipids (Wu elat.  1982:
Porter and Wccncn l98l) .  This oxidat ion probably re-
sulls lrom free radical peroxidation ofthe doubtc bond in
phosphol ipids ( tsarclay ct  al .  1987).  In oroer ro ocrecl
hvdropcroxidcs possibly iorm€d in DOpC and DOpE
sohl ions. wc adipled lhe thin layer chromarography
mcthod uscd by Barcla! cl al. for dclecling hldroperox-
ides in DLPC and PLPC. Barclay et al .  used for de!elop,
ment the mixtufc hexaner2,propanol,acerone 1992i414),
rnd lhey used a spray of N.N-dirnethyt-p-phenytene di ,
amrnc dihydrochlorure (DMPDADH)  .5 g in mclha-
nol water laccl ic acid (128 25,1) for d€lecr ior.  As our
l ip ids did nol migrarc in rhis sotv€nt,  we used CHCI., '
n-t lcrane/Melhanol/acet ic acid.,warcr (60 15120,/15/t  5)
(V,.V) (Sc ano dc la Cruz €r al .  1988) using DM pDADtl
spr.ry lor hydropcroxides..rnd iodine !apor ro reveal un-
oxidizcd l ip ids.

ADalyses were conducred lo compare old and fresh
l ipid solut ions. Two indcpcnd€nt scts of measuremenrs
produccd lhe sl |me fesulrs:

thcrc wrs no tr:rce of hydropc rox id€s in cirhcr solurion
a slight spol ai the sdvcnl fronl (rcvcaled with jodire

\apor) was obserlcd oD rhe chromalograms oi  the oid
lipid solulion (zero retention). No such spot was observcd
with the fresh lipid solution. Such spors appear gcnerall]
$rth \ ,ery hydrophobic molecular species l ike rr iglyce
ridcs or fat ty acids (Bandi and Ansrr i  1988; Kolarovic
rnd Tr.r i l lcr  1985).

Thc prescncc of l : r t t )  ncids coutd be due ro lhe occur_
Rnee. ' t  th,^thul ipi , l  h!drot) \r ,  t roducrnr I) ,otecir tr in.
lhs l i r rd , ' t  dcgrrd,rrnn sJ\ dc.cr ihcd i I  Hdu.(r  rn
l97l  $i th l iposomcs under utrrasonic i rrudial ion In
"rdcr ln \ ' .  (1,  h 'ulc( i rhrn nu*ihl \  pr{ ,(nr in ou, . rm_
plcs. HPLC $as pcrformed on 8 months old and fresh
DOPC rnd DOI'E solur io s.  Thc mobi lc phasc was acc-
loni t f i lc nclhanol phosphoric acid (99'3r0.1. VrVl !v i1h
UV dclcct ioD l l0: l  nDl.  lhc chronarograms of the old
solut ion lDd ol  rhc i rcsh one wcrc idcnrical .  No p€ k ol
l ]solcci thjn sas prcsenr.  t  hcrc is nonc or lcss rhi in 0 1"1,
i isoleci thin jn our old solul ions. Ihc dercct ion l imi l  r , !  s
obl l | rned  f icr  c l l ibrr t ion oi  I  sr;rndard of l rsolcci lhin

Barclay el  al .  (19117) report  lhal  thc prcscnce ofoxida-
lr , ' I  nrouL(l i  In unrirrLf trrcJ ph,^f lol i f jJ.  t romnr( thc
l o r m a r i U n  o l  n u n - l a m c l l a r , t r u c l u r , \ ,  u n d  t r u m  l h i ,  o n (
might cxpccl rhcm ro al lcct  the s(t lb i t i ry of bi tayers. The
cffccls notcd by tbesc iiuthors. howcvcr. occur wnen anc
conccntrr l jons oloxidir l ion producls cxcccdcd j0%: two
orders oimagnitudc grertcr lhan the upper l imi l  ofcon-
ccnrrarrons rn our cxpef lmcDts.

l_he dcgradat ior products noled abovc and reacrions
whiLh o(cur In r lc prcscr(c, , ' rhl . rot^,m prnh.rhty hx!c
lr l l le ' ( lc\an(c rL, hrrn, '$).  Nc\( hclc,s,  lhe I 'b.cnrrrr , l l
rhi t  nrcc, qUr| l l i t ies , ' t  f r l rv Jcid, . r  ly,otc(rrhin mr)
pr ' tmulc r t ' \ roD lpc, l rap'  hy nut l \ .J l ioDJ ir l  much lL, \  cr
prcssurcs may bc rctevant lo cxptdnal ions ofthc mechr-

Final ly.  wc nolc thar other rcscnrchcrs using t ip id cr i -
lracls hom tissue have obscrvcd rhe gencration ofoxida_
tro_n products $hcn using proccdurcs necessi lar ing chlo_
roform solul ions (Brlanl  and Llnch, personal co;muni_
calion). Thercfore thcse results should be rcgarded as a
warning ofthe danger ofar l i facls thar mal ans€ rn exper,
rments designcd to dcl€rminc lhe infiuencc on fusjon of
DOPE aDd or oi  olher unsaturaled l ip ir js,  parr icular ly
lhosr which. l ikc DOPE. may form non-lamel lar phusci.
In vicw oi lhc sensir iv iry offusion ro such hw conccnrra-
t ions ofcont i tminants. considerable carc should b€ raken
to distinguish belwccn the cfccts of unsarurated lipids
and thal of  lheir  oxidat ion producls.

Conclusion

The conclusion from rhis work is that the prcssure h-hich
nrust be appli€d for membmDe iusion is similar for bF
layers $hose opposrrS laccs arc purc DOpC. pure DOpF
or mrxrures ol the two. The significant diilcrence is rather
that lhcsc pressu res a rc ach ievcd ar smallcr scpararion fol
bi layen whose opposing f  ces contain DOpE.
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