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Computersimulatedsmall-angleneutronscattering SANS) curvesof sphericapolydisperse
extrudedunilamellarliposomesfrom saturatedL,2-diaglphosphatidylcholinesn the aque-
ous phaseare evaluatedby using a multishell model, which dividesthe lipid bilayer of li-
posomesnto the polar headgroupregion, andthe nonpolarhydrocarborregion consisting
of the chainsof methylenegroupsand of the region of methyl groups. In the eachof these
regions,the coherenheutronscatteringengthdensityis supposedo be homogeneousThe
evaluationis basedon obtainingof radiusof gyrationfrom the Kratky-Porodplot of SANS
datain the Guinier region of small scatteringvectorvalues. Fromradii of gyrationobtained
atseveraldifferentmolarfractionsNp, o /(Np,0 + Nu,0) in theagueouphase(contrasts)
andindependenvolumetricdata,thelipid surfaceareaAys, (or the bilayerthicknessdr,) and
the numberof watermoleculesNt, penetratednto the bilayer polarregion canbe evaluated.
Using this methodandthe SANS curves of unilamellarl,2-dimyristylphosphatidylcholine
(DMPC) liposomesmeasuredt 30 °C andcontrastsNDQO/(NDQo + Nu,0)=1.0,0.8,0.6
and0.4thevaluesd:,=42.6 + 0.5 A® and A, =62.0 + 0.7 A® at N1,=7.3 wereobtained.
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1 Intr oduction

The studyof the biologicalmembraness oneof the mostpopularpartsof biophysics.lts ques-
tions consistof the determinatiorof membraneomponentstheir physicalpropertiesandinter-
actions,determinationof solvent effects and changef their physicalpropertiesdue to some
admixturese.g.drugmolecules Becauseghebiologicalmembranegrevery complex objects jt
is convenientto studytheir physicalpropertiesy usingmodelsystemsThe mostpopularmod-
els of the phospholipidpart of biological membranesre variousmesomorphighaseswhich
form from phospholipidsn contactwith theaqueougphasg1, 2]. Thelamellarphase®of phos-
pholipids whereinstacled phospholipidbilayersare separatedy layersof the aqueouphase
closelyresemblegphospholipidbilayersof biologicalmembranesPhospholipidareamphiphilic
moleculescomposeddf hydrophilic part consistingof the lipid polar headgroup, and of hy-
drophobigpart- long hydrocarborchains.In the bilayer, the hydrophobigartis closedinsideof
bilayerandthe hydrophilic partis localizedon theinterfacewith theaqueougphase Thelamel-
lar phasesorvert spontaneouslinto multilamellarliposomesat increasedvatercontent[3, 4].
Unilamellarliposomesproducedfrom multilamellarliposomesare hollow spheroidalparticles
consistingof singlephospholipidbilayershellwith theagueouphasensideandoutsideof this
shell.

Basic physical parameter®f thesesystemsare the thicknessof the phospholipidbilayer,
dy,, the surfaceareaper lipid on the bilayeraqueougphaseinterface, Ay, andthe numberof
water moleculesper lipid penetratednto the polar region of the bilayer, Ny. The simplest
methodof obtainingd;, and/or Ay, is the evaluationof small-angleX-ray diffraction (SAXD)
or small-angleneutrondiffraction (SAND) on lamellar phasesof phospholipids. Usually, the
experimentallymeasuredcatteringintensityfunction is separatednto a structurefactoranda
form factorwhich dependnascatteringzectorQ. Knoll et al [5] werethefirst whorealizedthat
onecanusethe Guinier approximationof the small-angleneutronscattering(SANS) curve for
obtainingthe bilayerthicknessn unilamellarliposomesn the smallregion of scatteringvector
valuesQ. In theGuinierapproximationthescatteringntensityfor planartwo-dimensionasheets
canbewritten asfunctionof the scatteringvectorvalue

1(Q) =1(0) - Q7% - exp(—R{Q?), (1)

where R; is the radiusof gyrationof the sheetcharacterizinghe thicknessof the sheetd; by
equation

d? =12 R 2
Theradiusof gyrationis definedas

G -

C [ p(r)dr
[6,7]. However, this methodis explicitly applicableonly in the caseof planarphospholipid
bilayerwhich thicknesss smallin comparisorwith its lateraldimensionsi.e.
21/SY? < Q < 1/R; (4)

whereS isthetotal areaof thebilayer[8]. Its applicatiornto theliposomebilayer, whichis curved,
is thusquestionable Komuraet al. [9] supposedthat unilamellarliposomesare sphericaland
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Fig. 1. Chemicalstructureof 1,2-dipalmitylphosphatidylcholineThe shadedareais the polarheadgroup
region.

polydisperseavith respecto theirradii. They furthersupposedhatthe neutronscatteringength
densityin thebilayercouldbetakenashomogenousvhentheliposomesveredispersedn heary

water Thesingleshellmodelhasbeenrecentlyusedalsoby othergroupsof authorg4, 10-12].
However, thesingleshellmodelneglectstheinnerstructureof the bilayeranddividesthe system
into the bilayer region and excesswateronly. The morerealisticmodelis a multishellmodel,
which dividesthebilayerinto several smallhomogenougarts. Fig. 1 shavs the chemicalcom-
position of one simple phospholipidmolecule— 1,2-dipalmitg/iphosphatidylcbline (DPPC).
The basic partsof this phospholipidmoleculeare the polar headgroup region displayedby

shadedarea,andthe nonpolarhydrocarborregion consistingof the chainsof methylenegroups
(CHy) andof theregion of methylgroups(CHz). In the bilayer, somelimited numberof water
moleculescanpenetrateéhe headgroupregion. Sucha modelwasusedin [13] for theinterpre-
tation SAND experimentson the orientedlamellarphospholipidphases.

In thepresenpapermwe developthis modelfor theinterpretatiorof SANS dataof unilamellar
phosphatidylcholinéiposomesWe extractthethicknessof the phospholipidbilayer, the surface
areaper lipid on the bilayeragueougphasenterfaceandthe numberof watermoleculespene-
tratedinto the polar region of the bilayer from computersimulatedSANS curves. We usethis
methodfor theevaluationof experimentaSANSdataof Chereze [14] obtainedwith unilamellar
1,2-dimyristylphosphatigicholine (DMPC) liposomes.

2 Scattering of neutronson unilamellar liposomes

The experimentallyobsened scatteringntensity the coherenfpart of the differentialcrosssec-
tion, is for monodisperssystemgivenby

I(Q) = Np - P(Q) - S(Q), (5)
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Fig. 2. Multishell modelof unilamellarliposome.The shadedareais theaqueougphase.

where Np is the numberof particles,P(Q) is the particle structurefactorand S(Q) is thein-
terparticlestructurefactor S(Q) is approximatelyequalto 1 for dilute andweakly interacting
sphericakystemwhatis anaqueouslispersiorof unchagedunilamellarliposomesatthe phos-
pholipid concentration<2 wt. % [15]. Particle structurefactor P(Q) is equalto the squareof
form factor whichis theone-dimensiondrourierintegral of the scatteringengthdensityfor the
centrosymmetriparticles(F(Q) = F(Q))

sin(Qr)
Qr

F(Q) = 747r/r2p(7‘) dr, (6)

0

wheretheintegrationis over thewhole space16]. If onewantsto take only the partof neutron
scatteringon the particle,needsto subtractthe backgroundandthento integrateonly over the
spaceof particle.

We supposehateachof thetwo monolayersn thebilayerin unilamellarliposomesconsists
of threeshells. Polarheadgroup shellis characterizedy the thicknessdp andthe nonpolar
hydrocarborshell consistingof methyleneandmethylsubshellds characterizedby thicknesses
dn anddg, respectiely (Fig. 2). Thebilayerthicknesds thendr, = 2dp + 2dx + 2ds. Another
modelparameters theneutronscatteringengthdensity p;, differentfor eachshellof thebilayer.
The Fourierintegralis thusdividedinto theintegralsover the bilayer shells. Thenthe scattering
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intensitywithout the backgrounds givenby equations

2( 6 2
I(Q) = Np - <%) {ZAM (Aip1 — Ai)}
i=1
A =Q - a;-cos(Q - a;) —sin(Q - a;), (7)

whereAp; = p,, — p; arethecontrastvaluesof neutronscatteringengthdensitiesagainstaque-
ousphasédor theindividualshells,anday, as, as... arebordersof theseshells(seeFig. 2). These
equationsrevalid for monodisperssystemsHowever, experimentallystudiedunilamellaripo-

someshave somedegreeof polydispersityof the outerradiusof liposomeR, at constantalues
of thicknesgparameterdp, dn, ds. Komuraet al. [9] suggestedhatthis polydispersitymaybe
describedy a Gaussiardistribution functionin theform

(8)

(R2 - RZ,mean)2 ]

20’RZ

whereRs n,cqn is the meanouterradiusof liposomesandthe polydispersityof liposomesizes
is expressedn the size distribution og. Finally, the scatteringintensity of this systemcanbe
evaluatedoy summingoverall individualintensitiesobtainedfrom equation(7), weightedby the
distribution function(8).

3 Resultsand discussion

3.1 Simulations

The first aim of our study was to test the methodusing the computersimulateddata. We
have thus simulatedthe neutronscatteringintensity for differentvaluesof liposomeparame-
tersto determinetheir influences.We have usedthe valuesfrom 200 A to 500 A for the mean
outerliposomeradius R2 m.cq,, andthe numberof methyleneCH, groupsin hydrocarborchain
from 10to 24. Thesevaluescorrespondo unilamellarliposomespreparedrom saturated.,2-
diagylphosphatidylcholine®y extrusion through polycarbonatdilters. The polydispersityof
extrudedliposomesis describedby the size distribution or. We have supposedthat the lipid
areaon the phospholipidbilayeraqueougphasenterfacemay take valuesfrom 58 A2 to 64 A2
peronelipid moleculeasfoundrecentlyby usingthe SANS[17] andSAXS [18], respectiely,
onthefluid lamellarphaseof DPPCatabout50 °C. We supposéahusthatthe bilayerswe simu-
late arein the fluid state. The numberof watermoleculespenetratednto the polar bilayer shell
hasbeenvariedbetween0 and 30 moleculesper onelipid molecule. The othervaluesof sim-
ulation parametersieededare the neutronscatteringlength densitiesand volumesof different
phospholipidragmentsThevaluespublishedn theliterature[18-31] arecollectedin the Tables
I andll. We have usedthe valuesmarkedwith bold lettersin our simulations.
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Table I. Volumetric data for phosphatidyl- Tablell. Valuesof scatteringamplitudedor 1,2-
cholinebilayers. diag/lphosphatidylcholindilayers.
VIA3] | Ref. b[10—4A] Ref.
H>O 29.9 | [19] H -0.374 [27]
D>0O 30.0 | [20] -0.3739 | [28-30]
304 | [17] -0.38 [31]
Headgroupegion | 360 | [21] D 0.667 [27]
321 | [22] 0.6671 | [28-30]
319 | [23] 0.65 [31]
325 | [24] C 0.665 [27]
348 | [25] 0.6646 | [28-30]
326 | [20] 0.66 [31]
CH, 27.0 | [21] N 0.940 [27]
28.1 | [22] 0.9360 | [28-30]
26.9 | [19] 0.94 [31]
28.0 | [20] O 0.580 [27]
CHs 54.0 | [21] 0.5803 | [28-30]
52.7 | [22] 0.58 [31]
54.3 | [19] P 0.517 [27]
53.6 | [20] 0.5130 | [28-30]
DPPC 1212 | [22] 0.51 [31]
1218 | [17]
1218 | [26]
1232 | [18]

In the first part of our simulationswe have supposedhat the liposomesare dispersedn
the aqueougphaseconsistingof 100% D, 0. Scatteringfunctionsobtainedby equation(7) for
monodisperséposomesareoscillatingasshavnin Fig. 3. It is seenin thecurvesof In[1(Q)Q?]
vs. Q2 corvolutedby the Gaussiamlistribution function(8) thatthe oscillationsdueto liposome
radiusare smearecand that the curves can be approximateddy linear functionsin the region
of small Q values. We have selectedthe region of 0.001A~2 < Q2 <0.006A~2 valuesfor
this approximation.By fitting the simulatedcurvesin this region, we have obtainedthe slopes
of In[1(Q)Q?] vs. Q? dependenciesn analogyto the equation(1) valid for planarsheetsthe
roots of the absolutevaluesof theseslopesare calledradii of gyration R,. However, it must
bestressedhat R, is notthe gyrationradiusof the bilayer, it is just the parametenf the linear
function approximatinghe convolutedscatteringcurve in the selectedrangeof @) values.The
valueof R, obtainedfrom simulatedcurvesis sensitve to the polydispersityof liposomesand
its uncertaintyis largein caseof small or values. This is demonstrateéh Fig. 4 which showvs
the dependencef Rg ontheratio of or usedin simulationsto the og p valuecalculatedrom
the parabolicrelation betweenthe meanouter liposomeradiusand the distribution parameter
obtainedrom experimentablatain [4]. It is seerthatthis effectis insignificantfor og > 0.70R p
andwe will usethereforeor = or p correspondingo experimentsn thefollowing simulations.
We have alsostudiedtherelationbetweerthevalueof R, obtainedrom simulatedcurvesandthe
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Fig. 3. Scatteringcurvesof unilamellarliposomeswithout (full lines)andwith (dashedines) convolution
by a Gaussiardistribution function calculatedfor lipid areaA, = 62.9 A2 numberof watermolecules
Ny, = 10, thelipid bilayerthicknessi;, = 48.4 A andmeanouterliposomeradii 200and500A. Thevalues
of or wereobtainedrom the parabolicdependencen Ra, m.cqan publishedn [4].
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Fig. 4. Dependenciesf Rf, valuesontheratioor /or,p Obtainedirom simulatedscatteringcurvescalcu-
latedfor lipid areaAr, = 62.9 A% numberof watermoleculesNy, = 10, andmeanouterliposomeradii
R2,mean 200A and500A. Thevaluesof or,p Wereobtainedfrom the parabolicdependencen Rz mean
publishedn [4].

meanvalueof outerliposomeradius Ry ,,cq,, for differentcombinationof Ay, and Vi, values.
As expected,the R, parameteldoesnot dependon R2 _mean fOr ary Ar, and N1, combination
studiedin themveshgatedZOOA < Ro mean < 500 A range(not shavn). However, different
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Fig. 5. Dependencef thelipid bilayerthicknessdr, ontheradiusof gyration R, evaluatedfrom Kratky-
Porodplotsof scatteringcurvessimulatedby usingthemultishellliposomemodel,for constantipid surface
areadr, = 62.9 A? anddifferentvaluesof the numberof watermoleculesNy, locatedin the bilayer polar
region. Thelipid bilayerthicknessir, wasvariedby changingthe numberof methylenegroupsin the agyl
chainsof phosphatidylcholinenoleculebetweenl2 and24. Dashedine shovs dr, = d, = 12°°R,.

valuesof R, were obtainedfor different A;, and N;, combinations.We have concludedthus
that thereis no effect of Ry yean ON the R, valuesin the studiedrangeof Rj .ean @and Q)
valuesat given ALO and N, combination,and have fixed thereforethe liposomesmeanradius
t0 R2, mean = 300 A in thefollowing simulations.

To seethe effects of varying Vi, values,which wereinput in the calculationof scattering
curves, the dependenciesf dr, vs. R, were plottedin Fig. 5. In thesecalculations the sur
faceareaA;, wasconstantandthe bilayer thicknessd;, wasvariedby changingthe numberof
methylenegroupsin the bilayer hydrophobicregion. It is clearly seenfrom thesedata,thatthe
valueof R, obtainedfrom the calculatedcorvolutedscatteringcurvesby usingthe shellmodel
in Fig. 2 at the constantd;, value dependsn the numberof water moleculesintercalatednto
the bilayer polarregion N1,. The effect of surfaceareaAr, supposedo be occupiedby lipid at
the bilayer —aqueouphaseinterfaceis relatively smallin comparisorto the effect of Ny, (not
shawvn), neverthelesst mustbetakeninto accountecaused;, anddy, arecloselyrelated.

In analogyto equation(2), the bilayerthicknesgparametetl,, is frequentlyobtainedrom

2 ~v 2
d? =12 R2. 9)

We have thusplottedin Fig. 5 alsothevaluesof dy, obtainedsupposinghatdy, = d, = 12°°R,,.
It is seenthat thesevaluesapproachthe valuesof d;, obtainedby the multishell modelwhen
N1=0, i.e. whenthereis no penetratiorof watermoleculesnto the polar partof bilayer Phys-
ically, this situationis highly improbable.Includedarealsothe valuesfor a singleshellmodel,
which supposes homogeneouscatteringlength densitydistribution within the bilayer Such
modelwasusedin the scatteringcurve evaluationearlier[4, 9-12]. Thedeviation of dy, from d,
is obsenedalsoin this case.This deviation is practicallythe samewhen N1, >0, e.g. thereis
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Fig. 6. Dependenciesf di/R_g valueson the ratio Rz, mean/dr Obtainedfrom Kratky-Porodplots of
scatteringcurvessimulatedoy usingthemultishellliposomemodelfor differentvaluesof lipid surfacearea
Ar , numberof watermoleculedocatedin thebilayerpolarregion N1, = 10. Thelipid bilayerthicknessir,
wasvariedby changinghenumberof methylenegroupsin theagyl chainsof phosphatidylcholinenolecule
betweerll2 and24. Dashedine is for di. = dy = 12°°R,,.

practicallyno changen the correspondingurve whenchangingthe bilayerhomogeneouscat-
teringlengthdensity It is clear thatthe single shellmodelis a rathercrudeapproximationof
the bilayer and deviatesfrom the multishell model significantly Onewould intuitively expect
thatthevalueof d, shouldapproactthatof d;, whentheratio Rz y.can/d1, increasesHowever,
it seemghatthisis notvalid for liposomesizesandbilayerthicknessegxpectedn experiments
with extrudedliposomespreparedfrom phosphatidylcholines As an illustration of this fact,
we presentn Fig. 6 the dependencef d%/Ré 0N Ry mean/dr Obtainedfrom scatteringcurves
computersimulatedwith the fixednumberof watermoleculesntercalatednto the bilayer polar
region N;,=10. In thesesimulationsthebilayerthicknessi;, wasvariedby changinghenumber
of methylenegroupsin the phospholipidagyl chainsbetweenl2 and24 aswell asby changing
thellpld surfaceareaAr, between58 A? and64 A2. It is seenthatd, # di, in the rangeof
200A < R2 mean < 500 A expectedfor extrudedliposomes. For example,dL/Rg < 12 for
R mean/d1 < 6.4 anddi /R2 > 12 for Ry mean/dr, > 6.4 for liposomeswith A;,=62 A2, A
veryimportantconclusiorfollowsfrom this obseration—thebilayerthicknesgparametet, can
beusedasameasur®f bilayerthicknesonly in situationswherethevalueof Ry y,cqn is known.

In principle, boththe bilayerthicknessds, (or the surfaceareaAr,) andthe numberof water
moleculesN, canbe obtainedfrom the scatteringcurvesmeasuredt differentcontrastvalues
whenthevolumetricdataareavailablefrom independengxperiments Weillustratethisapproach
by usingthe datafor DPPCpublishedby Petracheet al. [18]. First, the corvolutedscattering
curwve is calculatedby using the multishell modelin Fig. 2 for DPPCunilamellarliposomes
(the meanradlusR2 mean = 300 A the sizedistribution og = 91.15 A thelipid surfacearea
A, = 62.9 A2 andthe numberof intercalatedwater moleculesper onelipid N;, = 6.3) at
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a given molar fraction of heavy and ordinarywater Np,o/(Np,o + Nu,o0). This first step
simulateshe measuringf experimentalcurve. Thefollowing stepsillustratethe evaluationof

this experimentalcurve: The valueof R (exp) is obtainedfrom the simulatedscatteringcurve
by fitting the datain the region of 0.001 A=2 < @2 < 0.006 A=2. Then,the d;. valueis

calculatedfor a given Ny, valuefrom the interval 0 < N, < 20. This is doneby fixing the
Ny, value, calculatingthe scattenngcurvesfor differentdy, valuesandfitting them by linear
functionsin theregion of 0.001 A=2 < Q% < 0.006 A2 till their R, valuefulfils the condition
|Ry — Ry(exp)| < 0.001 A. Thesetof pairedd;, and Ny, valueS|s obtainedat given contrast
andthis is plotted asa continuouscurve by fitting the pairedd;, and Ny, pointsby a smooth
polynomialfunction (Fig. 7). The whole procedures repeatedor anothercontrast. It is seen,
thatthe continuousdy, vs. N1, curvesobtainedat two differentcontrastantersectin onepoint.

This intersectioncan be intuitively expected. From all intersectionsof curves calculatedfor

ND2O/(ND20 + Nu,0) = 1.0, 0.5 and 0.3 we have obtainedaveragevaluesd;, = 44.8 A

(A, =62.9 A2) and N, = 6.3, thesameastheinputvalues.

3.2 Evaluation of experimental data

We have usedthemultishellmodelfor evaluationof experimentalSANS dataobtainedby Chere-
zov [14] with unilamellarDMPC liposomesat 30 °C and differentcontrastsVNp,o/(Np,o +

Nu,0). Thevolumetricparametersisedin the evaluationof theseexperimentaldataare col-

lectedin the Tablelll.

M, [g/mol] 677.95

v, [ml/g] 0.978

VL [A3%] 1101

Headgroupegion[A3] | 319

CH, [A?] 27.929

CH; [A?] 55.858

H.O[A%] 30.031

D>0 [A’] 30.131 Tablelll. Volumetricdatafor DMPC bilayersat30 °C.

The molecularvolumeof DMPC wasobtainedfrom the absolutespecificvolumevr, of DMPC
at 30 °C measuredby a neutralbuogyangy method[32] as

W, = vLMy /Na, (10)

wherel/,, is the DMPC molecularweightand Vs the Avogadronumber To obtainthe hydro-
carbonregion volume, the volume of the headgroup Vg = 319 A3 [23] was subtractedrom
the DMPC molecularvolume. It wasthensupposedhatthe molecularvolumeof the methylene
groupVem, is independentf its positionin theacgyl chainandequalto the half of the molecular
volume of the methyl group,i. e. Ven, = 2Ven, [18,33]. Finally, it wassupposedhat the
volumeof watermoleculedocatedin the headgroupregion is the sameasin the bulk aqueous
phasd4, 34].
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TablelV. Valuesof radii of gyrationof unilamellarDMPC liposomesobtainedat differentcontrastsn the
region of 0.001 A~2? < Q? < 0.006 A2 (adoptedrom [14]) andthe valuesof di, and A;, obtainedby
fitting the experimentadataat fixedvalueof Ny, = 7.3.

Np,o/(Np,o + Nu,0) | Ri(exp)[A%] | di [A] | AL [A%]
1.0 108.3 42.5 62.2
0.8 100.0 42.1 62.8
0.6 91.7 42.7 61.8
0.4 66.7 42.6 61.2

Theexperimentalvaluesof Rg(exp) obtainedrom thescatteringcurvesin theregionof 0.001
A2 < Q% < 0.006 A2 arecollectedin the TablelV. For eachcombinationof two different
Rf](exp) valueswe have calculateddependenciekik e in plotsin Fig. 7. Fromtheirintersections
we have obtaineddy, (Ar) and Vi, valuesshovn in the TableV. In somecasesthe intersection
pointswerefound outsidethe physicallyreasonablénterval 0 < Ny, < 20. It is evidentthatthe
precisionof the R?2 5(exp) valuesis critical for obtainingthe correctvaluesof bilayerparameters.
Fromthefitting of smulatect:urveswe have foundthatfor obtainingsimultaneouslyhevalueof
Ar, with precisionbetterthan+1 A? andthatof N, betterthan=1, therelative precisionof the
two dlfferentRz(exp) valuesusedmustbebetterthan1.8%. This situationcouldbeimprovedby
usmgaconstralnedlt by fixing thevalueof Ny, ordy, (Ar). Thevaluesobtainedat Ny, = 7.3 are
showvnin theTablelV. It is seenthatthe scattelbetweend;, and A;, valuesobtainedat different
contrastgs now relatively small—-themeanvalues(+ thestandardieviation) ared;, = 42.6+0.5
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Fig. 7. Dependencef thelipid bilayerthicknessir, on the numberof watermoleculesNy, locatedin the
bilayer polar region for differentcontrasts.The datawere obtainedfrom the simulatedscatteringcurves
having the sameradiusof gyration R, asthe scatteringcurve of fluid DPPCunilamellarliposomeswith
thelipid surfaceareaAr, = 62.9 A? andthe numberof watermoleculedocatedin thebilayerpolarregion
N = 6.3.
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Fig. 8. Dependencef the DMPC surfaceareaA:, onthe numberof watermoleculesVy, calculatedrom
theexperimentalSANSdata(shadedrea).Horizontdinesanddiamond- SAXD data.For detailsseetext.

A andArp, = 62.0 +0.7 A2, We havefitted the experimentadatafor differentvaluesof Ny, and
plottedtheresultsasafunctionof Ay, on Vi, in Fig. 8. Sincethefits provide alsothehydrocarbon
regionthicknesslata(2dy +2ds), we have plottedthemin Fig. 9 asafunctionof N,. Theshaded
areadn Figs.8 (9) represenall possiblephysicallyreasonableombinationf Ay, (2dy + 2ds)
and Ny, thatcanbeobtainedrom SANSresultsof Chereze [14] by usingthemultishellmodel.
Thesecanbe comparedvith resultsof otherauthors.

TableV. Surfacearea Ay, bilayerthicknessdr, and numberof penetratedvater moleculesN, obtained
from experimentalSANS dataof Chereze [14] by simulatingsimulateneouslywo scatteringcurves at
indicatedcontrasts.

Np,o/(Np,o + Nu,0) | Np,o/(Np,0 + Nu,0) | AL [A?] | di [A] | Ny,
1.0 0.8 72.9 541 | 28.9
1.0 0.6 60.3 39.9 3.4
1.0 0.4 60.7 40.4 4.2
0.8 0.6 56.9 326 | -5.8
0.8 0.4 60.4 38.5 2.0
0.6 0.4 60.8 40.7 4.5

Lis et al. [35] have studiedthe fluid lamellar phaseof DMPC at 27 °C after addition of
increasingamountf watermoleculegerlipid N in thesample By usingthe SAXD, they have
measuredhe lamellarrepeatperiodd, which remainedconstanin the presencef excesswater
after maximumswelling of lipid. They calculatedfrom it the surfacearea Ay, supposinghat
thereis no penetratiorof waterinto the bilayer (N, = 0), i.e.

Ap = 2(Ny Vi + V1) /d, (11)
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Fig. 9. Dependencef the DMPC hydrocarborregion thickness2d + 2d on the numberof water
moleculesVy, calculatedrom the SANSdata(shadedarea).Horizontallinesanddiamondshav the SAXD
data.For detailsseetext.

whereNy, is the numberof watermoleculesperlipid locatedbetweerbilayers.Oneobtainsthe
sameA;, for Ni, # 0 underassumptiorthat the molecularvolume of penetratedvateris the
sameasin the waterlocatedbetweenbilayers. They supposedurtherthatall watermolecules
in the sample(estimatedy e.g. gravimetry) arelocatedbetweerbilayers(i.e. Ny, = N) belov
the limiting value of d at maximumswelling, and have obtainedA;, = 65.2 A% at maximum
swelling. However, the valueof Ay, thusobtainedmaybeoverestimatedAt total numberof wa-
termoleculesperlipid in thesampleN > 15 (whichis lessthanthis atthe maximumswelling),
thelamellarphaseof phosphatidylcholinesonvertsinto multilamellarliposomesandwaterfills-
in structuralpackingdefectsotsidetheinterbilayerspacd3, 36],i.e. N, < N.

Usingthevaluesof d measuredby Lis et al. [35] at variousosmoticpressuresandthevalue
of elasticareacompressibilitymodulusof the bilayer 4 = 0.145 £ 0.010 N/m estimatecby
EvansandNeedhan{37], Randand Parseian [38] have obtainedA;, = 61.7 A2 for lamellar
phaseof DMPC at 27 °C asan extrapolatedvalue at zeroosmoticpressure.The hydrocarbon
regionthicknesscanbe calculatedrom equation

2dn + 2ds = 2(VL — VH)/AL (12)

Oneobtainsthen2dy + 2ds = 25.4 A. Thevaluesof surfaceareaandof the hydrocarbomregion
thicknessareshavn in Fig. 8 andFig. 9 ashorizontaldashedines (lines a). Intersectionwith
ourresultsgives Ny, = 7.1 £ 2.3.

Koeniget al. [36] have studiedthe fluid lamellarphaseof DMPC with perdeuteratedcyl
chainsat 30 °C afteradditionof known amountsof water N andat variousosmoticpressures.
By usingthe SAXD, they have measuredhe lamellarrepeatperiodd. They calculatedrom it
the surfaceareaA;, by usingequation(11), however, they have usedonly the datafor N < 15
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wheretheassumptionV,, = N is valid. Extrapolatingthesedatato the zeroosmoticpressure,
they obtained o = 0.141 N/m (with asymmetricconfidencenterval from 0.091to 0.260N/m)
andAr, = 59.5 + 1.0 A2, Usingequation(12), oneobtains2dy + 2ds = 26.39 4+ 0.45 A. The
valuesof surfaceareaandof the hydrocarborregion thicknessareshovn in Fig. 8 andFig. 9 as
horizontaldashed-dottetines (linesb). Intersectionswith our region give N1, = 3.2 £ 0.7 on
thetop borderand V1, < 0 onthe bottomborderof theirrange.

Petracheet al. [32] have studiedthe fluid lamellar phaseof DMPC at 30 °C by usingthe
synchrotrorSAXD. They have obtainedhe phosphate-phosphatéstancelpp acrosshebilayer
from the bilayer electrondensityprofilesat variousosmoticpressureslsing this distanceand
taking the volume of headgroup vz andof DMPC asin Tablelll, they have foundthe elastic
areacompressibilitymodulusof the bilayer o = 0.108 + 0.035 N/m andthe surfacearea
A = 60.2 + 1.0 A2 asan extrapolatedvalue at zero osmoticpressure.Using this value and
equation(12), oneobtains2dy + 2ds = 25.97 + 0.43 A. The valuesof surfaceareaand of
thehydrocarborregion thicknessareshovn in Fig. 8 andFig. 9 ashorizontalfull lines(linesc).
Intersectionsvith ourresultsgave Ny, = 5.5+ 1.4 onthetopborderand Ny, < 0.7 onthebottom
borderof theirrange.Thesevaluescanbe checledby usingthe measuredepeatdistanceof the
lamellarphaseof DMPC d = dr, + d, whered,, is the thicknessof the waterlayer between
phospholipidbilayers. Petracheet al. [32] have obsenedd = 62.7 A at the total numberof
watermoleculedocatedbetweerbilayersN = 25.7. Usingthe SAND dataof Buldt et al. [39],
Petracheet al. [32] have concludedhatthe thicknessof the polar headgroupregion shouldbe
dp =9 A in this casethe bilayerthicknesss dr, = 2(dn + ds + dp) = 43.97 £ 0.43 A. The
numberof water moleculespenetratednto the polar headgroupregion canbe thuscalculated
from theequation

Ny, = (dAy, — 2V4,)/2Viy — N/2. (13)

Usingthis equationandthevolumetricdatain Tablelll, we have found Ny, = 13.25 + 0.03.

Koeniget al. [36] haveobtained 4 = 0.136 N/m (with asymmetriconfidencenterval from
0.123to 0.152N/m) and Ay, = 67.5 & 0.2 A2 from their 2H-NMR data. They concludedthat
the surfaceareaobtainedfrom NMR datain their paperwasoverestimatedPetracheet al. [32]
adoptedthe NMR 4 valuefrom [36] and have found A, = 59.7 & 0.2 A2 2dy + 2ds =
26.20 £ 0.09 A and N, = 7.3. Thesevaluesareplottedin Figs.8 and9 asdiamonds.

Comparison®f our physicallyreasonableesultspaceandresultsof otherautorsin Figs.8,
9 shaw pleasinglysimilar values,but therearestill discrepanciesSomeof thesediscrepancies
may be dueto remainingimperfectionsin the SANS dataevaluationmethodproposedn the
presentwork, which mustbe further developedandtested.First, the simulateddataresembling
the structureof the real bilayer morecloselythanthe multishell modelhave to be usedasinput
data,suchasatomic-scalemoleculardynamicssimulationsof the bilayer[22,33]. Secondthe
deviationsof liposomeshapesrom spherical[40] mustbe takeninto account. This work is in
progressn our group.

AcknowledgmentsN. Kuc€erkathanksthe staf of the Condensed/atter Division, FrankLabo-
ratoryof NeutronPhysics JointInstitutefor NuclearResearcln Dubna,for thehospitality This
studywassupportedoy the Slovak Ministry of Educationgrantsto P. Balgavy andby the J. A.
ComeniudJniversitygrantto N. Ku€erka.Theexperimentsn Dubnaweresupportedwithin the
JINR project07-4-1031-99/03.



Evaluationof small-angleneutronscatteringcurves 67

References

[1] V.Luzzati,A. Tardieu:Annu. Rev. Phys.Chem.25(1974)79
[2] V. Luzzati: Curr. Opin. Struct.Biol. 7 (1997)661
[3] K. Gawrisch,W. Richter A. Mdpps,P. Balgary, K. Arnold, G. Klose: Stud.Biophys.108(1985)5

[4] P Balgary, M. Dubnitkova, D. Uhrikova, S. Yaradaikin M. Kiselev, V. Gordeliy: Acta PhysicaSlo-
vaca48 (1998)509

[5] W.Knoll, J.HaasH. B. StuhrmannH. H. Fuldnet H. Vogel,E. SackmannJ. Appl. Cryst.14(1981)
191

[6] O.Glatter O. Kratky: SmallAngle X-Ray ScatteringAcademicPressNew York 1982

[7] L. A. Feigin, D. I. Svergun: StructureAnalysis by Small-Angle X-Ray and Neutron Scattering
PlenumPublishingCorporationNew York 1987

[8] V.I. Gordeliy L. V. Golubchilova, A. Kuklin, A. G. Syrykh, A. Watts: Progr Colloid Polym. Sci.93
(1993)252

[9] S.Komura,Y. Toyoshima,T. Takeda:Jpn.Jd. Appl. Phys.21(1982)1370
[10] P.C.Mason,B. D. Gaulin,R. M. Epand:Phys.Rev. E59(1999)3361

[11] R.J.Gilbert, R. K. HeenanP. A. Timmins, N. A. Gingles,T. J. Mitchell, A. J. Rowe, J. Rossjohn,
M. W. Parker, P. W. Andrew, O. Byron: J. Mol. Biol. 293(1999)1145

[12] J.PencerF. R. Hallett: Phys.Rev. E61(2000)3003

[13] V.I. Gordeliy M. A. Kiselev: Biophys.J.69(1995)1424

[14] V. G.Cherezo: PhD. Thesis Moscav Physico-Echnicallnstitute1997

[15] T. Nawroth,H. Conrad K. Dose:PhysicaB 156& 157(1989)477

[16] M. GradzielskiD. Langevin, L. Magid, R. Strey: J. Phys.Chem.99 (1995)13232

[17] J.Lemmich,K. Mortensen,).H. Ipsen,T. Honger R. Bauer O. G. Mouritsen:Phys.Rev. E53(1996)
5169

[18] J.F. Nagle,R. Zhang,S. Tristram-Nagle W. Sun,H. I. PetracheR. M. Suter:Biophys.J. 70 (1996)
1419

[19] S.S.Berr, M. J.ColemanR.R. M. Jones,J. S.JohnsonJ. Phys.Chem.90 (1986)6492
[20] H.I. PetracheS.E. Feller, J.F. Nagle: Biophys.J.72(1997)2237

[21] A. Tardieu,V. Luzzati,F. C. Reman:J. Mol. Biol. 75(1973)711

[22] R.S.Armen,O.D. Uitto, S.E. Feller: Biophys.J.75 (1998)734

[23] W.J.Sun,R. M. Suter M. A. Knewtson,C. R. Worthington,S. T. Nagle,R. Zhang,J.F. Nagle: Phys.
Rev. E49(1994)4665

[24] D.M. Small:J. Lipid Res.8 (1967)551

[25] B. W. Koenig, S. Krueger, W. J. Orts, C. F. Majkrzak, N. F. Berk, J. V. Silverton, K. Gawrisch:
Langmuirl2(1996)1343

[26] J.F. Nagle,M. C. Wiener:Biochim. Biophys.Acta942(1988)1
[27] D.L. WorcesterN. P. Franks:J. Mol. Biol. 100(1976)359

[28] V. F. Sears:Methodsof ExperimentalPhysics(Eds.K. Skold, D. L. Price), AcademicPressNew
York 1986pp.521-550

[29] V. F. SearsNeutronNews 3 (1992)29
[30] http://ne43.ne.uiuc.edu/n-scatter/n-lengths/list.html
[31] B.D. Gaulin,J.KatsarasPhysicsCan. (1997)247



68 P Balgary etal

[32] H.I. PetracheS. Tristram-Nagle,). F. Nagle: Chem.Phys.Lipids 95 (1998)83
[33] K. Tu,J.Tobias,M. L. Klein: Biophys.J.69 (1995)2558

[34] M. C. Wiener S. Tristram-NagleD. A. Wilkinson, L. E. Campbell,J. F. Nagle: Biochim. Biophys.
Acta938(1988)135

[35] L. J.Lis, M. McAlister, N. Fuller, R. P. Rand,V. A. Pars@ian: Biophys.J. 37 (1982)657
[36] B. W. Koenig,H. H. Strey, K. Gawrisch: Biophys.J.73(1997)1954

[37] E.A. Evans,D. Needhamd. Phys.Chem.91(1987)4219

[38] R.P.Rand,V. A. Parsgian: Biochim. Biophys.Acta988(1989)351

[39] G.Buldt, H. U. Gally, J. Seelig,G. Zaccai:J. Mol. Biol. 134(1979)673

[40] A.J.Jin,D. Huster K. Gawrisch,R. Nossal:Eur. Biophys.J.28(1999)187



