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Models to analyze small-angle neutron scattering from unilamellar lipid vesicles
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Small-angle scattering has been employed to study the structure of lipid bilayers in unilamellar vesicles. This
paper evaluates the use of a model approach for the analysis of such data. A long molecular dynamics
simulation of a dipalmitoylphosphatidylcholine bilayer in thgphase provides detailed structural information
from which scattering length density profiles and scattering intensity are obtained. A sequence of increasingly
realistic models are defined and then fit to the simulated scattering intensity data for valgekadfare
experimentally accessible. The models are evaluated by how well they fit the intensity data and the structural
parameters of the simulation. Although the conventional approach that extracts only the radius of gyration from
a Kratky-Porod plot provides a reasonable fit to much of the data, the available experiqeartge supports
refined models with two independent parameters. Of the many two-parameter models, we propose that par-
ticular choices should be inspired by the functional form of the scattering length density profile of simulations.
Constraints that limit realistic models to two independent parameters are described in detail. The analysis
supports the proposition that reliable results for area/lipid and hydrocarbon thickness can be obtained from
small-angle neutron scattering of unilamellar vesicles.

DOI: 10.1103/PhysRevE.69.051903 PACS nun)er87.16.Dg, 87.64.Bx, 61.12.Ex

[. INTRODUCTION compressibility modulusfor the liquid crystal array?2].
) ) The second approach to lipid bilayer structure that is the

One of the most important parameters that describes thepject of this paper studies samples composed of unilamel-
lipid bilayers that underlie the structure of biomembranes igar vesicles instead of multilamellar arrays. Unilamellar
the bilayer thickness; this structural property is one that afvesicles are attractive because they are topologically equiva-
fects the properties of intrinsic membrane proteins. Anothefent to cells with an interior and an exterior. As such, they
central structural parameter is the average #@ezcupied should have advantages in future studies of peptides or other
by a lipid along the surface of the bilayer. There have beemdditives in membranei3,4]. Of course, instead of having
two approaches to obtaining such structural parameters usirgjrong discrete diffraction peaks that occur for multilamellar
x-ray and neutron methods. The first approach studiegrrays, the scattering of x rays or neutrons from unilamellar
samples composed of multibilayer arrays, either multilamelvesicles is continuous in the scattering vectprwhich is
lar vesicles or oriented stacks of bilayers, to construct elecadvantageous because more data are obtained. The disadvan-
tron density profiles from the intensities of the diffraction tage is that the scattering intensities are weaker and so the
peaks. For the biologically most relevant flyid,) phase the ~Weaker scattering at higheris undetectable. In a pioneering
method of obtaining the electron density profiles following X:"&Y Stfdy[5}]3:_}he intensities could only be observed up to
the usual crystallographic methodology breaks down whe@Poutd=0.3 A~ maximumgq values for multilamellar ar-
the sample is fully hydrategl] because the higher order '2YS aré twice as larg2]. Experimentally obtained data in-
diffraction peaks are corrupted by the loss of intensity intogICate Ehat neutron scattering can be detected up to apout

: : ; =0.2 A1 [6].

dn‘f_use scattering. A new devglopment uses the_ diffuse scat- Most analysis of neutron scattering from unilamellar
tering as a continuous function of the scattering veajor vesicles has been performed by fitting the scattering data to a

mstgad of the diffraction pegks to optam .the electron denslt3§imp|e single-strip model where the scattering length density
profile as well as the elastic modulbending modulus and across the bilayer is constafé—14. However this single-

strip model neglects the inner structure of the bilayer. At a

minimum, the bilayer consists of three strips, one for the

*Also at Department of Chemical Theory of Drugs, Faculty of hydrocarbon region and two for the polar headgroups, and it
Pharmacy, Comenius University, Kalinkova 8, 832 32 Bratislava, is well known that there is water inside the polar headgroup

Slovakia. Electronic address: kucerka@andrew.cmu.edu regions. Molecular dynamics simulations also show addi-
"Electronic address: nagle@andrew.cmu.edu tional substructure within the bilay¢t5-17.
*Electronic address: fellers@wabash.edu Therefore, in this paper we have developed more realistic
SElectronic address: pavol.balgavy@fpharm.uniba.sk models of bilayers to use for analyzing neutron-scattering
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tions provide reliable information about the functional form
of the scattering length profile that can guide the design of
better models. This use of simulations does not rely on nu-
merical results obtained by simulations for bilayer thickness
or other structural parameters; such simulation results are
dependent on the area per molecélechosen for fixedA
simulationg[18] or upon finite size effectgl9] or the chosen
surface pressure when a constant surface pressure ensembl:
is used[20,2]]. However, the functional form of the scatter-
ing length profile does not change significantly even when
the structural parameters vary significantly. Therefore, our
program is to obtain the best values of the structural param-
eters by fitting a good functional form, inspired by simula- >
tions, to neutron-scattering data. z [A]
The first aim in this paper is to develop appropriate mod- . . o
els and to obtain the quantitative scattering intensity for thesg FIG. 1. (a) Probability (volume fraction distributions for wa-

data. The simplest logical extension would just add more |, D, D,
strips to the model. However, instead of blindly following o b ihydrocarbon _ I (a) v ;
that procedure, we believe that molecular dynamics simula- TET AR N A7 water
0. - |
|

probability

rho [10° A7
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models. The scattering intensity formulas are not as simpl er, polar headgroups, and total hydrocarbon chéimsluding the

as for the single-strip model, but the computational effort in reakdown into methylenes and terminal meths functions o

o o X long the bilayer normal. The DPPC bilayer wi#=62.9 & is
fitting the models to data is still quite modest. The seconti mmetrically centered a=0. The Gibbs dividing surface for the

aim is to evaluate whether current neutron-scattering data ag drocarbon chain region is shown Bg and the monolayer steric

eXten,Sive e_nOUQh to eyaluate the parameters in the mOdelﬁckness is shown abB, . (b) shows the total calculated neutron-
and, in particular, to estimate how complex the model can bgcattering length densiigsolid line) for (a) in heavy water, as well

before the data are no longer capable of providing well dexs the individual contributions from hydrocarbon, polar heads, and
termined values for the parameters. To achieve these aims wgo.

use simulations for the benchmark dipalmitoylphosphatidyl-
choline (DPPQ bilayer to provide a well-defined test case,

as well as to refine our models. where the chains join th&t) glycerol (C;0,H5) backbone,

In Sec. Il the results of a simulation are combined With(s) the phosphatéPQ,) part of the headgroup an@) the

the theory of small-angle neutron scattering from unilamellalchonne[(CHZ)ZN(CH3)3] part of the headgroup. For clarity

vesicles to produce a well-defined test case. Section Il inf19- X&) only shows the composite headgroup probability

troduces a sequence of increasingly realistic models. The cafiStribution which consists of the sum of components 3-6, as
culated scattering intensity of each of these models is fit t(’f"e" as deuterate_d water which may b_e con5|dergd compo-
the test case scattering intensity, thereby determining thBENt(7). From this figure we can obtain another important

physical parameters in the model. The models are evaluatédjySical parameter that will be used to test our models,
by how well they can fit the scattering data and by how well@mely, the locatiodc=14.2 A of the Gibbs dividing sur-

the physical parameters describe the structure determinedlg ce betvv_een the hydrocarbon region a_nd the polar hgad-
the simulation. Section IV compares the models and it als roup reg|on[;]. From the known scattering length density
compares to more conventional methods based on Kratky2l the atoms in each of the seven component groups, we
Porod plots and the Guinier approximation. calculated the profile of the neutron-scattering length density
p(z) along the normak of the bilayer in heavy water as is

shown in Fig. 1b).

[l. SCATTERING PREDICTED BY SIMULATIONS Generally for a system of unilamellar vesicles all of the
same size the experimentally observed coherent scattering

The molecular dynamics simulation system consists of 7 T
intensity is given by

DPPC molecules at full hydratiof29.1 waters/lipigl with a
fixed average surface aréa=62.9A2 per lipid molecule, a
constant normal pressure of 1 atm, and a constant tempera- ’
ture of 50°C. ThecHARMM program[22] was employed 1(q) = N[F(9)[*S(a), (1)
using the potential energy parameters described in [R8].
A time step of 2 fs was employed with conformations saved
every picosecond during the 10 ns simulation. where the scattering vectay=(4m/\)sin(9/2), N is the

We will use the volume probability distribution functions number of vesiclesk(q) is the form factor of one vesicle,
for the molecular components of the dipalmitoylphosphati-and S(q) is the intervesicle structure factor. The form fac-
dylcholine (DPPQ molecule in bilayers[18,24. The six tor F(q) is the Fourier transform of the contradip(r)
component groups of DPPC consist(@f the terminal me- between coherent neutron-scattering length density of the
thyls (CHz) on the hydrocarbon chain&?) the methylenes vesicular bilayer and the solvent. For a vesicle that is
(CH,) on the hydrocarbon chaing3) the carbonyl{C=0) isotropic and statistically centrosymmetric
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10° pr—r—rrr — —g data[26,33. We have also added the resolution function of
 » ] the spectrometer; this impacts the measured scattering curve
F mainly in the region of high values of scattering vector,
3 where it smears intrinsic values of scattering intengy].
9 . We simulate it by convolution of the theoretical function
s ] with a Gaussian distribution @f values around each particu-
i ] lar value. For the values of the dispersidg/q as well as for
3 3 experimental errors we used our experimental values from
[ S x_ I __ the small-angle time-of-flight axially symmetric neutron-

i ] scattering spectrometer YuMO at the IBR-2 fast pulsed reac-

Y
' fh ' tor of the Frank Laboratory of Neutron Physics, Joint Insti-
1x10° % 3 tute for Nuclear Research in Dubia3-35.

»
1 ey,

I(q) [em™]

Detection of neutron scattering becomes more difficult as
L o ) g increases due to instrumental background and incoherent
10 0.01 0.1 scattering. For protonated vesicles in the horizontal
q [AY dashed line in Fig. 2 indicates the limitation of observable
intensity, which is comparable in several studjésl1,34.

FIG. 2. Scattering curvé(q) constructed fromp(2) in Fig. 1.~ Comparison to the calculation indicates that only upper
Error bars are Comparable to experim¢26,3a. The horizontal bounds on the Scattering intensity can be obtained for a
dashed_ line shows the level of the instrumental cutoff for protonateghppc sample fog>0.17 AL,

DPPC in DO. It may also be noted that the incoherent scattering level
increases as heavy water is replaced by light water; deuter-
Rout ) ating parts or all of the lipid reduces the incoherent back-
F(a) =(47T/Q)f Ap(r)sin(gnr dr, (2)  ground, but this also reduces the scattering intensity. Such
Fin contrast variation also dramatically changes the functional
form of the scattering length density, so this paper concen-
whereR;,, R, are inner and outer radii, respectively, outsidetrates on protonated lipid in JO.
of which Ap(r)=0. The average outer radiu’,, of the

vesicles studied experimentally is about 30025-27. The Il. MODELS

Debye approximation of the interparticle structure factor ’

S(q) for spherical vesicleg28,29, which assumes nonspe- A. Single-strip 1S model

cific association(just steric avoidangeof vesicles, then The neutron-scattering length density profile in this model

predicts thatS(g) is very nearly unity forg>0.01 A™*.  ¢ghsists of one homogenous strip as shown in Fig. 3, where
Experimentglly, forpH ne_utral aqueous dispersion.s.of un- the scattering length density contrasp=p—-py, is taken
charged unilamellar vesicles with total phospholipid con-¢constant through the bilayer. The model scattering curve was
centrations less than 2 wt. 9%8(q) is close to unity even calculated using Eqgl) and (2). The radiiR that are re-
for g>0.005 A [12,30. quired for the form factor of the spherical vesicle are related
The predicted scattering intensity was calculated fortg thez coordinate byR =R-D, +z, where D, is the total
monodisperse unilamellar spherical vesicles employing theyidth of the single strip, which is therefore the parameter for
scattering length density(z) from the simulation and Egs. the bilayer thickness in this model.
(1) and(2). Polydispersity was then included by convolution  For this and all subsequent models we used the following
with a Schulz distributiorG(R) [31] of spheres with a mean method to compare a model with the molecular dynamics
radiusR,,=300 A and a size polydispersitsg~90 A, typi-  (MD) simulation. The bilayer parameters in a modedn-
cal of extruded vesicles in experimefig5—-27. As was em-  sisting of justD, for the 1S modslare varied to minimize
phasized there and as can be seen in Fig. 2, polydispersitiie difference between the model scattering curve and the
dampens the rapidth/R vesicle oscillations that would oc- scattering curve produced by the MD simulation in Fig. 2;
cur for monodisperse vesicles. Only thel minimum is  the errors estimated from experiments were used to obtain
noticeable neaq=0.01 At in Fig. 2. It is only in this very  the x? estimation. For the 1S model the result is shown by
small-angle region that the scattering is sensitive to the prethe continuous curve in Fig.(§ and the model scattering
cise values of the vesicle size distribution and it is from theselensity profile that produces this fit is shown in Figa)3
data that values of the vesicle radius and vesicle polydispeffhe scattering intensity for the 1S model is plotted upmto
sity were obtained25,27. However, in this paper we focus =0.4 A™%; this shows that the 1S model predicts scattering
on the regiong>0.02 AL, In this region the intensity is intensity that would be observable above the instrumental
insensitive to the precise valuesRfand oy or to deviations  cutoff for a g range near 0.25 &. One of us(N.K.) has
from sphericality due to undulation fluctuations and it istaken considerable highgrdata(unpublishegl that confirms
much more sensitive to the local structure of the bilayerthe absence of experimental scattering above this [B78]
which is the subject of most interest. This is strong evidence that the 1S model is inadequate.
We have added simulated noise to thg) result shown in Figure 3a) shows that the 1S model is a rather primitive
Fig. 2 with the same relative uncertainties as experimentalepresentation of the scattering length density of the DPPC
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TABLE 1. Physical parameters obtained by fitting models to
simulated scattering compared to those obtained directly from the
MD simulation. The hydrocarbon half thickneBg and the steric
half-thicknessD, are shown in Fig. 1, the polar thickneBs=D,
-Dc. AL is area/lipid anchy, is number of water molecules in the
polar region.
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FIG. 3. Single-strip 1S mode(a) Circles show the MD neutron-

Model nj, A.(A?» Dp(A) Dc(A) D L(A) X2
MD ~11.9 629 ~10.8 142 ~25
1S d 64.1 19.0 1.505
3s 7.6 61.8 9.0 14.4 234 1.034
3L 15.4 61.4 12.9 14.5 27.4  1.036
3T 11.4 62.0 10.8 14.4 25.2  1.035

port consideration of models with two independent param-
eters.

It is also useful to place the classical Kratky-Pok&dP)
plot in the perspective of the single-strip 1S model. The inset
to Fig. 3c¢) shows the KP plot from which one obtains only
one structural parameter, the radius of gyratynwhich is
usually interpreted in terms of the bilayer thicknegs @f a
single-strip model using;=D;/3 [26]. We further empha-
size that the KP plot does not use the experimental data for
the higherg values shown in Fig.(8). Pencer and Halleft]
have proposed extracting a different single parameter from
scattering data, namelgpy at which the plot ofig* vs q is
maximal; they estimate the bilayer thickness by, 2
=7/0pp-

The 1S model does have a second parameter, namely, the
constantAp. Let us defineB, and V, to be the neutron-
scattering length and volume of the lipid molecubgy and
V\ to be the corresponding quantities for the water molecule,
and py, is the neutron-scattering length density of the aque-
ous solvent. The only molecular organization that can be
modeled by the 1S model consists of a homogeneous mixture
of lipid and ny, water molecules in the single strip, which
would then require

’
B+ nWBW_

= . 3
v, + n\’/va Pw (3

Ap

If the scattering intensity is carefully normalized to the

scattering length density profile. The gray step function shows th%ample concentration, thexp could be determined from the
values of the model parameters that best fits the scattering curve m to the data and Eq(3) would enable determination of,,
(©). (b) Schematic of the single-strip modet) Solid squares show ., ever, experimental scattering intensity is often deter-

the MD scattering intensity from Fig. 2 and the solid gray line
shows the best fit of the model. The inset shows the Kratky-Poro
plot to theq region indicated by arrowsd) shows the residuals to

the fit.

d

mined only up to a scaling factor that depends on sample
concentration represented by the number of vesidlasEq.

(1). Indeed, the models to be developed in the following
sections do not require or benefit from having the absolute

bilayer. Nevertheless, the good fit that it provides to the scatscaling factor and the artificiality of the water distribution in
tering data in the observable range has made it a populdhis model does not warrant making that effort. Therefore,
model[7,10,11,13. Figure 3d) shows the residuals to the fit we prefer to characterize the 1S model as a one-parameter
in Fig. 3c). Although Fig. 3c) confirms the general consen- model, with the thicknesB as the single parameter.

sus that the scattering data are quite well fit with a one-

The 1S row in Table | gives the value Df from the fitin

parameter 1S model, the systematic trend in the residuals inig. 3(C). If we assume that there is no water in the bilayer
Fig. 3d) and the prediction of intensity greater than the in-(ny=0), then the area\_ is obtained asv, /D, where the
strumental cutoff folg>0.2 A1 indicates that the data sup- lipid volume V, in the simulation was 1215.5%
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. N chains,By for each of the headgroup, aig, for each water
°F § chf=4.538 7 ] molecule. Corresponding subscripts are used for the volumes
<l \ / ] V, which are also known to sufficient accuracy from the mo-
2 lecular dynamics simulatiofi24]. Then, similar to Eq(3),
E 5 \ / the scattering length density in the headgroup region is

Apy= AW (5)

OF (@) L ,/ ] _ By +nyBy
; — ; ; ;

R, 1 R, R,
where all theny, water molecules inside the bilayer are re-

quired to be homogeneously dispersed only in the polar
(b) headgroup region. Unlike the single-strip model, the scatter-
ing length density in the hydrocarbon region is determined
by known quantities,

rho,, rho,,

-30 20  -10 0 10 20 30
z [A]

10° T T B
- Apc= % = pw, (6)

102k chi’=1.034 i Ve

where Vc=V, -V,;=891.9 &, This means that the fitting
provides the scaling factor for the scattering intensity nor-
malized to amount of lipid, which therefore does not have
to be carefully measured. Evaluation of, in Eq. (5) is
equivalent to evaluation of the ratidpc/Apy.

Next, consider the following relation, involving the area
per lipid A_, the lengthD; of the polar region, and the length
D¢ of the hydrocarbon chain region

_VH+n\’NVW_ﬁ

= . 7
L D, D, )

0.01

q [AT]
When analyzing real neutron-scattering data, one would use
FIG. 4. Three-strip 3S modgla) Neutron-scattering length den- the headgroup Vo|ume/H:3254_reA3 that has been ob-
sity profile and(b) schematic of the model. See caption to Fig. 3 for tained from x-ray studie$38]. In this paper, where the

description of fitted lines to the MD scattering density prof#  neutron-scattering data are obtained from a simulation, we

and scattering curver). useVy=323.5 A that was obtained in the simulati§a4].
Likewise, the chain volume/-=V, -V, would then be
B. Three-strip 3S model obtained from the lipid volume, determined experimen-

Conventional model refinement adds more strips to thd@/ly asV =1232£2 A [1], andV,=1215.5 R from the
strip model[25,26,33. For M strips the corresponding form simulation. Equatiori7) provides a constraint between the

factor is given by three_ model _parametenép, D¢, and Apc/Apy reducing
the fit to two independent parameters.

MR sin(qr) The result of fitting this constrained 3S model to the MD
F(g) = A, Api———r2dr simulated scattering data is shown in Fig. 4. The residuals of

i=1 JR_1 ar the fit (not shown have no systematic deviation when com-
4nM pared to the noise level expected in experimental data. Per-
= —32 Ap[AR) - AR_)], haps even more important, the model does not predict larger

=1 intensity forq>0.2 A™! than the instrumental cutoff inten-

sity. This confirms that neutron-scattering data from unila-
AR) =gR codqR) - sin(gR). (4) mellar vesicles rc_aquire models with at most two independent
parameters. It might then be concluded that it is unnecessary
In this section we add two more strips to the model as showto consider further refinements to the models, but we argue
in Fig. 4@). The form factor for this model was calculated that this would be a shortsighted conclusion. The comparison
using Eq.(4) with M=3. of the scattering length density profile in Figajis certainly
At first sight, it would appear that the 3S model shown inrather poor. Importantly, the values of the paramef®@gs
Fig. 4@ has at least three parameters, two lengths and onBc, ny, and A_ that emerge from such a fit may not be
scattering length ratio, but there is a constraint that reducesccurate measures of the molecular organization of the bi-
the free parameters to two as we now show. We define thiayer; we will return to this issue in Sec. IV after we consider
known scattering lengths to bB: for the hydrocarbon refinements that better model the simulated scattering length
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o o chi=2.506
& o
L,f‘: 4t f 4k
° o
£ o £ 2}
OoF of (a)
-I;O -2l0 -1l0 (l) 1l0 2lO SlO
z [A]
FIG. 5. Unconstrained 3L model: Neutron-scattering length den-
sity profile with nonconstrained linear course of density in the polar (b)
part. 30 20 10 0 10 20 30
: ) . . z [A]
density profile. Table | gives the values of the bilayer param- ,
eters from the fit in Fig. 4, wher®_ was obtained using Eq. 0 T T

(7

100k chi’=1.036 ]

Let us briefly discuss refinement of strip models by add-
ing more strips. The electron density profile for x-ray scat-
tering (also the scattering length density profile for neutron
scattering of a deuterated lipid bilayehas a substantial
minimum in the middle of the bilayer due to the terminal
methyl groups on the hydrocarbon chains; this is especially
pronounced in gel phas¢88]. Therefore, for x-ray scatter-
ing the next feature that is added to strip models is a strip for
the methyl trough. Figure () shows that such a trough is
clearly a minor feature for neutron scattering for which the
next strips that should be added would be an additional strip ]
in each headgroup region. However, it is also clear that add- st

ing additional strips to approximate a nearly linear profile in 10 0.01 ] 0.1
the headgroup region is not only not very efficient, but would q [A7]
proliferate meaningless parameters. We therefore turn to
models that are inspired by the molecular dynamics simulaa
tions.

FIG. 6. Constrained 3L modeli@ Neutron-scattering length
ensity profile andb) schematic of the model. See caption to Fig. 3
for description of fitted lines to the MD scattering density profée
and scattering curve).

C. Linear 3L model

f(7) is applied. The result from fitting the scattering curve in
Fig. 6(c) is good enough for available neutron-scattering data
(residuals not shown The results for the physical param-
eters obtained for this model are shown in Table I. Compari-
Son to the simulation is somewhat poorer than for the 3S
model. Comparison of the scattering length density profiles
Ap=Kir + K5 - py, (8) in Fig. 6(a) suggests that this model may be further improved

o ) ] near the hydrocarbon/polar interface.
with fitting parameter$ andk3. This model fits the scatter-

ing length density well, as shown in Fig. ®f course, it fits
the simulated scattering intensity extremely wellhe obvi-
ous parameters in this model consist of two lengths. Unfor- In this model the volume fractions of water and hydrocar-
tunately, because of the overlap of polar headgroups anlon in the headgroup region shown in Figa)lare modeled
hydrocarbon, the inner length of 10 #hown in Fig. 5 is  as linear functions, as indicated in Figby, and the triangu-
much smaller than the thickne$%. of the hydrocarbon lar shape of headgroup itself accounts for the remainder of
region, which is defined to be the Gibbs dividing surfacethe polar volume. The assumptions in Figbj7are (1) that
for the interface between the hydrocarbon region and théhe volume of water in the headgroup region is twice as large
polar region in Fig. 1. There is therefore also no clear wayas the volume of the hydrocarbon region a&j that the
to obtain aread using this model. hydrocarbon region only extends half way into the head-
Our attempt to make this linear model more physical isgroup region. The linearity and these assumptions are ap-
shown in Fig. 6a). Just as for the 3S model, there are two proximations to the probability distributions shown in Fig. 1.
independent parameters when the constraint contained in Ebjote that the distancB,—R, in Fig. 7(b) does not give the

The aim of this model is to improve the representation o
the polar region. The MD simulation in Fig. 1 indicates that
the scattering length density increases roughly linearly as
increases within the polar region, so we consider a linea
scattering length density instead of a constant strip,

D. Triangular 3T model
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R R R R R,

chf=0.364

rho [10° A7

FIG. 8. Sketch of projected lipid volumes in an asymmetrical
bilayer due to a radius of curvature which was chosen to be only
200A to accentuate the asymmetry.

ecule Ag, measured at the vesicular radius where the head-
group resides, must be larg@maller, respectivejythan the
(bf ] ] ] . ] . area per moleculé\;, measured near the center of the bi-
30 20  -10 0 10 20 30 layer, when the molecule is in the oui@nner, respectively
z [A] monolayer in the vesicle. Indeed, the ratio of these areas
5 must be proportional to the square of the ratio of the radii
F T T " (Rs/Rs)%. For the outer monolayerRs=300 A and R,
0L ] ~275 A, so there is a 19% expansion of the molecular area
i from the center of the bilayer to the end of the headgroup
region of the outer monolayer and a similar tapering of the
inner monolayer. To develop this picture further and to esti-
mate how much effect this will have on the analysis, there
are two constraints that we propose to be applicable to relate
the molecular shape of the lipids on the inner and outer
monolayers. The first is that the average volume per lipid
molecule should be the same in either monolayer. The sec-
ond is that the headgroup area should be nearly the same for
both monolayers at the junction of the hydrocarbon region
with the polar regions because the chains are quite flexible
10° L M | N\ and can accommodate the curvature effect more than the
0.01 A7 0.1 headgroups because the latter must satisfy the hydrophobic
d interfacial interactions with water. With these constraints, the
FIG. 7. 3T modeli(a) Neutron-scattering length density profile inner monolayer will be thinner than the outer monolayer.
and(b) schematic of the model. See caption to Fig. 3 for descriptionNevertheless, the neutron-scattering length density profile is
of fitted lines to the MD scattering density profil®) and scattering not much different from the type we have been describing.
curve(c). Since there is no methyl trough where the two monolayers
meet, the central hydrocarbon scattering length density re-

Gibbs dividing surface because there is hydrocarbon in thEains constant. Only the headgroup regions are perturbed by
spaceRs—R,. However, the Gibbs dividing surface can be Vesicle curvature. Without loss of generality, we fix the total
analytically obtained in this linear model from geometric héadgroup volume to be constant and then the curvature ef-

considerations with the result that the thickness of the hydrof€ct is quantitated by the relative change in the thicknss
carbon region is of the polar region. For vesicles of outer radiRs 300 A,

curvature increasdslecreasesDp by 3% in the inne(outer,
2D = (R = Ry) + (Rg— Ry)/2 + (NyVw— 2V)l4A, . (9) respectively monolayer compared to a flat bilayer. We have
fit data with this feature included and have found that it
fnakes negligible changes. For ease of presentation, we have
therefore not included it.

With these constraints the model again has only two fre
parameters that may be taken toDg (or A.) andn),. The
best fit to the scattering data, Figcy, is as good as in Fig.
4(c) and Fig. 6c) with completely random residualgot

shown). The resulting scattering density profile is close to the IV. DISCUSSION
simulated MD profiles as seen in Fig(ay. The physical .
parameters obtained from the fit are shown in Table I. Table | compares the values of the bilayer parameters ob-

tained by fitting our models to the simulated scattering
curves. The single-strip model only has one parameter, the
width 2D, of the strip. This thickness is clearly a compro-
mise between the hydrocarbon thickne$3:2and the true
Our presentation has implicitly assumed that the bilayer isteric thickness R,. Nevertheless, the corresponding area
symmetric abougz=0. However, for finite vesicle radiug, A, is tolerably close to the area used in the simulation. How-
Fig. 8 shows that the two monolayers that form the bilayerever, they? of this model, which has only one free param-
cannot be symmetrical because the average area per meiter, is significantly larger than for our more refined models,

E. Asymmetrical aspect of vesicles with finite radius
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which have two free parameters. Perhaps even more signifi- TABLE Il. Structural parameters using stand&t) and model
cant, this model predicts much larger scatteringdfaralues ~ Guinier approximation. Asterisk*) denotes assumed values of
greater than 0.2 & than is predicted by the simulation as parameters.

can be seen by comparing Fig. 2 with Fig. 3. The nonobser
vance of coherent scattering fqe>0.2 A justifies consid- Model Ny AL(AD Dp(A) Dc(A) DA

eration of better modelg5,11,36. MD ~11.9 62.9 ~10.8 14.2 ~25
The three improved 3S, 3L, and 3T models that we have

considered fit the data very well with excellent valuesf KP 0 59.6 20.4

This suggests that it is not realistic to consider models with 1 0 62.6 19.4

more than two free parameters to interpret neutron scattering 3g 11.6 62.7 10’8 14.2 225

from unilamellar vesicles. These models give more realistic
values of the steric membrane thickneg} 2han the single- SL 10.5 °9.6 108 150 258
strip 1S model and they provide estimates for the hydrocar- 3T 11.2 61.3 108 14.5 253
bon thickness R.. Use of this thickness and the hydrocar-
bon volumeVc in Eq. (7) then gives values of_ which are
only somewhat smaller than the value used in the simulation. . . ' ) .
This supports the proposition that small-angle neutron scat- A recent effort to. improve this method first fits Experi-
tering can be used to obtain reliable values for bilayer strucmMental data to obtaiRy [25-27. Then, the parameters in
tural quantitieg26,27. models of the same general type as have been considered in
It is important to emphasize that the valuevgfwas input  this paper were varied until the sarRg was obtained in the
into the fit from the value that was obtained directly from themodel scattering curve. One advantage of this procedure is
simulation. When analyzing real data it is necessary to obtaithat the approximation involved in neglecting the higher or-
Vc from other measurements. This has been done by calciter momentsge.g.,(R%) in extractingR; is the same for the
lating Ve=V, -Vy whereV_ is the accurately measured lipid gata and for the model. In particular, the vaDe=19.4 A
yoll;]me a:]d\(]“ IS ihevf\lleadlgroup VOllrJ]me r\:"h'c.h ISI mec‘?sl.ur.zdthat is obtained for the 1S model is smaller than for the KP
in the gel phasgl]. We also note that the simulated lipi model in the preceding paragraph, and the resulfgs

volume V; =1215.5 & was used to obtain the number of satisfyingly close to the actual value used in the simulation
watersny, in the headgroup region in Table |I. gly
as shown in Table .

Of the three improved models, the triangular model give . e I
the best values ob¢, D,, and A, because the model was In comparison to the model fitting mtroduced.ln this pa-
designed to mimic the functional form of the simulated scatPe", the previous methd@5-27 could only fit one indepen-
tering length profile better. In particular, this model assume$lent parameter because the amount of experimental informa-
that there is twice as much water in the polar headgroufon extracted from the data was limited to the Kratky—Poroq
region(which includes the carbonyl groups on the hydrocar-slope. Therefore, for the results shown for the more realistic
bon chaing as hydrocarbon methylenes, that the distributionmodels in Table Il, another parameter had to be assumed, and
functions are linear and that the hydrocarbon distributiorthe value of the polar headgroup widby was arbitrarily
function decays to zero halfway through the polar region. Weixed to 10.8 A (or Rs—R,=13.6 A for triangular model
believe these assumptions provide good approximations thdtis arbitrary choice works well for the 3S model, given that
are not likely to be unduly compromised by variations in D, has a different interpretation than shown in Fig. 1. How-
bilayer area and thickness for fully hydrated phosphatidyl-ever, a differenDp would favor a different model. This in-
choline headgroups. For bilayers with other headgroups, weleterminacy is eliminated by the analysis described in Sec.
suggest that simulations be done to obtain the appropriatg|.
assumptions to analyze neutron-scattering data using this In conclusion, we propose that neutron-scattering data
kind of model. If such simulations are not performed, then itfrom unilamellar vesicles of lipid bilayers, data that are ob-
might be best just to use the three-strip or the 3L modelstainable outside the Guinier range, be analyzed using models
recognizing that the values f@,_ are likely to be different with two independent parameters. The models we have in-
for these two models. troduced in this paper have been inspired and tested by long

molecular dynamics simulations of phosphatidylcholine bi-
layers; such simulations should continue to inform the con-
Guinier approximation struction of future models for analysis of membranes com-

It is interesting to compare the approach in this paper t(posed of other lipids.
the classical Guinier approximation which obtains the radius
of gyration(R,) from the Kratky-Porod plofin(lg?) vs ¢?] in
the “Guinier region” (m/R<q<1/Ry). For a uniform,
single-strip model the bilayer thickness is expressed by ACKNOWLEDGMENTS
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