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Precise calculations are made of the scattering intehgify from an oriented stack of lipid bilayers using
a realistic model of fluctuations. The quantities of interest include the bilayer bending md¢yluthe
interbilayer interaction modulud, and bilayer structure through the form fackq,). It is shown howK . and
B may be obtained from data at large where fluctuations dominate. Good estimate$ (d,) can be made
over wide ranges off, by usingl(q) in q regions away from the peaks and fgr#0 where details of the
scattering domains play little role. Rough estimates of domain sizes can also be made from gnudkar
Results are presented for data taken on fully hydrated, oriented DOPC bilayerslip fiase. These results
illustrate the advantages of oriented samples compared to powder samples.
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[. INTRODUCTION studies have now been built that obtain full hydrat{dd].
Figure 1 shows the kind of data that hold the promise of
Lipid bilayers have been much studied as the prototypicaproviding far more information than the MLV samples. The
biomembrane. One focus of such studies is the structure gfurpose of this paper is to show how data like those in Fig. 1
lipid bilayers and how that structure varies with the thermo-can be analyzed.
dynamic phase and with the chemistry of different lipids The first reason that the data in Fig. 1 are so promising is
[1,2]. Another focus is on the interactions between two bi-that there is intensity for &, range at least up to 0.6 A",
layers[3,2] and on the mechanical properties of bilaygts more than twice as far as for the comparable MLV samples
For these purposes many groups have used x-ray scattdd2]. The second reason is that the deep minima in the inten-
ing from lipid bilayers in the model system of multilamellar sities near,=0.28 and 0.44 A* immediately show where
vesicles(MLVs) [1-3,5. Each MLV consists of bilayers there are zeros in the single bilayer form fack{(q,), de-
arranged(topologically at leagtas more than 20Qusually  fined by
many more concentric spheres with an average repeat spac-
ing D of order 60 A , of which about 25 A is water, depend- *
ing upon the lipid and the phase. For scattering purposes F(Qz)ZJ [pf(2) - pilcodzq,)dz. 1)
MLV samples effectively consist of independent domains, o
each of which is a stack of parallel bilayers, but the normals
to the bilayers in the independent stacks are isotropically(d,) provides information about the structure of a bilayer
distributed in space. Such powder samples diffract relativelgentered az=0 with average normal directianthrough the
weakly and the intensity falls off rapidly wittj because of contrast in the electron density (z) relative to that of water
the Lorentz factor which scales agjl/ For samples in the p3,. Third, in addition to data in the, direction, there is
fully hydrated, most biologically relevant, fluid() phase, clearly distinguishable information in Fig. 1 along tlog
often onlyh=2 orders of diffraction are observablg,(,.x  direction which, for MLV samples, is lost by convolution
~0.2 A1), Dehydrating the sample by applying osmotic into a powder-averageg dependencgl3]. Finally, the data
pressure increases the number of observable orders, but there not confined just to the vicinity of the peaks as in our
iS an osmotic pressure correction to structure that must bprevious studies on MLVEL3], although other groupisl4—
applied[2,6,7]. Furthermore, for at least one lipidOPQ), 16] have obtained and analyzed intensity data that are con-
the structure changes drastically upon mild dehydrationiinuous inq for MLV samples.

(relative humidity near 9694 8]; for lower relative humidity, This work is closest in many ways to the study of Lei
diffraction data are not relevant for the desired bilayer strucet al.[17] and has benefited from (see especially Ldil8]).
ture[5]. There are, however, substantial differences which require a

The intensity of diffraction is much greater from stacks of separate development. Letf al. studied a surfactant system
bilayers that are oriented with their normals aligned alongwhere the bending modulus could be made small by adding
one axis. However, until quite recently there has been coneosurfactant so that their inverted bilayers could swell to
cern about studying oriented samples by x-ray diffractionlarge D values. This took the system into the hard confine-
because they could not be hydrated from water vapor to thenent regime where the Helfrich theory of interactiph9] is
full D spacing of samples immersed in water. This “vaporappropriate, whereas our systems have much smaliend
pressure paradox” has recently been shown to be an experre in the soft confinement regini20,21. Because fluctua-
mental artifacf9,10] and sample chambers suitable for x-ray tions were large, at most two peaks were observed and data
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FIG. 1. Scattering intensity from a sample oriented on a cylindrical substrate versus scattering vectog,wheoemal to the stack of
bilayers andy, is in the plane of the bilayergA) shows high intensities in white ari8) shows the average intensity as a functiomofor
a strip of widthsg,=0.01 A™! centered at, = 0. The dashed lines ifB) indicate the range for the grey scale(i). Data are from oriented
fully hydratedL , phase DOPC at 30 °C obtained at CHESS with a CCD det¢8@ir

extended only to about 0.25°A. Structure was not a goal, nhoted, this small-angle scattering becomes weak in the more
so the electron density of the bilaygf (z) was assumed to Wweakly fluctuating soft confinement regime appropriate to
be a constant which is an adequate assumption for their our lipid bilayers. We therefore did not attempt to obtain data
range, but not for ours for which the extendgdange pro- at such small angle@his small-angle regime is obscured by
vides more information about the structurally useful modu-the beam block in the data in Fig). Instead, we show how
lation of p* (z) across the bilayer. Their major goal, which is both »; and¢ (equivalently,B andK) can be obtained from
also one of ours, was to obtain the bending modilysand  the g, dependence of the data at large values af

the bulk (interaction) modulusB. These two moduli are re- Although the data in Fig. 1 contain a great deal of infor-
lated to two parameters that were obtained from the scattemation, including the structural information F(q,) and the
ing data. The first of these is the Caif)arametef{22] interaction information iny, and ¢, the data are also af-
fected by the domain size. Followin@3], we definel, to be
_ keT 4w the average domain size in the direction of the average bi-
nl_S\/B_KC E 2) layer normals. For cylindrical domain shapés,is defined

to be the average radius in the transverse direction along the
The second, which involveB andK_ in a different combi- plane of the bilayers. We also consider distributions in these

nation, is an in-plane correlation lengita3,17] two sizes. The data also depend upon inevitable experimental
artifacts such as x-ray beam size, mosaic spread, and instru-
£=K,/B, (3)  mental resolution. We will initially ignore the experimental

issues, except to note that the instrumental resolution for the
which is related to the de Gennes penetration lengf24]  data in Fig. 1 was limited by the pixel size of the charge-
by £&2=\D. The Cailleparameter has been obtained in manycoupled devic§CCD) detector, about 0.001 A, which is
studies, including MLVs, by analyzing the tails of the dif- 10 times coarser than our best resolution for MLV samples
fraction peak$13,25. Obtaining¢ is even more challenging [12]. Therefore, our analysis must not rely upon the most
[26]; in particular, powder data are very insensitivettd 3]. intense data very near sharp diffraction peaks, but must in-
Lei et al. [17] obtained¢ by analyzing the intensity in the stead focus upon the weaker intensity outside the peak re-
very small angle regimeg,<0.03 A~1). However, as they gions.
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Since the data are affected by so many parameters, thgarametrized by the modul® which has units of energy/
analysis should ultimately consist of a simultaneous fit of dength*. OurB is related to the Cailléhree-dimensional bulk
model to the global data. However, in this paper we prefer tanodulusB; by B=B3/D.
establish the feasibility that such a program even has a To treat x-ray scattering it is necessary to calculate the
chance to succeed by identifying different regions of the datéeight-height pair correlation function
from which a smaller subset of parameters can be estimated
separately. That this piecemeal approach might work is indi- SUn(r)={([un(r)—Uo(0)1%), (6)

cated by the fact that the higi-data are so strongly affected . . .
by fluctuations that all the scattering is diffuse whereas th hich has no azimuthal dependence because the bilayers are

smallerq, data exhibit sharper and narrower peaks, morén-plane fluids. We will avoid the ambiguity that arises from

typical of ordered samples. Another indication is that the!MPOSing boundary conditions on a finite-size domain by cal-
intensity | (q) is a product culating the correlation functions for an infinite domain and

assume translational invariance. The restriction to finite-size

) domains will be made in Sec. lll by summing the infinite
1(9)=S(a)|F(a,)|*/a, (4 domain correlation functions only over pairs that are con-

tained in such a domain. Then, for the discrete model in Eq.

of a structure facto5(q), which contains thé8 andK. in- (5) it has been showhl7,2§ that

formation, and a form factor squared, which does not have

any g, dependence, as well as the customq{)} Lorentz 4kgT /D

factor for oriented samples. This implies that thedepen- SUn(r) = WJ

dence must therefore come froBtq). Therefore, the deter-

mination of the structural parameterskncan be separated mla Kk, dk.[1—Jo(k.r)cogk,nD)]

from the remaining parameters involved$n f : YA

In Sec. Il the basic model of discrete bilayer stacks is 0 4 sirf(k,D/2) + £'k;
reviewed and it is shown how the correlation functions that

affect x-ray scattering are calculated. It is shown how theWhere Jo is the zeroth-order Bessel function. Defining

structure factorS(q) is calculated in Sec. Ill. Regions in = (¢k,)?/2 and integrating ovek, using the calculus of resi-

which the domain sizes and distribution have little effect Ondues[ls] yields
S(q) are identified in Sec. IV. It is then shown in Sec. V that

0

. (D

242
both 7, and¢ can be determined from data in these regions. Suy(r)= ﬂj(”/a) 124y
We return in Sec. VI to the other regions where the domain qf
sizes do affec8(q) and show how the sizes can be estimated
from data in these regions. It is then shown in Sec. VII how ><[1_30(r V2x1 €9 (V14 X7 —x)*"] ®)
the previous sections enable determination of the form factor X1+ x2 '
F(q,). Finally, in Sec. VIII this new analysis is used to
provide results for the data in Fig. 1. whereq,=2w/D is the position of the first diffraction peak.

Equation (8) shows that#, is just a scaling factor for
dun(r). This is computationally convenient because a table
of correlation functions can be calculated once to use with
The system consists of=1, ... N bilayers stacked in different values of»;. Something similar occurs with the
the z direction. The center of each bilayer has an averag@arameter, but this is somewhat less obvious, sirgep-
positionz,=nD and each bilayer extends over a diaméter pears both inside the integral and in the upper limit in Eq.
in the r=(x,y) plane. Fluctuations in the stacking of the (8). Fortunately, the upper limit of integration can be ex-
bilayers are described by the quantitiggr) which are spa- tended toe with high accuracy18], as we have verified. To
tial deviations in thez direction of the center of thamth ~ removeé from inside the integral, we change variables to
bilayer from its average position at location The original ~ =r/& so that the height-height correlation functions finally
Caille theory[22] employed a continuum model of smectic can be written
liquid crystals which has gradually been replaced by the fol-
lowing, more realistic, discrete free energy functional Su ()= 2771j°°d"[1—\]o(t\/5)(\/1+xz— X)%"]
[27,20,17,28,21L n qi 0 ~ Xm ,

9)
N-1

f= sz rdr Y, {KJV2un(r)]2+B[un,1(r)—un(r)]3,  inwhich ¢ appears only as a scaling factorrofThis means
NL; n=0 that we can calculate a table féu,(r) only once for certain
) values ofr = &t, n, »1, andé. Then, we can use this table for
other values ofp; by simply rescaling the values @, (r)
where the first term accounts for the bending energy of indiby a constant factor. And we can use this tabléaf(r) for
vidual bilayers and the second term is a harmonic approxiether values ot by rescaling the dimension. We calculate
mation to the interactions between adjacent bilay2@s28, Su,(r) in Eq. (9) numerically as a function af andn on a

Il. CORRELATION FUNCTIONS FOR FLUCTUATIONS
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250 - - related with|Vu,(r)| [5]. Both effects are limited to about
2% for typical lipid bilayers and will be ignored. Then, the
200} basic scattering formula

T Nq)=<J~p(R)équ3R
] \%

2> (12)

can be written as Ed4) [13,17] whereF(q,) is given by Eg.
(1) and the structure factd, (q,,q;) is

N

0 . SL(dz,q0)= 2, e9nmP
n,m=
50 - . _ ,
10 100 1000 10000 xf d?r d3r’elar(r=r")
r(A) [rl,|r"|<L,/2
— ! —
FIG. 2. Correlation functionsu,(r) for various values oh XG(|r=r'l,n=m,qy), (13
(solid lineg. The dashed line shows the approximation in Bd) . . . . )
for n=0. whereG is the scattering pair correlation function:
_ 2
grid and save the values in a tablé is computationally G(r,n,q,) =exd —qz6uy(r)/2]. (14

useful to use logarithmic steps in) We then perform . L i ) o
smooth polynomial interpolations fasu,(r) for anyr be- ~ Since the lipid bilayer is organized as a fluid within the plane

tween the grid points. of each bilayer and there are no local correlations between
Caille [22] proposed an approximate correlation functionmolecules in adjacent bilayers, each bilayer is an in-plane
for r>¢, powder, the azimuthal angkecan be integrated out, and the

in-plane vector can be replaced by the in-plane distamce
As already discussed in Sec. Il, the correlation functions de-

, (100  pend only uponii—m) and (—r'), so the structure factor
for a domain of sizd_, andL,=ND becomes

r

’y+|n(g

4,
Sun(r)=—
1

r2
+0.5E
Y\ ang?

where y is Euler's constant andE,(t) is the exponential N-1

integral. In Fig. 2 we compare this approximation to our S.(g,,9,)=7L2 >, (N—n)cogq,nD)

accurate results fon=0. Even for this worst case good n=-N

agreement is obtained foe>1000 A. Forn>0 the approxi- L

mation works well for even smaller values of However, xf rfdfFr(f/Lr)Jo(qrr)G(f,n,qz),
precise numerical calculation is required in the vicinityrof 0

=0 andn=0 and also high accuracy is needed for detailed (15)
analysis of the structure factor, so we use Xto calculate

Sup(r) for r<2000 A andn<30. We therefore use the whereF,(x), which is a finite-size effect function in the
Caille approximation, Eq.(10), for r>2000 A or n>30, direction[18], is zero ifx>1 and forx<1

having checked that the fractional difference is less than

10°*. F,(X)=c0os 1(x)—xy1— X2 (16)
lll. CALCULATION OF THE STRUCTURE FACTOR We next assume that the distributions of domain sizeand

. : _ . L, are independent, so that
The electron densitp;: of the nth bilayer will be written z P

pn(z.1)=p{[z=nD—un(n)], (12) S(qzrqr):J:odl-zpz(l—z)f:dl-r P (L)S(9z,qr),

where pf*(z) is the electron density profile of the bilayer 17
centered az=0. As has been discussed befpt8,29, there o ,

is little reason to suppose that the local fluctuations in théVhere Pz(L;) and P,(L,) are distribution functions fot,
bilayer shapesp; are correlated with the long-wavelength a_ndLr. (One might glternatwely assume that theandL,
fluctuationsu,(r), at least when the bilayers are fully hy- Sizes are co_rrelated in some fashjoie will use the Gauss-
drated[5]. However, there is a geometric correction to the'@n distributions

projected thickness of undulating bilayers along the average 1

bilayer normal which is correlated \_NiﬂWun(r)| and, when P.(L,)= —exd — (L, L,)%/20?], (19)
under osmotic pressure, the local bilayer thickness is anticor- Oy
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FIG. 3. S(q,) at various values of}, (in A™%) for D=63 A,
7=0.1,¢é=80 A, L,=L,=10" A, 0,=L,/3, ando,=L,/3. Solid
line: gq,=0. Dashed lineg,=0.001 A ™. Dotted line:q,=0.01
A~1. Dash-dotted line:q,=0.02 A~1. Short dashed lineq,
=0.04 AL,

P,(L )=iexq—(L —L,)?%20?] (19
z z O-z z 4 O-Z .

Equation (17) can be simplified by introducing effective

finite-size factors

H,(2) = deZPZ<LZ><LZ—z>/D, (20

HiO=7 [ dLPLILRL). @

Thus, the final equation fd8(q,,q,) becomes

[’

S(dz,0r)= 2, H(nD)cogaznD)

><fwrdrH,(r)Jo(qrr)G(r,nD,qz). (22
0

To calculateS(q,,q,) from Eq.(22) numerically we first
calculateG using the table forsu,(r) in Sec. Il. We also
calculateH,(z) andH,(r) using Eqs(20) and(21) and save

PHYSICAL REVIEW B3 011907
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FIG. 4. S(q,) at different values oE, atq, =0 (the upper three
curves andg,=0.04 A (the lower three curvgsSolid line: L,
=10° A, dashed linei,=10" A. Dotted line:L,=10° A.

ergs andB=2.8x 10'2 ergs/cn, which are typical for lipid
bilayers [28]. As expected[17,13, the intensities of the
higher orders rapidly decrease and almost disappean by
=5 even atq,=0. As q, increases, the higher-order peaks
disappear completely, but the first two peaks are seen even at
q,=0.04 A", Curiously, the shape of the peaks as a func-
tion of q, becomes narrower and more Bragg likecggan-
creases. In the next several sections we will discuss how
changes in the various parameters affect the structure factor
shown in Fig. 3.

IV. EFFECT OF DOMAIN SIZES

Figure 4 shows how the structure factor is affected by the
average domain size in thledirection which henceforth will
be designated just ds, with no overbar. For all comparisons
we normalizeS(q,,q,) by the amount of material in the
bilayer stack. This normalization gives the same values for
S(q,,q,) for large values ofy,. As expected, the peaks also
become higher with larger domain size. Because of the over-
all conservation of scattering intensity, the diffuse scattering
between peaks becomes lower with an increade, inMost
importantly, the dependence dn, becomes smaller ag,
and/org, increases. There is almost no dependence between
the h=3 andh=4 peaks wherg,=0. Forg,>0.01 A™*
there is almost no dependence bp except very close to

them in tables. We then calculate the integral and sum in Ec,=27h/D for h=1 andh=2.
(22) numerically. The accuracy of our calculations has been Figure 5 shows thak, affects the structure factor quite
checked in two ways. The same integration was performedifferently from howL, affects it. An increase ih, results

using different tables calculated using a finer grid foin

in an increase of the wholg(q,) curve wheng,=0, more

du,(r) and different integration procedures of the Rombergso at lowq, values than at higly,. This does not violate
type have been used, with cutoffs adjusted to provide amonservation of total scattering intensity since an increase in

accuracy of 104,

L, makes the peaks i8(q,) sharper and higher, therefore

Figure 3 shows calculated structure factors where the valreducing the intensity in thg, direction. Most importantly,

ues of », and & were chosen to correspond k=10 12

and similar to the effect of , above, the dependence anp
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FIG. 5. S(q,) at different values of, atqg,=0 (the upper three
curves andqg,=0.04 A" (the lower three curvgsSolid line: L,
=5X10° A, Dashed linel,=10* A. Dotted line:L,=6x10* A.

becomes smaller ag, and/orq, increase. There is almost no
dependence between the=3 and h=4 peaks whenq,
=0. Forg,>0.01 A" ! there is almost no dependencelgn
except very close tq,=27h/D for h=1 andh=2.

=10

V. DETERMINATION OF m5; AND ¢

The results in the previous section show that the domai

size parameters can be ignored in large regions of the datCa

where the fluctuations and diffuse scattering dominate. Th
important unknowns in these regions are therefgie &,
and the form factoi~(q,). SinceF depends only upoq,
[Eq. (4)], we now concentrate on thgg dependence of the
structure factor to evaluate the possibility of findipgandé
without having to do a global fit that includ€qq,) and the
domain size parameters.

Figure 6 showsS as a function ofj, in regions where the
dependence on domain sizes is negligible. Since the overall
amplitude of these curves would be set by the as yet un-
known form factor, the curves are normalizedogat=0.01
A~1in order to concentrate on thg functional dependence
for largerq, . Figure 6 shows that both parametersand¢
affectS(q,). There is an important difference, however, be-
tween the effect in Fig. @), which is for ag, slice (constant
g, and varyingg,) at theh=fourth-order peak, compared to
the effect in Fig. @), which is for aq, slice that goes mid-
way between the third and fourth peaks. In Figa)6the
effect of changingy, by a factor of 2 is relatively larger than
changingé by the same factor and the reverse is true in Fig.
6(b). Therefore, the effect of changing the two parameters is

S(a)

PHYSICAL REVIEW E 63 011907
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FIG. 6. S(q,) normalized atg,=0.01 A"? for three combina-
tions of (51,&) (i) (0.1,80 A (solid liney, (ii) (0.1,40 A (dotted
lines), and(iii) (0.05,80 A (dashed lines Panel(a) is for the slice
g,=4q; and panel(b) is for the sliceq,=3.5q; (q;=2#/D). L,
A=L,.

.(We note that data can be taken in future with less npise.
o slices of calculated data are shown in Fig. 7. The fitted
urves are also shown in Fig. 7 and the fitted values)pf
nd ¢ agree well with the input values.
We note that a choice of twq, slices should include at
least one withg, near a peak valudq; and one from be-

0.01

0.02

0.03 0.04

(A"

not functionally degenerate and it is therefore plausible that riG. 7. calculated data points, normalized gat=0.01 A2,

both parameters can be extracted from wycslices of data.
Programs were written to fit data from two or magge

with added noise forp;=0.1 andé=80 A are shown by points
with error bars for two sliceg,=4q; (lower data and q,=3.5q;

slices and the programs were tested on calculated data witdipper data A nonlinear least-squares fit to the data produced the
random noise comparable to the noise in the data in Fig. kwo solid curves and returned valugs=0.096 andé=78.9 A.
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0.000 0.001 0.002 0.003 0.004 shows a much different dependenceS{f},) on L, for the
same normalization. For both, slices an increase i,
0%, @ - results in an increase &nearqg,=0.

The aforementioned difference in the effect of domain
sizes L, versus L, on the behavior ofS(q,=0)/S(q,
=0.01) at differeng, values indicates that these two param-
eters are functionally inequivalent and therefore Hottand
L, should be extractable from the data, as we have verified
for calculated data in which we have variegdandL, . How-
ever, this assumes that we know the functional form of do-
main sizes. Our experience with powder samples has led us

107 b ] from Gaussian distributiond 2] to exponential distributions
[28]. It is also not clear how, andL, should be correlated.
10° \ . We think it is unlikely that these kinds of issues will be
= M definitively resolved. Fortunately, these domain details are
& 10°F T | also the least important from the fundamental point of view,
L e since, due to the exigencies of sample preparation, they are
I R strongly variable even for nominally identical samples, as
1077 S 1 was earlier emphasized for powder samp[@8]. (One
0 o.oo 5 c;o1 5 602 5 603 5004 would expect oriented samples to have even more variation.
' ' ' ' ’ Therefore, we are content to obtain a rough estimate of do-
aA") main sizes and distributions and to focus on data in the re-

FIG. 8. Structure factor as a function @f for q,=2/D (upper
curves and gq,=3#/D (lower curve$. () shows the effect of
changingL, with constantL,=10* A and (b) shows the effect of
changingL, with constantL,=10* A. Solid lines are for 18 A,
dashed lines are for $0A, and dotted lines are for 20A. All
curves have been normalized to 1gat=0.01 A2,

gions where details of the domains are not important.

VIl. DETERMINATION OF THE FORM FACTOR

SinceS(q) is determined from the methods in the previ-
ous sections, we will now use E¢) to calculate the form

tween peaks, such ab+ %)q;, as shown in Figs. 6 and 7. factor F(q,), which is the qnly remajning unknown. As
Choosing two slices, both between successive peaks, doB8ted at the end of the previous section, because details of
not give sufficient contrast to obtain good parameter value§omain sizes and distributions are the most problematical
when noise is included. We have used more than gyo 9guantities to obtain precisely, it is appropriate to determine
slices to increase the accuracy of the determination of th€(dz) by analyzing data in regions ig where such details

parameters, but two slices suffice to illustrate the principle.@re unimportant. We have chosen to ugg) data for the
region 0.035<q,<0.040 A" ! where intensity data are also

strong enough to perform reasonable fits. For each value of
d,, F(g,) is chosen to provide the best overall fit to E4)
In Sec. IV the emphasis on the effect of domain sizes waén this g, range.
to find the scattering regions where the domain slzgand We have tested this method of findifgq,) using calcu-
L, had little effect so that the evaluation @f and¢ could lated data with added noise. As expected, the method works
be carried out independently as shown in Sec. V. We nowvell when one knowsy,, &, L,, andL,, precisely. Figure 9
turn to the scattering regions near and between the low-orda&hows the result of a more challenging test which supposes
peaks where the domain size has a large effect. This will givéhat an incorrect value df, andL, was obtained from the
us a method to estimate domain sizes. This procedure usesethod in Sec. VI. In this test the correct value of the form
the values ofp; and ¢ that will now be assumed to be de- factor isF=1 for all q,. Figure 9a) shows that the esti-
termined by the method of Sec. V. We cannot assume theatedF(q,) is quite good everywhere except very near the
values of the form factors(q,), so the method in this sec- diffraction peaks, even thoudh, was misset by a factor of 5.
tion will again focus on they, dependence of the structure Figure 9b) indicates that missetting, has a larger, more
factor but now at low values df, . systematic effect, but it is still confined to the vicinity of
Figure 8a) shows the dependence $fq;) onL, for two  each diffraction peak. We note that the valuesFoih Fig.
g, slices, one that goes through the=1 peak and one that 9(b) are consistently a few percent too high for most values
goes halfway between the=1 andh=2 peaks. We have of g, not near a diffraction peak, but such a uniform error is
chosen to normalize these curves to unitygat0.01 A1, unimportant since experimental intensities are relative. Since
which is the same value af, used for normalization in Sec. F(q,) is a smooth function on thg, scale of each of the
V, since there is little dependence $fon domain size for deviations in Fig. 9, one can easily interpolate accurate val-
g,>0.01. With this normalization the dependence&sainL,  ues offF(q,) for these regions where one expects the method
nearq,=0 is opposite for the tway, slices. Figure &) to be inaccurate.

VI. DETERMINATION OF DOMAIN SIZES
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The result for the form factor is shown in Fig. 10. It is
FIG. 9. Form factofF (q,) obtained by analyzing data calculated COmpared to a published form factor obtained for partially
with 7,=0.1, £=80 A, andL,=L,=10" A with calculations with ~ dehydrated MLV samples which was put on an absolute
(a) L, misset to 2000 A anb) L, misset to 2000 A. The true value scale[6]. The overall scale factor for the new form factor
is F(q,) =1 for all g, and the diffraction peaks occur g;=0.1h from the oriented sample is set to match the previous form
At factor in the first lobe region,<0.3 A~! where the MLV
results are most accurate. The new results become very noisy
VIIl. APPLICATION TO DOPC DATA for q,<0.15 A"! due to uncertainties in subtracting back-
ground which is higher for smatj, due to air scattering from
We have applied the analysis methods developed above the beam. The older results in the region of the third lobe
the data shown in Fig. 1. The instrumental resolution of thesg¢q,>0.44 A~!) were obtained with very few data with large
data was limited ta’q=0.001 A~* by the pixel size50 um statistical deviation§6]. The new results foE appear to be
of the CCD detector and its placemef@2 cm from the  more accurate in the highy region.
sample. The sample volume was effectively 3@m
X500 um and the latter length was convolved into the cal-
culations to fit the data. The small mosaic spread, estimated
to be less than one degree, was not included in the fit. It has always been attractive to study lipid bilayers
The results for the fluctuation parameters afe=0.08  stacked in oriented samples because they scatter more
+0.01 andé=59+2 A. The value ofp; may be compared strongly. Now that the vapor pressure paradox has been over-
with the valuer, =0.10+0.01 obtained from the analysis of come experimentally9,10], there is added motivation be-
peak shapes of unoriented fully hydrated MLV samiéls  cause these samples can be fully hydrated in the biologically
Using Egs(2) and(3) givesK.=0.73+0.04x 10 ?erg and  relevant fluid phase. However, the intensity is affected by a
B=6.0+0.7x 10" ergs/cn. This value ofk, may be com-  convolution of many factors. The analysis presented here
pared with a recent valu&.=0.85+0.1x10 '* erg ob-  shows how to extract both the parametrs and B from
tained using the aspiration pipette method on giant unilamelx-ray scattering data from such samples in the fluctudtipg
lar vesicles at the lower temperature of 18[4]. The value  phase. These parameters appear in the fluctuational free en-
of B has not been previously obtained for fully hydratedergy that has previously been shoW®2,28,4 to describe
DOPC, but the new value generally agrees with the range giowder samples; however, only one of the parameters could
values reported for egg lecith[i28]. be obtained from the powder data. Being able to obtain both
The results for domain sizes ate,=0.18 um andL, parameters will enhance future studies of the basic interac-
=0.5 um. The thickness of the sample on the curved glassions between lipid bilayers in which the osmotic pressure
substrate is at most 1@m, so the value of., appears rea- will be varied systematically to obtai® as a function of the
sonable. We expected a larger size lfgr. It is noteworthy, distance between bilayef8,2,28.
however, that, is still considerably larger thaé andL, is Our analysis shows how to obtain the continuous form
considerably larger than the interbilayer water spacing ofactor F(q,) in a way that is not very sensitive to uncertain-
0.0025um, so a theory of long-range fluctuations is appro-ties in determining domain size. Previous determinations of
priate for this sample. the continuous form factor using powder samples relied on

IX. CONCLUSIONS
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only a few orders from many samples, each with a differeninclude mixtures of lipids, sterols, or antibiotic peptides in

D. In contrast, the results in Fig. 10 come from just onethe biologically relevant, fully hydrated state.

sample. The relative wealth gfspace data in Fig. 10 raises

geyerql possibilities for obtaining electron dgnsﬂy p'rof|les for ACKNOWLEDGMENTS

lipid bilayers. In a subsequent paper we will consider some

of these possibilities, employing(q,) results that we hope We are grateful to Dr. Ernie Fontes for getting us started

will extend to even higheq, . with the CCD detector and the D-line at CHESS, which is
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