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Determination of the Hydrocarbon Core Structure of Fluid
Dioleoylphosphocholine (DOPC) Bilayers by X-Ray Diffraction Using
Specific Bromination of the Double-Bonds: Effect of Hydration

Kalina Hristova and Stephen H. White
Department of Physiology and Biophysics, University of California, Irvine, California 92697-4560 USA

ABSTRACT Changes in the structure of the hydrocarbon core (HC) of fluid lipid bilayers can reveal how bilayers respond to
the partitioning of peptides and other solutes (Jacobs, R. E., and S. H. White. 1989. Biochemistry. 28:3421-3437). The
structure of the HC of dioleoylphosphocholine (DOPC) bilayers can be determined from the transbilayer distribution of the
double-bonds (Wiener, M. C., and S. H. White. 1992. Biophys. J. 61:434-447). This distribution, representing the time-
averaged projection of the double-bond positions onto the bilayer normal (z), can be obtained by means of neutron diffraction
and double-bond specific deuteration (Wiener, M. C., G. I. King, and S. H. White. 1991. Biophys. J. 60:568-576). For fully
resolved bilayer profiles, a close approximation of the distribution could be obtained by x-ray diffraction and isomorphous
bromine labeling at the double-bonds of the DOPC sn-2 acyl chain (Wiener, M. C., and S. H. White. 1991. Biochemistry.
30:6997-7008). We have modified the bromine-labeling approach in a manner that permits determination of the distribution
in under-resolved bilayer profiles observed at high water contents. We used this new method to determine the transbilayer
distribution of the double-bond bromine labels of DOPC over a hydration range of 5.4 to 16 waters per lipid, which reveals
how the HC structure changes with hydration. We found that the transbilayer distributions of the bromines can be described
by a pair of Gaussians of 1/e half-width Ag, located at z = *=Zg, relative to the bilayer center. For hydrations from 5.4 waters
up to 9.4 waters per lipid, Zg, decreases from 7.97 + 0.27 At0 6.59 = 0.15 A, while Ag, increased from 4.62 + 0.62 At0 5.92 =
0.37 A, consistent with the expected hydration-induced decrease in HC thickness and increase in area per lipid. After the
phosphocholine hydration shell was filled at ~12 waters per lipid, we observed a shift in Zg, to ~7.3 A, indicative of a distinct
structural change upon completion of the hydration shell. For hydrations of 12-16 waters per lipid, the bromine distribution
remains constant at Zg, = 7.33 * 0.25 A and Ag, = 5.35 + 0.5 A. The absolute-scale structure factors obtained in the
experiments provided an opportunity to test the so-called fluid-minus method of structure-factor scaling. We found that the
method is quite satisfactory for determining the phases of structure factors, but not their absolute values.

INTRODUCTION

The physical state of a fluid J-phase lipid bilayer is mir-  structural changes, induced in the present case by changesin
rored by the organization and motions of the acyl chainshydration.

comprising its hydrocarbon core (HC). This is clearly re- Double-bonds in phospholipid acyl chains cause bilayers
vealed by the decreases in HC thickness (Levine antb be in a fluid state at biologically relevant temperatures
Wilkins, 1971; Torbet and Wilkins, 1976) artH-NMR [reviewed by Small (1986)], especially when located in the
alkyl-chain order parameters (Boden et al., 1991; Koenig emiddle of the chain (Barton and Gunstone, 1975), which is
al., 1997) that accompany increases in hydration. Similathe usual case for naturally occurring monounsaturated
effects are seen when peptides partition into bilayer interphospholipids. For DOPC bilayers at 66% relative humidity
faces and thereby increase the area per lipid (Jacobs af@H) (5.4 waters/lipid), Wiener and White (1992) showed
White, 1987, 1989; Wu et al., 1995). Measures of the structuréhat the transbilayer distribution of the thermally disordered
of the HC are thus useful for understanding molecular interdouble-bonds provide a measure of the thickness of the HC
actions that depend upon the structure and stability of bias well as its thermal disorder. This distribution, defined as
layers. We show here that x-ray diffraction measurements oihe time-averaged positions of the double-bonds projected
the transhilayer distribution of bromine-labeled double-0n to the bilayer normal, was determined exactly by neutron
bonds in 1,2-dioleoysnglycero-3-phosphocholine (dio- diffraction using DOPC specifically deuterated at the dou-
leoylphosphocholine; DOPC) bilayers provide a usefulble-bonds (Wiener et al., 1991) and approximately by x-ray

measure of HC structure that is remarkably sensitive tdliffraction using DOPC specifically brominated at the dou-
ble-bonds of then-2 chain (Wiener and White, 1991c). The
latter distribution differs from the true one only by being
: — o slightly broader 0.7 A) due to the size of the bromines.
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aroyl)sn-glycero-3-phosphocholine (OBPC) over a hydra-structure. In contrast, the unit cell of the liquid-crystalline
tion range of 5.4 to 16 waters per lipid. We show that thebilayer is so highly thermally disordered that only a few
transbilayer distributions of the bromines over the full rangediffraction orders are possible (typically, ., = 5-10) be-

of hydration can be described by a pair of Gaussian funceause the atoms are smeared together into large quasimo-
tions of 1/e half-widthAg, located atz = *+Zg, relative to  lecular clusters with spatial extents of 5-10 A. Such unit
the bilayer center, and that these distributions are sensitiveells are intrinsicallylow-resolution structures. However,
measures of the state of the HC. no matter what the intrinsic resolution of a unit cell is,

This work is part of an ongoing investigation of the use of collection of all of theh,,,, diffraction orders will produce
so-called “liquid-crystallography” (Wiener and White, afully resolved(accurate) image of the structure. For high
1991a, b) for the determination of the structure of liquid-thermal disorder, the image will be a fuzzy one. Neverthe-
crystalline bilayers using refinement methods commonlyless, an accurate image of the fuzzy structure can be
used in protein crystallography [reviewed by White andobtained.

Wiener (1995, 1996)]. Therefore, an additional goal was to The collection or analysis of fewer than the,, possible
extend the liquid-crystallographic method to high hydra-diffraction orders will result in arunder-resolvedinaccu-
tions where its application can be problematic (see below)rate) image of the structure [see Wiener and White (1991a)].
The structural images of fluid bilayers obtained by liquid- Two types of disorder, orientational and lattice, can lead to
crystallography account for all of the mass of the unit cellunder-resolved images of fluid bilayers. If lipid multilayers
by subdividing the phospholipids and water within it into a are highly oriented, i.e., the bilayer lamellae are flat and
series of “quasimolecular fragments” (King and White, their normals are coincident, the diffraction peaks are es-
1986) such as the carbonyls, phosphates, cholines, etc. Tkentially images of the incident x-ray beam so that the
“structure” of each fragment consists of the time-averagedignal-to-noise ratio is maximized. But, if the multilayers
projection of the three-dimensional motion of the fragmenthave a range of orientations, i.e., the bilayer lamellae are
onto the bilayer normal. Because of the central-limit theo-curved, the diffraction peaks will be smeared into arcs
rem (Barlow, 1989), these projections are invariably Gaus{circles in the case of completely random orientations such
sian distributions, as observed experimentally (Wiener eas in simple multilamellar dispersions). This smearing can
al., 1991; Wiener and White, 1991c). The complete bilayereduce the high-order diffraction peaks to below the noise
structure consists of the full set of these distributions. In thdevel and thereby caudg,.to be smaller thai,,,,. Typi-
present work, we have determined only one of these distrieally, orientational disorder can caubg,s ~ h,,5/2 for
butions, the double-bonds. randomly oriented samples. Lattice disorder also can reduce

Liquid-crystallography was originally developed using the number of observable diffraction orders because the loss
experimental data from highly oriented lipid multilayers of spatial coherence leads to a progressive broadening of
that form nearly perfect one-dimensional lattices at lowdiffraction peaks as increases (Hosemann and Bagchi,
hydrations. At high hydrations, orientational disorder, ther-1962). High lattice disorder can therefore cause the inten-
mal motion, and membrane undulations (Sirota et al., 1988sities of high-order peaks to fall below the noise level. For
Nagle et al., 1996; Zhang et al., 1996) can decrease thieighly oriented samples, one must therefore establish that
number of observable diffraction ordehg,, and thereby h, o = h,,.x in order to be certain that a structure is fully
limit the use of the method (Wiener and White, 1992).resolved. This can be done by measuring the widths of the
Indeed, we found in the course of the present studies thatiffracted peaks as a function bfprovided that the x-ray
h,ps dropped from 8 at 5.4 waters/lipid to an impractical 3 optics are not limiting [see Wiener and White (1991a)].
orders for more than 16 waters/lipid. A modification of the Even then, there is the possibility of the existence of high-
original x-ray data-scaling method (Wiener and White,order structure factors that cannot be detected because they
1991c), described in detail in Methods, allowed determinaare below the noise level of the detector (Wiener and White,
tion of the distribution of the bromine labels with as few as1991b). The Monte Carlo refinement procedure of Wiener
4 orders of data. and White (1992) accounts for this possibility.

For perfect crystals, one’s ability to resolve the atoms of The above discussion shows that liquid-crystallography
the unit cell is limited only by the thermal motions of the can be problematic at high hydrations because the combined
atoms which are taken into account in the refined structuragffects of orientational and lattice disorder can cayge<
model by means of the Debye-Waller formalism (Warren,h,,.. The primary cause of lattice disorder in bilayer sys-
1969). These thermal motions limit the number of diffrac-tems at high hydrations is likely to be undulations (Helfrich,
tion orders that can be observed to a value defindd,gs  1973) if the lamellae are sufficiently flexible (Sirota et al.,
The characteristic spatial extent of thermally disorderedl988). Unlike the thermal fluctuations, which occur relative
atoms or small clusters of atoms is approximatefly,,.., 1o a bilayer's mean position, undulations are fluctuating
where d measures the unit cell size (Wiener and White,whole-body motions of the bilayers. Besides introducing
1991a). For example, atoms smeared over a spacok lattice disorder, they can cause an additional smearing
in a bilayer unit cell witnd = 50 A will produce~25 orders  (broadening) of the Gaussian distributions that describe the
of diffraction (Sakurai et al., 1977; Suwalsky and Duk, thermal motion of the quasimolecular fragments. The pres-
1987). Such a unit cell is intrinsically high-resolution ence of undulations is detected through high-resolution
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measurements of the shapes of the diffracted intensities-dissolving the DOPC/OBPC lipid mixtures in chloroform as for ori-
(Sirota et al., 1988; Nagle et al., 1996; Zhang et al. 1996)_ented samples. Most of the chloroform was removed under a stream of

: itrogen and the remainder by lyophilization. The dehydrated lipid mix-
Such measurements were not feasible for the present WorFu'res were then incubated in buffer (0.1 M NaCl, 10 mM HEPES, pH 7)

As an alternative, we used a simple modeling approach t@hixed with PVP solution for several days at 4°C. The osmotic pressures of
examine the likelihood of undulations being the cause of thevp solutions and their corresponding relative humidities are known
reduction inh,,. at higher hydrations. The analysis, pre- (Parsegian et al., 1986). To assure complete equilibration, the lipid sus-
sented in the Discussion, indicates that undulations are n@pnsions were periodically vortexed and cycled through the DOPC main

a serious problem over the range of 5.4 to 16 waters/lipidP3s ransition temperature 6f20°C (Barton and Gunstone, 1975) at
least five times. The lipid/PVP suspensions were sealed in 1-mm glass

x-ray capillary tubes and mounted on the goniometer head. Exposure times
varied between 12 and 24 h. Data suitable for scaling were collected for
nominal PVP concentrations of 60, 50, 40, and 30% (w/v), corresponding
to hydrations of 12.0, 13.6, 14.2, and 15.9 waters/lipid, respectively (Mcln-
tosh et al., 1989).

DOPC and OBPC were purchased from Avanti Polar Lipids (Alabaster,

AL). Purity of OBPC was determined by elemental analysis to-198.9%

(Microlit Laboratories, Madison, NJ). Polyvinylpyrrolidonk, = 40,000 Sample degradation
(PVP) with an average molecular weight of 40,000 and intrinsic viscosity

of 28-32, designated as PVP-40, was purchased from Sigma Chemical C§2mple degradation was monitored by TLC. For typical exposure times of
(St. Louis, MO). 1-2 days, no degradation was detected. Furthermore, no systematic differ-

ences in the line widths or integrated intensities were observed between
samples of the same hydration.

MATERIALS AND METHODS

Materials

Sample preparation

Oriented samples Collection of x-ray intensities and

Oriented samples were prepared on curved glass substrates using methddegration of peaks
adapted from Franks and Lieb (1979), Jacobs and White (1989), an
Wiener and White (1991c). Appropriate aliquots of DOPC and OBPC with
a combined mass of2 mg were mixed in chloroform to achieve a desired
molar ratio. Methanol was added to the solution to obtain a GI&OH
volumetric ratio of 1:1 and the solution vortexed. The widest part of a
ig mm,?/lvzsssg(ut”\i/vyitﬁaglgzrsy;?cﬁi;frsc::ﬁzetrhgr?.r%,:s:f:c’i '\(;Ir?)thglzﬁaefiec: -1000 xenon-filled area detector with position decoding circuit and

a rotary vacuum-evaporator motor that spun the tube about its long axis %E;I't"?e datattdlsplay. A d'SP"t"‘y?d dat_a frta:jne cgn&stgd otf té/plcal Iallmellr?rt
~140 rpm during sample application. The lipid solution was applied ifiraction patterns appropriate for oriented and unoriented samples tha

dropwise with a 25ul syringe (Hamilton Co., Reno, NV) on the outer consisted of curved arcs around th@xis with lamellar spacings along the

surface of the rotating tube to obtain a uniform layer. Spinning of the tubeze radial. The initial processing of the data from the position decoding

continued until most of the solvent had evaporated. All traces of the soIvenﬁf"CU'St v]:/tas perfGo'ro\rrlsegSusEg the ilzmtens Ctaenelralzé’\re; Eze;ecto(; Diffrac-
were removed under vacuum. The sample was placed in a custom-ma&I n Software ( )- For each data set analyzkg, weage-

sample chamber with two thin beryllium windows adapted to a smallsh atped Setcrrors were cgosen mjlrlua”y'to IrlcludtT the cti;]ffracted mftet?]smes
goniometer. The relative humidity (RH) inside the chamber was controlled"at were then summed aroun feaxis (i.e., along the arcs of the

by saturated salt solutions (O’'Brien, 1948; ASTM Standards, 1952) indlffraCtlon peaks) using the GADDS *bin" method. The result of the

small tubes adjacent to the sample. The chamber has two valves that aIIo\L/Jr\'/t?grattr']c_m IS th‘; tOtalhdlffrscted lintetnsnty vefrsuts th;e Bt:atghg qngﬂ:e,dz g
it to be flushed with an inert gas (argon or helium) to prevent lipid sing this procedure, the observed structure factors for both oriented an

oxidation. To assure equilibrium before mounting the sample in the x-rayunoriented samples are given by
Y T
f(h) = \I(WA(h)h @

g(-ray diffraction experiments were performed with Ni-filtered Cuka-

diation on an 18 kW Siemens (Madison, WI) rotating anode x-ray gener-
ator operated at 38 kV and 40 mA (1.52 kW). The beam was collimated
and focused at the 2D detector array using double-mirror optics (Charles
Supper, Natick, MA). Diffraction patterns were recorded on a Siemens

beam, the entire chamber with valves open was placed in a sealed container
containing a large volume of saturated salt solution. After the sample was
equilibrated overnight under argon, the jar was opened, the valves were . ) ) . .
quickly closed, and the chamber mounted on the main goniometer head'here 1(h) is the intensity of thenth peak andA(h) is the absorption
X-ray exposure times were between 12 and 24 h. The sample tube waPTection (see below).

arranged such that the incident x-rays were tangent to the curved surface of FOF oriented samples tt:e mosaic spreads never exceeded 30°, but were
the oriented multilayer at a glancing angle so that all of the lamellargenerally much smaller, 5° or less. Very long exposures demonstrated that

diffraction orders could be recorded at a fixed valueof With this ~ [OF oriented sampleBg,s = Mo, Because the first-order peak was much

geometry, most of the wide-angle diffraction is absorbed by the glasSt'onger and wider due to its very high intensity, the integration was
substrate (Wiener and White, 1991c). Data suitable for scaling werd€rformed in two steps. The intensities were first integrated around the
collected at relative humidities of 76, 86, and 93% [concentrated salix-axis for a wide sector containing all the diffracted intensity to be certain

solutions (ASTM Standards, 1952) of NaCl, KCI, and #HPO,, respec- that all of the very intense first order was collected. For this wide sector,
tively] corresponding to hydrations of 6.2, 7.7, and 9.4 waters/lipid (McIn- the high-order peaks were lost in the noise because of the long length of the

tosh et al., 1989). Data for 66% RH (5.4 waters/lipid) were available fromintégration path. The sector was then changed to accommodate only the
the work of Wiener and White (1991c). high-order peaks; thg-axis integration was performed on a segment that

did not include the first order and was much narrower. This reduced the

amount of background included in the integration so that even the highest-
Unoriented samples order diffraction peaks could be easily detected above the noise level. The

internal consistency of the two integration procedures was verified by
Mechanically stable oriented bilayers could be deposited on a substrateomparing the integrated intensities of the relatively strong 3rd- and
only at low hydrations (up to 93% RH, 9.4 waters/lipid). At higher 4th-order peaks, which could be analyzed by either method. The intensities
hydrations, unoriented lipid suspensions were used. They were prepared lagreed within experimental uncertainty.
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For unoriented samples, as expected, the integrated intensities did néfom atomic nuclei rather than electrons). Furthermore, in the composition-
depend on the width and the orientation of the integration sector. Howeverspace refinement method that combines x-ray and neutron data (Wiener
no more than four orders could be seen for unoriented samples in PVEnd White, 1991b; Wiener and White, 1992), the transbilayer probability
solutions. Bulk samples prepared to have hydrations corresponding to thogistribution functions of the quasimolecular fragments are mapped to x-ray
of 66 to 93% RH also gave only four diffraction orders because the weakand neutron scattering-length spaces by simply scaling them by the scat-
high-order peaks were spread over a larger detector area and consequertdying length,b. We have thus adopted the convention of using x-ray or
had lowered signal-to-noise ratio (see Discussion). neutron scattering-length density rather than electron density (Wiener and

After the y integration, thé(26) peaks were analyzed using the software White, 1991b; Wiener and White, 1992). X-ray scattering lendiQs
package Origif® (MicroCal, Inc., Northampton, MA) in the following  (units: 10 *2 cm) are obtained from the atomic numherusing by, =
way: first, the peaks were deleted, leaving only the background, which wagmc/e?)n.
then fit with a polynomial function. This fitted background was subtracted ~ The absolute scattering-length dengifg) along the bilayer normais
from the original data leaving only the diffraction peaks. The peaks weregiven by King et al. (1985) and Jacobs and White (1989):
integrated in Origif® using two different methods: numerical integration

of the areas under the peaks or by fitting Gaussians to the diffraction peaks N
; ) i ) 21 27hz
and integrating analytically. The average of the two areas given by the two 7) = 4+ —— f(hycod —— 3
i : ) p Po
methods yieldedi(h) for use in Eq. 1. The difference between the two areas K h1

was usually smaller than the estimated uncertainty of the intensity calcu-

lated from (peak area background)”. The experimental uncertainties of where thef (h) are the measured structure factors in arbitrary ukKits,the
orlentgd samples at 76% R_H were typical of those observed for a”instrumental constand, the Bragg spacingy, the average scattering-length
experiments: 0.1% for the intense 1st-order peak, 2% for the Strongjensity of the unit cell, antll the highest observed diffraction order.
4th-order, and 20% for the very weak 2nd-order. Equation 3 assumes that the volurtg &nd composition of the unit cell
are known.V = S- d whereS is the area/lipid. Becauss is often not
immediately available, we have adopted the so-called relative absolute
scale (Jacobs and White, 1989),par-lipid scale, that describes scattering
Some of the incident and diffracted x-rays are absorbed during passa%ensny on a per lipid molecule basis. This is done by simply multiplying
through oriented samples. The lower orders follow longer total paths andPoth sides of Eq. 3 b which yields what we call the “scattering density”
therefore have the larger correction factors. For oriented samples, thi!nits: scattering-length/length)

adsorption correction is given by Wiener and White (1991c):

Absorption corrections

212 2mhz
[t P*@ = po+ 4 2 flhicog — )
A(h) = exp(2ur sin0) | exp(—2ul(r + &)? h=1
0 wherep*(2) = p(2)S ph = poS andk = K/S With these definitions, the
_ (I’ cos 9)2]1/2)d§ (2) relative absolute structure factors are givenmiyh) = f(h)/k.

where is the Bragg angle,®sin 6 = hA, andu is the linear absorption

coefficient of the lipid. In our experimenis varied from 8 to 14.2 cm*. Scaling principles

The film thickness,t, was estimated to be in the range 10-2fn,

depending on the weight of the samplgth) varied from 1.1 for pure The average scattering densitf; of the unit cell is obtained from the
DOPC to 1.3 for 1:1 DOPC:OBPC fdr = 1. For unoriented samples no scattering lengths of the molecules within the unit cell by means of the
adsorption correction was necessary, so &{&) = 1. equation (Jacobs and White, 1989)

2
*— "
Scaling of structure factors po = g (Muby, + byp) (5)

The experimental structure factoir¢h) from a given experiment depend \yheren  is the number of waters/lipidy,, the water scattering length, and
upon the amount of sample in the beam, precise geometry of the sampl%ﬁp the scattering length of a single lipid molecule.

beam intersection, x-ray beam intensity, and other experimental conditions.™ oq noted earlier scattering density profiles constructed fromf thi

The true (absolute) structure factoFsi(h), are determined solely by the  4ione yield arbitrary fluctuations of the scattering density around the mean
scattering factor of the unit cell. The experimental structure factors ar ajyep¥ The scale factok scales the amplitude of these fluctuations to the
related to the true structure factors bh) = KF*(h), in whichK'is the  ¢jative absolute fluctuations. It is determined by introducing a strongly
instrumental constant. Fourier reconstructions of bilayer scatterlng—Iengtlgcattering “label” (e.g., bromine) of known scattering length into the unit
or ele_zctron density _profiles yield only arbitrary fluctuations of scattering g without changing the unit cell structure (isomorphous replacement)
density along the bilayer normal fi(h) rather tharnF*(h) is used. Deter-  anqg then determining the so-called difference structure. In the present
mination of the instrumental constant allows one to relate the scatte”“%xperiments we labeled the double-bond of $he® chain of DOPC with
profiles obtained in diffraction experiments to the actual contents and, promines to produce OBPC (see Materials) which is isomorphous with
molecu.lar packing of the bilayer unit cell. .To do _thls, .one must 1) popc (Wiener and White, 1991c). In general, one replaces a fractibn
determine the true mean value of the scattering profile using the compog,e popc with OBPC that has scattering lenbjh + 2bg, wherebg, is

sition of the unit cell, and 2) calibrate the fluctuations around this meany,q scattering length of bromine. Using Eq. 4, the average scattering
value (Franks et al., 1978; Wiener and White, 1991c). This is done by 3ensity of the unit cell becomes

scaling procedure (Wiener and White, 1991c) summarized below.

2
o(X) = + by, + 2xbg, 6
The relative absolute scale Po(X) d (Nwby + by bg,) (6)

Absolute bilayer profiles determined by x-ray diffraction are frequently  In the simplest difference-structure experiment, one determines the
reported in units of electronsfAbut we prefer scattering-lengthie- structure factor$(h) of a pure DOPC bilayer and the structure facts)
cause electron density is not relevant to neutron scattering (neutrons scattef bilayers containing a fractiorn of OBPC. If the instrumental constakt
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is exactly the same in the two experiments, then, from Eq. 3, the differencare isomorphous, the absolute structure factors for a bilayer with fraction
structure is given by x of OBPC will be

L Fi(h) = xFx + (1 — x)Fg (11)

2 N
* — * e — I
AP (Z) - APO + d k E[fx(h) f(h)]co d (7) Fi(h) and Fg(h) comprise the basis-set structure factors from which the
h=1 structure factor&}(h) can be generated. Howevei, (h) andFg(h) are not

required to be pure DOPC and OBPC. In our case, they were DOPC and

whereAps = 2xbg,. The difference structurdp*(2) describes the trans-  1:1 pOPC/OBPC.

bilayer distribution of the bromines and hence the double-bonds. The From the several sets of experimental structure factors with unnormal-

instrumental constant can be determined if there are regions of the unit celized instrumental constants, the method of Wiener and White (1991c)

such as the water region, that are never visited by the bromines. At angstablishes a set of self-consistent internally normalized instrumental con-

pointz that is free of bromineAp*(z) = 0. Hence, stants such that Eq. 11 can be written
f(h)  fa(h) fa(h)
21 2mhz T g A —x 2
~2xt, = 5y i~ fivleod 7] @) K Xk U (12
h=1

The scattering density profilgs, (2) andp(2) can be calculated from Eq.
from which k can be determined. 4 using the appropriate structure factors of Eq. 12. These “basis” profiles
The transhilayer distribution of the double-bonds (bromines) is de-are connected through the simple relationship

scribed by a pair of Gaussian distributions of 1/e half-widlth located at
2= 7y pa(2) = ps(@) + p&:(?) (13)

2xbs 72— Z.\2 74 Zo\2 where pg,(2) is the scattering density profile for the bromines. If the
r {ex%_< Br) ] + exp[ _( B’) :|} profiles are fully resolved, the two experimental const&ntandkg can be
ABr \/;T ABr ABT

determined from the system of equations
9)
pa(z) = p(z)

The parameters of the Gaussians can be determined by using nonlinear " . (14)
least-squares analysis by noting that the Fourier transformation of Eq. 9 Pa2) = pB(ZZ)

yields structure factors that must be equal to the experimentally determined ) ) ) )
structure factors (Wiener et al., 1991). That is wherez, andz, are points remote from the bromine scattering peaks in the

water region where the profiles can be made to overlap by the proper
1 choice of instrumental constants.
=[f.(h) — f(h)] = AF%(h) The Wiener-White scaling procedure is built upon Eq. 14. For profiles
Kk that are not fully resolved, however, this procedure becomes inaccurate
(10) because of Fourier noise. Shown in Fi ine-
. gB4for example, are bromine
= 2xbg, exp(—[7Agh/d’)cog2mhZ,) distribution difference structures obtained for 14.2 waters/lipid from an
unoriented sample with,,s = 4. In the water region, roughly from 20 A
to d/2 from the bilayer center, the Fourier noise is substantial and causes
Scaling procedures thek, andkg to depend on the choice af andz,. Although the difference
profiles always yielded two Gaussians centeredz at +Zg, with 1/e
Although the principles of the scaling of the experimental data are simplenalf-width Ag,, the Gaussian parameters also depended on the chaige of
experimental reality introduces complications. One must actually examineind z,. In the modified procedure we took advantage of the fact that the
a number of samples with different fractions of OBPC in order to assuredouble-bond profiles are invariably Gaussian, as shown by Wiener and
that OBPC is isomorphous with DOPC for all hydrations. If the difference white (1991c). That being the case, a fully resolved bromine profile will be
structure factorsAF5(h) are linear inx, then the replacement is isomor- described in real and reciprocal space by Egs. 9 and 10, respectively. If Eq.
phous. An additional advantage of this procedure is that it averages out is rewritten in terms of the basis structure factors, it can be combined with
random error. The difficulty is that the amount of sample in the beam,Eq. 13 to yield
beam intensity, etc., are different for eacko that each experiment has its
own instrumental constaiy. Wiener and White (1991c) have described in N
detai . . . I 2 fa(h)  fy(h) 2mhz
etail a procedure for scaling multiple data sets that involves, in simple = E — 27 AF* (h) co =0 (15)
terms, re-scaling the structure factors so that the data sets are described by d Ky Ky Br d
a set of internally consistent experimental constants. Their analysis indi-
whereAFg,(h) is AF%_,(h) of Eq. 10. The cosines are linearly independent
and the sum will be zero only if all coefficients in the brackets in front of

cated, based upon the availability laf, = h,,., = 8 diffraction orders,

that the multiple-data-set scaling could be accomplishedhfr = 3. In

the present experimentsy,s < My, for the high-hydration experiments e osines are zero. This results in the system of linearly independent
using unoriented samples. The practical scaling difficulty encountered as Bquations

result was that the Fourier reconstructions (Eq. 4) are under-resolved and

Ap*(2) =

h=1

thus show so-called Fourier noise (Gibbs, 1898a, b). (An example is shown fa(h)  fg(h)
in Fig. 4 B.) The principle of calculating the instrumental constant de- . =Fg(h), h=1... hgs (16)
scribed in the discussion of Egs. 7 and 8 requires that there;eravhich A ke

Ap*(z) = 0. Finding such values df is easy if a scattering density profile .
is fully resolved, but difficult in the presence of Fourier noise because theBy Eq. 10, one can thus write
profiles do not smoothly superimpose in the bromine-free regions. ThqA(h) fB(h)
following modification to the approach of Wiener and White (1991c) — = 2bg, exp(—[q-rAB,h/d]z)cos(thZBr),
allows one to scale multiple data sets provided thgt = 4. A kg

Let the relative-absolute structure factors of pure OBPC bilayers be
F(h) and those of pure DOPC bilayers Bg(h). Because the two bilayers h=1... hos

(17)
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Such a system offi,,,; equations is obtained for each hydration studied. 10 T T T T T
Equation 17 takes advantage of the fact that one does not mggd A h=3 |
difference structure factors to determine the parameters of a Gaussian
distribution because the computed and measured difference structure fac‘\-l 0
tors will always agree ifi,,s = 4 [for an example, see Fig. 2 of Wiener et = s we\‘h:f 4
al. (1991)]. Moreover, the first four structure factors are usually the 10 _
strongest, and the experimental error in their determination is small. Given
a series of measurdgh) for a particular hydration, Egs. 11, 12, and 17 and
the general optimization procedure of Wiener and White (1991c) can be
used to determine simultaneouskk, kg, Ag,, and Zg.. The specific
computational protocol is as follows:

20 -

30 F -
1. The set of Egs. (12) is used to linearize all the observed structure factors
f. This process yields the instrumental constants for the mixtures of A
and B as a function of the scaling constants for A and B and thus places  -40 | -
all the data on an internally consistent scale (but not an absolute scale). 1 L ] A ] ) ] . ] ) ]
In addition, the linear regression procedure included in the linearization 0.0 0.1 0.2 0.3 0.4 0.5
yields the “best” statistical estimafg(h) of the structure factors for a 5
particular fractionx of OBPC. B _
2. Using the set of Eqgs. (17) and the values,gh) andf(h) obtained in -2
step 1K, Kg, Ag,, andZg, are determined in a single computational step 0
by “gluing” the two profiles, pi and pg, in reciprocal space. The
procedure is accurate provided that there are at least four orders of
diffraction and that all the intensity under each peak is collected (see
Discussion). The determination kf andkg yields the relative absolute
structure factords (h) andfs(h).
3. The instrumental constankg, the relative absolute structure factors
* = flk,_and their best estimatds = f/k_are determined using Eq.
12 while keepingk, andKkg fixed.

Structure Factor x 1
>
I
-

HH
HO| —
M
HH
o O

12

Kt
o
K

210 -

Structure Factor x 10

The results of this protocol are illustrated in Fig. 1, where we present the
results of the scaling of the structure factors obtained for six valur$oof
one particular hydration (86% RH, 7.7 waters/lipid). The data points are the
observed relative absolute structure fact®tsThe F* are found from the 0.0 0.1 0.2 0.3 0.4 0.5
parameters of the best-fit straight line passing through the points. Data such Mol Fraction OBPC
as these were obtained for six valuesédr each hydration. The error bars
are optaingd from the statistical uncertainties of the int(igrated intensities q‘l—(IGURE 1 Relative-absolute structure factors as a function of mol frac-
the diffraction peaks taken as (peak aredackground)” tion of OBPC in oriented OBPC/DOPC bilayers for one particular hydra-
tion (86% RH, 7.7 waters/lipid). Individual points are the relative absolute
structure factors that are related to the arbitrary measured structure factors
by instrumental scale factors. The error bars are obtained from the uncer-
tainties in the integrated diffraction peaks. The solid lines are derived from
We used the Monte Carlo method of Wiener and White (1992) to estimatdhe self-consistent it to all the data by means of Eq. 12. The values of the
the experimental uncertainties Af,, Zs,, k., andkg. Specifically, Gaus-  Solid lines at a given mol fraction OBPC are the best estimates of the
sian-distributed noise with a standard deviation equal to the experimentdflative absolute structure factofs;(h).
uncertainty in the structure factors was imposed on observed structure
factors to produce 10 sets of pseudo structure factors for each hydration.
For each of these 10 sets, the entire scaling procedure was performed gomal suspensions in 60% to 5% PVP solutions (12-26.1
order to obtain 10 different estimatesAyf, Zg,, ks, andks whose standard Waters/Iipid) Containing from 0 to 50 mol % OBPC (SiX
deviations from the mean were taken as estimates of the uncertainties. different values for each hydration). As summarized in

Table 1, the transbilayer bromine (double-bond) distribu-

X-ray phase determination tions were determined only over the hydration range of 5.4
Specific labeling with bromine allows the determination of the phases ofj[O 15.9 WaterS/|IpId because t_he Sca“_ng procedure described
the x-ray structure factors (Franks et al., 1978). All the terms in Eq. 10N Methods could not be applled outside that range. For low
except the cosine term are positive-definite, and the sign of the cosinflydrations (3-5 waters/lipid), the incorporation of OBPC
depends o andZg,. Thus, the determined value &, defines the phases  |ed to the appearance of two satellite off-axis peaks between
(signs) of F (h). The phases of the structure factors were already deterihe 3rd- and the 4th-order lamellar peaks, indicating that
mined for 66% RH (Wiener and White, 1991c). To scale the data, WeQBPC/DOPC biIayers were not isomorphous with DOPC

assumed initially that the phases of the observed structure factors do not, : e .
change with hydration. This proved correct because for each vahdtes  Dilayers. For hydrations above 16 waters/lipid, the sgallng
slope ofF,(h) was in a direction consistent with the determing. could not be performed because too few orders of diffrac-

tion could be observedhf,. = 3). The measured Bragg
RESULTS spacings for five or more waters/lipid did not depend upon
the mol % of OBPC at any hydration used, consistent with
We examined oriented DOPC multilayers equilibrated atisomorphous replacement. Fig. 2 shows the Bragg spacing
34% to 93% RH (3-9.4 waters/lipid) and unoriented lipo-of DOPC bilayers as a function of the number of water

15 -

Estimates of experimental uncertainties in
Gaussian parameters



Hristova and White Hydrocarbon Core Structure of Fluid DOPC Bilayers 2425

TABLE 1 Summary of experimental results for x-ray diffraction measurements on DOPC multilamellar bilayers including the
Gaussian parameters for the transbilayer distribution of the double-bond determined using bromine labeling of the double-bond
in the sn-2 chain

Hydration d = s Zg, + sd Ag, = sd** Ac_#

Condition* WL A hopd R A) A) VIR + sdx 10°%
34% RH 29 48.4- 0.5 8 n/d" n/d n/d n/d
44% RH 35 48.4- 0.5 8 n/d n/d n/d n/d
52% RH 4.1 49.1+ 0.5 8 n/d n/d n/d n/d
66% RH 5.4 49.1- 0.4 8 7.97+0.27 4.96* 0.62 4.29 9.4+ 0.8
76% RH 6.2 49.1+ 0.5 6 7.33=0.18 5.16x= 0.77 4.52 8.6- 1.9
86% RH 7.7 49.8+ 0.5 6 7.18*+ 0.15 5.46= 0.50 4.86 8.8 15
93% RH 9.4 49.8- 0.5 6 6.59+ 0.15 5.92+ 0.37 5.37 7.1+ 0.8
60% PVP 12.0 50.5 0.6 4 6.61* 0.17 5.66= 0.58 5.08 8.2-11
50% PVP 13.6 52.5 0.5 4 7.43= 0.10 5.48+ 0.31 4.88 8.8 0.5
40% PVP 14.2 53.3 0.7 4 7.27£0.19 5.20+ 0.35 4.57 8.2+ 0.7
30% PVP 15.9 53.5 0.6 4 7.27=0.13 5.36x 0.23 4.75 7.9t 0.3
25% PVP 18.2 55.8 0.5 3 n/d n/d n/d n/d
20% PVP 19.3 57.@¢ 0.8 3 n/d n/d n/d n/d
15% PVP 211 57.6 0.4 3 n/d n/d n/d n/d
10% PVP 23.6 60.2= 1.1 2 n/d n/d n/d n/d
5% PVP 26.1 62.3x 1.2 2 n/d n/d n/d n/d

*Samples hydrated through vapor by equilibration with saturated salt solutions indicated by % RH (oriented samples) and by dispersal in bulio®&/P solu

with wt % PVP indicated (unoriented samples). The listed values of PVP concentrations are nominal. The exact values of wt % PVP were determined via
refractive index measurements as 58.54 (60% nominal), 46.71, 42.97, 33.63, 23.43, 19.53, 14.39, 8.69, and 5.09 (5% nominal).

*Waters per lipid, based upon measurements of Mcintosh et al. (1989) using egg PC and our measurements of DOPC obtained with the same method (data
not shown). The value for 66% RH is that of White et al. (1987). The difference in hydration between egg PC and DOPC at the hydrations studied is less
than the experimental error. The method of MclIntosh et al. (1989) is applicable up to at least 16 waters/lipid, shown by comparing x-ray and NMR data
(Koenig et al., 1997).

SLamellar Bragg spacing.

Number of observed orders of lamellar diffraction.

IPosition relative to bilayer center of the Gaussian distribution of the double-bond.

**1/e half-width of the Gaussian distribution of the double-bond.

#Estimate of the width of the double-bond (see text).

SSvalue of constant in Eq. 20. See text. The standard deviations were determined from the uncertaiptisdk, (see Methods).

Th/d, not determined. See text.

molecules per lipid. The solid squarell)(correspond to to convert them to best estimateé*X on the relative-
bilayer hydrations (Table 1) for which the distribution of the absolute scale. These structure factors are presented in Ta-
bromine label could be determinetl (s = 4). The open ble 2. Two examples of the resulting bilayer scattering
symbols ¥/, O) indicate, respectively, the low-end and density profiles with 0, 5, 10, 20, 25, and 50 mol % OBPC
high-end hydrations whose distributions were not deterare shown in Fig. 3. Pané\ is for oriented bilayers (7.7
mined. There is a distinct break in the curve at 11.6 watersjyaters/lipid; 86% RH) withh.,. = 6 and panelB for

lipid that corresponds to the point of completion of the ynoriented bilayers (14.2 waters/lipid; 40% PVP) with
phosphocholine hydration shell (LeNeveu et al., 1977, — 4 These relative-absolute scale profiles describe the
Mcintosh et al., 1989). However, because this break coingcaitering on a per-lipid basis (units: scattering length per

cided with the change in the method of hydration, there wagy, 1) pivision of the relative-absolute density by the area

a small possibility that it was an artifact of the protocol o ; .
. L ) . er lipid Swill convert the profiles to the true absolute scale.
change. We tested this possibility through diffraction ex-p P P

periments on mechanically mixed samples of water an(ﬁ\IOte that the profiles for 7.7 waters/lipid (Fig/g have a
lipid that covered the combined hydration range of the two sharper” appearance than the profiles for 14.2 waters/lipid

hydration protocols. The break at12 waters/lipid was (Fig. 3.8) becauge of thg largdty,s This is because the
observed under these conditions as well. Therefore, th8anon|cal resolutionl/h,, is better as a result of the larger
break must result from a structural change accompanyinBumber of structure factors available for the oriented bilay-
the completion of the filling of the phosphocholine hydra- €S at 7.7 waters/lipid. The two data sets were scaled inde-
tion shell. This is in complete agreement with the conclu-Pendently. The fact that the two sets of profiles have about
sions of studies performed in other laboratories that used §1& Same scattering density in the headgroup regions is a
single method of hydration (LeNeveu et al., 1977; Mclntoshgood indication of consistency in the scaling. We obtained
et al., 1987, 1989). similar results for all hydrations. The two peaks in the
The structure factors of OBPC/DOPC bilayers with profiles, located at-= 7 A relative to the bilayer center,
hops = 4 Were scaled and processed as described in Methodscrease with increasing amounts of OBPC and are there-
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65 —— 77— dration that causes a decrease in hydrocarbon thickness and
increase in the area per lipid molecule. These changes in the
double-bond distribution were anticipated by Wiener and
White (1992). Just after the hydration shell of the phospho-

= 00 choline headgroup is filled at 12 water molecules per lipid

=~ . (60% PVP)Zg, increases te- = 7.3 A while Ag, decreases

b 11.6 to 5.3 A. This suggests that a discrete structural change
5 55 ] takes place when the hydration shell becomes filled, con-
é | sistent with NMR measurements of the order parameters of
% i the phosphocholine methylenes (Bechinger and Seelig,
E 50 L i 1991). In the range 12-16 waters/lipid, the bromine distri-

butions are practically overlapping (Table 1). The average
] of the Gaussian parameters for the three hydrations are
Zg, = 7.33% 0.25 A andAg, = 5.35+ 0.5 A,
45 0 ' ; ! 1'0 ' 1'5 ' 2'0 ' 2'5 ' 20 Although the positions of the Gaussians of the bromine-
.. label distribution correspond exactly with the double-bond
Waters/Lipid distribution, the widths of the bromine-label Gaussians are
FIGURE 2 Bragg spacing of DOPC bilayers as a function of the numbelsl_Ightly larger than the aCtuaI, dO.UbIe'bond beca‘_lse the
of water molecules per lipid. The break, which occurs at 11.6 water/lipid,diameter of the bromines, which is convoluted with the
corresponds to the point of completion of the hydration shell. This numbethermal envelope of the double-bonds, is larger than the
is in agreement with other studies (LeNeveu et al., 1977; Mcintosh et al.diameter of the double-bond hydrogens [see Wiener et al.
1989). The solid squaredllf correspond to hydrations for which the 51991)]_ The 1/e half-width of the double-bonds at 66% RH,

bromine distribution was determined. The open symbols correspond t . - .
hydrations for which the x-ray data do not provide sufficient information to obtained from specifically deuterated DOPC in neutron

scale the data: for 16—21 waters per lipid only three, and above 28cCattering experiments, & _c = 4.29+ 0.16 A compared
molecules per lipid only two, diffraction orders were observé@). For  to Ag, = 4.96 = 0.62 A. The difference in the two widths
hydrations below 5 molecules per lipid’), the OBPC/DOPC bilayers  js only due to differences in the hard-sphere radii and does
were not isomorphous with the pure DOPC bilayer. not depend on hydration. We have estimated the widths of
the double-bond distributions frol, using the method of
Wiener et al. (1991). The widtl#-_ are included in Table 1.

fore identified as the transbilayer distribution of the bromine The changes in the parameters of the bromine (and dou-
labels on the double-bond of tls&-2 chain. ble-bond) distribution are modest over the range of hydra-

The difference profiles for 7.7 and 14.2 waters/lipid rel- tions studied, and especially above 76% RH. This finding is
ative to 0 mol % OBPC, constructed by Fourier synthesisonsistent with the idea that the changes in the bilayer with
from the difference structure factors (Eq. 7), are presentettydration are fairly small (McIintosh and Simon, 1986).
in Fig. 4, A andB, respectively. The Fourier ripples in Fig. Nevertheless, our measurements indicate that changes do
4 B extending from 20 to 30 A relative to the bilayer center occur, consistent with the recent NMR measurements of
indicate that the profiles at 14.2 waters/liplg,{(, = 4) are  Gawrisch and his colleagues (Koenig et al., 1997). FiB. 6
under-resolved. As discussed in Methods, Fourier noissuggests that the changes f3y, and Ag, are inversely
such as this made the scaling method of Wiener and Whiteelated. This may reflect volumetric constraints on HC of
(1991c) inaccurate because it is based upon the assumptitime lipid bilayer. Such constraints may be of value in the
of fully resolved profiles. Our modification of the method development of scaling methods for hydrations in excess of
removes this limitation (see Methods). Note that in FidA 4 16 waters/lipid for whichh,,s = 3 (Table 1).
Fourier noise is virtually absent because the images are fully
resolved Qyps = Nmay-

Fig. 5, A andB shows the fully resolved Gaussian distri- DISCUSSION
butions of the bromine-labeled double-bonds for 7.7 ands
14.2 waters/lipid, respectively, obtained from the scaling
procedure described in Methods. A collection of GaussiatWWe have obtained relative-absolute (per lipid) structure
distributions covering the range of hydrations are compareéactors for DOPC over the hydration range of 6.2 to 15.9
in Fig. 6 A and the Gaussian parametégg andZg, for all  waters/lipid using specific bromination of the double-bonds
hydrations (5.4 to 15.9 waters/lipid, Table 1) are plottedand a modification of the scaling procedure of Wiener and
against hydration in Fig. B. For hydrations from 5.4 waters White (1991b), who obtained per-lipid structure factors for
(66% RH) up to 9.4 waters per lipid (93% RH), the bromine DOPC with 5.4 waters/lipid. This represents significant and
position gradually decreases frafg, = 7.97 = 0.27 Ato  encouraging progress toward determining the complete and
Zs, = 6.59+ 0.15 A, whileAg, increases from 4.62 0.62  fully resolved structure of fluid bilayers over a wide range
A up to 5.92+ 0.37 A. This behavior is consistent with the of hydrations using joint refinement of x-ray and neutron
expected increase in thermal disorder with increasing hyedata (Wiener and White, 1991b). Our set of correctly, and

caling of x-ray structure factors
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TABLE 2 Relative-absolute structure factors, F* (h) x 10'2, for hydrations of 6.2 to 15.9 waters/lipid
Hydration

Conditions* wiL# h=1 h=2 h=3 h=4 h= h=
76% RH 6.2 —39.57 -1.78 7.83 —-11.41 2.49 —2.58
86% RH 7.7 —39.90 -3.25 8.39 -14.11 2.89 —2.82
93% RH 9.4 —33.09 —-2.76 6.80 -9.88 2.09 -2.07
60% PVP 12.0 -37.73 —5.92 10.10 -11.70 — —
50% PVP 13.6 —39.55 —11.45 15.33 -12.16 — —
40% PVP 14.2 —36.42 —14.47 15.17 —8.87 — —
30% PVP 15.9 —34.78 —-17.51 16.05 -7.37 — —

*Samples hydrated through the vapor by equilibration with saturated salt solutions indicated by % RH (oriented samples) and by dispersal in bulk PVP
solutions with wt % PVP indicated (unoriented samples).
*Waters per lipid. See footnote # of Table 1.

unambiguously, scaled structure factors also provides a(structure factor) representation of a single unit cell (lipid
opportunity to examine scaling methods that are traditionbilayer profile). The continuous structure factor is plotted in
ally used in membrane diffraction. this representation against the amplitude of the reciprocal
These traditional methods rely heavily upon the so-calledspace vectorS = 2 sin /A where A is the wavelength of
continuous Fourier transform, which is the reciprocal spacehe x-rays. The structure factors of ordeobtained from
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FIGURE 3 Scattering density profiles of DOPC/OBPC bilayers on the
relative absolute (per lipid) scale for 0, 5, 10, 20, 25, and 50 mol % OBPC.
The Fourier series are generated from the best relative absolute structuFSGURE 4 Difference scattering-density profiles obtained from the
factors (see Fig. 1) A) Six-order reconstruction for 86% RH (7.7 waters/ structure factors of the profiles presented in Fig.A. $ix-order recon-
lipid). (B) Four-order reconstruction for 40% PVP (14.2 waters/lipid). The struction for 86% RH (7.7 waters/lipid)Bf Four-order reconstruction for
units are scattering length per length represented hep& 2s- S (see Eq. 40% PVP (14.2 waters/lipid). The peaks increase with increasing OBPC
4) to indicate that division by the area/lip®will place the profiles on the  content. Note the Fourier noise extending from 20 to 30 A from the bilayer
absolute scattering density scale. The two peaks, located & from the center. This noise causes the scaling procedure of Wiener and White
bilayer center, increase with increasing amounts of OBPC and are easil{1991b) to be inaccurate. The modified procedure presented in the Methods
identified as the transbilayer distribution of the bromine atoms. is not affected by this noise (see text)
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FIGURE 5 Gaussian fits of the difference Fourier profiles presented in

Fig. 4 according to the scaling method developed in Materials and MethgiGURE 6 Summary of the transbilayer distribution of the bromine-

ods. The principal difference between these distributions and those of Figgneled double-bonds in OBPC/DOPC bilayers as a function of hydration.

4 is the absence of Fourier noise. (A) Distribution of bromine labels for three characteristic hydrations: 5.4,
9.4, and 14.2 waters/lipid.Bj Positions and widths of the Gaussian
bromine distributions for hydrations from 5.4 to 16 water molecules per

il I | ithN bl derived h lipid. For hydrations from 5.4 waters (66% RH) up to 9.4 waters/lipid (93%
multlamellar samples wit llayers are derived mathe- RH), the bromine position gradually decreases fifyp= 7.97 = 0.27 A

matically from the continuous transform by convoluting it 1o z,, = 6.59 = 0.15 A, while A, increases from 4.62 0.62 A up to
with a perfect-lattice function consisting of delta func-  5.92+ 0.37 A. After the hydration shell is filled at12 waters/lipid (60%
tions spaced at intervals dfalong thez-axis [see review by ~PVP), we observe a shift iflg, to ~7.3 A, while Ag, decreases t0 5.3 A,
Franks and Levine (1981)]. This convolution causes the';_uggestlng that some structural change takes place at the point of comple-
. tion of the hydration shell.
continuous transform to be sampled@t= h/d. The values
of the continuous structure factor obtained at these sampled
points correspond to the structure factors obtained from
multilamellar samples. 10.5 waters/lipid distributed as a Gaussian to the 66% RH
The relative-absolute continuous Fourier transforms foDOPC bilayer structure (Wiener and White, 1992) such that
DOPC calculated using the Shannon sampling theorerthe d-spacing increased by 6 A. This model is only approx-
(Worthington et al., 1973) are shown in Fig.A’for 5.4  imate because 1) we assume that the bilayer structure does
waters/lipid 6olid curvg and 15.9 waters/lipid dashed not change as a function of hydration (which is not exactly
curve. The data points are the structure factors for alltrue, see Fig. 6); and 2) we have no detailed structural
hydrations studied (5.4 to 15.9 waters/lipid). Presentation oinformation about the distribution of water at hydrations
the data in this manner provides an opportunity to check thabove 66% RH (in principle it can be obtained from neutron
consistency of the scaling at different hydrations and tadiffraction experiments). Thus, the only requirement of the
understand the qualitative behavior of the continuous transnodel was that the sum of the bilayer scattering profile at
form at different water contents. To address these issues, Wi% RH (@otted ling Fig. 7B, inse} and the newly added
modeled the change in the continuous transform of the unitvater @ashed lingFig. 7B, inse} be smooth and resemble
cell of the bilayer by adding water between bilayers whosequalitatively a profile at higher hydrationsdlid line, Fig. 7
structure is known at low hydrations. Specifically, we addedB, insej. This model cannot be used for exact predictions,
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400 - T - T - diffraction data. In the absence of isomorphous-labeling
N A 5.4 waters/lipid data, x-ray data obtained in separate experiments at different
300 - - - 15.9 waters/lipid hydrations are treated by means of the so-called minus-fluid
(—F) bilayer model (Worthington et al., 1973; Worthington,
200 1981). The underlying assumption (Worthington et al.,
1973) is that the bilayer unit cell can be subdivided in two
100 parts: a bilayer with an electron density distributip(2)
and thicknessl, and a fluid (water) layer of uniform elec-
0 - - ] tron densityF and thicknessl,. The —F model is defined
o o as a bilayer with an electron density distributig)iz) —F so
100 that the “water layer” of the-F model now has an electron
, . . | , density of zero. Because the electron density of the water
0.00 0.05 0.10 0.15 layer in the—F model is 0, the Oth order is given lpyd, +

0-d,, and thus does not depend dp. This procedure can

be better understood in the context of Egs. 4 and 5. In the

300 —F model, the mean electron density is given by

p(z)

200

* * 2 V"P 2 VIip
Po-F = P04 nyby, — v, 4 Bip — v, by, (18)

Relative-Absolute Structure Factor x 10"
S
(@]
[e]

100

» whereV;, andV,, are the molecular volumes of the lipid
N and water, respectively. From Eq. 4, the Oth diffraction

0 AEEEN R aaE S order can be defined formally as
q00 kN Vi
. 1 . 1 \ P’S(—F)d = 2(blip - \TIp ) (19)
0.00 0.05 0.10 0.15 v
IS (A™)

Equation 19 does not contad), and is therefore constant

_ _ for all hydrations. Consequently, changesdp have no
FIGURE 7 Observed and model continuous transforms of DOPC bilay-otta ot on the continuous transform of the unit cell. This
ers for different hydrations. The continuous transforms, calculated usin . .
the Shannon sampling theorem, are the continuous structure factors ofg%rocedure causes the amplitude of the continuous trans-
bilayer unit cell plotted against the magnitude of the reciprocal spacdorms for all hydrations to have the same value at the origin
vector,|§ = 2 sin 6/A. In diffraction from a multilamellar bilayer system, (|S‘ = 0). Conveniently, the Oth order of pure unbrominated
this transform is sampled at values|8f = h/d to produce structure factors bilayers generally has a value of approximately 0. Thus, if

of orderh (see text);d is the Bragg spacing.A) Observed continuous s .
relative-absolute structure factors for pure DOPC bilayers at differentthls dehydrated bllayer structure of theF model does

hydrations. The solid and the dotted lines are the continuous transforms fd?Ot change with hydration, all structure factors measured at

66% RH (5.4 waters/lipid) and 30% PVP (15.9 waters/lipid), respectively.differentd,, will fall on a single continuous transform.

The data points are the observed discrete structure factors covering the To use the—F model in the absence of absolute scaling,

zf”l‘me hydra“(;]” Ja”_geBXbMOd;' CO”“EU?(US ”afz\sl\f/‘?fms fOfdtC\?h_'tDoi’ggzthe x-ray data sets from the measurements at different
ilayer at two hydrations based upon the known (Wiener an ite, . .

complete structure of DOPC at 5.4 waters/lipid. The solid line is thehy(.jr&.)'tlorls must be pIaceq on acommo.n’ but arbltrary scale.

continuous transform for DOPC at 5.4 waters/liphj &nd the dashed line This is generally done using a formula introduced by Blau-

the continuous transform calculated for 15.9 waters/lipid from the modelfOCK (Blaurock and Stoeckenius, 1971; Mcintosh and Si-

The prediction of the model is in excellent qualitative agreement with themon, 1986):

15.9 water/lipid transform ofA4). Inset: Summary of the model used to

calculate the 10.5 waters/lipid transform. The model bilayer progitgidq fﬁ
curve is the sum of the bilayer profile at 66% RHidtted ling and Ea = constant (20)
additional Gaussian-distributed 11.4 waters/lipidghed ling h

The sum must formally include the Oth order, but since the
but it does provide a qualitative idea about the behavior oDth order is practically zero for most lipids, its inclusion has
the continuous transform of the bilayer as hydration islittle effect. This scaling, adopted specifically for theF
increased. In Fig. B, the continuous transform of the model, assumes that the bilayer doesn’t change with hydra-
hydrated bilayer at 66% RH (5.4 waters/lipid) is shown astion (which is not true, Fig. 6), and it is unconnected from
the solid line and the transform of the model (15.9 watersthe absolute variations of scattering density around the
lipid) as a dashed line. The observed and model transformsiean density. Furthermore, the sum can extend only over
of Fig. 7, A andB, respectively, are in excellent agreementthe observed structure factors that vary in number from 4 to
and therefore indicative of consistent scaling. 8 in our experiments. Thus, there is no reason to expect that

The discussion of our scaling procedure in the Methodour relative-absolute structure factors will satisfy Eq. 20.
indicates the complex nature of the scaling of membrané/et, the scaled values of F 2/d?, as shown in Table 1, are
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almost identical within experimental error. This is due to the(6.2 waters) (Shannon, 1949; Jerri, 1977; Worthington,
fact that the sum is dominated by the extremely strondl988). All of the structure factors fall close to this line. As
first-order structure factor. expected, the fit is not perfect because of the changes in the
We examined our results in the context of th& model  bilayer structure with hydration. Interestingly, however, as
in two ways: 1) we used our relative-absolute structureshown in Fig. 8B, the continuous transform of theF
factors (Table 2) without further scaling, and 2) our exper-model applied in the traditional way to our unscaled struc-
imental structure factors scaled according to Eq. 20. Beture factors is remarkably similar to that of FigA8 Thus,
cause our relative-absolute structure factors have alreadje —F model appears to provide an adequate description of
been scaled and because thE model is set up to remove the continuous transform, but on an arbitrary scale. This
the dependence of the bilayer profile on the Oth order, oumakes it useful for verifying the phases of the structure
F5(h) are the structure factors for theF model of DOPC. factors.
The continuous transform constructed from our relative-
absolute structure factors are shown in FigA.8The solid
line is the sampling-theorem reconstruction for 76% RH. .
Bilayer undulations

The canonical resolution of the diffraction experiment is

30 A d/h,a Whered is the Bragg spacing art,,. is the max-
~ 20F imum possible number of diffraction orders. For our mea-
= 10 L surementsd is 50-60 A andh,,., is 4-8, so that our
x 5 e canonical resolution varies from 6 to 12 A. [One should not
§ 0 A 7 confuse this resolution with the “resolution precision”
E 10 = Ha (White and Wiener, 1995) that describes the precision with
¢ ool which the position of a fully resolved feature, such as the
g L bromine-labeled double-bonds, can be determined. The un-
g -30 i certainty of the position of the double-bonds in our exper-
9D 40k iments is only~0.2 A (Table 1).] If the bilayers are oriented
;F ol = 62 waters/lipid and the lattice excellent, thdq,, = h,,.,and the image of

the unit cell is a fully resolved one. With high degrees of
-60 L . . L . L . L . orientational disorder, as in the powder patterns obtained
0.00 0.03 0.06 0.09 0.12 using PVP solutions, the intensities can be spread so thinly
L L that the signal drops below the noise level. In that case,
Nops < Nmax @and the unit cell image is under-resolved.
Another issue that arises with unoriented multilayers in the
N presence of excess PVP solutions is lattice disorder caused
P by bilayer undulations that can also, or in addition, cause
\p"/ Nops < hmax These undulations lead to broad non-Bragg
scattering peaks with long power-law tails. The intensities
of the broad “wings” of the peaks can consequently become
smaller than the background noise (Nagle et al., 1996),
causing the higher orders to be underestimated. This under-
6.2 waters/lipid estimation will introduce error in the scaling qf the qlata}. We
- ' . . . | . | . therefore needed to be sure that all the |nter15|ty in the
0.00 0.03 0.06 0.09 0.12 diffracted peal§s was co!lected |n'order to claim that the
IS| (A%) double-bond distribution is determined correctly. To detect
lattice disorder, however, a highly monochromatic x-ray
FIGURE 8 Continuous transforms based on the so-called fluid-minudP€am and high-resolution tetor must be used (Zhang et al.,
(—F) model using relative-absolute (R-A) and arbitrary-scale structure1996). Our experimental system lacked the resolution required
factors. The—F model is described in detail in the texf)(Continuous for such measurements.

relative-_abs_olutg structure factors for hydrations of 5.4 _to 16 W:_';lters/lipid. A way to distinguish whether all the diffracted intensity is
The solid line is the continuous transform for the minus fluid model . . . .
(Worthington et al., 1973) for 76% RH. The data points are the observed’ecoverecli IS to exa_mme t,he antmuous tranSform. in-the
discrete structure factors. The structure factors at the highest hydration§10del (Fig. 8). If signal is being lost, then the high-order
studied do not deviate substantially from the solid line, which indicates thastructure factors at high hydrations should be smaller than
there is no substantial loss of diffracted intensity due to lattice disorder (segredicted from the continuous transform calculated from the
text). Only the fourth orders for 14.2 and 15.9 waters/ligidrgws) show  giryctyre factors at lower hydrations. Inspection of Fig. 8
evidence of possible dampening due to membrane undulatiBh£dn- o .

tinuous structure factors on an arbitrary scale that have been scaled a§—u9g83t,s ,tha.t it _IS possible that the fourth orders for 14-16
cording to Blaurock (1971), Eq. 20. The solid line is the continuous Waters/lipid (indicated byrrows) are dampened due to the

transform for the—F model for 76% RH. membrane undulations. By comparing the experimentally

Structure Factor (arbitrary units)
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determined and anticipated values from the continuous 18 — 77—
transform, we determined the possible effect of the fluctu-
ations, and then applied the scaling procedure to the cor<=
rected structure factors. The valuesZgf = 7.33+ 0.25 A
andAg, = 5.35= 0.50 A for 12-16 waters/lipid changed to
7.11 aqd 5.16 A, rgspectwely, Whgn .correcte'd for possibley L O Carbonyl Position (D.) .
fluctuations. The differences are within experimental error, & . "

and we conclude that below 16 waters/lipid membrane@ 16 | 7]
fluctuations are not large enough to cause a substantial Ios§ "

of diffracted intensity, and thereby substantially alter resultsﬁ [

17 = =

Center (A

presented in Table 1 and Fig. 6. S 15| _
g § py " ag " .
2 | ] ]
Effect of hydration on the transbilayer 14 P R R R SR B
distribution of double-bonds 0 5 10 15 20 25 30

Our results show that the bromine distribution in OBPC/ Waters/Lipid

_DOPC b”a_yers’ which reportg the douple-bond dlsmb_uuonFIGURE 9 Calculated and measured positions of the carbonyl groups of
in DOPC bilayers, changes with hydration up to the point ofpopc as a function of hydration. The calculated positidsd, M) are
completion of the hydration shell at12 waters/lipid. At  derived from volumetric considerations using the formulas of Nagle and
higher hydrations (12—16 waters/lipid), the bromine distri-Wiener (1988) using our measured valuesiafpacing and the number
bution remains constant &, = 7.33+ 0.25 A andAg, = of water molecglgs per Iipid'(McIntosh.et al., 1987). The open sym.bol
5.35+ 0.5 A, consistent with NMR studies (Bechinger and I(imaiﬁc:h;aﬁ)lzs':fnh determined by Wiener and White (1992) using
Seelig, 1991; Koenig et al., 1997). The changes in the =~ o ooPH
parameters of the bromine distribution are, however, modest
over the studied range of hydrations, and especially abovBonyls determined by Wiener and White (1992) for 5.4
76% RH. waters/lipid. Wiener and White (1992) also showed that the
An interesting question is that of the effect of hydration transbilayer carbonyl-to-carbonyl distance accurately re-
on the distribution of the double-bonds within the hydro-ported the thicknes®,,c of the hydrocarbon core. The
carbon volume. The complete solution of the bilayer strucreak in the Bragg spacing at 11.6 waters/lipid indicates the
ture at 66% RH (Wiener and White, 1992) allowed the completion of the phosphocholine hydration shell. Shown in
comparison of the distributions of the different quasimo-
lecular fragments in the hydrocarbon region. The width of
the double-bond distribution was found to be significantly O0———T———7 T T T T T
larger than the widths of the terminal methyl groups, the
carbonyl, or the phosphate group (Wiener and White, 1992).
This may be because restricted motions of the methyl and; 44 | -
carbonyl groups make the chains behave as if they ar§ a
tethered at the water interface and the bilayer midplane suck - [ L] ]
that the double-bond diffuses over a large volume of th
hydrocarbon chain. In any case, the full extent of the dou-= 08
ble-bond distribution included much of the HC thickness. g |
How is the occupancy of the HC volume affected by %
increases in hydration? Wiener and White (1992) showect!.r_; 0.7 -
that at 66% RH (5.4 waters/lipid), the positions of the
choline, phosphate, glycerol, and carbonyl groups coincide r ]
precisely with certain thicknesses determined from simple T
volumetric calculations of bilayer thickness used by Luzzati 0.6 4 6 3 10 12 14 16 18
and Husson (1962), Small (1967), and Nagle and Wiener
(1988). Assuming that the packing density of the lipid
bilayer is invariant with hydration, as seems likely (Petrache-icure 10 Estimated fraction of the hydrocarbon core thickrigs
et al., 1997), then such volumetric considerations will beof DOPC explored by the brominated double-bonds as a function of
applicable to the bilayer structure at all hydrations. Thehydration. The fraction explored is calculated fronZg(+ Ag,)/Dy,c. The
volumetric predictions for the position of the carbonyl moi- solid symbols M) correspond to 5.4 to 16 waters per lipid. The accessible

t i ti f hvdrati b d volume increases with hydration, at least until the hydration shell is filled
€ly as a tunclion or hydration, based upon our measurea'\t ~12 waters/lipid, which is an indication of increased thermal motion

ments of the Bragg spacing (Table 1), are shown in Fig. 9 aithin the bilayer. The solid line is the linear fit for hydrations of 5.4—12
solid squares. The open square is the position of the cawwaters/lipid.

Waters/Lipid
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Fig. 10 is the hydration dependence of the hydrocarboriing, G. I., R. E. Jacobs, and S. H. White. 1985. Hexane dissolved in
volume that is accessible to bromine calculated froy2¢- dioleoyllecithin bilayers has a partial molar volume of approximately

. . zero.Biochemistry 24:4637—-4645.
Ag:)/Dyc. The solid symbolsilf) correspond to hydrations King, G. I, and S. H. White. 1986. Determining bilayer hydrocarbon

of 5-4 to 16 Watersf per lipid for Whi(?h the bromine distri- thickness from neutron diffraction measurements using strip-function
bution was determined. The accessible volume of the dou- models.Biophys. J49:1047-1054.
ble-bonds clearly increases with hydration, at least until theoenig, B. W., H. H. Strey, and K. Gawrisch. 1997. Membrane lateral
hydration shell is filled. as expected from the increased compressibility determined by NMR and x-ray diffraction: effect of acyl
. ’ . . . chain polyunsaturatiorBiophys. Jin press

thermal motion that accompanies increased hydration. . .

Furth derstanding of the behavior of the hvdr b rll_eNeveu, D. M., R. P. Rand, V. A. Parsegian, and D. Gingell. 1977.

urther un teS an .go € behavior o e. y 0carbon peasurement and modification of forces between lecithin bilayRics.

core at hydrations higher than 16 waters/lipid can be phys. J.18:209-230.
achieved only after the x-ray data at high hydrations areevine, Y. K., and M. H. F. Wilkins. 1971. Structure of oriented lipid
scaled and the double-bond distribution determined. New bilayers.Nature New Biol230:69-72.

Sca“ng methods are needed for this purpose. Luzzati, V., and F. Husson. 1962. The.strUCtUre of the liquid-crystalline
phases of lipid-water systems. Cell Biol. 12:207-219.
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