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Interbilayer interactions from high-resolution x-ray scattering
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The fundamental issue of interactions between lipid bilayers is addressed experimentally and theoretically.
We report high-resolution x-ray scattering data for bilayers composed of three different kinds of phosphati-
dylcholine lipids. These data yield the interbilayer water spacing fluctuatioas well as the traditional
osmotic pressur®, both as functions of the lamellar repeat spadingnd the aqueous separat@nWe show
theoretically how to obtain the functional form of the fluctuational free energy fronartdata, which is then
determined to within a factor that depends upon the bending modkius,The resulting functional form
determined from experimental data has an exponential decay rather than the power law decay that applies for
hard confinement in the large regime, thereby showing that a theory of soft confinement is necessary.
However, the existing theory of soft confinement predicts an exponential decay, but with a smaller decay
length A\, than we obtain. We then use these results to analyze the osmotic pressure data in terms of the
bending moduluk, and the interbilayer interactions consisting of van der Waals and hydration interactions.
For all three chemically different lipids we find that the decay lengtiof the hydration pressure is 1.9
—2.0 A; the Hamaker parameter for the van der Waals interaction is abedD5 erg if the bending
moduli K are chosen to be different for the three lipids and in the range{(0.8)x 10" 1? erg.
[S1063-651%98)11606-9

PACS numbes): 87.22.Bt, 87.64.Bx, 87.15.Kg, 61.36v

I. INTRODUCTION the lamellar repeat spacirg in Fig. 1 and, more specifi-
cally, the water spacing, defined variously B, or Dy,

A major goal in biophysics is to describe and understandvide infra). This paper will not be concerned with the prob-
the basic interactions between macromolecular structuresem of self-assembly of the bilayers; rather, a smectic struc-
One of the more important examples is the interaction beture will be assumed to arise from much stronger hydropho-
tween two membranes; such interactions are involved in biobic energies that separate the oily chains from the water and
logically essential membrane fusion procedsgsas well as  the hydrophilic energies that keep the headgroups in an aque-
in maintaining the organization of membrane stacking in my-ous environment.
elin, retinal rods[2], and chloroplast thylakoid diskE3]. Although interbilayer interactions are ultimately all elec-
Each type of biomembrane is a complex multicomponent

mixture that includes a particular set of specialized proteins -7~ 7 N "7\ AT
that may mediate particular intermembrane interactions. " B TR
However, the structural basis of each biomembrane is a lipid

bilayer and interbilayer interactions, though only a subset of

general intermembrane interactions, already pose interesting
issues for those macromolecular interactions that are the fo-
cus of this paper. D |- -

When lipids are mixed with water, they often form smec- | 777 77T
tic liquid crystals. On a scale of order2010° A the struc- D’
ture can be thought of as bilayers stacked in a direction per-

pendicular to the bilayers, as shown in Fig. 1. On the scale of - =<"~"7 TN LT AN LT

10 um the structures may consist, for the simplest sample Y Wy 1O LYA W U )
preparations, of multilamellar vesicles that are globally iso- 3 zZ
tropic and give rise to powder pattern x-ray scattering. Vari-

ous sample preparation procedures also yield oriented lipid

bilayers[4] so that there is a common macroscopic director. r

The focus of this paper is on the interactions that determine

FIG. 1. Sketch of two neighboring bilayers. The size of the

*Electronic address: hp28@andrew.cmu.edu interbilayer water space is defined as eitbgy or Dy,. The respec-
TPresent address: Chemistry Division, Argonne National Lab, Ar-tive bilayer thicknesses, indicated by subscBptsatisfyDg+ Dy

gonne, IL 60439. =D=D;+D,,, whereD is the repeat spacing for a stack of bilay-
*Electronic address: nagle@andrew.cmu.edu ers.
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tromagnetic from the point of view of traditional physics, quired when the water spacing is reduced. Helfrich analyzed
this simplistic description is totally inadequate to understandhis effective force in the case when there are no van der
biophysical systemfb]. Rather, the total interaction is better Waals or hydration interactions, only the steric interactions
comprehended as involving several contributions. For lipidcaused by collision of bilayers. In this case, Helfrich showed
bilayers the first contribution is a long range attractive van16] that the steric free energy per unit area has the form
der Waals interaction that accounts for the fact that many

bilayer systems do not swell indefinitely as water is added. (kgT)?

Instead, theD repeat spacing in Fig. 1 reaches a limiting fU:0'42K a2’ )
value, D, and additional water then forms a separate ther- ¢

modynamic phase that contains only a small concentration GfhereK is the bending modulus, which has been measured
monomeric lipid moleculef6]. WhenD=D,, the systemis on single bilayers to be in the range (8.8)x10 2 erg
said to be fully hydrated. [17-20.

A nonzero water spacing,y implies the existence of ~ \when one has a repulsive hydration force, the confine-
some repulsive force to balance the van der Waals attractivgent of each membrane is softer than for purely steric inter-
force. Rand, Parsegian and co-workers developed a techgtions. In this case, it has been propo§ed,21] that the
nique that applies osmotic pressufeto shrinkD andDw  undulation interaction free energy in E&) should be modi-

[7]. The P(D) data have been interpreted as indicating arfied and a formula involving an exponential with decay
exponentially decaying repulsive force that has been calleength 2\,

the hydration force[7,8]. Theories[9,10] have been pre-
sented for the hydration force, but it remains an outstanding fuo= (kg T/16)(Pn/KN)Y2exp —al2n), (4)
topic of fundamental interest and much uncertairity].

In this paper we will accept the working hypothesis thathas been offeref22]. In a more recent and fuller theory due
there is a separable hydration interaction with an exponentiab Podgornik and Parsegiah5]| Eq. (4) again appears. How-
decay. Adding this to the van der Waals interaction yields arever, the theory was then extended to include van der Waals
interaction energy per unit ard4z) of two bilayers with a interactions and then it is not clear if E@l) remains valid.
fluctuating water spacing between them, One achievement of the present paper is to employ experi-

mental data to determine the functional form for this inter-
(1) action.

It has also been shown on the basi$¢D) data[14] that

there is an additional repulsive interaction at small distances
The fUnCtionaI dependence Of the van der Waals Contributiolﬂ]at was described as the beginning Of a Steric interaction
1S between head groups and an extra exponential has been used

to fit the P(D) data[12] for large P and water spacing
n 7 smaller than 4 A. Our data do not go to such small water

(z+Dg)? (z+2Dp)? ' spacings or such high pressures, so this additional force will

not be considered further in this paper.
whereDg is the bilayer thickness. For the kind of bilayers  From P(D) data for flexible egg PC bilayers in the,
studied in this paper, the Hamaker paramétehas been phase Mcintosh and Simga2] suggested that the hydration
estimated to lie in the range 18— 1012 erg[5,7,12,13.  force is dominant for water spacings from 4 to 8 A and their
From P(D) measurements has been estimated to be in the fits gavex=1.38 A andP,=4x10° dyn/cn?. Their data,
range 1.3-2.1 A [7,12. The numerical value oy, is  and especially their perceptive comparisons of the undula-
tightly coupled to whether one chooses the water spazing tory L, phase with the less flexible gel and subgel phases,
to beDyy, or Dy, in Fig. 1. Using theDy, convention yields indicated that the undulation interaction dominates the hy-
P,=5x10 ergs/cni [14] and using theD,, convention dration interaction from 8 A to nearly the equilibrium water
just rescale®), by exg (Dw—Dy,)/\]; this is clearly not an  spacinga, of about 15.4 A at full hydration and®=0,
essential difference. In this paper we will use the simplewhere, of course, the attractive van der Waals force plays a
symbola to denote the average water spacing artd de-  coequal role. It was clear from those resuli?] that there
note the instantaneous, local water spacing. More imporare several different kinds of repulsive interactions, which
tantly, the values foP,,, A\, andH for multilamellar sys- involve a number of different phenomenological parameters.
tems have been obtained from experiment using simplés was appreciated by Mcintosh and Sinjdg], P(D) data
theories that are continuing to evoly&5]. One goal of the are not sufficient to determine uniquely all the interaction
present research is to test these fundamental interactions exarameters, and they proceeded by choosing estinthtes
perimentally and to obtain more reliable estimates of the=2.5x10"* erg andK.=10"'? erg based on experiments
parameters. on other model systems. Using Bd), the P(D) data were

As Helfrich showed16], there is another important repul- then satisfactorily fit, but this was not, of course, confirma-
sive force when the bilayers are flexible, as in the biologi-tion of Eq.(4) or of the values of the parametdfisandK .
cally relevant thermodynamic phase that is variously called Our innovation is to supplemef(D) data with data for
fluid, L, or smecticA, so that undulation and compression the root mean square fluctuatiom$D) in the water spacing.
modes play a role. This force is due to the increased fredhis innovation opens a second window into lipid bilayer
energy from the decrease in entropy that accompanies thsteractions in the soft confinement regime. Obtaininglso
reduction of out-of-plane fluctuations; such reduction is re+equires theoretical interpretation of x-ray scattering data.

H
V(2)=Ppre "= 5 Uyqw(2).

1 2 1

Uiaw(2)=| - —
vdwW 22
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The theory we use is an improved vers{@3] of the Caille  the two theories. In both theories the power law tails in the
[24] theory of scattering from a model of smectic liquid crys- scattering peaks are governed by the Caijle parameter

tals[25]. This theory contain&. and a bulk modulu® for  defined by
compression. This bulk modulu® provides a phenomeno-

logical, harmonic approximation to the more fundamental _ kgT 4w @
hydration force and van der Waals forces. 71 8\/B_KC D2’

The paper is organized as follows. In Sec. Il A the Caille

smectic theory of scattering and the thermodynamic theory perivations of properties of smectic theories have been
of smectic liquid crystals are reyiewed to show hovy the Unperformed many times, but we present it again here with
dulation free energy can be derived from the experimentallypecial care for the numerical factors that are essential for
determined Caillen; parameter. The theoretical analysis is detailed analysis of data. Results will be given for both con-
extended in Sec. IIB to relate the conventional smectiginyum and discrete models, but we only give the derivation
theory to the underlying fundamental interbilayer interac-for the discrete smectic theory given by Ef) because it is

tions. This analysis leads to a new way to interpret conventhe petter physical model that is more directly related to the
tional osmotic pressure data that used®) data to obtain  fyndamental interactions in E4l). As usual, consider the

eXperimental information about the fluctuation pressure. OUPourier representation of the disp'acement Variab|esy
data are presented in Sec. Il for three lipids. In Sec. IV the

results of fitting the data to the theory are presented.
u(xy,n=_ >

x:Qy Q2

U(Qy.Qy.Qne R, ®

Il. THEORY L. R . _ _
with R=r+nDz and the vector® taking values in the first

A. Review of standard smectic liquid crystal theory Brillouin zone defined by the in-plane molecular size for
Analysis of high-resolution x-ray dat6,27 using the ~Qx,Qy and by the membrane spacibgfor Q. In terms of
Caille scattering theory23,24] yields the interbilayer fluc- independent variablesi is written as
tuationo as will now be shown. The Caille theory is derived

. - L . 1
fr20m a continuum harmonic smectic liquid crystal potential Hd:Z Ehé |Ué|2= Z he |U6|2’ (9)
[25] 3 3.Q,>0
H—fdfdfd o facaa| e W O where
¢ X y 2 2 (9X2 ayz 2 3 Jz !

®) hg=NL2[K.Q}+4Bsir?(Q,D/2)]. (10

From the equipartition theorem, the mode amplitude is
where the fundamental variable=u(x,y,z) gives bilayer
fluctuations alongz, perpendicular to the bilayer, from the (lUgl®)=kgT/hg. 11
mean equilibrium position. The first term on the right hand N o
side of Eq.(5) accounts for the energy to bend bilayers. The The partition function is given by
last term accounts for the energy of interaction between ad-
jacent bilayers in the harmonic approximation. We will post- z= [1I Cd(ReUg)d(ImUg)e M, (12)
pone to the next subsection the important issue of how this 0,Q,>0
compression term is related to the fundamental interactions
V(2) in Eq. (2). Instead, we emphasize that the compressionwhere the constar@@ has the role of making dimensionless
term in Eq.(5) assumes a continuum model instead of havinghy compensating for a unit of (length} for each modeQ.
discrete bilayers. Therefore, E(h) may be made more re- The integration yields
alistic by replacing the continuum derivatives in theirec-

tion by finite difference$28,29 7 H c * d(ReUg) o Bhg(ReG)?
= Q

N-1 2 Q=0 777
1 [du, .
Hd:J dXJ dy nEO EKC 0")(_2 + &yz XJ_wd(lmUé)e_ﬁhé(lmué)z
N—1 1
+r120 EB(Un+1_un)zla (6) — H C 77 ] (13)
2.Q,>0 Bhg

where the parameters in Eq&) and (6) are related by Then, the free energy is

=B,;/D andK.=KD, whereK, is the usual bending modu- 1 T Bhs

lus. We will .caII Eq.(6) th_e discrete smectic theory and Eq. F=_ inz= iE In Q) _ 2 FQ,), (19
(5) the continuum smectic theory. We have performed nu- B 2 alG Cm/ 4o,

merical calculations, following23], that show that there is

practically no difference in predicted x-ray line shapes forwith the free energy per compression mdel@,) given by



Bhg

Kl

C (19

keT [ L \2
F(Q)=—- (E) f@szrln(

The free energy of interest is the difference from a reference

state withB=0,

AF=F(B#0)—F(B=0), (16)

given by
AF AF(Q,) kgT /B )
—= =—D\/- 2si D/2)|.
L2 al QZ L2 8 Kc af QZ | r.(QZ )|

7

Summing ove|(§Z and converting to the free energy per unit
area of one bilayer yields

(18
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layer interactions, such as the putative ones in (&g. Not
making the harmonic approximation yields the more realistic
potentialHy defined as

N—1
HR:fdx dyz
n=0

2
éu,,

ay?

1 [ é%u,
_KC
2 X

2

+V(Wn)],
(21

whereV is a potential such as the one suggested in(Ey.

the instantaneous spacing between membrane paarsd n
+1isw,=a+u,.1—U,, ais the average equilibrium water
spacing that generally depends upon applied osmotic pres-
sure, andu, remains the fluctuation in thedirection of the

nth membrane from its equilibrium position. Let us expand
the bare potential/(w) to second order about its valueat

V(wp)=V(a)+(dV/dw,) (U1~ Up)
+ (d2V/dW2) 5(Un 1 — Up) /2. (22)

The first order term vanishes after summation in €§) for

where the subscript fl has been added to emphasize that tH§riodic boundary conditions. The second order term clearly
is only the fluctuational contribution to the free energy, ascontributes to(but is not identical toyvide infra) the har-

will be discussed in the next subsection.
The mean square fluctuation in the water spaeiriigr the
discrete smectic theory is given by

o?=([u(x,y,n+1)—u(x,y,n) 1

TS 4sirf(Q,D/2)

% G, NLAK.Qf+4B sir(Q,D/2)
keT 1 2 (Q,D\| 4kgT 1
= > |sin || = — — —.
8 JK.B NG, 2 ™ 8 K.B
19
Comparing Eq(19) to Eq.(7) gives
%= 5, D% =2 (20

monic B term in Eq.(6). The leading ternV(a) is the term
that is not included in Eq(6). This means that the free en-
ergy given in Eq(18) only includes the fluctuation contribu-
tion. Correcting Eq(18) for this yields the total free energy
in the harmonic approximation

AF _4 kgT
N L2_;?

B

Ke

+V(a). (23

From the total free energy, the total osmotic presfyg,
can be obtained by taking the negative of the derivative with
respect taa. It is convenient to write this explicitly as

P= P+ Ppare, (24)
whereP,= —dV/da and the fluctuational pressuRy, de-
rives from the first term on the right hand side of Eg3).

It is important to appreciate the implicit complexity of

It should be noted that, despite this close connection betweeRgs. (23) and (24) when fluctuational forces are included.

the Calille scattering parameter; and the fluctuatioro in
nearest neighbor distaneg it is the long range correlations

This complexity is centered in the phenomenological com-
pression moduluB. If one is given the water spacirggand

and not the nearest neighbor correlations that give the powehe bare potential, theR,,is easy to calculate, but obtain-

law tails in the x-ray scattering peaks.

A similar derivation for the free energy of the continuum
smectic theory yields a factor of/2 instead of the factor of
47 in Eq. (18). For o the numerical factor for the con-

ing Py requires knowindg and its dependence upan De-
terminingB, in turn, requires knowing all the forces, includ-
ing the fluctuational force itself. Resolving this theoretically
requires some self-consistency condition, such as that used

tinuum smectic theory depends upon a delicate interpretatiopy Podgornik and Parsegih5]. We do not do that in this
of how the correlation function should be defined; it has beempaper. Instead, we take an experimental approach.

suggested 27] that the numerical factor 4/ in Eq. (19

Because we have experimental data#@r we can elimi-

should be replaced by 1.09, but we now tend to prefer renateB from Eq.(23) using Eqs(7) and(20). We then have

placing it with 7/2, just as in Eq(18). However, this latter
difference regarding the best equation fot for the con-

tinuum potential is a moot point, since the discrete form of

the model is clearly more physical.

B. Extension to fundamental interactions

Let us now return to the problem of relating the usual
smectic theory embodied in E¢6) to fundamental interbi-

e 4 kgT\? 1 -
=778 ) ko2 (25
and
o _ 4 kgT\21 do 2 o6
"= ~7 78 ) Kk, da (29
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which allows us to obtain the functional form of the fluctua- 50 55 60 65
tional pressure straight from data. Furthermore, the actual L L

magnitude oPy then follows ifK, is known. One may know & 8} -
or determineK . from other experimentgl7—2Q or one can e | " (a) DMPC |
use it as a fitting parameter along with the parameters that ~ .

describe the bare potential in order to fit the measured os- >, 7 "n
motic pressure. The latter strategy is the one that we shall i)

employ in this paper to evaluate interbilayer interactions. Sl o -

C

(]
n
o

log,,
a
=]

lll. DATA

Experimental data for DPPC at 50 °C in the (fluid) I -
phase have been previously reporf@6,27] and to this we
add data for DMPC and egg PE&PQ both at 30 °C and 4r : 7
both in theL , phase. All these lipids have the same glyceryl - lw .
backbone and P@hosphatidylcholineheadgroup; egg PC )
has unsaturated hydrocarbon chains in contrast to the satu
rated chains in DMPG14 carbons/chajnand in DPPC(16
carbons/chain Different hydration levels were produced us-
ing the established technique of applying osmotic presBure [ .
by adding an immiscible polymer, PVBolyvinylpyroli- 7F = -
done, MW 40 009 in our studies, to bulk water [7]. The I .

PVP polymer weight concentration was converted into pres-
sure using the procedure of Mcintosh and Simg80]. By 6
varying concentration of PVP the osmotic pressure spanned
the range fromP=0 to P=58 atmospheres. 5 . i

Figure 2 shows our osmotic pressure data veBispace
for three lipids. The error in measurifiywas about 0.01 A.
The greatest error in Fig. 2 is in the osmotic pressure due to 4+ 7
the difficulty of preparing small samples with precise poly- ! 1
mer concentrations. However, the scatter in the thata is IS RS R S R
comparable to data reported in the literat[t&,7]. We also
noticed systematic deviations inAnin samples prepared on

two separate occasions, as indicated for DMPC in Fig. 2 by 8 (¢) DPPC
the solid versus open symbols. Uncertainties iR for the I " m

earlier DMPC and the DPPC data were estimated as 0.3, anc 7+ - 4
as 0.2 for the later DMPC data and the EPC data. Another I -

source of error is revealed in the spacirigg for fully hy- -

drated samples with no PVFPEOQ); the variations inDy 6 m- ]
were substantially larger than the measuring error of 0.01 A. - - .
The values oD, are indicated in Fig. 2 by arrows. The sum 5L - i

of the squares of the residuals used in fitting theory to the
data will include the square residual Bf weighted byAgoz.

To obtain the mean square fluctuation in the water spac- 4r tl l l'
ing between bilayersr(D), fully resolved x-ray line shapes I T
were obtained using a silicon analyzer crystal and synchro-

tron radiation at CHESS as described previoyg&y]. The 30 35 60 65

data were analyzed following the method of Zhagigal. D space [ Al

[23]. A typical fit is shown in Fig. 3. The Caillg24] x-ray

line shape parametey, was converted te using Eq.(20). FIG. 2. loggosmotic pressujevs lamellar repeaD for (a)
The results are shown in Fig. 4. DMPC (30 °C), (b) EPC(30 °C), and(c) DPPC(50 °Q). In (a) the

To test the theories of interactions it is necessary to consolid symbols show data for our most recent, most carefully pre-
vert D into the water spacing. This conversion involves threepared samples and the open symbols show earlier data. The arrows
considerations. The first consideration is that two definitionsndicateD,, for P=0.
of water spacing have been used as shown in Fig. 1. We
employ the definitiora= D)), that is similar to the one used sinceDyy is comfortably larger than zero.
by Mcintosh and Simorf14]. This choice of convention The second consideration in obtainiagis that it is not
makes no difference for the two interactions that turn out toeasy to obtain a reliable partitioning Bfinto Dg anda. We
be exponential. It reduces our estimate of the Hamaker paiave recently accomplished this for DPPC by constructing
rameterH, but this convention makes only a small differenceelectron density profiles using the form factors corrected for
for the functional form of the van der Waals interaction, fluctuations. The maxima in the electron density profiles are
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—r r - r r T 1 50 55 60 65
2| DMPC 10% pvp | [
E (a) DMPC
2 & |
E« 6F Il e
2 -
N . E %
T o Ill g |
& L ; g
5 x I g?
o ol L] i
Z (]
(b) EPC
81 [} -
|
| I S PP ..o 6k X .
1 L L L 1 L L L 1 []
-0.04 0.00 0.04 Al i} ]
— [
26-20, [deg] LT x
2L -
FIG. 3. Normalized datdcircles for two orders,h=1 andh
=2, for DMPC with 10% PVP. Solid curves are fits to the data
using modified Caille theory23]. The instrumental resolution is P S USSR S P S S S S
shown by a dashed curve and the baselines are indicated by dotte« ————————r————r——r——r——
lines. Forh=1, #,;=1.1844 corresponding tD =58.78-0.01 A. I .
() DPPC
due to the phosphate group and so the distafige between 8 " ]
maxima is a relative measure of the bilayer thickness. By .
comparing the electron density profiles for the gel phase with 6l " i
theL, phase, we founfi26] D;=45.2 A in the fluid phase .
of DPPC at full hydration P=0). The most uncertain aspect [ 2™
of this determination was the estimate for the thicknegs 4r nf .
of the headgroup region. We have since revised our estimate i "wi .-
of D, from 8 to 9 A and this increasd3y; to 47.2 A. The
) o 2F J
corresponding determination has not yet been performed for
DMPC, and EPC does not form a gel phase. To obEin
for DMPC and EPC we have instead compared their electron PR S E U S E - - ——
density profiles with that of DPPC, all in the, phase. Since 50 55 60 65
all three lipids in this study have the same phosphatidylcho- D space [A]

line headgroup, differences Ky should be primarily equal

to differences in the thickness of the hydrocarbon chain re- FIG. 4. Root mean square fluctuationvs D with same sym-

gion. The values 0K,y and the corresponding valuesdf  bols and lipids as in Fig. 2.

are shown in Table I. Th¥, for DMPC is 3.2 A less than

for DPPC. This difference is consistent with the fact thatosmotic pressure has little effect on voluiveper lipid [32]

there are two fewer CHgroups per hydrocarbon chain in andV=ADg/2, this means thaDj becomes larger with in-

DMPC and with the NMR order parameters that indicate thatreasingP. The accepted way to calculate the changdéin

the length along the bilayer normal of a €igroup in the uses[7,33

plateau region is 0.8 A31]. This latter consistency for

DMPC lends confidence to our determination for EPC. Table A—Ag=—ADWP/K,, (27)

| also shows the corresponding water spaciggfor fully

hydrated samples. The large range quoted for DPPC reflectghereK , is the area compressibility that has been measured

the range oD, spacings. for DMPC to be 141 dyn/cm[33] in compression and
The third consideration in obtaining is that osmotic 145 dyn/cm[22] in dilation. In our earlier papef26] on

pressure should not only squeeze the membranes together BPPC we argued thak did not change upon increasirigy

reducinga, it may also reduce the area/lipid [7]. Since from O to 24 atm. In retrospect, we find it noteworthy that
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TABLE |. Parameters obtained from x-ray data for three lipids.
All units are A.

Lipid XuH Dg a, s

2 o 2
DMPC 36.4 44.0 18.7 5.1 o |A7]
EPC 3738 45.4 20.9 5.9 ‘0"
DPPC 396 47.2 20.0/19.0 6.0 E

our method that used only the higheBt data gaveA
=61.2 A2 whereas our method that used all data from O to
24 atm gaveA=64.2 A% the sign of this difference is what 102F .
one expects from the compressibility, although the magni- ; ]
tude of the difference is twice what one obtains from Eg. I P SR B
(27). We now believe that a systematic changéiandDg T T T
should be expected with increasifgand that this should be [
taken into account in obtaining, especially since some of

our new data go as high as 58 atm. For this higliedor

DMPC, bilayer compressibility reducesby 1.0 A. Unfor-

tunately,K , has not been measured for DPPC or for EPC. 10
For these lipids we have scal&d linearly with hydrocarbon
thicknessD. compared to DMPC to obtain estimates of

150 dyn/cm for EPC and 160 dyn/cm for DPPC.

IV. FUNCTIONAL FORM OF Fy

Inspired by Eq(25) and Eq.(4) we plot Ino—2 versusa i
in Fig. 5. The results for all three lipids are consistent with S
F; following an exponential decay with decay lengths, de- — T T T T T ]
fined as\y, whose values are given in Table I. We note that [ () DPPC ]
if the compressibility correction t@ had not been made, N
then the plots are also consistent with an exponential decay
of F4, but with decay lengths about 0.2 A shorter. Both sets
of decay lengths are systematically greater than predicted by
Eq. (4) as will become apparent when values of the hydration
force decay constamt are obtained.

The dashed curves in Fig. 5 show the prediction for hard
confinement as embodied by E); they simply use the
basic hard confinement relation

(ala)’=p, (28)

wherep is a constant. The value gf has been given as 1/6 8 12 16 A 20

[16], 0.183[15], and 1/4[34]; the value 1/6 is used in Fig. 5. alA]

Comparing to the data shows first that hard confinement pre- FIG. 5. logr 2 vs a for (a) DMPC, (b) EPC, and(c) DPPC
dicts a significant curvature in Fig. 5 that is not observed; inOnly the most recent data are showr,1(ii) for DMPC. The solid
other words, the functional form of the undulation repuISIonIines show exponential fits. The dashed lines show the hard con-

is incorrect. Second, the dashed curve lies below the datgnement prediction, Eq3), and the dotted lines show the slope for
raising it would require smaller values of of order 0.05,  the soft-confinement prediction, E6f).

but these values would also have to vary wathFrom this

comparison we conclude that a theory of soft confinementioutine nonlinear least squares program. For EPC the result-
such as the one given by E@), is required for the range of ing parameters for this unconstrained fit are shown in line 1

a in our data[35)]. of Table II. Figure 6a) shows the fit to the IR data and also
the decomposition into the three component pressures. How-
V. DECOMPOSITION OF P(a) DATA ever, by holdingK, fixed at other values, quite reasonable

fits to the IrP data can also be obtained as shown in Fig.
If we know K., then Eq.(26) can be used to determine 6(b). The results for the corresponding values of the other
Py . Unfortunately, literature values ¢ are either absent parameters, while holdingK,=1x10 12 erg and 2
for some lipids or are uncertain by factors of 4 for otherx10 ' erg, are shown in lines 2 and 3, respectively, in
lipids, so we first tried using(. as a fitting parameter along Table II.
with the other parametens, P, andH in Eqg. (1) using a Some fits for DMPC and DPPC are shown in Fig. 7. Fit-



INTERBILAYER INTERACTIONS FROM HIGH . ..

TABLE Il. Parameter values for several fits tcPidata. The units ar& (1072 erg); P,(10° erg/cni);
H(10 % erg), and\, ag, andAag are in A

Lipid K P A H aft Aa,
EPC 0.55 1.07 1.94 4.73 20.9 7.4
1.00 0.91 1.99 2.81 21.0 5.6
2.00 0.81 2.03 1.65 21.0 37
DMPC 0.50 1.32 1.91 7.13 18.8 6.3
0.80 1.13 1.97 491 18.8 5.0
1.30 1.01 2.01 3.50 18.9 3.7
DPPC 0.50 0.63 2.36 9.19 16.0 2.3
1.00 0.58 2.39 7.41 16.0 1.3
0.50 0.99 1.97 4.78 18.0 45
1.00 0.92 1.97 2.87 18.1 3.1

7021

ting results for several fixed values K. for both lipids are It is clear from the previous paragraph that additional in-
shown in Table Il. DPPC is more complicated because theréormation is required to determine the fitting parameters
is a wider range o, and the earlier data have larger uncer-uniquely. One possibility is to hypothesize that the values of
tainties inP; we therefore give results for the two extreme some of the parameters might vary little from lipid to lipid.

values ofay. For example, if the hydration pressure depends primarily
upon water, ther\ should be nearly the same for the three
A A B L | lipids. Also, the Hamaker parameter might reasonably be
8| . (a) EPC - expected to be nearly the same; the thickness dependence of
= I » | the different bilayers is already accounted for in first ap-
g K =055x10 “erg
U7- € - r— 1 r r 1 r r °r 1
=
2 = 8 (a) DMPC I
& 6F 1 5 K =0.8x10 " erg |
= > 7F ¢ .
& £
< 5k - el
&6} -
i 1 2
5L -
| I AL L L R L L R R B B L R R R R 4 n
8 . (b) EPC 1
. [ K =1.0x10" erg | ' '
8F . (b) DPPC .
6 i . K =05x10" erg |
5k -
6+ -
4t J
5L -
5 10 15 20 [
alA] 4l _
FIG. 6. The curved solid line shows the fit to [egmotic pres-

sure vs a for EPC for the two values dk. shown in(a) and(b). * —1

The straight solid line in each panel shows the fluctuation pressure, a[A] 20

the straight dashed line shows the hydration pressure, and the

curved dotted line shows the van der Waals pressure. Parameter FIG. 7. As in Fig. 6 except that pan@) is for DMPC and panel
values are given in Table II. (b) is for DPPC.

5 10 15
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proximation by the form of Eq(2) and the relative propor- three lipids leads us to suggest thit is about 0.50
tion of head to tail does not vary much for these three lipids. 10-12 erg for DPPC at 50 °C an@.80x 1012 erg for

These considerations disfavor the first two fits for DPPCpMPC at 30 °C. We note that the latter value is closer to the
listed in Table II, which were driven by the smallest estimatemost recently measured valuekf for DMPC at 25 °C than

of a;. From the last two fits we then conclude thatis  to the value measured at 30 fG8].

nearly 2.0 A andP,, is about 18 ergs/cni. These values of

\ are only about 0.1 A smaller than given by Rand and VI. B MODULI

Parsegiani7]. The robustness of these values foand Py,
follows from the fact that they are primarily determined by
the highP data where the other two pressures are small a
shown in Figs. 6 and 7. Because we make a compressibilit
correction, our\ are larger than those given by Mcintosh

In this section we address the rather confusing issue of
arious compression moduli that can be defined. The modu-
?s B defined in the potential in Eq6) is related too by Eq.
19). It is important to appreciate that thi is a phenom-
. o . : . enological input parameter; as such, it should not be ex-
and Simon[12]; if we did not make this correction our pected to be equal to the thermodynamic output modulus

would be of order 1.8 A. B+ . Indeed, imposing such an equality would ensure that the

Figures 6 and 7 show that the magnitude of the van depenqing term in Eq(6) would have no effect in determining
Waals_ pressure and the ﬂuctugnon pressure foIonv each othgT_ There are several ways that one can define the thermo-
asK. is varied, so the valuél is no better determined than gynamic bulk modulus. The most straightforward is as
the value oK. There is, however, another criterion that can —p(9p/gD)+. It is more convenient, however, to consider
be used to establish preferences. Let us suppose that the hyp(9P/sa);. Due to the compressibility of the bilayer
dration pressure and the van der Waals pressure are the sagiese two ways are not the same, but the difference is less
in the gel phase as in the, phase, and that the fluctuation than 6% at our highest osmotic pressure.
pressure is negligible because gel phase bilayers should be Using either definition, we must also divide Byas was
stiffer with largerK . Then,a, in the gel phase would be the done in convertindd; in Eq. (5) to B in Eq. (6). We there-
value ofa at which the hydration pressure and the magnitudgore define the thermodynamic modulus as
of the van der Waals pressure become equal; let us call this
ay . The differencelag=ay—ag is given in Table Il for the B.—_ aP 29
various fits. The experimental difference ag betweenL,, T da 9
and gel phase DPPC is 9 [R6]. This favors the larger
values ofAa, in the last column of Table Il, i.e., smaller Itis also useful to define a bare modulus
values ofK. and larger values oH. However, when we
consider even smaller values Kf, than given in Table I, B _d?V(a)
the fit to the IP data deteriorates rapidly. The fact that the bT g2
fitted values ofAa, are smaller than 9 A may, of course,
reflect different values of some of the parameters for the gednd a fluctuating modulus
phase. A similar criterion comes from oriented multilayers
on solid substrates. Our most fully hydrated samples of d?Fg(a)

DMPC [36] only haveD spacings of 52 A. Current theory Bq= 422

[37] for these much smalldd spacings is that the substrate a
suppresses the fluctuations and this eliminates the fluctugy,gm Eq.(24) it then follows that

tional pressure. Since this should not change the other inter-

actions or the bilayer thickness, one would haje=52 A Br=By+By. (32
—44 A=8 A, which would giveAa,=11 A. One concern

in the precise numerical value obtained from this criterion isFigure 8 shows these four moduli obtained from our best fit
that it is very hard to achieve 100% relative humidity for to EPC. The bare modulus, is nearly equal td for high

samples oriented on solid substrates; achieving higher hi? and smalla becauseBy is relatively small. The relations
midity would, of course, reducAa,. change dramatically for largerbecausds,, goes negative as

Another criterion that one might use across the three lipa exceeds 17 A; this is just a different statement of the fact
ids is to suppose thad. might be larger for larger bilayer that the fluctuation pressure swetls beyondag .
thickness. However, this criterion is weakened because EPC Most importantly, Fig. 8 emphasizes our assertion above
has unsaturated bonds that make the hydrocarbon chaitisat there is no general simple relation betw&eand any of
more disordered than with saturated chains and the DPPthe other three moduli. This is not surprising for general
data were taken at higher temperature where the bilayeralues ofa. It is a somewhat surprising result in the limit of
should be more flexible. Indeed, data taken at different temsmall values ofa. In this limit one might expect that the
peraturegto be publisheflshow thato increases with tem- effect of fluctuations would be negligible and that the hydra-
perature for DMPC and EPC. We therefore ignore this critetion force would be dominant. Then, EQ2) suggests tha
rion in favor of the others above. should equaBy, . If we imposed this constraint on the pa-

Since our best fit to EPC givés,=0.55< 10 2 ergand rametersK. would be reduced to about 0110~ 12 erg and
since a similar value was obtained by direct measuremeril would increase to over 2010 * erg; these values are
[17], we will choose line 1 in Table Il. Assuming that the clearly outside the currently acceptable rarid8,17,38.
corresponding value dfl should be nearly the same for all However, this constraint may not be appropriate because of

(30

(31)
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length\y that is greater than twice the decay lengtlof the
hydration force predicted by the best theory of soft confine-
3 ment[15].
] Using this extended probe of the fluctuation force, we
have then attempted to decompose the usual osmotic pres-
3 sure data into component pressures without using additional
] information, such as the factor &f, * in the fluctuation pres-
sure. Ironically, the interaction that is the least well under-
stood conceptually, the hydration pressure, is the one that
can be best determined. In this regard, it is worth noting that
other researchers have gone to much higher osmotic pres-
. sures[7,12]. Because the hydration pressure is already well
: ] determined with the range of pressures we use, we have con-
= 1'0' — 1'5 = '2'0' ' centrated instead on obtaining more data in the lower pres-
alAl] sure range near full hydration where the other interactions
play larger roles. One conclusion of our study is that the
FIG. 8. log of various moduli as a function af. Parametric  gpility to fit the data, even with the new constraint on the
modulusB (solid squares fromr datg; thermodynamic modulus  fnctional form ofPy, indicates that the functional forms of
By (solid curve; bare modulusB, (dashed curve, when positive  the hydration pressure and the van der Waals interaction in
and fluctuating modulusy, (dotted ling. Eq. (1) remain acceptable, though perhaps not proven.
Furthermore, as we show in Sec. V, if eith€g or the
Hamaker parametdd can be obtained from other experi-
ments, then the remaining parameters can be extracted. It is
VIl. CONCLUSIONS indeed encouraging that choosing an experimental yalue of
K. [17,38 returns a reasonable value Hif [13] and vice
. . versa Nevertheless, we regard this study as being a steppin
(_)ur o _data, presentgd in Sec. Ill, open a second W'r.]dowstone to further study rath?ar than as prgviding fir?al ansl\j\fersg
on interbilayer interactions, as we have shown theoretlcall¥0 interbilaver interactions
in Sec. Il, especially regarding the fluctuation pressure, for y ’
which our results are shown in Sec. IV. Our data show that a
theory of soft confinement is definitely required for biologi- ACKNOWLEDGMENTS
cal lipid bilayers, in contrast to some soft condensed matter
systemg 39] that were shown to obey Helfrich’s theory of  This research was supported by the National Institutes of
hard confinement. While the data support an exponentiallyiealth Grant No. GM44976 to J.F.N. Synchrotron beam
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the harmonic approximation in E(R2) and also because our
smallest values o may not yet be in the sma#l regime.
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