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Inclusion-Induced Bilayer Deformations: Effects of Monolayer
Equilibrium Curvature
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ABSTRACT The energetics of protein-induced bilayer deformation in systems with finite monolayer equilibrium curvature
were investigated using an elastic membrane model. In this model the bilayer deformation energy AG,.s has two major
components: a compression-expansion component and a splay-distortion component, which includes the consequences of
a bilayer curvature frustration due to a monolayer equilibrium curvature, c,, that is different from zero. For any choice of bilayer
material constants, the value of AG,.; depends on global bilayer properties, as described by the bilayer material constants,
as well as the energetics of local lipid packing adjacent to the protein. We introduce this dependence on lipid packing through
the contact slope, s, at the protein-bilayer boundary. When ¢, = 0, AG,4.s can be approximated as a biquadratic function of
s and the monolayer deformation at the protein/bilayer boundary, uy: AG4.s = a4U3 + a,uys + ass®, where a,, a,, and a are
functions of the bilayer thickness, the bilayer compression-expansion and splay-distortion moduli, and the inclusion radius
(this expression becomes exact when the Gaussian curvature component of AG . is negligible). When ¢, # 0, the curvature
frustration contribution is determined by the choice of boundary conditions at the protein-lipid boundary (by the value of s),
and AG, is the sum of the energy for c, = 0 plus the curvature frustration-dependent contribution. When the energetic
penalty for the local lipid packing can be ignored, AG, will be determined only by the global bilayer properties, and a c, >
0 will tend to promote a local inclusion-induced bilayer thinning. When the energetic penalty for local lipid packing is large,
s will be constrained by the value of c,. In a limiting case, where s is determined only by geometric constraints imposed by
Co, @ Co > 0 willimpede such local bilayer thinning. One cannot predict curvature effects without addressing the proper choice
of boundary conditions at the protein-bilayer contact surface.

INTRODUCTION

Lipid bilayers are self-assembled structures of amphipathid987; Needham, 1995), the energetics of bilayer-protein
molecules with material properties similar to those of smecinteractions provide for a mechanism by which the bilayer
tic liquid crystals (Helfrich, 1973; Evans and Hochmuth, lipid composition can be a determinant of protein confor-
1978). Changes in bilayer shape (lipid packing) thereforamation and function.

will incur an energetic cost (Helfrich, 1973, 1981). This is  The bilayer component of biological membranes contains
important because the hydrophobic bilayer-spanning dolipids that in isolation form nonbilayer structures (Luzzati
mains of integral membrane proteins (Deisenhofer et al.and Husson, 1962) (see Epand (1997) for a recent summa-
1985; Henderson et al., 1990; Doyle et al., 1998) couple they)  and isolated lipid monolayers at equilibrium may be
proteins to the surrounding bilayer (Owicki et al., 1978). nonplanar—they may have a curvature (Cullis and deKrui-
Consequently, when membrane proteins undergo conform?ﬁ' 1979: Gruner, 1985: Seddon, 1990: Lundbaek et al.,

tional changes that involve the protein-lipid boundary (Un-3997: andersen et al., 1999). This propensity to form non-
win and Ennis, 1984; Unwin, 1995; Kaback and Wu, 1997;bilayer structures is likely to be important. First, many cells

Sakmar, .1998; Peroz_o et al., 1996), the structure of th?egulate their bilayer lipid composition such that optimal
surrounding bilayer will be perturbed, and the free energy.q, growth occurs close to, but below, the bilayer

difference between two protein conformations will vary ; o .
with the difference in bilayer deformation energy associate onbilayer phase transition temperature (Lindblom et al.,
Y 9y 993; Rilfors et al., 1993; Rietveld et al., 1993) (see Hazel

with the different bilayer perturbations (Gruner, 1991). Thefelg%) for a recent summary). Second, changes in mono-

bilayer deformation energies can be evaluated using th ilibri i dulate the funct f
theory of elastic liquid-crystal deformations (Huang, 1986),,ayer equilibnium curvature modulate the tunction ot many
and, because the bilayer mechanical properties vary as|gtegral membrane proteins (cf. Epand (1997) for a review),

function of the lipid composition (Evans and Needham, S well as well-defined model systems (Keller et al., 1993;
Lundbeaek and Andersen, 1994; Bezrukov et al., 1995, 1998;

Lundbeek et al., 1996), suggesting that the monolayer equi-

librium curvature could be a modulator of biological func-
Received for publication 28 October 1999 and in final form 5 July 2000.ti0n (Gruner, 1985; Hui, 1997)
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a) (Gruner, 1985; Sadoc and Charvolin, 1986). Inclusions (lip-
I: """""" b . . ids or proteins) that perturb the bilayer will alter the local
1 Headgroup interaction energy density; conversely, inclusions may be affected by
{84 |  Interfacial interaction the deformation energy, which will affect protein function

‘ Acyl chain interaction (Andersen et al., 1999).
T Repulsion  Afiraction
THEORY

Continuum analyses of bilayer configurations are based on
the concept of bilayer elasticity. Any planar bilayer config-
uration is endowed with a potential (elastic) energy. A
change in bilayer configuration causes a reversible change
in energy, and configurations with the lowest energy are the
most likely to occur. The symbols used in this article are
1R, =G, >0 defined in Table 1.

b)
1YRo=co<0 1Ry =¢ =0

Formulating the model

c) A length mismatch between the thickness of the hydropho-
— .,- : - bic core of an unperturbed bilayed,, and the lengthl, of

| i \ ' the hydrophobic exterior surface of a bilayer inclusion, an
! integral membrane protein, will introduce an elastic defor-

X‘ mation of the bilayer in the vicinity of the inclusion (Fig.
‘\(_ v 2a). When the strength of the hydrophobic interactions
""""""" between the bilayer-spanning part of the protein and the
FIGURE 1 Intermolecular forces, lipid shape, monolayer curvature, an(p“ayer core is strong enough to ensure that there is no
bilayer stress.d) Effective lipid shapeléft) together with intermolecular €Xposure of hydrophobic residues to water, when there is
interactions ¢ente) determines the lateral pressure profile in a monolayer strong hydrophobic coupling (Andersen et al., 1999), the

(right). (b) The spontaneous radius of curvatuRg together with an  pilayer deformation at the inclusion/bilayer boundary will
(arbitrary) assignment of a surface normal determines the monolayebed —
0

equilibrium curvature,. (c) Monolayers with equilibrium curvature, # Th . bil def. . . f
0 change their effective lipid molecular shape from cones to cylinders to e ensuing bilayer deformation energy arises from con-

form a (frustrated) planar bilayer. tributions due to changes in bilayer thickness (with an
associated energy densky(2u/d,)?, whereK_ is the com-
pression-expansion modulus ands the local perturbation
the integral of the profile(z) over the monolayer thickness in monolayer thickness) and changes in monolayer curva-
is zero (Seddon, 1990), and the average molecular shape tfre (with an associated energy densityc, + ¢, — ¢o)?/2,
the lipids is cylindrical. If the (unperturbed) lipid molecules whereK_ is the mean splay distortion modulus anygindc,
are not cylindrical, the positive and negative stresses are n@te the principal monolayer curvatures) (Helfrich, 1973;
symmetrical about a neutral surface (a surface where theluang, 1986) (Fig. ). In addition to these major contri-
area does not change with changes in monolayer curvaturéytions, there are two minor contributions: a surface-tension
Rand et al., 1990; Templer et al., 1994), and there will be derm, which previous analyses have shown to be negligible
bending moment, or torque, around this surface. A nonzer¢Huang, 1986; Helfrich and Jakobsson, 1990; Nielsen et al.,
bending moment means that the monolayer will tend t01998), and a Gaussian curvature energy term with associ-
curve away from a planar geometry, toward its equilibriumated energy densit.(c,c,)?/2, which also is negligible
curvaturec, (Fig. 1b). (see Appendix).

Whatever the monolayer equilibrium curvature, the two Besides the above energy contributions, there also may be
monolayers must adapt to one another to form a bilayer. I@n energetic cost associated with packing the lipids in
the case of symmetrical bilayers, the bilayer curvature wilimmediate contact with the inclusion, which arises because
be zero. Thus, for lipid molecules that form curved mono-the presence of the inclusion will decrease the range of
layers, the adaptation involves a change in the effective lipidnotion of the bilayer lipids (Chiu et al., 1991, 1999; Woolf
shape, from noncylindrical to cylindrical (Seddon, 1990)and Roux, 1996). The total deformation energy therefore is
(Fig. 1¢). This change in shape means that energy is stored
in the bilayer—the so-calledurvature frustration energy AGger = AGcontinuum T AGpacking (2)
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TABLE 1 List of symbols

Symbol Meaning Unit
Riead Effective lipid headgroup radius nm
t(2 Lateral pressure profile pN/rfm
Ka Area compression-expansion modulus pN/nm
Ke Mean splay-distortion modulus pN nm
K Gaussian splay-distortion modulus pN nm
u Monolayer perturbation nm
U Monolayer deformation at inclusion-bilayer boundary nm
r Radial distance from inclusion symmetry axis nm
ro r at inclusion-bilayer boundary nm
I Radial distance in the limit wheng(r) = 0 nm
d, Equilibrium bilayer thickness nm
| Hydrophobic length of inclusion nm
lo Hydrophobic length of model protein in the open state nm
e Hydrophobic length of model protein in the closed state nm
S Contact slope at inclusion-bilayer boundary
Smin Relaxed contact slope wheéi\G,./ds = 0
Co Monolayer equilibrium curvature nnt
C1,Co Principal curvatures nm
AGget, q-0 Total deformation energy far, = 0 kT
AGyet Total deformation energy kT
AGce Nominal compression-expansion energy component kT
AGgp Nominal splay-distortion energy component kT
AGyec Nominal monolayer equilibrium curvature energy kT
AGge Nominal Gaussian curvature energy component kT
Hg Bilayer spring constant KT/nm?
a Coefficients in the quadratic expression G, .o See Table 5
ack Coefficients in the quadratic expression G.g o See Table 6
a’P Coefficients in the quadratic expression Ggp . See Table 7
Nab Neiv Nais N Exponents for they’s in the scaling relations
A, 8. Ay Ay Multiplicative coefficients for the scaling relations See Tables 5-7
F- TR W I A Additive coefficients for the scaling relations See Tables 5-7

where AG.yinuumiS the continuum contribution tAG,.,  whereK.c3/2 is the curvature frustration energy density in
due to theK(2uy/dy)%/2 andK.(c, + ¢, — C,)%2 energy the unperturbed bilayer. The material constakisandK,,
densities, and\G,.«ing denotes the (local) energetic cost have been determined in “macroscopic” continuum mea-
due to the inclusion-induced packing constraints, which wesurements (Evans and Hochmuth, 1978; Evans et al., 1995);
will incorporate through the choice of boundary conditionsit is not clear, however, whether these values are appropriate
used to solve the continuum problem. for describing bilayer deformations (cf. Helfrich, 1981).

In the case of uniform single component bilayers that are To solve Eq. 2, which also will establish the deformation
symmetrical about an unperturbed bilayer midplane, therofile, one needs four boundary conditions. The first two
continuum contribution to the bilayer deformation energyare straightforward, as they describe the unperturbed bilayer
induced by a cylindrical inclusion with radiugis obtained far from the inclusion:
by integrating the energy densities over the perturbed area:

u(e) =0 3a
AC':‘continuum ( )
1 ([~ ou\2 and
== Kd | + Kd(c, + ¢, — )% )27 dr
2 . do au b
Fr = 0, (3b)
- zj KoCg 27 dr whereu(r) denotes the monolayer perturbation as a function
o of r. The last two boundary conditions describe the per-
. U2 turbed bilayer at the inclusion/bilayer boundary and are
u bject to uncertainty.
= Ko 5| + Kdc, + ¢)? — 2K (c, + )rdr, sub) ; Y . .
Trf ( a(do) G+ C) G+ GG For the third boundary condition, we assume that there is
N strong hydrophobic coupling, in which case the initial

(2)  monolayer deformationy, atr = r,, will be determined by
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fourth boundary condition. IAG,.ing = 0, thenAGy.s =
. - p g -
2D 40 AG,ontinuum @nd the minimum value 0AG,inuumiS at-
tained when (Landau and Lifshitz, 1986)

val, =0, (3d)

) a2 or, equivalently, whemAG,opinuunids = 0, wheres =
aular|, . That is, if one can neglect any molecular detail at
r the inclusion/lipid boundary, thea will relax toward the
value for whichAG_,hinuum IS @ minimum (Helfrich and
/ Jakobsson, 1990), which we denotesvy s,,,,. We refer to
Eq. 3d as the relaxed boundary condition and use the
s=tan(®) <0 superscript rel whenever Eq. 3d applies.

The liquid-crystalline characteristics of lipid bilayers
generally will makeAGp,ing # O, In which case it is
necessary to introduce molecular detail to describe the con-
straints on the lipid packing (Ring, 1996). Given the known
variation of AG,,inuumWith s (Huang, 1986; Helfrich and
Jakobsson, 1990), we introduce the lipid packing constraints
by constraining the value of. For example, if a rigid
cylindrical inclusion is imbedded in a bilayer composed of
effectively cylindrical moleculess will be close to zero
because there can be no voids in the bilayer core at the
lipid-protein boundary. We therefore choose the fourth
boundary condition to be

b)

=0 or s=0. (3e)

This boundary condition is in concordance with experimen-
tal results on the variation in gramicidin channel lifetime
FIGURE 2 Inclusion-induced bilayer deformations and local curvature.with bilayer thickness (Huang, 1986; Lundbesek and
(8) Whend, # |, hydrophobic matching at the inclusion/bilayer boundary Andersen, 1999). Its physical significance is that the acyl
will cause the two monolayers to bend and thin or thicken, which gives risechain movement adjacent to the inclusion will be con-

to a bilayer deformation energy. For symmetrical bilayers and symmetncalstrained (cf. Chiu et al., 1999). If the lipid molecules in

cylindrical deformations, the problem can be reduced to a radially varying . . : . .
deformation of a monolayer with an unperturbed thickrita, wherez = successive rings around the inclusion were free to slide
u(r) denotes the perturbation in monolayer thickness at distafioen the ~ relative to each other, the acyl chains in each monolayer
inclusion axis. At the inclusion/bilayer boundary (g}, the deformationis  would tilt with respect to the monolayer surface, and the
Uo. The slope of the deformation at the contact surfauﬁjrﬂo, is denoted |ipid director would no longer be paraIIeI to the surface

by s. (b) Local curvature. The position of a poiRton the surface is given L .
by F = (x y, U y)); the associated area element normahisThe two normal, ors # 0. In the limit where the energetic penalty for

directors whose curvatures are extrema are the principal directions; thillt vanishe_s,s will be_come equal tn. o
corresponding principal curvatures arg= 1/R, andc, = 1/R,. If the lipid shape is changed, from cylindrical to cone-

shaped, but the penalty for tilt remains, a void-free align-
ment of the lipids around a cylindrical inclusion would
mean that

the mismatch betweehandd,:

do— | au .
Uo = U(rg) = "7 (Bc) o = tan(arcsinRyeafo)) = Rieao  fOr  Ryeafo < 1,

Equation 3c will not hold generally, as the bilayer defor- (30

mation may be so large that the incremental change in thevhereR,..4iS the effective radius of the lipid headgroup.

deformation energy may exceed the energetic penalty foEquation 3f is an approximation, as it is assumed that the

exposing hydrophobic residues to water (Andersen et alinclusion, or the inclusion-induced bilayer deformation,

1999; Lundbeek and Andersen, 1999). does not perturb the lipid shape. Accepting this, Eq. 3f is
The energetic consequences of lipid packing adjaceraccurate to within 1% for-0.3 = R,,.,£0 = 0.3. (Equation

to the inclusion are introduced through the choice of the3e describes the special case whgyes 0.) We refer to Eq.
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3f as the constrained boundary condition, and use the su- The general solution to Eq. 4 is quadraticup and s
perscript con whenever Eq. 3f applies. (One can similarly(Nielsen et al., 1998):
assign the value oau/ar|r0 for noncylindrical inclusions.) 5

Because of the uncertainties about the lipid packing AGyer,o-0 = AUy + oS + &S, (©)
around an inclusion, which has an impact on the choice ofyhere the coefficients,, a, andas are functions of the
s, we examine howAGy, varies for different choices & 1 ,echanical moduliK, andK,), r, andd, the parameters
that describe the bilayer-inclusion system (scaling relations
that allow these coefficients to be determined for any choice
of K, K, o, andd, will be described in the Results section).
Examination of EqQ. 2 shows th&(G . inuum Which from  Not only AGge o, but also the component energies
now on is equivalent tdG,, (subject to the value o), is  (AGcg, -0 aNdAGsp ¢ -o) are biquadratic functions af,
composed of two terms that formally are independent,of ands:
and a term that explicitly depends @g. This distinction
between (formally),-dependent andg,-independent terms
becomes useful when the solution to the problem isgngd
formulated, as it turns out to be advantageous to evaluate
separately the value afG,; for ¢, = 0, which will be AGegpo=aj" Uy + a5°Us+ a3°s’,  (10b)
denotedAGg¢ o, and then add the explicitigs-dependent
contribution.

When ¢, = 0 the bilayer deformation energy can be
written as

Solution to the model

AGeg -0 = a7F U5 + a5F ugs + a§F & (10a)

which is important when evaluating the various contribu-
tions to AGye+
For the constrained boundary condition ad= 0, s =
0 and
AGet,q-0 = AGce -0 + AGsp, g0, 4) AGE om0 = aU3. (11a)
whereAGcg o is the compression-expansion componentThe bilayer deformation energy thus is equivalent to the
energy stored in a linear spring, and it is convenient to

® [2u\? define a bilayer spring constant as
AGer g0 = Ks J (d) [ dr ) yer spring
.\ He™ = ay/4. (11b)
andAGgp, o is the splay-distortion component For the relaxed boundary condition anyt= 0, dAGgef, oo/
ds = 0 and
p— N _a
AGSD,C{)ZO = WKC[ (Cl + sz)Zr dr (6) Smin — Z: uO! (12)

o

(The c,c,-dependent (or Gaussian curvature) term is negli°"

gible compared to the otheg-independent terms (see Ap- AGE! oo = (ay — a2lday) 2, (13a)
pendix).) Thec,-dependent term in Eq. 2 depends on the '

fourth boundary condition only and can be written in closedwhich again is equivalent to the energy stored in a linear

form (Ring, 1996): spring with the bilayer spring constant
) = (2, — 2 s 13b
AGyec = —27K G, J (¢, + cyrdr B~ |% 4ag) (13b)

0

Equations 8, 9, 11a, b, and 13a, b provide a basis for
= 1ou 92U describing the energetic consequences of inclusion-induced
—ZWKCCOJ ( )r dr

bilayer deformations. For either boundary condition used
here,AGges,—o Can be described by a linear spring model
with a characteristic bilayer spring constant,

AGgef -0 = Hg(2up)%. (14)

ror o

= 27K Cof oS. (7)

Combining Egs. 4-7AGy can be written as ) _ ) ) )
The magnitude of the spring constant varies with the choice

AGger = AGgef o0 T AGyec of boundary conditions (Eqg. 3d or 3e) used to describe the
lipid packing at the inclusion/lipid contact surface (cf. Egs.
= AGce o0 T AGsp,o-0 + AGvec. (8)  11b and 13b).
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Whenc, # 0, the expression fohG,.¢ (EQ. 8) contains, close~open transition in gap junction channels. The chan-
in addition to the quadratic terms describiG e, o —o (Cf. nels are treated as rigid cylinders with the dimensions listed
Eq. 9), aAGec term that is linear irs (Eq. 7), which has in Table 3.
important consequences for th&,.(u,) relations.

RESULTS
REFERENCE SYSTEMS Given the structures of Egs. 8 and 9, it is useful to start out
Bilayer material constants by exploring the consequences of the biquadratic relation

o . _ betweemMGgye 0, Uy, @ands (Eq. 9). The reference system
To evaluate the quantitative importance of the inclusionyjj pe a membrane-spanning protein with = 3.0 nm
induced deformation energy, we use experimental values Qforresponding to a gap junction channel) in a bilayer with
Ko and K. for 1-stearoyl-2-oleoyl-phosphatidylcholine properties similar to those of a SOPC bilayer wdth= 3.0

(SOPC), alone and with cholesterol; dioleoylphosphatidyl-ym: the reference deformation will be a hydrophobic mis-
choline (DOPC); and glycerolmonooleate (GMO). SOPC ismatch of 0.2 nm €2u, = d, — ).

the reference phospholipid because its 18:0/18:1 chain com-

posi_tion gpproximates the average acyl chai_n compositioq—he biquadratic nature of the deformation energy

of biological membranes (Marsh, 1990). To illustrate how

the results can be extended to other systems, we use scalififg- 3 shows numerical evaluations of Eq. 2 for the refer-
relations to estimatAGin different systems. The scaling ence system and, = 0. Fig. 3a shows howsy,, varies as
relations were evaluated using, first, bilayers composed o linear function ofu,. The compression-expansion and
an equimolar SOPC and cholesterol mixture, which in-splay-distortion components &fGj; =0, taken together,
crease, and K, by three- to fourfold relative to SOPC; lead to a surprising simplicity (Eq. 12). Fig.c3shows the
second, bilayers composed of DOPC, in whi¢his de-  corresponding relation betweepandAGgy; , =0, which is
creased by fourfold with little change I, which reduces described by a linear spring formalism (cf. Eq. 13a). Fig. 3,
the relevant length scale by 1/2 (Nielsen et al., 1998); ang andd, shows solutions of Eq. 2 as functions af (for
third, bilayers composed of GMO, which decreagg#,  three fixed values of) ands (for three fixed values ofi).

by twofold and for which there is an experimental estimateln each case # 0 or u, # 0 preserves the shape of the
for Hg (Lundbzek and Andersen, 1999). The material conguadratic curve but shifts the position of the minimum. The
stants for the four systems are listed in Table 2. There i§mportance of the boundary conditions i is seen by
variability among the values of material constants obtaineg¢omparing Fig. 3 with Fig. 3, c andd.

by different investigators (cf. Needham, 1995; Nielsen et The coefficientsa,, a,, andas, which describe the sys-
al., 1998). The values in Table 2 serve as reference point€m, are listed in Table 4, together with the coefficients
only; one can use the scaling relations to evaluate the bilaye = — a5~ and af® — a3°. Given these values,, =
deformation energy for any choice of material constants. ~ —0.86U, (Whereu, is in nm); the two spring constants are
HE" = 88.&T/nn? (Eq. 11b) andHE' = 35.&T/nn? (Eq.
13b). For a given deformation, the bilayer deformation
energy varies by a factor of 2.5 for the constrained as
The effects of lipid composition (bilayer mechanical char-compared to the relaxed boundary condition.

acteristics) on the conformational equilibrium in membrane

proteins were evaluated using, first, the transmembran¥he relaxed boundary condition

dimerization of gramicidin (gA) channels, and, second, theC

Protein models

ombining Egs. 7 and 9AG,; can be expressed as a
function ofu, ands:

TABLE 2 Bilayer parameters AGdet(um S) _ alucz) + (azuo + a)S + agsz’ (15)

Parameter do Ka Ke Riead
Units nm pN/nm pN- nm nm TABLE 3 Inclusion parameters
SOPC 3.0 193 90 0.45 :

! Incl

SOPC:Chol (1:1) 33 781 248 0.37 nelusion
DOPC 2.8 188 20" 0.48 Reference rog/nm 3.0
GMO 2.3 14¢ 36° 0.3¢° Ug/nm 0.1
The SOPC reference values are denoted by asterisks in the scaling relatio%é channel {%?nm ;27
(Egs. 37-39). References: a Waldbillig and Szabo (1979), Elliott et aI'Ga iunction open £ /nm 3'0
(1983). b Benz and Janko (1976). ¢ Estimated values. d Chung and Caffrey Pl P I/nm 2.985
(1994). e Tristram-Nagle et al. (1998). f Needham and Nunn (1990). gGa ‘unction closed fo/nm 3'0
White (1978), Hladky and Gruen (1982). h Niggemann et al. (1995). i Pl I Jnm 3'015
Evans and Rawicz (1990). Rawicz et al. (2000) have recently determined :
somewhat larger values fét, andK, in SOPC. The reference, is denoted by an asterisk in the scaling relations (Eq. 38).
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a) ‘ b)
Sm'n
03+ 20+
02+
15
14
° 5
——t : : : | %10-
03 -02 01 01 02 03 (<D]
o1t G/rm
54
02+
'0-3"' 0 T T T 1 T 1
03 02 01 00 01 02 03
u,/nm
c) d)

FIGURE 3 Bilayer deformations and deformation energigsTbe relation betwees,,;,, andu, (Eg. 12) for a SOPC bilayerbfd) Numerical evaluation
0f AGger,q—0 (EQ. 4). The curves can be described by Eq. 9, usingfhe a% values from Table 4.) AGget, -0 for the relaxed boundary condition (Eq.
3d) as a function of the initial deformatian,. (¢) AGget,q,—0 @s a function ofl, for constrained values of = +0.25 (--),s = 0 (—), ands = —0.25
(-++-+9. (d) AGy as a function of for constrained values af, = 0.1 (--),u, = 0 (—), anduy = =0.1 (----) nm.

wherea (=27K 1 4C,) incorporates th Gy, contribution  Fig. 4 showsAG(); as a function ot for fixed u,, and vice
to AGy.r For the relaxed boundary condition an* O, the  versa. In either case, @&, (or cp) different from zero will
value of s for which AGy; is a minimum is translate the\Gl versusu, (or ¢,) relation in the plane; but

the basic relation, as exemplified by the spring constant, is
. (16) invariant.

233 For any choice ofu, or c,, the value ofAG' is that
Substituting Eq. 16 into Eq. 15, which minimizes th(_e sum of the three component energies.
To understand the interplay between these components, we
AGE(Uo, Co) analyze first the situation whewg is a free parameter (Fig.
Al + a) (a2u0 " a)z 4 a), then the situation wheng, is a free parameter (Fig.3).
3

2a, 2a,

_ (K ro)? & a,mKrg

—(aUp + )

= ayUj — (3l + a)(

TABLE 4 a;’s for the reference deformation in a SOPC bilayer

B a3 a, oCo i Units for a* al acE asP
a 1 KT/nn? 355 248 107

[T 2 KT/nm 495 208 067

+ (al 4a3)Uo. an 3 KT og8 -~ 2
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a) AGRIKT ent, however, becausg|,,., is a function ofu, (Eq. 18a);
but the result highlights the interactions between the bilayer
material constants and the boundary conditions in determin-
ing AGger

For a givency, how will a uy # 0 effect AG,? For a
fixed c,, AG/2(u,) Will go through a global minimum (Fig.
4b); whency # 0, AGE(Uo)|min < 0. Forc, > 0, a large
positive u, (and a negativel, of more modest magnitude)
can makeAGE(u,) = 0 (Fig. 4b). These balance points
arise from the exact match between the release of curvature
stress anaﬁG{,%'f'Q):o. The situation is similar foc, < 0, but
the sign ofu, is reversed (results not shown).

The minimum of AGIZ(u,) denotes how much energy
can be released by an inclusion-induced deviation from a

planar bilayer geometry. The deformation at the minimum

b)

is given by
2a27TKcr0C0 a27TKCI’0
u0|mil’] - 4ala3 _ a% - 8a3HrBe| CO (19a)
and
al('ﬂ'Kcro)2
rel o= = =
AGdef(uo)’mln |:a1a3 _ (32/2)2 Cg) (19b)
Whenc, # 0 the minimum forAGgs 0ccurs at, # 0. That
] is, a bilayer inclusion can relieve the local bilayer curvature
PN stress, or, alternatively, the potential energy density associ-

ated with the bilayer curvature stress can drive a protein
FIGURE 4 Effect ofc, and U, on AGyy for the s = s, boundary ~ conformational change. The energy release is
condition. @) AGZ{(c,) for u, = 0 (—), +0.1 (--),+0.2 (----), and
+0.3 (=) nm. ) AGG(Ug) for ¢ = 0 (=), +0.1 (=), +02(----),  AAGEHO — Uglmin) = AG{Ugmin) — AGHO)

and+0.3 (~——) nm % Whenu, < 0, the situation is similar, with the sign
of ¢, reversed (results not shown). (@5 + 8ayag)(mKro)?
_ 2

- ag(a@; + 4aya)

= (20)
For a givenu, how will the monolayer equilibrium , P
curvature effect the deformation energy? For a fixedFOr the reference deformation, amg = 0.1 nm~, this

U, AGIE(co) goes through a global maximum. That is energy is—2.4KT. It should be compared with the curvature

AGE(c,) will have two balance points whesG/E!(c,) = frustration.energzy:~3'.]J.<T if the curvature frustra’Fion en-
ergy density K.cg/2, is integrated over the inclusion area,

0. At these pointsAG[ﬁe'f,%=O is exactly balanced by the ) R
release of curvature frustration energy due to the monolaye#nd ~5-Tif the energy density is integrated over the area
of the inclusion plus the first annulus of lipid molecules

bending. For a fixedi, > 0 (Fig. 4a), a small positivec, , , i .
surrounding the inclusion. Only-75% of the frustration

can makeAGHa(c,) = 0; somewhat surprisingly, a large ) ) e ,
negativec, also can maka\G'e(c,) = O. energy 'KSO% if we include the first lipid annulus in the
appropriate area) is tapped by the-9ug|,i, release.

For a fixeduy, s = 0 at the global maximum fakGgy(c,) ,
becaus@AGE /oo = as. Using Eq. 16, the curvature at the 10 further understand how, # 0 affects the bilayer
deformation profile and energy, it is helpful to decompose

maximum is . : o
AGE{(co) using an expression similar to Eq. 8:
CO|max = —[a,/2mKro]uo, (18a)

and, combining Egs. 17 and 18a AGACos o) = AGE(Co, o) + AGEH(Co, Uo)

|
AGEA(Co) lmax = a3, (18b) + AGlkc(Co, W) (21)

which is formally identical toAGgef o —o (EQ. 14 with the AGEY(c,, Uy) andAGEL(c,, uy) are biquadratic functions of

spring constant given by Eq. 11b). The similarity is appar-u, ands (Eq. 10a, b), and they can be written using Eq. 16
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as

a§E(chro)2> z (agEaz 8

rel — =
AGEE(Co, Uo) ( & &2 a )77 Ker oUoCo

&a, a5
CE _ 2
+ (al 28, + 42 Ug (22a)
and
) as2(mKro)? asPa, a;°
AGE(Co, Up) = (aZC c 2  a TKr oUgCo
3 3 3
e, a5
SD _ 2
+ (al 28, + 422 Ug. (22b)
Similarly, AGieL~(c,) can be written as
2(7TK r0)2 7TK roaz
AGHEc(Co, Up) = _( ac - ; UoCo -
3 3
(23)

Fig. 5 shows AGEL(c,), AGEL(c,), AGRL-(c,), and
AGE!(c,) for the reference deformatiomMMGEL(c,) and
AGE!(c,) are always positiveAGE!(c,) has a minimum for
Co < 0 andAGEL(c,) has a minimum foc, > 0. AGist(Co)
has a maximum % 0) and becomes negative for large
negative and positive values of. AGSL(c,) = 0 when
eitherc, = 0 ors = O (cf. Eq. 7).

The maximum value oAGE(co) is > 0, and it is im-

2591

which is the case when
o= 27TKCC0r0 = _a2u0 + 2u0 \,@ (25)

Equation 25 can be solved fa, (at a fixedc,) or ¢, (at a
fixed up):

_ - a.zuo i 2U0 \/agal
21T Kcr 0

(26a)

—27K Lol o

= 26b
8 + 2.2y (265)

Uo

Combining Egs. 15 and 25, thevalues that satisfy the
AGE!(c,) = 0 condition are

— 1
S= F U % (27)

To understand the two solutions, consider a hypothetical
situation wherec, is varied by pharmacological manipula-
tions, with no change in the other material constants. When
Co = 0, there will be a finite bilayer deformation energy
whenu, # 0. For a fixedu,, it is possible to changg, such
that the local relief of curvature stress around the inclusion
will balance exactly the deformation energycgt= 0. This
balance can occur for two different valuesogf The origin
of the two balance points is seen in Figa,which shows
how thec,-dependent translation of thk-:G[;;'fv%=O(s) curve

H H B H rel
portant to understand the behavior at the two balance point§iVes rise to two different solutions fa&Gyec(co), where
where AGEi(c,) = 0, where the system has “tapped” the Co S determined by Eq. 26a. The solution fr> 0 makes

de

potential energy stored in the curvature frustration energylntuitive sense becausg > 0. A positive curvature will
The balance points occur when the discriminant of Eq. 15 idacilitate the dimpling needed to satisfy the demand for

Zero:

\/(a]_uc. + OL)Z - 4a3a1ug = 0, (24)
AGc)/ kT sb

N 6"

FIGURE 5 Effect ofc, on AGE for a fixed U, (=0.1 nm): AG/Z{(co)
(— and its components- ———, AGEL(Co); - - . AGEY(cy); ——,
AGEc(Co)-

hydrophobic matching. The counterintuitive solution for
Co < 0 arises because it is the sum of the CE, SD, and MEC
contributions toAG[ that is minimized. The bilayer can
relieve its curvature stress by assuming another positive
value of s, Which leads to a different profile for the
component energies. Fig.lBshows the twau, versusc,
relations (Eq. 26b), and Fig. € ,andd, shows the mono-
layer deformation profiles for the two solutions. For either
solution, the profile is nonmonotonic. As expected, the
nonmonotonic shape is most pronounced dgr< 0 (Fig.
6 d).

To understand the relationship betwe¥@[; andu (for
a fixedc, # 0), we examine the underlying energy compo-
nents (Fig. 7).AGEL(u,) and AGEY(u,) (Eq. 22a, b) are
always positive (Fig. 8); AG=S(u,) has a minimum for
U < 0, whereas the minimum fa&xGEL(u,) occurs foru, >
0 (for ¢, > 0). AGIeL~(u,) is a linear function ofi, (Eq. 28)
and becomes negative whan> —27Kr,Cy/a,. The mag-
nitude of AGISL(Uo) ensures that the global minimum for
AG/E{(u,) will be negative (Eq. 19b). ThAGHSL(U,) con-
tribution will promote a nonplanar profile of the bilayer-
solution interface in the vicinity of the inclusion, which
means that the curvature stress (dueges 0) can “drive”

Biophysical Journal 79(5) 2583-2604
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a) b) 4/ rm
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c) d)

(1)
124
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FIGURE 6 Effect ofc, on AG,. and the deformation profilea) Effect of monolayer curvature 0AG,.(s) for a fixed up (=0.1 nm). —,AGye,q—0o-
——and------ are theAG(9) relations that satisfy thAG[Z(c,) = 0 condition (wherec, is determined by Eq. 26a). The correspondi@y,cc
contributions are shown as dotted dashed lines (labeled (1) andd)2Jh€ two solutions for, as function ofc, (Eqg. 26b). The twa\G,.(S) = 0 solutions
from a are labeled (1) and (2)c\ The monolayer deformation profile fap, = 0.035 nnmi* ands = —0.111 (solution (1)).d) The monolayer deformation
profile for ¢, = —0.271 nm* ands = 0.111 (solution (2)).

a membrane protein conformational change. The monolayeelation is invariant. First, we describe the situation where
deformation profile at the minimum is shown in Fighi7 ¢, is a free parameter (Fig. &; then we describe the
again the profile is nonmonotonic. situation wherey, is a free parameter (Fig. 8.

For fixed uy, Eq. 28 has a global minimum at

The constrained boundary condition

&
I . Colmi :_[ ]u, (29a)
Fors = 0 theAG,ec contribution toAGE is zero (Eq. 7). i 2(2mK o + aaRiead |
The combinatiorc, # 0 ands = 0 is unlikely, however,

here
because a close alignment of noncylindrical lipid molecules
around the inclusion will tend to forceto be different from o as 5
zero. Geometric arguments lead to Eq. 3f as a IimitingAGde?(Co, Uo)min = | @1 — (27K S fReend + 20) Up-
boundary condition, in which case, (29b)
AGRA(Co, Up) = ayU5 + (3Up + @)Rieaco + as(Rieadn)? When compared to the relaxed boundary condition (Eq. 17),

5 the effects of a giver, # O are qualitatively different for
= (27Kl oRead + 85Riead ©6 - RieacelloCo the constrained boundary condition (cf. Figsa 4nd 8a).

+ a? (28) Importantly, the shapes of thEG;2{(c,) relations are quite
o different for the two boundary conditions.
Fig. 8 showsAG%f as a function o, for fixed u,, and vice The importance of the lipid packing constraints can be

versa. Ac, (or upy) different from zero will translate the illustrated by comparing the spring constant in Eq. 29b with
AG§fversusl, (or ¢p) relation in the plane (cf. Eqg. 28); but, the ones in Egs. 11a and 13a. Becaus& 2y/R, caq > 0,
as was the case for the relaxed boundary condition, the basibe spring constant in Eq. 29b is larger tregn— a3/4a, but
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a) a
Lo DGR ) AGEVKT

61

b)

b) AGSI KT

[ 1 2 3 4 r/.im 5 7 8 s 10
FIGURE 7 Effect ofu, on AGE; and the deformation profile for a fixed
Co (=0.1 nm™). (a) AG"*'f(uo) (=), AGEK(Uo) (=-), AGEN o) (-~ -+,
and AGE(Ug) (——). The minimum forAGg(u,) is —3.8KT (u, =
0.127 nm); the correspondirg},, = —0.182. p) The monolayer defor-
mation profile for these values of, and s,

less thana;. Using the standard parameter s&G52{(Co, ' } ] 03

0.1)min = 3.0KT (Ug in Nm), which should be compared to u/rm

AG; =0 = 1.4T andAGS2 . =0 = 3.6kT. The curvature

is allowed to vary, such that the system relaxes toward it¥IGURE 8 Effect of curvature oAGS2" in the reference systema)(

minimum energy configuration, but the deformation energyAGS‘;?(co) foru,=0(—),0.1(--),and 0.2 (- - - ) nm. () AG;Z(u,) for

is twofold higher tham\Gg .=0 and close taAG32{ . =0. =0(—), 01 (=) and0.2¢---)nm*

The constraints imposed by the local lipid packing around

the inclusion have important consequences for the bilayer

deformation energy. AGRAU)|min = 0. The energy that is released whag
For the constrained boundary condition, how wilta# changes from 0 tay|,,,, can “drive” a protein conforma-

0 affect the inclusion-induced deformation energy? Thetional change. This energy is

deformation energy is always positive (Fighg and, for

fixed CO! deRCO’gL)I:)) has a é'ogaj m|n|r$]u|9n Et AAGgg?(O i u0|min) = def u0|m|n) gg?(o)

_ 2
o = | a2 (30a) = Lz*e“’az O
Uo|min = 23.1 Co, 4al
in which case (31)
R {428, — &) an expression that should be compared to Eq. 11a, b and Eq.
SO Uo| i) = [ZchroRHeaﬁeaAf;H 2. 20. (Using Eq. 3f, an inclusion will induce a nonplanar
b|Iayer deformation when, # 0, even thoughu, = 0, and

(30b) AG§2(c,, 0) denotes the curvature stress induced by the
That is, there is a linear relation between this minimumfinite c, over the bilayer that is perturbed by the inclusion.)
bilayer deformation and,, and the minimum deformation For the reference deformatio®AGGEH0 — Uo|min) =
energy varies as a quadratic function af; but  —0.3%T, only 13% (7% if we include the first lipid annu-
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lus) of the frustration energy (XI) is tapped by the 8->
Uolmin release. This very modest release of the curvature
frustration energy results from tleg-dependent constraints
on s (Eq. 3f), which are in a direction opposite that of the
one that in a straightforward manner would release the
curvature-induced stress.

Again, it is useful to decompostGS% into the compo-
nent energies:

AGGH(Co, Ug) = AGEE(Co, Uo) + AGSE(Co, Uo)

+ A K/IOEHC(CO! UO)! (32)

where

A %(?EH(COa UO) = a(le U(Z) + a(Z:E uORHea(pO + a’a(‘:E(RHeaoCO)z

03
(33a) N

G/om

AG%?DH(C()’ uO = afD Ug + agD UORHea(po + a:?D(RHeaJ:O)Z 33b)

and

A ﬁ/IOIQC(CO: UO) = ZWKcrORHea(pg- (34)

Fig. 9a shows results witlt, as a free parameteud =
0.1 nm).AGZE(co), AGEP(Cy), and AGHE(cy), as well as
AGS2(co), are all=0. AGEE(c,) andAGER(c,) are positive
definite with global minima forc, < O (becausel, > 0).
The global minimum forAGyE-(c,) is zero and occurs at
Co = 0. AG32{(c,) is always positive with a global minimum
at ¢, < 0 (whenu, > 0). The curvature contribution to ) 03
AGS(co) will promote a nonplanar bilayer profile in the t%/nm
vicinity of the inclusion, which means that the curvature
stress can “drive” a protein conformational change everf!GURE 9 Effects ofc, and u, on AGge. (a) AGGe(Co) for fixed up

con ) . ; : g (=0.1 nm) (—) together with its component8GZr{(c,) (——), AGEE(co)
thoughAGSEc(Uo)|min = 0; but the inclusion can “tap” only (oe ) andAGER (c.) (). (b) AGENw,) for fixed & (~0.1 nm 3

a Sma” fraction of the energy. . ) (—), together with its component&Ggx{uy) (—-), AGEZ(Ug) (- -+ -+ ),
Fig. 9b shows the corresponding results withas a free  and AGE(ug) (—-).

parameterd, = 0.1 nm %). The situation is similar to that
in Fig. 9a, except thahGyE(Ug) is constantAG52(Uo) is
always positive, and the global minimum occurs digr< 0
(whenc, > 0).

fects the scaling relations. First, we investigate the interde-
pendence; then we deduce the scaling relations.

Fig. 10 showsAGgef,—o as function ofK, and K.
Scaling relations BecauseAGger -0 = HgUp, the scaling properties can be

) ) ) expressed as
We have illustrated the energetic and conformational con-

sequences of a nonzero monolayer equilibrium curvature on H. ~ H* (an (35)
a “standard inclusion” in a SOPC bilayer. But the bilayer B B\K*®

deformation energy varies as a function of the bilayer me-

chanical properties as well as the inclusion dimensions. I?nd

therefore is important to be able to estimate the bilayer K \Ne

deformation energy for other systems. To this end, we Hg ~ H’E<Ki) : (36)
examine how the results obtained for our reference system ¢

scale as a function of bilayer mechanical moduli and inclu-where the superscript * denotes the chosen reference pa-
sion dimensions (cf. the scaling relations in Nielsen et al.rameters. In Eqgs. 35 and 38, is determined by varying,
1998). Because the energy components are interdependefar fixed K. (Fig. 10a) and vice versa fon, (results not

it also is important to know how this interdependence af-shown). Similar results were obtained f;b@[f;'f,cfo(results

Biophysical Journal 79(5) 2583-2604



Monolayer Curvature and Bilayer Deformation Energy

a
) KK
10
10+
s o 01
:'? .;T;::E : W
) é?fukﬁﬁ//
14 ¥ vé:':r *
%
3
0/
ot 1, 10
K/K
b)
10+,
B N
08} \.
l Ty S
] ~
2130.6* \
T(M» B Te—
I L\
< L\\ﬂ
02+
001 e
010° 107 10° 10° 10" 10
KIK ) KIKE—) :
c)
10+
$ 09+
08+
l 07«-----;}---;}- -o- EI—----E--——-D---D-'-D- D--——-E
Losl
Zosf
004y
: R SN R
|‘ 0'3—5--—--A-~—A--A—A-----A—----A-—-A--A-A-----A
[ ] -+
1 02
=01+
00 + 4+ -}
01 1 .
KIR a2, KT K e )
FIGURE 10 Scaling relationsa) The relation betweeAGget , =0 and

KJ/K?% for KJK% values ranging between 0.1 and 10, which allows for
determination oh, (the corresponding figure far, is similar; not shown).
Each point denotes an evaluation of Eq. 4 for the reference system (
0.1 nm) and the indicated modulus. The lines are nonlinear fig(Kg/
K%M + awith mean valuan, = 0.721 (® < 0.01). {) n, versusK JK% for
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not shown) AGge¢ ¢ —o is proportional toHg, and a twofold
increase iHg increasefAGgey - by twofold. Similarly, a
twofold increase in both, and K, causes a twofold in-
crease iMGger -0 (@NdHg). One therefore would expect
thatn, + n. = 1. Indeedn, + n. =~ 1 when bothK /K% >

1 andK /K% >> 1. But when eitheK /K% << 1 or K JKE <<
1,n, + n, # 1, a result that arises because, when— 0
(and thereforeAGgp — 0), AG.¢ will be finite as long as
K, > 0, and vice versa. In the limit whef, = 0 (andK, >

0), n, = 1; correspondingly, whei, = 0 (andK. > 0),

n. = 1 (Fig. 10b). BecauseAGgp and AGg are functions

of both moduli, the energy terms are interdependent, which
is evident in Fig. 1@, which explains whyn, + n, # 1.
(Actually, n, + n; will always be>1). Fors = S, Ny
varies by less than 5% fd€ /K% ranging between 0.1 and
10, andn, varies by<5% for K /K% ranging between 0.1
and 10. Fos = 0, the corresponding variations are less than
15%.

The situation is more complex wheg # 0 because the
simple spring model is no longer sufficient to describe the
system. In this case scaling relations for theoefficients
(Eq. 9) provide a more useful framework for evaluating
AGge+ Fig. 11 showsa,, a,, andas as functions oK, K,
ro, andd,. Theg(K,) relations can be described by expres-
sions of the form golid linesin Fig. 11)

Kx el ~
a—a@g +a, (37)
where the subscript = a, ¢;i = 1, 2, 3; anda’ = g + &
Table 5 summarizes results fog;, &, and obtained by
least-squares fitting to the results shown in Fig.d andb.
Except ford whenK = K, a/a; << 1. Thea;(dy) anda(r)
relations (Fig. 11,c and d) can be described by similar
expressions:

_(o\™"
a=alp ta (38)
0,
and
_(To\™" .
a=alx ta, (39)
0,

whereal = a + §. The estimates fom,, &, &, andn; also
are listed in Table 5. Similar scaling relations can be derived
for the CE and SD coefficienta(, aSF, andaSF anda$®,
a5°, anda3®; the results are summarized in Tables 6 and 7.

K, = K% (m) andn, versusk /K% for K, = K% (A). Each point corresponds
to ann value as determined ia (c) n, (m) andn, (A) for different ratios
of K/K% or KJKZ for s = 0 (—) ands = S, ( ). Lines denote fits to
a power relatiory = ax’ + ¢, where—0.04=< b = —0.002. For the unity
ratios:n(s = 0) = 0.714,ns = Sy,n) = 0.748,n(s = 0) = 0.342, and
NS = Smin) = 0.260.
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FIGURE 11 Scaling relations fa,, a,, a,. () Results fork /K%, (b) Results forK /K%, (c) Results fordy/d}. (d) Results forry/r§. The points denote
evaluations of Eg. 9 based on evaluations of Eq. 4 for the reference sygfem0(1 nm), with the indicated modulus varied asdarying in increments
of 0.01 from—1 to 1. The lines are nonlinear fits to Egs. 37-38 € 0.01). The parameters are listed in Table 5.

To use the scaling relations, consider an inclusion withs,,,, = —0.122. The scaling relations are accurate-tt0%.
the dimensions of a gA channel embedded in a GMOThe spring constant estimates also should be compared with
bilayer. The gA system is important because it provides dahe experimentally determined spring constadf =
direct link between the theoretical predictions and experi28.XT/nn? (Lundbaek and Andersen, 1999), which sug-
mental reality (Lundbaek and Andersen, 1999; Andersen ajests that the appropriate boundary conditios is O.
al.,, 1999). Using Table 5 (and Tables 2 and &), =
124.KTInn?; a, = 126.XT/nm; anda; = 45.&KT. The
spring constant estimates for the GMO gA system are
HEM = 31.XT/nn? and HE' = 9.4KT/nn? (and s, = DISCUSSION
—0.138), which should be compared with direct evaluationsThe lipid bilayer components of cellular membranes are
based on Eq. 4" = 30.XT/nn?; HE' = 10.1kT/nn?, and ~ permeability barriers. But phospholipid extracts from bio-

TABLE 5 Parameterization of AGyes,c,-0

i a,,i a,i Na,i aci ac,i N i 8q,i q,i Ny i a i ai N

1 344.5 10.5 0.721 308.5 46.5 0.348] 347.0 8.0 -—-1.430 278.0 77.0 1.023
2 476.2 18.5 0.479 479.0 16.0 0.558] 478.6 16.4 —-0.951 448.6 46.4 0.926
3 294.2 —-6.2 0.249 290.2 -15 0.742 294.6 —6.6 —0.498 297.4 -94 0.992
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TABLE 6 Parameterization of AGcg ¢,-o

i a,,i i Na,i aci ac,i N i aq,i q,i Ny, i a i N

1 242.9 5.1 0.730 220.2 27.8 0.323 244.0 4.0 —1.453 211.3 36.7 1.015
2 221.5 6.5 0.488 221.1 6.9 0.542 222.1 59 -0.972 209.3 18.7 0.978
3 2.7 0.3 0.251 73.3 -0.3 0.753 72.8 0.2 —0.500 73.6 -0.6 0.992

logical sources may not form a bilayer phase (Luzzati angroperties (and thus the bilayer lipid composition) can exert
Husson, 1962), which could indicate that nonlamellarsignificant effects on protein function.
phases, and the Gaussian curvature energy, have importantFirst, we discuss the issues of monolayer equilibrium
biological functions (Cullis and deKruijff, 1979). Except, curvature, boundary conditions, and scaling relations. Next,
maybe, in the case of bilayer fusion and vesicle budding, theve discuss how the bilayer material properties can modulate
biological role of nonbilayer structures remains elusive,membrane protein function. Finally, we briefly address
and, as shown in the Appendix, the Gaussian curvatureome issues relating to multicomponent bilayers.
component tAAG. is negligible for inclusion-induced de-
formations. Moreover, the propensity to form nonbilayer
structures cannot be the sole determinant of the biIayeé d diti r lati d
control of membrane protein function because the function ouncary concitions, scafing refations, an

o n . . monolayer equilibrium curvature
of membrane proteins is altered by maneuvers that primarily
alter the propensity to form nonbilayer phases (Navarro eThe present analysis confirms and extends previous theo-
al., 1984; Brown, 1994; McCallum and Epand, 1995) or theretical studies (Huang, 1986; Helfrich and Jakobsson, 1990;
bilayer thickness (Caffrey and Feigenson, 1981; Johannssdring, 1996), which show that the bilayer deformation en-
et al., 1981; Criado et al., 1984). In fadtG.z andAGg,  ergy depends on the choice of boundary conditions at the
are comparable (Figs. 5, 7, and 9), and it is the sum of thesclusion/bilayer boundary. Experimental support for the
interdependent contributions G, that determines the coupling between the splay-distortion and compression-ex-
bilayer component’s modulation of membrane protein funcpansion components afG,.; was provided by Kirk and
tion. Descriptions that emphasize only the bilayer thicknes&runer (1985), who showed that a modest amount of tetra-
or the curvature frustration will be incomplete. decane shifts the lamellae H,, transition temperaturd,,

The theory of elastic bilayer deformations provides aof dioleoylphosphatidylethanolamine by30°C. This shift
general framework for understanding how changes in lipidn T_ arises because tetradecane can redistribute freely
bilayer composition can modulate the function of integralwithin the system and thereby release the curvature stress by
membrane proteins. The apparent complexity of the theoryminimizing the lipid packing constraints, which include a
however, has been an obstacle for quantitative estimates esbmpression-expansion energy component, in thelase.
the bilayer deformation energy associated with conformain effect, the presence of tetradecane changes the boundary
tional changes in membrane proteins, estimates that amalue problem from being constrained to being relaxed. A
needed to provide mechanistic insights. To overcome thisimilar conclusion was reached by Lundbaek and Andersen
obstacle we used a parametric description of the inclusionf1999), based on analysis of the variation of the gA channel
induced deformation energy and its decomposition into twdifetime as a function of bilayer thickness.
underlying components: the monolayer bending energy and ThatAG,.depends on the choice of boundary condition
the bilayer compression energy. This decomposition is atr, should be expected because spectroscopic studies show
continuum approximation; but it constitutes a frameworkthat lipids adjacent to gramicidin channels (in bilayers with
for analyzing inclusion-induced bilayer deformations that,gramicidin/lipid mole fractions less than 1/15) are perturbed
subject to the choice of boundary conditions, is in goodby the presence of the inclusion (Rice and Oldfield, 1979;
agreement with experimental results (Huang, 1986; LundGe and Freed, 1993). Molecular dynamics studies similarly
baek and Andersen, 1999). The relevant deformation eneshow that acyl chain motions are restricted by the inclusion,
gies can be considerable, meaning that the bilayer materiathich causes the acyl-chain order parameter to increase and

TABLE 7 Parameterization of AGsp ¢,-o

i a,,i Ay i Na,i agi A, i N i Qg i Ay i Ny, i a i N

1 101.9 5.1 0.698 91.6 4.0 0.395 103.0 4.0 -—-1.379 67.0 40.0 1.054
2 254.9 12.1 0.470 258.2 8.8 0.571 256.7 10.3 -0.933 240.9 26.1 0.872
3 221.5 —-6.5 0.249 217.0 —-2.0 0.738 221.8 —-6.8 —0.497 223.8 —-8.8 0.992
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the chains to extend (Chiu et al., 1999). This perturbation othe surrounding lipids, we assume they are similar to the
the local lipid dynamics and packing incurs an energetidnteractions among lipid molecules. This is equivalent to
cost, which is not included in the standard continuum analassuming that the unperturbed shape of the annular lipids is
ysis of AGyet similar to that of the bulk lipids in a relaxed monolayer.
Another uncertainty is whether one can justify the neglect The lipid organization at the inclusion/bilayer boundary
of higher order terms in the expression fAG. . inum IS CONstrained by the requirement that there cannot be a void
(Helfrich, 1981), and whether the continuum valueskgf atthe boundary. The value stherefore will be determined,
andK_ are appropriate for describing bilayer deformationsin part, by the energetic penalty associated with having a tilt
at the small length scales that pertain to inclusion-inducedbetween the bilayer normal and the director for the acyl
deformations (Helfrich, 1981; Partenskii and Jordan, 2000)chains. (Specifically, there will be a restriction on the di-
That is, unless there is a fortuitous cancellation of errors, theector alongr. The acyl chains should be free to move
bilayer deformation energy will differ from the conven- perpendicular to; but their average position should average
tional continuum contribution (as determined from Eq. 2,out.) Limiting the discussion to cylindrical inclusions: when
using Egs. 3a—d). Co = 0, the lipids are effectively cylindrical and, if the
In the present work, we maintain the framework providedpenalty for tilt is significant, thes =~ 0 (Eq. 3e). Wher, #
by the continuum analysis, and we lump the above uncer®, the lipid effective shape is not cylindrical and a perfect
tainties together in our choice of boundary conditions,alignmentimplies thas # 0. If there were no constraints on
where we constrain the slope of the deformation profile alipid packing, the slope at the inclusion/bilayer boundary
ro- The particular choice for the constrained boundary conwould be determined by Eq. 3d. If there are constraints on
dition (Eq. 3f) can be justified by noting the following: first, lipid packing,s can be approximated based on simple geo-
whenc, = 0 thes = 0 condition is a limiting value based metric arguments (Eg. 3f). The actual valuesdfor c, # 0)
on geometric arguments of the constraints on the acyl chainould differ from the estimate based on Eq. 3f because, for
motion; and second, the = 0 condition leads to a spring any value ofc, (and any shape of the unperturbed lipid), the
constant that agrees with experimental results (Lundbaekffective lipid shape in an unperturbed planar bilayer will be
and Andersen, 1999). In addition, we avoid introducingcylindrical (e.g., Andersen et al., 1999). That is, the lipid
currently unknown, and therefore arbitrary, parameters tanolecules can change “shape.” Similar changes in lipid
describe the energetics of the local lipid packing. Nevertheshape could occur at the inclusion/bilayer boundary, in
less, how well is this slope determined? A priori, the hy-which cases, and AGg,;, will be somewhere between the
drophobic penalty for moving a phospholipid molecule intolimiting estimates we provide.
or out of the bilayer by~0.07 nm, corresponding to one  In the biquadratic expression f&Gge .o (EQ. 9), the
CH, in each acyl chain, is-2.3KT, meaning that the mem- coefficientsa,;, a,, and a; are determined by the bilayer
brane-solution interface is dynamic. Neutron diffraction,mechanical propertieK(, K., and dy;) and the inclusion
x-ray, and molecular dynamics studies show, in fact, that theadiusr, but are independent of boundary conditions. The
membrane-solution interface fluctuates (Wiener and Whiteboundary condition dependence AfGye .- arises be-
1992; Woolf and Roux, 1996), and both the unperturbed andause different combinations af, a,, andag will determine
perturbed bilayer thicknesses denote average values. Othire energy (for a fixedly). Importantly, values fog,, a,,
measured bilayer properties, includikg andK, similarly ~ and a; can be estimated for other inclusion/lipid systems
are average values. Molecular dynamic simulations showjsing the scaling relations (Eq. 37—39). Becal§®,cc IS
however, that the local fluctuations close to an inclusion aréncluded inAGg; by simple addition (Eg. 8), it is possible
less than those in the unperturbed bilayer (Petrache et ato obtain a complete and general solution to the energetic
2000), which suggests that one can define a slope for theonsequences of inclusion-induced bilayer deformations.
deformation profile at,, even if the precision with which The difference iMAG for the two boundary conditions
the slope is known depends on the time scale of interest. (Fig. 5 versus Figs. @ and Fig. %) is that the curvature
The monolayer equilibrium curvature and the bilayerstress, ther[K.c3r dr contribution to AGu, cannot be
material moduli are determined by the profile of intermo-tapped effectively in the case of the constrained boundary
lecular forces through the component monolayers (e.gg¢ondition, where the local curvature required to eliminate
Helfrich, 1973; Helfrich, 1981; Petrov and Bivas, 1984; voids in lipid packing adjacent to the inclusion will be of a
Seddon, 1990). Lipid packing adjacent to an inclusion willsign opposite that of,, andAGSE- = 27K C3r (RyeagWill
be determined by the intermolecular interactions at thealways be greater than or equal to O.
inclusion/bilayer boundary. The overall effects of the pro- WhenAG,;is evaluated using either boundary condition
file of intermolecular interactions often is expressed iN(s= Ryeado OF S = Smin), the relation betweeAG,;andc,
terms of the effective molecular “shape” of the componentdepends on the assumption one makesufpr=or physio-
lipids (e.g., Seddon, 1990), which in turn can be related tdogically relevant situationg), is invariant with respect to
the monolayer equilibrium curvature. In the absence ofchanges irc, andAGy,is a second-order polynomial i
knowledge about the interactions between the inclusion an(Egs. 17 and 28). Only wheuw, varies as a function o,
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will AG4.¢be a quadratic function af, (Egs. 18b and 29b). sults). This difference is striking when the equilibrium dis-
Even then, theAG,.(c,) relations differ from predictions tribution between different protein conformations is
based on th&.c3/2 energy density. Most of the deformation examined, where one needs to know ha®qe; , AGger o
energy is due to the bilayer deformation within the firstand AAGy(=AGyer o, — AGyer,d Vary as a function ot,.
annulus of lipid molecules around the inclusion (Nielsen etConsider a protein conformational change similar to the
al., 1998), i.e., within an area approximately equal toopen<> close transition in a gap junction channel (Table 3).

47roR, (17 nnt for the reference inclusion). Fay, = 0.1 For the relaxed boundary condition,

nm 1, K2 = 0.1KkT/nn? for SOPC bilayers, and the ,

local curvature stress in the first annulus is KI9 For AAGE(c,) = <a27TKcr0(|o_ IC)> ( _az)
comparison, ifu, = 0.1 nm thenAGSL. = —6.6kT (and de 2a, ¢ 1 43,
AGE! = —3.7KT) andAGSY . (=27K C2roRo) = 2.0kT (and (ot 1o — 20000 — 1

AGSZ? = 8.6kT). . ( 0 c . 0/\lo c ) (42)
Lipid bilayer mechanics, boundary conditions, AAGgy is composed of two terms: g-dependent term,
and protein function which is not explicitlyd,-dependentd, anda; vary withd,)

el o and varies as a function ¢f — I, the difference in length
Both AAG(0 — Uolmin) (EQ. 20) andAAGEHO — Uolmin)  petween the two conformations; anddg (and I, — I)-

(Eq. 31) are less than or equal to 0, which means that th@ependent term, which does not dependcgn
curvature ;tress associated witbya# 0 can “drive” protein ~ Whend, = 2.8 nm (andc, = 0), AG, . < AG’ _and
c;onformannaI changes. For thg rela>.<ed.boundary. COﬂdIAAG(rj%If < 0, as the shorter (open) conformation causes a
tion, ac, > 0 promotes a local inclusion-induced bilayer g ier pilayer deformation than the longer conformation.
thinning (Fig. 7b). For the constrained boundary condition, \y/hen d, = 3.0 nm (andc, = 0), AG. _ = AG™!. _ and
aco > 0 will impede this local thinning (Fig. 8). In either  yxgrel 0 = 0, as the two conformations give Tise 1o the
case, the value af, for which AGge(Uo) is a minimum will ¢ %8 i energy. Wheg = 3.2 nm (anct, = 0),
be proportional ta,, and the minimum value G will AG™, > AG. _andAAGY, =0 > 0, as the open con-
be proportional tag; but one cannot predict how changes in ¢ mation causes a Iarge}e 'gilayer deformation than the
Co Will affect membrane proteins without knowing the ap- .josed conformation.
plicable boundary condition. _ _ For the constrained boundary condition,

To illustrate the coupling between bilayer mechanics and
protein function, we note that the conformational changes Ricaello — 1¢)
that occur in the bilayer-spanning part of integral membranéAGaet = _(2>Co
proteins most likely involve sliding or tilting motions be-
tween transmembrane helices (or domains) (Unwin, 1989; (Ig+ 1o = 2dg) (I, — 1)
Kaback and Wu, 1997; Sakmar, 1998). The cleseopen + 1( 4 ) (43)
transition in gap junction channels, for example, involves a
tilt of the domains by 7—-8° (Unwin and Ennis, 1984), Whenc, = 0, theAAGge(d,) changes will be similar to, but
corresponding to a length change ©0.3 A. Both the of larger magnitude than, the changesANG(f(d,). The
closed and open states are likely to perturb the surroundingualitative dependence afAGgef ond, is similar to that of
bilayer, with bilayer deformation energieAGqe . and  AAGH, but thecy-dependent contribution tAAG? has a

rel

AGye o and the bilayer-dependent contribution to the freesign opposite that oAAGj.sand does not depend explicitly

energy change of the close open transition is onK, (there is an impliciK, dependence, which arises from
the K, dependence oh,). It is important to know the
AAGger = AGyet,o = AGger,c, (40)  applicable boundary condition @} before predicting the

effects of a change in monolayer equilibrium curvature on
protein function.

1 For either boundary condition, @ # O will alter both
= 11 Ko, exp(AAG,/KT)’ (41)  AGger,0andAGger . (andAAGy,) and hence the equilibrium

distribution between the two conformations. Because
where K%_,, is the intrinsic equilibrium constant of the AAGyis a linear function of, (cf. Egs. 42 and 43), with
close—open transition. Equations 40 and 41 provide for aa slope proportional td, — I, a given change ircy will
mechanistic link between the bilayer material properties andhave different consequences for different membrane pro-
membrane protein function. teins.
The energetic consequences of changes in monolayer The importance of the boundary condition is illustrated in

equilibrium curvature are qualitatively different for the re- Fig. 12, which shows howlAG; andPq (Eq. 41) vary as
laxed and the constrained boundary conditions (see Rdunctions of ¢,. Fig. 12, a and b, shows results for the

The channel open probabilitPf) is

Po
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FIGURE 12 AAG (Egs. 42 and 43) anB, (Eq. 41) as functions of, andd, for a gap junction-like protein witth, — I, = —0.03 nm. &) AAGT,
with dy = 2.8 (—),dy = 3.0 (--), andd, = 3.2 nm (- - - - ). (b) The associate®; as ina. (c) AAGHF as ina. (d) The associate®; as ina.

relaxed boundary condition (Egs. 41 and 42). Whgr O,  cholesterol alters the, dependence of the equilibrium dis-
a change iy by only 0.2 nm has a measurable effect on thetribution between protein conformational states in a manner
closed<> open equilibrium (oPg); similar effects occur for  that depends on the boundary conditiorr at
Co # 0. Fig. 12,c andd, shows results for the constrained  For the relaxed boundary condition, the addition of cho-
boundary condition (Egs. 41 and 43). The opposite slopes désterol (1:1) to SOPC preserves the general features of the
the AAGIE!(co) and AAGS2(c,) relations are reflected in the AAGH(c,) relation as compared with the SOPC bilayer
different behavior of th&4(c,) relations. Whert, = 0, the  (Fig. 13a) but shifts the midpoint of thd>5(c,) relation
equilibrium distribution between the two conformational toward positivec, (Fig. 13b). For a DOPC bilayer, the
states is more sensitive to changes in bilayer thickness in th@maller values for the mechanical moduli lead to an in-
case of the constrained as compared to the relaxed boundacyeased sensitivity ta@, as compared with SOPC (Fig.
condition. 13a). In addition, the decrease dy shifts the midpoint for
Cholesterol addition increasé&s andK, of SOPC bilay- the Po(cp) relation toward negative,, because the second
ers (Needham and Nunn, 1990) and chamdigandc, as  (constant) terms in Eqgs. 40 and 41 are nonzero whe#
well (Tilcock et al., 1984; Nezil and Bloom, 1992). We can 3.0 nm (Fig. 13). For the constrained boundary condition,
evaluate how these changes in bilayer properties AlBy;  the addition of cholesterol (1:1) to SOPC increases the
and AAG,,;, using the scaling relations (Egs. 37-39); thesensitivity of theAAG3{(c,) relation as compared with the
results are in good agreement with the directly calculateghure SOPC bilayer (Fig. 1§ and shifts the midpoint of the
results (Fig. 13). As one would expect, the presence oP(cy) relation toward negative, (Fig. 13d). For a DOPC
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FIGURE 13 Bilayer deformation energy and membrane protein function ANG&,.{c,) andPo(c,) relations were calculated using Egs. 40—43 and the
scaling relations Eqgs. 37-3%)(AAG!(c,) for I, — I, = —0.03 nm in SOPCg, = 3.0 nm (—); SOPC:Chokj, = 3.3 nm (- -); and DOPQJ, = 2.6

nm (- - - - - ). (b) Po(cy) relations determined using tRe\G!(c,) values ina (curves as im). (c andd) The correspondind AGS21(c,) and associated(c,)
relations (curves as ia). The three points ity andd denote the specific solutions fog = 0 for SOPC (indicated byJ); ¢, = —0.16 nn1* for SOPC:Chol
(indicated byA); andc, = —0.16 nmi * for DOPC (indicated byv) (the c, values for SOPC:Chol were estimated from the method of Rand and Parsegian
(1997)).

bilayer, the sensitivity of theAAG32{(c,) relation is de- Changes ird, have only modest effects on tlog depen-
creased as compared with SOPC (Fig.b)3and the mid- dence ofAAG, (Egs. 42 and 43) because tbg depen-
point for the P5(cy) relation is shifted toward positive,  dence of thec,-dependent term is introduced only through
(Fig. 13d). as, which is a weak function ofi, (Table 5). Nevertheless,
For either boundary conditiodAG is composed of a changes indy, may shift the inflection point of thé&(c,)
co-dependent and ey,-independent term (Egs. 42 and 43). curves, because of changesug This is seen in Fig. 13,
For constant, the curvature-dependent terms are linear inwhere the open gap junction channel produces the least
Co; but the slope of the relation will vary as a function of the deformation in DOPC bilayers, as compared with SOPC
inclusion dimensions, the bilayer mechanical propertiesand SOPC:Chol bilayers. ConsequenBy(0) is highest in
and the choice of boundary conditions. Teeindependent DOPC bilayers. This coupling between the effectsphnd
terms in Egs. 17 and 27 are identical to Eqgs. 11a and 13al, (or uy) on AAG,; shows that the bilayer is a, perhaps
and thecg-independent contributions tAAG.; (Egs. 42 surprising, dynamic environment.
and 43) are identical to the corresponding expressions de- Finally, AGyec can be interpreted as a line tension that
rived from Egs. 1la and 13b. That is, it is possible towill tend to increase or decreagg(Dan and Safran, 1998).
determine the spring constant experimentally, using th&hould the curvature-dependent changed@); be inter-
methods described by Andersen et al. (1999) and Lundbagireted as being due to a lateral pressure imposed on the
and Andersen (1999). protein by the bilayer rather than the bilayer compression?
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Given that a change ity results from a change in the profile KJK, has been estimated to be 0.048 in a 2:1 (mol:mol) hydrated mixture
of intermolecular forces through each monolayer, whichof lr;turic acid and dilauroylphosphatidylcholine in the bicontinubus8m
usually also will alterk, and K., a change inc, will be E]Qoolz)a?:ei‘r?ethagagg ngsToj”;Efsfeeé_j}L 19%43)'3'2: o gy;r(‘;‘t?gh%'z;eﬂ;"o'
associated with a change in the lateral pressure exerted %ffrey, 1994). Making use of the facct that the available experimental
the protein (Cantor, 1997, 1999). These changes in lateraktimates oKJ/K, < 0.05,

pressure, however, have a minimal impact &8, (or

AAG,.) unlessry changes dramatically. For nonisovolumic AG.. = W?( s ) < EO.OEK ( s ) (A2)
changes, such as the opening and closing of mechanosen- ccr21+8) T2 A1+¢

sitive channels, the consequences of the resulting change ,'ggrs _
ro can be evaluated from the scaling relation in Eq. 38: a
10% change imr relative to the reference situation (cf. T (Upan/2a5)?

Sukharev et al., 1999) will changeG by less than 7%. AGgc = 2 0'05<°<1+(uoa2/2a3)2)

That is, theus-dependent changes kG, will dominate

the ro-dependent changes. < - 0.02K (a,/2a)%u3.  (A3)

0, AGg¢ = 0; for s = s, AGg Can be expressed using Eq. 12:

The rightmost part of A3 has the form of Eq. 14, but with an apparent
spring constant that isK (a,/a;)%640 (or ~0.3KT/nn? for SOPC bilay-
ers). This value should be compared with the spring constants derived from
. . ipgcon — rel _ .

The present analysis depends on the assumption that tﬁr?ﬁfl S(SPC T“Od““*ﬂst = 88-8<T/””‘2ta_’k‘)d't'_'8mt—a 35-5?{)””‘215;9 ItEeXt)-
bilayer can be treated as a uniform homogeneous, single- s o o>an curvature energy contribuliomfBae Wi be =~25%. Even

. . ; if K. were underestimated by an order of magnitui€;. would be a
cp_mponent continuum. Mulncomponent b|Iaye_rs have adnodest contribution ta\G,.; one can disregard contributions from the
ditional degrees of freedom, which may contribute to theGaussian curvature and limit the analysis to the effects of the mean
minimization of AGg; by allowing for aAGgrdriven lipid  curvature only.
redistribution close to the inclusion. This is particularly
|mporfcant for the ConStr_amed boundary condition, Where thQ/Ve thank Drs. R. Cantor, M. Goulian, J. A. Lundbeek, M. B. Partensky, and
magthde_ OfA_Gdef easily bec_:omes_so large th_at it could p. siegel for helpful discussions and the referees for constructive sugges-
cause a significant, local redistribution of the bilayer com-tions for improving the manuscript.

ponents, which would t(_an_d to _reduce the magthde Offhe present work was supported by National Institutes of Health grant

AGge+ For solvent-containing bilayers, the packing con-GM21342 (OSA), a Danish Natural Science Research Council SNF grant

straints would be relieved by the redistribution of solvent(11-1219-1 to CN), a Winston Fellowship (CN), and a Carlsberg Founda-

molecules (cf. Kirk and Gruner, 1985), in which case thetion Research grant (20-1249 to CN).
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