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ABSTRACT Lipid-protein interactions are an important determinant of the stability and function of integral and transmembrane
proteins. In addition to local interactions at the lipid-protein interface, global interactions such as the distribution of internal
lateral pressure may also inﬂuence protein conformation. It is shown here that the effects of the membrane lateral pressure
proﬁle on the conformation or insertion of proteins in membranes are equivalent to the elastic response to the frustrated
spontaneous curvature, co, of the component lipid monolayer leaﬂets. The chemical potential of the protein in the membrane is
predicted to depend linearly on the spontaneous curvature of the lipid leaﬂets, just as does the contribution of the protein to the
elastic bending energy of the lipid, and to be independent of the hydrophobic tension, gphob, at the lipid-water interface. Analysis
of the dependence of protein partitioning or conformational transitions on spontaneous curvature of the constituent lipids gives
an experimental estimate for the cross-sectional intramembrane shape of the protein or its difference between conformations.
Values in the region of 50–110 Å2 are estimated for the effective cross-sectional shape changes on the insertion and conductance transitions of alamethicin, and on the activation of CTP:phosphocholine cytidylyltransferase or rhodopsin in lipid membranes. Much larger values are estimated for the mechanosensitive channel, MscL. Values for the change in intramembrane
shape may also be used, together with determinations of lipid relative association constants, to estimate contributions of direct
lipid-protein interactions to the lateral pressure experienced by the protein. Changes in chemical potential ;12 kJ mol1 can be
estimated for radial changes of 1 Å in a protein of diameter 40 Å.

INTRODUCTION
Lateral pressure within membranes is thought to contribute
to the dependence of protein function on the membrane lipid
composition (see, e.g., (1–3)). Whereas the net lateral
pressure or tension of a membrane is zero in its equilibrium
state (4), the individual component contributions can reach
local pressures of several hundred atmospheres or more
(5,6). For instance, the equivalence surface pressure between
lipid monolayers and bilayers is in the region of 35 mN m1
(7), which is close to the hydrophobic free energy density on
exposure of lipid chains to water (8). The distribution of
lateral pressure components across the width of the bilayer,
i.e., the lateral pressure proﬁle, may therefore be expected to
vary considerably with lipid composition, even for tensionfree membranes.
Cantor (9–11) has proposed that differences in shape of
the lateral pressure proﬁle can account for the dependence of
protein conformation on membrane lipid composition, if the
shape of the transmembrane cross section of the protein
differs between the two conformations (see Fig. 1). A similar
reasoning applies to the partitioning of proteins or peptides
into membranes. Unfortunately, lipid lateral pressure is not
directly accessible experimentally, although theoretical
models suggest that the dependence of the transmembrane
proﬁle on lipid chain composition is sufﬁciently large to
affect protein conformation (11,12). Molecular dynamics
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simulations, on the other hand, have provided rather more
equivocal results on this point (6). In addition, the difference
in intramembranous shape between functionally relevant
conformations is not known for most proteins. This and the
theoretical difﬁculties arising from partial cancellation of
large contributions to the lateral pressure that are of opposite
sign results in considerable uncertainty as to the quantitative
signiﬁcance of the mechanism for lipid control of membrane
function that is proposed by Cantor (compare also (13)).
In principle, one experimental parameter that depends on
the lateral pressure proﬁle is the spontaneous lipid curvature
(14,15). This is a quantity for which there is a considerable
amount of data from x-ray diffraction studies of lipid HIIphases under dual-solvent stress (16–20). Also, there are
numerous studies that demonstrate a dependence of protein
insertion or protein activity on spontaneous curvature of
nonlamellar forming lipids (21–26).
It is shown here that the approach involving the lateral
pressure proﬁle that is used by Cantor (9) is equivalent to
considerations of the spontaneous curvature frustration that
was introduced by Helfrich (27) and discussed by Gruner
(28) in terms of membrane protein function, and is used
extensively in the analysis of nonlamellar lipid phases (see,
e.g., (16,29,30)). Analysis of existing data in these terms
then gives estimates of the intramembranous shape of
proteins on membrane insertion and of the change in
transmembrane cross-sectional shape involved in functionally signiﬁcant conformational transitions. The results additionally provide estimates for the likely change in area of the
protein-lipid interface and hence on the direct contribution of
doi: 10.1529/biophysj.107.107938
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FIGURE 1 Lateral pressure proﬁle, p(z) dz,
with distance z from the bilayer mid-plane in a
lipid membrane, and the cross-sectional proﬁle,
AP(z), of an inserted transmembrane protein.
Integrated contributions of the lipid chains and
headgroups to the lateral pressure proﬁle are
pch and pHG, respectively, and g phob is the
microscopic hydrophobic interfacial tension
contributed by the exposure of the lipid chains
to water. The protein is shown schematically in
two conformations that differ in the shape of
their transmembrane domain.

lipid-protein selectivity to the energetics of different protein
conformations.
Lateral pressure proﬁle
The chemical potential, mb, of a protein at mole fraction Xb in
the membrane depends on the transmembrane lateral pressure proﬁle, p(z) dz, according to (9)
Z
o
AP ðzÞpðzÞdz;
(1)
mb ¼ mb 1 kB TlnðXb Þ 1
where AP(z) is the cross-sectional area of the protein at distance z from the membrane midplane (see Fig. 1), and other
symbols have their usual meaning. The integration in Eq. 1
extends over the full width of the membrane, and the standard
chemical potential corresponds to the lateral pressure proﬁle
relative to which p(z) is referred. The contribution of the
membrane lateral pressure to the change in chemical potential,
Dmb, when a conformational change takes place in the protein
is thus given by
Z
(2)
Dmb ¼ DAP ðzÞpðzÞdz;
where DAP(z) is the difference in cross-sectional area proﬁle
of the protein in the two conformations (see Fig. 1, left).
Equation 2 forms the basis for a mechanism whereby membrane lipid composition, via changes in the lateral pressure
proﬁle, may affect the conformational equilibria of integral
membrane proteins (9). To be effective, this mechanism requires a marked difference DA(z) in the transmembrane shape
of the protein between the two conformations, and it also
depends quite critically on the size of the change Dp(z) in the
lateral pressure proﬁle with lipid composition.
Contributions from the two apposing monolayers of the
lipid membrane are additive in Eq. 2. For a symmetrical
bilayer, the lateral pressure proﬁle has reﬂection symmetry
about the midplane z ¼ 0, i.e., p(z) ¼ p(z) (see Fig. 1,
right). Antisymmetric changes in cross-sectional area proﬁle
DAP(z) ¼ DAP(z), e.g., of conical shape, then produce no
net change in chemical potential of the protein in a
symmetric bilayer. On the other hand, changes in crosssectional area proﬁle having reﬂection symmetry DAP(z) ¼
DAP(z), e.g., of hourglass shape (see Fig. 1, left), produce a

net change in chemical potential, Dmb, in symmetrical bilayers that is twice that for a single monolayer.
The lateral pressure proﬁle in a bilayer membrane is composed essentially of three contributions (1),
9 ðzÞ  gphob ðdðz  d=2Þ 1 dðz 1 d=2ÞÞ;
pðzÞ ¼ pch9 ðzÞ 1 pHG
(3)
9 ðzÞ [ @pHG ðzÞ=@z and pch
9 ðzÞ [ @pch ðzÞ=@z are
where pHG
the repulsive lateral pressure proﬁles in the lipid headgroup
and hydrocarbon chain regions of the membrane, respectively, and gphob is the hydrophobic free energy density (or
interfacial tension) for the interaction of the lipid chains with
water (see Fig. 1, right). The latter acts at the polar-apolar
interfaces of the membrane, which are situated at a distance
z ¼ 6d/2 from the center of the membrane. In Eq. 3, d(z) is
the Dirac d-function, which idealizes the nonvanishing
thickness of the polar-apolar interface. However, the effective thickness will be less than that characterized by experimental water penetration proﬁles (31–36) because the latter
is at the level of individual water molecules, whereas the
hydrophobic effect requires contact with bulk water for its
thermodynamic (entropic) expression (1,8,37). (Note also
that molecular dynamics simulations of lateral pressure proﬁles are frequently characterized by strong negative peaks
close to the polar-apolar interfaces; see, e.g., (6)).
For membranes with different lipid compositions, the
change in lateral pressure proﬁle is given by
9 ðzÞ;
DpðzÞ ¼ Dpch9 ðzÞ 1 DpHG

(4)

9 (z) and Dpch
9 (z) are the contributions of the lipid
where DpHG
headgroup and hydrocarbon chain regions, respectively, to the
difference in repulsive lateral pressure proﬁles. Note that the
interfacial hydrophobic free energy density (i.e., gphob) does
not enter into Eq. 4, because it is characterized by the contact
of hydrocarbon with bulk water and therefore is much the
same for all lipids (see, e.g., (1,8,37)). For membranes with
lateral pressure proﬁles that differ by an amount Dp(z), the
difference, DDmb, in the change in chemical potential that
accompanies a conformational change is given by
Z
DDmb ¼ DAðzÞDpðzÞdz:
(5)
Biophysical Journal 93(11) 3884–3899
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Thus, from Eq. 4, the sensitivity of the protein conformation
to lipid composition is independent of the interfacial tension,
gphob, of the hydrophobic effect.
The size of the hydrophobic interfacial tension therefore
affects protein conformational equilibria only rather indirectly. A membrane in its normal relaxed state is free of
tension (1,4). Therefore the integral of the lateral pressure
proﬁle
across the full width of the membrane must vanish:
R
pðzÞdz ¼ 0: Hence, from Eq. 3, this condition for mechanical equilibrium is (1)
Z
Z
pHG
9 ðzÞdz;
(6)
2gphob ¼ pch9 ðzÞdz 1
and the overall size of the lateral pressure proﬁles is ;g phob/
dm, which has the dimensions of force per unit area, where
dm is the thickness of a membrane monolayer leaﬂet. Comparison between lipid monolayers and lipid bilayers indicates
that the effective size of the microscopic hydrophobic interfacial energy density is gphob ; 35 mN m1 at the polarapolar interface of the membrane (1), rather than 50 mN
m1, which is found for the macroscopic surface tension of
oil-water interfaces (7,38). An order-of-magnitude estimate
of the relative size of the headgroup and chain contributions
to the internal lateral pressure suggests that pHG/pch ; 1 for
phosphatidylethanolamines, based on the dimensions of the
HII-phases (39).
The components of the internal lateral pressure in a membrane and their transmembrane proﬁles are not accessible to
direct measurement because the net lateral pressure in a
membrane at equilibrium is zero. To relate the effects of the
lateral pressure proﬁle on protein conformational equilibria
to experimentally accessible quantities it is necessary to
introduce the elastic constants for membrane bending. This
includes especially the spontaneous (or intrinsic) curvature
(28), but also the bending moduli, because these too are
related directly to the lateral pressure proﬁle (14,40,41).
Moments of the lateral pressure proﬁle
It was pointed out by Cantor (10) that the transmembrane
proﬁle of the cross-sectional area of the protein can be
expanded in a Taylor series,
AP ðzÞ ¼ AP ð0Þ 1 a1;P z 1 a2;P z 1 . . .
2

(7)

about the center of the membrane, where ai,P are the expansion coefﬁcients. Then the corresponding contributions to
the chemical potential of the protein depend on the moments
of the lateral pressure proﬁle,
Z
o
mb ¼ mb 1 kB TlnðXb Þ 1 a1;P zpðzÞdz
Z
2
(8)
1 a2;P z pðzÞdz 1 . . . ;
where the initial
R term, AP(0), in the area expansion does not
enter because pðzÞdz ¼ 0:
Biophysical Journal 93(11) 3884–3899

The moments of the lateral pressure proﬁle can be expressed in terms of the elastic constants for bending (14). The
spontaneous bending moment (per unit length) depends on
the ﬁrst moment of the pressure proﬁle and is given simply by
Z
(9)
kc co ¼ zpðzÞdz;
where kc is the bending rigidity, or mean-curvature elastic
modulus, and co is the spontaneous curvature. The ﬁrst
moment does
not depend on the choice of the origin for z,
R
because pðzÞdz ¼ 0: The elastic modulus for Gaussian
curvature, kc ; is determined by the second moment of the
pressure proﬁle (14),
Z
2
(10)
kc ¼  ðz  dÞ pðzÞdz;
where z ¼ d is the position of the neutral plane. Equations 9
and 10 therefore allow the chemical potential of the protein
in Eq. 8 to be rewritten as
mb ¼ mob 1 kB TlnðXb Þ 1 ða1;P 1 2a2;P dÞkc co  a2;P kc : (11)
Equation 11 expresses the contribution from the lateral pressure proﬁle to the chemical potential of the protein in terms
of the experimentally accessible quantities, kc, kc and co. This
expansion holds insofar as the proﬁle of the cross-sectional
area of the protein can be depicted adequately by the ﬁrst
three terms in Eq. 7. To this level of approximation, the
contributions of the membrane lateral pressure proﬁle to the
chemical potential of the protein are given by a term that
depends linearly on the spontaneous curvature of the lipids,
plus a constant.
The parameterization in Eq. 11 involves the position, d,
of the neutral surface, relative to the bilayer midplane. It is
usually found that the neutral surface in lipid membranes
lies close to the polar-apolar interface (42–44). For the inverted hexagonal phase of dioleoyl phosphatidylethanolamine (DOPE), it is found that the neutral surface lies 0.8 Å
below the polar-apolar interface, from the data and expressions given by Leikin et al. (17). For the inverse bicontinuous
cubic phase of a monolein, dioleoyl phosphatidylcholine
(DOPC) and DOPE mixture, the position of the neutral
surface has been determined to be d ¼ 12.9 6 0.5 Å (43). For
comparison, the hydrocarbon half-thickness of a DOPC
bilayer is Dc ¼ 13.6 6 0.1 Å (45). Thus a reasonable
estimate for membranes of lipids with oleoyl chains is d ¼
13.5 6 1 Å. The estimated uncertainty in position of the
neutral surface will contribute a 7% uncertainty in the upper
estimate for the change in contour of the protein (see later).

Bending elasticity
It is of interest to compare results of the above analysis with
those that are obtained from the conventional treatment of
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bending elasticity. The elastic free energy of bending for a
membrane (or monolayer) surface of area A is given by (27)
c; cG Þ ¼
DGc ð

1
2
2
kc Að
c  co Þ 1 kc A
cG ;
2

(12)

where the mean (or total) curvature is c ¼ c1 1c2 and the
Gaussian curvature is c2G ¼ c1 c2 ; with c1 ¼ 1/R1 and c2 ¼
1/R2 being the principal curvatures (see Fig. 2). For a ﬂat
(i.e., noncurved) reference surface, the elastic free energy is
DGc ð0; 0Þ ¼ ð1=2Þkc Ac2o ; which represents the curvature
frustration of the lipids when they are forced into a planar
conﬁguration. Thus the chemical potential of a protein in a
planar membrane contains a contribution from the change in
bending energy of the membrane by introducing the protein,
and is given by
cP co  cP =2
mb ¼ mb 1 kB TlnðXb Þ  nL AL kc ð
2
 kc c =kc Þ;
o

2

G;P

curvature of the lipids. The adaptation of the lipid curvature
(
cP ) to the intramembranous shape of the protein (characterized by a1,P and a2,P) can be parameterized by comparing the
coefﬁcients of the kcco terms in Eqs. 11 and 13. It should be
noted that the elastic contribution refers to the alleviation of
lipid curvature frustration at the protein surface and includes
only implicitly any change in curvature of the actual membrane surface, such as might occur in the case of hydrophobic mismatch between protein and lipid (46,47).
In the analysis of experimental data that is performed later,
nL is taken as the number of lipids in the ﬁrst boundary shell
surrounding the protein (48,49). Thus the values deduced for
cP represent the adaptation of the lipid curvature averaged
over the ﬁrst shell of perimeter lipids. If the perturbation of
the lipid curvature by the protein extends beyond the ﬁrst
shell (but see (50,51)), then the values of cP that are quoted
will represent an upper limit for the ﬁrst-shell average.

(13)

where nL is the number of lipids whose curvature is perturbed by the protein, AL is the cross-sectional area per lipid
molecule, and cP and cG;P are the mean and Gaussian curvatures, respectively, of the protein-associated lipids.
As in Eq. 11 above, the contribution of the bending
elasticity to the protein chemical potential is linear in the
spontaneous curvature, plus a constant term. However, the
adaptation of the lipids to the protein surface is expressed
differently in the two cases: either in terms of the crosssectional proﬁle of the protein, or by the change in effective

FIGURE 2 Bending of a lipid monolayer with principal curvatures c1 ¼
1/R1 and c2 ¼ 1/R2. The mean curvature is given by c ¼ c1 1c2 and the
Gaussian curvature is given by c2G ¼ c1 c2 : For cylindrical bending, c ¼ c1
and cG ¼ 0; and for a spherical vesicle/micelle, c=2 ¼ c1 ¼ c2 ¼ cG .

Spontaneous curvature
The spontaneous or intrinsic curvature of a monolayer can be
parameterized in terms of the volume, V, and the effective
length, l, and cross-sectional area, AL, of the constituent lipid
molecules. For a cylindrical system, i.e., c2 ¼ 0 and c ¼ c1 ;
the spontaneous curvature in Eq. 12 is given by (52)


1
2
V
;
(14)
1
¼
co ¼
R1;o l
AL l
where R1,o is the spontaneous radius of curvature as normally
measured in fully hydrated HII lipid phases in the presence of
excess hydrocarbon (see Fig. 3). Here, outward curvatures
(oil-in-water; V/ALl , 1) are deﬁned as positive and inward
curvatures (water-in-oil; V/ALl . 1) as negative. Equation 14
is purely geometrical and applies to any choice of dividing
surface, including the pivotal plane or the neutral surface
(17,53). The volume V and length l then refer to that portion
of the lipid that lies within the plane (for positive curvatures),
or outside the plane (for negative curvatures).

FIGURE 3 Topology of (right) normal (oil-in-water) and (left) inverted
(water-in-oil) curved lipid monolayers, indicating the characteristic dimensions: volume V, length l, and cross-sectional area AL, of a lipid molecule
that specify the monolayer curvature 61/R (upper and lower signs for right
and left, respectively). The surface to which R is measured is taken as the
lipid-water interface, but an alternative deﬁnition is to take the neutral or
pivotal plane, with corresponding redeﬁnition of the characteristic lipid
dimensions.
Biophysical Journal 93(11) 3884–3899
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A sum rule can be given for the spontaneous curvatures of
lipid mixtures (A and B) that is based on the conservation of
the lipid volumes, VA and VB,
V ¼ VA XA 1 VB XB ;

(15)

where XA and XB are the mole fractions of lipids A and B,
respectively, and the additivity of the lipid areas, AA and AB,
AL ¼ AA XA 1 AB XB ;

(16)

at the dividing surface. In the case of lipids of different
lengths or chain compositions, it is necessary also to assume
linear additivity of the lipid lengths, lA and lB:
l ¼ lA XA 1 lB XB :

(17)

This approach, by substituting Eqs. 15–17 in Eq. 14, is
demonstrated to work for mixtures of DOPE with DOPC
(52), and of DOPE with dioleoyl glycerol (53). In the latter
two cases, linear additivity of the component spontaneous
curvatures, co,A and co,B,
co ¼ co;A XA 1 co;B XB ;

(18)

is also found to be a reasonable approximation (17), as is
illustrated in Fig. 4. For mixtures of DOPC with cholesterol,
however, there are marked deviations from Eq. 18 (18).
 cDOPC
Þ¼
Values for the spontaneous curvature of ðcDOPE
o
o
1
DOPE
¼ 0.0431 6 0.0009
(0.0365 6 0.0021) Å and co
Å1 are deduced from the linear regression for DOPE-DOPC
mixtures in Fig. 4. The quantity required for the subsequent
 cDOPC
; which would contribute a 6%
analysis is cDOPE
o
o
uncertainty to the ﬁnal values deduced from Eqs. 11 or 13.

Where appropriate, however, better precision can be achieved
by using the calibration that is based on Eqs. 14–17.
Equations 11 or 13 for the chemical potential of the
protein, together with the linear approximation of Eq. 18,
therefore offer a viable explanation for the linear dependence
of various functional activities on lipid curvature (21,22,25,54).
The precondition is that the elastic bending moduli not be
very dependent on lipid composition; this is considered in
the next section.
Elastic bending moduli
The bending rigidity, or mean curvature modulus, can be
related to the ﬁrst moment of the lateral pressure proﬁle of
the bent monolayer (40):
Z
@pðzÞ
zdz:
(19)
kc ¼ 
@
c
For a linear lateral pressure distribution, the result for a
monolayer is (55)
kc ¼

1
KA dm2 ;
12

where KA is the elastic modulus for area dilation of the
monolayer and dm is the monolayer thickness. An extensive
series of measurements on bilayer giant vesicles of different
phosphatidylcholines (42) has demonstrated a linear dependence of (kc/KA)1/2 on the bilayer thickness, dt, according to
Eq. 20, with the exception of lipids with polyunsaturated
chains that have anomalously low bending rigidities. Further,
the elastic expansion modulus, KA, was found not to vary
appreciably with lipid chain length. Various measurements
of kc for a lipid monolayer by dual solvent stress in HIIphases have yielded a mean value of (4.5 6 0.5) 3 1020 J
for DOPE (e.g., 19), a value of 4 3 1020 J for DOPC (18),
and a similar value of 4 3 1020 J for 30 mol % dioleoyl
phosphatidylserine in DOPE (20). Thus differences in lipid
headgroup do not appear to have a large inﬂuence on the
bending modulus.
Using a similar continuum model to that used to obtain
Eq. 20 yields the following result for the Gaussian curvature
modulus (see, e.g., (56)):
kc ¼ ð1  sÞkc ;

FIGURE 4 Spontaneous curvature, co,w, of the lipid-water interface in
fully hydrated lipid mixtures with DOPE, as a function of the mole fraction,
X, of the second lipid component. (Squares) DOPE and DOPC, in the
presence of tetradecane (data from (16)). (Circles) DOPE and dioleoyl
glycerol (DOG), in the presence of tetradecane (data from (17)). (Triangles)
DOPE and cholesterol (chol), in the presence of tetradecane (data from (18)).
Solid lines are ﬁts of Eqs. 14–17 (52,53), and dashed lines are linear regressions according to Eq. 18.
Biophysical Journal 93(11) 3884–3899

(20)

(21)

where s is Poisson’s ratio. Assuming volume incompressibility results in the maximum value of s (i.e., s # 0.5),
which therefore yields kc =kc #  0:5. Experimental estimates for three different ﬂuid phospholipid systems produce
a consistent mean value of kc =kc ¼ ð0:8060:05Þ (43,44,57).
For further discussion and tabulation of elastic curvature
constants of lipid monolayers and bilayers, see Marsh (58).
From the more recent measurements that are compiled in the
latter reference, a mean value of kc ¼ (9.9 6 0.6) 3 kBT (N ¼
10) can be deduced for monolayers of both DOPE and
DOPC. This value for the mean curvature modulus will be
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used throughout. It contributes an uncertainty of ;6% to the
data for the protein shape/lipid curvature that are deduced
below by using Eqs. 11 or 13.
Use of the elastic moduli and spontaneous curvatures
determined in pure lipid systems requires that the lipid/
protein ratio is sufﬁciently high that the protein is dispersed
in an environment that displays the properties of bulk lipid.
There is abundant evidence from electron paramagnetic
resonance (EPR) of spin-labeled lipids that this is the case in
many natural and reconstituted membranes, and that this
bilayer environment interfaces directly with the protein
boundary lipid (50,59–64).

Alamethicin in membranes of mixed lipids
As an example, Fig. 5 gives the dependence of the aqueousmembrane partitioning of spin-labeled alamethicin on lipid
composition of DOPC-DOPE mixed bilayers. The peptide is
expected to remain in the monomeric state in the absence of a
membrane potential (65,66). It was shown by Lewis and
Caﬁso (22) that the free energy of transfer from the aqueous
phase depends linearly on the mole fraction of DOPE and
thus is linearly dependent also on the membrane curvature.
The solid line in Fig. 5 is the corresponding least-squares ﬁt
to the dependence of the partition coefﬁcient, KP, on lipid
composition,


Xb
kc
XðDOPEÞ ;
(22)
¼ Ko exp b
KP ¼
Xw
kB T
where Xb and Xw are the mole fractions of alamethicin in the
membrane and in water, respectively, and Ko and b are
constants. Equation 22 is consistent with the expression for
the chemical potential given by Eq. 11 or 13, if it is assumed
that the membrane curvature is linearly dependent on the

FIGURE 5 Partition coefﬁcient, KP, of alamethicin into membranes of
DOPC/DOPE mixtures as a function of the mole fraction, X(DOPE), of
DOPE (data from (22)). Solid line is a nonlinear least-squares ﬁt of Eq. 22.

3889

mole fraction, X(DOPE), of DOPE according to Eq. 18, and
that the bending rigidity remains approximately constant
because DOPE and DOPC have the same chain composition
(see Eq. 20 above).
A somewhat more precise ﬁtting of Eq. 11 or 13 is
obtained, however, by using the calibration for the spontaneous curvatures of DOPC-DOPE mixtures that is based on
Eqs. 14–17. Using this data from Fig. 4 and the value given
above for kc, it is then estimated that a1;P 1 2a2;p d [
nL AL cP  7:5 6 1:1 Å. This estimate includes both the
uncertainty from ﬁtting the dependence of KP on co and that
in kc. For a transmembrane a-helix such as alamethicin,
the number of ﬁrst-shell lipids is nL  10–12 (48) and the
area/lipid for DOPE and DOPC is AL  58–72 Å2 (45,52),
which yield an effective value of cP  1 0:011 6 0:004 Å1
(normal curvature) for the peptide-induced lipid curvature
(including uncertainties in nL and AL). This positive value is
reasonable for lipids interacting with a bent a-helix that is
thought to be almost too short to span the bilayer (22,67),
in comparison with spontaneous curvatures of co  0.007
Å1 and 0.043 Å1 (inverted curvature) for DOPC and
DOPE, respectively (see Fig. 4). A bent helix is more likely
to induce curvature than is a straight helix, and a short helix
will provide more space for bulky lipid headgroups, which
will tend to favor positive curvature.
Unfortunately, the parameters a1,P and a2,P that govern the
transmembrane shape of the protein cannot be determined
separately. However, the quantity a1,Pd1 2a2,Pd2  100 6
20 Å2 (assuming d  13.5 6 1 Å) provides an upper estimate
for the magnitude of the effective difference, AP(d)AP(0),
in cross-sectional area of the peptide between the membrane
midplane and the neutral plane (see Eq. 7). This value is
somewhat larger than the cross-sectional area of a phospholipid, and is comparable to that of an a-helix. It is probably
related, at least in part, to the pronounced kink between the
two helical segments of alamethicin (68). In larger peptide/
protein assemblies, this value also suggests the order of
magnitude likely for realistic changes in cross-sectional area,
on conformational changes in the protein.
Keller et al. (21) have performed single-channel conductance measurements on alamethicin in planar-bilayer membranes composed of mixed lipids. Alamethicin ion channels
switch between discrete conductance states with jumps in
conductance that increase almost linearly with the conductance level. The relative occupancies of successive conductance
states, pi/p1, were found to depend on lipid composition, with
an approximately linear dependence of ln(pi/p1) on mole
fraction of DOPE in DOPC-DOPE mixtures and hence on
spontaneous curvature of the constituent lipid monolayers in
accordance with Eq. 11 or 13. From the data of Keller et al.
(21), the free energy of the ith conductance level, relative to
the ﬁrst level, DGiDG1, then depends linearly on spontaneous curvature of the lipid with gradients of ;59 6 8 kBT 3
Å and 130 6 9 kBT 3 Å for i ¼ 2 and i ¼ 3, respectively (see
also (69)).
Biophysical Journal 93(11) 3884–3899
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It therefore follows immediately from Eqs. 11 and 13 that
the ratio of the differences in a1,P 1 2da2,P, or in the nL cP
products for the channel-associated lipids, in the two
conductance states is ;2.2 6 0.2. This is consistent with
conductance levels i ¼ 2 and i ¼ 3 being derived from level
i ¼ 1 by incorporation of one and two monomers, respectively, in the channel assembly.
It is interesting that the relative populations of channel
conductance states, pi/p1, have the opposite dependence on
lipid composition to that of the partitioning of alamethicin
into the membrane. From the gradient with respect to lipid
spontaneous curvature, it is estimated that the change in
ða1;P 1 2a2;p dÞ [  nL AL cP is ;16.0 6 1.2 Å for the
population of the i ¼ 2 conductance level, relative to i ¼ 1.
This corresponds to a negative change in the effective
curvature of the channel-associated lipids, on transition to
the higher conductance states. Changes in conductance
therefore occur via molecular rearrangements within the
membrane and not via partitioning of alamethicin from the
aqueous phase. An upper estimate for the change in crosssectional area of the channel at the neutral surface, relative to
that at the bilayer midplane, is D(a1,P 1 2da2,P) 3 d  80 6
20 and 180 6 35 Å2 for the i ¼ 2 and i ¼ 3 conductance
levels, respectively. This is comparable in magnitude to the
change in internal cross-sectional area on adding one or two
monomers, respectively, to the channel assembly.
The effective lipid curvature imposed by the alamethicin
channel can be estimated by using the monomer reference
state from the partitioning results above, where the gradient
of transfer free energy with respect to lipid spontaneous
curvature is –74 6 6 kBT 3 Å. This yields a value of
nL AL cP  –(1.6 6 1.1) Å for a monomer in the channel
assembly. For a regular polygonal arrangement of 6–8
transmembrane a-helices, the number of perimeter lipids per
monomer is nL 3.5 6 0.2 (48,70). Hence, the effective
curvature induced by the alamethicin channel is cP  10.007
6 0.006 Å1. This relatively small value is compatible with
a symmetrical arrangement of helices that are bent slightly.
It should be noted that both the partitioning of alamethicin
monomers (22) and the populations of alamethicin channel
states (21) were also studied with membranes composed of
mixtures of N-methyl DOPE (DOPE-Me) and DOPC. The
spontaneous curvature of DOPE-Me has been measured and
lies between that of DOPE and DOPC (71). In both studies, it
was found that results similar to those with DOPE-DOPC
mixtures were obtained with (DOPE-Me)-DOPC mixtures
that had the same value of co. This shows that spontaneous
curvature, rather than chemical composition, is the controlling factor.

binding to lipid membranes. Studies on the activation reveal
a dependence on lipid composition that implicates spontaneous curvature as a controlling factor (24,72). Attard et al.
(24) already have interpreted the dependence of CCT activity
on DOPE content of DOPC-DOPE membranes quantitatively in terms of Eq. 13, with spontaneous curvatures of the
lipid mixtures predicted by Eq. 18.
Fig. 6 shows the dependence of the chemical potential of
membrane-bound CCT on lipid composition, for mixtures of
DOPC with DOPE or with dimyristoyl phosphatidylcholine
(DMPC). The chemical potential, DDmb, relative to a DOPC
membrane, is deduced from the activity measurements of
Attard et al. (24) by assuming that activation requires
binding to the lipid membrane. The linear dependences in
Fig. 6 are consistent with a contribution from spontaneous
curvature of the lipids that is given by Eq. 11 or 13 and Eq.
18. Using the data of Fig. 4 for DOPE-DOPC mixtures to
ﬁt the dependence on co directly yields a value of a1;P 1
2a2;P d [  nL AL cP  1 3:5 6 1:0 Å. The length of the
binding domain of CCT is 78 6 4 Å (24), which suggests
that nL  16 6 1 lipids are perturbed, yielding a value of
cP  0:0035 6 0:0015 Å1 for the (inverted) curvature of
the lipids perturbed by the protein. This value is in reasonable agreement with the original analysis by Attard et al.
(24). Alternatively, an upper estimate for the difference,
AP ðdÞ  AP ð0Þ; in effective cross-sectional area of the penetrant section of the protein between the membrane midplane
and the neutral plane is a1;P d 1 2a2;P d2  1 47 6 16 Å2
(with d  13.5 6 1 Å).
Measurements of spontaneous curvature are not available
for DMPC, but the results of Fig. 6 demonstrate that, unlike
for DOPC, this must be of the opposite sign to that for
DOPE. It is also possible that differences in bending rigidity
between DMPC and DOPC may contribute to the dependence
on lipid composition that is shown in Fig. 6. Experimental

Activation of CTP:phosphocholine
cytidylyltransferase

FIGURE 6 Chemical potential, Dmb, of CTP:phosphocholine cytidylyltransferase bound to membranes of DOPC containing mole fraction, X, of
DOPE (circles) or DMPC (squares). Values are obtained from activity
measurements, relative to those of the enzyme associated with DOPC alone
(data from (24)). Solid lines are linear regressions.

CTP:phosphocholine cytidylyltransferase (CCT) is an enzyme that is involved in lipid biosynthesis and is activated by
Biophysical Journal 93(11) 3884–3899
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results for bilayers yield values of kc ¼ 0.56 6 0.06 and
0.85 6 0.10 3 1019 J for DMPC and DOPC, respectively
(42). However, the bilayer thickness, 2dm, of DMPC does not
differ very greatly from that of DOPC (see Eq. 20) (73). Also
the lack of a quadratic component to the essentially linear
dependence on mole fraction of DMPC in Fig. 6 suggests that
differences in bending rigidity do not play a major role.
Assuming this to be the case, the ratio of gradients in Fig. 6
gives the following estimate for the spontaneous curvature of
DMPC: co  10.03 6 0.01 Å1. This is a lower estimate
because it ignores the differences in bending rigidity, but it
emphasizes that DMPC, unlike DOPC, strongly favors the
formation of phases with normal rather than inverted curvature.
A geometrical prediction of the spontaneous curvature for
DMPC can be made from Eq. 14, if it is assumed that l ¼ 15.5
Å, which is characteristic of the HII-phases of DOPE-DOPC
mixtures in excess tetradecane (52). The justiﬁcation for doing
this is, as noted above, that DOPC and DMPC have rather
similar lipid lengths in the bilayer state. Taking bilayer values
of AL ¼ 59.6 Å2 and V ¼ 1101 Å3 for DMPC (73) then yields
co  10.025 Å1 from Eq. 14. This is of a similar magnitude
to the estimate made above and reﬂects the expectation that
DMPC favors positive curvature, in comparison to DOPE. That
lipids with spontaneous intrinsic curvatures of opposite signs
respectively decrease and increase the membrane association of
CCT is a diagnostic indicator that lipid curvature is involved.
Meta-I to Meta-II transition in rhodopsin
The meta-I to meta-II state equilibrium of rhodopsin that is
reconstituted in mixtures of DOPE with DOPC has been
studied by Botelho et al. (25). This MI-MII transition constitutes the primary activation step of the G-protein coupled
receptor rhodopsin in visual transduction. It is of particular
interest in the context of lipid spontaneous curvature because
the MI-MII conformational change leading to activation of
G-protein occurs in the membrane-bound protein, as opposed
to activation by binding to the membrane. The endogenous
lipid of the rod outer segment disc, which is the native environment of rhodopsin, is characterized by a high proportion
of poly-unsaturated chains with potentially large spontaneous
curvature. Botelho et al. (25) demonstrated a linear dependence of the free energy of the MI-MII transition on spontaneous curvature in DOPC-DOPE mixtures. From the gradient
of this dependence, it can be deduced that D(a1,P 1 2a2,Pd) [
D(nLALcP ) ¼ 18.3 6 1.2 Å, according to Eqs. 11, 13, and
18. The number of ﬁrst-shell lipids associated with bovine
rhodopsin has been determined by spin-label EPR to be nL 
23 6 2 (61,74–76). Thus, the change in the effective mean
spontaneous curvature of these lipids associated with rhodopsin is estimated to be D
cP  0.006 6 0.002 Å1. A
negative effective spontaneous curvature is expected from
the intramembranous shape of rhodopsin (77). An upper
estimate for the effective change in transmembrane crosssectional shape of rhodopsin is given correspondingly by
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D(a1,P 1 2a2,Pd) 3 d  1112 6 25 Å2 (with d ¼ 13.5 6
1 Å). This is of the order of magnitude surmised already from
the data on alamethicin to be involved in a conformational
change of a transmembrane protein. The change in shape on
conformational change of a helix bundle could be on the
order of a few multiples of the shape asymmetry of a whole
helix. For comparison, it is found that the meta-I to meta-II
transition is accompanied by a change in volume of rhodopsin of 180 Å3 (78), but this does not exclude larger changes
in cross-sectional area that are compensated by changes in
thickness of the protein. Also, this volume change includes
differences in hydration that could be a major contribution
and will mostly affect the extramembranous section of the
protein.
From the crystal structure of rhodopsin, the following
data, which are in essential agreement with the deductions
above regarding the intramembranous shape, may be deduced.
The transmembrane domain in the dark state of rhodopsin is
roughly elliptical in cross-section with dimensions ;45 3
37 Å (79). Thus, the overall cross-sectional area in the plane
of the membrane is ;1300 Å2. The intramembranous protein
surface is molecularly rough, but the average tendency of
the transmembrane proﬁle resembles the hourglass shape on
the left of Fig. 1, as deduced from the accessible surface/
perimeter (77). This is because the transmembrane helices of
rhodopsin, although bent, are tilted relative to the membrane
normal with a crossing that lies within the membrane. Precise
quantitation of area proﬁles in terms of simpliﬁed/idealized
shapes is, however, difﬁcult.
Mechanosensitive channel MscL
The prokaryotic mechanosensitive channel of large conductance, MscL, opens in response to membrane tension as a
means for combating hypoosmotic stress. Consequently, the
protein undergoes a rather large conformational change on
channel gating which opens a transmembrane pore with a
diameter in the region of 30 Å (80). Moe and Blount (81)
have investigated the response to membrane tension in the
opening of the MscL channel when it is reconstituted in
mixtures of DOPC with DOPE. Although the data consist of
only three points, the tension (T1/2) for 50% probability of
channel opening increases linearly with mole fraction, X,
of DOPE in the membrane, with a gradient of @T1/2/@X ¼
8.3 6 0.5 mN m1 (81). The free energy of channel gating is
related linearly to the value of T1/2: DG ¼ T1/2DAP , where
DAP ¼ 650 Å2 for MscL is the increase in mean crosssectional area of the channel on opening (80). Therefore, the
free energy of the open state depends approximately linearly
on lipid spontaneous curvature.
From Eqs. 11 and 13 combined with the above data (and
Fig. 4), the opening of the MscL channel is predicted to be
accompanied by a change in shape that is characterized by a
value of D(a1,P 1 2a2,Pd) [ D(nLALcP ) ¼ 44 6 3 Å. An
upper estimate for the change in cross-sectional area at the
Biophysical Journal 93(11) 3884–3899
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neutral plane relative to the membrane midplane is therefore
D(a1,P 1 2a2,Pd) 3 d  595 6 90 Å2, for d ¼ 13.5 6 1 Å.
This rather large difference (for a pentameric structure consisting of 10 transmembrane helices; see (82)) is comparable
in size to the cross-sectional area of the open pore. It is much
larger than in the other examples of conformational shape
changes that are considered here and is likely to be a special
feature of this particular type of channel.
The MscL channel can be gated by external addition of
lysophosphatidylcholine (lysoPC) (83,84). However, in contrast to the effect of phosphatidylethanolamine, the mechanism is thought to involve membrane curvature stress that is
induced by asymmetrical incorporation of the lysolipid.
When incorporated uniformly in the lipid bilayer, lysoPC
failed to induce the conformational signatures in spin-label
EPR that are characteristic of the open channel (84). Nonetheless, symmetrically incorporated DOPE was shown to
be antagonistic to the effect of asymmetrically incorporated
lysoPC. With the eukaryotic mechanosensitive channel
TREK-1 in COS cells, arachidonic acid (which likely ﬂipﬂops rapidly) induces opening when added to either side of
the membrane, whereas lysoPC was only maximally active
when added externally to whole cells (85).
Recently, Schmidt et al. (86) have examined the effect of
replacing 1-palmitoyl-2-oleoyl phosphatidylethanolamine
(POPE) by 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC),
on the voltage gating of the KvAP potassium channel in
planar bilayer membranes. The midpoint potential for activation changes from V1/2 ¼ 42 mV in membranes of POPE:
POPG 3:1 to V1/2 ¼ 30.5 mV in membranes of POPC:
POPG 3:1, and the valence of the gating charge changes
correspondingly from Z ¼ 3.1 to Z ¼ 1.8 (POPG is
1-palmitoyl-2-oleoyl phosphatidylglycerol). Therefore, the
free energy of the open channel state, DG ¼ ZeV1/2 (where e
is the electronic charge), changes by 7.3 kJ mol1 on
replacing POPE by POPC. This is less than that of replacing
DOPC by DOPE on gating of MscL (dDG ¼ 32 kJ mol1),
but is comparable in magnitude to that in the other examples
of the effects of lipid spontaneous curvature that are considered here. Unfortunately, POPC content relative to POPE
was not varied to check whether gating followed the expected dependence on co. If it is assumed that co (and kc) for
POPE is similar to that for DOPE, and that for POPC and
POPG is similar to that for DOPC, then the change in free
energy of gating could be accounted for by a change in protein
shape/lipid curvature of D(a1,P 1 2a2,Pd) [ D(nLALcP ) 
11 6 1 Å. This would translate to a maximum change in
cross-sectional shape of D(a1,P 1 2a2,Pd) 3 d ; 150 6 30 Å2
(for d ¼ 13.5 6 1 Å).
Energetics of lipid-protein interaction—excess
pressure across curved interfaces
The above treatments, in terms either of the lateral pressure
proﬁle or of bending elasticity, refer essentially to properties
Biophysical Journal 93(11) 3884–3899
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of an unperturbed membrane in which the protein is embedded. This is made especially evident by the quantitation
in terms of the curvature elastic constants, kc, kc ; and co, of
hydrated lipid phases. An alternative, or complementary,
approach is to consider directly the energetics of the lipidprotein interface, for which a certain amount of quantitative
information is available, particularly from spin-label EPR and
ﬂuorescence studies (see, e.g., (59,87–89)). A ﬁrst approach
in this direction was made by Baldwin and Hubbell (90), in
terms of the pressure difference across a curved surface that
arises from the interfacial tension or excess surface free
energy. In this particular context, the authors were considering speciﬁcally rhodopsin reconstituted in different lipids.
Let gLP(z) be the excess free energy of interaction per unit
area of lipid-protein interface at distance z from the membrane
midplane. The appropriate reference state for the lipid-protein
interaction, in this case, is the free energy of interaction between
lipid molecules in the protein-free membrane. At depth z in the
membrane, the cross-sectional area of the protein is AP ðzÞ ¼
prP ðzÞ2 and the transmembrane proﬁle of the free energy of
lipid-protein interaction is DGLP ðzÞdz ¼ 2prP ðzÞgLP ðzÞdz;
where rP(z) is the radius of the cross-section of the protein at
vertical position z in the membrane. Therefore the effective
lateral pressure that arises from this interaction is given by
pLP ðzÞ ¼ 

@DGLP
gLP ðzÞ
;
¼
@AP
rP ðzÞ

(23)

which is the usual expression (i.e., the Laplace equation) for
the excess pressure across a cylindrical surface. For positive
gLP, the pressure is directed outward from the protein rather
than inward from the lipid. Substituting Eq. 23 in Eq. 2 then
yields the expected result that the change in chemical
potential, Dmb, when a conformational change takes place in
the protein, is given simply by the product of the excess free
energy density of the lipid-protein interaction and the change
in area of the lipid-protein interface,
Z
(24)
Dmb ¼ 2p gLP ðzÞDrP ðzÞdz;
where DrP(z) is the difference in proﬁle of the cross-sectional
radius of the protein in the two conformations. As might be
anticipated, this expression cannot be cast in terms of the
bending elasticity of a lipid bilayer, because it refers to the
energetics of the lipid-protein interaction.
The proﬁle of the free energy density, gLP(z), can be
partitioned into contributions from the lipid headgroups and
the lipid chains, as was done for the lateral pressure proﬁle
(compare with Eqs. 3 and 4). A term involving the exposure of
hydrophobic groups to water (g phob) enters only in the case
of mismatch between the transmembrane hydrophobic spans
of lipid and protein. Conformational changes can be effected
by differences in the free energy density proﬁle of lipidprotein interaction, which depend on lipid composition of the
host membranes. The excess free energy of interaction with
the lipid chains has been measured to be 320 6 20 J mol1 per
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CH2 group (per chain) for dark-adapted rhodopsin reconstituted in disaturated phosphatidylcholines (76) and approximately half this for the SERCA Ca21-ATPase reconstituted
in 9-trans-monounsaturated phosphatidylcholines ((91); see
(59)). These values correspond to a contribution from the chains
to the excess free energy density of lipid-protein interaction
ðchÞ
of gLP  30 to 60 J mol1 per Å2 (or 5 to 10 mN m1),
assuming a transverse area per CH2 group of 5.3–6.1 Å2 (see,
e.g., (92)). Relative association constants of phospholipid
species with different polar headgroups typically lie in the
range Kr  0.5–7, corresponding to differential free energies
of lipid-protein interaction of ;12 to 5 kJ mol1, relative
to phosphatidylcholine (59,64,93–95). These values are more
difﬁcult to translate reliably into an effective excess free energy density than are those for methylene groups. Assuming
an effective transverse area per lipid headgroup of ;85 Å2 (see
ðHGÞ
(96)) yields estimates of DgLP  120 to 60 J mol1 per Å2
(or 13 to 10 mN m1) for the average contribution of the
lipid polar groups to the excess interaction free energy density,
relative to phosphatidylcholine.
From the analysis given above of the functional dependences on lipid spontaneous curvature for alamethicin or
CCT, variations in protein cross-sectional area with depth in
the membrane were estimated to be in the region of 50100
Å2. Although these values do not correspond to different
conformations, differences in cross-sectional area of this order
can be envisaged for conformational changes. Indeed, for the
MI-MII transition of rhodopsin, and for transitions between
the conductance levels of alamethicin channels, conformational changes corresponding to changes in cross-sectional
area of 80110 Å2 were estimated. For a protein of mean
cross-sectional radius rP  20 Å, such as rhodopsin (79), a
change in cross-sectional area by 100 Å2 would correspond
to a change in cross-sectional radius of DrP  1 Å. A change
of this magnitude would involve the displacement, or incorporation, of effectively just one lipid in the ﬁrst shell at
the perimeter of the transmembrane protein. Correspondingly, experiments with spin-labeled lipids do not detect a
signiﬁcant change in the number of ﬁrst-shell lipids on mild
bleaching of rhodopsin to the meta-II state (97).
Because rhodopsin displays little, or no, lipid headgroup
selectivity (74,98,99), the inﬂuence of lipid-protein interactions should be felt primarily in the lipid chain regions. With
ðchÞ
a change in excess free energy density of DgLP  60 J mol1
2
per Å (see above) and a hydrophobic span for rhodopsin of
32 6 2 Å (100), Eq. 24 then predicts a maximum change in
chemical potential on changing lipid chain composition of
12 6 1 kJ mol1 for a conformational change with DrP  1 Å.
This would shift relative conformational equilibrium populations of the meta-I and meta-II states by 100-fold. Similar
estimates based on the selectivity of lipid headgroup interactions with other integral proteins yield changes in chemical
potential of the protein in the range of 14 to 11 kJ mol1,
relative to phosphatidylcholine, for a protein of the same size
as rhodopsin.
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For estimation of the effect of changing lipid chain
composition, it was tacitly assumed that the conformational
change is referred to a hypothetical lipid environment for
ðchÞ
which gLP ¼ 0: A vanishing excess free energy (gLP ¼ 0)
implies simply that the lipid-protein interaction is isoenergetic with the lipid-lipid interactions that occur within the
bulk bilayer regions of the membrane. The considerable reðchÞ
duction in gLP ; relative to saturated lipids associated with
rhodopsin, that is found for monounsaturated lipids interacting with the Ca21-ATPase suggests that such a situation (i.e.,
ðchÞ
gLP ¼ 0) is not unrealistic. An alternative situation is one in
which the two conformations of the protein present different
hydrophobic spans to the lipid. The reference state would
then correspond to a lipid whose chainlength just matches
that of the conformation with shorter hydrophobic span.
Highly curved lipid vesicles
The formulation of the lipid-protein interaction in terms of
bending energies (i.e., Eqs. 12 and 13) that was given above
allows investigation of the effects of vesicle curvature, e.g.,
for small unilamellar vesicles (SUVs). When the reference
state in the absence of protein is not a planar bilayer, the
curvature energies of the outer and inner monolayers must be
considered explicitly (see Fig. 7). The areas, An, at the neutral
surfaces of the outer and inner monolayers in a curved
bilayer are given by simple geometry,
2 2
c 1 d cG Þ;
An ¼ Að1 6 dc1 Þð1 6 dc2 Þ ¼ Að1 6 d

(25)

where A, c; and cG are the area, the mean curvature, and the
Gaussian curvature, respectively, at the bilayer midplane,
and d is the distance of the neutral surface from the midplane.
The upper signs in Eq. 25 correspond to the neutral surface
of the outer monolayer and the lower signs to that of the inner
monolayer. The mean curvatures, cn ; of the neutral surfaces
are then given by


1
1
2 A
1
¼ 6 ð
c 6 2d
cG Þ
(26)
cn ¼ 6
R1 6 d R2 6 d
An
and the Gaussian curvatures, c2G;n ; at the neutral surfaces are
given similarly by
2
cG;n ¼

1
2 A
¼ cG ;
ðR1 6 dÞðR2 6 dÞ
An

(27)

where the upper and lower signs refer to the outer and inner
monolayers, respectively, as in the corresponding expressions for An.
Adding free energy contributions from the outer and inner
monolayers of the bilayer membrane according to Eq. 12,
and discarding terms of fourth order or higher in the membrane curvature, c and cG ; gives the following expression for
the total bending free energy,
c; cG Þ ¼ kc Að
c 1 co Þ 1 2ðkc  2kc dco
DGc ð
ðbÞ

2

2

1 kc d co =2ÞA
cG;
2 2

2

(28)
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DOPE and DOPC gives a ratio of  0.1, which means that the
quadratic term is relatively insigniﬁcant in comparison with
the term that is linear in X, even for X ¼ 1.

Folding of OmpA in SUVs

FIGURE 7 Geometry of outer (out) and inner (in) monolayers in a curved
bilayer. Curvatures of the two neutral surfaces are given by cout
1;2 ¼
1=ðR1;2 1 dÞ and cin
1;2 ¼ 1=ðR1;2  dÞ; where R1,2 are the principal radii
of curvature of the bilayer midplane and d is the distance of the neutral
surface from the bilayer midplane. Areas at the two neutral surfaces are
Aout ¼ Að1 1 dc1 Þð1 1 dc2 Þ and Ain ¼ Að1  dc1 Þð1  dc2 Þ; where A is the
corresponding area at the bilayer midplane, and c1 and c2 are the principal
curvatures of the midplane.

which involves no truncation for completely spherical
deformations. Note that the constant term kc Ac2o on the right
of Eq. 28 represents curvature frustration of the individual
monolayers and does not contribute to the energy of bending
a symmetrical bilayer. For a spherical vesicle of radius R, the
curvature free energy is given by Eq. 28 with c=2 ¼ cG [
c ¼ 1=R: The chemical potential of a protein in this curved
vesicle is then given by
cG;P c Þ
mb ¼ mb 1 kB TlnðXb Þ 1 nb AL kc ½ð
2 2
2
2
3ðd c  4dco 1 2kc =kc Þ 1 c  4c ;
o

2

o

P

2

(29)

where c and AL refer to the bilayer midplane (see Fig. 7). In
the case of a curved vesicle, the contributions of the lateral
pressure proﬁle to the chemical potential of the inserted protein include a term that depends quadratically on the spontaneous curvature of the lipids, not simply the linear term plus
a constant that is found for a planar bilayer (compare with
Eq. 13). Assuming linear additivity of spontaneous curvatures
according to Eq. 18, the ratio of the coefﬁcients of the quadratic to the linear term in mole fraction, X, of component 2 in
Eq. 29 should beðd=2Þðco;2  co;1 Þ=ð2  dco;1 Þ  ðd=4Þ
ðco;2  co;1 Þ; because co,11/d. Taking values appropriate to
Biophysical Journal 93(11) 3884–3899

Hong and Tamm (26), in a series of experiments with systematically varying lipid composition, have demonstrated
reversible urea-induced unfolding of the b-barrel outer membrane protein OmpA in small unilamellar vesicles (SUVs
of mean diameter 300 Å). OmpA that has been unfolded in
urea inserts and folds spontaneously into SUVs composed of
phosphatidylcholines of normal chainlengths (101), but not
into large unilamellar vesicles unless the chainlength of the
constituent lipids is 12 C-atoms or less (102). Vesicle curvature therefore plays a very signiﬁcant role in the energetics
of folding of OmpA in membranes composed of lipids with
chainlengths greater than 12 C-atoms. This should be taken
into account explicitly in analysis of the effects of spontaneous lipid curvature on the stability of membrane-bound
OmpA.
The free energy of unfolding of OmpA in SUVs composed
of mixtures of POPC with POPE, taken from the work of
Hong and Tamm (26), is shown in Fig. 8. From the linear
regression data, the gradient @mb/@X with respect to mole
fraction of POPE, which from Eqs. 18 and 29 should be equal
c2G;P  c2 ÞdðcPOPE
 cPOPC
Þð2  dcPOPC
Þ; has a
to 2nL AL kc ð
o
o
o
1
value of ;23 6 5 kJ mol .
The number of ﬁrst-shell lipids that can be accommodated
around the intramembranous perimeter of OmpA is nL 
20 6 2 (49). Unfortunately, values of the spontaneous
curvature are not available for POPE and POPC, but taking
the corresponding values for DOPE and DOPC (see Fig. 4)
yields a value of cG;P  6ð0:021 6 0:006ÞÅ1. Examina-

FIGURE 8 Dependence of the free energy of unfolding (DGou;H2 O ) of
OmpA on lipid composition in SUVs of POPC containing mole fraction, X,
of either POPE (squares) or diC10PC (circles). T ¼ 37.5°C. (Data from
(26).) The solid lines are linear regressions.
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tion of the intramembranous shape of OmpA reveals that this
would favor lipids with negative curvature (26,103). In SUVs,
the lipids of the outer monolayer assume a positive curvature, whereas those of the inner monolayer possess a rather
strong negative curvature. The latter probably account for the
ability of SUVs of POPC and DOPC to incorporate OmpA
spontaneously. However, the situation may be complicated
by an asymmetric distribution of lipids between the outer and
inner monolayers, and by the possibility of lipid redistribution between the two monolayers on protein incorporation
(104). Note that the contribution of vesicle curvature according to Eq. 29 scales as (c/
cG;P )2, which is 10% in this particular case. Intrinsic lipid curvature is not the only factor
stabilizing folded OmpA in SUVs relative to large unilamellar
vesicles (104).
The free energy of unfolding of OmpA in SUVs of POPC
mixed with didecanoyl phosphatidylcholine (diC10PC) is
also shown in Fig. 8. Admixture with this short-chain lipid
progressively reduces the free energy of unfolding, in contrast to the situation with POPE. From the linear regression,
the gradient of the free energy with respect to mole fraction
of diC10PC is @mb/@X ¼ (15 6 3) kJ mol1. The spontaneous curvature of diC10PC is not known but, for such a
short-chain lipid with large headgroup, it is expected to be
positive (see Eq. 14 and Fig. 3). From the ratio of the
gradient with respect to that for POPE in Fig. 8, it can be
estimated that the spontaneous curvature of diC10PC is co ;
10.02 6 0.01 Å1, again assuming the values of DOPC and
DOPE for POPC and POPE, respectively. As in considerations of DMPC interacting with CCT (see above), this is
a lower estimate for the spontaneous curvature of diC10PC
because it ignores differences in bending rigidity. The opposite sign of co for diC10PC relative to POPE is again a strong
indicator of the importance of lipid curvature in insertion and
folding of OmpA.
That the intramembrane shape of OmpA favors lipids with
negative spontaneous curvature can be attributed, at least in
part, to the two belts of aromatic side chains (especially
tryptophan) that are located at the polar-apolar interfaces
of the membrane (105). This feature is common not only to
b-barrel outer membrane proteins, but also to most a-helical
transmembrane proteins, with the notable exception of rhodopsin. A further contributing factor is the shape of the
polypeptide backbone of the barrel, which is determined by
the twist, u, of the b-sheets and the coiling angle, e, of their
strands. Murzin et al. (106) have shown by using differential
geometry that the transmembrane proﬁle of the b-barrel
radius, R(z), is given by


h
h
2
2
2
RðzÞ  Rð0Þ ¼ usin2b  e cos b  h sin b z =2h;
d
d
(30)
where h is the coiling angle perpendicular to the strand, b is
the tilt of the strands within the sheet, h is the rise per residue
along the strand, and d is the separation between adjacent
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strands. Using parameters for the strand geometry appropriate to a b-barrel such as OmpA, which has n ¼ 8 strands and
a shear number of S ¼ 10 (107,108), Eq. 30 predicts that the
barrel radius at the neutral planes is R(6d) ¼ 9.5 Å, in
comparison with R(0) ¼ 8.2 Å at the membrane midplane.
Thus, the shape of the barrel backbone corresponds to a
hyperboloid of revolution and the increased cross-sectional
area at the neutral surfaces favors lipids with negative intrinsic curvature.
Refolding of bacteriorhodopsin
Allen et al. (109) have investigated the refolding of an
a-helical transmembrane protein, bacteriorhodopsin (bR), that
was denatured in sodium dodecylsulphate. This was done by
diluting into a dispersion of 500 Å-diameter lipid vesicles
composed of dipalmitoleoyl phosphatidylcholine (diC16:1PC)
with varying proportions of lipids that have different spontaneous curvatures. Fig. 9 shows the fractional folding-yield,
f, as a function of the mole fraction of dipalmitoleoyl phosphatidylethanolamine (diC16:1PE), DMPC, or lyso palmitoyl
phosphatidylcholine (lysoPPC) in the phospholipid mixture.
In addition, the vesicles contained an estimated 20 mol % of
residual sodium dodecylsulphate. Unlike the situation with the
b-barrel protein OmpA, the folding of the seven-helix bundle
of bR is disfavored by admixture of the diC16:1PE, which has
more negative spontaneous curvature than diC16:1PC.
Whereas the experimental protocol employed for refolding
may not strictly allow application of equilibrium thermodynamics, it is of interest to pursue this avenue for comparative purposes. In Fig. 9, the folding yield is expressed in
terms of an effective equilibrium constant: K ¼ f/(1– f) and
thus the ordinate is effectively a free energy of unfolding.

FIGURE 9 Dependence of the fractional refolding, f, of bacteriorhodopsin in
500 Å-diameter vesicles of diC16:1PC on mole fraction, X, of additional
diC16:1PE (circles), lysoPPC (squares), or DMPC (triangles). T ¼ 25°C. (Data
from (109)). Fractional refolding is expressed as the ratio f/(1 f) of folded to
unfolded species, and hence the ordinate (where R is the ideal gas constant and
T is the absolute temperature) is an effective unfolding free energy.
Biophysical Journal 93(11) 3884–3899
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The dependence on mol fraction of diC16:1PE in the vesicles
is linear and deductions from the slope in Fig. 9 by using
Eq. 29, as was done in the case of OmpA, yields an effective
curvature of the protein-associated lipids of cG;P ¼ 6 (0.008 6
0.001)Å1. For this estimate nL ¼ 25 6 2 was assumed for
bR (49) and again the spontaneous curvatures of DOPC
and DOPE were taken as representative of diC16:1PC and
diC16:1PE, respectively. Clearly, the positive sign (i.e., that
opposite to OmpA) is appropriate for the spontaneous curvature associated with bR. Despite approximations and uncertainties, the absolute magnitude of the spontaneous curvature
is rather small for a membrane insertion process, as might be
anticipated because the helices of bR are relatively straight
and untilted compared with those of rhodopsin (110,111). In
consequence, the intramembrane cross-sectional dimensions
(;38 Å 3 23 Å; (112)) are less than those of rhodopsin,
corresponding to a cross-sectional area of AP ; 690 Å2 (see
also (113)). For these reasons, the absolute value of the effective lipid curvature on folding and membrane insertion of bR
is similar to that for a conformational change (MI to MII) in
membrane-bound rhodopsin.
Fig. 9 shows that lysoPPC, which is expected to have a
spontaneous curvature opposite to that of diC16:1PE, enhances the folding yield relative to diC16:1PC. To a lesser
extent, so does DMPC. From the ratio of gradients in Fig. 9 it
can be deduced that the spontaneous curvatures Dco of
lysoPPC and diC16:1PE, referred to that of diC16:1PC, are in
the ratio 5.3 6 1.2, and for DMPC the ratio is 1.0 6 0.5.
Based on molecular shapes, the spontaneous curvature of
lysoPPC is undoubtedly opposite in sign to that of diC16:1PE,
and therefore the opposite effects on folding yield indicate a
mechanism involving intrinsic lipid curvature.
CONCLUSIONS
Table 1 summarizes results from analyses of the dependence
of protein (or peptide) insertion or activity on the intrinsic
curvature, co, of the host membrane lipids. Characterization is
given in terms both of the cross-sectional shape, AP(d)AP(0)
(i.e., the transverse area of the protein at the monolayer neutral
plane, relative to that at the membrane midplane), and of the
effective curvature, cP ; of lipids situated at the intramembranous perimeter of the protein. These are based on Eqs. 11 and
13, respectively, where values of a1,Pd 1 2a2,Pd2 obtained for
the former are an upper estimate for AP(d)AP(0) ¼ a1,Pd 1
a2,Pd2.
Results for alamethicin, CCT, rhodopsin, and bacteriorhodopsin are likely to be more representative of those for
typical a-helical transmembrane proteins than are those for
MscL. The large cross-sectional changes that take place with
the latter are almost certainly a special feature of channels
that are sensitive to membrane stretch. The value of cP estimated for the small b-barrel protein OmpA is greater than
that for the alamethicin monomer, but less than that found for
CCT. Data for the isolated alamethicin monomer and for
Biophysical Journal 93(11) 3884–3899
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TABLE 1 Changes in cross-sectional shape, AP(d)AP(0),
or in curvature, cP, of associated lipids, on conformational
changes, folding or insertion of peptides, or proteins
in membranes
Protein/peptide*
Alm monomer
Isolatedy
in channelz
CCTy
Rho§
MscL§
KvAP§
OmpAy{
bRy{

AP(d)-AP(0) (Å2)
100
180
147
1112
595
150

6
6
6
6
6
6

20
20
16
25
90
30

cP (Å1)
10.011
10.007
0.0035
0.006
10.024

6
6
6
6
6

0.004
0.006
0.0015
0.002
0.004

0.021 6 0.006k
10.008 6 0.001k

Deduced from dependence on spontaneous curvature of host lipids.
AP(d)AP(0) is the difference in transverse cross-sectional area of the protein
between the membrane midplane and the neutral plane of one bilayer half. The
values given, viz., a1,Pd 1 2a2,Pd2, are an upper estimate for this quantity.
*Alm, alamethicin (21,22); CCT, CTP:phosphocholine cytidylyltransferase
(24); Rho, bovine rhodopsin (25); MscL, mechanosensitive channel of large
conductance (81); KvAP, voltage-dependent K1-channel (86); OmpA,
Escherichia coli outer membrane protein A (26); bR, bacteriorhodopsin (109).
y
Insertion.
z
Oligomerization.
§
Conformational change.
{
Folding.
k
cG;P ; although cP derived assuming a planar membrane is of a similar
magnitude.

CCT correspond to insertion of the protein in the membrane,
as do those for the refolding of OmpA and bacteriorhodopsin.
These therefore refer to the absolute values of AP(d)-AP(0) and
of cP for the membrane-penetrant section of the protein. Data
for rhodopsin, MscL, KvAP, and alamethicin channels, on the
other hand, correspond to functional changes in conformation
of the membrane-bound protein. These therefore refer to
differences in AP(d)AP(0) and cP between the two conformational states, e.g., MI and MII, or open and closed. Some
conformational changes of transmembrane proteins, however, may not involve appreciable changes in intramembrane
shape. For instance, the Kd for Ca21-binding to the SERCA
Ca-ATPase, which is thought to be related to the E1/E2 state
conformational equilibrium, remains unchanged on replacing
DOPC by a 4:1 DOPE:DOPC mixture (114).
Not all responses of transmembrane proteins to phospholipid composition are necessarily attributable to spontaneous
curvature frustration of the membrane lipids (see, e.g., (115)).
Prominent among these is, for instance, hydrophobic matching (89,116,117). In this respect, two features can be considered as diagnostic for lipid curvature contributions. One
feature is the systematic response to DOPC-DOPE mixtures,
because these two lipids differ markedly in their spontaneous
curvature (see Fig. 4), whereas diffraction results show their
lipid thicknesses in HII-phases to be practically identical
(16). Much of the analysis given here is based on mixtures of
these two lipids (or of the analogous POPC-POPE mixtures).
The second feature is the opposite response induced by lipids
of opposite spontaneous curvatures. This is in contrast to the
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effect of lipids that are too long or too short to achieve
hydrophobic matching, the effects of which are in the same
direction. In the examples considered here, the opposite
effect to that of the negative-curvature lipid PE is afforded by
lyso or short-chain saturated PCs, which have positive
spontaneous curvature.
Finally, from the point of view of functional protein control, it should be pointed out that spontaneous curvature can
be modulated not only by varying lipid composition but also
by changing pH or ionic conditions (118,119), or by protein
binding (120) or enzymatic lipid hydrolysis (121,122), or
even by varying protein concentration (123). In this way,
function may be triggered by means that potentially are more
rapid than metabolic control of lipid composition.
I thank the anonymous reviewers of this article for their most helpful and
informative comments.
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resolution. Nature. 300:325–330.
69. Dan, N., and S. A. Safran. 1998. Effect of lipid characteristics on the
structure of transmembrane proteins. Biophys. J. 75:1410–1414.
70. Marsh, D. 1999. Spin label ESR spectroscopy and FTIR spectroscopy
for structural/dynamic measurements on ion channels. Methods
Enzymol. 294:59–92.
71. Gruner, S. M., M. W. Tate, G. L. Kirk, P. T. C. So, D. C. Turner,
D. T. Keane, C. P. S. Tilcock, and P. R. Cullis. 1988. X-ray diffraction study of the polymorphic behavior of N-methylated dioleoyl phosphatidylethanolamine. Biochemistry. 27:2853–2866.
72. Davies, S. M. A., R. M. Epand, R. Kraayenhof, and R. B. Cornell.
2001. Regulation of CTP: Phosphocholine cytidylyltransferase activity by the physical properties of lipid membranes: an important role
for stored curvature strain energy. Biochemistry. 40:10522–10531.
73. Nagle, J. F., and S. Tristram-Nagle. 2000. Structure of lipid bilayers.
Biochim. Biophys. Acta. 1469:159–195.
74. Watts, A., I. D. Volotovski, and D. Marsh. 1979. Rhodopsin-lipid
associations in bovine rod outer segment membranes. Identiﬁcation of
immobilized lipid by spin labels. Biochemistry. 18:5006–5013.

54. Sen, A., T. V. Isac, and S.-W. Hui. 1991. Bilayer packing stress and
defects in mixed dilinoleoylphosphatidylethanolamine and palmitoyloleoylphosphatidylcholine and their susceptibility to phospholipase
A2. Biochemistry. 30:4516–4521.
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