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Abstract

Lipid molecules bound to membrane proteins are resolved in some high-resolution structures of membrane proteins. An analysis of these
structures provides a framework within which to analyse the nature of lipid—protein interactions within membranes. Membrane proteins are
surrounded by a shell or annulus of lipid molecules, equivalent to the solvent layer surrounding a water-soluble protein. The lipid bilayer
extends right up to the membrane protein, with a uniform thickness around the protein. The surface of a membrane protein contains many
shallow grooves and protrusions to which the fatty acyl chains of the surrounding lipids conform to provide tight packing into the membrane.
An individual lipid molecule will remain in the annular shell around a protein for only a short period of time. Binding to the annular shell
shows relatively little structural specificity. As well as the annular lipid, there is evidence for other lipid molecules bound between the
transmembrane a-helices of the protein; these lipids are referred to as non-annular lipids. The average thickness of the hydrophobic domain
of a membrane protein is about 29 A, with a few proteins having significantly smaller or greater thicknesses than the average. Hydrophobic
mismatch between a membrane protein and the surrounding lipid bilayer generally leads to only small changes in membrane thickness.
Possible adaptations in the protein to minimise mismatch include tilting of the helices and rotation of side chains at the ends of the helices.
Packing of transmembrane a-helices is dependent on the chain length of the surrounding phospholipids. The function of membrane proteins
is dependent on the thickness of the surrounding lipid bilayer, sometimes on the presence of specific, usually anionic, phospholipids, and

sometimes on the phase of the phospholipid.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

There has long been an interest in how integral mem-
brane proteins interact with the lipid molecules that sur-
round them in a biological membrane. Clearly, the lipid and
protein components of a biological membrane must have co-
evolved to allow membrane proteins to function in the
environment provided by the lipid bilayer and to allow

Abbreviations: DGK, diacylglycerol kinase; ESR, electron spin
resonance; LPS, lipopolysaccharide; STGA, sulfated triglycosylarchaeol;
di(C14:0)PC, dimyristoylphosphatidylcholine; di(C14:1)PC, dimyristo-
leoylphosphatidylcholine; di(C16:0)PC, dipalmitoylphosphatidylcholine;
di(C18:0)PC, distearoylphosphatidylcholine; di(C18:1)PC, dioleoylphos-
phatidylcholine; di(C20:1)PC, dieicosenoylphosphatidylcholine;
di(C22:1)PC, dierucoylphosphatidylcholine; di(C24:1)PC, dinervonylphos-
phatidylcholine; di(C18:1)PS, dioleoylphosphatidylserine
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membrane proteins to be inserted into the bilayer without
destroying it. Over the last few years, useful information
about lipid—protein interactions has started to emerge from
high-resolution structural studies of membrane proteins,
which sometimes include lipid molecules. The aim of this
review is to describe this new structural information and to
relate it to what is known about the specificity of lipid—
protein interactions and to studies of the effects of lipid
structure on the function of membrane proteins.

A number of questions can be asked about how intrinsic
membrane proteins interact with the lipids that surround
them in a membrane. Do lipid molecules form a distinct
shell around a membrane protein or is the hydrophobic,
transmembrane region of a membrane protein covered by
methylene groups coming from large numbers of fatty acyl
chains, some of the chains being parts of lipid molecules
with headgroups a long way from the protein? Does the
presence of an intrinsic membrane protein affect the proper-
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ties of all the lipids in the membrane or just those in the
immediate vicinity of the protein? If there is a distinct shell
of lipid molecules around a membrane protein, what are the
properties of the lipid molecules in the shell? If there is a
distinct shell of lipid molecules around a membrane protein,
how does the composition of the annular shell compare with
the bulk composition of the membrane? Do all lipid mole-
cules interact with a protein in the same way, or are some
lipid molecules more tightly bound than others, acting more
like cofactors for a protein than as a simple ‘solvent’? Are
there particular features of the transmembrane a-helices that
help ensure a tight packing into the lipid bilayer? How is the
hydrophobic, transmembrane domain of a membrane pro-
tein matched to the hydrophobic core of the surrounding
lipid bilayer? Does any hydrophobic mismatch between
lipid and protein lead to distortion of the lipid bilayer, to
distortion of the protein, or to distortion of both? How
important are the surrounding lipid molecules in determin-
ing the packing of transmembrane a-helices in a membrane
protein? What range of lipid structures is compatible with
proper function of a membrane protein? Does the phase of
the lipid (liquid crystalline, gel or hexagonal Hy;) affect the
function of a membrane protein?

The first information about how lipid molecules might
interact with an intrinsic membrane protein came from
electron spin resonance (ESR) studies using phospholipid
molecules with nitroxide spin labels attached to selected
positions in the fatty acyl chains. Spin-labelled lipids
incorporated into membranes provide information about
the rates and amplitudes of motion of the lipid fatty acyl
chains and ESR spectra of spin-labelled lipids in native
membranes or reconstituted lipid—protein systems show
the presence of a subpopulation of highly immobilised spin
labels, not present in protein-free membranes [1—3]. This
subpopulation corresponds to lipid molecules whose rota-
tional mobility is impeded by interaction with the protein.
The term immobilised is used to indicate that the ESR
spectrum is that which would be seen in a powder; that is,
it corresponds to a random array of spin labels moving
only slowly. The lipid is not as well oriented as is the bulk
lipid, and it can occupy a broader distribution of orienta-
tions; it is disordered. These are the properties that would
be expected for lipid molecules in contact with the trans-
membrane domain of a membrane protein. The rough
surface presented by a membrane protein to the surround-
ing lipid bilayer will result in poor packing unless the lipid
fatty acyl chains distort to match the surface of the protein,
and poor packing must be avoided to maintain the mem-
brane as an effective permeability barrier. The presence of
a rigid protein surface will reduce the extent of the
motional fluctuations of the chains and the chains will
have to tilt and become conformationally disordered to
maximise contact with the surface of the protein. The
hydrophobic surface of a membrane protein will therefore
be covered by a shell of disordered lipids, referred to as
boundary or annular lipids, the latter term referring to the

fact that the lipid molecules form a ring or annulus around
the protein [4].

The ESR approach can be used to estimate the number of
lipid molecules binding to the surface of a membrane
protein [1—3]. In a series of studies, Marsh et al. [1] have
shown that the number of bound lipid molecules fits
reasonably well to the expected circumference of the trans-
membrane region of the protein. For example, the circum-
ference of the hydrophobic surface of the Ca® *-ATPase of
sarcoplasmic reticulum can be estimated from the crystal
structure [5] to be about 140 A. Assuming that a lipid in the
liquid crystalline bilayer occupies a surface area of 70 A,
the effective diameter of a lipid molecule will be 9.4 A, so
that about 30 lipid molecules will be required to form a
bilayer shell around the ATPase. The number of lipid
molecules forming an annular shell around the Ca®’-
ATPase has been estimated from ESR measurements to be
32 at 0 °C [6], in excellent agreement with the dimensions
of the Ca®"-ATPase. The close relationship between the
numbers of lipid molecules estimated to surround a mem-
brane protein and the circumference of the protein is strong
evidence for the presence of a distinct annular shell of lipid
molecules around the protein.

ESR studies also report on the length of time that a lipid
molecule remains in the annular shell. To observe two
distinct environments for lipids on the ESR time scale
requires that the time for a lipid molecule to exchange
between the annular shell and the bulk phase be long on
the ESR time scale, which is about 10~® s. This requirement
is met at low temperatures, but, at temperatures closer to
physiological temperatures, rates of exchange become
appreciable and have characteristic effects on the ESR
spectra, which can be used to obtain the on and off rate
constants; the on rate constant is diffusion controlled and the
off rate constant reflects any specificity in binding [1,7]. Off
rates for phosphatidylcholines are typically about 1—-2 x 107
s~ "at 30 °C [1]. This is significantly slower than the rate of
exchange of two lipid molecules in the bulk phase resulting
from translational diffusion in the membrane (ca. 8 X 10’
s~ ' at 30 °C). Thus, it appears that the off rate is lowered by
a slightly more favourable lipid—protein interaction than
lipid—lipid interaction. The differences are, however, rela-
tively small, suggesting that the lipid—protein interaction is
a nonsticky one, consistent with the observation that lipid—
protein binding constants depend rather weakly on lipid
structure, as described in Section 5.

Molecular dynamics simulations of lipid—protein sys-
tems also show that the effects of insertion of a membrane
protein into a lipid bilayer are generally restricted to the
layer of lipid immediately around the protein, consistent
with the idea of a lipid annulus. For example, in molecular
dynamics simulations of the gramicidin channel in liquid
crystalline dimyristoylphosphatidylcholine [di(C14:0)PC], it
was possible to distinguish between phosphatidylcholine
molecules next to the channel (phospholipids that were
either hydrogen bonded directly to the channel or via one
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intervening water molecule) and the ‘bulk’ phospholipid,
not hydrogen bonded to the channel [8,9]. The presence of
the channel was found to have no effect on the properties of
the bulk phospholipid but increased the order parameters for
the fatty acyl chains of the phospholipids bound to the
channel. An important result emerging from these simula-
tions was that the range of interaction energies between the
bound phospholipids and the channel was very broad; the
energies of individual phospholipid—protein interactions
fluctuated over a very wide range on a time scale of 50—
500 ps [8]. For example, the choline headgroup of the most
strongly interacting lipid was involved in electrostatic inter-
actions with gramicidin, and a hydrogen bond had formed
between one of the ester groups of the phospholipid and the
-NH of Trp-15 of gramicidin. The total interaction energy
between the phospholipid and gramicidin molecules repre-
sents the sum of many weak van der Waals and electrostatic
interactions and so fluctuates widely; there is no single deep
energy well into which the phospholipid falls to give a
single favoured conformation. Lipid molecules are not
frozen in a single long-lived conformation on the protein
surface.

As well as the annular shell of lipid molecules around a
membrane protein, evidence has been presented from fluo-
rescence-quenching experiments for the presence of other
sites on a membrane protein to which hydrophobic mole-
cules can bind; these sites have been called non-annular
sites and have been suggested to be located between trans-
membrane a-helices or at protein—protein interfaces in
multimeric membrane proteins [10—12]. The presence of
non-annular sites was first suggested to explain effects of
cholesterol on the Ca” "-ATPase of sarcoplasmic reticulum
that were incompatible with competitive binding of choles-
terol and phospholipids to the annular sites around the
ATPase [10,13]. Subsequent experiments suggested the
presence of non-annular binding sites on the Ca® *-ATPase
for a variety of other hydrophobic molecules [12,14], for
fatty acids on bacteriorhodopsin [15], and for cholesterol on
the acetylcholine receptor [16].

1.1. High-resolution structures

Only a small number of lipid molecules have been
resolved in high-resolution X-ray and EM structures of
membrane proteins. Since only highly ordered lipid mole-
cules are resolved in these structures, the resolved lipid
molecules may not be typical of the bulk of the lipid
molecules surrounding a protein in a membrane. Membrane
proteins are generally crystallised from detergent solution;
crystals of membrane proteins will therefore probably con-
tain less lipid molecules per protein molecule than the native
membrane, and the lipid molecules remaining in the crystal
could well correspond to a few tightly bound ‘special’ lipid
molecules. It is also possible that packing constraints in the
crystal could force the remaining lipid molecules to adopt
conformations unlike those in the native membrane. Never-

theless, as described in Section 2, the locations observed for
lipid molecules in membrane protein crystal structures are
generally compatible with the idea of an annular shell of
lipid molecules around a membrane protein and so provide
useful information about how lipid molecules interact with
membrane proteins in biological membranes.

No high-resolution structure yet available shows a com-
plete annular shell of lipid molecules around a membrane
protein. Rather, a micelle-like girdle of disordered detergent
molecules, not resolved in the high-resolution structure,
covers the hydrophobic, transmembrane region of a protein
in a crystal. It is then difficult to identify exactly where the
lipid-embedded parts of the transmembrane a-helices start
and end. The problem is made more complex by the fact that
the lipid bilayer itself is a complex structure. Although it is
often represented as a ‘slab’ of hydrocarbon surrounded by
the polar headgroups of the lipids and by water, this is far
from the truth. The structure of a bilayer of dioleoylphos-
phatidylcholine [di(C18:1)PC] in the liquid crystalline phase
at relatively low hydration has been determined by a
combination of X-ray and neutron diffraction methods
(Fig. 1) [17]. The structure is represented by a number of
fragments, each described by a Gaussian distribution; the
position of the Gaussian describes the most probable loca-
tion of the fragment and the width of the Gaussian provides
an estimate of the range of thermal motion for the fragment,
in the direction of the bilayer normal. The narrowest of the
regions is that corresponding to the glycerol backbone of the
lipid molecule, indicating that this is the most rigid part of
the structure (Fig. 1). Extents of motion increase with
increasing distance from the backbone, both out to the
choline of the headgroup and down the fatty acyl chains
to the terminal methyl groups [18]. The hydrocarbon core of
the bilayer, shown by the vertical lines in Fig. 1, is made up
of the fatty acyl chains, beginning with the C2 carbons, and
corresponds closely with the positions of the carbonyl
groups [17]. The thickness of the hydrocarbon core (the
hydrophobic thickness) defined in this way is 32 A, but this
corresponds to the hydrophobic thickness of a bilayer at low
hydration; as discussed in Section 5.3, the thickness of a
fully hydrated bilayer will be somewhat less than this. The
hydrophobic, transmembrane part of an a-helix is defined
here as the part required to span the hydrocarbon core of a
lipid bilayer. Given a helix translation of 1.5 Alresidue in a
perfect a-helix, about 21 residues are required to span a
hydrocarbon core of thickness 32 A if the helix is untilted
with respect to the bilayer normal; a tilt of about 20°, typical
of that found in many membrane proteins, would increase
this by about 10%. The full length of a transmembrane a-
helix may, however, be greater than that of the hydrophobic
part because of the need to span the glycerol backbone and
lipid headgroup regions of the bilayer and the need to
provide hydrogen bonding partners for the initial four -NH
and final four -C=0 groups of an a-helix. One way is to
extend the helix by three or four residues at each end with
polar residues containing suitable hydrogen bonding part-
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Fig. 1. The structure of a bilayer of di(C18:1)PC at 23 °C and low hydration. The figure shows projections onto the bilayer normal of the time-averaged
transbilayer distributions of the principal structural groups. The hydrocarbon core of the bilayer contains the acyl chains beginning with the C2 carbons, and
corresponds closely to the position of the carbonyl groups. Modified from Ref. [222].

ners such as Pro and Asn. Alternatively, hydrogen bonds
could form with suitable groups in the glycerol backbone
and headgroup regions of the lipid bilayer. The result is that
there is a degree of uncertainty in where the ends of
transmembrane a-helices should be drawn.

Identification of the ends of transmembrane a-helices in
crystal structures of membrane proteins is made easier by
the fact that Trp and Tyr residues are often found at the ends
of the hydrophobic regions of transmembrane o-helices
where they have been suggested to act as ‘floats’ at the
interface, serving to fix the helix within the lipid bilayer
[19,20]. A preference of Trp residues for the lipid—water
interface region of a lipid bilayer reflects the amphipathic
nature of the Trp residue; Trp has the largest nonpolar
surface of all the amino acids, but its NH group is capable
of forming hydrogen bonds. The preference of Trp residues
for the interface region has been demonstrated experimen-
tally in studies of the effects of Trp residues on the location
of poly-Leu helices in the endoplasmic reticulum membrane
[21]. The exact location of the Trp residues at the interface
is, however, unclear; some experiments suggest that Trp
residues have a preference for the lipid headgroup side of
the interface but others suggest that the preference is for the
fatty acyl chain side [22-25].

Also helpful in identifying the ends of transmembrane o-
helices in membrane protein crystal structures are any
unpaired charged residues close to the hydrophobic core
of the a-helix. The cost of burying a charged residue within
the hydrocarbon core of a lipid bilayer is so high (about 37
kJ mol~ ' for a Lys residue [26]) that unpaired charged

residues at the ends of transmembrane a-helices are much
more likely to be located in the headgroup region of the
bilayer than in the hydrophobic core of the bilayer. Partic-
ularly interesting are Arg and Lys residues; these contain
long, flexible side chains consisting of a hydrophobic seg-
ment linked to a terminal charged group. These residues can
therefore be located within the hydrophobic core of a lipid
bilayer ‘snorkelling’ up to the membrane surface to expose
the charged group in the headgroup region of the bilayer,
whilst still burying an appreciable fraction of their nonpolar
surface area in the core of the bilayer [27]. This effect is well
illustrated in a molecular dynamics simulation of the trans-
membrane a-helix shown in Fig. 2 [28]. The N-terminal end
of the helix consisted of the sequence PheTrpGlyLys fol-
lowed by a stretch of hydrophobic residues. The simulation
locates the polar end of the helix in the lipid headgroup
region with the Lys residue snorkelling up from the hydro-
carbon core of the bilayer to hydrogen bond to both a
phosphate and an ester oxygen. The Trp side chain is
located close to the glycerol backbone region of the bilayer,
hydrogen bonded to the ester oxygen of a lipid molecule.
Interactions of this type have been suggested to be important
in locking a transmembrane a-helix into the lipid bilayer.
Simulations of other transmembrane a-helices also show
considerable hydrogen bonding between polar residues at
the ends of the helices and lipid polar groups and water
[29,30]. Also clear in Fig. 2 is the disruption in packing of
the lipid bilayer in the glycerol backbone region caused by
the large Trp residue; the Trp side chain has the largest
volume of all the amino acid side chains, with a volume of
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Fig. 2. A snapshot of a molecular dynamics simulation of a transmembrane
a-helix in a lipid bilayer. The helix is the sixth transmembrane a-helix of
the potassium channel Kv, with an N-terminal sequence PheTrpGlyLys. The
Lys side chain can be seen hydrogen bonding to phosphate and ester
oxygens of a phosphatidylcholine (PC) molecule, and the Trp side chain
forms a hydrogen bond to an ester oxygen. Modified from Ref. [28].

228 A3 [31], comparable, for example, to the volume of a
phosphatidylcholine headgroup (319 A%; [32]).

2. High-resolution structures that include lipid molecules
Membrane proteins are generally purified and crystal-

lised using detergents; in both processes, lipid molecules
will be lost from the protein. Nevertheless, some lipid

molecules remain and some are sufficiently ordered in the
crystal to be resolved at high resolution. An analysis of
these lipid molecules can provide much useful information
about how a membrane protein is likely to interact with lipid
molecules in a biological membrane. The following section
describes those membrane proteins whose high-resolution
structures show resolved lipid molecules.

2.1. Bacteriorhodopsin

Bacteriorhodopsin forms trimers that pack in the purple
membrane of Halobacterium salinarum (previously Halo-
bacterium halobium) in a hexagonal lattice. Lipid molecules
are located between the trimers and within the central space
enclosed by each trimer. The purple membrane is about 75%
protein by weight, with about 30 lipid molecules per
bacteriorhodopsin trimer in the membrane [33,34]; six are
positioned in the centre of the trimer with the other 24
surrounding the trimer [35]. The lipids contain mostly
phytanyl chains rather than fatty acyl chains and the link-
ages to the glycerol backbone are by ether rather than ester
bonds [36]. The five major classes of lipid present (Fig. 3)
are phosphatidylglycerophosphate O-methyl ester (24%),
sulfated triglycosylarchaeol (STGA; 30%), squalene
(20%), phosphatidylglycerol (12%) and phosphatidylglycer-
osulfate (4%) [34]. Small amounts of two novel lipids have
also been detected, each containing two diphytanoylglycerol
moieties and, as four-chain lipids, related in structure to
cardiolipin [37]. One of the novel lipids, archaeal glyco-
cardiolipin, is based on sulfated triglycosylarchaeol and the
other, archaeal cardiolipin, is based on phosphatidylglycer-
ophosphate methyl ester. Archaeal glycocardiolipin makes
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Fig. 3. Structures of the three major polar lipids found in the purple membrane of H. salinarium. The lipids are derivatives of 2,3-di-O-phytanyl-sn-glycerol

(archaeol).
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up about 10% of the lipid in the purple membrane, with just
small traces of archaeal cardiolipin [34]. The membrane has
an unusually high negative charge because of the presence
of sulfate and phosphate headgroups on many of the lipids.
The locations of the various classes of lipid within the
purple membrane are not known, except for STGA. Studies
of the binding of ferritin-labelled avidin to purple mem-
branes biotinylated with a reagent specific for sugar residues
has shown STGA to be located only in the extracellular
leaflet of the purple membrane [38]. Neutron diffraction
studies of plasma membranes labelled with deuterated gly-
colipids showed STGA molecules in the space in the middle
of the trimers and in the spaces between the trimers [39].
Several lipid molecules have been localised in electron
crystallographic structures of bacteriorhodopsin, in the
space in the middle of the trimer and in the regions between
trimers [40,41]. Lipids are also seen in X-ray crystal
structures of bacteriorhodopsin in a hexagonal lattice iden-
tical to that in the purple membrane [35,42]. In these
structures, the lipid headgroups are disordered, suggesting
considerable mobility for the headgroups, but with a number
of well-defined density features that corresponded to phy-
tanyl chains. Belrhali et al. [35] modelled the lipids as 2,3-
di-O-phytanyl-sn-propane. Luecke et al. [42] identified 18
lipid chains, eight of which were modelled as four diether
lipids. Fig. 4 shows some of the lipids located at the trimer
surface [35]. Clear is the considerable static disorder of the
chains on the surface of the protein, the rotational disorder
of the chains presumably being necessary to obtain good

Extracellular

35 A

Cytoplasmic

van der Waals contacts with the molecularly rough surface
of the bacteriorhodopsin trimer. Despite this disorder, it is
noticeable that all of the lipid molecules adopt extended
structures; none of the lipid molecules bend back on
themselves. It is also clear that the glycerol backbones of
the lipid molecules are aligned in planes on the two faces of
the membrane, defining a fairly uniform hydrophobic thick-
ness for the lipid annulus around the protein. This is a
nontrivial result and suggests that the lipid bilayer can be
pictured as extending right up to the membrane protein. The
average distance between the glycerol backbone oxygens
for lipids on the two sides of the membrane is about 35 A
(Fig. 4; Table 1).

Charged residues often mark ends of transmembrane o-
helices. This is illustrated in Fig. 4 for helix A of bacterio-
rhodopsin where the charged groups of Arg-7 and Glu-9 are
located just above the glycerol backbone region of the
bilayer on the extracellular side and Lys-30 is located with
its charged NH3 group just in the glycerol backbone region
of the bilayer, on the cytoplasmic side. Trp-10 is located
with its ring system within the hydrocarbon core of the
bilayer but with its -NH group in the glycerol backbone
region. The other Trp residues on the extracellular side are
also located just below the plane defined by the glycerol
backbones, forming a girdle on the extracellular side of the
membrane. There is no corresponding girdle of Trp residues
on the cytoplasmic side.

The disorder of the chains seen in Fig. 4 is consistent
with the results of molecular dynamics simulations of the

Fig. 4. Structures of lipid molecules identified in an X-ray crystallographic study of bacteriorhodopsin [35]. The lipids are those associated with the outer
surface of the bacteriorhodopsin trimer and have been modelled as 2,3-di-O-phytanyl-sn-propane. The oxygens are shown in red. Also shown is helix A (green)
of one of the monomers with Arg-7, Glu-9 and Trp-10 at the extracellular end of the helix and Lys-30 at the cytoplasmic end of the helix in space-fill
representation. These residues lie at the extracellular and cytoplasmic surfaces of the membrane, shown by the horizontal lines 35 A apart. (PDB file 1QHJ).
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Table 1
Hydrophobic thicknesses for intrinsic membrane proteins estimated from
high-resolution structures

Protein PDB Hydrophobic
code thickness (A)
Seven helix proteins
Bacteriorhodopsin 1QHJ 35%
Halorhodopsin 1E12 29°
Sensory rhodopsin 1T 1JGJ 27°
Rhodopsin 1F88 35°
Bacterial photosynthetic reaction centres
Rhodobacter sphaeroides 1QOV 28°
Rhodopseudomonas viridis 1DXR 31°
Thermochromatium tepidum 1EYS 28°
Bacterial light-harvesting complexes
Rhodopseudomonas acidophila 1KZU 31°
Rhodospirillum molischianum 1LGH 31°
Photosystem I
Synechococcus elongates 1JBO 32¢
Cytochrome ¢ oxidase
Paracoccus denitrificans 1QLE 33%
Thermus thermophilus 1EHK 31°
Bovine heart mitochondria 20CC 29°
Ubiquinol oxidase
Escherichia coli 1FFT 290
Cytochrome bc; complexes
Bovine heart mitochondria 1BE3 320
Saccharomyces cerevisiae 1KB9 21 or 28*
Fumerate reductase
Escherichia coli 1KF6 25°
Wolinella succinogenes 1QLA 25°
Channels
KcsA potassium channel of 1K4C 37¢
Streptomyces lividans
MscL mechanosensitive channel of IMSL 18 or 34°
Mycobacterium tuberculosis
CIC chloride channel from 1KPK 23°
Escherichia coli
GIpF glycerol facilitator of 1FX8 26°
Escherichia coli
AQP1 aquaporin of bovine red 1J4N 26°
blood cells
P-type ATPase
Ca? "-ATPase of skeletal muscle 1EUL 21°
sarcoplasmic reticulum
{>-barrel membrane proteins
OmpF of Escherichia coli 20MF 240
Maltoporin of 2MPR 22°
Salmonella typhimurium
OmpA of Escherichia coli 1QIP 24°
OmpX of Escherichia coli 1QI8 240
FhuA of Escherichia coli 1FCP 24°¢

? Measured as the separation between lipid glycerol backbone oxygens
on the two sides of the membrane.

® Measured as the minimum separation between charged residues and
Trp residues on the two sides of the membrane.

¢ Measured as the minimum separation between lipid glycerol backbone
oxygens on one side of the membrane and Trp residues on the other.

bacteriorhodopsin trimer in a bilayer of diphytanyl phos-
phatidylglycerophosphate, where the lipid molecules were
seen to tilt and become conformationally disordered to
allow them to nestle against the surface of the protein
[43]. The calculated order parameters for the chains were

low, as in a lipid bilayer in the liquid crystalline phase, but
the reasons for the low-order parameters were different. In
the liquid crystalline phase, extensive movement of the
chains gives a low-order parameter; in the purple mem-
brane, the low-order parameters are caused mainly by a
static tilt of the chains; the chains in the purple membrane
behave more like parts of the proteins than parts of a fluid
lipid phase, consistent with the idea of an annular lipid
shell [43]. Good van der Waals contact between the
phytanyl chains and the surface of the protein is ensured
by binding of some at least of the lipid molecules in
distinct grooves on the hydrophobic surface of the protein,
formed by specific arrangements of the side chains. Lipid
molecules are associated with these grooves along their
length. The nature of these grooves is more apparent in Fig.
5, which shows part of the lipid-exposed surface of the
bacteriorhodopsin molecule with identified bound lipid
molecules.

Although lipid headgroups are generally not visible in
crystal structures of bacteriorhodopsin, an X-ray diffrac-
tion study of the bacteriorhodopsin trimer crystallised in
an arrangement different to that in the native membrane
did reveal STGA headgroups in the middle of the trimer
[44]. Although only two STGA molecules were observed
in the structure, the symmetry of the system suggests that
three STGA molecules will be located at the centre of the
trimer [44]. The binding site for STGA is illustrated in
Fig. 6. The STGA headgroup interacts with the faces of
two bacteriorhodopsin monomers, on the extracellular side
of the membrane. The structure shows Tyr-64 forming a
hydrogen bond with a glycerol oxygen of the lipid, and
the hydroxyl group of Thr-67 forming a hydrogen bond
with the hydroxyl groups of the glucose and mannose
moieties of the lipid headgroup. Hydrogen bonds are also
formed between a hydroxyl group of mannose and the

Fig. 5. The surface of the bacteriorhodopsin molecule showing bound lipid
molecules (green). A squalene molecule is shown in red. (PDB file IC3W).
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Fig. 6. The structure of an STGA molecule bound at the interior of the
bacteriorhodopsin trimer. The view is from the trimer interior with the
extracellular face at the top. Helices from two neighbouring bacteriorho-
dopsin monomers are marked. Tyr-64 and Thr-67 with which STGA forms
hydrogen bonds are shown in ball-and-stick representation. This and other
figures were produced using Bobscript [228]. (PDB file 1BRR).

backbone carbonyl oxygens of Tyr-64 and Leu-66. An
electrostatic interaction between Lys-129 and the lipid
sulfate group is also possible [44]. Since the locations
of the STGA headgroups correspond to the positions of
the most ordered phytanyl chains, it is likely that these
STGA molecules are tightly bound to bacteriorhodopsin
[39]. Strong binding will be partly the result of favourable
interactions between the lipid headgroup and the protein,
but favourable hydrophobic interactions will also be
important with one of the phytanyl chains of the lipid
binding in a cleft formed by Gly residues on helix D
(Fig. 6).

Fig. 5 shows a probable binding site for squalene on
bacteriorhodopsin, located in a groove on the protein surface
within the hydrophobic core of the bilayer [42]. Unlike the
lipid molecules, all of which adopt an essentially extended
conformation, the squalene molecule adopts an S shape. The
squalene molecule is located near to a distorted region of
helix G, thought to be an important feature of the bacterio-
rhodopsin molecule, consistent with the fact that the pres-
ence of squalene affects the photochemical cycle of
bacteriorhodopsin [45].

2.2. The potassium channel KcsA

The potassium channel KcsA of Streptomyces lividans is
a homotetramer [46,47]. The Trp residues in KcsA form
clear girdles at the two faces of the lipid bilayer, the rings of
the Trp residues being almost parallel to the surface of the
membrane (Fig. 7). Tyr residues also form a clear girdle
‘above’ the band formed by the Trp residues on the
extracellular side of the membrane. Above and below the
girdles of aromatic residues on the two sides of the mem-
brane are girdles of charged residues, Arg-52, Arg-64, Arg-
89 and Glu-51 on the extracellular side and Arg-27, Arg-
117, Arg-121, Glu-118 and Glu-120 on the intracellular
side. These residues presumably provide charged residues
required for good interaction with the lipid headgroup
region of the bilayer. Of the five Trp residues in KcsA,
Trp-26 and Trp-113, at the intracellular ends of transmem-
brane a-helices M1 and M2, respectively, are exposed to the
lipid bilayer. At the extracellular end of M2, Trp-87 is also
exposed to the lipid bilayer, but Trp-67 and Trp-68 are
located away from the lipid—protein interface as part of the
short pore helix that points into the intracellular cavity.

Two partial lipid molecules are seen in the X-ray
structure (Fig. 8), one modelled as nonan-1-ol and the
other as a diacylglycerol with one C14 and one C9 chain
[47]. Purified KcsA contains ca 0.7 phosphatidylglycerol
molecules per KcsA monomer so that the molecule mod-
elled as a diacylglycerol is probably a phosphatidylglycerol
whose headgroup is too disordered to be resolved [48].
The diacylglycerol moiety of the lipid binds into a groove
on the surface close to Trp-87, between two monomers in
the tetrameric structure. The first nine carbons of the sn-1
chain are located in a groove between the pore helix of
one monomer and the transmembrane «-helix M2 of the

extracellular

37A

intracellular

Fig. 7. Location of Trp residues in the potassium channel KcsA. For clarity,
only two monomers from the tetrameric structure are shown. The Trp
residues are shown in space-fill representation. The lipid molecule modelled
as a diacylglycerol (DAG) is shown in ball-and-stick representation. Also
shown are the positions of the K" ions moving through the selectivity filter.
(PDP file 1K4C).
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Fig. 8. The surface of the KcsA channel on the extracellular side of the
membrane, showing two partial lipid molecules, modelled as a DAG
molecule and a fatty alcohol (FA) binding to grooves on the protein surface
close to Trp-87. The DAG molecule binds at the interface between two
monomers, shown in yellow and purple. (PDP file 1K4C).

adjacent monomer. The first 14 carbons of the sn-2 chain
are located more peripherally on the surface of the pore
helix and the transmembrane «-helix M1 of the same
monomer. The single chain modelled as nonan-1-ol is
located in a groove between transmembrane o-helices
M1 and M2 of a single monomer (Fig. 8). The anionic
headgroup of the phosphatidylglycerol molecule probably
interacts with Arg-64 and Arg-89 located in the girdle of
charged residues above Trp-87. The interaction appears to
be relatively nonspecific since there is little difference
between the affinity of KcsA for phosphatidylserine, phos-
phatidic acid and phosphatidylglycerol (Alvis, Williamson,
East and Lee, unpublished observations).

As shown in Figs. 7 and 8, the diacylglycerol molecule is
located with the Trp ring system of Trp-87 just below the
glycerol backbone of the diacylglycerol. This is consistent
with ESR studies of KcsA in lipid bilayers that suggest that
Trp-87 is located close to the glycerol backbone region of
the lipid bilayer [49]. Trp-113 on the intracellular side of the
membrane has also been suggested, on the basis of ESR
results, to be located within the hydrocarbon region of the
bilayer [50]. If, like Trp-87, Trp-113 is located just below
the glycerol backbone region, the thickness of the hydro-
carbon core of the lipid bilayer would be about 37 A, similar
to the thickness of a bilayer of di(C22:1)PC.

2.3. Photosynthetic reaction centre

The X-ray crystal structure of an Ala to Trp mutant of the
photosynthetic reaction centre from the purple bacterium
Rhodobacter sphaeroides contains a cardiolipin molecule
bound to the hydrophobic surface of the protein [51].
Cardiolipin is a minor component of the cytoplasmic mem-
brane of many purple bacteria; its function in the membrane
is not yet known [51]. The photosynthetic reaction centre
contains three subunits, L, M and H, and the transmembrane
region of the reaction centre consists of a bundle of 11

transmembrane «-helices, five each from the L and M
subunits and one from the H subunit (Fig. 9). Within the
bundle are a number of chlorophyll, ubiquinone and car-
otenoid cofactors. The cardiolipin molecule occupies a
depression in the transmembrane surface of the reaction
centre, located between the single transmembrane a-helix of
the H subunit and transmembrane a-helices 3 and 5 of the
M subunit, on the cytoplasmic face of the membrane (Fig.
10). It is involved in a number of hydrogen bonding
interactions, including interactions between phosphate oxy-
gens of the lipid headgroup and the side chains of His-145
and Arg-267 of the M subunit, and the backbone amide of
Lys-144 in subunit M (Fig. 10). Indirect interactions medi-
ated by water molecules are also made with Lys-144, Trp-
148, Arg-267 and Trp-271 of the M subunit, and Tyr-30 of
the H subunit. The fatty acyl chains are located in grooves in
the hydrophobic surface of the protein. The result is that the
lipid headgroup and the upper parts of the chains are
immobile, and so are well resolved in the electron density
maps, whereas the ends of the chains are mobile and
disordered and do not appear in the X-ray structure [51].

The specificity of the binding site for cardiolipin pre-
sumably follows from the unusual, four-chain structure of
cardiolipin and from its small headgroup; the region of the
protein overlying the binding site could limit the size of the
headgroup that can bind. Nevertheless, other hydrophobic
molecules can bind to this site since crystal structures of
other bacterial photosynthetic reaction centres show deter-
gent molecules in the groove between transmembrane o-
helices M3 and M5, in a location corresponding to the most
deeply buried fourth chain of cardiolipin [52].

The photosynthetic reaction centre contains a relatively
large number of Trp residues, most of which are located in

extracellular

Fig. 9. The photosynthetic reaction centre of R. sphaeroides showing the
bound cardiolipin molecule. Trp residues are shown in space-fill
representation. The glycerol backbone region of the cardiolipin molecule,
also shown in space-fill representation, defines the cytoplasmic surface of
the bilayer. The position of Glu-106 in subunit L also helps define the
cytoplasmic surface. The extracellular surface is well defined by the girdle
of Trp residues, giving a hydrophobic thickness of about 28 A for the
bilayer. (PDB file 1QOV).
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B

Fig. 10. The location of the binding site for cardiolipin on the photosynthetic reaction centre. (A) shows a side view and (B) a view from the cytoplasm. The
binding site is located in a depression between the single transmembrane a-helix of subunit H and transmembrane a-helices 3 and 5 of the M subunit. Residues
involved in interaction with the cardiolipin molecule (shown in space-fill representation) are shown in ball-and-stick representation. (PDB file 1QOV).

the transmembrane region of the protein (Fig. 9). Two
girdles of Trp residues exposed to the lipids can be identi-
fied; that on the cytoplasmic side of the membrane contains
four Trp residues, and that on the external surface contains
16 Trp residues, many of which serve to anchor interhelical
loops into the membrane surface (Fig. 9). If it is assumed
that the glycerol backbone region of the bound cardiolipin
molecule defines the cytoplasmic boundary of the hydro-
carbon core of the bilayer, then the lipid-exposed Trp
residues on the cytoplasmic side of the membrane are
located just within the hydrocarbon core of the bilayer.
Helping to define the cytoplasmic surface is the charged
Glu-106 residue in subunit L (Fig. 9). Assuming that the Trp
residues on the extracellular surface of the membrane are
also located just within the hydrocarbon core of the bilayer
gives a hydrophobic thickness of about 28 A for the protein.

Camara-Artigas et al. [53] have identified two other lipid
molecules in a crystal structure of the photosynthetic reac-
tion centre from R. sphaeroides, a phosphatidylcholine and
a glucosylgalactosyl diacylglycerol. These lipids are sug-
gested to adopt very unusual orientations in the membrane,
the phosphatidylcholine lying almost parallel to the mem-
brane surface and the glucosylgalactosyl diacylglycerol
being buried with its headgroup close to the centre of the
membrane (Fig. 11). The disaccharide group of the glyco-
lipid is proposed to be located near to a molecule of
bacteriochlorophyll with its fatty acyl chains close to an
isoprenoid chain of a quinone [53]. The phosphatidylcholine
molecule is bound at the interface between the L and M
subunits with its phosphate group close to a molecule of
bacteriopheophytin. The suggested locations for the phos-

phatidylcholine and glucosylgalactosyl diacylglycerol mol-
ecules in R. sphaeroides are very different to those reported
for lipid molecules identified in other protein crystal struc-
tures.

The crystal structure of the photosynthetic reaction centre
from the purple bacterium Thermochromatium tepidum
shows a detergent molecule occupying the site occupied
by cardiolipin in the photosynthetic reaction centre of R.
sphaeroides but shows a phosphatidylethanolamine mole-
cule bound at a further site, as shown in Fig. 12 [54]. In this
case, the fatty acyl chains of the lipid are not located within
grooves on the protein surface but, rather, interact with the
exposed chains of two bacteriochlorophyll and one quinone
molecule [54]. The headgroup of the phosphatidylethanol-
amine interacts electrostatically with Arg-31 and Lys-35 of
the H subunit, with hydrogen bonds between the phosphate
group and Tyr-39 of the H subunit and between the -NH3
group and Gly-256 of the M subunit (Fig. 12). The phos-
phatidylethanolamine molecule binds in a sideways-on
fashion, as does the cardiolipin molecule in R. sphaeroides.

The pattern of interactions around the phosphatidyletha-
nolamine headgroup makes it likely that this site will show a
preference for phosphatidylethanolamine over other lipids.
For example, a phosphatidylcholine molecule would be
expected to bind weakly at the site because of steric clashes
with the bulky choline group and because of the loss of the
hydrogen bonding interaction with the -NH3 group in
phosphatidylethanolamine. This is important because, in
some cases, effects of phosphatidylethanolamines on mem-
brane protein function have been interpreted in terms of the
effects of phosphatidylethanolamines on bulk properties of
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extracellular

Fig. 11. Bound lipid molecules in the photosynthetic reaction centre of R. sphaeroides. Shown are the lipid molecules identified by Camara-Artigas et al. [53]:
PC, phosphatidylcholine; CL, cardiolipin; DGDG, glucosylgalactosyl diacylglycerol. The probable locations of the membrane surfaces are shown, as defined in

Fig. 9 (PDB file 1M3X).

the bilayer such as internal pressure, as described in Section
8.2. Clearly, effects due directly to the specific headgroup
structure of phosphatidylethanolamine need to be consid-
ered as well as any effects that might arise indirectly from
effects on the bulk properties of the bilayer.

The two girdles of Trp residues are clearer in 7. tepidum
than in R. sphaeroides because there are less Trp residues in
the middle of the hydrocarbon core of the bilayer in 7.
tepidum than in R. sphaeroides (compare Figs. 9 and 12).
Again assuming that the glycerol backbone region of the
lipid defines the cytoplasmic edge of the hydrocarbon core
of the bilayer and that the girdles of Trp residues are located

cytoplasmic

extracellular

just within the hydrocarbon core, the hydrophobic thickness
for the protein will be about 28 A (Fig. 12; Table 1).

Four lipid molecules have been identified in the crystal
structure of Photosystem I of the cyanobacterium Synecho-
coccus elongates, three molecules of phosphatidylglycerol
and one molecule of monogalactosyldiglyceride [55]. These
are all located on the stromal side of the membrane with
their glycerol backbones lying in a plane also defined, for
example, by Trp-21 of subunit PsaB (Fig. 13). Charge
groups and Trp residues define the location of the lumenal
surface, with a hydrophobic thickness for the bilayer of
about 32 A (Fig. 13).

Fig. 12. The photosynthetic reaction centre from 7. tepidum showing the bound phosphatidylethanolamine molecule. (A) The structure with the Trp residues
and the bound phosphatidylethanolamine shown in space-fill representation. The location of the Trp residues and of the glycerol backbone of the bound
phosphatidylethanolamine molecule define a hydrophobic thickness of about 28 A for the bilayer. (B) The phosphatidylethanolamine molecule (in space-fill
representation) and the residues with which the lipid headgroup interact. (PDB file 1EYS).
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Fig. 13. Bound lipid molecules in Photosystem I of the cyanobacterium S. elongates. The three phosphatidylglycerol (PG) molecules and the molecule of
monogalactosyl diglyceride (MGDG) define the stromal surface of the membrane, consistent with the location of Trp residues such as Trp-21 of subunit PsaB
(B), as shown. A possible location for the lumenal side of the membrane is also shown, defined, for example, by the location of Trp-69 of subunit PsaB. (PDB

file 1JBO).

2.4. Cytochrome c oxidase and cytochrome bc;

Cytochrome ¢ oxidase is a large complex of four-mem-
brane-embedded subunits with 22 transmembrane a-helices.
The crystal structure of cytochrome ¢ oxidase from Para-
coccus denitrificans includes two molecules of phosphati-
dylcholine, one on each side of the membrane [56,57]. Both
lipid molecules bind edge-ways on in deep grooves in the
protein surface, as shown in Fig. 14. The phosphate and
quaternary ammonium groups of the lipid headgroups form
ion pairs with Arg and Asp or Glu residues (Arg-233 and
Glu-74 of subunit III for the lipid on the periplasmic side
and Arg-198 of subunit II and Asp-124 of subunit III for the
lipid on the cytoplasmic side). The separation between the
glycerol backbones of the lipids on the two sides of the
membrane is about 33 A and girdles of Trp residues are
again located just within the hydrocarbon core of the lipid
bilayer, as defined by the positions of the two glycerol
backbones, although some Trp residues are also located in
the lipid headgroup regions.

The crystal structure of bovine heart cytochrome ¢
oxidase contains eight lipid molecules modelled as phos-
phatidylethanolamines and phosphatidylglycerols [58] but
these have not been included in the structure deposited in
the Protein Data Bank. The headgroups are reported to be
bound by salt bridges and hydrogen bonds and the phos-
pholipid fatty acyl chains are involved in hydrophobic
interactions [58].

Cytochrome bc; (ubiquinol:cytochrome ¢ oxidoreduc-
tase) is a homodimer mediating electron transfer between
quinones in the inner mitochondrial membrane and cyto-

chrome ¢ in the intermembrane space. Cytochrome bc,
contains a tightly bound cardiolipin molecule, believed to
be essential for activity; other mitochondrial proteins such
as the ADP—ATP carrier and cytochrome ¢ oxidase also
require cardiolipin for activity [59]. The crystal structure of
yeast cytochrome bc; shows five resolved lipid molecules
per monomer: one cardiolipin, two phosphatidylethanol-
amines, one phosphatidylcholine and one phosphatidylino-
sitol [60]. One phosphatidylethanolamine molecule and the
phosphatidylcholine and phosphatidylinositol molecules
are bound in large clefts at the dimer interface, the other
two lipid molecules being bound to the transmembrane
surface of the protein (Fig. 15). The phosphatidylcholine
molecule is stabilised by a hydrogen bond between His-22
of the cytochrome b subunit and the phosphate moiety of
the lipid headgroup [60]. Binding of the phosphatidyletha-
nolamine molecule at the dimer interface is also stabilised
by hydrogen bonding, this time to backbone oxygens. The
lipid interacts with both monomers at the interface and so
could be important for dimer formation [60]. The phos-
phatidylinositol molecule is in an unusual arrangement,
wrapped around the transmembrane a-helix of the Rieske
protein with the ends of the fatty acyl chains pointing
towards the interface [60]. The highly distorted structure
for the phosphatidylinositol chains is apparent in Fig. 16.
The phosphate forms an ion pair with Lys-272 in cyto-
chrome ¢; and the hydroxyl groups of the inositol ring
form several hydrogen bonds with neighbouring amino
acid residues; the phosphatidylinositol molecule could
serve to anchor the Rieske protein to the rest of the
complex [60]. It has also been suggested that the presence
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Fig. 14. The binding sites for phosphatidylcholine on cytochrome ¢ oxidase of P. denitrificans. The top shows part of the transmembrane region of the protein,
showing the two bound phosphatidylcholine molecules. On the periplasmic side, salt bridges are formed between the phosphate and quaternary ammonium in
the lipid headgroup and, respectively, Arg-198 in subunit IT and Asp-124 in subunit III, shown in ball-and-stick representation. The bottom shows a view of the
complex from the periplasm, showing how the phosphatidylcholine molecules (PC) bind in deep grooves in the side of the protein. (PDB files 1QLE).

of phospholipid molecules at the dimer interface could
provide a hydrophobic surface aiding the diffusion of
ubiquinol and uniquinone in and out of their protein
binding sites [60].

The phosphatidylethanolamine and cardiolipin molecules
located on the surface of the protein bind in grooves on the
surface (Fig. 15). The amine group of the phosphatidyle-
thanolamine molecule interacts with Glu-82 of subunit VII
and the phosphate group hydrogen bonds to two Tyr
residues (Fig. 15). A Trp residue is located with its indole

N atom very close to the glycerol backbone of the lipid. One
of the acyl chains is highly kinked, inserting into a narrow
channel between the transmembrane o-helices of cyto-
chrome b. The cardiolipin molecule makes many hydrogen
bonds with neighbouring residues, and, via a water mole-
cule, with the headgroup of the neighbouring phosphatidy-
lethanolamine molecule. Interactions in the cardiolipin
headgroup region are similar to those at the cardiolipin
binding site in the reaction centre from R. sphaeroides
(Section 2.3). It has been suggested that cardiolipin has a
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Fig. 15. The transmembrane surface of cytochrome bc; with bound lipid molecules. (A) The surface of a monomer from the heterodimeric cytochrome bc; is
shown, coloured by electrostatic potential (red, negative; blue, positive; grey, neutral). Five lipid molecules are resolved, shown in space-fill representation. The
location of the dimer interface is marked. (B) The phosphatidylethanolamine molecule bound to the surface of the protein (on the left) is shown in the same
orientation as in (A) together with residues interacting with it. PE, phosphatidylethanolamine; PC, phosphatidylcholine; CL, cardiolipin, PtdIns,
phosphatidylinositol; C, cytochrome b; G; subunit VIL. (PDB file 1KB9).

structural role in cytochrome bcy, in either the assembly or ‘wire’ conducting protons from the aqueous phase to the
stability of the enzyme; it could also have a functional role quinone headgroup [60].

since the bound cardiolipin molecule is located close to the Four of the resolved lipid molecules are on the mito-
site of quinone reduction where it could be part of a proton chondrial matrix side of the membrane and one is on the
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Fig. 16. The lipid molecules resolved in the structure of cytochrome bc;. The five lipid molecules resolved in the structure of cytochrome bc; are shown,
together with lipid-exposed residues on the intermembrane side of the membrane. The matrix side of the membrane is at the top and the intermembrane side is
at the bottom. The glycerol backbones of the lipid molecules define a hydrophobic thickness for the protein of about 21 A. However, an analysis of water
distribution in the crystal suggests a hydrophobic thickness of about 28 A [60]. If the hydrophobic surface on the matrix side is defined by the glycerol
backbone regions of the lipid molecules, then the hydrophobic surface on the intermembrane side would then be given by the dotted line with the headgroup of

the phosphatidylinositol molecule located below the membrane surface. Protein subunits are as follows: C, cytochrome b; D, cytochrome c;; E, Rieske protein.
(PDB file 1KB9).
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intermembrane side (Fig. 16). The fatty acyl chains are
highly distorted, the long axes of some of the chains being
tilted far away from the bilayer normal. The hydrophobic
thickness of the membrane, defined by the positions of the
glycerol backbones of the lipid molecules is about 21 A, as
shown in Fig. 16. This is unusually thin and it might be
that the phosphatidylinositol molecule on the intermem-
brane side of the membrane does not give a good indica-
tion of the position of the lipid bilayer surface on this side
of the membrane, even though a number of lipid-exposed,
charged residues are located close to the plane defined by
the glycerol backbone (Fig. 16). Indeed, the phosphatidy-
linositol headgroup appears from plots of electrostatic
potential to be located within the hydrophobic, transmem-
brane region of the protein (Figs. 15 and 16) and it has
been estimated from the distribution of water molecules in
the crystal that the hydrophobic thickness of cytochrome
bc; is closer to 28 A [60]; this would locate the inter-
membrane surface of the lipid bilayer just beyond the
inositol headgroup (Fig. 16). Unfortunately, the distribution
of Trp residues in cytochrome bc; does not help in
defining the hydrophobic thickness; whereas there are a
number of Trp residues on the matrix side of the mem-
brane helping to define the interface on this side of the
membrane, the distribution of Trp residues on the inter-
membrane side is sparse and does not provide any useful
information.

It is noticeable that the plane occupied by the glycerol
backbones of the phosphatidylethanolamine and phosphati-
dylcholine molecules at the dimer interface is very similar to
that occupied by the glycerol backbones of the two lipid
molecules bound on the matrix side of the membrane, as
shown in Fig. 16, despite the unusual environment of the
lipid molecules at the dimer interface. This suggests both
that the lipid bilayer extends right up to the surface of the
protein and that even lipid molecules bound to regions on
the protein where they make little contact with the bulk of
the lipid molecules in the membrane are located in a plane
similar to that of the bulk lipid molecules. Whether or not
the position of the phosphatidylinositol molecule represents
an exception to this general observation remains to be
determined.

2.5. Formate dehydrogenase

Formate dehydrogenase-N is a major component of
nitrate respiration in Escherichia coli. It is a symmetrical
trimer and the crystal structure shows three cardiolipin
molecules at the trimer interface [223] The cardiolipin
molecules interact primarily with the single transmembrane
a-helix of the 3 subunit and with the fourth transmembrane
a-helix of the y subunit of the same monomer, and with the
first transmembrane o-helix of the y subunit of the neigh-
bouring subunit. The location of the cardiolipin molecules
suggests that they are essential for trimer formation [223].
The cardiolipin molecules are located with their backbones

in the plane defined by Trp residues on the periplasmic side
of the membrane.

2.6. FhuA, a [(-barrel protein

The porins are P-barrel proteins located in the outer
membranes of bacteria. The lipid component of the outer
(extracellular) leaflet of the outer membrane of E. coli is
composed exclusively of lipopolysaccharides (LPS)
whereas the inner (periplasmic) leaflet contains phosphati-
dylethanolamines and phosphatidylglycerols. LPS adopts a
bilayer structure in the presence of divalent metal ions such
as Mg?" to reduce electrostatic repulsions between LPS
molecules [61—-63]. Deuterium NMR studies of E. coli
grown on deuterated palmitic acid suggest that, at the
growth temperature, the outer membrane is in a normal
liquid crystalline state, although the order parameters for the
fatty acyl chains are somewhat higher than for fatty acyl
chains in the inner membrane [64].

The crystal structure of the monomeric B-barrel protein
FhuA, the receptor for the siderophore ferrichrome, contains
a single LPS molecule [65], as shown in Fig. 17. Five of the
six fatty acyl chains of the LPS molecule (all except for the
3-hydroxymyristate chain) make contact with hydrophobic
side chains of FhuA, fixing the chains roughly parallel to the
p-barrel axis. The LPS molecule is positioned so that the
glucosamine moieties are located slightly above an upper
aromatic girdle of Trp and Tyr residues [65]. The upper
girdle of aromatic residues is located about 24 A from a
lower aromatic girdle (Fig. 17). Eleven charged or polar
residues in FhuA interact with the phosphates of the inner
core and the diglucosamine backbone of lipid A, and are
responsible for the tight binding of LPS to FluA [66]. The
fatty acyl chain lengths of the phospholipid component of
the bacterial outer membrane are predominantly C16 or
C18, but for the LPS component, the fatty acyl chains are
mostly saturated with a length of C14, with some C12 [67],
suggesting that the thickness of the bacterial outer mem-
brane will be similar to that of a bilayer of di(C14:0)PC,
which is about 23 A, matching well the hydrophobic thick-
ness of the protein.

2.7. The nature of the lipid binding site

A few general conclusions can be drawn from these
studies about the nature of the lipid binding sites on
membrane proteins. Not surprisingly, the residues surround-
ing the lipid fatty acyl chains are hydrophobic, Trp residues
being common near the tops of the chains, with Ile, Leu,
Phe, and Val commonly surrounding the rest of the chain.
The environment around the chains of the resolved phos-
phatidylethanolamine molecule in the photosynthetic reac-
tion centre of 7. fepidum is unusual in containing major
contributions from the chains of two bacteriochlorophyll
and one quinone molecule [54]. Good van der Waals contact
between the chains and the protein is often ensured by
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Fig. 17. The structure of FhuA with bound ferrichrome. The bound LPS molecule is shown in ball-and-stick representation. Trp residues are shown in space-fill
format and Tyr residues are shown in ball-and-stick representation. The two girdles of aromatic residues are separated by about 24 A. (PDB file 1FCP).

binding of at least the top parts of the chains in distinct
groves on the surface of the protein, but this may not be true
for all of the bound lipid molecules; it may be that only
those lipid molecules whose chains are bound in grooves are
sufficiently immobilised to be resolved in the X-ray struc-
tures.

In many of the structures, lipid headgroups are disor-
dered, suggesting that the headgroups interact less tightly
with the protein than the lipid fatty acyl chains; examples
include bacteriorhodopsin and the potassium channel KcsA.
Where headgroups are resolved, they are involved in charge
and hydrogen bonding interactions with the protein, as
illustrated by the binding site for phosphatidylethanolamine
on the photosynthetic reaction centre of 7. tepidum (Fig. 12).
Differences in the patterns of hydrogen bonding for the
headgroups of phosphatidylethanolamine and phosphatidyl-
choline could be important in explaining effects of phos-
phatidylethanolamines on membrane protein function and
need to be considered as well as any effects that might
follow from the preference of phosphatidylethanolamine for
the hexagonal Hy; phase (Section 8.2).

3. Hydrophobic thicknesses for membrane proteins
whose high-resolution structures lack lipid molecules

Hydrophobic thicknesses for membrane proteins whose
crystal structures do not include any resolved lipid mol-
ecules can be estimated from the locations of aromatic and

charged residues, as described above (Table 1). The
crystal structure of the light harvesting complex from
Rhodopseudomonas acidophila [68] shows the importance
of charged residues in locating the membrane surface (Fig.
18). The -NH3 group on the unpaired Lys-13 residue in
this homotrimeric structure must be located in a polar
environment because of the high cost of burying a
charged residue in the hydrophobic core of a bilayer.

Fig. 18. Structure of the light-harvesting complex from R. acidophila. Trp
and Tyr residues are shown in space-fill and ball-and-stick representations,
respectively. The lower surface is defined by Lys-13 and passes through the
indole N of Trp-7. If the upper surface passes through the indole N atoms of
Trp-39 and Trp-45, then the hydrophobic thickness of the bilayer is 31 A.
(PDB file 1KZU).
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Fig. 19. Structures of E. coli glycerol facilitator (A) and red blood cell aquaporin (B). Residues defining the membrane surface are shown in space-fill

representation. (PDB files 1FX8 and 1J4N).

The plane defined by the charged group on the Lys-13
residues coincides with the planes defined by the indole N
atoms of Trp-7 and by the -OH group of Tyr-14 and thus
is likely to correspond to the glycerol backbone region of
the bilayer (Fig. 18). If the plane containing the indole N
atoms of Trp-39 and Trp-45 defines the other glycerol
backbone region, then the hydrophobic thickness of the
protein is 31 A (Fig. 18).

Red blood cell aquaporin and the bacterial glycerol
facilitator have very similar structures [69,70] and identical
hydrophobic thickness of 26 A, defined by the positions of
exposed Trp, Tyr and charged residues (Fig. 19; Table 1). A
molecular dynamics simulation of aquaporin in a lipid

bilayer shows several charged residues at the lipid—water
interface forming salt bridges with lipid phosphate groups
and other residues, including Trp, Ser and Asn, forming
hydrogen bonds with the lipids [71]. Similar thicknesses for
corresponding eukaryotic and prokaryotic membrane pro-
teins seems to be common (Table 1). For example, the
hydrophobic thicknesses of bacterial and bovine heart
mitochondrial cytochrome c¢ oxidase are very similar, as
are the hydrophobic thicknesses of rhodopsin (Fig. 20A)
and bacteriorhodopsin (Fig. 4). However, rhodopsin is
considerably thicker than sensory rhodopsin II from M.
pharaonis [72], as shown in Fig. 20B, with hydrophobic
thicknesses of 35 and 27 A, respectively.

Fig. 20. Structures of rhodopsin (A) and sensory rhodopsin II (B). The hydrophobic thickness of thodopsin is defined largely by the Tyr and Trp residues shown
in space-fill representation and by Asp-190 and Glu-201 on one surface, and Glu-134, Glu-150, Glu-232 and Glu-249 on the other, shown in ball-and-stick
representation. The hydrophobic thickness of sensory rhodopsin II is defined largely by Trp residues on the two surfaces, together with Asp-193 on one surface

and Arg-27, Arg-34 and Arg-96 on the other. (PDB files 1F88 and 1JGJ).
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Some membrane proteins appear to have unusually thin
transmembrane regions (Table 1). For example, the thick-
ness of the CIC chloride channel of E. coli [73] is only about
23 A (Fig. 21). In this case, the thickness of the dimeric
channel is defined by the position of Lys-271 on one surface
and Lys-55 and Trp-59 on the other, with a Trp residue (Trp-
272) totally buried within the hydrophobic core of the
bilayer. The CIC channel of Salmonella lacks a Lys residue
at the position equivalent to Lys-271 in the E. coli protein,
but Arg-275 occupies a position in the 3D structure very
similar to that of Lys-271 in the E. coli protein [73],
suggesting very similar hydrophobic thicknesses for the
two proteins. The hydrophobic thickness of the mechano-
sensitive channel MscL from Mycobacterium tuberculosis
[74] is unclear (Fig. 21). The hydrophobic thickness of the
pentameric channel, defined by a girdle of Asp-68 residues
on one side of the membrane and a girdle of Tyr-87 residues
on the other, is just 18 A. However, if it is assumed that Tyr-
87 is buried in the hydrophobic core of the bilayer, then the
hydrophobic thickness could be defined by a girdle of Tyr-

Fig. 21. Structures of the chloride channel CIC of E. coli (A) and the
mechanosensitive channel MscL (B). Residues defining the hydrophobic
thicknesses of the proteins are shown in space-fill representation (PDB files
1KPL and 1MSL).

94 residues, giving a thickness of 34 A. The mechanosensi-
tive channel undergoes extensive changes in conformation
during channel opening, and this may be related to the
unusual structure of this channel [75,76].

The Ca® *-ATPase of skeletal muscle sarcoplasmic retic-
ulum [5] also appears to have an unusually thin trans-
membrane region (Table 1). The structure of the Ca®’-
bound form of the Ca”? *-ATPase (E1Ca,) is shown in Fig.
22. Identifying the hydrophobic core of the bilayer sur-
rounding the Ca® *-ATPase is difficult because many of the
transmembrane o-helices extend above the membrane sur-
face to form a central stalk linking the transmembrane
region to the cytoplasmic head of the protein. As a con-
sequence, some of the helices are very long; helix M5 for
example contains 41 residues. A girdle of Trp residues on
the cytoplasmic side of the membrane helps to define the
location of the membrane surface on the cytoplasmic side
(Fig. 22). A Lys residue (Lys-262) in transmembrane o-
helix M3 snorkels up from the hydrophobic core of the
bilayer to the surface [77]. Since this group cannot be buried
within the hydrophobic core of the bilayer, it is likely that
the amino group on Lys-262 will be located at the interface;
the Trp residues in the Ca” *~ATPase will then be located in
the headgroup region of the bilayer [77]. The structure of the
Ca® "-bound form of the Ca® *-ATPase is unusual in that the
first transmembrane «-helix contains two polar residues
Asp-59 and Arg-63 pointing out into the hydrocarbon core;
presumably, stacking of Asp-59 against Arg-63 allows
formation of an ion pair within the core of the bilayer
(Fig. 22).

The distribution of Trp residues on the lumenal face of the
Ca®"-ATPase is much more diffuse than that on the cyto-
plasmic side (Fig. 22). The hydrophobic thickness of the
Ca® "-ATPase would be expected to be about 30 A since that
is the hydrophobic thickness of a bilayer of di(C18:1)PC, the
phospholipid that supports highest activity for the ATPase
[78]. However, as shown in Fig. 22, this definition would
locate a Lys residue (Lys-972) totally within the hydrocarbon
core, which seems unlikely. The hydrophobic thickness of
the bilayer would have to be about 21 A to locate Lys-972 at
the lumenal surface (Fig. 22); this is unusually thin for a
membrane protein.

The structure of the Ca’*-free ATPase with a bound
molecule of the inhibitor thapsigargin has also been deter-
mined [79]. Thapsigargin binds to the Ca® *-ATPase to give
a form that has been described as a modified E2 state,
E2”Tg [80]. Changes in positions of the cytoplasmic
domains are directly related to tilting of the TM «-helices
[79,81]. These changes are complex, movement of any one
element of the structure requiring movement of several
others, for steric reasons. Changes in helices M7—-M10 are
relatively small, but there are major changes for the other
helices (Fig. 22). The changes in M1 are particularly
complex. In the Ca®“-bound form, charged residues Glu-
51 and Glu-55 are located at the top of M1, Glu-58 facing in
towards one of the Ca® -binding sites, with Asp-59 and
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Fig. 22. The transmembrane region of the Ca®*-ATPase of skeletal muscle sarcoplasmic reticulum. Structures of the Ca® *-bound (E1Ca,) and Ca®*-free,
thapsigargin (Tg)-bound (E2Tg) forms are shown. Trp residues are shown in space-fill representation. In the E1Ca, structure, the positions of Asp-59 and Arg-
63 in transmembrane a-helix M1 are shown in space-fill representation; in the E2*Tg structure, all the charged residues in helix M1 are shown in space-fill
representation. The location of Lys-972 in both structures helps to define the likely position of the lumenal surface, giving a hydrophobic thickness of about 21
A for the protein. A possible location for the lumenal surface giving a hydrophobic thickness of 30 A for the protein is given by the dotted line. (PDB files

1EUL and 1IWO).

Arg-63 forming an ion pair exposed to the lipid bilayer (Fig.
22). In the modified E2 state, these residues have moved
upwards with a bend at Asp-59 to form an amphipathic
helix with hydrophobic residues on one side and Glu-58 and
Asp-59 on the other, and Arg-63 now snorkels up to the
lipid—water interface (Fig. 22). The bottom of helix M1 is
defined in the modified E2 state by Trp-77 and by Glu-79.
As shown in Fig. 22, Trp-77 moves upwards in the modified
E2 state compared to E1Ca, as a result of the upward
movement of the whole helix M1. Despite these complex
changes, the hydrophobic thickness of the Ca® -ATPase (21
A) appears to be unchanged. The cytoplasmic surface is
again well defined by the positions of the Trp residues and
by the position of Asp-59. Lys-972 is in a similar position in
the two structures although it appears to be rather disordered
in the E2°Tg structure.

The small B-barrel proteins OmpA and OmpX contain
girdles of aromatic residues, as shown in Fig. 23 [82,83].
In OmpX, if it is assumed that the Trp residues are
located just within the hydrophobic core of the bilayer,
then the thickness of the hydrocarbon core would be 24 A
(Table 1). In OmpA, the situation is more complex, with
the Trp residues occupying a broader band, so that some
are presumably located just within the hydrophobic core
of the bilayer whereas others will be located in the
headgroup region, but the hydrophobic thickness appears
to be the same as in OmpX (Fig. 23). A number of
molecules of the detergent n-octyltetraoxyethylene (CgEy4)
were identified in the crystal, with the octyl moieties

located on the hydrophobic surface, making weak van
der Waals interactions with neighbouring protein atoms
(Fig. 23).

The general porin OmpF of E. coli is a homotrimer. The
membrane-facing surface of a single monomer in the trimer
shows a clear pattern of residue distribution, illustrated in
Fig. 24 [84]. The central region is a belt of nonpolar residues
bordered at each edge by girdles of aromatic amino acids.
The girdles are defined predominantly by Tyr residues with
their hydroxyl groups pointing towards the aqueous phase.
If it is assumed that the hydroxy groups of the Tyr residues
are located in the glycerol backbone region of the bilayer,
then the thickness of the hydrophobic core of the bilayer
would be about 24 A, as shown in Fig. 24. OmpF contains
just two Trp residues per monomer, one at the trimer
interface and one exposed to the lipid; the lipid exposed
Trp residue is located just below the plane defined by the
Tyr residues (Fig. 24). Neutron diffraction studies have
shown that, in crystals grown from B-octyl glucoside or
lauryl dimethyl-N-amineoxide (LDAO), the hydrophobic
region of OmpF is covered by detergent, with the two
girdles of aromatic residues coinciding with the boundary
between the polar and nonpolar regions of the detergents
[85], a location for the aromatic residues also seen in
molecular dynamics simulations of OmpF in bilayers of
di(C14:0)PC [86]. Beyond the external girdle of aromatic
residues, the external barrel surface contains a number of
acidic residues, which could interact with LPS molecules
through divalent metal ion bridges.
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Fig. 23. The structures of OmpX and of the transmembrane domain of OmpA. Trp residues are shown in space-fill representation. Detergent molecules are

shown in ball-and-stick representation. (PDB files 1QJP and 1QJ8).

A number of general conclusions can be drawn from the
data collected in Table 1. The average thickness of the
transmembrane, hydrophobic region of an a-helical mem-
brane protein is 29 A (Table 1), very similar to the hydro-
phobic thickness of a bilayer of di(C18:1)PC, suggesting
that lipids and proteins will generally be well matched in the
membrane. The average hydrophobic thickness of a B-barrel
protein in the bacterial outer membrane is 24 A, signifi-
cantly less than the thickness of an a-helical membrane
protein, but likely to match the hydrophobic thickness of the

Fig. 24. Structure of OmpF showing aromatic residues. The aromatic
residues are shown in space-fill representation. Possible locations for the
hydrophobic core of a lipid bilayer of thickness 24 A are shown, defined by
the positions of the Tyr hydroxyl groups. The positions of the two Trp
residues are shown. The position of the trimer interface (T) is indicated.
(PDB file 20MF).

bacterial outer membrane. However, the hydrophobic thick-
nesses of some membrane proteins do not seem to match so
well the thickness of the surrounding lipid bilayer. For
example, the hydrophobic thicknesses of bacteriorhodopsin,
rhodopsin, and the potassium channel KcsA, appear to be
greater than the hydrophobic thickness of a typical lipid
bilayer and the CIC chloride channel, and the Ca® *-ATPase
have hydrophobic thicknesses significantly less than that of
a typical lipid bilayer (Table 1). Either the structures of these
proteins are slightly different in the native membrane to that
in the detergent-solubilised protein, or these proteins exist in
a state of stress in the native membrane, surrounded by
phospholipids with stretched or compressed fatty acyl
chains; this is discussed further in Section 5.3.

4. Non-annular sites

Evidence has been presented for the presence of binding
sites for hydrophobic molecules on membrane proteins,
distinct from the sites to which the ‘solvent’ or annular
lipids bind; these additional sites have been referred to as
non-annular sites [10]. The first evidence for the presence of
non-annular sites came from experiments studying the
effects of cholesterol on the Ca® "-ATPase of sarcoplasmic
reticulum [10], but non-annular sites were later suggested on
the Ca®*-ATPase for a variety of long-chain hydrophobic
molecules [12,13]. These non-annular sites were suggested
to be located between transmembrane a-helices or at pro-
tein—protein interfaces [10,12]. The nature of such a site is
illustrated by the recently published structure for the Ca® *-
free form of the Ca? *-ATPase with a bound molecule of the
hydrophobic inhibitor thapsigargin (Fig. 25). Thapsigargin
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Fig. 25. The binding site for thapsigargin on the Ca®‘-ATPase. For
simplicity, just helices M3, M5 and M7 are shown in surface format. The
bound thapsigargin molecule is shown in space-fill representation as are
residues Phe-256 and Ile-829, important in binding the inhibitor. (PDB file
1IWO0).

binds to the Ca® *-ATPase in a cleft between helices M3, M5
and M7, on the lipid-exposed surface of the Ca®*-ATPase
[79]. The polar end of the thapsigargin molecule is located
between Phe-256 and Ile-829, close to the expected position
of the glycerol backbone region of the surrounding lipid
bilayer. The alkyl chain of the thapsigargin molecule lies
along the hydrophobic surface of helix M5. In the structure
of the Ca” "-bound ATPase, the space between Phe-256 and
Ile-829 is much narrower than in the Ca”*-free form
[79,81]. By keeping transmembrane a-helices M3 and M7
apart, thapsigargin prevents the ATPase from adopting a
conformation in which it can bind Ca®" ions and be active.
Thus, inhibition by thapsigargin is indirect and based on
steric factors. A variety of other clefts exist on the surface of
the ATPase between transmembrane a-helices, including a
cleft between helices M2 and M9 to which the inhibitor
phospholamban binds [87]. These clefts could also be the
non-annular sites to which cholesterol and long-chain
hydrophobic molecules bind [10,13].

The effects of binding to non-annular sites on Ca”*-
ATPase activity depend on the nature of the phospholipids
surrounding the Ca® *-ATPase [10,11,14,88—90]. The activ-
ity of Ca® *-ATPase is low in bilayers of short-chain or long-
chain phospholipids (Section 8.4). The presence of choles-
terol and other hydrophobic molecules increases ATPase
activity in bilayers of short-chain phospholipids, but not in
long-chain phospholipids. Evidence that effects of choles-
terol on the activity of the Ca” -ATPase are not due to
effects on bilayer thickness are presented in Ref. [13]. It is
possible that occupancy of the non-annular sites on the
Ca® "-ATPase by cholesterol prevents the reorganisation of
transmembrane a-helices responsible for the low activity in

short-chain phospholipids but not that responsible for the
low activity in long-chain phospholipids.

The presence of non-annular binding sites for cholesterol
has also been suggested on the nicotinic acetylcholine
receptor (AChR), which requires the presence of cholesterol
for function [91,92]; in the presence of phosphatidylcholines
alone, the receptor exists in a nonconducting, desensitised-
like conformation [93]. On the basis of competition studies,
Jones and McNamee [16] suggested the presence of two
classes of lipid site on the AChR; annular sites occupied by
phospholipids and non-annular sites to which cholesterol
can bind, but from which phospholipids are excluded. Just a
few mole percent cholesterol allows activation of the
channel, and many other neutral hydrophobic species can
substitute for cholesterol, including a-tocopherol, coenzyme
Qo and vitamins D3 and K;. The -OH group of the
cholesterol molecule is not essential for activity, and cho-
lesterol hemisuccinate and cholesterol sulfate are as effec-
tive as cholesterol [94]. Further, the AChR is active in
bilayers of a cholesterol-containing phospholipid in the
absence of any free cholesterol, suggesting that the binding
site for cholesterol and its analogues on the receptor cannot
be deeply buried in the structure, a long way from the lipid—
protein interface [94]. The most likely site of action is at the
lipid—protein interface, but with the cholesterol ring pene-
trating into crevices (possibly at subunit interfaces) from
which the phospholipid fatty acyl chains are excluded. An
essential role for cholesterol has been suggested for a
number of other proteins from mammalian plasma mem-
branes. Thus function of the GABA [95] and serotonin
transporters [96] both require the presence of small amounts
of cholesterol, suggesting the presence of specific binding
site(s) for cholesterol on the transporters. The Na",K'-
ATPase also requires the presence of cholesterol for full
activity, stimulation of activity being observed up to about
30 mol% cholesterol in the membrane, the activity decreas-
ing at higher cholesterol contents [97,224,225]. It has been
suggested that stimulation follows from binding of choles-
terol to specific sites on the Na", K "-ATPase, with inhibition
being due to effects of cholesterol on the bulk properties of
the lipid bilayer [225]. Strong interactions have also been
detected between cholesterol and two proteins of the red
blood cell membrane, band 3 and glycophorin [226,227].

Several of the crystal structures described in Section 2
(KcsA, bacterial photosynthetic reaction centre, cytochrome
¢ oxidase, cytochrome bc;) show phospholipid molecules
bound to crevices in the transmembrane surface of the
protein, much like the site to which thapsigargin binds on
the Ca® "-ATPase (Fig. 25). These observations suggest that
the definition of non-annular sites should be extended from
sites to which hydrophobic molecules other than phospho-
lipids can bind to include sites between transmembrane o-
helices to which specific phospholipids can bind. The fact
that lipid molecules occupy these sites even in crystals
grown from detergent solution suggests that the lipid mol-
ecules in these sites are tightly bound to the protein, because
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otherwise they would have been lost on treatment with
detergent. It is possible that these ‘special’ lipids will be in
slow exchange with the lipids in the bulk lipid bilayer,
although there appears, as yet, to be no direct evidence for
this.

5. Lipid—protein interactions and lipid binding
constants

As already described, the hydrophobic surface of a
membrane protein is heterogeneous and rough and covered
by a shell of annular lipids, acting as a ‘solvent’ for the
protein. A full description of binding to such a heteroge-
neous surface is an impossibly difficult task but, as long as
the surface is not too heterogeneous, binding can reasonably
be described in terms of a uniform surface. A number of
equations have been presented to describe binding to a
uniform surface [98], but the only one that is readily
applicable is the Langmuir binding isotherm, which is
equivalent to the conventional equation describing equili-
brium binding to a number of distinct binding sites. Fig. 26
represents the hydrophobic surface of a membrane protein
covered by annular lipids. With total coverage of the surface
by lipids, one lipid molecule must leave the surface before
another can enter. Although some rearrangement of lipids on
the surface is possible during this process, a simple con-
certed exchange of two lipid molecules on the surface seems
more likely. In this sense, therefore, the process can be
described as competitive binding of lipids at a number of
‘sites” on the protein surface. For a membrane protein P in a
lipid bilayer containing a mixture of two lipid species A and
B, the equilibrium at each site is described by the equation:

PA +BSPB + A

where PA and PB are complexes of the protein with lipids A
and B, respectively. This exchange equilibrium can be
described by a relative association constant K given by:

K = [PBJ[A]/[PA][B] (1)

where the square brackets denote concentrations [99,100].
The value for K obtained from such an analysis represents
an average over all N lipid binding sites on the protein, and

Fig. 26. Lipid binding sites on the transmembrane surface of a membrane
protein. Two lipids, A and B, are shown exchanging at one ‘site’.

Table 2
Relative association constants for lipid—protein interactions, determined
from ESR experiments with spin-labelled lipids

Protein Association constant (relative to phosphatidylcholine)
CL PA PS PG PE

Na"K'-ATPase 3.8 1.5 1.7 0.9 0.9

Cytochrome 5.4 1.9 1.0 1.0 1.0
¢ oxidase

ADP—ATP 3.8 43 2.4 0.8 -
carrier

Acetylcholine - 2.7 0.7 - 1.1
receptor

Cytochrome 1.4 2.4 1.8 1.7 1.3
¢ reductase

Rhodopsin 1.0 1.0 1.0 1.0 1.0

CL, cardiolipin; PA, phosphatidic acid; PS, phosphatidylserine; PG
phosphatidylglycerol, PE, phosphatidylethanolamine.
Data from Ref. [1].

so will be dominated by the interaction of the bulk lipid
molecules with the protein. Values for K have been esti-
mated from ESR studies [2,3] and from studies of the
quenching of protein fluorescence by spin-labelled [99] or
brominated phospholipids [78,100]. The assumption of 1:1
exchange of lipid molecules at the annular sites raises
interesting problems when considering exchange of lipid
molecules containing different numbers of fatty acyl chains.
For example, a molecule such as a cardiolipin with four
chains would be expected to exchange with two two-chain
phospholipid molecules. The necessary equations have been
presented elsewhere [101].

5.1. Effects of lipid headgroup structure

Relative association constants for phospholipids binding
to a number of membrane proteins, determined from ESR
experiments with spin labelled lipids, are given in Table 2.
Values tend to be close to 1, showing that there is relatively
little selectivity in the binding of annular phospholipids to
intrinsic membrane proteins [1]. Rhodopsin shows no
selectivity between phospholipid species, but most other
proteins show a small selectivity for anionic phospholipids.
For Na',K'-ATPase, the selectivity for anionic phospholi-
pids decreased with increasing ionic strength showing an
important electrostatic component to the interaction [1].
However, not all the selectivity for anionic phospholipids
was screened out at high ionic strength showing that non-
electrostatic interactions are also important [1]. Of the
anionic lipids listed in Table 2, cardiolipin shows the
strongest binding to Na’,K"-ATPase, cytochrome ¢ oxidase
and to the mitochondrial ATP—ADP carrier, although it is
necessary to remember that a cardiolipin molecule contains
four chains, compared to the two chains in the other
phospholipids (see Ref. [101]).

Interactions between lipids and Ca® *-ATPase also show
relatively little structural specificity, as shown in Table 3
[78,99,102]. Binding of phosphatidylethanolamine is a
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Table 3
Relative binding constants of phospholipids and hydrophobic molecules to
Ca’ "-ATPase

Molecule Relative association constant”
Phosphatidylethanolamine 0.45
Phosphatidylserine 1
Phosphatidylserine + Ca® * 0.45
Di(C14:0)PC in gel phase 0.04
Cholesterol <0.2
Cholesterol hemisuccinate 0.5
Oleylamine 1.6
Oleic acid 0.5
Oleyl alcohol <0.2
Methyl oleate <0.1

Data from Refs. [78,102].
# Measured relative to di(C18:1)PC.

factor of 2 weaker than binding of phosphatidylcholine
[103], but anionic lipids bind as strongly as phosphatidyl-
cholines [104]. Comparison of the relative binding constants
for uncharged and charged single chain molecules shows
that charge interactions are important for binding at the
lipid—protein interface (Table 3). Weak binding of choles-
terol at the lipid—protein interface follows both from the
lack of a charged headgroup and from the effect of the rigid
ring system; cholesterol hemisuccinate with its negatively
charged ‘headgroup’ binds more strongly than cholesterol,
and, although a phosphatidylcholine in which one fatty acyl
chain has been replaced by a cholesterol moiety, binds less
well than a normal phosphatidylcholine, the difference is
only a factor of about 2 [104]. Additional evidence for the
importance of charge effects in lipid—protein interactions
has come from studies of the interactions between anio-
nic phospholipids and simple transmembrane «-helices
[100,105].

Although binding at the annular sites on a membrane
protein shows little headgroup selectivity, binding to the
non-annular sites is likely to be more selective. A number of
examples of such selectivity are described in Section 8.5.
The binding of cardiolipin to specific sites on cytochrome
oxidase provides a classic example. Despite the selectivity
dependent on headgroup structure, hydrophobic interactions
are also important; monolysocardiolipin, lacking one fatty
acyl chain, bound to cytochrome oxidase about 3—10 fold
less strongly than cardiolipin, and dilysocardiolipin, lacking
two fatty acyl chains, bound about 30—100 fold less
strongly than cardiolipin [106].

5.2. Effects of phospholipid phase

Many membrane proteins show a preference for lipid in
the fluid, liquid crystalline phase over lipid in the rigid, gel
phase, as expected from simple considerations of free
volume and packing effects; lipid in the gel phase will
make poorer van der Waals contact with the rough surface
of a protein than lipid in the liquid crystalline phase. For
example, binding of gel phase lipid to Ca”>*-ATPase is a

factor of 25 weaker than binding of lipids in the liquid
crystalline phase (Table 3) and the binding constant of the
peptide Ly for di(C16:0)PC in the gel phase relative to
di(C18:1)PC in the liquid crystalline phase is ca. 0.15 [105].
Preferential binding of membrane proteins to phospholipids
in the liquid crystalline phase means that, in bilayers
containing both gel and liquid crystalline domains, proteins
will partition preferentially into domains in the liquid
crystalline phase. This preferential partitioning has been
demonstrated using freeze-fracture electron microscopy
[107], fluorescence [78] and infrared techniques [108]. In
bilayers containing predominantly gel phase lipid, simple
transmembrane a-helices form ordered line-like aggregates
surrounded by lipids in a liquid crystalline-like state [109].

Ca®" binds to bilayers of phosphatidylserine (PS) form-
ing gel-like domains of (PS),Ca [110,111] and formation of
these gel-like domains leads to exclusion of a wide variety
of small molecules [112]. The affinity of Ca® -ATPase for
phosphatidylserine is less in the presence of Ca® " than in its
absence (Table 3) consistent with weak van der Waals
interactions between the Ca® *-ATPase and gel-like (PS),Ca
domains. Similarly, in mixtures of di(C18:1)PC and
di(C18:1)PS, the presence of Ca’" leads to exclusion of
gramicidin from the gel-like patches of [di(C18:1)PS],Ca
[113]. Addition of Ca®" to the Ca®"-ATPase reconstituted
into mixtures of phosphatidylcholine and phosphatidic acid
also leads to exclusion of the Ca” “-ATPase from domains of
phosphatidic acid—Ca® " complex [99].

5.3. Effects of fatty acyl chain length and hydrophobic
mismatch

A particularly important feature of a membrane protein is
the thickness of its hydrophobic, membrane-spanning
region. The cost of exposing hydrophobic fatty acyl chains
or peptide residues to water is such that the thickness of the
hydrophobic region of the peptide should match the hydro-
phobic thickness of the bilayer. Hydrophobic mismatch
between a protein and a lipid bilayer could be compensated
for in a number of ways. The lipid bilayer around a protein
could either thicken or thin to match the hydrophobic
thickness of the protein. There will, however, be an ener-
getic cost associated with any such changes in the thickness
of the bilayer. This could be minimised by aggregation of
the protein, to reduce the exposure of the protein surface to
the lipid bilayer. If the transmembrane helices of a mem-
brane protein were too thick to match the surrounding lipid
bilayer, tilting of the helices could reduce their effective
length across the bilayer. In principle, a transmembrane a-
helix could distort to provide better matching to the lipid
bilayer. Experimental studies of transmembrane a-helices of
the type AW,(LA),W,A showed that, in fact, the structure
remained o-helical, independent of the extent of hydro-
phobic mismatch [114]. However, one form of distortion
away from an ideal a-helical structure that might be possible
is rotation of a side chain about the Ca—Cp bond linking
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the side chain to the polypeptide backbone. For a residue at
the end of a helix such a rotation would change the effective
length of the helix. For example, rotation of a Tyr residue to
lie roughly parallel to the long axis of a helix would extend
the length of the helix by about 3 A and rotation of the
larger Trp residue would have an even larger effect [105].
Finally, if the cost of incorporating the protein into the
bilayer was too high, the protein could be excluded from the
bilayer [115] and, at relatively high contents of hydrophobic
peptides, hydrophobic mismatch could lead to the formation
of nonbilayer lipid phases [116].

Most models of hydrophobic mismatch assume that the
lipid chains in the vicinity of a membrane protein adjust
their length to the hydrophobic thickness of the protein, with
the protein acting as a rigid body. When the thickness of the
bilayer is less than the hydrophobic thickness of the protein,
the lipid chains must be stretched around the protein (Fig.
27). Conversely, when the thickness of the bilayer is greater
than the hydrophobic thickness of the protein, the lipid
chains must be compressed around the protein. Stretching
the fatty acyl chains will effectively decrease the surface
area they occupy in the membrane surface, and, conversely,
compressing the chains, will increase the effective area
occupied in the surface. A number of terms have been
suggested to contribute to the total free energy cost of
deforming a lipid bilayer around a protein [117—119]. Fattal
and Ben-Shaul [117] calculated the total lipid—protein
interaction free energy as the sum of chain and headgroup
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Fig. 27. Hydrophobic mismatch. The diagram shows how a lipid bilayer
could distort around a membrane protein whose hydrophobic thickness was
greater than that of the lipid bilayer (left; dj,>d)) or less than that of the lipid
bilayer (right; d,<d)). When the hydrophobic thickness of the protein is
greater than the thickness of the bilayer, the lipid chains must be stretched
so that the surface area occupied by a lipid molecule will be less in the
vicinity of the protein than for bulk lipid. Conversely, to match a protein
with a thin transmembrane region, the fatty acyl chains of neighbouring
lipids will be compressed and they will occupy a greater surface area.

terms. The resulting profile of energy of interaction as a
function of hydrophobic mismatch was fairly symmetrical
about the point of zero mismatch [120,121]. The calculated
membrane perturbation energy AG g (in units of kJ mol™ ')
for a rigid single transmembrane «-helix of radius 5 A and
hydrophobic length 30 Aina lipid bilayer fits closely to the
quadratic equation

AGger = 963.1 — 65.18dy, + 1.1d} 2)

where d; is the hydrophobic thickness of the lipid bilayer.
For a protein of radius 17 A, corresponding to a bundle of
six transmembrane o-helices, again of length 30 A, the
perturbation energy fits the equation

AGyer = 119.7 — 8.1dy +0.137d} (3)

Calculations were performed in the range of bilayer
thicknesses from 20 to 40 A [121]; it is not clear if Egs.
(2) and (3) can be used to calculate values for the deforma-
tion energy outside this range. If all the lipid perturbation
energy were to be concentrated in the first shell of lipids
around the protein, and assuming that a lipid occupies 9.4 A
of the protein circumference, the lipid—protein interaction
energy would change by about 5 kJ mol~ ' of lipid for a six-
helix protein with hydrophobic mismatch of 10 A A change
in interaction energy of this amount corresponds to a
decrease in lipid binding constant by a factor of about 10.
If the change in lipid—protein interaction energy were to
propagate out from the protein surface to affect more than
the first shell of lipids, effects of hydrophobic mismatch
would be reduced. Other approaches such as that of Nielsen
et al. [118] and the mattress model of Mouritsen and Bloom
[122,123] come to rather similar conclusions.

Comparing experiment with theory requires a method for
estimating the hydrophobic thickness of a lipid bilayer from
the length of the fatty acyl chains. The hydrophobic thick-
ness d of a lipid bilayer of a saturated phosphatidylcholine
in the liquid crystalline phase is related to fatty acyl chain
length by the equation

d=175(n—1) (4)

where n is the number of carbon atoms in the fatty acyl
chain [124,125]. The thickness of a bilayer of a phospha-
tidylcholine with two monounsaturated chains was esti-
mated by Lewis and Engelman [124] to be about 2.5 A
less than that of the corresponding phosphatidylcholine with
two saturated chains estimated from Eq. (4). The thickness
of a bilayer of di(C18:0)PC calculated from Eq. (4) is 29.7
A, giving a thickness for a bilayer of di(C18:1)PC of about
272 A, in good agreement with the estimated thickness
given by Nagle and Tristram-Nagle [126], which is 27.1 A.
This is significantly less than the hydrophobic thickness of a
bilayer of di(C18:1)PC estimated from the data shown in
Fig. 1, which is 32 A [17]. However, the data in Fig. 1 were
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collected for a sample at low hydration (5.4 water molecules
per molecule of lipid) and bilayer thickness decreases with
increasing hydration [17,126]. Bilayer thickness is also
temperature dependent, decreasing by about 2 A for a 40
°C increase in temperature [127].

Binding constants have been measured as a function of
fatty acyl chain length for a number of membrane proteins,
as shown in Fig. 28 [78,99,128,129]. The theories of
hydrophobic mismatch described above show that there is
an energetic cost associated with any change in the thick-
ness of the bilayer around a membrane protein. These costs
would be reflected in values for the equilibrium constant
describing the binding of lipids to the protein. A lipid that
can bind to a protein without a change in bilayer thickness
would bind more strongly to the protein than one for which
binding requires a change in bilayer thickness. Models of
hydrophobic mismatch that assume that a membrane protein
is rigid might be expected to be particularly applicable to 3-
barrel proteins, which are likely to be more difficult to
distort than membrane proteins whose transmembrane
domains consist of a bundle of a-helices. Relative lipid
binding constants for the B-barrel porin OmpF as a function
of acyl chain length show a maximum for di(C14:1)PC,
phosphatidylcholines with shorter or longer fatty acyl chains
binding less strongly (Fig. 28) [128]. The hydrophobic
thickness of OmpF, defined by the positions of the bands
of aromatic residues at the two membrane—water interfaces,
is about 24 A (Table 1; Fig. 24), similar to the hydrophobic
thickness of a bilayer of di(C14:1)PC (about 21 A), con-
sistent with the observation that this is the phosphatidylcho-
line showing strongest binding to OmpF.

Lipid binding constants for OmpF decrease by about a
factor of 3 between di(C14:1)PC and di(C24:1)PC (Fig.
28). The changes in binding constant for OmpF from
di(C14:1)PC to di(C20:1)PC are comparable to those
calculated by the approaches of Fattal and Ben-Shaul
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Fig. 28. Relative lipid binding constants for OmpF, KcsA and Ca®*-
ATPase. The binding constants of OmpF (O), KcsA (A) and Ca®"-ATPase
(O) for phosphatidylcholines relative to that for di(C18:1)PC are plotted as
a function of fatty acyl chain length. Data from Refs. [78,128,129].

[117] and Mouritsen and Bloom [122,123,130], which
assume a rigid protein around which the lipid bilayer
distorts to achieve hydrophobic matching. However, on
increasing the fatty acyl chain length beyond C20, changes
in binding constant are relatively small (Fig. 28), whereas
theory predicts a continuing decrease in interaction energy.
These results suggest therefore that on changing the fatty
acyl chain length from C14 to about C20, the lipid bilayer
thins around the p-barrel but that beyond a chain length of
C20, the P-barrel also deforms to help maximise the
interaction with the bilayer.

Effects of fatty acyl chain length on binding of lipids to
the a-helical K channel KcsA of S. lividans are very
different to those for OmpF [129], as shown in Fig. 28.
For KcsA, there is a gradual increase in relative binding
constant with increasing chain length from C10 to C22, with
a small decrease from C22 to C24. The hydrophobic thick-
ness of a bilayer of di(C22:1)PC is about 34 A. As shown in
Fig. 7, a bilayer of this thickness would locate the Trp side
chains totally within the hydrocarbon core of the bilayer,
consistent with the location of the lipid molecule in the
structure, modelled as a diacylglycerol. The fatty acyl chains
of Streptomyces are unusual in being mostly branched-chain
saturated C14, C15 and C16 iso-acids and C15 anteiso-acids
[131]. The thicknesses of bilayers of branched-chain lipids
appear not to have been determined and may be different to
those of the normal unsaturated phospholipids. However, if
the thickness of the lipid bilayer in Streptomyces is com-
parable to that in a bilayer of di(C16:1)PC, then the hydro-
phobic thickness of the bilayer would be significantly less
than that giving optimal binding to KcsA.

Changes in lipid binding constants for KcsA with
changes in chain length are small compared to those seen
with OmpF (Fig. 28), suggesting that KcsA distorts to match
the lipid bilayer rather than the lipid bilayer distorting to
match the protein. The change in relative free energy of lipid
binding per fatty acyl chain carbon atom is 0.1 kJ mol '
[129]. This can be compared to a value of 0.4 kJ mol™ ' per
fatty acyl chain carbon atom estimated from ESR studies of
phosphatidylcholine binding to rhodopsin [132]. The chain
length dependence of relative free energy of binding for
KcsA extrapolates to 4.1 kJ mol™ ' at zero chain length
[129]. If this is equated with the loss of interaction energy of
the fatty acyl chains with KcsA, then the fatty acyl chain
contribution to the di(C18:1)PC-KcsA interaction is more
favourable than the fatty acyl chain contribution to the
di(C18:1)PC-di(C18:1)PC interaction by about 4.1 kJ
mol~'. This figure can be compared to the free energy cost
of creating a void equivalent to a methyl group in the
hydrophobic core of a soluble protein, which is about 6.7
kJ mol~ ' [133]. Thus, a slightly larger fatty acyl chain
contribution to the lipid—KcsA interaction than to the lipid—
lipid interaction, with a gradual decrease in the free energy
of the lipid—KcsA interaction with decreasing chain length,
would explain the results. The decreasing relative contribu-
tion of the chains to the lipid—KecsA interaction could
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represent the cost of distorting KcsA to achieve hydro-
phobic matching.

The efficiency of hydrophobic matching of KcsA to its
surrounding lipid bilayer has been demonstrated from
observations of the fluorescence emission of the Trp resi-
dues located at the ends of the transmembrane a-helices in
KcsA [129]. Fluorescence emission spectra of Trp residues
are environmentally sensitive and any major change in the
location of the Trp groups in KcsA relative to the lipid
bilayer with changing bilayer thickness would be reflected
in changes in the fluorescence emission spectra. In fact,
observed changes in Trp emission spectra with changing
bilayer thickness are very small, suggesting that the Trp
residues maintain their positions close to the glycerol back-
bone region of the bilayer [129]. The most likely changes in
KcsA to achieve hydrophobic matching with the surround-
ing lipid bilayer are a rotation of the Trp residues at the ends
of the transmembrane a-helices about their C,—Cp bonds
and/or a tilt of the transmembrane a-helices. The trans-
membrane a-helices M1 and M2 in KcsA are organised as a
pair of antiparallel helices in which each M1 only contacts
M2 from its own subunit, with the M2 helices participating
in subunit—subunit interactions (see Fig. 7) [46]. M2 helices
cross at an angle of about —40° and the relatively steep
packing angle of the M2 helices means that the contact
interface between the helices is localised to a fairly narrow
region, making helix—helix rearrangements relatively easy.
Indeed, it has been suggested that opening of the KcsA
channel involves movement of the M2 helices relative to the
plane of the bilayer [134].

Lipid binding constants for Ca” “-ATPase depend less on
fatty acyl chain length than those for KcsA, as shown in Fig.
28 [78,99]. Binding constants hardly change with changing
chain length from C16 to C22, although there is a slight
increase in binding constant from C14 to C16, with a small
decrease from C22 to C24 (Fig. 28). This again suggests
that the helix bundle that makes up the transmembrane
region of the Ca” -ATPase can easily distort to match
changes in lipid bilayer thickness. Tilting of the transmem-
brane a-helices in Ca® "-ATPase would be expected to lead
to changes in activity, and changes in activity with changing
fatty acyl chain length are, indeed, observed experimentally
(Section 8.4). Lipid binding constants for the Ca* *-ATPase
are unaffected by methyl branching of the fatty acyl chains
[104].

Relative lipid binding constants have also been deter-
mined for simple transmembrane «-helices L and
KKGL;oWL{,KKA (L,,) in bilayers of phosphatidylcho-
lines in the liquid crystalline phase [115]. Although stron-
gest binding is seen when the hydrophobic length of the
peptide matches the hydrophobic thickness of the bilayer,
relative binding constants change much less with changing
chain length than expected from theories of hydrophobic
mismatch. The effects of aromatic residues at the ends of
transmembrane a-helices have been studied using peptides
KoGFLgWLgFK,A (FoL14) and KoGYLgWLgYKLA

(Y,L,4) in which one Leu residue at each end of the poly-
Leu stretch is replaced by either a Phe or a Tyr [105]. The
effect of the aromatic residues is to increase the effective
hydrophobic length of the peptides so that optimal matching
is now to a thicker bilayer, but with changes in binding
constant with changing lipid bilayer thickness still being
relatively small [105]. Helices are excluded from thick lipid
bilayers when the hydrophobic mismatch exceeds about 10
A [115].

The results described above suggest that long helices
probably match thin bilayers by rotation of residues at the
ends of the helices and/or by tilting, with little distortion of
the lipid bilayer. Nevertheless, there is a variety of exper-
imental evidence in favour of models for hydrophobic
matching in which the major changes are in the thickness
of the lipid bilayer. For example, attempts to measure helix
tilt angles in lipid bilayers have found that changes in tilt
angle with changes in bilayer thickness are very small and
suggest that the tilt angle of a helix in a bilayer is an intrinsic
property of the helix, depending little on the thickness of the
bilayer [136—138]. These experimental results are in agree-
ment with molecular dynamics simulations for peptides of
the W,(LA),W, type, which showed that there was no
simple relationship between the tilt of the helix and the
thickness of the lipid bilayer [139]. However, these same
simulations showed that changes in bilayer thickness with
changes in helix length were rather small (a 2—3 A change
in bilayer thickness for a 10 A increase in peptide length) so
that distortion of the lipid bilayer alone is not sufficient to
achieve hydrophobic matching. It could be that the presence
of a pair of Trp residues at each end of the helix allowed
efficient matching by rotation of the Trp residues relative to
the helix axis. Further, both the experimental data and the
simulations were performed at relatively high concentra-
tions of peptide (peptide/lipid molar ratio of about 1:20 to
1:40) and it is possible that steric interactions between the
peptides prevent extensive tilting at high concentrations.
Interactions between helices with the formation of dimers or
higher aggregates are also possible at high peptide concen-
trations (see Section 6).

Further evidence favouring models of hydrophobic
matching by distortion of the lipid bilayer comes from
studies of the effects of peptides and proteins on bilayer
phase transition temperatures. For example, although bac-
teriorhodopsin has relatively little effect on the phase
transition temperatures of di(C14:0)PC or di(C16:0)PC
[140], it increases the transition temperature of di(C12:0)PC
and slightly decreases that of di(C18:0)PC [141]. This is
largely consistent with hydrophobic matching models; since
di(C12:0)PC gives a too thin bilayer in the liquid crystalline
phase to match the bacteriorhodopsin molecule, the pres-
ence of bacteriorhodopsin will favour the thicker gel phase,
whereas di(C18:0)PC gives a too thick bilayer in the gel
phase so that the presence of bacteriorhodopsin will favour
the thinner liquid crystalline phase. The small effect of
bacteriorhodopsin on the phase transition temperature of
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di(C16:0)PC suggests that the hydrophobic thickness of
bacteriorhodopsin should be close to the average of the
hydrophobic thickness of a bilayer of di(C16:0)PC in the
liquid crystalline phase and gel phase, which is about 30 A.
In fact, the hydrophobic thickness of bacteriorhodopsin is
closer to 35 A, which would match the average hydrophobic
thickness of a bilayer of di(C18:0)PC (34 A). Similar effects
on phase transition temperatures have been observed with
melibiose permease (MelB) [142]. The presence of MelB
leads to an increase in transition temperature for phospha-
tidylcholines with chain lengths less than C12 and a
decrease in transition temperature for chain lengths greater
than about C18, suggesting a hydrophobic thickness of the
protein of about 31 A to match the average hydrophobic
thickness of a bilayer of di(C16:0)PC [142]. Effects of
peptides of the type KKGL,WLoKKA on the phase tran-
sition properties of bilayers of phosphatidylcholine are also
consistent with the expectations of hydrophobic matching
[143,144] although effects of the peptides on the phase
transition properties of phosphatidylethanolamines are not
[145] and effects of peptides of the K,(LA),K, and
W,(LA), W, types on bilayers of phosphatidylcholines or
phosphatidylethanolamines also do not fit the expectations
of hydrophobic matching [144,146—148].

Of course, if the presence of peptides and proteins had
major effects on the thickness of the surrounding lipid
bilayer, these changes should be readily detectable. In fact,

measurements of the effects of transmembrane a-helices on
lipid bilayer thickness suggest that any changes in bilayer
thickness are generally very small. Although long helices
increase lipid order and so thicken a lipid bilayer, and short
helices decrease order, and so thin a lipid bilayer, as
expected for hydrophobic matching [144], estimates of the
actual changes in bilayer thickness based on deuterium
NMR measurements suggest that the changes in thickness
are very small [149—152]. It appears that lipids will distort
slightly to improve the match between the hydrophobic
length of the peptide and the hydrophobic thickness of the
bilayer, but that the extent of these changes is very limited
and much less than required to produce full hydrophobic
matching. Significant changes in transmembrane «-helices
can therefore be expected where there is a large hydrophobic
mismatch between the protein and the lipid bilayer.
Examples where some distortion of the lipid bilayer is
likely are provided by bacteriorhodopsin, rhodopsin, and the
potassium channel KcsA. The locations of the glycerol
backbones of the lipids around bacteriorhodopsin (Fig. 4;
Table 1) suggest a hydrophobic thickness for the lipid bilayer
of about 35 A, similar to the hydrophobic thickness of a
bilayer of di(C22:1)PC. However, the chain lengths of the
lipids in the purple membrane are normally only C16 (see
Fig. 3). The hydrophobic thickness of a bilayer of lipids
containing phytanyl chains appears not to have been deter-
mined, but, even ifit is slightly thicker than a bilayer of a lipid

Fig. 29. Superposition of five configurations of lipid molecules around melittin bound to the surface of a bilayer of di(C14:0)PC in the liquid crystalline phase.

The configurations are taken at times 100 ps apart. Modified from Ref. [135].
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containing normal, unbranched fatty acyl chains, it is likely
that the presence of bacteriorhodopsin results in an increase
in thickness for the surrounding lipid bilayer. Thickening of a
lipid bilayer requires the fatty acyl chains in the bilayer to be
stretched, but the energy required to stretch the chains could
be offset by increased van der Waals contacts with the protein
surface, if straighter chains give better packing with the
surface than disordered chains (Fig. 5). A similar effect is
seen with rhodopsin. The retinal rod membrane contains
lipids enriched in the polyunsaturated C22:6 chain (see
Section 8.2). The effective chain length for a palmitoyl chain
at the sn-1 position in a phosphatidylcholine with C22:6 at
the sn-2 position is 13.8 A at 37 °C [127]. Assuming that
there is no extensive chain interdigitation in the liquid
crystalline phase, this defines the hydrocarbon thickness of
a bilayer of (C16:0, C22:6)PC as about 27.6 A, significantly
less than the estimated hydrophobic thickness for rhodopsin.
Thus, as for bacteriorhodopsin, the presence of rhodopsin is
likely to lead to an increase in thickness for the lipid bilayer
around the protein molecule. Finally, the hydrophobic thick-
ness of the potassium channel KcsA is about 37 A (Fig. 7),
again thicker than the expected hydrophobic thickness for the
lipid bilayer surrounding it in the bacterial inner membrane.
In agreement with the estimated hydrophobic thickness of the
protein, the phosphatidylcholine that binds most strongly to
KcsA is di(C22:1)PC, which gives a bilayer of thickness
about 34 10\, as described above. Thus, either the structure of
KcsA in the native membrane is slightly different to that
shown in the crystal structure, or the protein will be in a state
of stress in the membrane, being surrounded by phospholi-
pids with stretched fatty acyl chains.

Finally, the ways in which a lipid bilayer might accom-
modate a tilted helix are shown in the molecular dynamics
simulation of melittin modelled in a surface-bound form and
illustrated in Fig. 29 [135]. The simulation shows that two
different lipid molecules in the membrane (molecules 1 and
2 in Fig. 29) respond very differently to the presence of the
melittin molecule. The simulation shows the melittin mol-
ecule inserted into only half of the bilayer, making a steep
angle with the bilayer surface so that the effective trans-
membrane length of the melittin molecule is small. As a
consequence, the outer leaflet of the bilayer has to thin to
match the melittin molecule. Lipid 1 in Fig. 29 thins by
splaying, occupying a greater area in the membrane surface.
Lipid 2 in Fig. 29 thins by tilting its chain to match the tilt of
the melittin molecule.

6. Effects of lipid structure on helix—helix interactions

An analysis of helix packing in membrane proteins
shows that the most common packing angle between adja-
cent helices is close to 20°, giving a nearly parallel packing
of the helices, thus maximising the area of the interface
between the helices [153]. Packing is similar to that in
coiled-coil proteins where helix—helix interactions are

mediated by heptad repeats in which residues at the a and
d positions of the repeat pack tightly as ‘knobs into holes’ at
the helix—helix interface [81,154]. Oligomerisation of solu-
ble coiled-coil proteins is driven by packing of hydrophobic
residues at the interface, but hydrophobic interactions can-
not be important in packing of transmembrane «-helices
since hydrophobic interactions are already accounted for in
insertion of the helices into the lipid bilayer. The free energy
of association of two transmembrane a-helices in a lipid
bilayer, AG,, can be written as

AG, = AGyy + n/2AGLL — nAGHL (5)

where AGyyy, AGr . and AGyy;, are the free energies of helix—
helix, lipid—lipid and helix—lipid interactions, respectively,
and it is assumed that formation of a helix—helix pair
displaces n lipids from around the two helices [133,155].
Dimerisation of the helices could be driven by a favourable
value for AGyy, arising, for example, from salt bridge or
hydrogen bonding interactions between the two helices.
Good packing at the helix—helix interface with strong van
der Waals interactions could also contribute to a favourable
value for AGyy. Weak interactions between the polar head-
groups of the lipids and the helices and poor packing
between the lipid fatty acyl chains and the rough surface of
the transmembrane a-helices would also drive dimerisation
since AGy, would then be unfavourable compared to AGyy
and AGyp. Any decrease in motional freedom for the lipid
fatty acyl chains due to the presence of the relatively rigid
transmembrane o-helices will lead to a decrease in chain
entropy, also leading to an unfavourable AGyy; .

The free energy of dimer formation by a pair of trans-
membrane a-helices in a lipid bilayer has been determined
by measuring the quenching of the fluorescence of a Trp-
containing helix by a dibromotyrosine-containing helix
[156]. The free energy of dimerisation of two transmem-
brane o-helices in bilayers of phosphatidylcholine was
found to increase with increasing fatty acyl chain length,
but to depend rather little on the length of the helix. In
di(C18:1)PC, the free energy of dimerisation of a Trp-
containing helix and a dibromotyrosine-containing helix
was 8.4 kJ mol~' [156]. As described by White and
Wimley [157], this can be compared to the free energy cost
of creating a void equivalent to a methyl group in the
hydrophobic core of a soluble protein, which is about 6.7
kJ mol~'. The free energy change favouring helix dimer
formation in di(C18:1)PC is therefore that expected if
helix—helix packing were more efficient than helix—lipid
packing by an amount equivalent to the volume of about one
methyl group. A comparison can also be made with the
entropy change corresponding to disordering of the lipid
fatty acyl chains at the gel to liquid crystalline phase
transition [158], which corresponds to a free energy change
of ca 2.9 kJ mol~ ' per carbon atom. The increase in free
energy for dimer formation with increasing fatty acyl chain
length is about 0.5 kJ mol~ ' per carbon atom [156]. Thus, a
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relatively small increase in chain order caused by the
presence of the peptide could make a significant contribu-
tion to the free energy for oligomerisation of transmembrane
a-helices. A chain-length dependence of the energy of
helix—helix packing could be part of the explanation for
the chain-length dependence of the activities of some
membrane proteins (Section 8.4); changes in the energies
of helix—helix interactions as a result of changing phospho-
lipid chain length could have significant effects on the
packing of the transmembrane «-helices and so affect
activity.

The physical phase of the phospholipids also has a
marked effect on oligomerisation of transmembrane o-
helices. In lipid bilayers containing domains of liquid
crystalline and gel phase lipid, transmembrane «-helices
partition preferentially into regions of liquid crystalline lipid
[105]. The result will be an increase in the local concen-
tration of transmembrane «-helices with a consequent
increase in oligomer formation, an effect observed exper-
imentally [156]. In the presence of cholesterol, domains of
liquid-ordered lipid are formed with properties intermediate
between those of the gel and liquid crystalline phases [159].
Transmembrane «-helices are not excluded from liquid-
ordered lipid [105] and helix dimerisation is stronger in
liquid-ordered lipid than in liquid crystalline lipid [156]. In
part, this follows from an increase in the effective chain
length of the phospholipid caused by cholesterol but this
does not explain the full effect of cholesterol [156]. It is
possible that the cost of formation of voids at the lipid—
protein interface in the liquid-ordered state will be higher
than in the liquid crystalline state and this could also
contribute to favourable dimerisation.

It has been suggested that the presence in a bilayer of a
phospholipid such as a phosphatidylethanolamine that pre-
fers the hexagonal Hj; phase will result in curvature frus-
tration in the bilayer, because the phosphatidylethanolamine
will make unequal contributions to the headgroup and chain
areas [160]. Curvature frustration will result in increased
surface free energy (increased surface tension) because of
increased water contact with the hydrocarbon core of the
bilayer. The increased surface tension will, in turn, result in
an increased lateral compression in the acyl chain region,
and it has been suggested that this could modulate the
function of some membrane proteins [160]. However, dimer
formation by transmembrane a-helices in di(C18:1)PC and
in a 1:1 mixture of di(C18:1)PC and di(C18:1)PE were
identical, suggesting that the presence of lipids favouring
the hexagonal Hy; phase had no significant effect on helix—
helix interactions [156].

7. Effects of lipid structure on protein—protein
interactions

One possible response of a membrane protein to unfav-
ourable interaction with lipids is to aggregate and so reduce

the surface area of the protein exposed to the lipid bilayer
[161]. The extent to which transmembrane domains of
membrane proteins can come into contact will depend, of
course, on the shape of the protein. Bacteriorhodopsin has a
rather cylindrical shape with small extramembranous
domains and bacteriorhodopsin forms trimers in the native
membrane. However, the extent to which the transmem-
brane domains of proteins with large extramembranous
domains like the Ca®’-ATPase (Fig. 22) can come into
contact will be limited. Indeed, the fact that the minimum
number of lipid molecules per protein molecule required to
maintain activity for the Ca”>"-ATPase is 30:1 [162,163],
equal to the number of annular lipids for the Ca® *-ATPase
[6], suggests that each ATPase molecule maintains its own,
independent unshared lipid annulus with little protein—
protein contact between transmembrane domains, even at
very low molar ratios of lipid/ATPase.

Further information about sharing of annular shells of
lipid comes from the structural studies of bacteriorhodopsin
discussed in Section 2.1. Since many of the lipid molecules
around the bacteriorhodopsin trimer are not resolved in the
available high-resolution structures, it is not possible to give
any definitive answer. However, in the structure determined
by Belrhali et al. [35], only one lipid molecule in the space
between trimers has one of its phytanyl chains interacting
with one trimer and its other chain interacting with a second
trimer. The situation for the other lipid molecules between
the trimers is not always clear, but in many cases, the two
trimers appear to be separated by two shells of lipid
molecules, in a protein—lipid—lipid—protein arrangement,
implying that the trimers do not share many of the lipid
molecules in their annular shells, even in the purple mem-
brane.

There have been several studies of the state of aggrega-
tion of bacteriorhodopsin in reconstituted membranes. The
state of aggregation depends on the concentration of bacter-
iorhodopsin in the membrane, the nature and length of the
fatty acyl chains and on temperature. Roughly, it can be said
that at molar ratios of bacteriorhodopsin/lipid less than
1:100, at temperatures below the phase transition temper-
ature, bacteriorhodopsin is aggregated, probably as trimers,
whereas for more dilute bacteriorhodopsin at higher temper-
atures in the liquid crystalline phase, bacteriorhodopsin is
monomeric for lipids with fatty acyl chain lengths around
C18 [141,164—166,]. Studies using electron microscopy
have shown that bacteriorhodopsin aggregates in bilayers
when there is a large hydrophobic mismatch [164]. Thus,
bacteriorhodopsin is monomeric when reconstituted into
bilayers of phosphatidylcholines in the liquid crystalline
phase over the chain length range C12—C22 but is aggre-
gated in bilayers of di(C10:0)PC or di(C24:1)PC [164].

Most of the interface between bacteriorhodopsin mono-
mers in the trimer in the purple membrane is located within
the hydrocarbon core of the bilayer, involving contact
between helix B in one monomer and helices D and E in
the adjacent monomer (Fig. 30). Residues involved in these
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Fig. 30. The structure of a bacteriorhodopsin trimer with associated lipid
molecules. The view is from the extracellular face of the membrane. (PDB
file 1QHJ).

helical contacts are nonpolar and contact is driven by van
der Waals interactions. Since STGA is bound tightly and
specifically to bacteriorhodopsin in the centre of the trimer,
interacting with two bacteriorhodopsin molecules (Fig. 6), it
is likely that STGA is important for lattice assembly. Also
important is a lipid molecule on the cytoplasmic face of the
membrane, located between bacteriorhodopsin monomers in
the trimer (Fig. 30). This molecule appears in all the high-
resolution structures [35,41,42], suggesting both that the
lipid is highly ordered and that it is essential for formation
of the bacteriorhodopsin trimer. Bacteriorhodopsin recon-
stituted into di(C14:0)PC only forms 2D hexagonal arrays
of trimers in the presence of the highly negatively charged
lipids phosphatidylglycerophosphate or phosphatidylglycer-
osulfate, suggesting a special role for these phospholipids
[167]. This could reflect a requirement for negative charge
to reduce electrostatic repulsions between positively
charged residues on the bacteriorhodopsin molecules. Unex-
pectedly, STGA is not required for lattice assembly,
although the lattice formed by bacteriorhodopsin in recon-
stituted systems is different to the native lattice, possibly
suggesting the formation of a different form of the trimer
[167].

8. Effects of lipid structure on membrane protein
function
8.1. The gel to liquid crystalline phase transition

The transition from the liquid crystalline to the gel

phase results in a very marked change in the physical
properties of a lipid bilayer. This transition might, there-

fore, be expected to have a significant effect on the activity
of a membrane protein embedded in a lipid bilayer. An
example is provided by the experiments with Ca® “-ATPase
reconstituted into bilayers of defined composition illus-
trated in Fig. 31. The phase transition temperature for
di(C18:1)PC is —21 °C and the Ca” -ATPase in bilayers
of di(C18:1)PC is active over the whole temperature range
from 10 to 45 °C shown in Fig. 31 [163,168]. However,
di(C14:0)PC transforms from the liquid crystalline to the
gel phase at 24 °C and the Ca® -ATPase in di(C14:0)PC
has no activity below 24 °C (Fig. 31). Although the phase
transition temperature for di(C16:0)PC is 42 °C, the Ca® -
ATPase in di(C16:0)PC has appreciable activity down to
about 30 °C; no breaks in ATPase activity are seen at 42
°C (Fig. 31). Changes in ESR spectra of spin labelled
lipids in the di(C16:0)PC/Ca” "-ATPase system suggest an
increase in motion for the annular lipids starting at about
30 °C [168] and the rate of rotation of the Ca® *-ATPase in
di(C16:0)PC also increases markedly at temperatures
above 30 °C [169]. Thus, the activity of the Ca® *-ATPase
is controlled by the effects of the lipids in its immediate
vicinity (the annular lipids) and, in di(C16:0)PC, these
undergo a broad change from a rigid, gel-like to a fluid,
liquid crystalline-like state at a temperature starting at
about 30 °C [168]. A broad phase transition for the
annular lipids is consistent with the observation that the
enthalpy of the sharp phase transition characteristic of bulk
phase lipid decreases in magnitude in bilayers of
di(C14:0)PC or di(C16:0)PC with increasing content of
Ca®*-ATPase and disappears totally at about a molar ratio
of ATPase/lipid of 1:40 [170] close to the number of lipids
required to form a complete annular shell around the
ATPase (30; Section 1).

The low activity observed for the Ca”>"-ATPase in gel
phase lipid is not due to any aggregation of the Ca®"-
ATPase since low activities are also seen for the Ca®’-
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Fig. 31. Effects of temperature on the ATPase activity of the Ca® *-ATPase
of skeletal muscle sarcoplasmic reticulum. Activities are shown for the
ATPase reconstituted into bilayers of; (O) di(C18:1)PC; (O) di(C14:0)PC;
(V) di(C16:0)PC. Data from Ref. [163].
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ATPase reconstituted at high dilution into sealed vesicles
where the number of ATPase molecules per vesicle is close
to one, so that aggregation is not possible [171]. Thus, the
effects of gel phase lipid follow directly from effects of the
gel phase on the conformational state of the Ca” "-ATPase.
The reasons why the activity of the Ca> “-ATPase is low in
gel phase lipid have been studied in detail [172]. Surpris-
ingly, the transition from liquid crystalline to gel phase had
no effect on Ca®>" binding to the ATPase, even though the
Ca®>”" binding sites on the ATPase are located within the
transmembrane region of the ATPase [172]. The slow rate of
hydrolysis of ATP by the ATPase in gel phase lipid in fact
follows from a very slow rate of formation of the phos-
phorylated intermediate [172].

Not all membrane proteins show low activities in gel
phase lipid and it is necessary to consider the increase in
bilayer thickness that occurs on transition into the gel phase;
if the bilayer thickness in the liquid crystalline phase is less
than optimum for the protein, the increase in bilayer thick-
ness that occurs on transition into the gel phase will tend to
lead to an increase in activity. For example, the activity of
the integral membrane protein diacylglycerol kinase (DGK)
of E. coli in di(C14:0)PC is comparable to that in
di(C14:1)PC at all temperatures even though the activity
in gel phase di(C16:0)PC is less than that in di(C16:1)PC at
the same temperatures [173]. Similarly, the Na" K"-ATPase
has a very low activity in di(C18:0)PC in the gel phase but
its activity in di(C14:0)PC is greater than that in
di(C14:1)PC at all temperatures [97]. Surprisingly, however,
the activity of the Na",K'-ATPase in gel phase di(C14:0)PG
is much less than that in liquid crystalline di(C14:0)PG
[174]. Conversely, the glucose transporter of red blood cells
has low activity in gel phase di(C14:0)PC but shows activity
in gel phase di(C14:0)PG [175]. The reasons for the differ-
ent activities in gel phase phosphatidylcholine and phos-
phatidylglycerol are not known.

As described above, the presence of Ca” “-ATPase modi-
fies the phase transition properties of the lipids surrounding it
in the membrane, so that in di(C16:0)PC, the lipid molecules
start to become fluid at about 30 °C, compared to 42 °C for
unperturbed di(C16:0)PC [168]. Rather similar results have
been obtained for the Na',K™-ATPase reconstituted into
bilayers of phosphatidylglycerols [174]. Breaks in activity/
temperature plots were observed at 20, 31 and 44 °C for the
ATPase reconstituted into di(C14:0)PG, di(C16:0)PG and
di(C18:0)PG, respectively; these temperatures can be com-
pared with phase transition temperatures of 22, 38 and 52
°C, respectively, for the three lipids [174]. Similarly, the
presence of melibiose permease (MelB) leads to an increase
in transition temperature for phosphatidylcholines with chain
lengths less than C12 and a decrease in transition temper-
ature for chain lengths greater than about C18 [142]. The
effects of membrane proteins on lipid phase transition
temperatures are probably related to the degree of hydro-
phobic mismatch between the protein and the lipid bilayer, as
described in Section 5.3.

8.2. The liquid crystalline to hexagonal Hy; phase transition
and curvature frustration

Most, if not all, biological membranes contain lipids
that, in isolation, prefer to adopt a hexagonal Hy phase
rather than the normal bilayer phase. The presence of
such lipids in a membrane results in curvature frustration
and it has been suggested that this could be important for
the proper function of the membrane [160]. Mixtures of
two lipids, one preferring the bilayer phase and one the
hexagonal Hy phase, adopt a bilayer phase if the mixture
contains more than about 20 mol% of the bilayer-prefer-
ring lipid [176]. The presence of intrinsic membrane
proteins also has a strong tendency to force a bilayer
phase on phospholipids [177,178]. Thus, it is presumed
that the lipid molecules surrounding an intrinsic mem-
brane protein will be in a bilayer phase, even when the
lipid molecules would, in isolation, adopt a hexagonal Hy;
phase.

The effects of lipid molecules favouring nonbilayer
phases on the activities of membrane proteins have been
tested in a few cases. For the Ca” -ATPase of sarcoplas-
mic reticulum and for E. coli diacyl glycerol kinase, the
presence of phosphatidylethanolamine, a lipid favouring
the hexagonal Hj phase, leads to decreased activity
[103,173]. However, for rhodopsin, the presence of a
lipid favouring the hexagonal Hy phase is required for
proper function. The retinal rod membrane is unusual in
containing a very high content of polyunsaturated fatty
acids, a property shared with membranes of other neuro-
nal cells [179]. The relative amounts of the two major
intermediates of the rhodopsin photocycle, metarhodopsin
I (MI) and metarhodopsin II (MII), depend on lipid
structure [179]. Small amounts of MII are formed when
rhodopsin is reconstituted with egg phosphatidylcholine,
but the amounts are much less than those formed in the
native membrane. Increasing the chain length and unsatu-
ration of the phosphatidylcholine to di(C22:6)PC results
in a very significant increase in the amount of MII
formed [180]. However, the highest level of MII is seen
when rhodopsin is reconstituted into mixtures of phos-
phatidylcholine and phosphatidylethanolamine containing
C22:6n3 chains [181]. It does not matter which lipid
carries the C22:6n3 chains. High levels of MII are seen in
mixtures of di(C22:6)PE and egg phosphatidylcholine, or
in mixtures of di(C22:6)PC, egg phosphatidylethanol-
amine and egg phosphatidylserine [181]. Further, MI/
MII ratios equal to those in the native membrane are
seen in mixtures of di(C18:1)PC and di(C18:1)PE when
the di(C18:1)PE content is increased from the value of
about 40% characteristic of the native membrane, to about
75% [179,181,182]. These results strongly suggest that
the MI/MII ratio is sensitive to some physical property of
the whole bilayer rather than to specific binding of a
small number of phospholipid molecules to a few special
sites on rhodopsin.
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In the retinal rod membrane at near physiological temper-
atures, MI and MII are in a pH-dependent equilibrium

MI + nH"SMII

The low proportion of MII found in egg phosphatidylcho-
line at pH 7 is due to a shift in the pK describing the
equilibrium, from a value of 7.8 in the native membrane to
6.3 for the reconstituted system [181]. The basis for this
shift in pK is not known. Since the largest effects on the MI/
MII equilibrium are seen for a combination of the small
phosphatidylethanolamine headgroup with the bulky
C22:6n3 chains, which are likely to favour hexagonal phase
formation, it has been suggested that interfacial curvature
free energy could be involved [181,182]. It has been
suggested that MII has a greater hydrophobic thickness than
MI and that the lipid bilayer has to thin to match the
hydrophobic thickness of MI and to thicken to match MII
[182]. The presence of a phospholipid such as phosphati-
dylethanolamine with a negative monolayer curvature (cur-
vature towards the aqueous phase) will favour a thickening
of the lipid around the protein since this corresponds to a
negative curvature, and so will favour MII [182]. However,
there are other possible explanations for the effects of
phosphatidylethanolamines. It could be that changes in
hydration at the lipid—water interface are important since
the cross-sectional areas for lipids containing polyunsatu-
rated chains are larger than those with saturated chains
[183], resulting in changes in packing and hydration at the
lipid—water interface. The MI-MII transition has been
shown from studies of the effects of solvent to result in
changes in hydration [184].

The level of cholesterol in the retinal rod membrane has
also been shown to affect the MI/MII ratio for rhodopsin,
low levels of cholesterol leading to high levels of MII [185].
It was suggested that the effect followed not from specific
binding of cholesterol to thodopsin but from an effect on the
packing free volume in the bilayer, determined from meas-
urements of the fluorescence polarisation of the probe
diphenylhexatriene [185]. Voids or pockets of ‘free volume’
are present within a bilayer because of the low order of the
fatty acyl chains and their low packing density and
increased free volume in a bilayer was suggested to favour
any conformational change in a protein leading to increased
volume for the protein [185]. Packing free volume in the
bilayer was also suggested to be important in determining
the effects of phospholipid structure on the MI/MII ratio, an
idea discussed in detail in Ref. [179]. The importance of
curvature frustration for the function of rhodopsin is there-
fore still uncertain.

Phospholipid composition also has significant effects on
the interaction between MII and the G-protein transducin
[186,187]. The association constant between MII and trans-
ducin is higher in bilayers of di(C18:0,C22:6)PC than in
bilayers of (C18:0,C18:1)PC, and is lower in the presence of
cholesterol [187]. The changes in association constant with

changing chain unsaturation presumably indicate a change
in conformation for MII affecting the loops that interact with
transducin. The rate of complex formation is also higher in
the presence of polyunsaturated phosphatidylcholines [186].
It has been estimated that during normal physiological
function, only about 1 rhodopsin out of every 100,000 is
photoisomerised and active at any one time, so that the
distance between MII molecules is about 1000 nm. The rate
of complex formation between MII and transducin in the
eye is therefore governed by the rate at which transducin can
diffuse in the membrane surface and find a MII molecule
[188]. Increased chain unsaturation leads to increased
bilayer free volume because of more disordered chain
packing [189], which could lead to increased rates of lateral
diffusion.

8.3. Effects of lipid fluidity in the liquid crystalline phase

The early membrane literature contains many sugges-
tions that the exact fluidity of the lipid bilayer component of
a membrane is an important factor determining the activities
of membrane proteins. This idea is now considerably less
popular than it was and, in some cases, can be shown to be
incorrect. Changes in fluidity cannot be the determining
factor when a change is observed in an equilibrium property
of a membrane protein such as a change in binding constant
for a substrate or a change in the equilibrium constant
describing some change on the protein; a change in lipid
fluidity (a dynamic property of the system) cannot result in a
change in an equilibrium property of a system [190].

8.4. Effects of bilayer thickness

Bilayer thickness has a large effect on the activities of
many membrane proteins. Effects of bilayer thickness on the
activity of the Ca’’-ATPase are shown in Fig. 32. The
activity of the Ca> "-ATPase is highest when the ATPase is
reconstituted into bilayers of di(C18:1)PC; activities are low
in bilayers with shorter or longer fatty acyl chains so that
fatty acyl chain length, and thus bilayer thickness, is
important for function [78,88,90,163,191,192]. It is notice-
able that activities vary little in the chain length range C16
to C20, which is the range of fatty acyl chain lengths, found
in the native SR membrane [193]. The effects of bilayer
thickness on the function of the Ca® *-ATPase are complex,
many of the steps in the reaction sequence being affected
[104]. The changes in activity do not follow from any
changes in aggregation state for the ATPase in the mem-
brane since low ATPase activities are observed in short- or
long-chain phospholipids when the ATPase is reconstituted
into sealed vesicles containing isolated, single ATPase
molecules, where aggregation is not possible [171].

Two other points can be made about the effects of fatty
acyl chain length on the activity of the Ca® "-ATPase. The
first is that effects of chain length are highly cooperative, as
shown by the data in Fig. 33A. This suggests that the
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Fig. 32. Effects of phosphatidylcholine fatty acyl chain length on the Ca® *-
ATPase. The ATPase was reconstituted with phosphatidylcholines contain-
ing mono-unsaturated fatty acyl chains of the given length, all being in the
liquid crystalline phase at 25 °C, the temperature of the experiment. The
curve shows ATPase activity as a function of chain length. The hatched bars
show the maximal level of phosphorylation of the ATPase (nmol [EP]/mg
protein) by ATP in the presence of 1 mM Ca” ", and the open bars show the
level of Ca®* bound (nmol/mg protein). Data from Ref. [104].

changes in conformation underlying the changes in stoichi-
ometry of Ca® " binding and ATPase activity follow from a
cooperative effect of all the phospholipid molecules that
surround the ATPase in the membrane (about 30); this point
is discussed further below. The second point to be made is
that although the effects of fatty acyl chain length presum-
ably follow from changes in bilayer thickness, the bilayer
thickness experienced by the Ca®*-ATPase is not given
simply by the average fatty acyl chain length in the
membrane. For example, in a mixture of di(C14:1)PC and
di(C24:1)PC of the appropriate composition the Ca”*-
ATPase binds two Ca®” ions, compared to one in either
di(C14:1)PC or di(C24:1)PC alone, and the ATPase activity
is also higher, showing that a suitable combination of short-
and long-chain phospholipids can produce a membrane
equivalent in its properties to that produced by di(C18:1)PC,
the phospholipid of optimal structure (Fig. 33B). However,
studies with the Ca® *-ATPase in single phospholipids (Fig.
32) show that chain lengths between C16 and C22 are
compatible with a Ca® " binding stoichiometry of 2:1, but
average chain lengths in this range obtained with mixtures
of di(C14:1)PC and di(C24:1)PC show a binding stoichi-

ometry of 1:1 (Fig. 33B). Thus, the average chain length of
the phospholipids in the bilayer does not give the bilayer
thickness experienced by the ATPase.

The marked effects of bilayer thickness on ATPase
activity indicate distinct changes in the conformation of
the ATPase, which will have an associated energetic cost.
These energetic costs would be expected to be reflected in
different binding constants for phospholipids of different
chain lengths. However, as described above, phospholipid
binding constants for the Ca”*-ATPase depend little on
chain length (Fig. 28). The explanation is probably that a
difference in the free energy of binding of a fraction of a kJ
mol~ ! for any one phospholipid molecule (which would not
result in any detectable change in lipid binding constant)
will become significant when summed over the 30 phos-
pholipids that surround the ATPase in the membrane [6].
Thus, effects of chain length on the function of the Ca®*-
ATPase are highly cooperative, as described above.
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Fig. 33. Effects of mixtures of two phospholipids of different chain lengths
on Ca” " binding and activity of the Ca> -ATPase. In (A), the Ca® -ATPase
was reconstituted with mixtures of di(C14:1)PC and di(C18:1)PC
containing the given mole fraction of di(C18:1)PC. The bars show the
level of Ca®* binding (nmol Ca*> " bound/mg protein). Also shown are the
ATPase activities (O) measured at 25 °C. In (B), the Ca® *-ATPase was
reconstituted with mixtures of di(C14:1)PC and di(C24:1)PC containing the
given mole fraction of di(C14:1)PC. The bars show the level of Ca®"
binding (nmol Ca”>* bound/mg protein). Also shown are the ATPase
activities (O) measured at 25 °C. Data from Ref. [104].
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The chain length dependence of the activity of the
plasma membrane Na',K'-ATPase is slightly different to
that of the Ca® "-ATPase, with an optimum chain length of
C22 in the absence of cholesterol but C18 in the presence of
cholesterol [97]. The effect of cholesterol on the chain
length optimum for ATPase activity is consistent with the
bilayer-thickening effect of cholesterol [151]. However, the
activity of the Na",K"-ATPase in di(C18:1)PC in the pres-
ence of cholesterol is very considerably greater than that in
di(C22:1)PC in the absence of cholesterol, suggesting that
cholesterol has effects on the Na",K*-ATPase additional to
effects following from changing the thickness of the bilayer,
possibly following from binding to non-annular sites (Sec-
tion 4). The activity of DGK of E. coli, an intrinsic
membrane protein with three transmembrane a-helices, is
also dependent on bilayer thickness, with highest activity in
di(C18:1)PC and lower activity in bilayers with shorter or
longer fatty acyl chains [194]. Addition of 50 mol%
cholesterol to DGK in di(C14:1)PC roughly doubled activ-
ity whereas addition of cholesterol to DGK in di(C18:1)PC
or di(C24:1)PC caused a slight decrease in activity. It has
been estimated from NMR order parameter data that, in the
liquid crystalline phase, the effective length of the fatty acyl
chains of di(C14:0)PC and di(C18:0)PC increase by 2.1—
2.5 A on incorporation of 50 mol% cholesterol [195]. The
effect of 50 mol% cholesterol is therefore to increase the
effective chain length by the equivalent of about 1 to 1.5
carbons. This is consistent with the observed increase in
activity seen on addition of cholesterol to DGK in
di(C14:1)PC and with the observed decreases in activity
seen with longer-chain phospholipids [194].

Activities of a number of other membrane proteins have
also been shown to be dependent on bilayer thickness,
including rhodopsin [196—198], the glucose transporter
from red blood cells [199,200], and cytochrome oxidase
[201].

8.5. Effects of lipid headgroup structure

When considering the effects of lipid headgroup structure
on the activity of a membrane protein, it is obviously
necessary to distinguish between effects following from
binding at the bulk annular sites and those that might arise
from binding to a small number of ‘special’ (non-annular)
sites, which may show specificity for a particular headgroup
structure. A number of structures were discussed in Section
2 that show phospholipid molecules bound at specific sites
on a membrane protein. In some cases, the lipid headgroup
is well resolved, showing that the headgroup is immobilised
on the surface of the protein, probably due to strong binding
to the protein. However, this is not always the case. For
example, in KcsA, there is strong biochemical evidence for
a tightly bound phosphatidylglycerol molecule, but,
although a lipid molecule is resolved in the crystal structure
(Fig. 7), only the fatty acyl chains and glycerol backbone are
well resolved, not the headgroup [48].

The bulk of the lipids in a biological membrane are
generally zwitterionic, the anionic lipids making up just 10—
20 mol% of the total lipid. A membrane protein is therefore
likely to show high activity when reconstituted into bilayers
of zwitterionic lipid. For example, the activities of Ca®*-
ATPase and DGK are high in bilayers of di(C18:1)PC but
low in bilayers of dioleoylphosphatidylserine or dioleoyl-
phosphatidic acid [104,173]. Amongst the zwitterionic lip-
ids, the relative effects of phosphatidylcholine and
phosphatidylethanolamine appear to be different for differ-
ent membrane proteins, complicated by the preference of
phosphatidylethanolamines for the hexagonal Hy; phase, as
described in Section 8.2. Thus, the activity of the Ca®*-
ATPase in bilayers of di(C18:1)PE at temperatures that
favour the bilayer phase is the same as that in di(C18:1)PC,
so that the structure of the zwitterionic headgroup is not
important for function, but activities are lower in phospha-
tidylethanolamines than in phosphatidylcholines at temper-
atures that favour the hexagonal Hj structure for the
phosphatidylethanolamine [104]. However, for rhodopsin,
as described in Section 8.2, the presence of phosphatidyle-
thanolamine is required to achieve a ratio of M1/MII
comparable to that in the native membrane [182].

Although activities of membrane proteins reconstituted
into bilayers of pure anionic phospholipids generally seem
to be low, the presence of anionic phospholipids in mixtures
with a zwitterionic phospholipid often leads to high activity.
In some systems, there is strong evidence for a special role
for particular lipid species, usually an anionic phospholipid,
the best example probably being a requirement for cardio-
lipin in a variety of bioenergetic systems, including NADH
dehydrogenase, cytochrome bcy, ATP synthase, cytochrome
oxidase, and the ADP/ATP carrier [202,203]. Bovine heart
cytochrome oxidase copurifies with cardiolipin; in experi-
ments in which preparations of cytochrome oxidase were
treated with detergents, it was found that about 40 phos-
pholipid molecules were ‘loosely’ associated with each
cytochrome oxidase molecule (i.e., easily removed with
detergent), between 6 and 8 were more tightly bound, and
2 to 3 molecules of lipid were tightly bound and very
difficult to remove; these tightly bound molecules were
found to be cardiolipin [204]. Robinson et al. [106] found
that two molecules of cardiolipin bound with high affinity to
cardiolipin-depleted samples of cytochrome oxidase, with
weaker binding of a further two or three molecules. The
strength of binding was found to depend on the number of
fatty acyl chains; monolysocardiolipin, lacking one fatty
acyl chain, bound about 3-10-fold less strongly than
cardiolipin, and dilysocardiolipin, lacking two fatty acyl
chains, bound about 30—100-fold less strongly than cardi-
olipin [106].

There is still some confusion about the functional impor-
tance of these tightly bound cardiolipin molecules. Initial
studies suggested that removal of cardiolipin led to total loss
of activity, but, given the rather harsh procedures necessary
for this removal, loss of activity is probably not surprising.
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A milder procedure to remove the cardiolipin is to exchange
it out by detergent-mediated exchange with di(C14:0)PC;
under these conditions, cytochrome oxidase remains active,
although the level of activity is somewhat less than in the
presence of cardiolipin [205—207]. This decrease in activity
could, however, have been a result of the presence of the
short-chain di(C14:0)PC [201]. Also arguing against an
absolute requirement for cardiolipin is the observation that
cytochrome oxidase prepared from dogfish contains no
cardiolipin but shows normal activity [208] although the
activity of cytochrome oxidase is reduced in mitochondria
of yeast unable to synthesise cardiolipin [202]. In experi-
ments in which cardiolipin was removed by treatment with
phospholipase A,, it was found that complete removal of
cardiolipin lead to dissociation of subunits Via and Vib from
the enzyme [209]. Thus cardiolipin probably enhances the
activity of cytochrome oxidase whilst not being an absolute
requirement for activity. In cytochrome bc; (Section 2.4), it
has been suggested that cardiolipin could be part of a proton
‘wire” conducting protons from the aqueous phase to the site
of quinone reduction [60]. However, the mitochondrial
ADP/ATP carrier shows an absolute dependence on the
presence of cardiolipin for activity [210]. Cardiolipin is
tightly bound to the carrier, as shown by detergent extrac-
tion studies, and is in slow exchange on the NMR time
scale, in contrast to phosphatidylcholine and phosphatidy-
lethanolamine, which are in rapid exchange [211].

The presence of phosphatidylserine in the bilayer
increases the level of the MII intermediate for rhodopsin
[212]; the presence of a negatively charged lipid will
increase the concentration of H' close to the membrane
surface and so could affect the level of MII through an effect
on the pH-dependent equilibrium with MI. It has also been
suggested that rhodopsin interacts specifically with a single
phosphatidylserine molecule in the outer leaflet of the lipid
bilayer and that this molecule is released when rhodopsin is
activated [213].

The presence of anionic lipid is essential for the proper
function of the AChR [91,92], for opening of the potassium
channel KcsA [48,214] and for the function of a variety of
other ion channels [215-218]. Although the presence of
high concentrations of anionic phospholipids lead to low
ATPase activities for the Ca®> *-ATPase, as described above,
the presence of low concentrations of anionic phospholipids
results in increased levels of accumulation of Ca? * an effect
attributed to a reduction in the rate of slippage on the Ca®*-
ATPase [219]. It is not known whether this effect follows
from binding of anionic phospholipid molecules to a small
number of specific sites on the Ca” -ATPase or from a
nonspecific effect following from occupancy of a proportion
of the annular sites by anionic phospholipid. The phosphoi-
nositides PtdIns(4)P and PtdIns(4,5)P, have been shown to
bind tightly to band 3 [220] and glycophorin [221] in red
blood cells, the interaction with glycophorin modulating the
interaction with the protein 4.1 family of skeletal proteins
[221].

9. Summary

Many of the questions posed at the start of this review
can now be answered. Do lipid molecules form a distinct
shell around a membrane protein? ESR studies show the
presence of a shell or annulus of ‘immobilised’ lipids
surrounding a protein in a membrane (Section 1). The
concept of a lipid annulus is supported by a number of
high-resolution structures that include lipid molecules, par-
ticularly that of bacteriorhodopsin (Figs. 4 and 5). The
annular shell of lipid around a membrane protein is equiv-
alent to the solvent layer around a water-soluble protein.
The lipid bilayer appears to extend right up to the membrane
protein, with a uniform thickness for the bilayer right around
the protein (Section 2.1). There is very little sharing of
annular shells between membrane proteins, even for bacter-
iorhodopsin in the purple membrane where the molar ratio
of lipid to protein is relatively low (Section 2.1). For
proteins with large extramembranous domains, sharing of
annular shells will also be limited by steric clashes between
the extramembranous domains.

Does the presence of an intrinsic membrane protein
affect the properties of all the lipids in the membrane or
just those in the immediate vicinity of the protein? ESR and
simulation studies suggest that the effects of membrane
proteins on the properties of the surrounding lipid bilayer
are largely confined to the annular shell and do not extend
further to affect more distant lipid molecules (Section 1).

If there is a distinct shell of lipid molecules around a
membrane protein, what are the properties of the lipid
molecules in the shell? The surface of the transmembrane
domain of a membrane protein is molecularly rough, with
many shallow grooves and protrusions to which the fatty
acyl chains of the surrounding lipids must conform if
packing of the protein into the lipid bilayer is to be tight,
maintaining the membrane as a permeability barrier. This is
clear in a number of high-resolution structures of membrane
proteins that include lipid molecules, particularly that of
bacteriorhodopsin (Figs. 4 and 5). Good van der Waals
contact between a membrane protein and the surrounding
lipids will lead to both a distortion of the lipid fatty acyl
chains and to a decrease in the rate of trans—gauche
isomerisation in the chains, consistent with ESR studies
(Section 1). The effect of a membrane protein on the
thickness of the surrounding lipid bilayer appears to be very
limited (Section 5.3) although the thickness of the lipid
annulus around bacteriorhodopsin is greater than expected
from the chain length of the lipids (Section 2.1). Molecular
dynamics simulations show that the energy of interaction of
a particular lipid molecule with a membrane protein fluc-
tuates over a wide range with time; the total interaction
energy between a lipid and a protein molecule represents the
sum of many weak van der Waals and electrostatic inter-
actions and there is no single deep energy well into which
the phospholipid falls to give a single favoured conforma-
tion (Section 1). Lipid molecules are not frozen in a single
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long-lived conformation on the protein surface [8]. A
particular lipid molecule remains in the annular shell around
a protein for only a short period of time, typically about 1—
2 x 107 s~ ' at 30 °C [1]. However, this does not, of course,
mean that the properties (chemical and physical) of the
annular lipids are unimportant for the function of a mem-
brane protein; rapid exchange of the lipids between the
annulus and the bulk lipid bilayer can average the environ-
ment sensed by the lipid but will not average the environ-
ment sensed by the protein; the environment sensed by the
protein (the annular lipid) is the same, however fast the
lipids exchange.

If there is a distinct shell of lipid molecules around a
membrane protein, how does the composition of the annular
shell compare with the bulk composition of the membrane?
Binding to the annulus shows relatively little structural
specificity although the presence of a charged or polar
headgroup is required, to provide good localisation of the
molecule at the lipid—water interface and to interact with
charged residues on the protein flanking the transmembrane
region (Section 5.1). Partition between the bulk lipid phase
and the annular shell shows only a small dependence on
fatty acyl chain length (Section 5.3) despite the large effect
of bilayer thickness on activity (Section 8.4). Thus, the
composition of the annular shell of lipids will be similar to
that of the bulk lipid bilayer.

Do all lipid molecules interact with a protein in the same
way, or are some lipid molecules more tightly bound than
others, acting more like cofactors for a protein than as a
simple ‘solvent’? There is strong evidence for the presence
of tightly bound lipid molecules on membrane proteins,
distinct from the ‘solvent’ or annular lipids. Studies with the
Ca® "-ATPase of sarcoplasmic reticulum suggested that
cholesterol and other hydrophobic molecules could bind to
sites on the transmembrane domain of the ATPase from
which phospholipids were excluded. These sites were
referred to as non-annular sites and were suggested to be
located between transmembrane «-helices [10,12]. Since
many of the lipid molecules observed in high-resolution
structures of membrane proteins are bound in clefts between
transmembrane a-helices (Section 2), it is useful to extend
the term ‘non-annular sites’ to include all sites located in
deep clefts between transmembrane «-helices, including
sites showing specific binding of phospholipids and sites
showing specific binding of other hydrophobic molecules.
Using this definition, the majority of the lipid molecules
observed in X-ray crystal structures will correspond to lipids
at non-annular rather than at annular sites. Since the lipid
molecules observed in high-resolution structures have been
retained after detergent treatment of the proteins, the lipid
molecules are likely to be tightly bound to the protein. In
some cases, lipid headgroups are well resolved in the crystal
structures, implying immobilisation of the headgroup on the
protein surface; in other cases, the lipid headgroups are not
resolved, suggesting a looser interaction between the head-
group and the protein surface. Tight binding of these lipids

also involves a significant hydrophobic contribution from
binding of the lipid fatty acyl chains to hydrophobic grooves
on the surface of the protein. Although it has not yet been
demonstrated experimentally, it is likely that exchange of
lipid molecules between the non-annular sites and the bulk
lipid bilayer will be relatively slow, and it is likely that
binding at the non-annular sites will show much more
specificity than binding to the annular sites. The simple fact
of binding in a groove will, in itself, be likely to lead to a
decrease in both the on and off rates of lipid binding, since
steric factors will reduce the number of angles from which a
lipid molecule can enter or leave the site. The non-annular
sites appear generally to be an extension of the surrounding
lipid bilayer. That is, lipid molecules will be able to enter the
clefts between transmembrane a-helices by simple diffusion
from the annular lipid shell. The backbones of the lipid
molecules in the non-annular sites generally occupy the
same plane as those in the annular shell. There are, however,
two exceptions to this suggestion. In cytochrome bc;, the
phosphatidylinositol molecule located at the dimer interface
is located deeper within the membrane than expected (Fig.
16) and the suggested locations for the phosphatidylcholine
and glucosylgalactosyl diacylglycerol molecules in the pho-
tosynthetic reaction centre of R. sphaeroides (Fig. 11) are
very unlike those of the bilayer lipids.

Are there particular features of the transmembrane «-
helices that help ensure a tight packing into the lipid
bilayer? Trp residues are often observed at the ends of
transmembrane o-helices with the indole N atom in the
backbone region of the bilayer (Sections 1.1, 2 and 3). Tyr
residues are also often located at the ends of transmembrane
a-helices. Lys and Arg residues can be located within the
hydrophobic core of a transmembrane a-helices, snorkelling
up to the membrane surface to locate the charged group at
the interface (Fig. 2). Rotation of Trp and Tyr residues about
the Ca—Cp bonds linking them to the helix backbone could
modulate the effective length of a transmembrane a-helix
and so help it match the surrounding lipid bilayer.

How is the hydrophobic, transmembrane domain of a
membrane protein matched to the hydrophobic core of the
surrounding lipid bilayer? Since intrinsic membrane pro-
teins must have co-evolved with the lipid component of the
membrane to give optimal function for the membrane, it
could be expected that the hydrophobic thickness of a
membrane protein will match that of the surrounding lipid
bilayer. The average hydrophobic thickness of an a-helical
membrane protein is 29 A (Table 1), very similar to the
hydrophobic thickness of a bilayer of di(C18:1)PC, suggest-
ing that lipids and proteins will generally be well matched in
a membrane. Similarly, the average hydrophobic thickness
of the B-barrel proteins in bacterial outer membrane (24 A;
Table 1) is likely to match the hydrophobic thickness of the
bacterial outer membrane (Sections 2.6, 3 and 5.3). How-
ever, for some proteins, hydrophobic thicknesses do not
seem to match so well. For example, the hydrophobic
thicknesses of bacteriorhodopsin and rhodopsin are about
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35 A, and the thickness of the annular lipid shell around
bacteriorhodopsin is greater than expected given the chain
length of the surrounding lipids (Section 2.1). Similarly, the
hydrophobic thickness of the potassium channel KcsA is
about 37 A (F ig. 7) comparable to the thickness of a bilayer
of di(C22:1)PC, the phosphatidylcholine to which it binds
most strongly (Fig. 28), but thicker than the expected
hydrophobic thickness for the lipid bilayer surrounding it
in the bacterial inner membrane. On the other hand, the
hydrophobic thicknesses of the CIC chloride channel and of
the Ca® "-ATPase appear to be much less than the expected
thickness of the surrounding lipid bilayer (Table 1; Section
3). The observation of a significant mismatch between the
hydrophobic thicknesses of a membrane protein and the
bulk lipid bilayer implies either that the structure of the
protein when crystallised from detergent is slightly different
to that in the native membrane, or that the lipid bilayer is
distorted around the protein in the membrane, exerting stress
on the membrane protein.

Does any hydrophobic mismatch between lipid and
protein lead to distortion of the lipid bilayer, to distortion
of the protein, or to distortion of both? Hydrophobic
mismatch between a protein and a lipid bilayer could be
compensated for by a thickening or thinning of the lipid
bilayer to match the hydrophobic thickness of the protein.
Although there is evidence in favour of this form of hydro-
phobic matching, measurements of changes in bilayer thick-
ness on incorporation of membrane proteins suggests that
effects are too small to account for all the mismatch (Section
5.3). Further, there will be an energetic cost associated with
any such changes in the thickness of the bilayer, which
should be reflected in a reduced binding constant for the
lipid but, in fact, lipid binding constants depend only
weakly on chain length (Section 5.3). Thus, distortion of
the protein to match the lipid bilayer is also likely to occur.
If the transmembrane «-helices of a membrane protein are
too thick to match the surrounding lipid bilayer, tilting of the
helices could reduce their effective length across the bilayer
but direct evidence for tilting to provide hydrophobic
matching has not yet been obtained (Section 5.3). Rotation
of side chains about the Ca—Cp bonds linking the side
chains to the polypeptide backbone could also change the
effective length of a helix, and this could be an important
mechanism for hydrophobic matching, particularly when the
residues at the ends of helices are Trp and Tyr (Section 5.3).

How important are the surrounding lipid molecules in
determining the packing of transmembrane «-helices in a
membrane protein? Packing of transmembrane a-helices is
likely to be affected by the structure of the surrounding
lipids. In particular, increasing chain length leads to
increased helix—helix interactions (Section 6), which could
have important consequences for function.

What range of lipid structures is compatible with proper
function of a membrane protein? The chain length of the
lipids in a bilayer is an important parameter determining the
activities of membrane proteins (Section 8.4). Low activities

are seen in too thin and too thick bilayers, consistent with
changes in the conformation of the membrane protein,
necessary to achieve hydrophobic matching with the bilayer.
The bulk of the lipids in a membrane are zwitterionic but
some membrane proteins require small amounts of anionic
lipids or other hydrophobic molecules such as cholesterol
for activity. Lipids bound to non-annular sites on membrane
proteins are often anionic (Section 2), and it is possible
therefore that the anionic lipids required for activity are
bound to non-annular sites between transmembrane «-heli-
ces. A good example of how binding to non-annular sites
can affect activity is shown by the effect of thapsigargin on
the activity of the Ca® "-ATPase, where binding of thapsi-
gargin between transmembrane a-helices (Fig. 25) prevents
the ATPase from adopting the conformation required to bind
Ca’" (Section 4).

Does the phase of the lipid (liquid crystalline or gel, or
hexagonal Hy) affect the function of a membrane protein?
Activity is generally, but not always, much lower in bilayers
in the gel phase than in bilayers in the liquid crystalline
phase. It is, however, necessary to take into account effects
of hydrophobic matching; lipids that give too thin bilayers
in the liquid crystalline phase can support higher than
expected activities in the gel phase because of the thicker
bilayer produced in the gel phase. Biological membranes
generally contain lipids such as the phosphatidylethanol-
amines that prefer a curved hexagonal Hy; phase rather than
a planar bilayer phase (Section 8.2). Nonbilayer-preferring
lipids are forced to adopt a bilayer structure by the presence
of membrane proteins or bilayer-preferring lipids; the non-
bilayer-preferring lipid will therefore be in a state of
curvature frustration. It has been suggested that curvature
frustration is necessary for the proper function of some
membrane proteins such as rhodopsin [181,182]. However,
this has still to be proved definitively. The phosphatidyle-
thanolamine headgroup will interact differently with a
membrane protein than, for example, a phosphatidylcholine
headgroup (see Figs. 12 and 15) and hydration properties of
phosphatidylethanolamines and phosphatidylcholines are
different (Section 8.2), both of which could be important
for the effect of phosphatidylethanolamines on membrane
proteins.
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