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Abstract
Biological membranes are complex environments, where membrane proteins
are surrounded by a bilayer composed of many different types of lipid. The
physical properties of the bilayer influence protein structure, folding and
function, while specific interactions with lipid molecules can also contribute
towards the biological activity of some membrane proteins. Improving
understanding of these interactions has resulted in the development of synthetic
lipid systems that allow the bilayer properties to be rationally manipulated in
vitro to control protein behaviour.

1. Membrane organization

Biological membranes perform a number of roles crucial to survival. At a basic level they
provide a permeability barrier to prevent proteins, ions and metabolites from leaking out
of the cell and unwanted toxins leaking in. Additionally, they are involved in nutrient
uptake and waste export, osmotic homoeostasis, cell-to-cell signalling and motility. They
maintain electrochemical gradients and compartmentalize the cell. They have important roles
in respiration and photosynthesis and support considerable enzymatic activity.

To accomplish these diverse tasks membranes have a correspondingly complex
organization. A wide variety of lipids are present, with differing distribution between organisms
and membranes within organisms. The inner membrane of Gram-negative bacteria contains a
high percentage of phosphatidylethanolamine (PE), together with phosphatidylglycerol (PG)
and cardiolipin. In contrast, Gram-positive bacterial cytoplasmic membranes are predominantly
PG and diphosphatidylglycerol (DPG), with mainly saturated and branched acyl chains [1, 2].
Gram-negative bacteria are also surrounded by a second, outer membrane that displays an
asymmetric lipid distribution. The inner leaflet is similar to that of the inner membrane,
but the outer leaflet is composed of lipopolysaccharides (LPSs) [3]. Mammalian cells have
cytoplasmic membranes that contain mostly phosphatidylcholine (PC), PE, phosphatidylserine
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(PS), sphingomyelin (SM) and cholesterol [4]. In contrast, cholesterol is present only at much
lower concentrations in the endoplasmic reticulum and mitochondrial membranes [5].

Membrane lipids can self-assemble into numerous different phases in aqueous solution,
including micellar, lamellar, hexagonal and cubic phases (for reviews, see [6–12]). Type I
lipids aggregate so that the polar/apolar interface curves towards the apolar region, and tend to
form micelles. Type II lipids tend to curve towards the polar region. Most bio-lipids are type II,
but can form either lamellar or non-lamellar phases, with the examples, respectively, of PC and
PE being particularly well characterized [13]. However, the phase properties of biological
membranes are far more complex, as a result of the broad mix of lipids, the monolayer
asymmetry and the presence of embedded proteins.

Recently, there has been increasing evidence for the presence of lipid microdomains within
the bilayer that have properties distinct from the surrounding lipid [14, 15]. These lipid
rafts are proposed to be small, dynamic assemblies with high concentrations of cholesterol,
sphingolipids and saturated phospholipids and create a local area of increased order and,
potentially, bilayer thickness [5]. Certain proteins seem to be localized preferentially to
raft lipid regions, and it has been suggested this may contribute towards the clustering of
specific proteins for processes such as signal transduction. However, while these lipid domains
can be clearly observed in model systems, the situation in native membranes is ambiguous.
Limitations in techniques for the detection and isolation of rafts from cell membranes mean
that their in vivo presence and biological relevance remain in question [16].

An elastic, fluid bilayer is vital for membrane integrity and function, and organisms such
as A. laidlawii and E. coli have been shown to adapt their membrane lipid composition to
maintain this in response to environmental challenges including temperature, pressure, pH and
salinity [17]. Cells employ a variety of methods to maintain bilayer fluidity. The proportions of
different polar head groups can be changed, and the degree of saturation, length or branching
of the acyl chains can be altered [18, 19].

2. Membrane proteins

Anywhere from 20 to 80% of the membrane, by weight, is composed of protein. Indeed, a
high proportion of the proteins in a cell are membrane proteins, with statistical analysis of
genomic sequences predicting around 30% of the total protein content to be integral to the
membrane [20]. The energy cost of transferring peptides into the non-polar environment
of the bilayer is high, therefore only two structural motifs for crossing the membrane are
permissible—α-helical bundles and β-barrels, where the complete internal hydrogen-bonding
of the secondary structure reduces the energy cost [21]. There is, however, considerable variety
within these two basic structural categories. Recently, an attempt has been made to classify
membrane transport proteins on a rational basis [22]. Classes include channels and pores,
electrochemical potential-driven transporters, primary active transporters, group translocators
and transport electron carriers. In addition to the transporters found in the membrane, there are
many enzymes and receptors, which are often of high pharmacological interest.

Despite the biological importance of membrane proteins, there have been relatively few
3D structures solved, with only around 90 distinct structures compared to the many thousands
from soluble proteins (see http://www.mpibp-frankfurt.mpg.de/michel/public/memprotstruct.
html). There are several difficulties inherent to working with membrane proteins, including
generally poor over-expression in traditional heterologous systems [23], but a major problem is
the complexity of the surrounding lipid bilayer of their native environment. Lipids are involved
in specific interactions with membrane proteins, and also contribute to global bilayer properties,
both of which can influence protein stability, folding and function.
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3. Direct lipid–protein interactions with the bilayer

It is important for membrane proteins to form a good seal with the lipid bilayer to maintain
structural integrity. The technique of spin-label electron paramagnetic resonance (EPR) has
been useful in examining direct interactions at the lipid–protein interface. EPR provides
information on the motion of labelled acyl chains within the bilayer, and can distinguish lipids
whose mobility has been restricted due to interaction with the protein surface from those in
the bulk lipid. The number of lipid molecules identified by this method as associated with
the surface of a protein corresponds well with a calculated value of its hydrophobic surface
area [24]. However, these interactions are rather transient, with off rate constants of around 1–
2 × 107 s−1, for the lipid dissociating from the protein [25]. Although slower than the diffusion
exchange rates of lipids in the fluid bilayer (∼8 × 107 s−1) the difference is slight, suggesting
these lipids are relatively loosely associated with the protein surface.

The loosely associated lipids described above are generally not found in crystal structures.
The process of purification involves extensive exposure to detergent solutions, during which
the protein is usually delipidated of all but the most tightly bound lipids. However, one
structure that does contain a number of these surrounding lipids is that of the light-driven proton
pump bacteriorhodopsin. Bacteriorhodopsin has seven transmembrane helices and forms a
hexagonal array of trimers in the membrane. A 1.55 Å x-ray from crystals grown in lipid
cubic phase was solved with 18 native purple membrane lipid molecules identified, covering
approximately 80% of the hydrophobic surface area and forming a bilayer-like structure around
the protein [26]. The acyl chains were aligned along distinct grooves on the protein surface.
This complementarity on the lipid–protein interface is likely to be important for the effective
integration of membrane proteins in the bilayer.

When lipids are structurally resolved, they tend to be situated in cavities or clefts in
the protein structure, often between subunits of oligomeric complexes. In a 2 Å structure
of the tetrameric bacterial potassium channel KcsA a single lipid was resolved, filling a
groove at the interface of each adjacent monomer. The head group was too disordered to
classify in the crystal structure, but subsequent biochemical analysis identified it as a PG
molecule [27]. Similarly in bacteriorhodopsin a lipid molecule is found in several independent
crystal structures wedged between neighbouring monomers [26, 28, 29]. The more common
appearance of these types of lipids in structures in itself suggests tighter binding to the protein,
and they are predicted to have specific roles in both the structure and function of membrane
proteins.

Proteins themselves are also adapted to integrate stably into the membrane. There is a
concentration of the polar aromatic residues Trp and Tyr on the exterior surface of membrane
proteins at the lipid–water interface at the edge of the hydrophobic core area of the bilayer [30].
The indole ring of Trp partitions preferentially into this interface region and these amino acids
have been suggested to act as an anchor for positioning the protein within the bilayer [31]. The
‘aromatic belts’ are observed in β-barrel as well as α-helical membrane proteins [32], though
they are closer together, perhaps reflecting a thinner outer membrane structure compared to
plasma membranes.

4. Global bilayer effects

The mix of lipids in biological membranes confers collective properties to the bilayer that
can influence the proteins embedded within them. Membranes contain both lamellar and non-
lamellar forming lipids. Lipids such as PC, PS, PG and SM are lamellar forming lipids that
form fluid lamellar phases in physiological conditions, whereas PE and highly unsaturated



S1284 H E Findlay and P J Booth

non-lamellar lipids and
unsaturated acyl chains increase
the tendency for the monolayer

to curve towards water

the two leaflets must lie flat
in the bilayer, increasing 
stored curvature elastic

stress and lateral pressure in
the lipid chain region

Figure 1. Curvature elastic stress of bilayers.

lipids form non-lamellar inverse hexagonal phases [8]. The addition of non-lamellar lipids to
a membrane increases the propensity of each monolayer to curve towards the water. However,
due to hydrophobic constraints, the two leaflets within a bilayer structure cannot separate,
leading to an increase in curvature elastic stress. This is accompanied by an increase in lateral
pressure in the central region of the membrane as a result of increased collisions between acyl
chains, and potentially a corresponding decrease in pressure in the headgroup region of the
bilayer [33] (figure 1). As the proportion of non-lamellar lipids is increased, eventually the
stress will be released by a phase change to a bicontinuous cubic or hexagonal phase. Increasing
the number of unsaturated lipid chains also increases the desire for monolayer curvature due
to kinking of the chains, which in turn leads to an increase in stored curvature elastic stress.
The alterations to lipid composition in different environmental conditions are predicted to be in
response to sensing the curvature elastic stress and the requirement for a fluid bilayer [18, 34].

The hydrophobic thickness of a membrane can also influence protein structure and
function. The energetic cost of burying polar groups within the bilayer or exposing non-polar
groups to solvent requires that any hydrophobic mismatch between a protein hydrophobic
surface area and bilayer thickness must be compensated for. There are several ways this
can be achieved; for example, lipids can adapt to hydrophobic mismatch by stretching or
disordering their acyl chains whilst proteins can aggregate or adjust the tilt of their helices
in the membrane [35]. Mismatch has also been predicted to have a role in protein sorting.
There are increasing levels of cholesterol present in membranes along the secretory pathway
of eukaryotic cells, from endoplasmic reticulum, to the Golgi, to the plasma membrane, which
could cause an increase in bilayer thickness. The average length of transmembrane domains
of proteins that are sorted to the plasma membrane is five residues longer than that of proteins
retained in the Golgi [5]. Increasing the length of transmembrane helices of Golgi proteins
can cause them to be routed to the cell surface, whilst decreasing the length of helices of
plasma membrane proteins can result in retention in the Golgi [36], and it has therefore
been suggested that hydrophobic mismatch may be involved in preferential routing of plasma
membrane proteins to the surface down a pathway of increasing bilayer thickness, possibly
involving SM and cholesterol rich raft domains [15]. However, it has recently been shown
that membrane proteins themselves may dictate the thickness of the surrounding bilayer to a
greater extent than cholesterol content [37], indicating a more complicated role for hydrophobic
mismatch in protein, and potentially, lipid sorting.

5. Protein stability

The lipid environment can have a profound effect on the stability of integral membrane proteins,
both through general bilayer properties and specific binding. A 2.1 Å crystal structure of the
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Figure 2. Surface representation of reaction centre with bound cardiolipin shown in spacefill
(1QOV).

(This figure is in colour only in the electronic version)

purple bacterial reaction centre from Rhodobacter sphaeroides was shown to contain a single
molecule of cardiolipin bound to the protein, in contact with all three subunits [38] (figure 2).
The anionic headgroup of cardiolipin formed direct bonding interactions with basic residues on
the protein, whilst the acyl chains lay along grooves on the surface. Mutagenesis of these basic
residues prevented cardiolipin binding, as seen by x-ray crystallography, without otherwise
appearing to affect protein expression or function [39]. However, the melting temperature of
the protein was decreased by this mutation, suggesting a role for this cardiolipin molecule in
reaction centre thermal stability.

Global bilayer forces also contribute towards protein stability. Bacteriorhodopsin recon-
stituted into the bilayers of the saturated lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) denatured at a lower temperature than when the unsaturated 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) was added, increasing the curvature elastic stress [40]. Reconsti-
tuted KcsA tetramer can be dissociated by 2,2,2-trifluoroethanol (TFE), by its partitioning
into the headgroup region of the bilayer and consequently changing the lateral pressure pro-
file. The denaturing concentration of TFE was found to be considerably higher for protein
reconstituted into stressed bilayers containing 70% non-lamellar lipid 1,2-dioleoyl-sn-glycero-
3-ethanolamine (DOPE) than DOPC only bilayers [41]. This result could be replicated with
other small alcohols, where their ability to denature KscA was found to be correlated to their
ability to alter lateral pressure within the bilayer [42]. Changes in curvature stress can also
affect β-barrel proteins. Increasing the fraction of PE lipids in PC/PG bilayers was found to
stabilize outer membrane porin OmpA against urea denaturation [3]. Increasing bilayer thick-
ness was also found to increase OmpA stability [43].

6. Protein folding

There is increasing evidence for lipids playing an important role in membrane protein folding.
The most widely studied example is that of bacteriorhodopsin. Denatured bacteriorhodopsin
can be refolded from sodium dodecylsulfate (SDS) into lipid vesicles, with very high yields
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bilayers with high stored
curvature elastic stress favour

protein binding in the
headgroup region

low curvature stress
favours protein insertion

across the bilayer

increasing stress can help folding 
and helix packing and stabilises

the folded state

Figure 3. Different curvature stress may be optimal for different stages of membrane protein
folding.

of regeneration [44]. It was found that the refolding yield could be adjusted in a predictable
manner by changes to the bilayer curvature stress. The addition of non-lamellar lipid to 1,2-
dipalmitoleolyl-sn-glycero-3-phosphocholine (DPoPC) vesicles increased the curvature stress
and decreased recovery of functional protein, while correspondingly, relaxing the bilayer by
the addition of saturated or single chain (lyso) lipids increased the folding yield [40]. Kinetics
studies on the refolding process indicated that in stressed bilayers there was less total protein
inserted into the bilayer, leading to less correctly folded protein. This is consistent with the
increased activation energy for transmembrane helix insertion across the bilayer with increased
PE content and therefore higher curvature stress [45]. Decreasing bilayer stress resulted in
larger proportions of protein insertion, but could result in slower folding rates if the bilayer was
relaxed too much.

These data have led to a model for the effect of bilayer properties on the folding and
stability of membrane proteins, with different curvature stresses optimal for different stages
of the folding process [46]. A stressed bilayer favours binding of the protein to the headgroup
region, but a relaxed bilayer is necessary to allow full insertion across the membrane. However,
a more stressed bilayer may be required for optimal folding rates and can increase stability of
the folded state, probably as a result of increased lateral chain pressure (figure 3). The model
can be related to standard protocols for reconstitution of membrane proteins in vitro. This
involves pre-saturating the liposomes with detergent, which relaxes the bilayer and aids protein
insertion. The detergent is subsequently removed by either dialysis or Biobeads, leading to a
rise again of curvature stress, stabilizing the protein within the bilayer.

Specific roles for lipids in protein folding have also been observed in vivo. The E. coli
lactose permease, LacY, is a 12 transmembrane helix proton/lactose symporter, that has a
requirement for PE for correct folding [47]. When expressed in a PE-deficient strain of E. coli,
with inducible PE synthesis, the first six helices of LacY displayed an inverted topology [48].
On the expression of PE post-assembly the correct topology was recovered, demonstrating
that lipid composition, in addition to the protein primary sequence, can be a determinant of
orientation in the membrane. A similar result has been seen with both the E. coli phenylalanine
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permease PheP [49] and γ -aminobutyric acid (GABA) permease GabP [50] transporters, where
the first two helices are reversibly orientated in a PE-dependent manner.

7. Protein function

The function of proteins is influenced by the lipid environment. Some respond directly to the
curvature stress of the bilayer, such as the mechanosensitive channels and CTP:phosphocholine
cytidylyltransferase (CCT). The large mechanosensitive ion channel from E. coli, MscL, is a
homopentamer with each subunit contributing two transmembrane helices to form a channel
with a high, non-selective conductance (∼3 nS) [51]. MscL is activated in response to osmotic
challenges to protect the cell from lysis. Purified protein is functional when reconstituted in
vitro, suggesting that gating occurs as a result of changes in the bilayer itself [52]. In synthetic
lipid systems, decreasing the curvature stress and lipid chain pressure by the addition of lysoPC
lipids to one side of the bilayer was found to activate the MscL channels [53]. The presence of
PE in the bilayer was found to counteract this, demonstrating that the effect is due to changes in
bilayer pressures, not a specific effect of lysoPC. In contrast, changing the bilayer thickness by
reconstituting into lipids with different chain lengths failed to induce activation of the channel.
An alternative method of changing the bilayer pressure has been demonstrated for MscL. An
azobenzene lipid mimic was included in the reconstitution, which has the property of reversible
photoisomerization between a cis and trans conformation in the chain region [54]. The trans
to cis isomerization increased the activity of the protein while the cis to trans decreased it,
probably as a result of changes to the lateral pressure profile of the bilayer.

CCT is a rate-limiting enzyme in PC biosynthesis that is activated upon the binding
of its amphipathic helical domain to lipid bilayers [55]. Activity of CCT is decreased in
DMPC/DOPC vesicles compared to DOPC alone and increased in DOPC/DOPE vesicles,
consistent with variations in curvature stress modulating function [56]. CCT is predicted to
bind preferentially to stressed bilayers, where partitioning into the headgroup region allows a
release of tension. Once bound, the enzyme is activated and PC is synthesized. An increase in
the fraction of the lamellar lipid PC in the membrane results in a decrease in curvature stress, so
that CCT binding is less favourable. This model demonstrates how a direct physical feedback
of bilayer stress could be involved in membrane homeostasis, and how lipid composition can
affect the function of peripheral as well as integral membrane proteins.

Lipid composition also modulates the activity of a range of other proteins, where
physiological function is not directly related to membrane conditions. The photopigment
rhodopsin is the major protein of rod outer segment cells, a seven transmembrane helical
protein that activates the visual signal transduction cascade. To initiate the transduction,
rhodopsin must undergo conformational changes to form an activated state. The proportion
of protein in the activated form is influenced by the lipid environment. In native-like membrane
conditions the activated state is favoured; however, this can be replicated using bilayers with
high curvature stress containing non-bilayer and saturated lipids [57, 58]. Cholesterol also
affects rhodopsin function. A large fraction of cholesterol in the membrane will increase the
thermal stability of rhodopsin [59]; however, it also inhibits the formation of the activated state
of the protein [58, 60]. For optimal function, the membrane must strike a balance between
having enough cholesterol to stabilize the protein, without overly inhibiting its activity.

A balance must also be achieved for the best function of the peptide alamethicin.
Alamethicin is a small 20 amino acid peptide that is capable of forming voltage-gated ion
channels in lipid bilayers, with from four to 11 monomers forming helical bundles surrounding
a central, conductive pore. Larger aggregations of peptide result in higher conductance states
of the channel [61]. The binding free energy for monomeric alamethicin to vesicles increased
linearly in proportion to increased curvature stress in the bilayer [62]. This results in reduced
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partitioning of the peptide into stressed bilayers, and indeed increased peptide concentrations
were required to obtain channels in planar bilayer systems of DOPE/DOPC compared to DOPC
alone [63]. However, the probability of higher conductance states forming was found to
increase with an increasing fraction of PE in the bilayer. Thus while low curvature stress
favours initial peptide insertion, high curvature stress promotes monomer aggregation and
correspondingly increased function.

Some lipids can have specific effects on protein function. The cytochrome bc1 complex is
inactivated by the delipidation of the protein [64]. Digestion of tightly bound lipids from bovine
cytochrome bc1 abolished function, but did not change the spectral properties of the complex.
The addition of cardiolipin was necessary for the recovery of activity, suggesting a specific
functional role for the lipid [65]. A 2.3 Å structure of yeast cytochrome bc1 resolved several
lipid molecules, including one of cardiolipin [66]. The cardiolipin headgroup is bound in close
proximity to the site of quinione reduction, at the entrance to a potential proton-conducting
pathway, and as such may be directly involved in proton uptake.

β-barrel function can also be modulated by lipids. The outer membrane protease OmpT
folds to its native barrel structure in vitro, but is inactive in the absence of lipopolysaccha-
ride [67]. Binding of LPS did not result in a large structural change, but kinetic analysis of
OmpT and different LPS molecules demonstrated a minimum requirement of fully acylated
lipid A for activity [68]. The mechanism for this interaction has not yet been determined.

8. Conclusions

Biological membranes are complex environments, which perform many functions fundamental
to cell survival. This complexity is reflected in the large variety in lipid composition and number
of membrane proteins. Lipid–protein interactions have been shown to influence the folding, the
stability and the function of peptides and proteins, integral and peripheral membrane proteins,
those with helical structures and those with barrel structures. These influences can be due to the
binding of specific lipid molecules, stabilizing the protein structure within the bilayer, or acting
as lipid cofactors, where they play an integral part in the function. Global bilayer properties,
acting non-specifically, alter the environment surrounding proteins and consequently influence
their structure and activity, whilst the incorporation of proteins into membranes can in turn
influence the bilayer properties. Despite this complexity some general rules are becoming
apparent. The membrane must be maintained at an optimal fluidity, usually just below the
transition between lamellar and non-lamellar phases. Bilayers with low curvature stress favour
protein insertion. Bilayers with high curvature stress improve stability and promote protein
oligomerization.

When working with membrane proteins in vitro it is important to be aware of the potential
influence of lipid–protein interactions. Samples may need to be supplemented with native lipids
to meet specific requirements for function. Synthetic lipid systems are proving more effective
at mimicking the native membrane environment than traditional detergent-based methods,
creating bilayer conditions that can be simply and predictably manipulated with a view to
improving stability or folding, and furthering the understanding of membrane protein reactions.
These different methods for handling membrane proteins could potentially be useful for solving
some of the expression problems inherent to working with them, and therefore help further the
production of more 3D structures.
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