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8.1 
Introduction. 

 
Biological membranes provide specialized permeability barriers for cells and cell 

organelles, in which the interplay of lipids and membrane proteins facilitates a wide 
range of key biochemical processes. These include respiration, photosynthesis, 
protein and solute transport, signal transduction, and motility. The interactions 
between membrane proteins and the lipid bilayer have to allow for structural protein 
rearrangements while keeping the sealed nature of the membrane. This is especially 
important because many membrane proteins undergo conformational changes that 
take place in or affect the transmembrane regions which are be essential for their 
activity. The mobile and flexible lipid molecules are excellent candidates for 
maintaining this sealing function as they can adhere to the surface of integral 
membrane proteins and adjust to a changing environment. 

A large number of biochemical and biophysical studies have demonstrated the 
importance of protein–lipid interactions in the assembly, stability, and function of 
membrane proteins (Lee 2003). Indeed, intrinsic membrane proteins including ion 
channels, often show an absolute requirement for lipid. In the study of such 
requirements, different aspects of membrane protein–lipid interactions have to be 
considered. First, the lipid bilayer provides the matrix in which membrane proteins 
are partially or fully embedded. However, the bilayer is not a passive homogeneous 
media, in fact, partitioning of certain proteins is enhanced by specific interactions 
with lipids. This sometimes leads to the formation of microdomains or "lipid rafts", 
which are proposed to have a role in signal transduction, membrane transport, and 
protein sorting, and might serve as mobile platforms for the clustering and 
organization of bilayer constituents including ion channels (Brown and London 
1997; Simons and Toomre 2000; Shogomori and Brown 2003). Second, spin-label 
EPR experiments show that a first shell of motionally restricted lipids surrounds the 
transmembrane segments of proteins (Marsh and Horvath 1998). Lipid specificity 
has been demonstrated as well in numerous biochemical studies, which showed that 
certain phospholipids are essential for the activity of several membrane proteins 
(Dowhan 1997; Lee 2004; Tillman and Cascio 2003). Finally, tightly bound lipids 
have been detected in the X-ray crystal structure of several membrane proteins and 
have been included in the model and refined with the protein (see refs in Lee 2003). 
In most cases, these structurally resolved lipids are co-purified with the membrane 
proteins, and crystallized as protein–lipid complexes. The existence of such high-
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affinity lipid binding sites on the protein provokes discussion and stimulates 
research to elucidate their possible functions (Pebay-Peyroula and Rosenbusch 
2001). 

The aim of this chapter is to examine how the nature and properties of the bilayer 
affect ion channel structure and function. As examples, we have focused on specific 
K+ ion channels and on the nicotinic acetylcholine receptor (nAChR), two classes of 
ion channels representative of voltaged-gated and ligand–gated (LGIC) families 
respectively and whose structure and function have been documented during the past 
decade (Doyle et al. 1998; Unwin 2003) The responsiveness of these ion channels to 
changes in the lipid environment illustrate how ion channels and perhaps many other 
membrane proteins, may be regulated via cellular control of membrane composition. 

 
 
8.2 
Importance of Lipid-Protein Interactions 
In Ion Channel Modulation 

 
Ion channels are at the centre of many complex physiological processes such as 

the control of the beating rate in the heart or the generation of electrical signals in 
the brain. Ion channels involved in these processes possess two basic characteristics. 
The first is that they are selective, either for a range of ions (e.g. the nAChR 
channel, which is cation-selective) or for specific ions (e.g. K+ channels). Second, 
the channels have the ability to control movement of these ions, that is, to open or 
close the ion conduction pathway, a process known as channel gating. 

Ion channels accomplish their function of ion permeation after being inserted into 
the lipid bilayer of the membrane. The process of insertion is poorly understood and 
most likely rather heterogeneous. Once the ion channel is placed into the lipid 
membrane, it is believed that the protein assumes an energetic minimum, leading to 
a stable structure. However, molecular insights into the functioning of ion channels 
indicate that the processes of ligand-binding (Karlin 2002) and/or voltage sensing 
(Starace and Bezanilla 2004) are able to modify such structures. 

Ion channels are generally multi-subunit complexes, with the ion conduction 
pathway formed as an aqueous pore at the interface between the subunits. The 
movement of transmembrane segments is crucial in controlling the diameter of the 
ion pathway and, as a consequence, determines whether the channel is in either the 
closed or in the open state. So far three possible alternatives have been entertained to 
explain movement of the transmembrane helices during channel gating based on the 
recently determined structures of  mechanosensitive, (Chang et al. 1998), ligand-
gated (Unwin 2003) and voltage-gated channels (Kuo et al. 2003). All of them move 
transmembrane segments away from the central ion conduction pathway which 
results in the displacement of a hydrophobic gate from the ion conduction pathway, 
allowing ion movement through the channel. The channels would achieve this by 
moving the transmembrane helices as rigid bodies using three major types of 
motion: helix tilting as in MscL (Sukharev et al. 2001), rotation as in the nAChR 
(Miyazawa et al. 2003), or bending as in Kv1.1 (Doyle 2004). In all cases there are 
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large movements that require a certain degree of flexibility and may cause 
modifications at the protein lipid interface. Thus, it is possible that changes in the 
lipid composition may affect channel function by stabilizing distinct functional 
states. 

Reconstitution experiments have established that specific lipids or particular 
combinations of lipids are often necessary for ion channels to exhibit their native 
properties (Lee 2004). These preferences may reflect the optimisation of protein 
structure by the specific lipid environment in which the protein is found, but may 
also be related to the folding of the nascent protein and its oligomerization, to its  
targeting to a given membrane microdomain, or to a lipid-mediated regulation of the 
protein function. 

Although several important questions regarding the molecular details of such 
lipid modulation remain open, emerging data indicate that protein–lipid interactions 
should be considered as a new explanation for ion channel function modulation that 
might even result of possible therapeutical interest. 

 
 
8.3 
Hypothetical Nature of Lipid-Protein Interactions 

 
Despite the extensive information obtained on the functional and structural 

dependence of several ionic channels on its surrounding lipids (Lee 2004; Palsdottir 
and Hunte 2004), several aspects of the modulation exerted by the different lipid 
classes on the membrane proteins still remain unclear. Various hypothesis have been 
implicated in the modulation of ion channels function by lipids: (1) modification of 
bilayer physical properties, such as fluidity, membrane curvature, and/or lateral 
pressure (Cantor 1997; de Kruijff 1997; van den Brink-van der Laan 2004), (2) 
direct effects, exerted through binding to specific sites on transmembrane portions of 
the protein (Fong and McNamee 1987; Jones and McNamee 1988; Blanton and 
Wang 1990; Fernández et al. 1993; Fernández-Ballester et al. 1994; Powl 2005), in 
some cases acting like allosteric modulators and (3) promotion of lateral segregation 
of specific lipids and formation of lipid domains (Martens et al. 2000; Brown and 
London 2000). One possibility does not preclude others, the affinity of a protein for 
specific lipids may either stabilize certain protein conformations, induce domain 
formation or serve to target the protein to specific membrane domains with different 
biophysical properties. 

In the case of modulation of ion channels structure or function by changes in 
bilayer physical properties, it is known that the effect of packing different lipid 
species with each other and with proteins results in mechanical pressures in the 
biological membrane, the redistribution of pressures being related to changes in 
bilayer thickness, curvature stress or hydrophobic matching. Such biophysical 
phenomena have been suggested as a possible mechanism to explain the influence of 
bilayer properties on ion channel structure and function. The lateral pressure profile 
may influence protein conformation directly, by mechanical pressure at the lipid-
protein interface or indirectly by changes in other membrane parameters. An 
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example on ion channel unambiguously influenced by this mechanism is the 
mechanosensitive channels (Perozo et al. 2002). 

On the other hand, biological membranes contain a wide variety of lipids species 
with different fatty acyl chains so that the lateral diffusion of lipid molecules within 
the plane of the membrane will result in local fluctuation of membrane thickness. 
The hydrophobic thickness of the lipid bilayer is expected to match well the region 
of any protein embedded in the bilayer, because of the high cost of exposing either 
fatty acyl chains or hydrophobic amino acids to water. Any mismatch between the 
hydrophobic thicknesses of the lipid bilayer and the protein would be expected to 
lead to distortion of the lipid bilayer, or the protein, or both, to minimize the 
mismatch. The activity of a number of membrane proteins is sensitive to the 
thickness of the lipid bilayer, with the optimal thickness usually corresponding to 
that of the bilayer of dioleoylphosphatidylcholine (Lee 1998). 

A second alternative mechanism to explain modulation ion channel structure and 
function by lipids may be through a direct interaction. To these respect a large 
variety of biochemical and biophysical studies have demonstrated the existence of a 
direct lipid-protein interaction. These studies include fluorescence spectroscopy, 
electron paramagnetic resonance spectroscopy, photoaffinity labelling, X-ray 
crystallography and electron microscopy (EM). 

The first clue 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. These studies show the presence of a subpopulation of highly 
immobilised spin labels, not found in protein-free membranes (Marsh and Horvath 
1998; Marsh 2004). The ESR approach can be used to estimate the number of lipid 
molecules bound to the surface of a membrane protein. In a series of studies, Marsh 
and Horvath (1998) showed that the number of bound lipid molecules fits 
reasonably well to the expected circumference of the trans-membrane region of the 
protein. The close relationship between the number of lipid molecules estimated to 
surround a membrane protein and the diameter of the protein supports the presence 
of a distinct annular shell of lipid molecules around that protein. 

Fluorescence quenching studies show binding of specific phospholipids with 
different affinities to some ion channels. These lipids, often bound between 
transmembrane α-helices either within a protein or at protein–protein interfaces in 
multisubunit proteins, have been referred to as “non-annular lipids” (Marsh et. al 
1982). For example, the KcsA channel requires the presence of some anionic lipids 
for its function, and fluorescence quenching studies show the presence of two 
classes of lipid binding sites on KcsA. At one of them (non annular sites) anionic 
phospholipids bind more strongly than phosphatidylcholine (PC), whereas at the 
other (annular sites) PC and anionic phospholipids bind with equal affinity. 
(Williamson et al. 2002). 

The high-resolution structure of membrane proteins obtained by X-ray or EM 
sometimes show tightly bound lipids, thus providing a new insight into protein–lipid 
interactions. However only a small number of lipid molecules have been resolved 
from the structures of membrane proteins by high-resolution X-ray or EM. Since 
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only highly ordered lipid molecules are seen in these structures, such lipid molecules 
should not correspond to the bulk of lipid molecules surrounding the protein. Even 
more, annular lipids will normally be too disordered to appear in high-resolution 
structures. Therefore, most of the lipid molecules resolved in high-resolution crystal 
structures of membrane proteins are likely to be non annular lipids Their strong 
binding to the protein leads to immobilisation of, at least, part of the lipid molecule 
so that they appear in the high-resolution structure. In both X-ray diffraction and EM 
studies, the lipid headgroups are disordered but many fatty acyl chains are well 
resolved, mostly bound in distinct grooves on the surface of the protein.  
Phosphatidylglycerol (PG) is a typical non-annular lipid molecule bound between 
transmembrane α-helices at monomer–monomer interfaces in the homotetrameric 
potassium channel KcsA.  Again the headgroups of the lipid molecules are not 
resolved, and the lipids have therefore been modelled as diacylglycerol (Zhou et al. 
2001). KcsA requires the presence of PG or some other anionic phospholipid to 
function and it has been suggested that the presence of the anionic lipid “cofactor” 
could be important in the gating process (Valiyaveetil et al. 2002; Heginbotham et 
al. 1998). 

The third hypothetical mechanism by which lipids can modulate the function 
and/or structure of ion channels is the formation of lipids domains. These dynamic 
structures, generally termed lipid rafts, are rich in tightly packed sphingolipids and 
cholesterol (Harder et al. 1997) and are believed to exist in a different phase state to 
that of the surrounding phospholipids (Brown and London 1997). The first report of 
ion channels localized in lipid microdomains described the targeting of Shaker-like 
K+ channels to lipid rafts (Martens et al. 2000). Biochemical isolation of rafts shows 
that the KV2.1 channel is associated with rafts in transfected fibroblasts and rat 
brain. Depletion of membrane cholesterol using cyclodextrin, an agent known to 
perturb raft organization (Brown and London 2000), causes a dramatic 
hyperpolarising shift in the steady-state inactivation properties of the KV2.1 channel, 
whereas other KV channels in the same cell type, such as KV4.2 channels, are 
unaffected. Therefore, at least for some channel proteins, there is a functional 
consequence of their association to lipid rafts. Additional reports suggest that other 
types of ion channels, including both voltage- and LGIC, are also associated with 
lipid rafts. For example, Ca2+-activated K+ channels are sorted to lipid rafts on the 
apical membrane of Madin-Darby canine kidney cells (Bravo-Zehnder et al. 2000). 
The neural α7 nNAcChR, a protein with a well-known to have preference for certain 
lipids, was recently shown to target to lipid rafts in the somatic spines of ciliary 
neurons (Bruses et al. 2001). The muscle like nNAcChR had been shown to 
produces lateral phase separation of the monoanionic phosphoryl form of the 
phosphatidic (PA) acid probe, causing the formation of specific PA-rich lipid 
domains that become segregated from the bulk lipids (Poveda et al. 2002). Although 
it appears that several ion channels might be localized to these rafts domains, several 
questions regarding the mechanism and function of ion channel–raft association 
need to be addressed. 

It is clear that while the role that membrane lipids play in membrane structure and 
function is beginning to be understood, there is still a gap in our knowledge of the 
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complexity of the specific interactions. Since a detailed understanding of the lipid-
protein interactions in the membrane requires the knowledge of the dynamic 
phenomena involved, it appears that complementary methods, including static, like 
crystallographic analyses and dynamic like functional assays of reconstituted 
proteins should be considered to achieve a better comprehension of this interaction.  

 
 
8.4 
Influence of Lipids on nAcChR Function 

 
LGICs are membrane proteins that transiently open a pore through the lipid 

membrane in response to neurotransmitter binding. The nAChR is one of the best 
understood members of this family, principally due to two factors that have aided in 
its characterization: (1) the rich source of nAChR present in the electric organ of 
some fishes (T.marmorata, T. californica and E. electricus) and (2) the presence of 
neurotoxins in snake venoms that bind specifically to the nAChR providing the 
means for assaying receptor binding and for affinity purification. 

nAChRs are heteropentamers comprised of four different but highly homologous 
subunits designated as α, β, γ and δ (Fig. 8.1; for reviews see refs in Karlin 2002). 
Each subunit contains an extracellular N-terminal domain (which include the ACh 
binding sites), four hydrophobic transmembrane (TM) domains (M1-M4), and a 
small extracellular C-terminal domain. Several studies have provided convincing 
evidence that the TM2 domain segments from each subunit cluster around a central 
axis to form the ion channel pore, whereas TM1 TM3 and TM4 domains are in close 
proximity or exposed to the lipid interface (Miyazawa et al. 2003; Barrantes 2003). 
 

 
 

Fig.8.1 (a) Schematic representation of the quaternary structure showing the 
arrangement of the NAcChR subunits in reconstituted vesicles. (b) Cross-sectional slab 
through the pentamer at the middle of the membrane showing the four 
transmembrane segments (M1-M4) of each subunit, based on Unwin (2003)
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These receptors are implicated in the propagation of electrical signals between the 
cells at the neural and neuromuscular synapse. Upon activation by agonist, nAChRs 
transiently open a cationic channel responsible for the initiation of postsynaptic 
membrane depolarization. In the continued presence of agonist, the nAChR become 
refractory to the stimulus and the ionic current declines. This process, called 
desensitisation, occurs because the fully liganded receptor eventually adopt a stable, 
high-affinity conformation that is not permeable to ions. 

Extensive biochemical studies have demonstrated that the ability of the nAChR to 
support ion channel function requires the presence of specific lipids. In 1978 Epstein 
and Racker opened the way for more detailed studies of the influence of the lipid 
environment on the nAChR by measuring in a reproducible manner integrated flux 
responses specifically induced by cholinergic agonist in reconstituted systems. Since 
then many experiments reconstituting nAChRs into artificial liposomes of defined 
composition have shown that the presence of certain lipids in the reconstituted 
samples, namely cholesterol and acidic phospholipids, are important in preserving 
the ability of this protein to exhibit an optimal cation channel activity (Gonzalez-Ros 
et al. 1980; Criado et al. 1984; Fong and McNamee 1986; Jones et al. 1988; 
Sunshine and McNamee 1992; Fernández et al. 1993). Such lipid effects on nAChR 
function are also known to be fully reversible. For instance, McNamee's group used 
an approach of "re-reconstitution" (reconstituting the protein twice, first in a lipid 
matrix that does not allow nAChR function, then in whole asolectin lipids) to 
demonstrate that an apparently "inactive" nAChR, regains its function upon a second 
reconstitution into an appropriate lipid matrix (Jones et al. 1988). Rapid-kinetics 
stopped-flow studies have demonstrated that the presence of PA in the reconstituted 
membranes maintains an optimal nAChR cation channel activity. On the other hand, 
reconstitution into cholesterol/zwitterionic phospholipids, in the absence of anionic 
phospholipids, causes a lost in nAChR function (authors submitted manuscript, Fig. 
8.2). The lack of ion channel activity in samples containing PC as the only 
phospholipid present has been reported previously, using several different chemical 
species of synthetic PCs (Fong and McNamee 1986; Ochoa et al. 1989; Sunshine 
and McNamee 1992) or egg yolk PC (Fernández et al. 1993). It seems that this lipid  

 

 

Fig.8.2. Representative stopped-flow traces 
corresponding to the rapid collisional 
quenching of the fluorescence on 1,3,6,8-
pyrene tetrasulfonate entrapped into 
reconstituted nAcChR vesicles by externally 
added Tl+. The figure shows Tl+ influx 
responses to 500 μM carbamilcoline 
exhibited by reconstituted nAcChR vesicles 
made from different lipid mixtures 
 



 

210  CHAPTER 8: Structural and Functional Modulation of Ion Channels by Specific Lipids 

 

stabilizes the nAChR in a nonresponsive, desensitized state. Also, the need of 
cholesterol and negatively charged phospholipids, particularly PA, to retain nAChR 
function upon reconstitution has been widely documented (Criado et al. 1984; Fong 
and McNamee 1986; Jones et al. 1988; Sunshine and McNamee 1992; Fernández et 
al. 1993). Similarly, preliminary data using the approach of "transplanting" the 
nAChR from reconstituted vesicles to the plasma membrane of live Xenopus oocytes 
(Morales et al. 1995 see below), show that microinjecting samples reconstituted in 
whole asolectin lipids (fully "active" samples) or in just egg phosphatitylcholine 
("inactive" samples) produce comparable agonist-induced nAChR ion currents upon 
incorporation of the protein into the host cell membrane (manuscript in preparation). 

These effects of specific lipids in nAChR function may be exerted through 
binding to specific sites of the protein or by modification of bilayer physical 
properties. Previous results have demonstrated that membrane lipids interact 
differentially with nAChR. For example, sterol, PA and fatty acid spin labels have a 
relative high affinity for nAChR compared with other spin labelled phospholipids 
(Ellena et al. 1983). 

Additionally, several lines of evidence indicate a separate binding site for neutral 
lipids, namely non annular sites. McNamee´s group used the ability of brominated 
lipids to partially quench the intrinsic or modified fluorescence of the nAChR to 
monitor contacts with the surrounding lipid in reconstituted membranes. They found 
that quenching of PC was independent of and additive with that due to brominated 
cholesterol derivatives (Jones and McNamee 1988). These results argue strongly for 
independent binding sites for cholesterol and phospholipids. 

Although cholesterol may affect the nAChR directly, it definitely has profound 
effects on the structure of the membrane environment, most notably in changes of 
membrane order or fluidity. In earlier studies both the agonist affinity and ion flux 
seemed to required an optimal fluidity (Fong and McNamee 1986). However 
subsequent studies showed that while the ion flux activity of the nAChR was 
strongly influenced by lipid composition (Fernández-Ballester et al. 1994), there was 
no correlation with membrane fluidity as measured by steady state anisotropy of 
membrane probes (Shunshine and McNamee 1994). Measurements of membrane 
fluidity showed that cholesterol further ordered membranes containing PC and PA, 
but another sterols, like androstanol, did not, however, both neutral lipids supported 
similar ion fluxes. Thus neutral lipids do not exert their effect on the nAChR by 
changing bulk membrane order. Nevertheless, effects on bulk membrane order are 
sometimes different from those at the protein-lipid interface and it is possible that 
protein promotes the lateral segregation of specific lipids that allows an optimal 
packing density (daCostaet al. 2002; Poveda et al.2002). 

Careful delipidation experiments showed that a lipid/protein mole ratio 
approximately below 45 caused irreversible inactivation of the nAChR, consistent 
with the requirement of an annular shell of lipids around the periphery of the 
hydrophobic region (Jones et al. 1998). This requirement for a lipid annulus of 40-
50 lipids molecules is supported by a variety of spectroscopic techniques 
establishing the presence of a lipid phase associated with the protein that differs 
from the bulk bilayer lipids in terms of molecular motion (Antollini et al. 1996). It is
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also in good agreement with theoretical predictions, which suggests the presence of 
a inner shell annulus of approximately 42-51 lipid molecules (Barrantes 1993). The 
nature of the molecular species making up this dynamic annulus has not been wholly 
ascertained although it seems obvious that both neutral and negatively charged lipids 
must play a role. It becomes clear that the nAChR annular lipids are important for its 
correct functional activity, but the precise mechanism by which these annular lipids 
affect the nAChR are yet unknown. 

 
 
8.5 
nAChR Modulation by other Lipophilic Compounds 
 
As indicated above, some of the lipids surrounding the nAChR play an important 

role in determining its functional activity. Besides, many other hydrophobic 
molecules, with astonishingly different molecular structures, modulate the nAChR 
function, including: 

 
(1) free fatty acids (Andreasen and McNamee 1980, Villar et al. 1988), 
(2) steroid hormones, both glucocorticoids (Bouzat and Barrantes, 1996, 

Nurowska and Ruzzier 1996) and sex hormones (Valera et al. 1992),  
(3) local anaesthetics (Katz and Miledi 1975, Gentry and Lukas 2001),  
(4) some cholinesterase inhibitors, such as tacrine (Cantí et al. 1998) or 

BW284c51 (Olivera et al. 2005), and  
(4) other lipophilic compounds such as alcohols and general anaesthetics (Liu et 

al. 1994). 
 
Most of these hydrophobic molecules act as non-competitive blockers (NCB) on 

the nAChRs. The similar inhibitory effect mediated by such a broad range of 
lipophilic compounds can be explained assuming that the nAChRs function as an 
allosteric protein (Changeux 1990; Hogg et al. 2003). This assumption postulates 
that the protein can exist in different states (closed, open and desensitised, each 
characterised by its affinity for the agonist, or other ligands, and its conductance) 
and undergoes spontaneous conformational transitions. At rest, the equilibrium 
between these conformational states is in favor of the closed state, but when the 
agonist is bound, the equilibrium shifts towards the active or desensitised states. The 
binding of molecules at specific regulatory sites (different of the agonist-binding 
site) would shift the isomerization equilibrium towards one of the possible states 
(Galzi et al. 1996). Nevertheless, the detailed mechanism by which such 
heterogeneous group of hydrophobic compounds affects nAChR activity remains 
largely unknown. 

Two main different locations in the nAChR have been proposed for the 
interaction with NCBs: (1) a high-affinity site, located at, or close to, the lumen of 
the ion channel and (2) several (up to 30) low affinity sites located at the annular 
interface receptor-lipid bilayer. The high-affinity site is thought to be at or close to 
the ion channel pore since photoaffinity labelling experiments using either [3H]CPZ 
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(Revah et al. 1990) or [125I]TID (White and Cohen 1992) label several residues 
within the M2 sequence of each subunit, which corresponds to the lining wall of the 
ion pore. Different experimental approaches further reinforced this view: 

 
(1) Site-directed mutagenesis of the M2 residues in neuronal α7 nAChR affected 

the apparent affinity of the nAChR for NCB, although also modified the 
affinity for agonists and competitive antagonists and the desensitisation rate 
(Revah et al. 1991), and  

(2) membrane current recordings of nAChR activity, either in the presence of 
local anaesthetics (Neher and Steinbach 1978) or TID (Forman 1999), 
indicate that these compounds cause an open channel block, likely due to 
their affinity for a site within the open ion channel. 

 
The low affinity sites located at the receptor-lipid interface bind a heterogeneous 

group of hydrophobic molecules, such as fatty acids, sterols, steroids, alcohols and 
general anaesthetics. The binding sites for these compounds would be located in the 
middle (M1, M3) and/or outer (M4) transmembrane domains of the nAChR 
(Barrantes 2003). Although these segments are not forming part of the ion 
conduction pathway, in contrast to the M2, they are lipid-exposed and can modulate 
the receptor function (Arias 1998; Barrantes 2003). As a rule, all NCB acting on 
these sites cause similar functional effects: they reduce the channel mean open time 
(τon), but without changing the maximal agonist binding. Furthermore, some of them 
enhance desensitisation. Remarkably, comparable changes in gating kinetics are 
observed when lipid-exposed residues in the M4 domain of the nAChR are mutated 
(Bouzat et al. 1998). 

As for GABAA and glycine receptors, members of the same superfamily of LGIC, 
nAChRs seem to have specific binding sites for alcohols and anaesthetics, located in 
water-filled cavities between the inner (M2) and the outer (M4) set of helices 
(Miyazawa et al. 2003; Chiara et al. 2003). In the case of steroids, it is known that 
all of them affect nAChR channel kinetics in a similar way, but the magnitude of 
their effects are inversely related to their lipophilicity (Garbus et al. 2001). This 
suggests that their effect is not exerted through a simple perturbation of the lipid 
bilayer properties but through the binding to a site located at superficial regions of 
the nAChR-lipid interface, i.e., close to the phospholipid polar head region. In 
addition, it should be mentioned that when progesterone (Kel and Lukas 1996) or 
corticosterone (Nurowska and Ruzzier 1996) are bound to bovine serum albumin, 
forming a cell-impermeant complex, they retain their modulating actions on the 
nAChR. Therefore, these steroids should be acting on an extracellularly accessible 
site of the nAChR. Although almost all steroids tested to date on nAChR have an 
inhibitory action (negative allosteric effect) on nAChR, it has been recently reported 
potentiating effects of 17β-estradiol on rat (Paradiso et al. 2000) and human 
(Paradiso et al. 2001, Curtis et al. 2002) neuronal α4β2 nAChRs. The potentiating 
effect is mediated at a site in the C-terminal tail of the α4 subunit (Paradiso et al. 
2001; Curtis et al. 2002), being therefore markedly different to that involved in the 
steroid inhibiting action. Finally, it should be mentioned that there is no competition
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between the inhibitory actions of steroids (hydrocortisone) and local anaesthetics 
(QX-222), as it would be expected from their different acting sites on the nAChR 
(Bouzat and Barrantes 1996). 

In summary, besides the nAChR dependence on specific lipids, such as PA or 
cholesterol, for its correct function, there are many other lipophilic compounds, 
including endogenous molecules, acting on specific loci of this protein. This allows 
a multifactorial and extremely complex modulation of the nAChR function. 

 
 
8.6 
Influence of Lipids on nAChR Structure 
 
Structural knowledge of nAChR and other LGIC has been greatly hindered by the 

absence of a crystal structure. The most informative structure is from electron 
micrographs of the tightly packed arrays of nAChR in tubular membranes isolated 
from the electric organ of Torpedo electric rays (Toyoshima and Unwin 1988, 
Unwin 1995, Miyazawa et al. 2003). These studies indicate that the transmembrane 
segments (M1-M4) are basically α helices, although M1 seems to have a distorted 
helical structure, probably due to the presence of a proline residue. These data have 
been confirmed through NMR and other spectroscopic studies of the peptides 
corresponding to the different transmembrane segments of the protein or with 
biochemical approaches such as photo-labelling, protein modification and site 
directed mutagenesis of the entire protein (Karlin et al. 1986; Akabas et al. 1994; 
Blanton and Cohen 1994; Blanton et al. 1998; Corbin et al. 1998; Lugovskoy et al. 
1998; Opella et al. 1999; Pashkov et al. 1999; Williamson et al. 2004; Barrantes et 
al. 2000; Tamamizu et al. 2000; Cruz-Martin et al. 2001; Guzman et al. 2003; Ortiz-
Acevedo et al. 2004; Santiago et al. 2004). Finally, site-directed mutagenesis and 
NMR experiments, propose that M3 contain a mixture of alpha helix and 310-helix 
(Lugovskoy et al. 1998; Guzman et al. 2003). The secondary structure of the entire 
protein has also been studied through spectroscopic techniques such as Raman, FT-
IR or CD. Calculated α-helix content ranges from 20 to 43%, β sheet content from 
29 to 48%, and non-ordered structure from 20 to 28% (Moore et al. 1974, Mielke 
and Wallace 1988, Yager et al. 1984, Fong and McNamee 1987, Butler and 
McNamee 1993, Methot et al. 1994, Castresana et al. 1992). On the other hand, 
theoretical predictions estimate 44% α-helix and 27% β sheet (Finer-Moore and 
Stroud 1984). The lack of concordance of these data is probably due to the low 
sensitivity of CD to detect beta structures, the diversity of the FT-IR quantification 
methods, and finally to the different conditions used to reconstitute the protein. 

As stated in the previous section, lipid surrounding nAChR modulates protein 
function, possibly through changes in membrane general properties or by direct 
binding to the protein. This modulation should be caused by some effect on the 
protein conformation, probably acting on one or several of the transmembrane 
domains that are in direct contact with lipids (M1, M3 and M4). In fact, site directed 
mutagenesis studies report many examples of residues located at the lipid-protein 
interface whose mutation to tryptophan dramatically affects protein function 
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(Tamamizu et al. 2000; Guzman et al. 2003; Ortiz-Acevedo et al. 2004; Santiago et 
al. 2004). In order to detect the possible structural changes associated to lipid 
nAChR modulation, different spectroscopic studies have been done, mainly through 
analysis of the FT-IR amide I’ band. Lipid membranes where nAChR is fully 
functional, typically those containing PA and cholesterol, are those where the 
protein presents a higher α-helical content relative to non-ordered structure, whereas 
nAChR in lipid membranes where it is less active, such as those with only 
zwitterionic phospholipids, shows a larger non-ordered structure concomitant with a 
decrease in α-helical one. Meanwhile, β sheet content remains basically unchanged 
(Fig.8.3).  
 

 
 

All these experiment where done after submitting the samples to a D2O for H2O 
exchange. This process can be followed through the FT-IR amide II band, which 
diminishes with the H-D exchange, and depends on the accessibility of the different 
aminoacids to the solvent, so it reports information about the tertiary protein 
structure (Hvidt and Nielsen 1966; Pershina and Hvidt 1974). Once reached the 
equilibrium for the H-D exchange, the remaining amide II band was quantified, 
resulting that those samples with a larger remaining amide II, that is, with the lower 
H to D exchange, are precisely those with less non-ordered structure. Furthermore, if 
those samples are constantly heated this amide II band disappears showing a 
sigmoidal behaviour. From these curves, it is possible to calculate a temperature 
(Tm) for the collapse of the tertiary structure. Again it is observed that samples with 
a higher content of ordered secondary structure are those with a higher Tm. All these 
experiments support nAChR structure data calculations from amide I’ analysis, since 
those samples with more ordered secondary structure, typically alpha-helical, are 
those more resistant to H-D exchange (author’s submitted manuscript). The way 
through which anionic lipids, especially PA, stabilizes α helix structure of nAChR is 
not clear, although some authors have pointed to an interaction between the dipole 
from the α-helical of nAChR and the PA phosphates (Hol et al. 1978; Sali et al. 
1988). In addition, there are some works with model peptides that also detect

Fig.8.3. Infrared spectra (1800-
1505 cm-1) of nNAcChR 
reconstituted in different lipid 
vesicles at 20 and 70 ºC. Spectra 
shown lipid carbonyl, amide I', 
amide II and tyrosine bands. 
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stabilization of α-helical structure by anionic phospholipids (Liu and Deber 1997). 
However, other authors have reported an increment in β sheet content upon addition 
of anionic phospholipids (Butler and McNamee 1993; Fong and McNamee 1987), 
although these studies were done in a region of the infrared spectrum where bands 
are rather weak and its assignation to secondary structure is not clear. It has also 
been reported that cholesterol favours an increment in α-helical structure 
(Fernandez-Ballester et al. 1994; Fong and McNamee 1987; Butler and McNamee 
1993) and even β sheet (Fernandez-Ballester et al. 1994). To explain this result it 
has been postulated that the rigid sterol ring, oriented parallel to the receptor axis, 
could localize in between helices at the lipid/protein interface, causing their 
stabilization (Fong and McNamee 1987). 

Among the different regions that conforms nAChR, the M1 transmembrane 
segment could be a good candidate to be modulated by lipids (Williamson et al. 
2004; dePlanque et al. 2004). NMR studies of this transmembrane segment 
reconstituted in lipids show that some portions adopt an α-helical conformation but 
that the presence of a proline located in the middle of the segment significantly 
disrupts the α-helical structure. In fact, a proline and about four surrounding 
residues typically form a kink in the transmembrane stretch with an angle that can 
vary between 5º and 60º, and these hinge regions are thought to play a key role in 
membrane proteins because of their expected inherent flexibility (Cordes et al. 2002; 
Arshava et al. 2002). Furthermore, conformational studies as a function of the lipid 
environment suggest that the degree of helicity in this region strongly depends on 
the lipid environment, and that M1 orders DMPC acyl chains and interact more 
favourably with cholesterol containing PC bilayers, mimicking several aspects of the 
effect of the entire nAChR on model membranes (de Planque et al. 2000). This 
flexibility could be maintained in the entire protein as transmembrane segments in 
nAChR are loosely packed, and M1, M3 and M4 are largely separated by water 
filled cavities from the inner ring of M2 helices (Miyazawa et al. 2003). These 
results, together with the observed M1 labelling from both hydrophobic and 
hydrophilic probes (Blanton and Cohen 1994; Karlin et al. 1986), and the close 
proximity between M1 and M2, suggest that the conformational flexibility around 
the proline in the M1-transmembrane may be important for the modulation of 
channel gating by the lipid environment and by other molecules which partition into 
the lipid bilayer, such as general anaesthetics. 

Opposite to these works are those using ATR spectroscopy (Ryan et al. 1996; 
Baenziger et al. 2000). These authors find very faint variations in amide I’ band for 
nAChR reconstituted in different lipid vesicles, only detectable after band 
deconvolution. They propose that these little variations are caused by the different 
rate of H-D exchange for the different samples, due to subtle variations in the 
protein dynamics that do not involve changes in the secondary structure. These 
variations would be those causing the lipid modulation on nAChR function. This 
could explain the little differences they find in the amide I’ band, but not for the 
large differences above referred, as there are evidences showing that large variations 
in H-D exchange do not cause significant changes in the quantification of secondary 
structure motifs from amide I’ band (author’s submitted manuscript). One reason to 
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explain why these authors do not detect large variations in amide I’ band could be 
the fact that nAChR-containing samples are submitted to a drying cycle 
accompanied by a long period of re-hydration (up to three days) before doing the 
FT-IR experiments. The consequences of this process have not been tested, since no 
functional experiments are done after these treatments. It is possible then, that 
nAChR is in a desensitised-like state, independently of the lipids where it is 
reconstituted. In the same sense, cholesterol has been proposed to modulate nAChR 
function without varying protein structure. To do so, it would localize in the spaces 
between different nAChR subunits facilitating the sliding between them, so making 
possible the conformational changes necessaries for channel function (Corbin et al. 
1998). 

nAChR like other ligand gated ion channel, after binding of the corresponding 
agonist, suffers a conformational change in transmembrane segments, probably a 
rotational movement, destabilizing the hydrophobic girdle that forms the channel 
gate and thus allowing ions to pass through the pore. The mechanisms and pathway 
to transform the energy of ligand binding at the extracytoplasmic domain of the 
protein into the movements of the M2 segments are largely unknown. It has been 
proposed some electrostatic and hydrophobic interactions between the M2-M3 loop 
and other loops in the agonist-binding domain as the responsible of this transmission 
(Kash et al. 2003; Miyazawa et al. 2003). The action of phospholipids to modulate 
nAChR function should interfere either the transmission between ligand-binding 
domain towards transmembrane segments or the subsequent transmembrane 
movement. A possibility to do that is causing the protein to enter in a non-active 
conformation, through changes in the secondary and/or tertiary nAChR structure. 
Considering the above results, zwitterionic lipids would stabilize a conformation 
with less ordered α helical content that would impede some of the steps that allow 
the protein function. By contrast, anionic lipids and cholesterol would stabilize a 
more compact conformation able to transmit movements of the binding domain 
towards the transmembrane domain. 

 
 
8.7 
PA-nAChR Interaction 
 
As stated above, nAChR binds preferentially anionic lipids, which are positive 

modulators of its function. Among them, PA seems to interact in a special fashion 
with this protein. In vitro studies with nAChR reconstituted in lipid vesicles of 
controlled composition show that PA is among those phopholipids that bind the 
protein with a higher affinity, and it is the most effective lipid in preserving nAChR 
function (Jones and McNamee 1988; Marsh and Barrantes 1978; Ellena et al. 1983; 
Esmann and Marsh 1985; Dreger et al. 1997), possibly through an stabilization of 
the resting versus the desensitised state of the protein (da Costa et al. 2002). On the 
other hand, as if a bi-directional coupling takes place, nAChR in PA-containing 
membrane leads to a dramatic increase in both the lateral packing densities and the 
gel-to liquid crystal phase-transition temperatures of the reconstituted lipid bilayers
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(da Costa et al. 2002; Wenz and Barrantes 2005). This strong interaction leads to the 
segregation of a PA enriched domain from a complex mixture of lipids at 
determined lipid to protein ratios (Fig.8.4, Poveda et al. 2002; Wenz and Barrantes 
2005). However, nAChR has no detectable effect on the lateral distribution of lipids 
when PA is substituted by other zwitterionic or anionic phospholipids such as PC, 
PG or phosphatidylserine (PS) (Poveda et al. 2002; da Costa el al. 2004), although it 
has been recently reported the segregation of a saturated PC from a unsaturated one 
by the action of nAChR (Wenz and Barrantes 2005). In this case the authors suggest 
that the maintenance of this domain is predominantly due to lipid-lipid interactions 
opposite to that with PA, more stable and mainly maintained by protein-lipid 
interactions. The PA domain has been detected either through fluorescence, or FT-
IR and DSC techniques, the later sensitive to macroscopic events, indicating that 
macrodomains should be form. In addition, from resonance energy transfer 
experiments it has been shown that these domains are located next to the protein 
(Poveda et al. 2002).  
 

 
 
Fig.8.4 (a, b) Representative temperature dependence of the infrared CD2 
symmetric stretching vibration from perdeuterated phospholipids contained in 
reconstituted vesicles. Vesicles were prepared by detergent dialysis, in the absence 
(open symbols) or in the presence (filled symbols) of nAcChR protein, from identical 
amounts of lipid mixtures containing 25 mol % of cholesterol, 50 mol % of egg PC and 
25 mol % of either d-DMPC (panel A) or d-DMPA (panel B). Protein containing 
samples were prepared at a protein to phospholipid molar ratio of 1:3500. CaF2 
windows were used in the spectrometer cell. (c) Differential scanning calorimetry 
studies on the effect of nAcChR on lipid organization in reconstituted vesicles. The 
scans correspond to: pure DMPA (a), 25 mol % of cholesterol, 50 mol % of egg PC and 
25 mol % of DMPA with (b) or without (c) nAcChR. (d) Fluorescence anisotropy of the 
trans-parinaric acid (t-PnA) probe incorporated into vesicles composed by 25 mol % 
of cholesterol, 50 mol % of egg PC and 25 mol % of either DMPA in the absence (open 
symbols) or in the presence (filled symbols) of nAcChR protein. 
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Phospholipid in membranes, including those interacting with membrane proteins, 
diffuse very fast, around 108 cm2/s (Ellena et al. 1983; East et al. 1985), so the 
ability of nAChR to change the lipid lateral distribution segregating PA around it 
will dramatically enhance its interaction with this phospholipid, hence explaining 
the strong modulating effect of PA on nAChR. 

There are several works describing the segregation of lipid domains by peptides 
or extrinsic proteins but only one for a membrane protein, rhodopsin (Polozova y 
Litman 2000). This kind of domains whose organization is directed by a 
transmembrane protein seems opposite to that of the so-called “rafts” (Simons and 
Ikonen 1997), where it is postulated that the physical properties of lipids is 
responsible for the segregation. However, it has been proposed a “clustering” model 
that could be valid for the nAChR-PA interaction. In it, the action of certain proteins 
could “cluster” little initial “rafts” dispersed in the membrane (Harder et al. 1998). 
On the other hand, there are some examples dealing with a special selectivity of 
certain proteins for PA, as that of the vesicular-stomatitis virus envelope-proteins 
(Luan el al. 1995). In spite of the low PA concentration in host membranes, these 
proteins interact specifically with PA giving cause for PA domains, what is an 
essential event for new viral particles to be formed. Moreover, PA domains have 
been proposed as scavengers of other essential biological anionic phospholipids such 
as PIP2 (Denisov et al. 1998), so the domain formation could configure an important 
regulation site in the membrane. PS is another anionic phospholipid present at a high 
level in membranes form the Torpedo electric organ (Gonzalez-Ros et al. 1982), so 
it could be a good candidate to enter the PA domain as in the stomatitis virus occurs 
where  PS is only segregated if PA is present (Luan et al. 1995). 

The fact that PA is the main component of the nAChR segregated domain 
(Poveda et al. 2002), opens a new regulation via for the nAChR activity since PA 
level at the membrane can be varied through phospholipase D activity, which 
transforms PC in PA (Exton 1990; Billah and Anthes 1990). In addition, the activity 
of this enzyme can be regulated through the agonist binding to receptors coupled to 
G-proteins. In this way, addition of phospholipase D to nAChR enriched vesicles 
results in an increase in protein function (Bhushan and McNamee 1993). Finally, 
cells can synthesise PA through the diacylglycerol kinase action on the 
diacylglycerol formed after breaking phosphatidylinositol through phospholipase C. 
Another important question about the segregation of the PA domain is related to the 
determinants in the protein and in PA responsible of this strong interaction that 
finally leads to the domain segregation. Calorimetric studies and other experiments 
using proteases point out to the transmembrane segments as the main structure 
responsible for the domain segregation (Poveda et al. 2002). It has been proposed 
that some positive charged aminoacid present at the end of the nAChR 
transmembrane helices, such as Arg-429 or His-408 at the M4 could be responsible 
for the stronger binding to anionic phospholipids, although there are no definitive 
results (Blanton and Wang 1990; Blanton and Wang 1991; Blanton and Cohen 
1992). On the other hand, the exact determinants in the PA molecule that could 
explain its strong interaction with nAChR are also unknown and only general 
properties of this phospholipid have been pointed out, such as its negative charge, its
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very small headgroup or its high capacity to form hydrogen bonds (Baenziger et al. 
1999). Evidently, the negative charge is not the only factor, as salt screening or pH 
titration does not destabilize the domain. Moreover, other anionic lipids are not 
segregated by nAChR. At this point it is important to stress that PA has a higher pKa 
when the protein is present, so its anionic charge is diminished (Poveda et al. 2002). 
This could facilitate the formation of the PA domains since a lower repulsion and an 
enhanced attraction through hydrogen bonds between PA molecules would occur 
(Garidel et al. 1997), decreasing the electrostatic contribution to the free energy of 
the system (Denisov et al. 1998) as to overcome the entropic effect that favours the 
homogeneous mixing of lipid components.  

 
 
8.8 
From Model In vitro Systems to Cell Membranes: the Xenopus 
Oocyte as a Cell Model for the Study of Lipid-Protein Interactions 
 
Most of the studies dealing with the functional and structural dependence of 

nAChR on its surrounding lipids have been carried out on model membrane systems 
to avoid the complexity of the cell membrane and to prevent the changes that a 
single variable can make in the whole system. Though these model systems are 
useful providing a reductionism approach we must develop novel methods allowing 
the study of the lipid-protein interaction in native cell membranes in order to 
confirm the results obtained in artificial systems. 

One of the putative cell models for these studies is the Xenopus oocyte. These 
cells have been widely used for the biophysical characterization of many ion 
channels, neurotransmitter receptors and transporters thanks to their ease of use, 
amenability for electrophysiological recordings and their capability to translate 
efficiently and faithfully exogenous mRNAs, (Miledi et al. 1989; Soreq and 
Seidman 1992; Miller and Zhou 2000). Though Xenopus oocytes are capable for 
make a large number of post-translational modifications of the proteins coded by 
exogenous mRNA (as acetylation, glycosylation or phosphorylation), and to 
assemble oligomeric receptor/channel complexes, they cannot always match the 
processing carried out by the cells that natively express them. Almost certainly, this 
is the reason for the failed or altered function of some foreign proteins expressed in 
oocytes. So, for instance, Torpedo nAChRs expressed in oocytes display an altered 
pattern of glycosylation (Buller and White 1990) and neuronal nAChRs do not 
exhibit the properties of native receptors, likely because oocytes fail to assemble 
correctly their different subunits (Sivilotti et al. 1997). Besides there are specific 
lipids requeriments of membrane proteins, which might constitutes a handicap for 
heterologous expression in a functional form (Opekarová and Tanner, 2003). To 
overcome this handicap, nAChRs, and other membrane proteins, have been 
functionally transplanted to the Xenopus oocyte membrane by intracellular injection 
of plasma membranes (Marsal et al. 1995; Aleu et al. 1997; Sanna et al. 1998; 
Miledi et al. 2002; Palma et al. 2003; Miledi et al. 2004) or proteoliposomes bearing 
the purified protein (Morales et al. 1995; Le Cahérec et al. 1996; Ivorra et al. 2002). 
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Oocyte injection of proteoliposomes bearing a purified protein, instead of 
fragments of cellular membranes, has several advantages:  

 
i) it allows to study single molecular entities,  
ii) the transplanted protein does not need to be one of the most abundant in the 

cellular membrane, although the presence of a large amount of protein 
simplifies its purification, and  

iii) it makes possible to study the influence that the lipid composition of the 
reconstitution matrix has on the functional properties of the transplanted 
protein.  

 
The later point has a special relevance, since many proteins are, and need to be, 

surrounded by specific lipids for developing their full functional activity (see 
above). Therefore, microtransplantation of purified proteins into the Xenopus oocyte 
membrane arises as an excellent way to unravel lipid-protein interactions, since it 
allows to insert proteins with specific lipids bound to them. Moreover, using this 
approach it is possible not only to change the ratio of different phospholipids 
surrounding the protein, to determine their functional relevance, but also the length 
of the acyl chains, to induce local changes in bilayer thickness and elasticity that 
might also be important for the protein activity (Martinac and Hamill 2002; 
Lundbaek et al. 2004). 

Besides, an additional advantage of using Xenopus oocytes as the cell model for 
functional and biophysical studies of heterologous proteins is that their membrane 
lipid composition is well known (Caldironi et al. 1996; Stith et al. 2000) and can be, 
at least partially, customized. For instance, the cholesterol content in the oocyte 
membrane can be easily modified, inducing not only changes in bilayer stiffness but 
also in the functional activity of different proteins, including nAChRs (see above). 
The normal cholesterol/phospholipid (C/P) molar ratio in the Xenopus oocyte 
membrane (about 0,5) can be almost duplicated by incubating the cells in a solution 
containing cholesterol-enriched liposomes, whereas a significant decrease in this 
ratio is obtained by incubating them with methyl-β-cyclodextrin (Santiago et al. 
2001). Likewise, the content of other specific lipid molecules can be modify either 
by oocyte incubation with lipid-defined liposomes or by activating specific 
pathways of lipid metabolism. It should be noticed that some lipids are charged 
molecules and hence certain changes in the lipid composition around some proteins, 
mainly ion channels, might affect their function by an electrostatic mechanism. So, 
it is well known that the ion channel biophysical properties can be modulated by 
fixed charges present in the protein itself or by charged molecules in its surrounding, 
specially phospholipids. This is because a charged surface in the neighbouring of the 
ion channel influences the concentration of ions at the channel mouth and 
consequently its conductance (Latorre et al. 1992; Anzai et al. 1994). 

Interestingly, the PA modulation of nAChR observed on “in vitro” systems has 
been corroborated “in vivo” using the Xenopus oocyte model (Morales et al. in 
preparation, Fig. 8.5). In these experiments, purified nAChRs reconstituted in either 
PA:PC:Chol (25:50:25 molar ratio), PC:Chol (75:25 molar ratio), or soybean lipids
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are injected in oocytes, where they are efficiently inserted in the plasma membrane. 
Then, the functional activity, and properties, of the transplanted nAChRs are 
assessed using the voltage clamp technique. The amplitude of the acetylcholine 
(ACh)-elicited currents in the injected oocytes depended on the reconstitution matrix 
used. The ACh-current was higher when the nAChR was reconstituted in PA than 
when it was reconstituted either in soybean or PC lipids, which were very similar 
each other (See fig 5). This effect was not due to a different fusion efficiency of the 
different proteoliposomes to the oocyte membrane. It is worthy of note that  when 
nAChRs are reconstituted with those lipid mixtures in vitro, the activity is higher for 
soybean lipids than for the PA-mixture and no activity is found with PC:Chol. The 
fact that in the cell membrane the nAChR  in PC:Chol reversibly recovers its 
function suggest that the system is sufficiently dynamic as to allow the injected lipid 
around nAChR be exchanged for the own oocyte membrane lipids. Then, why 
oocytes injected with nAChR reconstituted in PA displayed larger currents?. Taking 
into account the above “in vitro” results, one possibility would be that nAChR binds 
PA tightly, impeding its free exchange with other bulk membrane lipids, and leading 
to the formation of a PA rich domain segregated around the protein. The permanent 
interaction with PA, a positive modulator, would result in the enhanced protein 
activity. An interesting observation that supports this hypothesis is the fact that, as 
nAChR is purified from Torpedo electric organ, the PA content of the lipids which 
accompanies the protein is progressively increased from 0.5-1.6% up to 2.2-2.9% 
(Gonzalez-Ros et al. 1982). 
 

 
 
Fig.8.5 Bar diagram showing the amplitude of the peak ACh (100 μM) currents (IACh) 
elicited in oocytes previously injected with nAChRs reconstituted in asolectin (R-Aso, 
open bar), a mixture of PC (75%) and cholesterol (25%, R-PC+Cho, hatched bar) or a 
mixture of PA (25%), PC (50%), and cholesterol (25%, R-PA+PC+Cho, crossed bar). 
Values were normalised to the amplitude of the currents obtained in the R-Aso 
group. The inset shows a representative record of the IACh recorded in the R-Aso 
group. The arrow indicates de measurement of IAch and the bar the ACh application 
time. In all experiments the membrane potential was held at –60 mV. The number of 
observations is given in brackets. Asterisks indicate significant differences with the R-
Aso group (p<0.01). 
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Many more studies are needed on in vivo models to fully understand the 

functional modulation of membrane proteins by their surrounding lipids, but 
undoubtedly these are the first steps in this way. 
 
 
 

References 
 
Akabas MH, Kaufmann C, Archdeacon P, Karlin A (1994) Identification of acetylcholine 

receptor channel-lining residues in the entire M2 segment of the alpha subunit. 
Neuron 13:919-927 

Aleu J, Ivorra I, Lejarreta M, González-Ros JM, Morales A and Ferragut JA (1997). 
Functional incorporation of P-glycoprotein into Xenopus oocyte plasma membrane 
fails to elicit a swelling-evoked conductance. Biochem. Biophys. Res. Com. 237:407-412 

Andreasen TJ, McNamee MG (1980) Inhibition of ion permeability control properties of 
acetylcholine receptor from Torpedo californica by long-chain fatty acids. 
Biochemistry 19:4719-4726. 

Antollini SS, Soto MA, Bonini de Romanelli I, Gutierrez-Merino C, Sotomayor P, Barrantes 
FJ. (1996). Physical state of bulk and protein-associated lipid in nicotinic acetylcholine 
receptor-rich membrane studied by laurdan generalized polarization and 
fluorescence energy transfer. Biophys J. 1996 Mar;70(3):1275-84 

Anzai K, Takano C, Tanaka K and Kirino Y (1994). Asymmetrical lipid charge changes the 
subconducting state of the potassium channel from sarcoplasmic reticulum. Biochem. 
Biophys. Res. Com. 199:1081-1087 

Arias HR (1998) Noncompetitive inhibition of nicotinic acetylcholine receptors by 
endogenous molecules. J. Neurosci. Res. 52:369-379 

Arshava B, Taran I, Xie H, Becker JM, Naider F. (2002) High resolution NMR analysis of 
the seven transmembrane domains of a heptahelical receptor in organic-aqueous 
medium. Biopolymers 64:161-76 

Baenziger JE and Chew JP (1997) Desensitization of the nicotinic acetylcholine receptor 
mainly involves a structural change in solvent-accessible regions of the polypeptide 
backbone. Biochemistry 36:3617-3624 

Baenziger JE, Darsaut TE, Morris ML (1999) Internal dynamics of the nicotinic 
acetylcholine receptor in reconstituted membranes. Biochemistry 38:4905-11 

Baezinger JE, Morris ML Darsaut TE (2000). Effect of membrane lipid composition on the 
conformational equilibria of the nicotinic acetylcholine receptor. J Biol Chem. 275:777-
784 

Barnard EA, Miledi R and Sumikawa K (1982). Translation of exogenous messenger RNA 
coding for nicotinic acetylcholine receptors produces functional receptors in Xenopus 
oocytes. Proc R Soc Lond B Biol Sci. 215:241-248 

Barrantes FJ (1993). The lipid annulus of the nicotinic acetylcholine receptor as a locus of 
structural-functional interactions. In: A.Walts, ed. Protein-lipid interactions. Elsevier 
Science Publishers B.V.: 231-256 

Barrantes FJ (2003) Modulation of nicotinic acetylcholine receptor function through the 
outer and middle rings of transmembrane domains. Current Opinion in Drug 
Discovery and Development 6:620-632 

Barrantes FJ, Antollini SS, Blanton MP, Prieto M (2000). Topography of nicotinic 
acetylcholine receptor membrane-embedded domains. J Biol Chem. 275: 37333-37339

 



 

References 223 

 

Bhushan, A, McNamee MG (1993) Correlation of phospholipid structure with functional 
effects on the nicotinic acetylcholine receptor. A modulatory role for phosphatidic 
acid. Biophys J 64:716-723 

Billah MM, Anthes JC (1990) The regulation and cellular functions of phosphatidylcholine 
hydrolysis. Biochem J. 269:281-291 

Blanton MP and Wang HH. (1991) Localization of regions of the Torpedo californica 
nicotinic acetylcholine receptor labeled with an aryl azide derivative of 
phosphatidylserine. Biochim Biophys Acta 5, 1067:1-8 

Blanton MP, Cohen JB (1994) Identifying the lipid-protein interface of the Torpedo 
nicotinic acetylcholine receptor: secondary structure implications. Biochemistry 
33:2859-2872. 

Blanton MP, McCardy EA, Huggins A, Parikh D. (1998) Probing the structure of the 
nicotinic acetylcholine receptor with the hydrophobic photoreactive probes [125I]TID-
BE and [125I]TIDPC/16. Biochemistry 37:14545-4555. 

Blanton, MP, Cohen JB (1992). Mapping the lipid-exposed regions in the Torpedo 
californica nicotinic acetylcholine receptor. Biochemistry 31:3738-3750. 

Blanton, MP, Wang HH (1990). Photoaffinity labeling of the Torpedo californica nicotinic 
acetylcholine receptor with an aryl azide derivative of phosphatidylserine 
Biochemistry 29:1186-1194. 

Bouzat C, Barrantes FJ (1996) Modulation of muscle nicotinic aceylcholine receptors by 
the glucocorticoid hydrocortisone: possible allosteric mechanism of channel blockade. 
J. Biol. Chem. 271: 25835-25841. 

Bouzat C, Roccamo AM, Garbus I, Barrantes FJ (1998) Mutations at lipid-exposed residues 
of the acetylcholine receptor affect its gating kinetics. Molecular Pharmacology 
54:146-153. 

Brown DA , London E. (1998) Functions of lipid rafts in biological membranes, Ann Rev 
Cell Dev Biol 14:111–136. 

Brown, DA and London, E. (1997) Structure of detergent-resistant membrane domains: 
does phase separation occur in biological membranes? Biochem. Biophys. Res. 
Commun. 240:1–7. 

Brown, D.A. and London, E. (2000) Structure and function of sphingolipid- and 
cholesterol-rich membrane rafts. J. Biol. Chem. 275:17221–17224. 

Bruses JL, Chauvet N, Rutishauser U.(2001) Membrane lipid rafts are necessary for the 
maintenance of the (alpha)7 nicotinic acetylcholine receptor in somatic spines of 
ciliary neurons. J. Neurosci. 21, 504–512. 

Buller AL and White M (1990). Altered patterns of N-linked glycosylation of the Torpedo 
acetylcholine receptor expressed in Xenopus oocytes. J. Membrane Biol. 115: 179-189. 

Butler DH, McNamee MG. (1993) FTIR analysis of nicotinic acetylcholine receptor 
secondary structure in reconstituted membranes. Biochim Biophys Acta 1150:17-24. 

Caldironi HA and ALonso TS (1996). Lipidic characterization of full-grown amphibian 
oocytes and their plasma membrane-enriched fractions. Lipids 31:651-656. 

Canti C, Bodas E, Marsal J and Solsona C (1998) Tacrine and physostigmine block nicotinic 
receptors in Xenopus oocytes injected with Torpedo electroplaque membranes. Eur. J. 
Pharmacol. 363: 197–202. 

Cantor, RS 1997. Lateral pressures in cell membranes: a mechanism for modulation of 
protein function. J Phys Chem 101:1323-1325. 

Castresana J, Fernandez-Ballester G, Fernandez AM, Laynez JL, Arrondo JL, Ferragut JA, 
and JM Gonzalez-Ros (1992) Protein structural effects of agonist binding to the 
nicotinic acetylcholine receptor.  FEBS Lett 314:171-175. 



 

224  CHAPTER 8: Structural and Functional Modulation of Ion Channels by Specific Lipids 

 

Chang G, Spencer RH, Lee AT, Barclay MT, Rees DC. (1998). Structure of the MscL 
homolog from Mycobacterium tuberculosis: a gated mechanosensitive ion channel 
Science 282:2220–2226. 

Changeux JP (1990) The nicotinic acetylcholine receptor: an allosteric protein prototype of 
ligand-gated ion channels. Trends Pharmacol. Sci 11:485-492. 

Chiara DC, Dangott LJ, Eckenhoff RG and Cohen JB (2003) Idendtification of nicotinic 
aceylcholine receptor amino acids photolabeled by the volatile anesthetic halothane. 
Biochemistry 42:13457-13467. 

Corbin J, Methot N, Wang HH, Baenziger JE, Blanton MP.(1998) Secondary structure 
analysis of individual transmembrane segments of the nicotinic acetylcholine receptor 
by circular dichroism and Fourier transform infrared spectroscopy. J Biol Chem. 
273:771-7. 

Corbin J, Wang HH, Blanton MP. (1998) Identifying the cholesterol binding domain in the 
nicotinic acetylcholine receptor with [125I]azido-cholesterol. Biochim Biophys Acta. 
1414:65-74. 

Cordes FS, Bright JN, Sansom MS. (2002) Proline-induced distortions of transmembrane 
helices. J. Mol. Biol. 323:951-960. 

Criado, M, Eib H  and Barrantes FJ (1984) Functional properties of the acetylcholine 
receptor incorporated in model lipid membranes Differential effects of chain length 
and head group of phospholipids on receptor affinity states and receptor- mediated 
ion translocation. J Biol Chem 259:9188-9198. 

Cruz-Martin A, Mercado JL, Rojas LV, McNamee MG, Lasalde-Dominicci JA (2001). 
Tryptophan substitutions at lipid-exposed positions of the gamma M3 
transmembrane domain increase the macroscopic ionic current response of the 
Torpedo californica nicotinic acetylcholine receptor. J Membr Biol. 183:61-70. 

Curtis L, Buisson B, Bertrand S and Bertrand D (2002) Potentiation of human α4β2 
neuronal nicotinic acetylcholine receptor by estradiol. Molecular Pharmacology 61:127-
135. 

daCosta CJ, Ogrel AA, McCardy EA, Blanton MP, Baenziger JE. (2002) Lipid-protein 
interactions at the nicotinic acetylcholine receptor A functional coupling between 
nicotinic receptors and phosphatidic acid-containing lipid bilayers. J Biol Chem 
277:201-208. 

daCosta CJ, Wagg ID, McKay ME, Baenziger JE (2004) Phosphatidic acid and 
phosphatidylserine have distinct structural and functional interactions with the 
nicotinic acetylcholine receptor J Biol Chem 279:14967-14974. 

de Kruijff B. (1997). Lipid polymorphism and biomembrane function. Curr Opin Chem 
Biol. 1:564-9. 

de Planque MR, Bonev BB, Demmers JA, Greathouse DV, Koeppe RE 2nd, Separovic F, 
Watts A, Killian JA (2003) Interfacial anchor properties of tryptophan residues in 
transmembrane peptides can dominate over hydrophobic matching effects in 
peptide-lipid interactions. Biochemistry 42:5341-5348. 

de Planque MR, Goormaghtigh E, Greathouse DV, Koeppe RE 2nd, Kruijtzer JA, Liskamp 
RM, de Kruijff B, Killian JA (2001) Sensitivity of single membrane-spanning alpha-
helical peptides to hydrophobic mismatch with a lipid bilayer: effects on backbone 
structure, orientation, and extent of membrane incorporation. Biochemistry 40:5000-
5010. 

Denisov G, Wanaski S, Luan P, Glaser M, McLaughlin S. (1998) Binding of basic peptides 
to membranes produces lateral domains enriched in the acidic lipids 
phosphatidylserine and phosphatidylinositol 4,5-bisphosphate: an electrostatic model 
and experimental results. Biophys J. 74:731-744. 



 

References 225 

 

Dowhan W. (1997) Molecular basis for membrane phospholipid diversity: why are there so 
many lipids? Annu Rev Biochemestry 66:199-232. 

Doyle DA (2004) Structural changes during ion channel gating. Trends Neurosci. (6):298-
302. 

Doyle DA, Morais Cabral J, Pfuetzner RA, Kuo A, Gulbis JM, Cohen SL, Chait BT, 
MacKinnon R. (1998) The structure of the potassium channel: molecular basis of K+ 
conduction and selectivity. Science 280:69-77. 

Dreger M, Krauss M, Herrmann A, Hucho F (1997). Interactions of the nicotinic 
acetylcholine receptor transmembrane segments with the lipid bilayer in native 
receptor-rich membranes.Biochemistry 36:839-847. 

East J.M., Melville D., y Lee A.G. (1985) Exchange rates and numbers of annular lipids for 
the calcium and magnesium ion dependent adenosinetriphosphatase. Biochemistry 
24: 2615-2623. 

Ellena JF, Blazing MA, McNamee MG (1983) Lipid-protein interactions in reconstituted 
membranes containing acetylcholine receptor. Biochemistry 22:5523-3555. 

Esmann M, Marsh D (1985) Spin-label studies on the origin of the specificity of lipid-
protein interactions in Na+,K+-ATPase membranes from Squalus acanthias. 
Biochemistry 24:3572-3578. 

Exton JH. (1990) Signalling through phosphatidylcholine breakdown. J. Biol. Chem 265:1-4. 
Fernandez AM, Fernandez-Ballester G, Ferragut JA, Gonzalez-Ros JM. (1993) Labeling of 

the nicotinic acetylcholine receptor by a photoactivatable steroid probe: effects of 
cholesterol and cholinergic ligands. Biochim Biophys Acta 1149:135-144. 

Fernandez-Ballester G, Castresana J, Fernandez AM, Arrondo JL, Ferragut JA, Gonzalez-
Ros JM. (1994) A role for cholesterol as a structural effector of the nicotinic 
acetylcholine receptor. Biochemistry33:4065-4071. 

Finer-Moore J and Strooud RM. (1984) Amphipathic analysis and possible formation of the 
ion channel in an acetylcholine receptor. Proc Natl Acad Sci U S A. 81:155-9. 

Fong TM, McNamee MG. (1986) Correlation between acetylcholine receptor function and 
structural properties of membranes. Biochemistry 25:830-40. 

Fong TM, McNamee MG (1987) Stabilization of acetylcholine receptor secondary structure 
by cholesterol and negatively charged phospholipids in membranes.Biochemistry 
26:3871-80. 

Forman SA (1999) A hydrophobic photolabel inhibits nicotinic acetylcholine receptors via 
open-channel block following a slow step. Biochemistry 38:14559-14564. 

Galzi JL, Edelstein SJ and Changeux JP (1996) The multiple phenotypes of allosteric 
receptor mutants. Proc. Natl. Acad. Sci. USA 93:1853-1858. 

Garbus I, Bouzat C and Barrantes FJ (2001) Steroids differentially inhibit the nicotinic 
aceylcholine receptor. NeuroReport 12:227-231. 

Garidel P, Johann C, Blume A (1997) Nonideal mixing and phase separation in 
phosphatidylcholine-phosphatidic acid mixtures as a function of acyl chain length and 
pH. Biophys J. 72:2196-2210. 

Gentry CL and Lukas R (2001) Local anesthetics noncompetitively inhibit function of four 
distinct nicotinic acetylcholine receptor subtypes. J. Pharmacol. and Exp. Ther. 
299:1038-1048. 

Gonzalez-Ros JM, Llanillo M, Paraschos A, Martinez-Carrion M (1982) Lipid environment 
of acetylcholine receptor from Torpedo californica. Biochemistry. 21:3467-74. 

Gonzalez-Ros JM, Paraschos A, Martinez-Carrion M (1980) Reconstitution of functional 
membrane-bound acetylcholine receptor from isolated Torpedo californica receptor 
protein and electroplax lipids Proc Natl Acad Sci U S A. 198077:1796-1800. 

Guzman GR, Santiago J, Ricardo A, Marti-Arbona R, Rojas LV, Lasalde-Dominicci JA. 
(2003) Tryptophan scanning mutagenesis in the alphaM3 transmembrane domain of 



 

226  CHAPTER 8: Structural and Functional Modulation of Ion Channels by Specific Lipids 

 

the Torpedo californica acetylcholine receptor: functional and structural 
implications.Biochemistry 42:12243-50. 

Harder T, Scheiffele P, Verkade P, Simons K (1998) Lipid domain structure of the plasma 
membrane revealed by patching of membrane components. J Cell Biol.141:929-942. 

Harder, T and Simons, K (1997) Caveolae, DIGs, and the dynamics of sphingolipid-
cholesterol microdomains. Curr. Opin. Cell Biol. 9:534–542. 

Heginbotham L, Kolmakova-Partensky L and Miller, C (1998) Functional reconstitution of 
a prokaryotic K+ channel. J. Gen. Physiol. 111:741–749. 

Hogg RC, Raggenbass M and Bertand D (2003) Nicotinic acetylcholine receptors: from 
structure to brain function. Rev. Physiol. Biochem. and Pharmacol. 147:1-46 

Hol WG, van Duijnen PT, Berendsen HJ. (1978). The alpha-helix dipole and the properties 
of proteins. Nature 273:443-446. 

Hvidt A, and Nielsen SO (1966) Hydrogen exchange in proteins. Adv. Protein Chem 
21:287-386 

Ivorra I, Fernandez A, Gal B, Aleu J, Gonzalez-Ros JM, Ferragut JA and Morales A (2002) 
Protein orientation affects the efficiency of functional protein transplantation into the 
Xenopus oocyte membrane. J. Membrane Biol., 185, 117-127. 

Jones, OT and MG McNamee (1988) Annular and nonannular binding sites for cholesterol 
associated with the nicotinic acetylcholine receptor. Biochemistry 27:2364-2374. 

Jones, OT, JH Eubanks, JP Earnest, and MG McNamee (1988) A minimum number of lipids 
are required to support the functional properties of the nicotinic acetylcholine 
receptor. Biochemistry 27:3733-3742. 

Karlin A (2002) Emerging structure of the nicotinic acetylcholine receptor Nat Rev 
Neurosci 3:102-114. 

Karlin A, Cox RN, Dipaola M, Holtzman E, Kao PN, Lobel P, Wang L, Yodh N. (1986) 
Functional domains of the nicotinic acetylcholine receptor.Ann N Y Acad Sci. 463:53-
69. 

Kash TL, Jenkins A, Kelley JC, Trudell JR, Harrison NL (2003) Coupling of agonist binding 
to channel gating in the GABA(A) receptor. Nature 421:272-5. 

Katz B and Miledi R (1975) The effect of procaine on the action of acetylcholine at the 
neuromuscular junction. J. Physiol. 249:269-284. 

Ke L and Lukas RJ (1996) Effects of steroid exposure on ligand binding and functional 
activities of diverse nicotinic acetylcholine receptor subtypes. J. Neurochem.67:1100-
1112. 

Kuo A, Gulbis JM, Antcliff JF, Rahman T, Lowe ED, Zimmer J, Cuthbertson J, Ashcroft FM, 
Ezaki T, Doyle DA. (2003) Crystal structure of the potassium channel KirBac11 in the 
closed state Science 300:1922–1926. 

Latorre R, Labarca P and Naranjo D (1992) Surface charge effects on ion conduction in 
ion channels. Methods in enzymology 207: 471-501 

Le Cahèrec F, Bron P, Verbavatz JM, Garret A, Morel G, Cavalier A, Bonnec G, Thomas D, 
Gouranton J and Hubert JF (1996) Incorporation of proteins into (Xenopus) oocytes by 
proteoliposome microinjection: functional characterization of a novel aquaporin. J. 
Cell Sci. 109:1285-1295. 

Lee AG. (1998) How lipids interact with an intrinsic membrane protein: the case of the 
calcium pump. Biochim Biophys Acta 1376:381-90. 

Lee, AG (2003) Lipid–protein interactions in biological membranes: a structural 
perspective, Biochim Biophys Acta 1612:1–40. 

Lee,AG (2004).How lipids affect the activities of integral membrane proteins. Biochim 
Biophys Acta. 3:1666:62-87. 

Liu LP, Deber CM. (1997) Anionic phospholipids modulate peptide insertion into 
membranes.Biochemistry. 36(18):5476-5482. 



 

References 227 

 

Liu Y, Dilger JP and Vidal AM (1994) Effects of alcohols and volatile anaesthetics on the 
activation of nicotinic acetylcholine receptor channels. Mol. Pharmacol. 45:1235-1241. 

Luan P, Yang L, Glaser M (1995) Formation of membrane domains created during the 
budding of vesicular stomatitis virus. A model for selective lipid and protein sorting in 
biological membranes.Biochemistry 34:9874-83. 

Lugovskoy AA, Maslennikov IV, Utkin YN, Tsetlin VI, Cohen JB, Arseniev AS (1998) Spatial 
structure of the M3 transmembrane segment of the nicotinic acetylcholine receptor 
alpha subunit. Eur. J. Biochem. 255:455-461. 

Lundbaek JA, Birn P, Hansen AJ, Søgaard R, Nielsen C, Girshman J, Bruno MJ, Tape SE, 
Egebjerg J, Greathouse DV, Mattice GL, Koeppe II RE and Andersen OS (2004). 
Regulation of sodium channel function by bilayer elasticity: the importance of 
hydrophobic coupling. Effects of micelle-forming amphiphiles and cholesterol. J. Gen 
Physiol. 121:599-621 

MacKinnon R (2003) Potassium channels.FEBS Lett. 555:62-65. 
Marheineke K, Grunewald S, Christie W, Reilander H (1998) Lipid composition of 

Spodoptera frugiperda (Sf9) and Trichoplusia ni (Tn) insect cells used for baculovirus 
infection. FEBS Lett. 441: 49-52. 

Marsal J, Tigy G and Miledi R (1995) Incorporation of acetylcholine receptors and Cl- 
channels in Xenopus oocytes injected with Torpedo electroplaque membranes. Proc. 
Natl. Acad. Sci. USA 92:5224-5228. 

Marsh D, Pellkofer R, Hoffmann-Bleihauer P and Sandhoff K (1982) Incorporation of 
lipids into cellular membranes--a spin-label assay. Anal Biochem. 122:206-12. 

Marsh D, Watts A and Barrantes FJ (1981) Phospholipid chain immobilization and steroid 
rotational immobilization in acetylcholine receptor-rich membranes from Torpedo 
marmorata. Biochim Biophys Acta 645:97-101. 

Marsh, D and Barrantes FJ (1978) Immobilized lipid in acetylcholine receptor-rich 
membranes from Torpedo marmorata Proc Natl Acad Sci USA 73: 4329-4333. 

Marsh, D and Horvath, LI (1998). Structure, dynamics and composition of the lipid–
protein interface perspectives from spin-labelling. Biochim Biophys Acta 1376:267–296. 

Marsh D and Pali T. (2004) The protein-lipid interface: perspectives from magnetic 
resonance and crystal structures. Biochim Biophys Acta. 1666:118-41. 

Martens JR, Kwak YG and Tamkun MM. (1999) Modulation of Kv channel alpha/beta 
subunit interactions. Trends Cardiovasc Med. 8:253-258. 

Martens JR, Navarro-Polanco R, Coppock EA, Nishiyama A, Parshley L, Grobaski T.D.and 
Tamkum MM (2000) Differential targeting of shaker-like potassium channels to lipid 
rafts. J. Biol. Chem. 275:7443–7446. 

Martinac B and Hamill OP (2002) Gramicidin A channels switch between stretch 
activation and stretch inactivation depending on bilayer thickness. Proc. Natl. Acad. 
Sci. USA 99:4308-4312. 

Maxfield FR (2002) Plasma membrana microdomains. Curr Opin Cell Biol.14:483-487. 
Methot N, McCarthy MP, Baenziger JE. (1994). Secondary structure of the nicotinic 

acetylcholine receptor: implications for structural models of a ligand-gated ion 
channel. Biochemistry 33:7709-7717. 

Mielke DL, Wallace BA. (1988) Secondary structural analyses of the nicotinic acetylcholine 
receptor as a test of molecular models. J Biol Chem. 263(7):3177-3182. 

Miledi R, Dueñas Z, Martinez-Torres A, Kawas CH and Eusebi F (2004) 
Microtransplantation of functional receptors and channels from the Alzheimer’s brain 
to frog oocytes. Proc. Natl. Acad. Sci. USA 101:1760-1763. 

Miledi R, Eusebi F, Martínez-Torres A, Palma E and Trettel F (2002) Expression of 
functional neurotransmitter receptors in Xenopus oocytes after injection of human 
brain membranes. Proc. Natl. Acad. Sci. USA 99:13238-13242. 



 

228  CHAPTER 8: Structural and Functional Modulation of Ion Channels by Specific Lipids 

 

Miledi R, Parker I and Sumikawa K (1982) Properties of acetylcholine receptors translated 
by cat muscle mRNA in Xenopus oocytes. EMBO J. 11:1307-1312 

Miledi R, Parker I and Sumikawa K (1989). Transplanting receptors from brains into 
oocytes. In: Fidia Research Foundation Neuroscience Award Lectures 3 pp. 57-90. 
Raven Press, New York 

Miller AJ and Zhou JJ (2000) Xenopus oocytes as an expression system for plant 
transporters. Biochim. Biophys. Acta 1465: 343-358. 

Miyazawa A, Fujiyoshi Y and Unwin N (2003) Structure and gating mechanism of the 
acetylcholine receptor pore. Nature 423:949-955. 

Moore WM, Holliday L.A., Puett D and Brady RN (1974) On the conformation of the 
acetylcholine receptor protein from Torpedo nobiliana. FEBS ett. 45: 145-149. 

Morales A, Aleu J, Ivorra I, Ferragut JA, Gonzalez-Ros JM and Miledi R (1995). 
Incorporation of reconstituted acetylcholine receptors from Torpedo into the Xenopus 
oocyte membrane. Proc. Natl. Acad. Sci. USA, 92: 8468-8472. 

Morales, A, J Aleu, I Ivorra, JA Ferragut, JM González-Ros, and R Miledi (1995) 
Incorporation of reconstituted acetylcholine receptors from Torpedo into the Xenopus 
oocyte membrane  Proc Natl Acad Sci USA 92:8468-8472. 

Neher, E and Steinbach H (1978) Local anaesthetics transiently block currents through 
single acetylcholine-receptor channels. J. Physiol 277:153-176. 

Nurowska E and Ruzzier F (1996) Corticosterone modifies the murine muscle 
acetylcholine receptor channel kinetics. NeuroReport 8:77-80. 

Ochoa, EL, A Chattopadhyay, and MG McNamee (1989) Desensitization of the nicotinic 
acetylcholine receptor: molecular mechanisms and effect of modulators. Cell Mol 
Neurobiol 9:141-178. 

Oliver D, Lien CC, Soom M, Baukrowitz T, Jonas P, Fakler B (2004) Functional conversion 
between A-type and delayed rectifier K+ channels by membrane lipids Science 
304:265-270. 

Olivera S, Ivorra I and Morales A (2005) The acetylcholinesterase inhibitor BW284c51 is a 
potent blocker of Torpedo nicotinic AchRs incorporated into the Xenopus oocyte 
membrane. Br. J. Pharmacol. (in press). 

Opekarová M and Tanner W (2003) Specific lipid requirements of membrane proteins-a 
putative bottleneck in heterologous expression. Biochim. Biophys. Acta 1610: 11-22. 

Opella SJ, Marassi FM, Gesell JJ, Valente AP, Kim Y, Oblatt-Montal M, Montal M (1999) 
Structures of the M2 channel-lining segments from nicotinic acetylcholine and NMDA 
receptors by NMR spectroscopy. Nat Struct Biol. 4:374-379. 

Ortiz-Acevedo A, Melendez M, Asseo AM, Biaggi N, Rojas LV and Lasalde-Dominicci JA. 
(2004) Tryptophan scanning mutagenesis of the gammaM4 transmembrane domain 
of the acetylcholine receptor from Torpedo californica. J Biol Chem. 279:42250-42257. 

Paas Y, Cartaud J, Recouvreur M, Grailhe R, Dufresne V, Pebay-Peyroula E, Landau EM, 
Changeux JP (2003) Electron microscopic evidence for nucleation and growth of 3D 
acetylcholine receptor microcrystals in structured lipid-detergent matrices. Proc Natl. 
Acad. Sci. U S A.100:11309-11314. 

Palma E, Trettel F, Fucile S, Renzi M, MIledi R and Eusebi F (2003) Microtransplantation 
of membranes from cultured cells to Xenopus oocytes: A method to study 
neurotransmitter receptors embedded in native lipids. Proc. Natl. Acad. Sci. USA 
100:2896-2900. 

Palsdottir H and  Hunte C. (2004) Lipids in membrane protein structures.Biochim 
Biophys Acta 1666:2-18. 

Paradiso K, Sabey K, Evers AS, Zormski CF, Covey DF and Steinbach JH (2000) Steroid 
inhibition of rat neuronal nicotinic α4β2 receptors experessed in HEK 293 cells. Mol. 
Pharmacol.58:341-351. 



 

References 229 

 

Paradiso K, Zhang J and Steinbach JH (2001) The C terminus of the human nicotinic α4β2 
receptor forms a binding site required for potentiation by an estrogenic steroid. J. 
Neurosci. 21:6561-6568. 

Pashkov VS, Maslennikov IV, Tchikin LD, Efremov RG, Ivanov VT and Arseniev AS. (1999) 
Spatial structure of the M2 transmembrane segment of the nicotinic acetylcholine 
receptor alpha-subunit. FEBS Lett. 45:117-121. 

Pebay-Peyroula E and Rosenbusch JP (2001) High-resolution structures and dynamics of 
membrane protein--lipid complexes: a critique. Curr Opin Struct Biol 11:427–432. 

Perozo, E, Cortes, DM Somporspisut, P, Kloda, A and Martinac,B (2002) Open channel 
structure of MscL and gating mechanism of mechanosensitive channels Nature 418: 
942-948. 

Pershina L, and Hvidt A (1974) A study by the hydrogen-exchange method of the 
complex formed between the basic pancreatic trypsin inhibitor and trypsin.Eur. J. 
Biochem. 48: 339-344. 

Polozova A, Litman BJ (2000) Cholesterol dependent recruitment of di22:6-PC by a G 
protein-coupled receptor into lateral domains. Biophys J.79:2632-4263. 

Poveda JA, Encinar JA, Fernandez AM, Mateo CR, Ferragut JA and Gonzalez-Ros JM. 
(2002) Segregation of phosphatidic acid-rich domains in reconstituted acetylcholine 
receptor membranes. Biochemistry 41:12253-62. 

Powl AM, East JM and Lee AG (2005) Heterogeneity in the binding of lipid molecules to 
the surface of a membrane protein: hot spots for anionic lipids on the 
mechanosensitive channel of large Conductance MscL and effects on conformation. 
Biochemistry 44:5873-5883. 

Revah F, Bertrand D, Galzi JL, Devillers-Thiery A, Mulle C, Hussy N, Bertrands S, Ballivet 
M and Changeux JP (1991) Mutations in the channel domain alter desensitization of a 
neuronal nicotinic receptor. Nature 353:846-849. 

Revah F, Galzi JL, Giraudat J, Haumont PY, Lederer F and Changeux JP (1990) The 
noncompetitive blocker [3H]chlorpromazine labels three amino acids of the 
acetylcholine receptor gamma subunit: implications for the alpha-helical organization 
of regions MII and for the structure of the ion channel. Proc Natl Acad Sci USA. 
87:4675-4679. 

Sackmann E (1984) Physical basis for trigger processes and membrane structures. In: D. 
Chapman (ed.) Biological Membranes, vol. 5. Academic Press, London, pp105–143. 

Sali D, Bycroft M and Fersht AR (1988) Stabilization of protein structure by interaction of 
alpha-helix dipole with a charged side chain. Nature 335:740-743. 

Sanna E, Motzo C, Usala M, Pau d, Cagetti E and Biggio G (1998) Functional changes in 
rat nigral GABAA receptors induced by degeneration of the striatonigral GABAergic 
pathway: an electrophysiological study of receptors incorporated into Xenopus 
oocytes. J. Neurochem. 70:2539-2544. 

Sansom MS , Shrivastava IH, Bright JN, Tate J, Capener CE, Biggin PC. 2002 Potassium 
channels: structures, models, simulations. Biochim Biophys Acta. 1565(2):294-307. 

Santiago J, Guzmán GR, Rojas LV, Marti R, Asmar-Rovira GA, Santana LF, McNamee M 
and Lasalde-Dominicci JA (2001). Probing the effects of membrane colesterol in the 
Torpedo californica acetylcholine receptor and the novel lipid-exposed mutation 
 αC418W in Xenopus oocytes. J. Biol. Chem. 276: 46523-46532. 

Santiago J, Guzman GR, Torruellas K, Rojas LV, Lasalde-Dominicci JA. (2004) Tryptophan 
scanning mutagenesis in the TM3 domain of the Torpedo californica acetylcholine 
receptor beta subunit reveals an alpha-helical structure. Biochemistry 43:10064-70. 

Schlegel A, Volonte D, Engelman JA, Galbiati F, Mehta P, Zhang XL, Scherer PE and 
Lisanti MP (1998) Crowded little caves: structure and function of caveolae. Cell. Signal 
10:457–463. 



 

230  CHAPTER 8: Structural and Functional Modulation of Ion Channels by Specific Lipids 

 

Shogomori H and Brown, DA. (2003) Use of detergents to study membrane rafts: the 
good, the bad, and the ugly. J. Biol. Chem. 384: 1259–1263. 

Simmonds AC, East JM, Jones OT, Rooney EK, McWhirter J and  Lee AG. (1982) Annular 
and non-annular binding sites on the (Ca2++Mg2+)- ATPase, Biochim. Biophys. Acta. 
693 398–406. 

Simons K and  Ikonen E (1997). Functional rafts in cell membranes. Nature 387:569-572. 
Simons K and Toomre D (2000) Lipid rafts and signal transduction. Nat Rev Mol Cell Biol 

1:31–39. 
Singer S and Nicolson GL (1972) The fluid mosaic model of cell membranes. Science 

172:720–730. 
Sivilotti LG, Mcneil DK, Lewis TM, Nassar MA, Schoepfer R and Colquhoun D (1997) 

Recombinant nicotinic receptors, expressed in Xenopus oocytes, do not resemble 
native rat sympathetic ganglion receptors in single-channel behaviour. J. Physiol. 
500:123-138. 

Soreq H and Seidman S (1992) Xenopus oocyte microinjection: from gene to protein. 
Methods in Enzymology 207:225-265 

Starace DM and Bezanilla F (2004) A proton pore in a potassium channel voltage sensor 
reveals a focused electric field. Nature 427:548-553. 

Stith BJ, Hall J, Ayres P, Waggoner L, Moore JD and Shaw WA (2000) Quantification of 
major classes of Xenopus phospholipids by high performance liquid chromatography 
with evaporative light scattering detection. J. Lipid Res. 41: 1448-1454 

Sukharev S, Betanzos M, Chiang CS and Guy HR. (2001) The gating mechanism of the 
large mechanosensitive channel MscL Nature 409:720–724. 

Sumikawa K, Houghton M, Emtage JS, Richards BM and Barnard EA (1981) Active multi-
subunit ACh receptor assembled by translation of heterologous mRNA in Xenopus 
oocytes. Nature 292:862-864. 

Sunshine C and McNamee MG. (1992) Lipid modulation of nicotinic acetylcholine receptor 
function: the role of neutral and negatively charged lipids. Biochim Biophys Acta 
1108:240-246. 

Sunshine C. and McNamee MG (1994) Lipid modulation of nicotinic acetylcholine receptor 
function: the role of membrane lipid composition and fluidity. Biochim Biophys Acta 
1191:59-64. 

Tamamizu S, Guzman GR, Santiago J, Rojas LV, McNamee MG and Lasalde-Dominicci JA 
(2000) Functional effects of periodic tryptophan substitutions in the alpha M4 
transmembrane domain of the Torpedo californica nicotinic acetylcholine receptor. 
Biochemistry 39:4666-73. 

Tillman TS and Cascio M. (2003) Effects of membrane lipids on ion channel structure and 
function. Cell Biochem. Biophys. 38:161-190 

Toyoshima C and Unwin N (1998) Ion channel of acetylcholine receptor reconstructed 
from images of postsynaptic membranes.Nature 336:247-250. 

Turnheim K, Gruber J., Cristoph W and Ruiz Gutierrez V. (1999) Membrane phospholipids 
composition affects function of potassium channels from rabit colon epithelium. .Am. 
Phys. Soc. 277:83-90. 

Unwin N. (1995) Acetylcholine receptor channel imaged in the open state. Nature 373:37-
43. 

Unwin, N (1993) Nicotinic acetylcholine receptor at 9 Å resolution J. Mol. Biol. 229:1101–
1124. 

Unwin, N (2003) Structure and action of the nicotinic acetylcholine receptor explored by 
electron microscopy. FEBS Lett. 555:91-95. 

Valera S, Ballivet M and Bertrand D (1992) Progesterone modulates a neuronal nicotinic 
acetylcholine receptor. Proc. Natl. Acad. Sci. USA 89:9949-9953. 



 

References 231 

 

Valiyaveetil, FI, Zhou Y, Mackinnon R (2002) Lipids in the structure, folding and function 
of the KcsA K+ channel. Biochemistry 41:10771–10777. 

van den Brink-van der Laan E, Killian JA, de Kruijff B. (2004) Nonbilayer lipids affect 
peripheral and integral membrane proteins via changes in the lateral pressure profile. 
Biochim. Biophys. Acta 1666:275-288 

Villar MT, Artigues A, Ferragut JA and Gonzalez-Ros JM (1988) Phospholipase A2 
hydrolysis of membrane phospholipids causes structural alteration of the nicotinic 
acetylcholine receptor. Biochim. Biophys. Acta 938:35-43 

Wenz JJ, Barrantes FJ. (2005) Nicotinic acetylcholine receptor induces lateral segregation 
of phosphatidic acid and phosphatidylcholine in reconstituted 
membranes.Biochemistry. 44(1):398-410. 

White BH and Cohen JB (1992) Agonist-induced changes in the structure of the 
acetylcholine receptor M2 regions revealed by photoincorporation of an uncharged 
nicotinic non-competitive antagonist. J. Biol. Chem. 267:15770-15783 

Williamson PT, Meier BH, Watts A. (2004). Structural and functional studies of the 
nicotinic acetylcholine receptor by solid-state NMR. Eur Biophys J. 2004 ,33(3):247-54. 

Williamson IM, Alvis SM, East JM and  Lee AG (2002) Interactions of phospholipids with 
the potassium channel KcsA. Biophys J. 83:2026–2038. 

Wu L, Bauer CS, Zhen XG, Xie C and Yang J (2002) Dual regulation of voltage-gated 
calcium channels by PtdIns(4,5)P2 Nature 419:947-952. 

Yager P, Chang EL, Williams RW and Dalziel AW (1984) The secondary structure of 
acetylcholine receptor reconstituted in a single lipid component as determined by 
Raman spectroscopy. Biophys. J. 45:26-28. 

Zhang H, Karlin A. (1997) Identification of acetylcholine receptor channel-lining residues in 
the M1 segment of the beta-subunit.Biochemistry36:15856-15864. 

Zhou Y, Morals-Cabral JH, Kaufman A, Mackinnon R (2001) Chemistry of ion 
coordination and hydration revealed by a K+ channel-Fab complex at 2.0 Å 
resolution. Nature 414:43–48. 


