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    Abstract  

  The lipid bilayer that constitutes cell membranes imposes environmental 
constraints on the structure, folding and function of integral membrane 
proteins. The cell membrane is an enormously heterogeneous and dynamic 
system in its chemical composition and associated physical forces. The 
lipid compositions of cell membranes not only vary over the tree of life but 
also differ by subcellular compartments within the same organism. Even 
in the same subcellular compartment, the membrane composition shows 
strong temporal and spatial dependence on the environmental or biologi-
cal cues. Hence, one may expect that the membrane protein conformations 
and their equilibria strongly depend on the physicochemical variables of 
the lipid bilayer. Contrary to this expectation, the structures of homolo-
gous membrane proteins belonging to the same family but from evolution-
ary distant organisms exhibit a striking similarity. Furthermore, the atomic 
structures of the same protein in different lipid environments are also very 
similar. This suggests that certain stable folds optimized for a specifi c 
function have been selected by evolution. On the other hand, there is grow-
ing evidence that, despite the overall stability of the protein folds, func-
tions of certain membrane proteins require a particular lipid composition 
in the bulk bilayer or binding of specifi c lipid species. Here I discuss the 
specifi c and nonspecifi c modulation of folding, misfolding and function of 
membrane proteins by lipids and introduce several diseases that are caused 
by misfolding of membrane proteins.  
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  PE    Phosphatidylethanolamine   
  PG    Phosphatidylglycerol   
  PI    Phosphatidylinositol   
  SM    Sphingomyelin   
  SRP    Signal recognition particle   
  TM    Transmembrane   

1.1           Introduction 

 At the border between life and environment, 
membrane proteins carry out numerous critical 
cellular processes such as energy generation, 
uptake and secretion of metabolites, maintenance 
of ion balance, signal transduction, catalysis, 
cell-cell communication, and more. 

 Protein folding occurs through a delicate bal-
ance of various driving forces, which is largely 
determined by the folding environment. While 
water-soluble proteins fold in an isotropic 
aqueous medium, membrane proteins fold in a 
heterogeneous anisotropic lipid bilayer. For 
water-soluble proteins, whose folding is majorly 
driven by the hydrophobic effect, achieving the 

integrity of the hydrophobic core is crucial for the 
successful folding (Dill  1990 ). Effective hydra-
tion of the protein surface is an important factor 
that determines the protein’s propensity toward 
misfolding and aggregation (Chong and Ham 
 2014 ). The exposed hydrophobic surfaces during 
the folding and unfolding are major targets for 
chaperones and degradation machinery (Wickner 
et al.  1999 ). On the other hand, membrane pro-
teins are stabilized and function in a highly aniso-
tropic and chemically heterogeneous lipid bilayer. 
Then, what are the roles of the lipid bilayer and its 
individual components in the structure, folding 
and function of membrane proteins? Are lipids 
just a passive solvent that mediates the assembly 
of membrane proteins or active modulators of the 
protein structure, folding and stability? 

 Membrane proteins can be classifi ed as 
α-helical or β-barrel types depending on the 
secondary structural elements within the mem-
brane (Fig.  1.1 ). α-helical proteins are distributed 
in the cytoplasmic membranes of prokaryotes 
and eukaryotes, and in the membranes of subcel-
lular compartments of eukaryotes (Popot and 
Engelman  2000 ). β-barrel proteins dominate the 
outer membranes of Gram-negative bacteria and 
also exist in the outer membranes of mitochon-
dria and chloroplasts (Tamm et al.  2004 ). While 
both types of proteins are crucial in the mainte-
nance of the cellular function, they fold in the 
membranes by entirely different mechanistic and 
thermodynamic principles. The main focus of 
this chapter is on the role of the lipid environ-
ment in the folding, stability and function of 
α-helical membrane proteins, which are more 
widespread in kingdoms of life. However, valu-
able general folding principles have been 
obtained from the folding studies of β-barrel 
membrane proteins, which are also described.   
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1.2     Folding of α-Helical 
Membrane Proteins 

1.2.1     How Does Lipid Bilayer 
Constrain the Structure 
of Membrane Proteins? 

 Transmembrane (TM) segments of a polypeptide 
chain are largely composed of hydrophobic amino 
acids for their favorable partitioning into the non-
polar core of the lipid bilayer (White and Wimley 
 1999 ). The hydrophobic nature of α-helical mem-
brane proteins allows the prediction of the TM 
segments from their amino acid sequences by 
using the hydropathy plot based on various hydro-
phobicity scales (Popot and Engelman  2000 ). In 
addition, the peptide groups of individual TM 
segments form ordered α-helical structure to ful-
fi ll the hydrogen bond-forming capability, and 
thereby reduce the desolvation cost in burying the 
polar peptide group within the nonpolar environ-
ment (Bental et al.  1997 ). Although the hydropho-
bic thickness of the cell membranes (the distance 
between phosphate groups in phospholipid bilay-
ers) is maintained within 30–45 Å in various 

organisms and  subcellular compartments (Mitra 
et al.  2004 ), the lengths of the TM helices of 
known structures vary widely from 14 to 36 resi-
dues (Bowie  1997 ). Longer helices are adapted by 
tilting their axis relative to the bilayer normal or 
by bending or kinking, while shorter helices can 
be stabilized by the tertiary contacts with neigh-
boring helices or induce local thinning of the 
bilayer. The TM helices are packed against each 
other preferentially at an angle around 20°, while 
the packing angles for water-soluble proteins 
widely vary from about −40° to 30° (Bowie  1997 ). 
The tertiary contacts are predominantly made by 
the packing of the TM helices, but the prosthetic 
groups and folded or unstructured interhelical 
loops also contribute to the packing.  

1.2.2     General Features 
in the Folding of α-Helical 
Membrane Proteins 

 α-helical TM segments are extremely resistant to 
heat and chemical denaturants (Haltia and Freire 
 1995 ). Thus, individual α-helices in the helix 

  Fig. 1.1    Thermodynamic folding models of integral 
membrane proteins. ( a ) Two stage model of α-helical 
membrane protein folding (Engelman et al.  2003 ; Popot 
and Engelman  1990 ). At the fi rst step, individually stable 
hydrophobic transmembrane segments are integrated into 
the membrane via the hydrophobic effect. At the second 

step, individual helices assemble into a functional 3D 
structure. ( b ) Folding of β-barrel membrane proteins can 
be described as a cooperative step, where the bilayer 
insertion and folding are coupled (Hong and Tamm  2004 ; 
Moon et al.  2013 ; Huysmans et al.  2010 )       

 

1 Role of Lipids in Folding, Misfolding and Function of Integral Membrane Proteins



4

bundle membrane proteins can be regarded as 
independent folding domains packed with one 
another to form a native 3D structure. Based on 
the denaturation/refolding studies and structural 
information of membrane proteins known until 
1980s, Popot and Engelman proposed the two- 
stage model, in which the folding of α-helical 
membrane proteins was divided into two ener-
getically distinct steps (Fig.  1.1 ,  left ) (Engelman 
et al.  2003 ; Popot and Engelman  1990 ). This 
model greatly simplifi es the folding problem and 
has served as a conceptual framework in studying 
membrane protein folding. The two proposed 
stages are as follows.

    1.     Insertion of independently stable α - helical 
segments into the membrane . This step is 
largely driven by the hydrophobic effect 
(Hessa et al.  2005 ,  2007 ). In cells, the TM 
segments, which are targeted by the signal 
recognition particle (SRP) complex, are co- 
translationally inserted into the membrane 
through a membrane protein complex called 
the translocon (SecYEG in the inner mem-
branes of  E. coli , Sec61αβγ in the endocyto-
plasmic reticulum (ER) membranes in 
eukaryotes, and SecYβE in archaea) (Park and 
Rapoport  2012 ; du Plessis et al.  2011 ). The 
translocon acts as a thermodynamic machine 
integrating hydrophobic nascent segments 
into the membrane through the lateral gate or 
by passing the hydrophilic segments across 
the membrane through the vertical channel 
(White and von Heijne  2008 ).   

   2.     Association of the TM helices to form a native 
3D structure . In this step, the hydrophobic 
effect cannot strongly drive the condensation 
of the TM helices because water molecules 
are scarce in the core of the lipid bilayer (Joh 
et al.  2009 ). Hence, other forces such as van 
der Waals and polar interactions must drive 
the folding. Although polar interactions may 
be strong due to the low dielectric constant in 
the nonpolar bilayer environment, many 
experimental results indicate that the strengths 
of interhelical hydrogen bonds are compara-
ble to those in water-soluble proteins (Bowie 
 2011 ). Structural and statistical analyses of 

membrane proteins of known structure 
revealed that membrane proteins tend to bury 
more fractional area of side chains than water- 
soluble proteins (Oberai et al.  2009 ). Extensive 
packing around small side chains of Gly, Ala, 
Ser and Thr is an important feature of the inte-
rior of membrane proteins, whereas the hydro-
phobic core packing in water-soluble proteins 
prefers larger nonpolar side chains and aro-
matic residues (Eilers et al.  2000 ; Adamian 
and Liang  2001 ; Adamian et al.  2005 ).    

  Although our knowledge on the driving forces 
for membrane protein folding is rapidly growing, 
it is still at the fl edgling stage compared to that of 
water-soluble proteins. There are relatively unex-
plored forces such as aromatic-aromatic interac-
tions (Burley and Petsko  1986 ), π-cation 
interactions (Gallivan and Dougherty  1999 ) and 
the polar nature of the polypeptide backbone that 
may contribute to the folding of membrane pro-
teins (Wimley and White  1992 ,  1996 ).   

1.3     Chemical and Physical 
Properties of Lipid Bilayer 

1.3.1     Chemical Properties of Cell 
Membranes 

 Since Singer and Nicholson proposed the fi rst 
unifi ed model of the cell membranes (Singer and 
Nicolson  1972 ), the model has been substantially 
updated (Engelman  2005 ) (Fig.  1.2 ). While the 
membrane is crowded with proteins whose 
amount is comparable to that of lipids (protein-
to- lipid mass ratios vary in the range of 0.2–4) 
(Lodish et al.  2000 ), membrane proteins associ-
ate transiently or tightly with one another to form 
structural and functional complexes (Wu et al. 
 2003 ). Their diffusion within the membrane 
plane is signifi cantly affected by cytoskeletons 
anchored on the membrane and by the “lipid 
rafts” or membrane domains enriched with cho-
lesterol and sphingomyelin (Kusumi et al.  2005 ; 
Winckler et al.  1999 ; Simons and Sampaio  2011 ). 
The hydrophobic thicknesses of integral mem-
brane proteins do not always match those of the 
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lipid bilayer so that the resultant membrane 
thickness is reciprocally modulated by both pro-
teins and lipids (Mitra et al.  2004 ).  

 Lipid components that play structural roles in 
cell membranes are classifi ed as 
 phosphoglycerolipids, sphingolipids, cholesterol 

and cardiolipin, depending on the backbone struc-
ture to which fatty acyl chains and polar head 
groups are attached (Spector and Yorek  1985 ) 
(Table  1.1 ). The lipid composition of cell mem-
branes is highly variable and dynamic depending 
on the species, subcellular compartment within 

  Fig. 1.2    Models of cell membranes. ( a ) Original “fl uid- 
mosaic” model (Singer and Nicolson  1972 ). The solid 
bodies represent integral membrane proteins that ran-
domly diffuse in a fl uid phase of the lipid bilayer. Some 
integral membrane proteins form complexes. There are no 
membrane-associated structures and no phase separation 
of lipids (domains) with different lipid compositions. ( b ) 

Updated membrane model showing membrane domains 
of various sizes with associated cytoskeletons, glycosyl-
ated lipids and proteins, and with asymmetric lipid com-
position (Nicolson  2014 ). Peripheral and integral 
membrane proteins often form complexes, and some pref-
erentially partition into membrane domains or domain 
interfaces (Adopted with permission from Nicolson  2014 )       
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a cell, tissue in a body, developmental stage, envi-
ronmental and physiological conditions, and dis-
ease state (Dawidowicz  1987 ; Chan et al.  2012 ). 
Furthermore, even within the same subcellular 
compartment, the lipid composition is vastly dif-
ferent between the inner and outer leafl ets of the 
membrane (van Meer et al.  2008 ). This lipid 
asymmetry results from the balanced action of 
various fl ippases, which cause the asymmetry, 
and scramblases, which equilibrate the lipid dis-
tribution between the two leafl ets (Clark  2011 ).

1.3.2        Physical Properties of Lipid 
Bilayers: Lipid Polymorphism 
and Lateral Pressure Profi le 

 Isolated lipid components of cell membranes 
form various forms of mesoscopic assemblies in 
water (Seddon and Templer  1995 ). The key con-
cept underlying the “lipid polymorphism” is that 
the structure of the lipid assembly depends on the 
shape of the lipid molecules, e. g. the relative vol-
umes of the head group and the hydrocarbon 
chains (Kumar  1991 ) (Fig.  1.3 ). For example, 
phosphatidylcholines (PC) lipids with relatively 
large head groups have a cylindrical shape so that 

such lipids in water spontaneously form lamellar 
phase, L α , comprised of multiple stacks of rela-
tively fl at bilayers. Phosphatidylethanolamine 
(PE) lipids with a small head group and longer 
unsaturated acyl chains have the inverted cone 
shape and prefer the inverted hexagonal phase, 
H ΙΙ  (Shyamsunder et al.  1988 ; Gruner et al.  1985 ). 
The H ΙΙ  phase can be envisioned as stacks of 
cylindrical lipid arrays, with hydrocarbon chains 
pointing outward and polar head groups sur-
rounding the central aqueous pore. Cardiolipin 
lipids (CLs) form the H II  phase in the presence of 
divalent ions. Single-chain lipids or detergents 
with a cone shape (i. e. relatively large head 
group compared to the acyl chain cross-section) 
form the hexagonal phase, H Ι , with the molecular 
arrangement similar to that in micelles.   

 The lipid bilayer at its free energy minimum is 
maintained by several balanced forces (Cantor 
 1997 ,  1999 ) (Fig.  1.3b ): (1) Line tension at the 
interface between nonpolar hydrocarbon chains 
and polar head groups. This attractive force origi-
nates from the hydrophobic effect of burying the 
nonpolar chains away from water. (2) Repulsions 
between hydrocarbon chains within the bilayer 
core and between head groups, which are caused 
by the dynamic collisions in each region. These 

   Table 1.1    Lipid composition of subcellular organelle membranes of rat liver cell and  E. coli    

 Chol  PC  PE  PS  PI  PG  CL  SM 

 Rat liver cell a  

 Plasma membrane  30  18  11  9  4  0  0  14 

 Golgi complex  8  40  15  4  6  0  0  10 

 Smooth endoplasmic reticulum  10  50  21  0  7  0  2  12 

 Rough endoplasmic reticulum  6  55  16  3  8  0  0  3 

 Nuclear membrane  10  55  20  3  7  0  0  3 

 Lysosomal membrane  14  25  13  0  7  0  5  24 

 Mitochondrial membrane 

 Inner  3  45  24  1  6  2  18  3 

 Outer  5  45  23  2  13  3  4  5 

 E. coli b  

 Inner membrane  0  0  75  0  0  19  6  0 

 Inner leafl et of outer membrane  0  0  79  0  0  17  4  0 

  All values are given as weight %. 
  Chol  cholesterol,  PC  phosphatidylcholine,  PS  phosphatidylserine,  PI  phosphatidylinositol,  PG  phosphatidyl glycerol, 
 CL  cardiolipin,  SM  sphingomyelin 
  a Taken from (Lehninger et al.  1993 ) 
  b Taken from (Morein et al.  1996 )  
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balancing forces generate the characteristic lat-
eral pressure profi le along the bilayer normal 
(z-axis). In a tension-free bilayer, the integration 
over the z-axis yields zero net pressure. The lat-
eral pressure profi le has not been determined 
experimentally but has been calculated using the 
mean-fi eld theory (Cantor  1997 ). Surprisingly, 
the calculated lateral pressure in the bilayer core 
amounts to several hundred atmospheres. 

 The lateral pressure profi le is the physical ori-
gin of an important elastic property of the bilayer 
called “curvature stress” (   Gruner et al.  1985 ) 
(Fig.  1.3 ). For example, in the lamellar phase of a 
PC bilayer, incorporation of PE reduces the head 
group repulsion because of the small PE head 

group and the hydrogen bonding between the 
ethanolamine group in PE and the phosphate 
group in an adjacent lipid (Gruner et al.  1988 ; 
Tate and Gruner  1987 ). However, under the con-
straint of the zero integrated pressure without a 
change in the attractive line tension, the repulsion 
between hydrocarbon chains will increase to 
compensate the reduced head group repulsion. 
The overall lateral pressure profi le will be redis-
tributed to induce the spontaneous negative cur-
vature in each monolayer leafl et (Cantor  1999 ). 
Interestingly, the cell membranes, which are 
regarded as “lamellar phase”, are enriched with 
non-bilayer-forming PE and CL, suggesting an 
important role of the curvature stress and lateral 

a

b

Cspont. = (+1/R’)Cspont. = 0

Cspont. = (-1/R)

PE Lyso-PCPC

R R’

La HIHII

  Fig. 1.3    Lipid polymorphism and lateral pressure profi le. 
( a ) Aqueous aggregates of lipids show different meso-
scopic phase behavior depending on the relative size of 
the lipid head group and the acyl chains. PC, which has 
relatively large head group, forms lamellar phase, L α . PE 
with smaller head group forms inverted hexagonal phase, 
H II . Lyso-PC, which has only one acyl chain, forms micel-

lar or hexagonal phase, H I  (Escriba et al.  1997 ).  C  spont  rep-
resents spontaneous monolayer curvature. ( b ) Lateral 
pressure profi le ( p ) along the bilayer normal ( z ). A 
tension- free bilayer is maintained by the balanced forces 
of the head group repulsion, interfacial tension and chain 
repulsion (The plot for lateral pressure profi les was 
adopted with permission from Cantor  1997 )       
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pressure profi le in the structure and function of 
membrane proteins (van den Brink-van der Laan 
et al.  2004b ). Indeed, the lipid composition of  E. 
coli  cell membranes is maintained near the 
lamellar- to-inverted hexagonal phase transitions 
(Morein et al.  1996 ). 

 This suggests that integral membrane proteins 
are constantly subjected to mechanical stress, and 
the changes in the pressure profi le may signifi -
cantly impact their folding, stability and confor-
mational equilibria. Indeed, modifi cation of the 
lateral pressure profi le was suggested to underlie 
the mechanisms of general anesthesia by modu-
lating the activity of several ion channels, the 
sensation of mechanical stimuli by mechanosen-
sitive channels (Milutinovic et al.  2007 ; Perozo 
et al.  2002b ), the oligomerization and stability of 

the pH-gated potassium channel KcsA (van den 
Brink-van der Laan et al.  2004a ) and the stabili-
zation of fusion intermediates in the viral entry 
and the intracellular vesicular traffi cking (Siegel 
 1993 ; Yang and Huang  2002 ). More evidence on 
this subject will be discussed in Sect.  1.5 .   

1.4     Lipid-Integral Membrane 
Protein Interactions 
for Folding, Structure 
and Function 

 In cell membranes, the lipid bilayer serves as a 
medium that supports the folding, structure and 
function of membrane proteins. How do 
 constituent lipid molecules in the bilayer interact 

  Fig. 1.4    Intrinsic curvature hypothesis (Gruner  1985 ). 
When lipids with positive or negative intrinsic spontane-
ous curvature are incorporated into the bilayer, a curvature 
stress is induced in each monolayer leafl et. The origin of 

this phenomenon is the change in the lateral pressure 
profi le depending on the lipid composition (The plot for 
lateral pressure profi les was adopted with permission 
from Cantor  1997 )       
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with proteins? Do they tightly bind to the protein 
or rapidly exchange with the bulk lipids? Are 
there binding sites for specifi c lipid molecules on 
the surface of membrane proteins? These ques-
tions are important for the following reasons. (1) 
Lipid binding selectivity and specifi city could 
explain the heterogeneous lipid composition of 
cell membranes that may have evolved for an 
optimal function of the membrane proteome, or 
vice versa. (2) Lipid selectivity for a specifi c 
membrane protein may be implicated in the pro-
tein stability and function. (3) Specifi c protein-
lipid interactions may explain the sorting of 
membrane proteins between different co-existing 
membrane domains. 

1.4.1     Lipid Contact with Membrane 
Proteins: Annular Lipids 

 The fi rst shell of lipids that surround membrane 
proteins, called “annular lipids” (Contreras et al. 
 2011 ), connect the proteins to bulk lipids. 
Electron paramagnetic resonance (EPR) spec-
troscopy using spin-labeled lipids revealed that 
lipid molecules in proteoliposomes exist in 
restricted (annular) and mobile (bulk) forms 
(East et al.  1985 ; Knowles et al.  1979 ). The two 
distinct lipid fractions exchange with a time scale 
of 10–100 ns, while the exchange between unper-
turbed bulk lipids occurs one to two order of 
magnitude faster. From the analysis of various- 
size proteins reconstituted mostly in PCs, approx-
imately two lipid molecules bind to one TM helix 
on average (Marsh  2008 ). Thus, the surfaces of 
integral membrane proteins make favorable but 
transient contacts with “solvating” lipid 
molecules. 

 The selectivity for specifi c lipid species was 
estimated by measuring Trp fl uorescence quench-
ing (London and Feigenson  1981 ) or the changes 
in the immobile lipid fraction from EPR spectra 
(Powell et al.  1985 ) by using the competition 
between a reference lipid (typically PC) and 
spin-labeled or brominated lipids with various 
head groups and acyl-chain lengths 
(Krishnamachary et al.  1994 ). Lipid selectivity 
varies for the tested membrane proteins (Marsh 

 2008 ). For example, cytochrome  c  oxidase, 
which is the last enzyme in the electron transfer 
pathway in mitochondria and bacteria, strongly 
prefers CL, while PE, PS and PG bind less selec-
tively (see Sect.  1.4.2  for more details). 
Mitochondrial ADP/ATP carrier strongly binds 
CL, PA and stearic acid. While sarcoplasmic 
reticulum Ca 2+  ATPase does not show a notice-
able preference for any lipid, PE and stearic acid 
are excluded from the protein surface. On the 
other hand, rhodopsin does not show any prefer-
ence for the tested lipids (Marsh  2008 ). 

 Further experimental support for the existence 
of annular lipids was obtained from crystallo-
graphic studies of several membrane proteins 
(Lee  2011 ). Structural studies of membrane pro-
teins often involve rigorous delipidation steps 
during purifi cation, such as detergent solubiliza-
tion and detergent exchange, as well as the addi-
tion of external lipids. Reconstitution in lipid 
environments is necessary to obtain 2D crystals 
for electron crystallography and 3D crystals for 
X-ray crystallography in lipid cubic or bicelle 
phase crystallizations. However, the electron 
densities of bound lipids obtained in those condi-
tions are often either not observed or weak, hin-
dering a straightforward modeling. 

 The fi rst detailed pictures of the annular lipids 
were presented by the structures of bacteriorho-
dopsin (bR) from Halobacteria. These structures 
were solved by electron crystallography using 
2D crystals in natural purple membranes 
(Grigorieff et al.  1996 ) and by X-ray crystallog-
raphy using 3D crystals prepared by the detergent- 
induced fusion of 2D crystals and the lipid-cubic 
phase crystallization (Luecke et al.  1999 ; Takeda 
et al.  1998 ). A total of 18 lipid chains was identi-
fi ed from the structure in the lipid cubic phase at 
a resolution of 1.55 Å, including four diether lip-
ids and one squalene per monomer, although the 
unequivocal identifi cation of all lipids was not 
possible (Fig.  1.5a ) (Luecke et al.  1999 ).  

 More recent observation of annular lipids 
bound to aquaporin-0 (AQP0), which is abundant 
in lens fi ber cells, using electron crystallography 
is intriguing. Walz group solved the structures of 
AQP0 in 2D crystals reconstituted in two  different 
lipids, DMPC ( di C 14:0 PC) and  E. coli  
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 phospholipids whose most abundant lipid species 
is C 16:0 C 16:1 c 9 PE (Hite et al.  2010 ; Gonen et al. 
 2005 ) (Fig.  1.4b ). Strikingly, the two structures in 
different lipid environments were essentially the 
same (0.48 Å root mean square deviation for the 
backbone atoms) and exhibited the same number 
of bound lipid molecules (seven lipids per mono-
mer, four in the extracellular leafl et and three in 
the cytoplasmic leafl et) at similar lipid-protein 
interfaces. 

 Although the exact conformations of the cor-
responding lipids in the two structures were 
slightly different, the results strongly suggest that 
there are generic lipid binding motifs on the sur-
face of membrane proteins that can accommo-
date lipids with varying head groups and acyl 
chain lengths. Furthermore, the bilayer thick-
nesses in the two environments deduced from the 
average distance between the annular lipids in 
two leafl ets are signifi cantly different (27.0 Å  in 
E. coli  lipids and 31.2 Å in  di C 14:0 PC) (Hite et al. 
 2010 ). This difference may be due to the  cis - 
unsaturation  of  E. coli  lipids (~52 % of acyl 
chains) and the resulting thinning of the bilayer. 
Despite this difference, the protein structure 
remained unchanged, implying the adaptation of 
lipid conformation to the protein. Similar lipid 

shells around the membrane protein surface have 
been identifi ed in the cytochrome  bc  1  complex 
(Lange et al.  2001 ).  

1.4.2      Lipid Contacts with Membrane 
Proteins: Non-annular Lipids 

 In contrast to the annular lipids that surround 
the protein as the fi rst shell, another class of 
bound lipids, called non-annular, interact with 
the protein more specifi cally (Contreras et al. 
 2011 ; Lee  2011 ) (Figs.  1.6  and  1.7 ). These crys-
tallographically identifi ed lipid molecules often 
originate from native membranes despite rigor-
ous protein delipidation. Therefore, these lipid 
molecules bind to the protein with high affi nity 
and specifi city and may help stabilize the pro-
tein. Although it is diffi cult to distinguish non-
annular from annular lipids just by looking at 
the structure, several criteria can be applied 
(Contreras et al.  2011 ). (1) Non-annular lipids 
play structural roles within the membrane pro-
tein complexes, e. g. in the buried locations of 
the protein matrix, or at the protein- protein 
interfaces. (2) Non-annular lipids tightly bind to 
the protein. (3) Non-annular lipids may play a 

  Fig. 1.5    Annular lipids observed in the crystal structures 
of bacteriorhodopsin (bR) and aquaporin-0 (AQP0). ( a ) 
Atomic structure of bR in the cubic lipid phase deter-
mined at 1.55 Å resolution by X-ray crystallography 
(PDB ID: 1C3W) (Luecke et al.  1999 ). The annular lipids 
identifi ed in the structure originate from the native purple 

membranes. ( b )  Left : AQP0 structure in DMPC ( di C 14:0 PC) 
solved by 2D electron crystallography at 1.9 Å (PDB ID: 
2B6O) (Gonen et al.  2005 ).  Right : AQP0 structure in polar 
lipid extracts from  E. coli  solved by 2D electron crystal-
lography at 2.5 Å (PDB ID: 3M9I) (Figures modifi ed with 
permission from Luecke et al.  1999  and Hite et al.  2010 )       
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functional role as allosteric effectors of enzy-
matic activity. In this section, the role of specifi c 
binding of a phospholipid in the structural integ-
rity of a membrane protein will be described. 
Specifi c binding of cholesterol will be discussed 
in Sects.  1.6.3 ,  1.6.4 , and  1.6.5 .   

 The crystal structure of yeast cytochrome  bc  1  
complex, a mitochondrial inner membrane pro-
tein in the electron transfer pathway of the respi-
ratory chain, revealed interesting structural and 
functional role of specifi c bound lipids (Lange 
et al.  2001 ) (Fig.  1.6 ). Out of fi ve lipid molecules 
(two PEs, one PC, one PI and one CL), all of 
which are natural membrane components, the 
acyl chains of PI are wrapped around the TM 
helix of the Rieske protein subunit (RIP1 red), 
and the head group forms extensive hydrogen 
bonds to the polar side chains in the interfacial 
TM regions of cytochrome  b  (COB, green) sub-
unit (Fig.  1.6 ,  lower right ). The  double- negatively 
charged head group of CL is stabilized by two 
positively charged “clamp” residues, Lys288 and 
Lys289 of cytochrome  c   1   (CYT1, cyan), packing 
against Tyr28 of COB subunit (Fig.  1.6 ,  upper 

right ); this packing involves a water-mediated 
hydrogen bond with Lys228, and a hydrogen 
bond with Trp29 of COB subunit. The four acyl 
chains are also making extensive van der Waals 
contacts with the large fl at surface comprised of 
three TM helices from COB and one TM helix 
from CYT. Double or triple mutations of three 
Lys residues led to severe growth defects and dra-
matically reduced the protein expression level, 
suggesting the role of CL binding in the struc-
tural and functional integrity of the protein 
(Lange et al.  2001 ). 

 The 1.8 Å-resolution crystal structure of 
bovine cytochrome  c  oxidase is also a wonderful 
showcase of structurally and functionally impor-
tant phospholipids (13 identifi ed lipids per mono-
mer in the dimer, including 2 CLs, 1 PC, 3 PEs, 4 
PGs and 3 triglycerides) (Shinzawa-Itoh et al. 
 2007 ) (Fig.  1.7 ). Three lipids (two PG in green 
and one PE in blue) bound to subunit III are the 
most rigidly bound among all 13 lipid molecules 
(Fig.  1.7 ,  bottom right ). On average, the head 
group and acyl chains of each lipid are stabilized 
by 12 hydrogen bonds and 98.3 van der Waals 

  Fig. 1.6    Non-annular lipids in protein structures.  Left : 
Non-annular lipids specifi cally bound to cytochrome  bc   1   
complex (PDB ID: 1 KB9, 2.5 Å resolution) (Lange et al. 
 2001 ). Only the membrane-spanning subunits are shown 
(solid ribbons).  Upper right : Cardiolipin binding site (CL 
in stick, residues in space-fi lling model) is formed at the 
subunit interface between cytochrome  b  (COB,  green ) and 
cytochrome  c  1  (CYT, cyan). Bound CL is stabilized by the 

electrostatic interactions with Lys288 and Lys289 from 
CYT and by hydrogen bonding to Tyr28, Trp29 and 
Lys228 from COB, and to Tyr281 from CYT.  Lower left : 
Acyl chain of phosphatidylinositol (PI) is wrapped around 
the Rieske protein (RIP1) TM domain ( red ). The PI head 
group makes contacts with the COB, CYT and RIP1 sub-
units (Figures modifi ed with permission from Lange et al. 
 2001 )       
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contacts, and the B-factors of these lipids, which 
refl ect molecular ordering, are comparable to 
those of the protein around the lipid binding site. 
Structurally, these lipids are buried within the 
protein matrix, mediating the packing of TM1 
and TM2 helices of subunit III with the rest of the 
subunit. Functionally, the two PG lipids lie in the 
predicted pathway of molecular oxygen. The 
conformation of acyl chains was suggested to 
dynamically modulate the passage of O 2  into the 
protein. Another class of lipids (one CL in red, 
two Pes in blue, and one PG in green) participates 
in the stabilization of the dimer and the subunit 
interface (Fig.  1.7 ,  bottom left ). Specially, CL is 
deeply inserted into the interface and makes 
favorable contacts with four subunits (subunits 
III and VIa from one monomer and subunits I and 
II from the other monomer). 

 Specifi c lipid-protein interactions of structural 
and functional importance have also been inferred 
from the crystal structures of several other 
 membrane proteins including tetrameric K + -
channel, KcsA (Zhou et al.  2001 ; Valiyaveetil 
et al.  2002 ), photosystem II complex (Guskov 
et al.  2009 ), nitrate reductase A (Bertero et al. 
 2003 ), photosynthetic reaction center from 
 Rhodobacter sphaeroides  (Fyfe and Jones  2005 ), 
Na + K + -ATPase (Shinoda et al.  2009 ), etc.  

1.4.3     Identifi cation of Stabilizing 
Lipids Using Mass 
Spectrometry 

 Recent advances in mass spectrometry made pos-
sible the quantitative identifi cation of the high- 
affi nity lipid molecules and their stabilizing role 

  Fig. 1.7    Lipids in the structure of cytochrome  c  oxidase. 
 Top : All 26 lipids (shown in sticks) identifi ed in the crystal 
structure of cytochrome  c  oxidase complex (PDB ID: 
1KB9, 1.8 Å resolution) (Shinzawa-Itoh et al.  2007 ). 
 Bottom left : Cardiolipin ( red ), PE ( blue ) and PG (in  green ) 

stabilize the dimer interface. Subunits from two different 
monomers are in  grey  and  yellow. Bottom right : Two PGs 
and one PE are deeply embedded into subunit III, stabiliz-
ing the tertiary interactions (Figures modifi ed with per-
mission from Shinzawa-Itoh et al.  2007 )       
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in the gas phase (Laganowsky et al.  2013 ; Barrera 
et al.  2008 ). The key to the success was the com-
bination of the following implements. (1) 
Optimizing the number of collisions of nano- 
electrospray droplets (nano-ESI). By this step, 
detergents are released from protein-detergent- 
lipid aggregates while maintaining the intact pro-
tein complexed with high-affi nity lipid molecules. 
(2) Employment of ion mobility mass spectrom-
etry (IM-MS) for measuring the rotationally- 
averaged collision cross-section (CSS). CSS is 
sensitive to the protein shape and, therefore, to 
the conformational state (e. g. folded or unfolded) 
(Bush et al.  2010 ). (3) Use of non-ionic deter-
gents that best support the structure and function 
of the folded protein. By measuring the changes 
in CCS values as a function of collision voltages, 
the “unfolding transition curve” can be con-
structed for measuring the stability of membrane 
proteins in the gas phase. 

 Using IM-MS, Laganowsky et al. ( 2013 ) 
determined the differential effects of various 
lipid species on the stability of mechanosensitive 
channels of large conductance (MscL), aquaporin 
Z (AqpZ) and the ammonia channel (Amt) from 
 E. coli . Notably, identifi cation of the high- affi nity 
binding of CL to AqpZ led to the demonstration 
of the pivotal role of CL in water transport 
in vitro. Identifi cation of the high-affi nity bind-
ing of PG to Amt also enabled the elucidation of 
the lipid role in stabilizing the structure of Amt at 
the subunit interface. Therefore, this method pro-
vides a promising tool for studying the role of 
specifi c lipids in the structure, stability and func-
tion of membrane proteins. However, it is not 
clear whether the bound lipids identifi ed in these 
studies are annular or non-annular.   

1.5      Role of Physical Properties 
of Lipid Bilayers 
in the Folding and Assembly 
of Integral Membrane 
Proteins 

 How do the chemical and physical properties of 
cell membranes infl uence the folding, stability 
and conformational equilibria of membrane 

 proteins? Researchers have approached this 
 problem from two viewpoints (Lee  2011 ). First, 
individual lipid components infl uence protein 
conformation by modulating the physical proper-
ties of lipid bilayers such as lateral pressure pro-
fi le, curvature stress, and local lipid deformation 
by hydrophobic mismatch. Second, lipid compo-
nents take effects by selective binding to proteins. 
Differentiating these two distinct phenomena is 
not an easy task and requires careful control 
experiments. There is a wealth of experimental 
data that support either mechanism; the common 
conclusion is that the lipid bilayer is actively 
involved in the folding, structure and function of 
membrane proteins. 

1.5.1     Role of Physical Properties 
in the Function of Membrane 
Proteins 

 A classic example connecting physical properties 
of a bilayer to the conformation and function of 
membrane proteins is the work by (Keller et al. 
 1993 ) who studied the ion channel activities of 
alamethicin as a function of the curvature stress 
of the lipid bilayer. Alamethicin is a 20-amino 
acid antimicrobial peptide from fungus 
 Trichderma viride , which acts as a voltage-gated 
ion channel by forming oligomeric helical bun-
dles (higher than pentamer) (Cafi so  1994 ; 
Tieleman et al.  2002 ). The curvature stress was 
modulated by increasing the fraction of 
 di C 18:1 c 9 PE relative to  di C 18:1 c 9 PC in the planar 
bilayer.  di C 18:1 c 9 PE has a high tendency to form 
H II  phase with a negative spontaneous curvature 
of the monolayer (lamellar-to-hexagonal transi-
tion temperature 15 °C). The spontaneous curva-
ture was strongly correlated with the probability 
of the higher-conductance open states (Keller 
et al.  1993 ). This result suggests that the increased 
curvature stress induced the formation of higher- 
order oligomeric states, leading to the enhanced 
channel activity. The physical origin of the 
curvature- induced enhancement of channel activ-
ity is not well understood. Similar enhancement 
of membrane transport induced by PE was also 
observed for sarcoplasmic Ca 2+ -ATPase 
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 reconstituted in  di C 18:1 c 9 PE-containing lipid 
 vesicles (Navarro et al.  1984 ). 

 Another example is the dependence of the activ-
ity of mechanosensitive channel of large conduc-
tance (MscL) on lipid composition. In PC vesicles, 
the channel exists in a closed state. Addition into 
the outer leafl et of lysoPC, which by itself forms a 
micellar phase (H I ), induces the channel opening 
(Perozo et al.  2002a ). When incorporated into the 
bilayer, lysoPC induces the positive spontaneous 
monolayer curvature, and the resulting asymmetric 
distribution of the lateral pressure profi le drives the 
opening of MscL (Perozo et al.  2002a ). Further, 
electron- paramagnetic resonance (EPR) studies 
suggested that the addition of lysoPC changes the 
tilt angle of the TM helices. The free energy differ-
ence between the closed and open states signifi -
cantly increases as the bilayer thickness increases, 
from 4 RT for  di C 16:1 c 9 PC, to 9 RT for  di C 18:1 c 9 PC, 
and 20 RT for  di C 20:1 c 9 PC, where RT is free energy 
of thermal motion (Perozo et al.  2002b ). This result 
implies that the hydrophobic thicknesses of the 
open and closed states of MscL are signifi cantly 
different, and the lipid deformation by the hydro-
phobic mismatch between MscL and the bilayer 
modulates the conformational equilibrium of the 
channel. Indeed, the estimated lipid deformation 
energy is similar to the free energy differences 
between the open and closed states of the channel 
(Wiggins and Phillips  2004 ).  

1.5.2     Role of Physical Properties 
in the Folding Kinetics 
of Membrane Proteins 

 Physical forces of the lipid bilayer also modulate 
the kinetics and thermodynamics of membrane 
proteins folding. The fi rst connection between 
the two subjects was made by Booth group using 
bacteriorhodopsin as a model (Booth et al.  1997 ; 
Curran et al.  1999 ). The refolding yield of bacte-
riorhodopsin (bR) decreased as the fraction of PE 
in the lipid bilayer increased (Curran et al.  1999 ). 
PE induces the negative monolayer curvature and 
thus, increases the lateral pressure in the bilayer 
core, which was measured by the increase in the 
excimer fl uorescence of pyrene-labeled lipids at 
the acyl chain region. 

 Inhibition of refolding into PE-containing 
lipid bilayers was also observed for bacterial 
β-barrel outer membrane proteins. In contrast to 
the α-helical membrane proteins that are largely 
composed of stretches of hydrophobic TM seg-
ments, β-barrel membrane proteins contain resi-
dues that have alternating hydrophobicity in their 
TM domains. As a consequence, the barrel lumen 
is composed of hydrophilic residues whereas the 
lipid-contacting surface is largely hydrophobic 
(Tamm et al.  2004 ; Wimley  2003 ). Because 
β-barrel membrane proteins are less hydropho-
bic, they can be solubilized in high concentra-
tions of urea or GdnHCl in the fully unfolded 
state, and then refolded into lipid vesicles by 
dilution of denaturants. While a number of OMPs 
such as OmpA (Kleinschmidt and Tamm  1996 , 
 2002 ), OmpLA (Moon and Fleming  2011 ), 
OmpW (Moon et al.  2013 ), PagP (Moon et al. 
 2013 ; Huysmans et al.  2010 ), OmpX (Gessmann 
et al.  2014 ), etc. can readily refold into thin PC 
bilayers (Burgess et al.  2008 ), the incorporation 
of PE signifi cantly slows down the refolding 
kinetics (Gessmann et al.  2014 ; Patel and 
Kleinschmidt  2013 ). Probably the increased lat-
eral pressure within the nonpolar core of the 
bilayer increases its compressibility modulus, 
thereby decreasing the lipid packing defects nec-
essary for the protein insertion. 

 Interestingly, incorporation into lipid vesicles 
of the barrel assembly machinery complex 
(BAM), which is a conserved assembly factor of 
OMPs in the bacterial outer membranes, 
enhanced the refolding rate and yield (Gessmann 
et al.  2014 ; Patel and Kleinschmidt  2013 ). The 
crystal structures and molecular dynamics simu-
lations of two homologues of BamA, a core com-
ponent of the BAM complex, from  N. 
gonorrhoeae  and  H. ducreyi  indicated that the 
particularly small hydrophobic thickness (9 Å) 
near the putative lateral gate formed between 
β-strands 1 and 16 of the barrel domain may 
induce the local thinning and disorder of the lipid 
bilayer (Fig.  1.8 ) (Noinaj et al.  2013 ). Thus, the 
lipid perturbation of the outer membrane by 
BamA was suggested to facilitate the insertion of 
OMPs by reducing the elastic stiffness of the 
bilayer (Gessmann et al.  2014 ). The conforma-
tional changes involving the opening of the 
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 contacts between the barrel and the periplasmic 
POTRA5 domain, and the deeper insertion of the 
conserved loop 6 into the barrel would also con-
tribute to the opening of the lateral gate and the 
insertion of nascent polypeptide chains into the 
outer membrane (Noinaj et al.  2014 ).   

1.5.3     Role of Physical Properties 
in the Thermodynamic 
Stability of Membrane 
Proteins 

 Thermodynamic study of membrane protein sta-
bility, which requires reversibility of the folding- 
unfolding transition, is more diffi cult than the 
kinetic study. Achieving reversibility involves 
tedious screenings of folding conditions such as 
temperature, detergents, lipids, denaturants, pH 
and ionic strength. Despite this challenge, the 
thermodynamic stability of several β-barrel 

membrane proteins including OmpA, PagP, 
OmpLA and OmpW has been studied in lipid 
bilayers (Hong and Tamm  2004 ; Huysmans et al. 
 2010 ; Moon and Fleming  2011 ; Moon et al. 
 2013 ). The lipid dependence of the OmpA stabil-
ity in small unilamellar vesicles (SUVs) suggests 
prominent role of non-specifi c physical bilayer 
forces in the membrane protein stability (Hong 
and Tamm  2004 ) (Fig.  1.9 ). While PEs slow 
down the folding kinetics of OmpA, they increase 
the stability of the folded protein (ΔG o  unfold ). As 
the molar fraction of C 16:0 C 18:1 c 9 PE increased 
from 0 to 40 % (the remaining lipid was 
C 16:0 C 18:1 c 9 PC), ΔG o  unfold  increased from 3.4 to 
5.0 kcal/mol. This stability enhancement could 
be due to the increase in the lateral pressure 
caused by the negative monolayer curvature, and 
the favorable contacts of H II -forming PE around 
the hour-grass shape of the OmpA TM region. 
Interestingly, the effect of PE can be mimicked 
by high content of PCs with long unsaturated 

  Fig. 1.8    Crystal structures of BamA homologues. Protein 
structures from and  H. ducreyi  ( Hd ) (PDB code: 4K3C,  left ) 
and  N. gonorrhoeae  ( Ng ) (PDB code: 4K3B,  right ). The 
structural features that are predicted to contribute to the 
insertion of outer-membrane proteins are indicated. The 
region near the lateral gate formed between strands β1 and 
β16 in the C-terminal barrel domain has reduced hydropho-
bic thickness (9 Å), which may perturb the outer membrane. 

The inter-strand hydrogen bonds are signifi cantly perturbed 
in the  Ng BamA ( right ). The local thinning of the bilayer, the 
opening of the lateral gate, the separation of the POTRA 
domain 5 (P5) from the barrel, and the deeper insertion of 
loop6 ( orange arrows ) may collectively induce the direct 
interaction of nascent polypeptide chains, with the barrel 
lumen facilitating the insertion of outer membrane proteins 
(Figure adapted with permission from Noinaj et al.  2013 )       
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acyl chains ( di C 16:1 c 9 PC to  di C 20:1 c 9 PC), which 
also induce the negative monolayer curvature 
(Szule et al.  2002 ). Thus, the protein stability 
enhancement by PEs originates from the non- 
specifi c physical properties of the bilayer rather 
than from the specifi c head group interactions.  

 Lipid-dependence of the thermodynamic sta-
bility of polytopic TM α-helical membrane pro-
teins has not been studied yet in a lipid bilayer. 
However, the infl uence of lipid composition on 
the stability of TM helix-helix interactions has 
been studied for the prototype TM helical dimer 
model system, glycophorin A TM (GpATM) 
(Hong and Bowie  2011 ; Hong et al.  2010 ). The 
dimer stability of GpATM had been studied 
mostly in detergent micelles using analytical 
ultracentrifugation (AUC) (Fleming et al.  1997 ; 
Fleming and Engelman  2001 ) and Förster reso-

nance energy transfer (FRET) (Fisher et al.  1999 , 
 2003 ; Anbazhagan and Schneider  2010 ). In these 
methods, the relative populations of the mono-
meric and oligomeric states are modulated by 
diluting the protein with detergents or lipids. 
However, GpATM dimer is too strong in a bilayer 
(Adair and Engelman  1994 ) to be analyzed using 
conventional dilution methods for measuring the 
dimer dissociation constant,  K  d, dimer . To this end, 
a new technique called the steric trapping was 
developed to measure strong protein-protein 
interactions in lipid bilayers (Hong et al.  2013 ). 
The method couples dissociation of biotin-tagged 
TM dimer to tag-binding monovalent streptavi-
din. By exploiting the large free energy released 
from biotin- streptavidin interaction (ΔG o  binding  
~−19 kcal/mol), the measurable low limit of 
 K  d, dimer  can be extended to 10 −13 –10 −12 M, which is 

  Fig. 1.9    Elastic coupling of membrane protein stability 
to lipid bilayer forces. Cartoon depicting structures and 
bilayer forces acting on OmpA folding/unfolding under 
equilibrium conditions. Folding into most bilayers is a 
two-state process ( left path ).  Large black arrows  indicate 
lateral bilayer pressure imparted on the lipid-protein inter-
face in the hydrophobic core ( red ) of bilayers composed 
of lipids with negative intrinsic spontaneous curvature. 
Increasing this pressure increases the thermodynamic sta-
bility of the protein.  Small black arrows  indicate lipid 
deformation forces caused by hydrophobic mismatch 
between the protein and the unstressed bilayer. These 
forces decrease the thermodynamic stability of the pro-
tein. Folding into thin bilayers is a multistep process 

( right path ) with at least one equilibrium intermediate. 
Water molecules penetrate more easily into the hydropho-
bic core ( blue arrows ) of more fl exible and more dynamic 
thin bilayers, stabilizing the equilibrium intermediates 
and decreasing the  m -value of unfolding. ( m -value is a lin-
ear slope in the dependence of protein thermodynamic 
stability on denaturant concentration; lower  m -values 
indicate smaller change in the solvent-accessible hydro-
phobic surface area upon unfolding and lower unfolding 
cooperativity.) Ultimately, in very thin bilayers composed 
of saturated lipids, complete unfolding (second step) can 
no longer be observed under any experimental conditions 
tested (Hong and Tamm  2004 ) (Figure adapted with per-
mission from Hong and Tamm  2004 )       
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three to four orders lower than that measurable 
by AUC and FRET. 

 The method revealed striking features of the 
lipid effects on the TM helix interactions. First, 
the dimer was much more stable (by ~5 kcal/mol) 
in a neutral fl uid bilayer of C 16:0 C 18:1 c 9 PC than in 
detergent micelles (Hong et al.  2010 ). This is 
largely due to the reduced translational and rota-
tional entropic cost when the dimer equilibrium 
is confi ned in liposomes. In addition, the packing 
contribution of several side chains to the dimer 
stability increased in the lipid bilayer, i. e. the 
dimer became more tightly organized. Second, 
the dimer stability was strongly modulated by the 
lipid composition and the protein environment 
(Hong and Bowie  2011 ). As seen in the case of 
OmpA, PE lipid, which is a major component of 
bacterial inner membranes, moderately stabilized 
the GpATM dimer by increasing the lateral pres-
sure. Strikingly, the dimer was dramatically 
destabilized by 4–5 kcal/mol in PG, a natural 
negatively charged lipid in bacterial cell mem-
branes. This destabilization originated from the 
electrostatic interactions between the cytoplas-
mic positively charged residues of GpATM and 
the negatively charged membrane, which distort 
the optimal dimer structure. Another surprising 
result was further destabilization of the dimer by 
the total extracts of  E. coli  inner membrane pro-
teins. It has been predicted that the excluded vol-
ume effects in the crowded cellular environment 
enhance the protein-protein interaction and pro-
tein stability (Minton  2000 ). Contrary to this pre-
diction, anonymous membrane proteins in the 
bilayer nonspecifi cally competed with the spe-
cifi c TM helix-helix interactions, destabilizing 
the GpATM dimer (Hong and Bowie  2011 ).   

1.6     Membrane Protein 
Misfolding and Diseases 

1.6.1     Lipid-Induced Folding, 
Misfolding and Topogenesis 
of α-Helical Membrane 
Proteins 

 The self-sealed nature of cell membranes and the 
directionality of polypeptide chain yield a spe-

cifi c pattern of “in” and “out” orientations of TM 
helices, termed protein “topology” (von Heijne 
 2006 ). Topogenesis of polytopic α-helical 
 membrane proteins initially occurs during the co- 
translational insertion of TM helices through the 
interaction of the topogenic signals in the poly-
peptide with the translocon and the membrane, 
and is completed in the fi nal folding and assem-
bly process (Dowhan and Bogdanov  2009 ). Thus, 
the initial topology of individual TM helices is 
expected to critically affect the mechanism of the 
subsequent folding and assembly (Fig.  1.1 ). By 
this process, ion channels and transporters 
achieve their correct membrane orientations, and 
the catalytic domains and the active sites of 
membrane- bound enzymes are localized in a 
proper subcellular environment. 

 The strongest topogenic signal known so far is 
the “positive-inside” rule, which represents the 
biased distribution of positively charged amino 
acids, Arg and Lys, that are roughly fi ve times 
more abundant in the cytosolic side than in the 
opposite side of the membrane (Krogh et al. 
 2001 ; von Heijne  1992 ) (see Figs.  1.1  and  1.10a ). 
The N-terminal signal sequence or the fi rst 
hydrophobic segment of membrane proteins is 
targeted to the inner membrane of bacteria or to 
the endoplasmic reticulum (ER) membrane in 
eukaryotes, and inserted into translocon as a hair-
pin during translation (Rapoport  2007 ). The 
strong electrostatic interaction of the positively 
charged residues along the hairpin with the nega-
tively charged membrane and with the translocon 
stabilizes the orientation of the inserted TM heli-
ces (Dowhan and Bogdanov  2009 ). Reversal of 
the topology may be kinetically inhibited because 
it involves the translocation of hydrophilic loops 
and water-soluble domains across the non-polar 
bilayer core. However, as seen from the homo- 
dimeric bacterial multidrug transporter EmrE, 
the weak bias of the charge distribution can yield 
a dual topology of subunits and the formation of 
an antiparallel native protein assembly (Morrison 
et al.  2012 ). The topology analysis of  E. coli  
inner membranes proteins revealed that, although 
not frequent, a signifi cant fraction of TM seg-
ments does not follow the positive-inside rule 
(Gray et al.  2011 ). These fi ndings imply that the 
topology of membrane proteins may be more 
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dynamic than expected, and the reverse charge 
bias can be counterbalanced by more favorable 
tertiary or quaternary protein-protein interactions.  

 Critical roles of lipids in the topogenesis, 
assembly and function of polytopic membrane 
proteins have been elucidated through two meth-
odological breakthroughs using the lactose per-
mease (LacY) from  E. coli  as a model system. 
LacY is a galactoside/H +  symporter, which 
actively translocates lactose into the cytoplasm 
by exploiting the free energy stored in the elec-
trochemical gradient across the membrane (the 
active uphill energy-dependent transport). LacY 
also facilitates the downhill energy-independent 
transport of lactose (Guan and Kaback  2006 ). 
First, Dowhan group developed  E. coli  mutant 
strains whose lipid compositions can be modifi ed 
by knocking out and introducing genes involved 
in the lipid synthesis. Synthesis of PE, a major 
zwitterionic lipid in the  E. coli  cytoplasmic 
membrane, can be blocked by disrupting the 
chromosomal phosphatidylserine synthase gene 
( pssA ), which produces PS, a precursor of PE 
(DeChavigny et al.  1991 ). Synthesis of PE can be 
restored by introducing the plasmid-encoded 
inducible  pssA . In this system (PE −  strain), nega-
tively charged lipids PG and CL substitute PE. PE 
can also be replaced by another zwitterionic lipid, 
PC, by introducing the plasmid-encoded induc-
ible phosphatidylcholine synthetase gene ( pcsA ) 
in the background of the PE −  strain (Bogdanov 
et al.  2010 ). Second, Kaback group developed a 
conformation-specifi c monoclonal antibody 
(Ab4B1) that recognized the correct folding of a 
periplasmic P7 loop connecting helices TMVII 
and TMVIII (Sun et al.  1996 ). The binding ability 
of the antibody was well correlated with the cor-
rect folding and function of LacY (Fig.  1.10a ). 

 Using those tools, Dowhan team revealed 
the replacement of PE lipids by PG and CL in 
the mutant  E. coli  strain led to the loss of bind-
ing of Ab4B1, that is, the misfolding of 
LacY. Strikingly, the topologies of TMI to 
TMVI were completely reversed relative to 
those in the wild type strain (Fig.  1.10b ). LacY 
expressed in the membrane without PE still 

  Fig. 1.10    Infl uence of lipid composition on the topology 
and folding of polytopic α-helical membrane proteins. ( a ) 
Topology and distribution of positive charges in the N- 
(NT) and C- termini (CT), and the cytoplasmic (C2–C10) 
and periplasmic loops (P1–P11) of LacY expressed in 
wild type  E. coli  inner membranes. Positive-inside rule is 
well presented in the native topology of LacY. Locations 
of positively ( red ) and negatively ( green ) charged residues 
are indicated. ( b ) Topology of LacY expressed in PE −  
cells. The topology of TMI-TMVI helices was completely 
reversed, and TMVII in wild type  E. coli  turned into a 
cytoplasmic peripheral helix. Negatively and positively 
charged residues forming salt bridges between TMs are 
indicated. ( c ) Change in topology of LacY assembled in 
PE −  cells after post-assembly synthesis of PE (Figure 
modifi ed with permission from Bogdanov et al.  2014 )       
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facilitated the downhill energy- independent 
transport of lactose, but could not support the 
uphill energy-dependent transport. The expres-
sion of PssA, which restored the PE synthesis, 
reversibly induced the formation of the cor-
rectly folded P7 loop and functional LacY 
(Bogdanov et al.  2008 ) (Fig.  1.10c ). However, 
the locations of the N-terminus and P1 loop 
remained unchanged even after the restoration 
of PE synthesis, while the native-like topolo-
gies were regained by TMIII – TMVII, which 
apparently induced a U-shaped fl exible hinge 
conformation of TMII within the membrane. 
This result indicates the dynamic nature of 
membrane topology and the critical role of spe-
cifi c lipids in the folding of polytopic α-helical 
membrane proteins. Replacement of PE by PC 
did not cause either topology reversal or loss of 
the uphill transport function, but the degree of 
the conformation- specifi c antibody binding was 
signifi cantly reduced, further suggesting the 
fi ne- tuning role of lipids in the folding and con-
formational equilibrium of membrane proteins 
(Bogdanov et al.  2010 ). 

 Lipid-dependent control of topogenesis has 
been also observed for phenylalanine permease 
(PheP) (Zhang et al.  2003 ) and γ-aminobutyrate 
permease (GabP) (Zhang et al.  2005 ) from  E. coli . 
However, the ability of lipids to support the correct 
topology and folding seems to depend more on the 
nonspecifi c role of lipids controlling the overall 
chemical and physical properties of cell mem-
branes rather than on specifi c interactions between 
lipid head groups and certain protein residues. 
These intriguing fi ndings led to the coining of the 
term “lipochaperone”, a specifi c lipid facilitating 
membrane protein folding, by analogy with protein 
molecular chaperones that assist the folding of 
water-soluble proteins and prevent their misfolding 
(Bogdanov and Dowhan  1999 ).  

1.6.2     Membrane Protein Misfolding, 
Quality Control and Human 
Diseases 

 Misfolding and aggregation of membrane proteins 
in cells are directly linked to a number of human 

diseases (MacGurn et al.  2012 ; Houck and Cyr 
 2012 ; Reinstein and Ciechanover  2006 ; Sanders 
and Myers  2004 ; Kuznetsov and Nigam  1998 ). 
The abnormal folding of membrane  proteins 
seems to be a common event that cells consistently 
deal with rather than a rare accident. For example, 
under normal physiological conditions, only 
<50 % of wild type cystic fi brosis transmembrane 
regulator (CFTR) and <20 % of wild type periph-
eral myelin protein 22 (PMP22) that are newly 
synthesized on the ER membrane reach the cyto-
plasmic membrane in their correctly folded form 
(Pareek et al.  1997 ; Kopito  1999 ). A wide array of 
the quality control mechanisms such as chaper-
ones and degradation machinery constantly oper-
ates for monitoring the folding, degradation and 
traffi cking of membrane proteomes in all subcel-
lular compartments (MacGurn et al.  2012 ; Houck 
and Cyr  2012 ; Tatsuta and Langer  2008 ). 

 There are three major pathways for degrading 
membrane proteins in eukaryotic cells (Fig.  1.11 ). 
In the ER, where most membrane and secreted 
proteins are synthesized, misfolded membrane 
proteins are recognized and degraded by the 
ER-assisted degradation (ERAD) pathways 
(Hampton  2002 ). In mammalian cells, three types 
of the ERAD machines exist in the form of pro-
tein complexes (Hrd1/Derlin1,2,3/Sel1L/
Ube2G1/Ube2k; DNAJB12/Derlin1/Hsp70/
Rma1/Ube2J1; and TEB4/Ube2G/Ube2J) 
(Kikkert et al.  2004 ; Grove et al.  2011 ; Ravid 
et al.  2006 ). They are commonly equipped with 
the membrane-integrated ubiquitin ligase (E3) 
(Hrd1, Rma1 or TEB4) for the recognition and 
ubiquitination of misfolded membrane proteins, 
and the ubiquitin conjugation enzyme (E2) 
(Ube2G, Ube2K, and Ube2J1). Derlins, 
DNAJB12 (Hsp40), Sel1L and Hsp70 participate 
in the recognition process by chaperoning mis-
folded proteins. Ubiquitinated misfolded proteins 
are subsequently extracted from the ER mem-
brane by the AAA+ATPase p97 in the cytosol, 
and are fi nally degraded in the 26S proteasome. 
Misfolded proteins in the Golgi and cytoplasmic 
membranes are recognized by other types of 
ubiquitination enzymes (Rsp5 in Golgi and 
Nedd4, Cbl, and CHIP in cytoplasmic mem-
brane), endocytosed into endosomes, and 

1 Role of Lipids in Folding, Misfolding and Function of Integral Membrane Proteins



20

degraded in lysosomes (MacGurn et al.  2012 ). 
Aggregated membrane proteins and damaged 
subcellular organelles, whose sizes are too large 
to be degraded by these mechanisms, are engulfed 
by double-membrane autophagosomes and tar-
geted for lysosomal degradation (He and 
Klionsky  2009 ). At most, ~80 % of the mem-
brane protein turnover is carried out by the ERAD 
pathways (Reinstein and Ciechanover  2006 ).  

 The pathogenesis of membrane protein mis-
folding diseases is partly the consequence of the 
abnormal interaction between misfolded pro-
teins and the degradation machinery (Sanders 
and Myers  2004 ): (1) Proteins with loss-of-
function mutations are targeted to their fi nal 
destinations bypassing the quality control 

mechanisms. (2) Destabilizing or misfolding 
mutations enhance proteins’ susceptibility to 
degradation and thus reduce the level of func-
tional proteins. (3) Malfunction of degradation 
machinery by mutations or stresses causes a 
failure of clearing toxic misfolded and aggre-
gated proteins. More than 60,000 missense 
mutations in human genes leading to disease 
phenotypes have been identifi ed, yet mutations 
in residues that are directly involved in the pro-
tein function are rare (Stenson et al.  2008 ) 
(  http://www.biobase-international.com/product/
hgmd    ). Rather, a more common disease mecha-
nism seems to involve destabilizing mutations 
that impair the correct traffi cking of the func-
tional proteins by enhancing degradation. 

  Fig. 1.11    Quality control mechanisms of integral mem-
brane proteins in eukaryotic cells. Correctly folded mem-
brane proteins are ultimately targeted to their fi nal 
destination (plasma membrane here) through the vesicular 
transport ( cyan arrows ). ( i ) ERAD pathway ( purple arrow ): 
the misfolded proteins in the ER membrane are recognized 
and ubiquitinated by the membrane-bound ubiquitin ligase 
complex (Hrd1 complex here). The proteins are extracted 

from the membrane by p97 AAA+ATPase and ultimately 
degraded in the proteasome ( purple arrow ). ( ii ) Lysosomal 
degradation pathway ( red arrows ): misfolded proteins in 
the Golgi and plasma membranes are tagged by ubiquitin 
and targeted to lysosome. ( iii ) Autophagy degradation path-
way ( brown arrow ): damaged subcellular compartments 
and protein aggregates are engulfed by autophagosome and 
targeted to lysosome       
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 Cystic fi brosis transmembrane conductance 
regulator (CFTR), which regulates the anion bal-
ance across the plasma membranes of epithelial 
cells (Miller  2010 ), is an intensely studied model 
system for membrane protein misfolding dis-
eases. CFTR is composed of 12 TM segments, 
two nucleotide-binding domains (NBDs) and a 
regulatory domain. Malfunction of CFTR is a 
major cause of cystic fi brosis, a severe respira-
tory and gastrointestinal disorder by abnormal 
production of viscous mucus (Sheppard and 
Welsh  1999 ). Among 1,984 mutations deposited 
in the cystic fi brosis mutation database (  http://
www.genet.sickkids.on.ca    ), 69 % of patients 
carry the ΔF508 deletion mutation. F508 is 
located in the NBD on the cytoplasmic side of 
CFTR, and ΔF508 mutation induces the misfold-
ing of the NBD domain (Lukacs and Verkman 
 2012 ). Although ΔF508 mutation partially retains 
the anion transport function, the mutant is com-
pletely degraded by the ERAD pathway and fails 
to correctly target to the cell surface (Pasyk and 
Foskett  1995 ). A correct targeting is also com-
pletely aborted in the ERAD pathway (Sun et al. 
 2006 ) for CFTR carrying the mutations (G85E, 
R347P, and R334W) in the transmembrane 
domain. 

 The enhanced susceptibility to degradation 
upon missense mutations is an established mech-
anism of other diseases. Those include retinitis 
pigmentosa, a common retinal degeneration dis-
ease partly caused by missense mutations in rho-
dopsin, and Charcot-Marie-Tooth disease, a 
common inherited neurological disorder, which 
is related to missense mutations in PMP22, a 
tetra-membrane spanning integral membrane 
proteins (Rajan and Kopito  2004 ; Pareek et al. 
 1997 ; Sakakura et al.  2011 ). 

 Another critical disease mechanism involves 
mutations that do not directly affect the function 
or the conformational stability of membrane pro-
teins, but impair their interactions with the degra-
dation machinery. One example is the Liddle 
syndrome, a condition of severe hypertension, 
hypokalemia and metabolic alkalosis. The gene 
responsible for the Liddle syndrome encodes the 
β-subunit of renal epithelial sodium channel. A 
disease mutation occurs at the binding interface 

with the E3 ubiquitin ligase Nedd4 (Shimkets 
 1996 ; Staub et al.  1997 ). Thus, Nedd4 can neither 
recognize the sodium channel nor target it for 
degradation. The accumulation of the channel 
induces the excessive reabsorption of sodium 
ions and water, eventually causing hypertension. 
Impairment of ubiquitin-mediated degradation 
by mutations on E3 ligases is also implicated in 
Angelman syndrome (E6-AP E3), Parkinson’s 
disease (Parkin E3), von Hippel-Lindau protein- 
associated syndromes (von Hippel-Lindau E3), 
and other diseases (Reinstein and Ciechanover 
 2006 ). 

 Molecular features of misfolded membrane 
proteins that are selectively recognized by the 
quality control machines remain unclear. In 
water-soluble proteins, the integrity of the hydro-
phobic core is the key determinant for protein 
interactions with chaperones and degradation 
machinery. Since the stability of membrane pro-
teins is governed by substantially different ther-
modynamic principles, the interactions between 
misfolded membrane proteins and the quality 
control machines should also be different from 
those of water-soluble proteins. One possible 
scenario is that polar interactions of membrane 
proteins in a low-dielectric lipid bilayer may play 
a signifi cant role in the folding and stability. 
Misfolding induces the exposure of polar resi-
dues into the bilayer, facilitating their interac-
tions with chaperones and membrane-bound 
ubiquitin ligases (Houck and Cyr  2012 ). Indeed, 
Sato et al. ( 2009 ) showed that mutations of the 
surface polar residues in the TM domain of 
Hrd1p ubiquitin ligase, a key component of the 
ERAD machinery, signifi cantly reduced the deg-
radation susceptibility of 3-hydroxy-3- 
methylglutaryl-coenzyme A reductase. 

 Still, it is unclear whether the polar interac-
tions are a dominant factor determining the ther-
modynamic stability of integral membrane 
proteins. Numerous studies measuring the hydro-
gen bonding strength in membrane proteins con-
sistently report moderate contributions 
(0.5–1.5 kcal/mol per bond), not much different 
from those in water-soluble proteins (Bowie 
 2011 ). Furthermore, the analysis of disease muta-
tions mapped on the structures of rhodopsin, 
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G-protein coupled receptors, and potassium 
channels did not fi nd a dominant feature of polar-
to- nonpolar or nonpolar-to-polar mutations 
(Oberai et al.  2009 ). Further biophysical studies 
on membrane protein folding are necessary to 
explain disease mechanisms caused by 
misfolding.  

1.6.3      Role of Cholesterol in GPCR 
Receptor 

 Lipidomic studies demonstrated that changes in 
the lipid composition of cell membranes can pro-
vide markers of disease; however, a direct link 
between the lipid-mediated misfolding of mem-
brane proteins and specifi c diseases is unclear 
(Hu et al.  2009 ). Several examples show the piv-
otal role of lipids in the structure and function of 
pharmaceutically important membrane proteins. 
These studies may ultimately help develop the 
pharmacological chaperones to modulate folding 
and stability for the optimal function (Mendre 
and Mouillac  2010 ). 

 Although cholesterol has long been known as 
a critical modulator of membrane fl uidity, curva-
ture stress and raft formation, it also acts as a spe-
cifi c “ligand” stabilizing the structure of 
β2-ardrenergic receptor (β2-AR), a member of 
the G-protein coupled receptor (GPCR) family 
(Hanson et al.  2008 ). β2-AR forms a complex 
with its effector,  L -type Ca 2+  channel, and senses 
epinephrine and norepinephrine in muscular tis-
sues, such as bronchial vasculature and blood 
vessels. The receptor is an important drug target 
for the treatment of asthma, glaucoma, high 
blood pressure and cardiac arrhythmias. 

 The crystal structures of β2-AR were solved 
for apo- and carazolol (inverse agonist)-bound 
forms (Cherezov et al.  2007 ; Rasmussen et al. 
 2007 ). Later, the structure was solved in the timo-
lol- (inverse agonist) and cholesterol-bound form 
(Hanson et al.  2008 ). This was the fi rst structure 
in which a cholesterol binding motif was eluci-
dated in atomic detail (Fig.  1.12 ). Two choles-
terol molecules bind to the cleft formed by the 
helices I, II, III and IV. Two prominent residues 
that bind cholesterol through CH-π and van der 

Waals interactions are Trp158 4.50  conserved in 
94 % of GPCR (Ballesteros and Weinstein  1995 ) 
and Ile154 4.46  conserved in 60 % of GPCR by 
homology and 35 % by identity (the subscripts 
specify an GPCR amino acid according to 
Ballesteros-Weinstein numbering system allow-
ing comparison of equivalent positions in the 
GPCR family). Two other bulky residues, 
Tyr70 2.41  and Arg151 4.43 , which are less con-
served, cap cholesterol in the cytoplasmic inter-
facial region by van der Waals and hydrogen 
bonding interactions. The four-residue choles-
terol binding consensus motif, [4.39–
4.43(R,K)]—[4.50(W,Y)]—[4.46(I,V,L)]—
[2.41(F,Y)], is widely distributed in the GPCR 
family, suggesting that cholesterol binding may 
be a crucial feature of many GPCRs. Indeed, the 
subsequently solved GPCR structures of A2 A  

  Fig. 1.12    Binding of cholesterol modulates stability and 
function of GPCR receptors. Binding of two cholesterol 
molecules (CHOL1 and CHOL2) to β2-aderenergic 
receptor (β2-AR) (Hanson et al.  2008 ). Binding site of 
CHOL1 represents a cholesterol consensus motif. Trp158 
and Ile154, which are 95 and 35 % conserved by identity, 
are central in cholesterol binding (Figure modifi ed with 
permission from Hanson et al.  2008 )       
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adenosine receptor (Jaakola et al.  2008 ), μ-type 
opioid receptor (Manglik et al.  2012 ) and 
hydroxytryptoamine (serotonin) receptor 2B 
(Wang et al.  2013 ) revealed cholesterol bound to 
this motif, although the precise modes of interac-
tions were slightly different. The enhancement of 
protein thermostability has been observed in the 
micellar phase for other GPCRs such as oxytocin 
receptor, which is a serotonin 1A  receptor contain-
ing a strict cholesterol consensus motif (Hanson 
et al.  2008 ). The interaction between GPCRs and 
cholesterol were postulated to lead to their pref-
erential partition into the cholesterol-rich caveo-
lae (Pucadyil and Chattopadhyay  2004 ; Song 
et al.  2014a ).   

1.6.4      Role of Cholesterol in Amyloid 
Precursor Proteins 

 While cholesterol binds to the “cleft” formed by 
TM helices of β2-AR and is locked by several 
bulky residues, another type of cholesterol 
binding site has been identifi ed in the amyloid 
precursor protein (APP) (Barrett et al.  2012 ). APP 
is cleaved by an intramembrane protease, 
γ-secretase, which generates the C-terminal C99 

TM domain and the amyloid-β (Aβ) peptide 
(Song et al.  2014a ). Misfolding and accumulation 
of aggregated Aβ in the brain is the hallmark of 
Alzheimer’s disease (Finder and Glockshuber 
 2007 ). The solution NMR structure of APP 
showed that the extracellular region of C99 is 
composed of an amphiphilic N-helix and a short 
N-loop connected to the TM domain (Barrett 
et al.  2012 ) (Fig.  1.13 ). The TM domain is highly 
bent and fl exible, which may promote the cleav-
age of C99 by γ-secretase. The N-terminal half of 
the TM domain contains the GxxxGxxxG glycine 
zipper motif, which is frequently observed in the 
TM helix-helix interactions ((Kim et al.  2005 ); 
also see Chap.   4     by Morgado and Garvey and 
Chap.   10     by Leonova and Galzitskaya in this 
 volume). Because of this motif, the C99 protein 
was thought to form dimers or higher-order 
 oligomers. However, titration of cholesterol (up to 
20 mol %) in bicelles, monitored by NMR, 
revealed a striking binding pattern of cholesterol 
to C99. Contrary to the expectation, two of the 
three Gly in the zipper motif, G700 and G704, are 
critically involved in cholesterol binding rather 
than oligomerization. In addition, the dynamic 
N-loop and the polar residues N698 and E693 also 
appear to contribute to the binding of  cholesterol. 

  Fig. 1.13    Cholesterol binding to the C99 TM domain of 
amyloid precursor protein. Cholesterol binds to the fl at 
surface created by glycine zipper motif (G700-xxx-G704- 

xxx-G708) and, additionally, by N-helix (F691) and 
N-loop (E693 and N698) (Figure adopted with permission 
from Song et al.  2014a )       
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Furthermore, the dynamic N-helix, which lies 
parallel to the membrane and perpendicular to the 
TM helix to which it is linked via the N-loop, 
effectively locks bound cholesterol by packing 
with the bulky aromatic residue, F690. Thus, the 
fl at surface presented by the GxxxG motif, the fl ex-
ible N-loop and the conformation of N-helix work 
together to accommodate bound cholesterol.  

 What is the physiological signifi cance of cho-
lesterol binding in the generation of Aβ? 
γ-secretases are known to preferentially partition 
into the cholesterol-rich membrane rafts (Lee 
et al.  1998 ). Cholesterol binding to APP is 
expected to favor partitioning into membrane 
rafts, and thereby co-localize APP with the 
γ-secretase. Cholesterol binding was also pro-
posed to make APP a better substrate for 
γ-secretase (Osenkowski et al.  2008 ). Moreover, 
after cleavage, Aβ association with cholesterol 
may facilitate amyloid fi bril formation 
(Yanagisawa  2005 ). These effects provide possi-
ble explanations for the link between the plasma 
levels of cholesterol and the development of 
Alzheimer’s disease.  

1.6.5      Role of PIP2 in the Gating 
Function of Inward Rectifi er 
Potassium Channel 

 Phosphatidylinositol 4,5 diphosphate (PIP 2 ) is a 
minor lipid component in the plasma membrane 
that is critical in a number of signaling pathways 
as a secondary messenger and a targeting signal 
of soluble proteins on the plasma membrane (Tisi 
et al.  2004 ; Cho and Stahelin  2005 ). PIP 2  is also 
of particular interest as a direct modulator of sev-
eral ion channels (Suh and Hille  2008 ; Suh et al. 
 2006 ,  2010 ). The crystal structures of inward rec-
tifi er potassium channel (Kir2.2) in apo- and in 
PIP 2  – bound forms solved by (Hansen et al. 
 2011 ) demonstrated the specifi c role of PIP 2  in 
the regulation of resting cell membrane potential 
(Fig.  1.14 ). In the apo form, the TM domain and 
the cytoplasmic domain are disengaged. Binding 
of PIP 2  at the interface between the two domains 
induces a substantial conformational change. The 

PIP 2  head group binds to the conserved highly 
positively charged PIP 2  – binding motif located 
in the fl exible interdomain linker (KxxRPKK 
motif that binds inositol 4,5 diphosphate) and to 
the interfacial region of the TM domain (RWR or 
KWR motif that binds phosphoester). Binding of 
the acyl chain of PIP 2  to the TM domain occurs in 
a non-specifi c manner. This PIP 2  binding, which 
induces a coil-to-helix transition of the interdo-
main linker, pulls away the inner helical gating 
region of the TM domain in the direction of the 
membrane plane, docks the cytoplasmic G-loop 
into the channel lumen, and opens up the 
channel.    

1.7     Concluding Remarks 

 This chapter describes the active role of lipids in 
the folding, structure and function of integral 
membrane proteins. The results suggest that 
 lipids in cell membranes not only serve as a 
medium for stabilizing membrane proteins but 
also act as critical functional and structural 
ligands for many of these proteins. Therefore, at 
the origin of life, the quasi two-dimensional fi lm 
that constitutes cell membranes may have started 
as a simple permeability barrier, but evolved to fi t 
to the biological needs in cellular processes by 
incorporating lipids with various chemical and 
physical properties and by utilizing them as 
ligands and stabilizers for membrane proteins. 

 Structural studies provided the molecular 
details of lipid-protein interactions for several 
membrane proteins. Still, it remains a far- reaching 
goal to quantify the energetics and dynamics of 
these interactions and elucidate their relationship 
to the conformational equilibria of membrane 
proteins which enable their function. In this con-
text, quantitative studies on the energetics of the 
mechanosensitive channel gating (Perozo et al. 
 2002a ,  b ; Wiggins and Phillips  2004 ) and NMR 
studies of the amyloid precursor protein revealing 
the dynamic features of this disease-causing pro-
tein, are truly intriguing (Barrett et al.  2012 ; Beel 
et al.  2010 ; Pester et al.  2013 ; Song et al.  2013 , 
 2014b ). For such efforts to be extended to other 
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classes of membrane proteins, new experimental 
and theoretical frameworks will be necessary. A 
recent development of steric trapping method that 
allows the reversible control of the membrane 
protein folding will open new opportunities for 
studying the forces and mechanisms of folding of 
membrane proteins in their native bilayer back-
ground (Blois et al.  2009 ; Chang and Bowie  2014 ; 
Hong et al.  2010 ; Hong and Bowie  2011 ; Jefferson 
et al.  2013 ).     
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