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that surrounds the cytoplasm (Figure 1.1B). In many prokaryotes, the plasma 
membrane is protected by a semi-rigid cell wall of variable composition and 
architecture. There are five different types of walls, ranging from a single layer 
of protein or glycoprotein (the S layer) to more complex structures comprised 
of an S layer plus an additional layer of chondroitin-like molecules or polysac-
charides. Eubacteria are protected by a tough peptidoglycan layer, which is a 
composite mesh-like material built from linear polysaccharide chains that are 
crosslinked by short peptides. For a long time, microbiologists classified eubac-
teria as either Gram-positive or Gram-negative based on whether their surfaces 
stain blue or pink in a staining procedure invented by H.C. Gram in the late 19th 
century. This classification is still with us, although the staining procedure has 
now largely been superseded by phylogenetic analysis based on the sequence 
of the ribosomal 16S ribonucleic acid (RNA) molecule. In most Gram-positive 
bacteria (such as Streptococcus aureus), the cell wall is composed of a thick layer 
of peptidoglycan. Some simple Gram-positive bacteria (such as Mycoplasma 
genitalium) lack the peptidoglycan and only have a single lipid membrane to 
protect their cytoplasmic compartment.
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Figure 1.1 Anatomies of two types of biological cells. (A) Eukaryotic cell. (B) Prokaryotic cell. All cells have two features 
in common: a surface (plasma) membrane, which separates the cell interior (cytoplasm) from the external world, and DNA 
(deoxyribonucleic acid), which carries the inheritable genetic information. In eukaryotes, the DNA is separated from the cyto-
plasm by a double membrane (nuclear envelope) except during cell division. Prokaryotes do not have a nuclear membrane; the 
DNA resides directly in contact with the cytoplasm. A particularly important difference between prokaryotes and eukaryotes is 
the presence of numerous membrane-enclosed compartments in eukaryotes, such as mitochondria and the Golgi apparatus. 
(From Alberts B, Johnson A, Lewis JH et al. [2014] Molecular Biology of the Cell, 6th Edition. Garland Science, New York. With 
permission from W. W. Norton.)
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Other intracellular organelles include lipid droplets that are composed of a 
hydrophobic core of stored lipids surrounded by a protein-rich phospholipid 
monolayer, mitochondria containing the enzymes of the respiratory chain that 
converts nutrient energy into ATP, and peroxisomes that protect the cell from 
hydrogen peroxide as well as being involved in lipid biosynthesis. Plant cells also 
contain chloroplasts, the organelle that houses the photosynthetic apparatus.

Mitochondria are surrounded by an outer and an inner membrane. 
Chloroplasts also have both an outer and an inner membrane, plus an internal 
thylakoid membrane system. Both mitochondria and chloroplasts are thought 
to have arisen through endosymbiosis, an evolutionary process through which 
a eukaryotic cell “engulfs” a prokaryotic cell or the prokaryotic cell invades 
a eukaryotic cell (as is seen in some modern infections), and the two organ-
isms mutually benefit (Figure 1.5). After the initial endosymbiotic event, large 
parts of the genome of the prokaryotic cells moved into the nuclear genome of 
the eukaryotic cell, resulting in an intracellular organelle with only a minimal 
genome left as a witness to its prokaryotic ancestry. There is evidence that the 
mitochondrial ancestors may have come from a Gram-negative Rickettsiae-like 
bacterium. Chloroplasts likely arose from photosynthetic cyanobacteria.

1.1.3  Compartments Are Shaped by Proteins

The shapes and dynamical behaviors of compartments result from an intimate 
interplay between lipids and proteins. In many instances, membranes must 
be locally bent or curved into tubular or vesicular structures. This is done by 
membrane-interacting proteins of various kinds that can force lipid bilayers to 
bend, as we discuss later (Chapter 7). The plasma membrane in eukaryotic cells 
is attached to an underlying cytoskeleton composed of filamentous structures 
such as microtubules, actin filaments, and intermediate filaments (Figure 1.6). 
The cytoskeleton serves to control the shape of the cell and to organize and 
move cytoplasmic components. It can be rapidly disassembled and reassem-
bled in response to various internal and external stimuli.

1.2  PLASMA MEMBRANES ARE COMPOSED 
OF SURFACE-ACTIVE LIPIDS

Regardless of phylogenetic, structural, or biochemical status, all cell mem-
branes share a common architecture. While they have irregular surfaces, the 
main structure is about 5 nm (50 Å) thick, comprised of lipids organized into 
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Figure 1.5 Scenario for the evolu-
tion of mitochondria or chloroplasts 
from an invasion by a free-living 
bacterium. The incorporation of bac-
teria to form a primordial eukaryotic 
cell is an example of endosymbiosis, 
with the inclusion of aerobic bacte-
ria giving a capacity for oxidative 
metabolism and the acquisition of 
photosynthetic bacteria giving the 
ability to carry out photosynthesis. 
(Alberts B, Johnson A, Lewis JH et al. 
[2014] Molecular Biology of the Cell, 
6th Edition. Garland Science, New 
York. With permission from W. W. 
Norton.)

Figure 1.6 The cytoskeleton of a 
eukaryotic cell. Microtubules are in 
green and actin filaments in red. 
The nucleus is in blue. The cell in 
this picture has been chemically 
fixed (stabilized), and the microtu-
bules and actin filaments have then 
been visualized using fluorescent 
antibodies that bind specifically to 
each kind of structure. Note the 
radial organization of the micro-
tubules, the conveyor belts of the 
cell, and the concentration of actin, 
which helps shape and move a cell 
and its internal components, near 
the cell periphery.
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2.1.7  Bilayers Spontaneously Form Closed 
Compartments: Liposomes and Vesicles

The edge of the bilayer sheet shown in Figure 2.8 presents a problem: how to 
cover the hydrophobic bilayer interior and shield it from water? If we try to use 
the bilayer lipids to cover the edge of a bilayer sheet, we find that they cannot do 
it for the same reason that they do not form sphere-like micelles—they cannot 
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Figure 2.7 Phospholipid structures are built from modular components, typically resulting in lipids with polar headgroups 
and two alkyl chains. (A) Glycerol and sphingosine are the basic structural units upon which other modular components are 
assembled. (B) Phospholipids with two alkyl chains connected to the glycerol by ester linkages are the most common lipids 
of cell membranes in eukaryotes and prokaryotes. (C) Sphingosine-based phospholipids are most often found in neural tis-
sue. Their name is derived from the Egyptian sphinx because their function seemed enigmatic when they were discovered in 
the 19th century. (D) In archaea, two phytanoyl fatty acid chains are linked to the glycerol backbone by ether linkages. The 
branched chain phytanoyl fatty acid chains have no phase transitions and provide chemical stability and fluidity over a wide 
range of temperatures. (E) Structures of commonly encountered glycerophospholipids. (F) Structures of commonly encoun-
tered sphingolipids. Two-chain phosphoglycero-lipids are customarily designated by two letters, representing the kinds of 
hydrocarbon chains (usually esterified fatty acids) followed by two letters indicating the characteristic group. If the two chains 
are identical, D is used to represent the “Di”, as in Dipalmitoyl=DP, and the order of the letters designates the positions of 
the fatty acids. The most common uses are: Fatty acids: M = Myristic acid, P = Palmitic acid, S = Stearic acid, O = Oleic acid; 
Characteristic Groups: PC = Phosphatidylcholine, PG = Phosphatidylglycerol, PS = Phosphatidylserine, PI = Phosphatidylinositol, 
PA = Phosphatidicacid. Examples: DSPC = Distearoylphosphatidylcholine, POPS = Palmitoyloleoylphosphatidylserine. (Modified 
from Nelson, DL and Cox, MM [2000] Lehninger Priciples of Biochemistry, 3rd Edition.) 
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form a highly curved stable structure. Instead, the bilayer curves onto itself to 
form a closed bilayer surface that surrounds an interior aqueous compartment. 
Because the lipids cannot form highly curved surfaces, there must be a limit to 
how small the compartment can be. The structures take two forms. If water is 
added to dry phospholipids and then shaken, a milky suspension of phospho-
lipid immediately forms. The suspension (or dispersion) is made up of closed 
vesicular liposomes whose walls contain many layers of bilayers (Figure 2.10; 
see also Figure 1.18B). We know that bilayers are present because of the x-ray 
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diffraction pattern one obtains from them (Figure 1.18C). These spheroidal 
multilamellar particles of nonuniform size, whose use in biology was pioneered 
by Alec D. Bangham in the mid-1950s, are generally referred to as multilamellar 
liposomes or multilamellar dispersions.

A simpler form that phospholipids can adopt is single-bilayer (unilamellar) 
vesicles (Figure 2.11), which can be produced by passing the multilamellar 
liposome suspension at high pressure through a filter with very small holes. 
These large unilamellar vesicles (LUVs; Figure 2.11B), typically with diameters 
of 100 nm (1000 Å), are thermodynamically stable and suitable for study by a 
wide range of physical methods. The diameters of LUVs can be controlled by the 
size of the holes in the filter.

Another way of making unilamellar vesicles is by sonicating the liposome sus-
pension. Vesicles produced this way are smaller (~25 nm) and tend to have more 
uniform diameters than LUVs. However, these small unilamellar vesicles (SUVs; 
Figure 2.11A) are not thermodynamically stable and will fuse over a period of 
days to become LUVs. The conversion of SUVs to LUVs occurs because the outer 
lipid monolayer is stretched and the inner layer is compressed due to high cur-
vature. The resulting stress, induced by the energy of sonication, increases their 
free energy positively relative to LUVs. To lower their free energy, they slowly 
and spontaneously convert to LUVs. Thermodynamic measurements involving 
lipid bilayers should therefore use LUVs to assure thermodynamic equilibrium.

A third type of vesicle is giant unilamellar vesicles (GUVs; Figure 2.11C), 
formed by spreading a thin layer of phospholipids over the interior surface of 
a flask and then gently adding water. GUVs can be as large as 50 μM (50 × 103 
nm) in diameter, which is larger than most cells. Importantly, these vesicles are 
thermodynamically stable, which informs us that a single bilayer surround-
ing a biological cell is an entirely plausible proposition. Our ability to produce 
unilamellar vesicles easily in the laboratory supports the idea that bilayer-like 
structures could have formed in the early stages of life to produce compart-
ments isolated from the surrounding aqueous phase (Figure 2.10). The bilayers 
of phospholipid liposomes are highly impermeable to ions and large molecules. 
Primordial vesicles formed from primitive lipids, such as certain combinations 
of fatty acids, were probably leaky, which may have allowed movement of small 
molecules across the bilayer without protein pumps or channels.

2.1.8  Lipids Can Form Structures Other than Bilayers

Up to this point, we have discussed two groups of lipids—detergents and bilayer 
lipids—as if they were completely distinct. In fact, lipid aggregates vary in form 
depending upon how much water is present, packing constraints, tempera-
ture, and the electrostatic properties of the headgroups. Variations in aggregate 

Figure 2.8 Basic structure of a 
lipid bilayer formed from DOPC. The 
polar lipid heads provide an inter-
face with water, reducing the aque-
ous contact of the non-polar chains. 
Packing of the lipids is efficient 
because the heads occupy about 
the same area as two chains in the 
plane of the bilayer. Anchoring the 
chains to the headgroups in pairs 
gives more order near the interface 
with water than at the center of the 
bilayer.

(A) (B)

Figure 2.9 Hydrocarbon chain 
conformations vary greatly in the 
liquid state of a bilayer interior. To 
emphasize the fluidity of a bilayer 
interior, panel A shows a gallery 
of chain conformations from the 
molecular dynamics simulation of 
the DOPC bilayer shown in Figure 
2.8. The distribution of conforma-
tional states illustrates the impor-
tance of constraining the ends of 
two adjacent chains by binding 
them to the backbone, as seen by 
the close proximity of the chains 
near the backbone vs. the terminal 
methyl groups. Panel B shows a top 
view of the bilayer in which the alkyl 
chains are colored yellow, except for 
the terminal methyl groups, which 
are colored purple. Neutron diffrac-
tion experiments demonstrate that 
up to 20% of the methyl groups are 
at the membrane interface at any 
instant. The water exposure of the 
alkyl chains explains why hydropho-
bic peptides can interact strongly 
with lipid bilayers. Waters within 3 
Å of the bilayer are shown in stick 
format and colored cyan.
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a bilayer arrangement with proteins either passing through the bilayer (trans-
membrane proteins) or associated with the surface of the membrane (periph-
eral membrane proteins). The modern atomic-level view of membranes and 
membrane proteins (Figure 1.7) emerged slowly by fits and starts over a period 
of almost 100 years.

1.2.1  The Existence of Plasma Membranes Was Inferred 
from the Osmotic Properties of Plant Cells

Anton van Leeuwenhoek, a 17th-century Dutch linen merchant, was the first 
person to observe bacteria, various free-swimming organisms in pond water, 
and plant cells using a light microscope. Although these organisms have char-
acteristic shapes suggestive of structural boundaries, the existence of a plasma 
membrane surrounding the cell cytoplasm was a matter of debate until well 
into the 1930s. Studies of plant cells by Hugo De Vries and especially Wilhelm 
Pfeffer during the 18th and 19th centuries were crucial for demonstrating the 
existence of plasma membranes. Indeed, it was Pfeffer who gave the plasma 
membrane its name. (De Vries, on the other hand, who rediscovered the work 
of Gregor Mendel, invented the term gene for describing hereditary traits.)

Plant cells have lysosomes of exceptional size (vacuoles, Figure 1.8) that can 
occupy much of the cell volume. De Vries discovered that isolated plant vacu-
oles (tonoplasts or protoplasts) could be caused to swell or shrink in response 
to changes in the concentration of salts and sugars in the surrounding aqueous 
medium, suggesting that the protoplasts were permeable to water but much 
less permeable to the dissolved solutes (Box 1.1). High solute concentrations 
are equivalent to low water concentrations. If the water concentration is lower 
outside the protoplast, there will be a net diffusion of water out of the proto-
plast, causing it to shrink. If the water concentration is higher (low solute con-
centrations), there will be a net diffusion of water into the protoplast, causing it 
to swell. These observations led Pfeffer to study the osmotic properties of plant 
protoplasts. That protoplasts respond volumetrically to osmotic challenges 
does not necessarily mean that they are surrounded by a semi-permeable mem-
brane, because simple gels of large macromolecules (colloids) will also respond 
to osmotic challenges simply because the water activity is reduced inside the 
gel due to the volume occupied by the macromolecules. Pfeffer’s crucial obser-
vation was that protoplasts showed differential permeability to organic dyes 
that was lost when the protoplast surface was disrupted. He thus proposed that 
the protoplasm of cells is surrounded by a thin layer of some kind, which he 
christened the plasma membrane. These observations led Jacobus van’t Hoff to 
develop, during the 19th century, the physical theory of solutions, which earned 
him the inaugural Nobel Prize in chemistry in 1901.

Despite the simplicity and elegance of the membrane concept, it was widely 
disputed for many years, because the osmotic properties of colloids seemed 
to preclude the necessity for a membrane. In fact, there remains to this day a 
small band of scientists who deny the existence of plasma membranes. Most 
biologists, however, accepted the existence of the plasma membrane after Janet 
Plowe’s report in 1931 on the micromanipulation of protoplasts. Her observa-
tions on the response of protoplasts to manipulation with glass needles revealed 
clearly the existence of a surface membrane, referred to by her as the “plas-
malemma.” Today, similar experiments can be performed using laser-tweezer 
methodology (see Chapter 2).

1.2.2  The Lipidic Nature of Membranes Was Inferred 
from the Osmotic Behavior of Cells

What is the chemical nature of the plasma membrane? The first clue came from 
extensions of Pfeffer’s osmotic studies by Charles Ernest Overton in the late 19th 
century. His research was driven by his curiosity about what physical property of 
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Figure 1.7 The modern understand-
ing of protein–lipid interactions in 
membranes recreated by molecular 
dynamics simulations of isolated 
membrane proteins in lipid bilayers. 
The three panels summarize three 
basic structural motifs of membrane 
proteins: α-helical, β-barrel, and 
peripheral. These are the only three 
motifs ever observed for membrane 
proteins. (A) The α-helical transmem-
brane protein SecYEG that aids in the 
insertion of transmembrane proteins. 
The colored cylinders are schematic 
representations of transmembrane 
helices. (B) The β-barrel protein OmpT 
found in the outer membrane of E. 
coli. This motif is found exclusively in 
bacterial outer membranes, mito-
chondria, and chloroplasts. (C) A 
peripheral membrane protein domain, 
the C2 domain, shared by a number 
of monotopic membrane proteins. 
They are called peripheral because 
they interact with the bilayer surface. 
(B, From Baaden M, Sansom M.S.P. 
[2004] Biophys J 87: 2942–2953. With 
permission of Elsevier. C, Adapted 
from Jaud S, Tobias TJ, Falke JJ, White 
SH [2007] Self-induced docking site of 
a deeply embedded peripheral mem-
brane protein. Biophys J 92: 517–524.)
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motifs ever observed for membrane 
proteins. (A) The α-helical transmem-
brane protein SecYEG that aids in the 
insertion of transmembrane proteins. 
The colored cylinders are schematic 
representations of transmembrane 
helices. (B) The β-barrel protein OmpT 
found in the outer membrane of E. 
coli. This motif is found exclusively in 
bacterial outer membranes, mito-
chondria, and chloroplasts. (C) A 
peripheral membrane protein domain, 
the C2 domain, shared by a number 
of monotopic membrane proteins. 
They are called peripheral because 
they interact with the bilayer surface. 
(B, From Baaden M, Sansom M.S.P. 
[2004] Biophys J 87: 2942–2953. With 
permission of Elsevier. C, Adapted 
from Jaud S, Tobias TJ, Falke JJ, White 
SH [2007] Self-induced docking site of 
a deeply embedded peripheral mem-
brane protein. Biophys J 92: 517–524.)
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a bilayer arrangement with proteins either passing through the bilayer (trans-
membrane proteins) or associated with the surface of the membrane (periph-
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membrane proteins (Figure 1.7) emerged slowly by fits and starts over a period 
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carbons long. DMPC and DHPC can form very complex phases, and conse-
quently, there are a limited range of concentrations and mole ratios that lead to 
the bicelle disc structure. Single membrane proteins can be incorporated into 
DMPC/DHPC bicelles for NMR structural studies and for protein crystalliza-
tion. Other, better means to solubilize membrane proteins have been devised, 
such as nanodiscs and Amphipols, which we will encounter later.

2.1.10  Lipid and Protein Composition of 
Membranes Varies Widely

While all cellular membranes have the same basic architecture, they can dif-
fer dramatically in protein and lipid composition (Table 2.1) depending on the 
membrane’s physiological function. For example, the few proteins present in 
the myelin sheaths that surround nerve cells (Figure 1.13) serve primarily as 
structural components. Plasma membranes, on the other hand, are rich in the 
transport proteins required for maintaining the internal ionic environment, 
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Figure 2.14 Discoidal bilayered 
micelles (bicelles). The DHPC 
detergent allows the curvature that 
prevents the edge of the bilayer disc 
from being exposed to water.

These compositions give a sense of the variety of membrane compositions but 
must be taken as very approximate, because they will vary depending on how a 
membrane is isolated and washed.

Table 2.1 Compositions of Membranes

Composition of Membranes (% by weight)

Membrane Protein Lipid Carbohydrate

Myelin 20 75 5

Red blood cell ghosts 49 43 8

Plasma membranes

 Liver cells 58 42 (5–10)a

 Ehrlich ascites 67 33 (5–10)a

 Amoeba Proteus 25 32 15

Mitochondrion

 Outer membrane 52 48 (2–4)a

 Inner membrane 76 24 (1–2)a

 Bacteria (Gram-positive) 75 25 (10)a

aCarbohydrate is due to glycosylated proteins and lipids.
Based on data provided in Guidott G [1972] Arch Intern Med 129: 194–301.
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BOX 2.3 LIPID SYNTHESIS IN EUKARYOTES IS IMPORTANT FOR COMPARTMENTALIZATION

The main site of lipid synthesis in mammalian cells is the 
ER, but some special lipids are also made in the Golgi (e.g., 
sphingolipids) and in mitochondria (e.g., cardiolipin). 
Lipids can move in different ways from their site of synthe-
sis. The simplest route is by lateral diffusion within a con-
tinuous membrane system (e.g., from the ER to the nuclear 
envelope). Lipids can also be carried between compart-
ments via vesicular transport (see later) or bound to soluble 
lipid transfer proteins. In the latter case, the transport 
reaction may take place within specialized zones of contact 
between the donor and acceptor organelles.

Lipids with large polar headgroups have very low rates 
of spontaneous flip-flop across a pure lipid bilayer. Since 

the synthesis of most lipids is confined to one leaflet of the 
bilayer, there must be ways to facilitate lipid flip-flop, both 
to balance the areas of the monolayers and to establish and 
maintain asymmetry. The ER appears to contain membrane 
proteins that facilitate spontaneous equilibration of lipids 
between the two leaflets, although some specialized lipids 
(e.g., those carrying oligosaccharides needed for protein 
glycosylation in the ER lumen) are translocated across the 
membrane by dedicated transport proteins. ATP-dependent 
lipid transport proteins are needed to do the opposite job, 
i.e., to generate and maintain asymmetry in lipid composi-
tion between the two halves of a bilayer in, e.g., the Golgi 
and the plasma membrane (Figure 1). 
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Figure 1 Lipid compositions of organelles of eukaryotic cells. Lipid compositions of the various organelle membranes 
are shown as bar graphs. The arrows indicate the organelles to which the compositions refer. Given the complexity of a 
ternary mixture (Box 2.2), complex mixing behaviors are expected. ISL stands for inositol sphingolipid. (From Van Meer 
G, Voelker DR, Feigenson GW [2008] 9: 112. With permission from Springer Nature.)
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One way of understanding membrane curvature is to 
examine what it takes to form a stable, flat lipid bilayer. 
The monolayers are hydrophobically coupled and can-
not separate or act independently of each other; they 
will always maintain a bilayer configuration. If both 
monolayers are identical in structure and composition, 
the forces that cause them to curl up in order to adopt 
an equilibrium (spontaneous) curvature are obviously of 
equal strength but act in opposite directions. The bilayer 
will stay flat. Here, the notion of bilayer frustration—the 
tendency of each monolayer in a bilayer to bend, but 
essentially being unable to do so because of the hydro-
phobic coupling to the opposite monolayer—offers a 
great thought experiment on a molecular model of mem-
brane curvature (Figure 1). Monolayers have a tendency 
to curl because the tightly packed lipids experience a 
lateral force imbalance in their hydrophobic (tails) and 
hydrophilic (head group) parts. For instance, increased 
hydration will expand head-group lateral packing (H2O, 
top right of Figure 1). As the head groups are further 
apart, each monolayer bends outward, adopting a posi-
tive curvature. Increasing the temperature (T, top left of 
Figure 1) has the opposite effect. The more flexible chain 
regions of the lipids separate the tail region more than 

the head-group region, creating a negative curvature in 
each monolayer. In either scenario, curling is restricted 
by the hydrophobic effect that keeps both monolayers 
attached to each other to avoid exposing the fatty acid 
tails to bulk water. The monolayers cannot separate and 
the flat bilayer is in a force imbalance called ‘frustration.’

The structure of the lipids also affects monolayer curva-
ture and thus bilayer frustration. When the head-group 
size is small—for example, phosphatidylethanola-
mines—the head groups can pack more closely together 
than the fatty acid tails. This packing establishes a nega-
tive curvature. Lipids with large head groups—for exam-
ple, phosphatidylcholines—form a positive curvature. 
Let’s put this molecular description of curvature into 
quantitative terms. The observed geometric packing 
constraints of lipids within the complexes formed are 
determined by the molecular volume, interfacial surface 
area (aggregate surface), and length of the hydropho-
bic chain of the lipid units. A quantitative description of 
packing can be obtained by defining a packing param-
eter P, such that

P = V / A × L [packing parameter]

Box 2.1  Lipid packing and bilayer frustration

T

>1 l reverse cone negative PE

<1 l cone positive lyso PC

=1 l cylinder zero PC

P   volume conformation curvature lipid

H2O

Figure 1 Bilayer frustration and monolayer curvature. Monolayer curvature can be understood as the result of bilayer 
frustration. Bilayer frustration comes from the tendency of monolayers to curl in opposite directions. Since bilayer separation is 
prevented by the hydrophobic effect (bilayers are stable in water), frustration can be relaxed if the bilayer bends. Monolayer 
bending is the result of the packing constraints of lipids within monolayers. P, the packing parameter, can be larger than one, 
equal to one, or less than one resulting in negative, zero, and positive curvature, respectively. Lipids with small head groups, 
such as phosphatidylethanolamine (PE), have a reverse-cone conformation and cause outward curling of the monolayer defined 
as negative curvature. Phosphatidylcholines (PC) have an average cylindrical conformation approximating zero curvature and 
there is minimal bending and monolayer frustration. Lysophospholipids with large head groups (choline) and a single fatty acid 
tail (lyso PC) form strong cones and cause inward bending defined as positive curvature. Their lipid packing parameter is smaller 
than one. (Adapted from Seddon JM [1990] Biochim Biophys Acta 1031:1–69. With permission from Elsevier Inc.)
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This effect can be used to measure flip-flop half-times for amphiphiles injected 
into a suspension of GUVs made from PC extracted from egg yolks (egg yolk PC 
or EPC). Figure 2.30 shows such an experiment performed by Philippe Devaux. 
A 16-carbon ceramide (C16-Cer), injected into the suspension at t = 0 min, par-
titions into the outer monolayer of a GUV. The C16-Cer causes the shape of the 
GUV to change because of the area imbalance between the outer and inner leaf-
lets of the GUV bilayer. As the C16-Cer equilibrates across the membrane, the 
areas of the two leaflets become equal, causing the starting shape to be restored 
after 23 min. A quantitative analysis of data such as these allows the flip-flop 
half-time to be computed. In this case, t1/2 = 2.4 min. Similar experiments can be 
done using erythrocytes (Figure 2.31).

The conserved area arises from the balance of the three regions of interaction 
we discussed earlier: dynamic forces between headgroups (acting to increase 
area per lipid), exposure of hydrophobic areas of chains to water (acting to 
decrease area per lipid), and the internal lateral pressure of the chains against 
each other (acting to increase area per lipid). The energy of the hydrophobic 
exposure dominates. Consequences include the general orientation of the 
chains across a bilayer and the localization of terminal methyl groups near its 
center. There is evidence that lateral pressure, and its variations as a function of 
the depth in the bilayer, may affect both membrane protein folding and func-
tion, but this is an emerging area of study and not yet well understood except in 
general terms.

Area conservation reinforces the importance of the energy of exposing lipid 
hydrophobic area to the aqueous environment—interpreting an area increase of 

10 µm

t = 0 min

t = 23 mi n

Figure 2.30 Lipid flip-flop causes 
changes in shape of a giant unila-
mellar vesicle (GUV) after injection 
of a 16-carbon ceramide (C16-Cer) 
into the GUV suspension at t = 0. 
C16-Cer initially partitions into the 
outer bilayer leaflet, causing shape 
distortions due to the area inequal-
ity of the two bilayer leaflets. As 
C16-Cer flip-flops to equilibrate 
between the two leaflets, the area 
inequality is removed. This causes 
the starting shape of the GUV to be 
restored, providing a measure of the 
flip-flop rate. (From López-Montero I, 
Rogriquez N, Cribier S et al. [2005] J 
Biol Chem 280: 25811–25819. With 
permission from Elsevier.)
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Figure 2.31 Curving of erythrocyte membranes by selective partitioning of surfactants into the inner and outer monolayer of 
membranes. (From Sheetz MP, Singer SJ [1974] PNAS 71: 4457–4461. With permission from Michael Sheetz.)
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fast slow

lateral diffusion transverse diffusion (flip-flop)

Figure 2.27 Lipids diffuse rapidly in the planes of bilayers but flip-flop across the bilayer very infrequently due to the high 
polarity of the lipid headgroup.
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their interactions with peptides and proteins. A single frame from a simulation 
of DOPC is shown in Figure 2.19C. Calculations are based on the use of a set 
of potential energy functions to model the interactions of atoms, called a “force 
field” (Figure 2.20). A force field typically includes elastic potentials for bond 
bending, torsion, and stretching, together with non-bonding coulombic poten-
tials for charge interactions and van der Waals potentials for steric collisions, as 
illustrated in the figure. The atoms are set in motion at time zero by giving them 
kinetic energy, and their behavior is followed over time as they move within the 
constraints of the force field and the equations of motion. MD simulations give 
us our best view of the dynamic trajectories of molecules and assemblies, and 
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Figure 2.19 The complete struc-
ture of a DOPC bilayer determined 
by combining neutron and x-ray 
diffraction data and simulated 
using molecular dynamics. (A) The 
time-averaged distributions of the 
component groups (e.g., –PO4, –CH3, 
etc.) are shown projected onto a line 
perpendicular to the bilayer plane. 
The widths of the distributions are 
large due to the dynamics of the lip-
ids in the fluid state. (B) The polarity 
gradient of a lipid bilayer. The data 
of panel A and the partial charges 
of the component groups allow the 
charge density of the bilayer to be 
plotted against transbilayer posi-
tion. The polarity gradient is very 
steep in the ~15 Å-thick interface 
region. The typical diameter of an 
α-helix is about 10 Å, meaning that 
interfacial helices in membranes sit 
in a very steep polarity gradient. (C) 
A snapshot of a DOPC bilayer from 
a molecular dynamics simulation. 
(From White SH, Ladokhin, A. S., 
Jayasinghe, S., & Hristova, K. [2001] 
J Biol Chem 276: 32395–32398.)
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high-resolution crystallographic structure of a membrane protein revealed 
belts of Tyr and Trp residues located at positions in the protein correspond-
ing to the membrane interface (Figure 3.11A). Since that first high-resolution 
structure was determined in 1985 (Chapter 1), every subsequent TM protein 
structure has been found to have similar belts. It is generally believed that 
Tyr and Trp stabilize proteins in membranes, and we will see later that they 
are important in the synthesis of membrane proteins. Interestingly, Phe does 
not play a distinctive role in interfacial stabilization, possibly because it lacks 
an H-bond-forming group. Why do Tyr and Trp have a special affinity for the 
membrane interface? Initially, it was thought that the affinity was due solely to 
their amphiphilic character, defined by the covalent linkage of a hydrophilic, 
H-bonding -OH or -NH group to the aromatic and presumably hydrophobic 
ring. The idea was that the hydrocarbon aromatic ring would bury itself in the 
bilayer hydrocarbon core with the -OH or -NH group exposed to the membrane 
interface. Although the amphiphilic character is important, experimental stud-
ies suggest a much more interesting picture.

Neutron diffraction measurements of lipid bilayers containing tripeptides 
(A-W-A-O-tert-butyl) with ring-deuterated Trp revealed that Trp is not located 
in the hydrocarbon core. Rather, it is largely confined to the headgroup region 
(Figure 3.11B). This could be because the strongly polar peptide bonds pre-
vent Trp from penetrating into the hydrocarbon core. But, that conclusion is 
nulled by NMR observations of Trp side chain analogs lacking peptide bonds 

 = neutralized

POPC interface

G
 (f

ro
m

 w
at

er
, k

ca
l m

ol
–1

)

–3

–2

–1

0

1

2

3

4
amino acid

–3

–2

–1

0

1

2

3
5 4 123 0 –1 –2

G
 (

in
te

rf
ac

e,
 k

ca
l m

ol
–1

)

G (octanol, kcal mol–1 )

–3

slope = 0.5 slope = 1.0

peptide
bond

peptide bond

aromatic

non-polar

polarcharged

E

D
K H R

E

D K H R

Q P N
T S G

Q P
N

TS
G

A V

M C I
L

A
V

MC
I

L

Y F

W

Y F

W

(A)

(B)

Figure 3.10 Thermodynamics of 
the partitioning of amino acids into 
the POPC bilayer interface. (A) The 
Wimley–White whole-residue inter-
facial hydrophobicity scale. See Box 
3.1 for discussion of the ΔG sign 
conventions. (B) Comparison of the 
side chain–only values of the inter-
face and octanol scales using the 
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Biochemistry 35: 5109–5124.)
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3.1.2  The Cost of Partitioning Peptide Bonds into 
Bulk Non-Polar Phases Is Very High

Missing from all the hydrophobicity scales discussed above is the cost of parti-
tioning the peptide bond (-C=O, -NH). How big is this energetic cost, and does 
it matter (Figure 3.5)? There have been numerous efforts over the years to mea-
sure or estimate the cost. Estimates from the partitioning of model compounds 
into carbon tetrachloride from water yield a value of about +6 kcal mol−1. 
Another experimental estimate based upon vapor-phase partitioning yielded 
+10 kcal mol−1. Some theoretical estimates yield +8 kcal mol−1. The most hydro-
phobic side chain based on partitioning into cyclohexane has a value of −4.9 
kcal mol−1, emphasizing that the unfavorable cost of partitioning the peptide 
bond cannot be overcome by the favorable cost of partitioning the most hydro-
phobic amino side chain; the cost of partitioning the peptide bond is dominant. 
But suppose that the peptide bond is hydrogen bonded (H-bonded) to another 
peptide bond, as in α-helices. Theoretical estimates vary widely, but it appears 
that H-bonding reduces the peptide-bond partitioning cost considerably, per-
haps by as much as 5 kcal mol−1. This hints at the extreme importance of second-
ary structure H-bonding in the energetics of partitioning. These conclusions are 
summarized in Figure 3.5.
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Figure 3.4 Hydropathy plot analysis of protein sequences. The general method, which is widely used, is summarized in (A). 
(B) shows a hydropathy plot of the soluble protein chymotrypsinogen made using the Kyte–Doolittle (K-D) hydropathy scale. 
The plot reveals the approximate sequence positions of buried and exposed amino acids. The K-D scale is a frequently used 
composite scale. It is useful for identifying “greasy” amino acid segments, but like all such scales, it is only loosely connected 
to direct thermodynamic measurements. (A, From White SH [1982] J Mol Biol 157: 105. B, From Kyte J, Doolittle RF [1982] J 
Mol Biol 157: 105–132. With permission from Elsevier.)

O

C N

H

peptide bond

O

C

N

H

H-bonded
peptide bond

+6 kcal mol–1

1 to 2 kcal mol–1

water non-polar phase

Figure 3.5 The cost of partitioning 
free peptide bonds from water to a 
non-polar phase is very high (upper 
panel) because the H-bonds to water 
are lost. If the peptide bonds par-
ticipate in hydrogen bonds in both 
phases, then the partitioning cost 
is greatly reduced (lower panel). 
The free energies are difficult to 
measure. The values shown sum-
marize an extensive literature on 
the subject.

TNF_03_K50004_C003_docbook_new_indd.indd   102 16-11-2021   20:10:34

103INTERACTIONS OF PEPTIDES WITH LIPID BILAYERS  

3.1.3  Partitioning of Pentapeptides Provides 
Whole-Residue Amino Acid Hydrophobicities

Physical hydrophobicity scales determined using side chain–only amino acid 
analogs not only ignore the cost of partitioning the peptide bond; they also 
ignore the obvious fact that amino acids are part of longer sequences and so 
may have contact with each other in the polar or non-polar phases or both, thus 
influencing the combined transfer free energy. Biological studies require infor-
mation about amino acid hydrophobicities in the context of realistic sequence 
environments. This information can be obtained from so-called host–guest 
experiments in which position X of an otherwise fixed sequence is systemati-
cally varied in a way that permits extraction of the free energy of X from a series 
of measurements. The length of the sequence must be carefully chosen, how-
ever. Very long sequences are difficult to synthesize, and their secondary struc-
ture may depend strongly on X. Very short sequences may not provide sufficient 
sequence context. With an eye to sequences similar to those found in the TM 
segments of membrane protein, William Wimley and Stephen White settled on 
pentapeptides of the form Ac-WL-X-LL and chose to partition them between 
octanol and water. They showed that none of the sequences had regular sec-
ondary structure. From partitioning the free energies of 20 such peptides with 
each of the common amino acids in the -X- position, side chain hydrophobici-
ties were determined relative to X = Gly. But, what about the peptide bond? To 
obtain values for it, they measured the partitioning of sequences of the form 
Ac-WLn, where n was varied from 1 to 6. This permitted the incremental change 
for each added Leu to be determined. Because the incremental free energy 
change included the peptide bond, its cost could be extracted using the Leu 
side chain hydrophobicity. The free energy of partitioning whole residues (i.e., 
peptide bond plus side chains) was thus obtained by adding the peptide-bond 

BOX 3.2 GIBBS FREE ENERGY AND HYDROPATHY PLOT SIGN CONVENTIONS

Traditionally, i.e., throughout the published literature 
for more than 25 years, the regions in hydropathy plots 
(Figure 3.3) identifying either TM segments of membrane 
proteins or the interior of soluble proteins have been identi-
fied as positive peaks, as shown in Figure 1 for bacteriorho-
dopsin, which has seven TM helices (Figure 1.23). Plotted in 
this way, the signs of the underlying free energies represent 
the transfer of an amino acid from bilayer or soluble protein 
interior to water. This means that the signs of the free 
energies favorable for non-polar regions are positive. This 
convention began with Joel Janin’s studies of the distribu-
tion of amino acids between the interiors and surfaces of 
soluble proteins (Figure 3.3). Subsequent hydrophobicity 
scales have generally followed this convention (Figures 3.4 
and 3.5).

The zero levels of hydropathy plots constructed using 
the hydrophobic-index scales of Figure 3-3 are arbitrary 
because, unlike the Wimley–White (WW) hydrophobicity 
scales (Figure 3-6) used in Figure 1, the partitioning cost 
of the peptide bond is not included. An important goal, 
and one that is essential for thermodynamic accuracy, is 
to place free energy values on an absolute scale so that the 
zero level means ΔG = 0, as in Figure 1.
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Figure 1 Hydropathy plot of bacteriorhodopsin, which has 
seven transmembrane helices, prepared using Membrane 
Protein Explorer (MPEx), available at blanco .biomol .uci .edu / 
mpex. Notice that identified peaks have positive values, indi-
cating an unfavorable free energy of transfer from membrane 
to water. The hydrophobicity scale used is the Wimley–White 
whole-residue scale, which is an experimentally determined 
scale that includes the energetic contribution of the peptide 
bond. It is an absolute scale, meaning that ΔG = 0 corre-
sponds to a true thermodynamic zero rather than a relative 
value characteristic of side chain–only scales.
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3.1  GIBBS PARTITIONING ENERGIES 
PROVIDE A FOUNDATION 
FOR DESCRIBING LIPID–
PROTEIN INTERACTIONS

3.1.1  Partitioning Free Energies of Amino Acids 
Provide Hydrophobicity Scales

The foundation for the biophysical principles of lipid–protein interactions 
derives, for the most part, from the idea of partitioning of molecules between 
two immiscible phases, as summarized in Box 1.2. But there are many variations 
on that theme. The first three-dimensional (3-D) structures of soluble proteins 
revealed that non-polar amino acids tend to be buried in the protein interior 
with little aqueous contact, while polar residues tend to be on the surface with 
full aqueous exposure. This led the pioneers of the field of protein folding and 
stability to think of a protein’s amino acid residues as partitioning between 
polar surface and non-polar interior. To quantify the idea, Joël Janin computed 
the mole fraction of each of the 20 amino acids located in the interior (Xi) and 
on the surface (Xs) of 22 soluble proteins. “Surface” or “interior” was defined 
according to the water-accessible surface area of each amino acid determined 
using the method developed by Richards (Box 3.1); interior residues were 
defined as those having less than 20 Å2 exposed at the surface. Thinking of pro-
tein structure in terms of partitioning, Janin computed partition coefficients f ≡ 
Xi/Xs, which he converted to apparent transfer free energies ΔGt = RTlnf, repre-
senting transfers from the less polar interior to the polar surface (Figure 3.2). 
He rank-ordered the exposure free energies with the most unfavorable ones 
(e.g., Leu) at the top and the most favorable at the bottom (e.g., Lys). Such a 
rank-ordered list is called a hydrophobicity scale. Because in this case, the list 
is based upon a statistical analysis, it is a statistical hydrophobicity scale. There 
are now more than 50 statistical scales derived using many different approaches 
to define buried and exposed residues and many different levels of statistical 
sophistication.

Considering the protein interior as a bulk phase of low polarity, another 
approach to hydrophobicity scales has been to measure the partitioning of ana-
logs of amino acid side chains between low-polarity and high-polarity phases. 
This approach yields physical hydrophobicity scales. Some commonly used and 
historically important scales are summarized in Figure 3.3. The first of the physi-
cal scales was determined in the laboratory of Charles Tanford using mixtures of 
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Figure 3.1 Lipid–protein interactions. (A) Schematic representation of bacteriorhodopsin in a lipid bilayer illustrating in broad 
terms the interactions underlying the stability of membrane proteins in lipid bilayers. (B) Summary of the possible folding 
pathways of membrane-active peptides. The various pathways, not all of which are experimentally accessible, provide an 
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This is important because phosphorus NMR studies of mixtures of WALP pep-
tides with phospholipids with different chain lengths provided some of the 
earliest evidence of the importance of hydrophobic mismatch in the energetics 
of lipid–protein interactions. For positive mismatch, i.e., if the helix is longer 
than the bilayer thickness, matching can be achieved at little energetic cost 
simply by tilting relative to the bilayer normal. Consequently, long helices and 

KcsA potassium channel(A) (B) WALP KALP

arginine
residues

tryptophan
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charged
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aromatic
charged

hydrophobic

Ac–G WW(LA)XWWA–amide Ac–G KK(LA)XKKA–amide

Figure 3.28 Peptides that mimic features of transmembrane helices. (A) Illustration of the design principle behind the 
WALP and KALP peptide families. (B) The WALP and KALP peptides. (A, Modified from de Planque MRR, Killian JA [2003] Mol 
Membrane Biol 20: 271–284. B, From Killian JA [2003] FEBS Lett 555: 134–138. With permission from Elsevier.)
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Figure 3.29 WALP peptides of 
different lengths affect the phase 
behavior of lipids with different acyl 
chain lengths. (A) The shape of 31P 
NMR signals distinguish bilayer, 
isotropic, and hexagonal phases in 
lipid–peptide mixtures. Isotropic 
phases, believed to be due to cubic 
lipid phases (see Pn3m, Figure 2.12), 
have a single symmetric peak. (B) A 
proposed structure of the hexagonal 
phase. Rather than spanning the 
bilayer, the helices span between 
the hexagonal rods. (C) Short helices 
in thick bilayers are not favored 
because the bilayer must distort 
near the helix. Rather than pay that 
price, a hexagonal phase forms. 
There is little energetic cost to 
match long helices to thin bilayers; 
the helices can simply tilt. (A, From 
Killian JA, Salemink I, de Planque 
MRR et al. [1996] Biochemistry 35: 
1037–1045. With permission from 
American Chemical Society. (inset) 
From Ramadurai S, Holt A, Schafter 
LV et al. [2010] 99: 1447–1454. With 
permission from The Biophysical 
Society and Elsevier.)
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3.4.8  Side Chain Snorkeling Is Important in 
Transmembrane Helix–Bilayer Interactions

Membrane proteins are enriched in the membrane interfacial region with tryp-
tophan, tyrosine, arginine, and lysine. This is not unexpected, because Trp and 
Tyr have a particular affinity for the interface (Figure 3.11), and Arg and Lys have 
strong interactions with phosphate groups. If the affinities are strong enough, 
it would be reasonable to think that the peptide and the lipids would arrange 
themselves to optimize these interactions. This is exactly what is observed by 
31P NMR (Figure 3.31A). The two peptides WALP16 and KALP16 are identical 
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Figure 3.31 Aromatic and basic residues snorkel into the bilayer interface. (A) NMR spectra reveal the appearance of hexago-
nal HII phase for the WALP16 peptide in DOPC but not for the KALP16 peptide. This implies different effective lengths of the two 
peptides even though their hydrophobic domains are identical. The logical explanation is that the long, flexible lysine side chain 
can “reach” easily for the lipid phosphate group, making the peptide effectively longer. (B) A schematic representation of the dif-
ferences in snorkeling by aromatic and basic residues. (C) Molecular dynamics simulations reveal how bilayers might distort in the 
vicinity of arginine residues in order to optimize arginine–phosphate interactions. The simulations also reveal that the phos-
phate–arginine interaction can be mediated by carbonyl groups and water. (A, From Maurits RR, de Planque MRR, Kruijtzer JA et al. 
[1999] J Biol Chem 274: 20839–20846. With permission from Elsevier. B, From Killian JA, von Heijne G [2000] Trends Biochem Sci 
255: 492–433. With permission from Elsevier. C, From Schow EV, Freites JA, et al. [2011] J Membrane Biol 239:35–48.)
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van der Waals contacts. Small 
residues (orange and yellow) 
increase the homodimer interface 
and allow for extensive van der 
Waals contacts in human 
glycophorin A Hydrogens are 
shown for Gly residues only

Salt bridges. Lys358 and Asp237 
are crucial for membrane insertion 
of lac permease from E. coli and 
have been suggested to form a salt 
bridge within the protein’s 
transmembrane region

Interhelical hydrogen bonds. In 
bacteriorhodopsin from 
Halobacterium salinarum Tyr185 
(orange)  of helix 6 and Asp212 
(yellow) of helix 7 form an 
interhelical hydrogen bond (dashed 
line).

Aromatic–aromatic interactions. In 
subunit I of aberrant ba3-cytochrome 
c oxidase from Thermus thermophilus 
Trp110 of helix 4 interacts with Tyr23 
and Leu27 of helix 1, although it is 
partly exposed to the lipid bilayer.
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reveals a general theme for the binding of many important peripheral mem-
branes (Figure 3.19D): Partitioning of covalently linked lipids acts in concert 
with basic amino acids to bind to the anionic membrane lipids on the inside 
surface of a plasma membrane.

3.4  MEMBRANE-ACTIVE PEPTIDES 
PROVIDE CLUES TO SECONDARY 
STRUCTURE FORMATION AT 
MEMBRANE INTERFACES

3.4.1  The Bilayer Interface Induces 
Secondary Structure Formation

When LUVs are added to a solution of melittin, the peptide partitions into the 
membrane interface and adopts an α-helical conformation in a process referred 
to as partitioning–folding coupling. The clearest evidence for this process comes 
from circular dichroism (CD) measurements, illustrated in Figure 3.21A. The 
CD spectrum of melittin in the absence of vesicles reveals an ensemble of con-
formations that have little secondary structure. As lipid vesicles are added to 
the solution, a progressive increase in secondary structure typical of helices 
appears; the greater the amount of vesicles, the more helical the CD spectrum 
becomes. Importantly, there is a so-called isodichroic point at 205 nm, meaning 
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Figure 3.19 The structure and 
membrane interactions of Src pro-
teins. (A) Molecular structure of a 
Src protein shown in the ribbon and 
space-filling formats. The kinase 
domain (orange/yellow structure), 
shown with an ATP molecule, phos-
phorylates the SH2 domain, causing 
the SH2 domain to change struc-
ture to admit a substrate molecule 
(binding partner). (B) A cartoon 
representation of the interaction of 
the myristoylated N-terminus inter-
acting with a lipid bilayer. Binding 
to the bilayer is strengthened by 
electrostatic interactions with the 
negatively charged inner mono-
layer of the asymmetric membrane 
bilayer. (C) Atomic model showing 
the interaction of the six N-terminal 
lysines with the anionic bilayer. (D) 
Examples of proteins that require 
both lipidation and charges to bind 
to membranes. (A, From Alberts B, 
Johnson A, Lewis JH et al. [2007] 
Molecular Biology of the Cell, 5th 
Edition. Garland Science, New York. 
With permission from W. W. Norton. 
B–D From Murray D, Ben-Tai N, 
Honig B et al. [1997] Structure 5: 
985–989. With permission from 
Elsevier.)
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Forced unfolding of membrane-bound BR
151MEMBRANE PROTEIN FOLDING AND STABILITY  

4.3  β-BARREL MEMBRANE PROTEINS 
CAN BE REVERSIBLY UNFOLDED 
USING DENATURANTS

4.3.1  β-Barrels Can Fold Reversibly into Membranes with 
the Help of Urea or Guanidinium Hydrochloride

Virtually all outer membrane proteins (OMPs) of Gram-negative bacteria are 
β-barrels. The protein OmpA is a classic example (Figure 4.12A). It is a small 
protein with eight β-strands that participates in bacterial conjugation. As we will 
learn in Chapter 6, OMPs are secreted across the inner (plasma) membrane into 
the periplasmic space, where they fold into the outer membrane with the help of 
chaperones and a membrane-bound insertase. OMPs might be expected, then, 
to be better suited to reversible denaturation and refolding into membranes 
than are α-helical membrane proteins. That is exactly what is observed. As sum-
marized in Figure 4.12, OmpA can be denatured with urea in the presence of 
lipid vesicles. When the urea is diluted, OmpA partitions into lipid vesicles and 
refolds into its native structure. An important feature of OmpA is that its appar-
ent molecular weight on polyacrylamide-SDS gels depends upon whether it 
is folded or unfolded; the apparent molecular weight of unfolded form is 5 kD 
heavier than the folded form. This property allows the reversibility of folding to 
be proven (Figure 4.12C). The happy consequence is that the folding of OmpA 
(Figure 4.12D) can be analyzed in the manner of soluble proteins (Box 4.1). And 
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Figure 4.11 Atomic force microscopy (AFM) can be used to study the unfolding of single membrane proteins in a lipid 
bilayer. (A) A probe is attached to a cantilever (the probe is at the right-hand end). The probe has an atomically sharp tip (B) 
that can be scanned across a surface, mapping out a contour line (C). Repeated parallel offset scans of the surface result in 
an image of the surface (D), in this case bacteriorhodopsin in the purple membrane. The trimeric structure of bR in purple 
membranes is clearly resolved. By tethering the C-terminus of the membrane protein to the probe tip (E) and pulling on the 
cantilever with a force F while measuring the tip–membrane distance d, one can visualize the force profile of the extrac-
tion of the protein from the membrane as a force-distance (F–d) curve (F). (From Müller DJ, Kedrov A, Tanuj K et al. [2008] 
ChemPhysChem 9: 954–955. With permission from Wiley VCH Verlag.)
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Protein–lipid complexes



Specific lipid effects

Lipids can act as co-factor that facilitate the folding or stabilise the structure of membrane proteins

 Diacylglycerol kinase from E. coli, which requires 1,2-dioleoyl-sn- glycero-phosphoglycerol (DOPG) for proper folding. 

 

 Cardiolipin, a four-chain lipid binds to the large mitochondrial membrane protein bovine cytochrome c oxidase and is 
essential for its function. Cardiolipin is explicitly required for association of cytochrome c oxidase subunits IVa and IVb. 

 Several membrane-protein crystal structures show tightly bound lipid molecules and provide valuable insights into how 
these specifically interact with membrane proteins

 The function of KvAP channel, a voltage- dependent K+-channel, depends on certain lipid species.  KvAP senses voltage 
with the aid of Arg-containing structures located at the membrane interface and pointing into the membrane interior

 

 The functional state of KvAP requires POPE or 1-palmitoyl-2-oleoyl-sn-glycero-phosphoglycerol (POPG) and that phosphate 
groups play a crucial role, as their enzymatic removal disrupts function



Oligomerization and clustering of membrane proteins
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Extrapolation of the red curve to very high lipid concentrations allows one to 
estimate the average helicity of bound melittin as about 70%. This helicity cor-
responds to 18 out of 26 residues being fully α-helical. Researchers commonly 
assume that every melittin peptide bound on the surface is 70% helical, but in 
reality, there is probably a conformational ensemble whose average helicity is 
70%. Molecular dynamics simulations indicate that the distribution of confor-
mations in the ensemble is relatively narrow, centered on 70% helicity.

We said that melittin partitions into the bilayer interface. How do we know 
that? Melittin contains a tryptophan residue whose fluorescence signal depends 
strongly on the polarity of the local environment (Box 3.6). The fluorescence 
can be inhibited (quenched) by certain molecules that are soluble in the aque-
ous phase, e.g., acrylamide, or in the lipid bilayer phase, e.g., bromine attached 
to lipid acyl chains. If Trp is fully buried and has no exposure to water, then 
aqueous quenchers will have little effect, but if Trp has some exposure to water, 
then it can be quenched. If the Trp of melittin is at the interface, then bromines 
at chain positions close to the glycerol backbone will have a large quenching 
effect, whereas bromines located near the terminal groups will have a lesser 
effect. We conclude from such measurements that melittin’s Trp, and therefore, 
the melittin α-helix, is located in the interface. X-ray diffraction measurements 
in conjunction with molecular dynamics simulations identify precisely where 
melittin resides in bilayers at very low melittin concentrations (Figure 3.21D). 
At very high concentrations, such as those delivered by angry bees, aggregates 
of melittin can destabilize the bilayer, which leads to cell lysis.

3.4.2  The High Cost of Partitioning Peptide Bonds into the 
Interface Explains Partitioning–Folding Coupling

Why do melittin and many other peptides fold into a helix when they partition? 
Figure 3.11A provides the primary clue: the cost of partitioning a peptide bond 
into the interface that does not participate in hydrogen-bond interactions is 
about 1 kcal mol−1. This seems modest until one realizes that the costs are addi-
tive; the cost of partitioning unfolded melittin into the POPC interface would be 
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Figure 3.21 Partitioning of melittin 
into lipid bilayers. (A) The addi-
tion of lipid vesicles to a solution 
of melittin causes the appearance 
of CD spectra characteristic of 
α-helices. This spectrum is due to 
melittin adopting an α-helical struc-
ture upon binding to the vesicles. 
(B) The isodichroic point in the CD 
spectra shown in panel A indi-
cates the presence of two average 
conformers of melittin: unfolded 
melittin in solution and folded 
melittin on the membrane. (C) The 
progressive increase in absorbance 
at 222 nm allows the partition coef-
ficient of melittin to be determined 
using Equations 3.14 and 3.15. 
Extrapolation of the binding curve to 
infinite lipid concentration indicates 
that fully bound melittin is about 
70% helical. (D) Image from a molec-
ular dynamics simulation of melittin 
in a DOPC bilayer. (A, From White 
SH, Wimley WC, Ladohkhin AS et al. 
[1998] Meth Enzymol 295: 62–87. 
B, From Ladokhin AS, Fernández 
VM, White SH [2010] J Membrane 
Biology 236: 247–253. C, SH White, 
unpublished. D, From Fernández 
VM, Jayasinghe S, Ladokhin AS et al. 
[2007] J Mol Biol 370: 459–470. With 
permission from Elsevier.)
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How does one determine the effect of H-bond formation on partitioning free 
energy? The problem is to estimate the cost of partitioning the unfolded peptide 
for comparison with the cost of partitioning the folded peptide. Although some 
unfolded peptide might be present on the membrane, its signal will be swamped 
by the signal from the folded peptide. A simple, approximate approach for deter-
mining the folding free energy is shown in Figure 3.22 based upon the obser-
vation that diastereomeric peptides containing both D- and L-amino acids 
cannot readily form regular secondary structure. As illustrated, the CD spectra 
and partitioning free energies of native melittin and a diastereomeric melittin 
containing four D-amino acids allow one to estimate the free energy reduction 
for secondary structure formation. This experiment yields about −0.4 kcal mol−1 
per residue. The small amount of data presently available from other peptides 
suggests that ΔGres will always lie between −0.3 and −0.5 kcal mol−1, depending 
upon amino acid sequence and lipid. These seem like small numbers, but they 
add up to become a strong driving force for folding, as the example shows. But 
why, then, is melittin only 70% helical? That is because other interactions are 
also at work. For example, the lysine side chains in the peptide may interact 
more strongly with the lipids when not in an α-helical conformation. And of 
course, thermal motion acts to increase entropy.

3.4.3  The Hydrophobic Moment of Structured Peptides Is of 
Little Energetic Importance in Interfacial Partitioning

A significant feature of melittin, found in many membrane-active peptides, is 
that it is amphiphilic when in an α-helical conformation. The most common 
representation of an amphiphilic helix shows polar residues along the length 
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Figure 3.23 Position of melittin 
in the interface of a DOPC bilayer 
determined by absolute-scale x-ray 
diffraction methods. The long axis 
of melittin is located at the steep-
est point of the bilayer polarity 
gradient.
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Gly-Ile-Gly-Lys-Phe-Leu-His-Ser-Ala-Lys-Lys-Phe-Gly-Lys Ala-Phe-Val-Gly-Glu-Ile-Met-Asn-Ser. 125INTERACTIONS OF PEPTIDES WITH LIPID BILAYERS  

of one-half of the helix surface and non-polar residues along the opposite sur-
face. This is especially apparent in helical wheel representations such as the 
one illustrated for melittin in Figure 3.24A. This representation is equivalent 
to looking down the axis of the helix. Helical peptide amphiphilicity can be 
quantitated by calculating the hydrophobic moment (μH) (Box 3.6). The rela-
tion between bilayer partitioning free energy (determined as in Figure 3.21) and 
μH can be examined using a series of peptides that have the same amino acid 
composition but different sequences and consequently, different values of μH 
(Figure 3.24B). Although one instinctively thinks that μH should have a signifi-
cant effect on partitioning free energy, it does not (Figure 3.24C). Why, then, is 
the hydrophobic moment such a prominent feature of many membrane-active 
peptides? One explanation may be that the hydrophobic moment encourages 
association/aggregation of the peptides in the membrane to form physiologi-
cally significant structures such as pores.

3.4.4  Amphiphilic Helices Can Be Used as Scaffolds 
for Forming Nanodisc Membranes

Amphiphilic helices do more than just partition into bilayer interfaces. If of suf-
ficient length, they can form helical scaffolds around a disc of bilayer to form 
high-density lipoproteins (HDLs) involved in cholesterol transport from cells 
through the blood stream to the liver (Figure 3.25A). The protein component, 
called apolipoprotein A-I (apoA-I), consists of ten or more amphiphilic helices 
connected in tandem and arranged as amphiphilic belts that shield phospho-
lipid acyl chains and cholesterol compounds from water. These simple disc-
like structures are an early structural step, which leads to increasingly complex 
spherical structures with three apoA-I belts that create different topological 
arrangements as cholesterol esters are taken up from the blood stream for deliv-
ery to the liver.

Starting with the basic principles encompassed in HDLs, nanodiscs 
(Figure 3.25B) have been engineered to serve as hosts for membrane pro-
teins. They are formed by solubilizing engineered membrane scaffold proteins 
(MSPs) and phospholipids in detergents and then removing the detergent by 
dialysis. If detergent-solubilized membrane proteins are present, they too will 
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Figure 3.24 The hydrophobic moment of amphiphilic helices has little effect on peptide partitioning into the membrane 
interface. (A) Helical wheel representation of an α-helix. This view down the helix axis of melittin shows polar residues (yellow, 
blue) on one surface and non-polar residues (green) on the other. The hydrophobic moment μH is calculated as described in 
Box 3.6. (B) A family of uncharged peptides that have the identical hydrophobicities but different hydrophobic moments. (C) 
Partitioning free energies of the peptides in panel B plotted against μH. These data show that the hydrophobic moment has lit-
tle effect on partitioning free energy. (C, From Almeida PF, Ladokhin AS, White SH [2012] Biochim Biophys Acta Biomembranes 
1818: 178–182. With permission from Elsevier.)

TNF_03_K50004_C003_docbook_new_indd.indd   125 16-11-2021   20:13:12



α-Helical ionophoric peptides



Amphiphilic helices 

127INTERACTIONS OF PEPTIDES WITH LIPID BILAYERS  

be incorporated into the nanodiscs at the single-molecule level for structural 
and biophysical studies (Chapter 9).

3.4.5  The Stability of Transmembrane Helices 
Results from the High Cost of Partitioning 
Peptide Bonds into Lipid Bilayers

One of the earliest membrane proteins to be studied intensively by biochem-
ists, particularly Jere Segrest, was single-span glycophorin A (GpA), found in 
red blood cells. A simple analysis of GpA using the n-octanol hydrophobicity 
scale (Figure 3.6) reveals why TM helices are extremely stable and consequently 
resist calorimetric unfolding (Chapter 4). As shown in Figure 3.26, there are two 
opposing contributions to TM stability. The side chains of GpA are quite hydro-
phobic and provide a very favorable free energy of insertion of −32 kcal mol−1. 
Insertion of the helical backbone (think of a polyglycine helix), in contrast, is 
very unfavorable, contributing about +23 kcal mol−1 to stability. The net stabil-
ity, resulting from the favorable hydrophobic effect of the side chains and the 
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tandem amphiphilic helices

lipoprotein A-I
tandem amphiphilic helices

(A) (B) phospholipids
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Figure 3.25 Natural high-density 
lipoproteins (HDLs) that transport 
cholesterol in the blood inspired 
the invention of nanodiscs for 
solubilizing membrane proteins. 
(A) At an early stage of formation, 
HDLs consist of two belts of tandem 
amphiphilic helices that capture 
phospholipids and cholesterol in 
their hydrophobic interiors. (B) 
Nanodiscs formed from phospho-
lipids and engineered amphiphilic 
membrane scaffold proteins (MSPs). 
(A, From Klon AE, Jones MK, Segrest 
JP et al. [2000] 79: 1679–1685. With 
permission from The Biophysical 
Society and Elsevier. From Segrest 
JP, Harvey SC, Zannis V et al. [2000] 
Trends Cardiovasc Med 10: 246-
252. With permission from Elsevier. 
B, From Bayburt RH, Sligar SG [2010] 
FEBS Lett 584:1721–1727. With 
permission from Elsevier.)
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Lipid anchor types and function



Lateral diffusion is faster for lipid-anchored than for 
transmembrane proteins



Peripheral membrane proteins as subunits of protein 
complexes

ATP + H2O + maltoseout   <—>   ADP + phosphate + maltosein
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tentials between two aqueous compartments separated by a
membrane). PMF, generated by the enzymes that use external
source of energy to transfer protons between compartments
separated by a bioenergetic membrane, forces ATP-synthase
to convert ADP and Pi into ATP.

Generation of PMF commonly relies on operation of several en-
zymes that are functionally linked together. In mitochondria,
such assembly is located in the mitochondrial inner membrane
forming the mitochondrial respiratory chain (FIGURE 1). The
chain usually consists of four complexes, termed complex I to IV,
which catalyze the transfer of electrons from substrates, such as
NADH or succinate, to the final electron acceptor O2. Three of
these complexes (complex I, III, and IV) couple the electron trans-
fer with proton translocation across the membrane.

These enzymes catalyze step-by-step electron transfer from the
molecules of lower redox midpoint potential1 to the molecules
of higher midpoint redox potential, and the stepwise release of
energy in these reactions is used to translocate protons across
the membrane. Within the protein, electrons travel through
the redox cofactors (like hemes or iron-sulfur clusters) that
form chains connecting various catalytic sites (4, 183). The

cofactor chains and catalytic sites of respiratory complexes are
linked together by small electron carriers that move between
complexes. These carriers form two redox pools, each con-
fined to the environment of different polarity. One pool,
formed by quinone molecules (the Q pool), is confined to the
lipid phase of inner mitochondrial membrane while the second
pool, formed by cytochrome c (the C pool), is confined to the
water phase of mitochondrial intermembrane space. Such a sep-
aration prevents energy-wasting direct electron exchange be-
tween the pools despite a significant difference in redox midpoint
potential of quinone and cytochrome c (FIGURE 2). This is criti-
cally important for the efficiency of mitochondrial respiration.

It is equally important that electrons do exchange between these
two pools in the energy-conserving process. Such connection is
secured by the operation of one of the complexes of mitochon-
drial respiratory chain. This complex, named cytochrome bc1

(EC 1.10.2.2; quinol-cytochrome c-reductase, complex III), cata-
lyzes a net reaction of oxidation of ubihydroquinone (UQH2)2

1The term redox midpoint potential (Em) of a redox couple commonly
used in biology is a derivative of “standard redox potential” (E0) and
refers to the “actual redox potential” (Eh) at pH other than 0 (typically pH
7) for which concentration of oxidized and reduced forms are equal. E0

is equal to Eh at pH 0, under which concentrations of oxidized and
reduced forms are equal and their activities are maintained at unity.

2Abbreviations for quinone nomenclature used in the text: USQ!,
semiquinone anion; USQH, protonated semiquinone; USQ, general de-
scription of semiquinone radical regardless of its protonation state (in
some cases it is used when protonation state is unknown); USQo,
semiquinone in the Qo site; USQi, semiquinone in the Qi site; UQ,
ubiquinone (fully deprotonated); UQH2, ubihydroquinone (ubiquinol); Q
or quinone, general reference to quinone irrespective of the redox and
protonation state of the molecule.

FIGURE 1. Components of mitochondrial electron transport chain: membranous complexes I–IV linked by
diffusible quinone (yellow sticks) in the membrane (forming the Q pool) and cytochrome c in the intermembrane
space (forming the C pool). Cytochrome bc1 (complex III) connects electronically the Q pool with the C pool.
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