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Summary

The ultimate energy source for life on Earth is the solar energy of Sun. Cells convert
the radiation energy to other types of energy. The major chemical energy produced
by cells is ATP. In turn the energy needed for cellular work is provided by ATP, the
energy currency of cells. Most of the chemical energy of ATP in cells is used for (i)
mechanical work, (ii) biosynthetic processes, and (iii) transport by passing mole-
cules and ions across the cell membranes to maintain concentration gradients.

By the analogy of “Space: the final frontier” (Star Track), the cell membrane is
the living frontier of cells. However, the cell membrane is not quite the final frontier
of cells due to their connection with the environment known as permeability. The
cell membrane or cytoplasmic membrane and the intracellular membranes of organ-
elles are biological membranes. The cytoplasmic membrane separates the cell from
the outside environment and cells from each other. The intracellular membranes
separate specialized subunits with specific function known as organelles. The cyto-
skeleton may form appendage-like organelles, such as cilia, lamellopodia and
finger-like projections known as microvilli covered by cell membrane. The cell
membrane is selectively permeable to organic molecules and ions. This book deals
with biological membranes, focuses on the permeability of cells, on methods of
permeabilization, with particular attention to the reversibility and applications of
permeabilization.
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2 1 Biological Membranes

Abstract Biological membranes (biomembranes) separate the interior of the cells
from their external environment and cells from each other. Biomembranes are com-
posed of lipid bilayers namely of two layers of amphipatic phospholipids with their
hydrophobic tail regions turned inward and the polar head regions forming the
intracellular (cytosolic) and extracellular (outer) faces of the bilayer. The selective
permeability of biological membranes also referred to as semipermeability, partial
permeability or differential permeability means that different molecules may dif-
fuse, pass by passive and active or by other types of transport mediated by proteins.
This chapter deals with basic properties of biological membranes describing differ-
ent types of lipids that constitute the major components of membranes, character-
izes cellular membranes of prokaryotic and eukaryotic cells, membranes of
subcellular organelles and functions of biological membranes.

Keywords Amphipatic molecules ¢ Artificial membranes * Bacterial membranes *
Caveolae * Cell-cell interaction * Cell surface markers * Ceramide * Chemiosmosis
* Cholesterol ¢ Cholesterol esters * Cis-trans isomers * Cytoskeletal elements
Endomembrane systems ¢ Energy transduction * Ether phospholipids * Extracellular
matrix * Fatty acids ¢ Fluid mosaic membrane ¢ Focal adhesions * Functions of
membranes * Galactocerebroside ¢ Glycerolipids * Glycoshingolipids * Inner and
outer membranes * Integrated proteins * Invadosomes ¢ Lipid bilayer ¢ Lipid rafts
Liposomes ¢ Selective permeability * Membrane potential * Membrane receptors ®
Membrane transport ®» Micelles ® Neutral fats ® Organellar membranes  Plasmalemma
* Plasmalogens * Plasma membrane * Phosphoinositides ® Phospholipids ¢ Porins ®
Postsynaptic densities ® Sphingomyelins * Steroids ¢ Supramembrane structures ®
Vesicular membranes

1.1 Definition of Biological Membranes

Biological membranes, in the form of cell membranes are not to be confused with
layers forming tissues, that are also named membranes such as the mucous or base-
ment membranes. By definition biological membrane, known as plasma membrane
or plasmalemma, is the outer thin 60—100 A film of protoplasm consisting of two
lipid layers known as bilayer spanned by integrated proteins. All cells have an outer
plasma membrane, but prokaryotes unlike eukaryotes lack membrane bond
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organelles and are additionally covered from outside by the cell wall, with the
notable exception of the Mycoplasma genus, which has no cell wall.
The biological cell membrane:

(i) separates the interior of the cells from the external environment and other cells,
(i1) is a highly selective permeability barrier with low permeability to charged
(ATP, amino acids, glucose-6-phosphate) and larger polar substances (glu-
cose, fructose) with medium permeability to neutral molecules and organic
substances (urea, ethanol) and high permeability to water and respiratory gases
(05, Ny, CO,) (Darnell et al. 1986),
(iii) controls the transport in and out of the cells.

Biological membranes consist of lipids, proteins and carbohydrates. The phos-
pholipid bilayer is the basic structure of all biological membranes. Other major
lipids present in the membrane are glycolipids and cholesterol. The lipid bilayer
forms the barrier, proteins mediate messages and distinct functions. Carbohydrate
moieties are located on the outer surface of the membrane. Non-covalent self-
assemblies of protein-lipid interactions form asymmetric fluid structures that are
electronically polarized and maintain the negative charge (~ —70 mV) inside the
cell with respect to the outside. Beside the electronic polarization, the cell mem-
brane is responsible for keeping a well-defined, stable chemical composition and
concentration inside the cell that differs significantly from the extracellular compo-
sition and concentration. The large concentration differences between the two sides
of the membrane are built up and maintained by passive diffusion, and selective
active transport mediated by ion channels and pumps built up by various proteins.
The lipid bilayer containing an ion channel is shown in Fig. 1.1.

Most naturally occurring fatty acids contain 4-28 carbon acids (JUPAC
Compendium 1997). There are two “essential” fatty acids for humans, the a-linoleic
acid (an omega-3 fatty acid) and the linolenic acid (an omega-6 fatty acid) that
humans must ingest since the body is unable to synthesize them (Burr et al. 1930;
Goodhart and Shils 1980; Whitney and Rolfes 2008). Essential fatty acids of the
diet are polyunsaturated. Saturated fatty acids are strait chains of hydrocarbons,
have no double bonds and their numbering (1, 2, 3, etc.) starts from the carboxyl end
(-COOH), while the Greek lettering starts at the carbon atom next to the carboxyl

Exterior Iongy

MR

Exofacial
leaflet

hitiiahtbot o N R

leaflet

Cytosol Ion channel

Fig. 1.1 Exofacial and cytofacial leaflets of a lipid bilayer containing a closed ion channel. Boxed
image: phospholipid unit enlarged. Cis double bond in the fatty acid chain causing kink is indi-
cated by the white arrow
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Linolenic acid
(18:3 cis 9, 12, 15)

Linoleic acid
18:2 cis 9, IZ_

.9

Fig. 1.2 Structures of fatty acids. Saturated fatty acids: (a) palmitic acid, (b) stearic acid.
Unsaturated fatty acids: (c) oleic acid, (d) linoleic acid, (e) linolenic acid, (f) arachidonic acid

group (o, B, v, etc.). Due to the different lengths of fatty acids the last position is the
so called “o” carbon atom. See the numbering of fatty acids in Fig. 1.2. Unsaturated
fatty acids contain at least one double bond in the fatty acid chain; polyunsaturated
fatty acids contain more than one double bond.

1.2 Lipids

1.2.1 Fatty Acids

Biologically important fatty acids are either saturated straight, long chain fatty acids
(e.g. palmitic, stearic acid) (Fig. 1.2a, b) or unsaturated long chain carboxylic acids,
such as oleic, linoleic, linolenic and arachidonic acids, with 1, 2, 3 and 4 cis-double
bounds, respectively (Fig. 1.2c—f and Table 1.1).

The double bond in the chain may generate either trans or cis geometry. In trans
isomers the hydrogens of the double bond are on opposite side (Fig. 1.3a). Cis iso-
mers contain the hydrogen atoms at the same side of the double bond (Fig. 1.3b).
Cis isomers generate bent fatty acids. This arrangement prevents apolar interactions
between fatty acid chains and lowers their melting point. Glycerolipids containing
cis folded fatty acids are known as oils. In nature, unsaturated fatty acids generally
have cis rather than trans configurations (Martin et al. 2007).
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Table 1.1 Biologically important fatty acids

Carbon Number Position Common name
atoms of double bonds of double bond of fatty acid
14 0 Myristic acid
16 0 Palmitic acid
18 0 Stearic acid
18 1 cisA’ Oleic acid
18 2 CisA%1? Linoleic acid
18 3 CisA%1215 Linolenic acid
20 4 cisA>SILI4 Arachidonic acid
Fig. 1.3 Trans (a) and cis a
(b) geometry of fatty acids HHHHH I:' I]l ﬁl I-:l I—II ln{ l-lI
é (Ij (1: (|: (:: C¢C—C—C—C—C—C— =0
see=C=-C=-C-C-C~- [ o 1o
) HHHHH
HHHHHH
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Fatty acids are not to be confused with neutral lipids (fats and oils). Fats are
important food molecules and play a significant role in nutrition. Fats store energy
in the body; fat tissues are excellent insulators and cushion inner organs, transport
lipid soluble vitamins (A, D, E, K) in the blood. The commercial importance of fats
is not dealt with here.

1.2.2 Glycerolipids

Triglyceride (neutral fat) and cholesteryl ester are the forms in which fat is stored in
fat cells (adipocytes). Neutral fats and oils as glycerolipids are not involved in
membrane structures and are best known as fatty acid triesters of glycerols also
named triglycerides (Fig. 1.4). In these glycerolipids the three hydroxy groups of
glycerol are esterified with different fatty acids. In fats the saturated fatty acids will
lie in close proximity to each other giving rise to apolar interactions and rendering
triglycerides solid. Saturated fats are trans-fats present in lard and bacon grease,
earlier named “animal” fat. As already noted, the presence of double bonds in unsat-
urated fatty acids will reduce the number of hydrogen atoms of carbon atoms at
their double bonds. Most plants contain unsaturated fats known as oils. Full hydro-
genation of plant oils in food processing in generating saturated fats making them
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Fig. 1.4 Neutral fat.
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equivalent to the unhealthy saturated animal fats. This is normally avoided by par-
tial hydrogenation of plant oils to maintain some of the double bonds and keeping
them in cis configuration. The advantages of partial saturation are that hydrogenated
double bonds of oils are less vulnerable to oxidation and rancidity, while the pres-
ence of double bonds softens the partially hydrogenated oils. The primary ingredi-
ent of margarine is vegetable oil that is highly processed to replace butter. It can be
made with or without addition of solid fat. When butter having a pleasing flavor is
not added, the vegetable oil is solidified by full or partial hydrogenation to remove
the double bonds of the unsaturated fatty acids, mixed with water, milk powder,
vitamins, citric acid, emulsifiers (e.g. lecithin), salt, preservatives. Block margarines
contain more hydrogenated oils than the less hydrogenated soft tube margarines.

While the debate of saturated fat consumption and cardiovascular disease con-
troversy remained an unsolved issue (Siri-Tarino et al. 2010), heart, medical, scien-
tific authorities suggest that the consumption of saturated fats should be avoided to
reduce the risk of contracting cardiovascular diseases by the lowering of LDL cho-
lesterol level and increasing the HDL cholesterol level in the blood (Miiller et al.
2003; Hu et al. 2001; Jeppesen et al. 2001).

1.2.3 Storage of Fats in Trans-Differentiated Adipose Tissues

Fats are stored in at least three, but probably four different types of adipocytes (fat
cells) contained in: (i) white, (ii) brown, (iii) beige and (iv) pink adipose tissues.
The transitions among these cell types represent transdifferentiation:

(i) White adipose tissue as an endocrine organ plays a central role in the under-
standing of metabolic abnormalities associated with the development of obe-
sity (Vazquez-Vela et al. 2008). White adipocytes store lipids for release as
free fatty acids during fasting periods (Giordano et al. 2014).
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(i) Brown fat functions to burn glucose and lipids to generate body heat and main-
tain thermal homeostasis by non-shivering thermogenesis rather than to pro-
duce ATP, especially in hibernating animals and in newborns. The brownish
color of fat comes from the iron-containing mitochondria that are present in
brown fat in much higher number than in white fat. The mitochondria of brown
fat have a higher concentration of uncoupling protein (uncoupling protein 1)
also known as thermogenin in their inner membrane and give off more heat
and produce less ATP than white fat cells (Enerback 2009; Giordano et al.
2014).

(iii) Recent studies highlighted the importance of beige adipocytes by regarding
them precursor cells obtained from white fat that is turning to beige. Brown fat
in humans is composed primarily of beige adipocytes. Beige adipocytes have
a high inducible thermogenic capacity and express distinct genes sensitive to
irisin. Irisin is a myokine supposedly cleaved from its transmembrane precur-
sor (FNDCS5) to effect exercise-inducible human metabolism (Wu et al. 2012).
Others doubt the magic effect and physiological role for irisin in humans and
other species (Albrecht et al. 2015).

(iv) A fourth type of adipocytes, the pink adipocytes, have recently been described
in mouse subcutaneous fat depots during pregnancy and lactation and could be
involved in mammary duct development in the female breast. Pink adipocytes
are likely to be derived from white adipocytes. Pink adipocytes produce and
secrete milk (Barraclough and Rudland 1994; Smith-Kirwin et al. 1998;
Giordano et al. 2014). The transdifferentiation pattern: from white — beige —
brown — pink adipocytes demonstrates the extraordinary plasticity of fat cells,
with predominantly white to brown adipocyte transdifferentiation taking place
(Barbatelli et al. 2010). These two types of mammalian adipocytes, white and
brown are well known, with their anatomy and physiology being different and
acknowledged transdifferentiation properties in the adipose tissues (Cinti
2009). Nuclear transcription factors are responsible for the regulation of adipo-
cyte differentiation and lipogenic genes during adipogenesis and induce also
the transdifferentiation of myocytes into adipocytes (Yu et al. 2006).

To demonstrate that transdifferentiation is not a unique feature limited to adipo-
cytes and myocytes the developmental conversions of podocytes is given as another
example (Mundel et al. 1997; Pabst and Sterzl 1983). Based on our experiments
with human podocytes (Banyai et al. 2014) it is hypothesized that the transdifferen-
tiation of podocytes could involve several transitions (Banfalvi and Balla,
unpublished):

(i) The conversions of epithelial cells of the proximal glomerular tubular parietal
cells could turn to tubule committed parietal (Bowman’s) cells at the exit of the
Bowman’s capsule.

(i) Tubule committed progenitor parietal cells differentiate to adult parietal epi-
thelial progenitor cells.
(iii) Parietal progenitor cells are converted to podocyte committed progenitor cells.
(iv) Transition takes place between podocyte committed progenitor cells and
peripolar transitory podocytes.
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(v) Undifferentiated U-podocytes develop into differentiated D-podocytes.
Experimental evidence is provided that U < D conversion is a bidirectional
process.

(vi) Finally, D-podocytes are likely to be converted to macrophage-like cells.

Although, several steps of these transitions have been confirmed, the existing
processes exemplify the maximization of economy through maturation, reversibil-
ity and aging of cells. A further conclusion that can be drawn from transdifferentia-
tions is that they are related to the permeability of membranes and alterations in
membrane structures take place in a so far unknown manner.

1.3 Major Lipids in Biological Membranes

1.3.1 Polyunsaturated Fatty Acids

Mammalian cell membranes are composed of higher proportion of polyunsaturated
fatty acids than reptiles (Hulbert and Else 1999). Omega-3 fatty acids are polyun-
saturated fatty acids (PUFAs) with a double bond (C=C) at the third carbon atom
from the end of the carbon chain (Scorletti and Byrne 2013). Birds have similar
higher proportion of polyunsaturated fatty acids in their cell membranes with the
notable difference that their omega-3 fatty acid content is lower compared to the
omega-6 fatty acids (Hulbert et al. 2002). As a consequence the cell membranes of
birds are “leakier” i.e. more permeable to small ions such as H* and Na* and demand
more energy to maintain the basic ionic potential. To maintain warm-blooded
homeostasis mammals and birds compensate membrane leakage with higher meta-
bolic rate. Polyunsaturation of fatty acids turned out to be a useful strategy in
response to cold temperature. Fish that preferentially live in cold water developed a
high content of mono- and polyunsaturated fatty acids to maintain the fluidity of cell
membranes at lower temperatures (Hulbert 2003; Raynard and Cossins 1991).

1.3.2 Phospholipids

The major components of cell membranes are the phospholipid units.
Phosphoglycerids are the most common class of phospholipids. Their structure is
based on the three carbon alcohol glycerol: CH,OH-CHOH-CH,OH. The three car-
bon atoms in glycerol are denoted as Snl, Sn2 and Sn3 positions. The glycerol in
glycerophospholipids contains two fatty acids with even number carbon atoms
between 14 and 20, attached to the first and second carbon atoms via esterification
forming diglycerides, while the third hydroxy group of glycerol is esterified with a
phosphoric acid giving rise to the basic membrane unit known as phosphatidic acid.
In the diglyceride part of the phospholipid the saturated fatty acid is normally the
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Fig. 1.5 Phosphoglycerides: (a) phosphatidylcholine, (b) small hydroxylated molecules that can
be attached to phosphatidic acid. Abbreviations: PA phosphatidic acid, FA saturated fatty acid,
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C18 stearic acid, the unsaturated fatty acid the C18 cis-oleate. The phosphate moi-
ety of phosphatidate can be further esterified with a small molecular weight alcohol,
the hydroxy group of which is giving rise to specific phospholipids, such as phos-
phatidylcholine (Fig. 1.5a). Residues of phosphatidylethanolamine, phosphatidyl-

choline, phosphatidylserin and phosphatidylinositol are given in Fig. 1.5b.
Known phosphoglycerides are:

— Phosphatidic acid and its dissociated form known as phosphatidate

— Phosphatidylethanolamine (cephalin)

— Phosphatidylcholine (lecithin)
— Phosphatidylserine (PS)
— Phosphoinositides:

Phosphatidylinositol (PI)

Phosphatidylinositol phosphate (PIP)
Phosphatidylinositol bisphosphate (PIP,) and
Phosphatidylinositol trisphosphate (PIPs)
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Fig. 1.6 Phosphoinositides.
(a) Phosphatidylinositol
bisphosphate (PIP,). (b)
Phosphatidylinositol (PI).
Boxed area: the three
carbon atoms of glycerol

In phosphoinositides the most often occurring unsaturated fatty acid is the ara-
chidonic acid (C20) containing four cis-double bonds (Fig. 1.6).

Note

when two phosphates are coupled to each other with an anhydride bond the
compound is a diphosphate. When the two phosphates are in different posi-
tions, the compound is a bisphosphate.

Phosphoglycerides are hydrolyzed by phospholipases. The specific cleavage
sites of phospholipases are given in Fig. 1.7. Phospholipase A; catalyzes the hydro-
lysis of the ester bond in position 1 (Snl) of glycerolipids. Phospholipase A, attacks
the ester bond in position 2 (Sn2) of glycerolipids leaving behind a free fatty acid
and a lysophospholipid, that can be reacylated by acyl-CoA catalyzed by an



1.3 Major Lipids in Biological Membranes 11

PLA{
PLA +HI()H
1
+H=0H ¢ 11 Snl position
O — Ry

=
—0
I
@)
I
@)

Sn2 position 11 Sn3 position

H,C—O—P—0—X
Bl

+Hl0H O +HI0H

PLC PLD

Fig. 1.7 Specific sites of the hydrolytic activity of phospholipases on phospholipid sub-
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strate. K1 —C— 4ng R2—C— 1 the esterified 1- and 2-acyl groups attacked and
removed by phospholipase A, and phospholipase A,, respectively. X is representing the nitrogen
containing base. Abbreviations: PLA; phospholipase A,, PLA, phospholipase A,, PLC phospholi-
pase C, PLD phospholipase D. The phosphoglyceride model also shows the positions of Sn1, Sn2
fatty acids and the Sn3 position of phosphate and nitrogen containing base on glycerol

acyltransferase. The remaining lysophospholipid such as lysolecitin can be degraded
further to the glyceryl phosphoryl base by phospholipase B also known as lysophos-
pholipase by hydrolyzing the remaining 1-acyl group. Finally, the glyceryl phos-
phoryl base can be split to glycerol 3-phosphate plus the X base. Phospholipase C
catalyzes the hydrolytic cleavage in position 3 (Sn3), generating 1,2-diacylglycerol
and liberating the phosphoryl base. Phospolipase D found mainly in plant cells cata-
lyzes the hydrolysis of the nitrogenous base from phospholipids.

Phosphosphingolipids (Sphingomyelins) Phospholipids consist of a diglyceride, a
phosphate group, and an alcoholic compound. Phosphosphingolipids (sphingomy-
elins) as phospholipids contain fatty acids, phosphate and choline that are attached
to sphingosine, a complex amino alcohol, rather than to glycerol. Sphingolipids
represent a different class of cell membrane lipids derived from sphingosine, an
18-carbon unit unsaturated hydrocarbon chain and amino alcohol (Fig. 1.8a).
Ceramide is derived from sphingosine by amid formation between the amino group
of sphingosine and the carboxyl group of a fatty acid (Fig. 1.8b). The hydroxy group
at the end of the sphingosine moiety of the ceramide can be phosphorylated and
further esterified with choline, ethanolamine giving rise to sphingomyelins.
Alternatively, the hydroxy group can be subjected to O-linked glycosylation.
O-glycosylation leads to cerebrosides with a single sugar residue such as
galactocerebroside (Fig. 1.8c) or with oligosaccharides producing gangliosides (not
shown).



12 1 Biological Membranes

o

a HO—CHZ— (If—?—CH=CH - CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CH

H H Sphingosine
b N 9 ‘<L7

HT_CO;CH=CH _CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CH
HO—CHZ— ({—(I:—CH=CH - CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CHZ_CH

H H Ceramide
HN O \
270 0

c HC-C-CH=CH-CH;CH;-CH,-CH,-CH~-CH;-~CH,~CH;-CH;-~CH-CH;-~CH-CH

3~ CHyCH;=CH=CHy=CHy~ CH ;= CH,-CHy= CH - CH;-CH=CH,
CHOH | on
OHJ—2"(, O=CHz C—C~CH=CH~CH;-CHyCH;~CH;~CH;CH;-CH;-CH-CH - CH - CH - CH - CHy

H H Galactocerebroside

3

3

3

OH

OH

Fig. 1.8 Formation of glycolipid of plasma membranes from sphingosine (a), through ceramide
(b), to membrane surface glycolipid galactocerebroside (c)

Glycosphingolipids Glycolipids are lipids with carbohydrate attached to them.
They function as energy sources and also serve as markers for cellular recognition.
The carbohydrates are located always on the outer monolayer of all eukaryotic cell
membranes. They emerge from the phospholipid bilayer into the aqueous environ-
ment outside the cell where they act as recognition sites for specific chemicals and
help to maintain the stability of the membrane and attach cells to each other to form
tissues. The surface of a red blood cell may contain tens of millions of carbohydrate
chains. Glycophorins containing one alpha helix, and carrying sugar molecules are
rich in sialic acids (derivatives of neuraminic acid) and are characteristic to the
membrane of red blood cells. The heavily glycosylated sialoglycoprotein coat gives
the red blood cells a strong negative charge and protects them from adhering to each
other and to the wall of blood vessels.

Glycosphingolipids contain sphingosine (Fig. 1.8a) esterified with fatty acid
(ceramide) (Fig. 1.8b) in combination with mono-, or oligosaccharides. The sim-
plest glycosphingolipid is galactocerebroside, the major lipid component of myelin
(Fig. 1.8¢).

Types of glycosylation:

(a) N-glycosylation. The initial biosynthesis of glycoproteins known as core-
glycosylation in the endoplasmic reticulum takes place by N-glycosylation and
generates glycans attached to the nitrogen of the asparagine and arginine moi-
eties of nascent proteins. This type of glycosylation requires the special C20
lipid known as dolichol phosphate.

(b) O-glycosylation (or O-linked glycosylation) occurs mainly in the Golgi appara-
tus (Elmouelhi and Yarema 2008) through the attachment of glycans to the
hydroxy residues of serine, threonine, tyrosine, hydroxyproline and hydroxyly-
sine or to the hydroxy group on glycosphingolipids such as ceramide.
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(c) In the less frequently occurring C-linked glycans the sugar is added to the
carbon side chain of tryptophan.

(d) The glycolipid glycosylphosphatidylinositol (GPI) anchor can be attached to
the C-terminal end of proteins via the ethanolamine and glycosidically bound to
the inositol residue. GPI-linked proteins normally contain a signal peptide that
directs these proteins to the rough endoplasmic reticulum.

Cell Surface Markers

Cell surface markers are antigenic determinants expressed on the surface of
cells serving as markers of specific cell types to distinguish between self and
nonself. Virtually all somatic cells carry such distinctive markers. Best known
are lymphocytes: T cell and B cell surface markers identify their lineage and
stage in the differentiation process. These lymphocytes differentiate into mul-
tiple cell subtypes, necessary for specific biological processes. During their
differentiation, lymphocytes express different surface receptors, which are
used to identify cellular subtypes, from progenitor cells to terminally differ-
entiated T helper cells. Inappropriate differentiation may change the relative
amounts of Th1 and Th2 cells and cause pathological conditions such as auto-
immunity. Surface marker expression also helps to determine whether or not
a drug or ligand will be recognized by the particular cell type of interest.
Although, several biomarkers specific for cell types are known, including
tumor markers indicating the presence of tumor cells, many more biomarkers
remain to be discovered. The existence of cell surface markers underlines the
importance of the the outer membrane.

Besides serving as energy carriers, glycolipids are markers for cellular recogni-
tion. Cell surface markers are specific antigenic determinants on the cell surface.
Evidence has been provided that one of the functions of the glycolipid galactocer-
ebroside is its involvement in opening Ca** channels in oligodendroglia cells (Dyer
and Benjamins 1990). Galactocerebroside is a specific differentiation marker for
myelin producing cells and plays an important role in myelin function and stability
(Coetzee et al. 1996). It is the characteristic feature of axons of nerve cells in verte-
brates that they are ensheathed with a multilamellar myelin membrane that is
enriched in galactocerebroside.

Ether Phospholipids In ether lipids the hydroxy groups of the two carbon atoms of
glycerol form ether bonds with two long chain alcohols at Snl and Sn2 positions,
rather than ester bonds with fatty acids. The third hydroxy group of glycerol (Sn3)
is esterified with phosphate. In plasmalogens the ether is at the first (Snl) position,
the esters are at second (Sn2) and third (Sn3) positions (Fig. 1.9).



14 1 Biological Membranes
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Ether-linked lipids are abundant and are typical to Archaea. The high chemical
stability of ether bonds is contrasted by the hydrolysable ester bonds in glycerolip-
ids that are characteristic to the lipid membranes of Bacteria and Eukarya. The
chemical stability of ether lipids could explain the resistance and the survival of
Archaea under extreme stress (heat, high salinity, etc.) placed on their cytoplasmic
membranes.

Plasmalogens represent a special class of membrane glycerolipids with a fatty
alcohol containing a vinyl (-CH = CH,) bond at the Snl position and enriched in
polyunsaturated fatty acids at the Sn2 position of the glycerol backbone. Although,
plasmalogens make up to 20 % of the total phospholipid mass in humans, their
physiological roles remained challenging, but are expected to play developmental
roles in the cells of bone, brain, lens, lung, kidney and heart (Braverman and Moser
2012) and in their endurance and resistance to usage and stress.

In the platelet activating factor (PAF, acetyl-glyceryl-ether-phosphorylcholine)
ether is at the first, and acetyl group at the second position (Fig. 1.9). PAF is pro-
duced by many cells, in those that are involved in host defense (platelets, endothe-
lial cells) particularly in innate immune defense including polymorphonuclear
leukocytes (PMNs or neutrophils) and monocytes (macrophages, dendritic cells).
PAF as a phospholipid activator affects platelet aggregation and degranulation,
inflammation, changes vascular permeability upon oxidative burst, influences ara-
chidonic acid metabolism. The phospholipid structure of PAF confirms the notion
that the composition of the cell membrane evolved and adapted in response to the
environmental changes.
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Fig. 1.10 Basic steroid structures: sterane, gonane and sterol

1.4 Steroids

The basic structure of steroids is sterane (cyclopentano-perhydrophenanthrene) rep-
resenting a class of four cyclic compounds consisting of A, B, C and D rings with a
side chain at carbon C17. The sterane structure shown in Fig. 1.10 may give rise to
64 stereoisomers. Probably the most important stereoisomer is the full-trans gonane
(a-gonane) where all rings are in trans configuration. In steroids, including steroid
hormones the rings are in full-frans configuration. Notable exceptions are the deriv-
atives of bile acids where the A and B ring are cis-oriented, corresponding to
3-gonane, B—C and C-D rings have trans-configurations (not shown).

1.4.1 Sterols

Sterols are derivatives of steroids. These steroid alcohols are present in animals,
plants, and fungi. Sterols of animals are zoosterols. The most frequently occurring
and most important zoosterol is cholesterol; an indispensable component of the ani-
mal membrane structure, to be discussed in relation to the cellular membranes.

Phytosterols are produced by plants. The most important phytosterols include
campesterol, sitosterol, and stigmasterol. Natural sources of phytosterols are vege-
table oils and nuts. Cereals, vegetables, fruits and berries contain less phytosterols,
nevertheless may contribute to a higher phytosterol intake. Due to their structure as
cholesterol analogues they are blocking not only the intestinal absorption of choles-
terol, but probably also other nutrients. This makes their use questionable as higher
phytosterol intake particularly that of B-sitosterol may inhibit the growth of breast
and prostate cancer (Awad et al. 2000, 2001; Ju et al. 2004). Plant sterols (beta-
sitosterol, campesterol, stigmasterol) reduce the gastric cancer risk (De Stefani et al.
2000), and improve lower urinary tract symptoms (Dreikorn 2002).
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Ergosterol is a crystalline fungal sterol formerly isolated from the fungus grown
on ergot (Claviceps purpurea). Ergosterol is present in the membranes of fungi and
protozoa serving the same function as cholesterol in animal cells. Due to its impor-
tance in these cells it became a target to develop drugs against ergosterol to defend
fungal and protozoan infections. Vitamin D, is produced from ergosterol upon the
chemical reaction induced by ultraviolet light exposure.

1.4.2 Cholesterol, Cholesterol Esters

Cholesterol Cholesterol is a lipid molecule synthesized by animal cells. Major
steps of cholesterol biosynthesis are:

Acetyl-CoA — hydroxymethylglutaryl-CoA — mevalonate — “biological iso-

prenes” (isopentenyl pyrophosphate, dimethylallyl pyrophosphate, geraniol pyro-
phosphate, farnesyl pyrophosphate) — squalene (Fig. 1.11) — lanosterol —
cholesterol. Daily 1.5-2 g cholesterol is synthesized in the human body primarily
by tissues producing steroid hormones (gonads, adrenal cortex).
Cholesterol as the principal steroid is the precursor of steroid hormones and vitamin
D (Hanukoglu 1992). Cholesterol is present in the circulation as free cholesterol or
as cholesterol ester. The degradation of cholesterol takes place in the liver and pro-
duces bile acids. Due to its low solubility high cholesterol level in blood may
develop cholesterol deposits in blood vessels. Cholesterol deposits slow down the
blood flow and their presence in the arteries of heart and brain is particularly dan-
gerous by increasing the risk of heart attack and causing stroke. High cholesterol
level (hypercholesterolemia) can be an inherited genetic trait, but more often can be
the result of unhealthy diet that can be prevented and medicated by changing to
healthy lifestyle and exercise. The rest of the book deals with cholesterol only as a
membrane component.

tail-tail

Fig. 1.11 Squalene (C30) formation by the connection of two farnezyl-pyrophosphates (C15)
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Fig. 1.12 Bond-line and shorthand formulas of cholesterol with numbered carbon atoms and capi-
tal letters of rings. Upper right boxed corner: shorthand structure of cholesterol. The shorthand
structure of cholesterol will be used in membrane structures

Cholesterol is present in each human cell, contributing to roughly 50 % of the
molecules of the cell membrane. Since it is smaller than other membrane compo-
nents its mass in the membrane is only about 20 % (Alberts et al. 2002). The cho-
lesterol content of organelles inside the cell is normally smaller. The proportion of
cholesterol in mitochondria is exceptionally small, not more than three percent, and
only 6 % in the endoplasmic reticulum (Alberts et al. 2002). As the double bilayer
of the nuclear membrane is in close connection with the endoplasmic reticulum, the
nuclear membrane also has lower cholesterol content. The membranes of organelles
will be discussed individually.

The major function of cholesterol is to protect membrane integrity and cell via-
bility by increasing or lowering its rigidity, to maintain fluidity and integrity of the
animal cell membrane, to contribute to cellular movements, cell signaling through
the membrane, to change the shape of the cell without necessitating a cell wall,
unlike plant cells and bacteria. To understand the complex behavior of lipid mem-
branes, it is necessary to elucidate the basic mechanical properties of cholesterol.
Cholesterol is said to be a mobile molecule inside the continuous double-layer of
phospholipid fluid membrane. Cholesterol has only one polar hydroxy group at
position 3, while the four rigid steroid rings and the hydrocarbon tail are apolar (Fig.
1.12) providing the molecule only a week polar, and a strong, overwhelmingly apo-
lar character and low solubility of the molecule. Under physiological conditions
cholesterol increases the overall non-polar bonding with fatty acids inside the phos-
pholipid bilayer, stiffening the surface of the membrane and making it less soluble
and permeable to small soluble molecules that could pass in the absence of the
apolar cholesterol. As dictated by the structure and amphipathic nature of choles-
terol its hydrophobic core is buried within the hydrocarbon region of the bilayer.
Cholesterol spans approximately one leaflet of the membrane, with its OH group
protruding into the polar (head group) region of the bilayer (Kessel et al. 2001).

Cholesterol is not the only factor that influences the bending rigidity of mem-
branes. Certain lipids including cholesterol, sphingomyelin and glycolipids segre-
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Fig. 1.13 Cholesterol ester derived by the reaction of lecithin (phosphathidylcholine) and
cholesterol

gate into submicron-sized domains known as lipid rafts (Simons and Ikonen 1997;
Brown and London 1998; Lipowsky and Dimova 2003). Double bonds of unsatu-
rated fatty acids with hydrocarbon chains in cis-orientation increase the fluidity of
the phospholipid bilayer, saturated straight hydrocarbon chains and cholesterol
stiffen the lipid bilayer.

The stability of cell membranes is maintained by balancing the level of choles-
terol, unsaturated and saturated fatty acids in the phospholipid bilayer. This equilib-
rium is directed by membrane-bound transcription factors known as sterol regulatory
element-binding proteins (SREBPs) that activate genes encoding enzymes of cho-
lesterol and fatty acid biosynthesis (Brown and Goldstein 1999). Cholesterol, along
with sphingomyelin, form caveolae also referred to as plasma membrane rafts
where signaling molecules are concentrated (Simons and Ikonen 1997; Anderson
1998). Lipid rafts enriched with transmembrane o-helices, surrounded by high
amount of cholesterol and containing signaling molecules will be discussed with the
caveolae.

Cholesterol Esters The synthesis of cholesterol esters is catalyzed by the enzyme
lecithin-cholesterol acyltransferase (LCAT) through the transfer of Sn2 fatty acid of
phosphatidylcholine (lecithin) to the C3 OH group of cholesterol where esterifica-
tion takes place. The products are 1-lysophosphatidylcholine and cholesterol ester
(Fig. 1.13).

1.5 Waxes

Waxes are low melting point solids formed by the esterification of long-chain car-
boxylic acids with long-chain alcohols. Best known examples of waxes are:

— Bee’s wax: CysH;,-COOH, secreted by worker honeybees
— Spermacetic wax (Spermacetil): C;sH3-COOH, most often found in the head
cavities of the sperm whale.

Waxes have not much to do with cellular membranes, and will not be further
discussed.
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Two-dimensional structures of oriented amphipathic molecules an