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    Chapter 2   

 Introduction: Membrane Properties (Good) for Life 

           Marek     Cebecauer    

    Abstract 

      Membranes protect cells from the surrounding environment but also provide a means for the optimization 
of processes such as metabolism, signalling, or mitogenesis. Membrane structure and function is deter-
mined by its molecular composition. How lipid species defi ne membrane properties is discussed in this 
introductory chapter.  
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   In living cells, lipids predominantly form lamellar structures; 
bilayers. The lipid bilayer represents a two-dimensional (2D) 
amphipathic structure with hydrophilic surfaces on both sides of a 
hydrophobic core. The core is largely impermeable for ions and 
other polar molecules, and to some extent for water molecules. 
These properties endow lipid bilayers with an ideal structure to 
function as cellular membranes which protect the cell from the sur-
rounding environment and function in the organization of mole-
cules. Membranes also form the surface of intracellular organelles, 
such as mitochondria or the nucleus, providing signifi cant compart-
mentalization of eukaryotic cells. I will focus on membranes of 
higher eukaryotes such as humans and mice, but the herein 
described basic principles can be considered (to some level) also for 
membranes of prokaryotes, fungi, and plants [ 1 – 3 ]. Later chapters 
of this book describe useful techniques and tools which can be 
employed in membrane studies. In this introductory chapter I will 
try to outline a few aspects of membranes which are important for 
cellular function and are, therefore, in the center of membrane biol-
ogy. In some cases, future directions of research are suggested. 

 Lipids defi ne the basic lamellar structure of cellular membranes 
but proteins also signifi cantly contribute to its form and function. 
Due to their hydrophilic surface, proteins normally do not inte-
grate into the hydrophobic core of membranes but there are some 
exceptions. Proteins with hydrophobic helical segments (one or 
more), called transmembrane domains (TMDs), can integrate into 
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the lipid bilayer. We call these integral membrane proteins. 
Other examples of membrane proteins are glycosphingolipid-
anchored proteins (GPI-AP) of the outer plasma membrane leafl et 
and intracellular lipid-modifi ed proteins which are anchored to the 
cytosolic leafl et of cellular membranes. All these proteins are 
directly infl uenced by the properties of membrane. Another group 
is peripheral membrane proteins possessing a specifi c domain (e.g., 
pleckstrin- homology (PH) domain) which can associate with the 
hydrophilic surface of the membrane based on their affi nity for the 
lipid headgroups (e.g., negatively charged phosphatidylinositols). 
The function of such proteins is also regulated by membrane prop-
erties and organization. The list of membrane “associated” pro-
teins can be further extended to include those which interact, 
directly or indirectly, with membrane components and, in some 
cases, can  assemble into large supramolecular structures important 
for metabolism, signalling, cell motility, and other cellular processes. 
The formation and function of these complexes depends on 
membrane properties. It is therefore important to investigate the 
relations between individual membrane components and how 
these cooperate for the optimal local environment. 

 Only a few lipid species are required to form a lipid bilayer 
under physiological conditions [ 4 ]. Surprisingly, hundreds of dif-
ferent lipid species were found to form cellular membranes [ 5 ]. It 
is now well established that specifi c membrane lipid compositions 
can modulate its physical properties and function. In cells, a good 
example is mitochondria which are surrounded by two membranes, 
inner and outer. A unique lipid composition of mitochondrial 
inner membrane (increased presence of negatively charged lipids 
and large content of cardiolipin (1,3-bis(sn-3′-phosphatidyl)-sn- 
glycerol)) provides a specifi c environment for reactions exclusively 
localized in these metabolic factories of the cell. On the other 
hand, we do not have detailed information on lipid composition of 
cellular membranes and their subcompartments. The current 
development of techniques with dramatically improved sensitivity 
of such analysis (see Chapter   9    ) can help to better understand why 
cells use such a variety of lipid species for their function. 

 In parallel, it is important to investigate how lipid species 
modulate membrane properties and, as a consequence, how 
membrane properties regulate cellular processes. Phospholipids of 
cellular membranes are formed by a polar headgroup and attached 
acyl chains. Charge, size and the precise conformation of the head-
group as well as its local density can directly infl uence the association 
of peripheral molecules with membranes. A nice example of lipid 
headgroup-determined protein localization was shown for phos-
phatidylserine (PS) and the C2 domain of lactadherin [ 6 ]. PS is the 
abundant lipid of the cytosolic leafl et of plasma membrane but is 
present at lower level in other intracellular membranes, endosomes 
and lysosomes. In untreated cells, fl uorescently labelled C2 domain 
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locates specifi cally to these membranes of murine macrophages. 
Such localization is exclusively due to its interaction with PS since 
no changes were observed after depletion of other negatively 
charged lipids (various phosphatidylinositols). On the other hand, 
interference with the presence of PS in membranes led to a rapid 
relocation of C2 domain of lactadherin to the cytosol [ 7 ]. 
Therefore, the PS headgroup with its charge, size and conforma-
tion determined the localization of C2 domain of lactadherin. An 
analogous effect was observed for other cellular proteins including 
signalling molecules c-Src, Rac1, and K-Ras [ 6 ]. In similar manner, 
the localization of phosphoinositide-binding signalling proteins 
interacting specifi cally with headgroups of phosphatidylinositol- 4,
5-bisphosphate (phospholipase C-d1; [ 8 ]) or phosphatidylinositol- 
3,4,5-trisphosphate (Grp1; [ 9 ]) at membranes are regulated by 
lipases, kinases, and phosphatases providing mechanism for the 
control of their activity. An increasing number of available 
headgroup- specifi c biosensors [ 10 ,  11 ] and labelled lipids [ 12 ,  13 ] 
will be important for a better understanding of lipid changes in 
membranes of living cells [ 14 ]. 

 Acyl chains of phospholipids defi ne the rigidity of hydrophobic 
core of the membrane. Rigidity of membrane can also be described 
as a lipid packing density, meaning it determines how tightly lipid 
molecules (their acyl chains) are packed within a defi ned space of a 
membrane. Such a property has a dramatic effect on the freedom 
with which molecules (including proteins) can move and interact 
and was recognized as important for cells as early as the 1980s 
[ 15 ]. Membrane rigidity can also infl uence the orientation of 
membrane molecules, potentially causing change(s) in their con-
formation. Longer, saturated acyl chains of lipids support higher 
ordering, whereas increased presence of unsaturated bonds and 
acyl chain shortening decreases lipid ordering in membranes. This 
is well studied in model membranes with separated lipid phases. It 
is important to note here that the implementation of knowledge 
acquired from model systems to cellular membranes has to be per-
formed with care ( see   Appendix ). 

 In cells, an increased content of phospholipids with long and 
saturated acyl chains was detected in vesicles of trans-Golgi network 
(TGN), exo/endosomes, and plasma membrane [ 16 ,  17 ]. Increased 
rigidity of membranes towards the cell surface was expected 
(Fig.  1 ). Indeed, live cell imaging using environmentally sensitive 
membrane dyes (Laurdan or di-4-ANEPPDHQ; Chapter   10    ) sup-
ports this view with low lipid ordering observed for nuclear mem-
brane and the endoplasmic reticulum (ER) and higher ordering in 
the plasma membrane and associated membrane structures [ 18 ,  19 ]. 
This may have consequences: (1) it can provide help for sorting of 
molecules (e.g., proteins) synthesized at the surface of intracellular 
membranes (ER) but targeted to the plasma membrane [ 20 ], and 
(2) increased membrane rigidity towards the cell surface can provide 
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a specifi c environment for assembly of larger multimolecular entities 
[ 21 ,  22 ]. Such assemblies have recently been demonstrated at the 
surface of immune cells and neurons [ 23 ,  24 ] but also bacteria [ 25 ]. 
Techniques for characterization of multimolecular complexes and 
protein clusters in cellular membranes are undergoing a renais-
sance and a rapid development (Chapters   11     and   12    ). Such studies 
open new insights into membrane organization of cellular pro-
cesses such as immune or neurological response, mitogenesis, and 
cell migration, to name just a few.

   Cholesterol is essential component of cellular membranes. 
Its content is increased in the plasma membrane, endosomes, and 
membranes of TGN [ 16 ,  26 ]. One can speculate that cholesterol, 
in addition to its other functions, maintains fl uidity of membranes 
with high content of gel-forming lipids such as phospholipids 
and sphingolipids with long saturated acyl chains ( see   Appendix ). 
The fl uid character of such ordered membranes is essential for the 
regulation of cellular processes by diffusion. The metabolism and 
important properties of cholesterol and other sterols in model and 

  Fig. 1    Membrane order in living cells. Experiments using Laurdan and di-4-ANEPPDHQ fl uorescent membrane 
probes indicate lower lipid ordering of intracellular membranes such as the endoplasmic reticulum (ER) and 
nucleus but higher ordering at the surface and in endosomal compartments. Somewhat intermediate state is 
believed for Golgi apparatus and trans-Golgi network (TGN). No clear prediction exists for mitochondria but no 
similar membrane structure with higher lipid ordering was observed in living cells.  Dashed arrow line  indicates 
anterograde traffi c and sorting of membrane molecules       
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cell membranes are described in detail in excellent recent reviews 
[ 27 – 29 ]. Sphingolipids can be glycosylated to generate glyco-
sphingolipids (GSLs) of the outer plasma membrane leafl et. High 
density of hydroxyl groups in the glyco-structure of GSLs can lead 
to their aggregation and membrane reorganization (e.g., GM1 and 
GM3 clustering) adding to the heterogeneity of membranes. For 
example, GM3 clustering induces caveolin-1 redistribution and 
inhibition of EGFR activation [ 30 ]. Of note, GSLs have high affi n-
ity for cholesterol-rich membrane domains and the effect of their 
clustering can be indirect [ 31 ]. Both cholesterol and GSL levels 
can be modulated in cells by drugs or by the inhibition of meta-
bolic pathways (Chapter   8     and [ 32 ]). Such experiments are very 
useful for our understanding of the importance of these lipids for 
cell function. But one has to be very careful when interpreting data 
from such experiments since these treatments are rather systemic 
[ 33 ,  34 ] and do not reduce cholesterol or GSL levels preferentially 
from cholesterol- and glycosphingolipid-rich domains, frequently 
called lipid rafts. 

 Another property, membrane thickness, also varies due to a 
lipid packing, acyl chain length, and the presence of cholesterol. 
This was suggested to have an impact on sorting of integral mem-
brane proteins throughout cellular membranes due to a mismatch 
between the length of the TMD and membrane thickness. Different 
sorting of integral membrane proteins due to a mismatch has been 
observed in cells [ 35 ,  36 ]: proteins with short TMD preferentially 
reside in the ER having relatively thin membrane and those with 
longer TMD are sorted to Golgi apparatus and plasma membrane 
with thicker membrane and higher cholesterol content. On the 
other hand, membrane protein localization can be also infl uenced 
by its affi nity for specifi c lipids [ 6 ,  37 ,  38 ] and there are proteins 
with long TMD which were shown to reside in the ER [ 39 ]. So it 
is probably a concert of various protein and lipid features which 
defi nes fi nal destination of membrane molecules. It is also impor-
tant to note here that our knowledge of mechanisms behind sort-
ing and localization of membrane molecules is still very limited and 
requires further studies in silico, in vitro and in vivo. 

 Improved imaging techniques and analytical tools (Chapters 
  14    ,   15    ,   18     and   19    ) recently enabled us to investigate lateral mem-
brane diffusion in living cells. Ensemble (FRAP, FCS, sptPALM) 
and single-molecule (SPT) techniques provide useful information 
on mobility of membrane molecules. Even though membrane 
dynamics studies are still in their early phase, it is already clear that 
membrane molecules in cells exhibit anomalous diffusion and are 
frequently constrained in mesoscale (20–200 nm) domains [ 40 – 42 ]. 
High molecular crowding in cellular membranes is certainly an 
important factor causing anomalous diffusion but membrane 
heterogeneities due to the interactions of lipids and proteins are 
hypothesized to add to this effect. The cytoskeleton further extends 
the complexity of cell membrane environment by providing 
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“pickets- and-fences”(as suggested by Aki Kusumi’s group; [ 43 ]) 
which were demonstrated to limit the movement of lipids and 
proteins in cellular membranes [ 44 ,  45 ]. Moreover, the cytoskeleton 
modulates mechanical forces affecting membranes which can have 
direct impact on cell function [ 46 ,  47 ]. Mechanical forces of mem-
branes can be studied by atomic force microscopy (AFM; Chapter 
  13    ), a method which will certainly provide novel insights on cell 
membranes. AFM, but also scanning ion conductance microscopy 
(SICM; [ 48 ,  49 ]) and polarization microscopy [ 50 ,  51 ] can 
uncover the topology of cell surface which is far from being fl at as 
observed by fl uorescence imaging techniques [ 52 ]. Such observa-
tions have dramatic consequences for the interpretation of single 
particle tracking and membrane super-resolution image analysis 
[ 53 ]. In addition, if extensive folding and ruffl ing exists at meso-
scale (<100 nm; Fig.  2 ), this would mean signifi cant curvature of 
membranes [ 54 ], including the plasma membrane. Curvature was 
previously reported to cause lipid (and protein) sorting and has 

200 nm

a

b

c

10 nm

  Fig. 2    Plasma membrane ruffl ing. Surface scanning techniques uncovered large 
ruffl es at the surface of all studied cells. Scheme  A  indicates membrane curva-
ture as observed by AFM or SICM. Fluorescence measured in membrane blebs 
suggested even more extensive folding of the plasma membrane. Scheme  B  
illustrates membrane with low nanoscale ruffl es which may support interaction 
of molecules in  cis  (Scheme  C ). Such intense membrane folding cannot be 
detected using current surface scanning techniques in living cells       
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impact on rigidity of membranes [ 55 ,  56 ], again adding to the 
heterogeneity of cell membranes. Further studies are required to 
describe the topology and curvature of plasma and intracellular 
membranes in higher detail for more general conclusions.

   Finally, the exchange of lipid molecules between individual 
leafl ets of a bilayer caused by transbilayer diffusion and transfer was 
observed in model and cell membranes. This is important due to 
the fact that a large part of lipid synthesis machinery localizes to 
the cytosolic leafl et of ER but various lipid species are found in 
both leafl ets throughout the cell membrane compartments [ 57 ]. 
In addition, the distribution of lipids between membrane leafl ets 
varies and in the membranes of the Golgi apparatus and plasma 
membrane we observe a lipid asymmetry with respect to transbi-
layer distribution [ 15 ]. It is, therefore, important to understand 
the mechanism(s) responsible for heterogeneous distribution of 
lipids in cell membranes. In model membranes, which are usually 
symmetric, transbilayer diffusion was found to be a very slow pro-
cess in comparison to the pace demonstrated for similar lipids in 
cell membranes [ 57 ]. Asymmetric model membranes are currently 
available ( see  Chapter   7    ) but, to my knowledge, transbilayer mobil-
ity of lipids has not been investigated yet. 

 In summary, the organization and local properties of mem-
branes dramatically affects cellular processes and function. The high 
speed of membrane-associated events frequently makes it diffi cult 
to perform all experiments in living cells at the physiological tem-
perature. The current development of advanced imaging techniques 
and various tools for membrane studies, a good part of which is 
summarized in this book, will certainly accelerate membrane 
research. In a few years’ time we may know, for example, what is 
behind the heterogeneities observed in the plasma membrane of all 
studied cells—is it an artifact, topology, or membrane domains?    
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       Appendix: Lipid Phases and Acyl Chain Ordering in Model Membranes 

 Physical properties of membranes are important factors for cell 
function but due to current technical limitations cannot be studied 
in living cells with high precision or, in some cases, not at all. 
Model membranes with well-defi ned composition (e.g., giant 
unilamellar vesicles; GUVs) provide an excellent subject for 
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 biophysical studies and enable characterization of physical proper-
ties with good accuracy and reproducibility. In model membranes, 
lipids can form at least three phases which differ in freedom with 
which lipids can move around: the most rigid—solid (So), the 
most relaxed—liquid disordered (Ld), and somewhat intermedi-
ate—liquid ordered (Lo) phase. Phase behavior of lipids depends 
on the melting temperature (Tm) of lipids in a mixture and the 
presence of cholesterol. Temperature-gradient experiments with 
individual lipids and phase diagrams for bi- and ternary lipid mix-
tures uncovered some interesting complexities in lipid phase behav-
ior and, especially, the importance of cholesterol (and other sterols) 
for the liquid character of cellular membranes [ 58 ,  59 ]. Cholesterol 
has rigidifying effect on lipids with low Tm, but it also prevents 
formation of solid phase by high Tm lipids. Currently, a phase dia-
gram for 4-component lipid mixture was reported [ 60 ]. Data gen-
erated with even more complex lipid mixtures are diffi cult to 
interpret and we may wait another 5–10 years for phase diagram of 
5- component mixture. In addition, no classical lipid phases can be 
expected in non-equilibrium system of living cells. Therefore, a 
more general property of lipid mixtures, lipid ordering or confor-
mational order of acyl chains, was suggested for studies of complex 
lipid mixtures and cell membranes in order to better characterize 
the rigidity of a local membrane environment [ 61 ]. Reporters of 
lipid ordering have been established—fl uorescent probes which can 
sense the presence or absence of water molecules in membranes, 
solvatochromic membrane dyes. Higher penetration of water 
molecules to the hydrophobic core indicates reduced rigidity of 
the membrane. To date, the best membrane order probe is probably 
Laurdan and its derivative, C-Laurdan (see Chapters   3     and   10    ; [ 62 ]). 
More ordered membranes can be easily distinguished from disor-
dered parts in phase separated monolayers and GUVs [ 61 ,  63 ]. Since 
solid (or gel)-like phase is not expected to last for long in living 
cells, there is no problem that these probes cannot distinguish Lo 
from So phase. In cells, differences in lipid ordering are expected 
to be less pronounced due to a high complexity of lipid mixture 
and the presence of proteins. Indeed, data from cell-derived vesi-
cles, GPMVs or cell-derived blebs (Chapter   6    ), show signifi cant 
but small difference in values detected by C-Laurdan [ 64 ]. Even 
smaller differences are observed in living cells for intracellular 
membranes compared to the plasma membrane at physiological 
temperature [ 19 ,  65 ]. This indicates that organization of mem-
branes in living cells depends more on subtle variation of local 
membrane composition and properties than on a large segrega-
tion of molecules due to their physical properties. It is, therefore, 
important to focus on a local membrane environments and changes 
therein. But model membranes represent an excellent tool for 
studies of molecules in a defi ned environment and adjusting our 
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methods for future cell experiments. Cell-derived vesicles then 
function as a bridge between these two worlds, artifi cial and natural. 
In addition, in silico simulations provide unprecedented tool to 
investigate local relations before doing costly experiments 
(Chapters   20     and   21    ).   
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