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Membranes are made of strongly anisotropic molecules
Strongly anisotropic molecules like to self-organizing.
•a typical eukaryotic cell membrane contains  500–2000  
different lipid species
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Milestones in membrane research
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Early models
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The fluid mosaic model
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Forces that hold membrane



Hydrophobic forces

Hydrophobic forces are very relevant in biology. They are primarily driven 
by an energy cost of creating hydrocarbon-water contact.
There is a reduction of entropy of water close of a hydrophobic surface: 
water becomes structured, even ice-like. It restricts the possible 
orientations close to the surface and decrease entropy.
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Hydrophobic effect
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Hydrophobic effect
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Hydrophobic effect



Lipids

Water insoluble compounds (soluble in organic solvents) 

Biological role:
§ energy supply
§ energy store
§ components of cellular and organelle membranes

micelle lipid bilayer

Very asymmetric
molecule:
- hydrophilic HEAD
- hydrophobic TAIL

When in aqueous environment the heads have 
affinity for the water molecules, while the tails 
tend to avoid water by sticking together.



Fatty acids 

Carboxylic acids with long hydrocarbon chains (12-24 -CH2- units) 

stearic
acid

palmitic
acid

oleic
acid

C18    C16   C18 
Some have one or more double bonds and are called 
unsaturated.  The double bond is rigid and creates a
kink in the chain; the rest of the chain is free to rotate

Stearic acid - saturated Oleic acid - unsaturated
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Fatty acids are used as E storage

To ensure a continuous supply of fuel for 
oxidative metabolism, animal cells store 
glucose in the form of glycogen and fatty 
acids in the form of fats.  

A fat molecule is composed of three molecules 
of fatty acid linked to glycerol: triacylglycerols 
(triglycerides).
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fatty acids

Fat is a far more important storage form than 
Glycogen (glucose polymer), because its oxidation 
releases more than six times as much energy. 

Triglycerides have no charge and are virtually 
insoluble in water, coalescing into droplets in the 
cytosol of adipose cells.

fat droplet



Phospholipids

In phospholipids, two of the OH groups of glycerol are linked to fatty acids, 
while the third is linked to a phosphate group, which can be further linked 
to a polar group such as choline, serine, inositol, etc... 
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fatty acids

Very asymmetric
molecule:
- hydrophilic HEAD
- hydrophobic TAIL



Sphingolipids

Sphingolipids are derivatives of sphingosine (red), an amino alcohol with a long hydrocarbon chain. 
Various fatty acyl chains are connected to sphingosine by an amide bond. 
The sphingomyelins (SM), which contain a phosphocholine head group, are phospholipids. 
Other sphingolipids are glycolipids in which a single sugar residue or branched oligosaccharide is attached 
to the sphingosine backbone.



Lipids nomenclature



The actual conformation of a molecule 
influences its size. 

Temperature will lead to a rotation 
around the C-C bonds.

Only lipids with limited degree of 
disorder will fit into a bilayer structure.



Typical cross-sectional areas of the cylinders that describe average lipid conformation 
in the lipid bilayers= is about 0.63 nm2, with average length from 1.0 to 1.5 nm 
(depending on number of C atoms, saturation).











Lipidomic survey of a budding yeast





Cholesterol and steroids

Steroids (such as cholesterol) have a rigid structure made up by 4 rings. 

rig
id

 ri
ng

 s
tr

uc
tu

re

hydrocarbon tail

polar head

Cholesterol

Cholesterol is an important component of the 
eukaryotic membranes and has a key role in
controlling the membrane fluidity.  

Other important steroid are the sex 
hormones, such as testosterone and
estrogen:

testosterone



Effect of cholesterol
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Lipid conformation

P = v/al

Conformation depends on temperature. 
It affects packing in the lipid bilayer.
Indeed the shape itself is affected by the 
other molecules forming the aggregate.

Lipid shape is important for functioning. 
It is given by the compatibility between 
head and tail. We define`a packing 
parameter P:

P = 1 is a cilindrical shaped lipid 
molecules, fitting a lamellar structure 
with zero curvature.

Curvature although is important for 
many of the membrane processes



Membrane physical properties





Lipids and membrane curvature



The more non-cylindrical are lipid shapes, 
the less stable the bilayer will be. 

Each layer tend to elastically relax to a 
state of finite, spontaneous curvature, 
causing a curvature stress field.

If the bilayer cohesion does nor sustain 
the curvature stress, non lamellar 
structures form.

Lipid speak the language of curvature, in 
the many structures formed!

The inverted hexagonal structure (HII), has long cilindrical rods of lipids, in a water filled tube, 
whose diameter  can be varied with T, degree of hydration, pH (all change a/l ratio).

Lipids and membrane curvature



Cholesterol has an inverted conical 
shape (small OH, big steroid ring). Tends 
to promote the HII. Stress field is 
mitigated by enzymes.

From research in microorganisms it 
appeared that curvature is a crucial 
parameter in regulating lipid 
synthesis/enzymatic activity of 
phospolipases-—lipid molecular 
shape/optimal packing is at the basis of 
curvature stress. Yet unknown which 
membrane-bound  proteins  are involved 
in curvature stress sensing-lipid 
synthesis.

NB: vesicles do not close because of curvature stress, but because of boundary conditions! 
(micron vs. nanometers)

Lipids and membrane curvature



Lipids form soft interfaces



Natural examples of soft interfaces: soap bubbles

Soap bubbles: two layers form, at the water-air interfaces, the outer and the inner 
surfactant layer.
Bubbles are stabilized for a particular size, a particular water layer thickness 
depending on:
-type of surfactant

-quantity of surfactant
-quantity of water

Lipids form soft interfaces



The stability and conformation of the interface is then controlled by conformational 
entropy and by the elasto-mechanical properties of the interface.

A soft interface can be compressed (a), expanded (b), subject to shear forces (c, not 
applicable to fluid interfaces as lipid bilayers).
The curvature is characterized by the two radii, R1 and R2 (d).

Lipids and membrane curvature



Lipids and curvature



Lipids and curvature

The persistent length, i.e. the length over which they appear flat and smooth, is different. 
It is related to the bending modulus via (with c a constant):

Two soft membranes with 
different bending 
capabilities.



Lipid membranes are really soft



Lipid membranes are really soft

Because of undulation forces by soft bilayers, vesicles/lipid bilayers are repelled by  solid 
surfaces.

How softness can be controlled at the molecular level?



Molecular motion dynamics



Water across the interface



Phase transitions
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Phase transitions
Differential Scanning Calorimetry (DSC)



Phase transitions
Differential Scanning Calorimetry (DSC)

Main transition is precedeed by an intermediate, 
ripple phase which facilitates transition

Thansition  is very sharp: no 
chemical link among molecules 
in the layer, all molecules make 
the transition at the same time. 
Transition is dominated by 
thermal fluctuations



Phase transitions

Phase transitions and thickness



Phase transitions
Leaky membranes in lipid phase equilibria

Leaky membranes at critical point of phase transition equilibria



Organisms adapt lipid composition



Liposome phase transition and drug 
delivery



Phase separation, co-existence



Phase separation, co-existence



Phase separation, co-existence



Cholesterol promotes lipid order

And increases lipid bilayer 
thickness!
Presence of chol has to have 
functional correlation



Chol and permeability: dual role

Chol prevents ion permeability across the membrane!!!



Chol role in phase transition

Chol reduces lipid cooperativity!! The new phase is called liquid-ordered phase. 



Chol role in phase transition
Don’t need to change T in membranes for phase transition! Modulation of chol 
concentration



Condensing effect of Chol on different 
phases

Membrane thickness is changing with Chol. But in 2D, changing thickness means 
changing lateral compression: condensation! (mean area occupied by single 
molecules changes). From 70 A2 to 55 at 30% chol



Detergents to solubilize a membrane



Membrane domains



Membrane domains

How do the proteins linked at two different sides of the membrane communicate?



Membrane domains



How big is a membrane raft



Raft characterization



Membrane proteins



Lipid-protein interaction



Lipid-protein interaction



Lipid-protein interactions

Nicotinic acetylcholine receptor
activity



Lipid-protein interactions



Hydrophobic mismatch



Hydrophobic mismatch



Hydrophobic mismatch and protein 
function

ATPasi: ion pumps



Adapting to mismatch



Adapting to mismatch: thinning



Membrane proteins



Membrane proteins classes



Transporters



Active transport



Membrane potential



Channels vs. pumps



Channels vs. pumps





Model membranes



Study of unstructured protein oligomerization



Multicomponent lipid membranes



Model cell membranes-rafts

Coexistence of liquid-disordered (Lα) and solid-
ordered (So) phase in planar supported lipid bilayer 
mimicking raft-like domains. 
(A) AFM topography image of ternary SLB composed 
by DOPC, SM and cholesterol (66:33 +5% Chol). 
Image was taken in aqueous buffer in dynamic AC-
mode. Scale bar: 1.0 μm. (B) Section analysis (white 
line in (A)) shows So-domains protruding from the 
fluid matrix (Lα) of SLB of ≈ 1.0 nm. (C) The height 
distribution graph



Model membranes-rafts





Membrane proteins



Membrane proteins: Lipidated-Prion protein (PrPC) 

FL-PrPC-MA interacts with lipid 
raft domains without affecting 
the fluid phase of the bilayer. 
This could be due to the MA 
activity, which targets the 
protein to the ordered islands of 
membrane. However, formation 
of aggregated protein clusters 
which resemble oligomer 
accumulation are observed. 



Membrane proteins: Iron-mediated Alpha Synuclein 
(αS) aggregation

Iron is implicated in the electron transfer during cellular respiration and as cofactor in the 
catalysis of enzymatic reactions.
Iron is potentially toxic when is present at high concentrations in the cell. It has been 

demonstrated that the total amount of iron increases physiologically in the brain with age 
and that this fact could be correlated with the old-age onset of PD 



Membrane proteins: Iron-mediated Alpha Synuclein 
(αS) aggregation

A53T: mutant form of αS, 
responsible for an early stage 
familiar development of PD and 
more prone to aggregation
A53T seems to interact 
preferentially with the fluid lipid 
matrix causing damage sites 
without affecting the ordered 
domains  

The wt αS seems to interact with 
both lipid phases (Lα and So) 
leading to a change in the 
morphology of raft-like domains 
which appear to have irregular and 
indented borders, as well as a more 
pronounced roughness. 



Membrane proteins: Iron-mediated Alpha Synuclein 
(αS) aggregation

Iron-induced oligomers interaction with raft-
like membranes revealed an accumulation of 
these misfolded structures on the ordered 
domains, forming protein clusters, for both wt 
and mutant A53T αS

The protein clusters of the mutant species are 
bigger in terms of dimensions and coverage of 
the membrane area, reflecting the faster rate 
of aggregation in the presence of iron 
compared to the wt αS


