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Introduction

Physical approaches to cell mechanics and cell signalization

Living systems offer the best collection of nano-machines working under extremal
conditions :

1 Work at a scale where Brownian noise dominates
2 Work at a scale where initial forces play a minor role
3 Work at a scale where fluid motion is not chaotic (low Reynolds limit)
4 Work with remarkable efficiency
5 Self-assemble (Soft Matter physics) and self-organize from molecules to tissues

(Biology, multi scale)

Conclusion
Cells seen as the smallest integrated living systems. They use efficient strategies to
self-organize. These strategies are based on biochemical and physical principles. A
truism? In some sense, yes. In reality, far from trivial to understand how they they make
use of the physical constraints. There are new experimental approaches to quantify (a)
single molecule and (b) collective properties of these molecular “mecano”. The
spectrum is very large and extends from biochemistry to developmental biology ! Here
we introduce these experimental techniques through biological examples.
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Introduction

Outline of (general) physical questions

1 There is a coupling between cells and their environment : How to control the cell
environment to control the function?

2 How do cell operate effectively given physical constraints? Principles beyond
self-organization

3 How different networks operate, self-repair and interact?

Why now?

1 1800-1950 Physiology (muscle, nerve, sensory system). Genetic information.
2 First wave : 1950-1970 x-ray cristallography (protein structures), neutron

scattering ; electron miscroscopy (supramolecular assembly)
3 Last wave (1980 -?)

1 New microscopies. Fluorescence, super-resolution microscopies (dynamics within the
cell)

2 High throuhpout methods (genome, proteome, interactome)
3 Quantitative Biology. Computation (quantitative modelling)
4 Nanotechnology (single molecule manipulation)
5 Hard x-rays scattering
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Forces and Molecular bonds

Mechanical forces and molecular bonds
One of the key property of living system is that molecular mechanism leads to signal processing
(signal transduction or cell signaling). Energy supply (there is no order without work) and
biochemical interactions both regulate the protein networks. Regulating intramolecular
interactions is therefore crucial and probing these interactions lead to new insights.

The 4 molecular plans of living systems

There are 4 molecular basic plans used to construct cell
nano-machines. Lead to different types of (dynamic)
self-assembled system with different properties :

1 Nucleic acids (molecular biology)
2 Proteins (cell biology)
3 Lipids (biochemistry)
4 Other (ex. sugar, polyglycans, glycocalyx, collagen,

fibronectin)

The fundamental question of how the mitotic spindle forms 
and functions to capture, align and segregate chromosomes 
into two daughter cells dates back to 1882 and the 
microscopic observations that were made by Walther 
Flemming of the changes in spindle morphology seen at 
different stages of mitosis. Despite their fundamental 
importance, these findings were limited by the use of fixed 
cell preparations, which would not allow detailed analysis of 
the mechanisms that are involved in spindle assembly or its 
ability to control chromosome behaviour.

A decisive step towards the solution to this problem was 
realized in the 1950s, when polarized light microscopy and 
live-cell imaging allowed the limitations of fixed samples to 
be overcome, and opened the way for a dynamic view of 
biological processes. During the following two decades, 
Shinya Inoue and his co-workers pioneered live-cell 
imaging by developing microscopes that allowed them to 
visualize parallel spindle fibres that polarized the light 
thanks to their birefringent properties. Crucially, 
birefringence could be measured and correlated with 
structural alterations occurring in the fibres during mitosis 
or in response to given experimental conditions.

In 1967, in a seminal paper based on the discussion of 
their own observations as well as those of several other 
investigators, Inoue and Hidemi Sato laid a fundamental 
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Mitosis: a dynamic view

In the early 1960s, microtubules  
were known to be constituents  
of the mitotic spindle fibres (see 
Milestone 5) and the 9+2 array of 
filaments that are observed in cilia and 
spermatozoa tails (see Milestones 4). The 
identification of tubulin as the basic 
subunit of microtubules opened up 
these structures to molecular analysis 
and demonstrated that microtubules 
from different sources had the same 
composition. The drug colchicine 
played a key role in this discovery.

Today, colchicine, together with 
colcemid and nocodazole, is commonly 
used in the laboratory to block 
microtubule polymerization; these 
drugs bind to tubulin and prevent its 
addition to growing microtubule ends. 
In the 1960s, although colchinine was 
known to destroy the mitotic spindle, a 

confusing body of literature described 
other cellular and physiological effects.

In 1967, Edward Taylor reported that 
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Building blocks
the kinetics of colchicine binding to 
cells could be modelled by a single 
class of binding sites, indicating that 
a unique target might exist. Gary 
Borisy embarked on the project to 
identify it. By adding radiolabelled 
colchicine to a range of extracts from 
cells and tissues, he found a single 
6S component co-purifying with 
colchicine. Importantly, this binding 
activity was high in tissue-culture 
cells, sea urchin eggs, isolated mitotic 
spindles and brain tissue — all of which 
are rich in microtubules. Borisy and 
Taylor therefore proposed that the 6S 
protein was the microtubule subunit, 
although the name tubulin was coined 
only in a later report by Hideo Morhi 
on the biochemical composition of 
spermatozoa flagella. In addition to the 
discovery of tubulin, the work by  
Borisy and Taylor established the 
powerful approach of using specific 
drugs to probe the function of the 
cytoskeleton.

Efforts to isolate tubulin and to study 
its assembly properties ensued. In 
1972, Richard Weisenberg and Borisy 
re-assembled microtubules from tubulin 

cornerstone by presenting a model of mitotic spindle 
dynamics and their role in chromosome movements. They 
proposed that the birefringent fibres could reversibly 
polymerize and depolymerize during normal mitosis. In 
their ‘dynamic equilibrium model’, the spindle fibres were 
described as orientated polymers in equilibrium with a pool 
of 22S particles that were found around that time, by 
Robert Kane, to be the major proteins extractable from an 
isolated spindle. Tubulin was then identified as the protein 
that comprises the spindle fibres or microtubules (see 
Milestone 6). Inoue showed that the equilibrium could be 
shifted towards depolymerization by low temperatures and 
colchicine, or towards polymerization by treatment with 
heavy water, and that fibre reassembly from the soluble 
pool occurred in the absence of de novo protein synthesis. 
Inoue proposed that, throughout mitosis, the fibre 
dynamics were controlled by the activity of ‘orientating 
centres’ (centrioles, kinetochores and the cell plate) and by 
the concentration of the free subunits.

A second fundamental observation made by Inoue and 
co-workers was that the chromosome movements during 

…protein 
polymerization 
dynamics drive 
morphogenesis 
of, and force 
production 
by, the mitotic 
spindle…
Tim Mitchison

Chromosomes (white) segregated by 
microtubules (stained with anti-tubulin, 
(red)), illustrating the dynamics of mitosis 
that Inoue deduced from the birefringent 
observation of spindle fibres. Courtesy of  
Z. Yang and C. L. Rieder, Wadsworth Center, 
Albany, NY, USA.

MILESTONES

S8 | DECEMBER 2008    www.nature.com/milestones/cytoskeleton

Overview
Recent technological development have provided new tools to understand chemical bonds and
energy supply at the scale of one molecule. This tools generally apply a force to a molecular
bond. We start by reviewing the forces at the scale of the cell and give examples where
biochemistry is stress dependent. Next we describes these methods and how they are applied.
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Forces and Molecular bonds

Forces at the scale of the cell

Covalent bonding

The strongest forces encountered at the molecular scale are those required to break
the covalent bond. Covalent bonds occur between two atoms when they form a
molecule. Chemists measure the strength of a chemical bond by the amount of energy
Eb involved in this binding. Strictly speaking this energy is not a force, but both are
related by a length-scale l :

Eb = Fb.l (1)

1 The typical energy of a covalent bond is 1 electron-Volt with 1 eV = 1.6 .10-19
Joules, or 24 kcalories/mole.

2 The typical distance l over which the bond persists is typically 0.1 nanometer.
Thus the force required to break a covalent bond is on the order of
1eV/0.1nm ' 1600pN.

Covalent forces I: Primary structure

Primary structure of proteins. For nucleic acids : Pair base interaction by weak
hydrogen bonding

1 ADN (Adenin,Thyrosin, Guanin, Cytosin)
2 ARN (Adenin, Uracil, Guanin, Cytosin)
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Forces and Molecular bonds

Covalent forces II: Post-translational modifications
Covalent change of signal-transducing protein induced by energy-supplying reactions.

1 Oxydations and Nitrosylations of thiol group
2 Phosphorylation catalysed by protein kinases
3 Ubiquitylation catalyzed by ubiquitin transferases
4 Acetylation catalyzed by acetyl tranferases
5 Partial proteolysis

What’s the use?

1 Reverse reactions are catalyzed by enzymes. The activity of the kinase depends
on the signal.

2 Proteins is temporally frozen in a state which allows not-covalent interaction with
an other protein. No change in conformation, no interaction with the partner !

3 Important for cellular signal processing. Cellular signal processing is an entropy
lovering process and needs energy input !

4 ATP and GTP hydrolysis are not covalent post-translational modifications.
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Forces and Molecular bonds

Not-covalent bonding

1 Hydrogen bonding
2 Van des Waals interaction (dipole induced - dipole induced interaction)
3 Protein-protein interaction

Thermal Forces
The forces beyond all entropic effects

1 Langevin forces (Brownian movement)
2 Force necessary to stretch a polymer (entropic forces)

Useful unit
1kBT = 4.1pN.nM (2)
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Forces and Molecular bonds

Forces are used to probe chemical bonds

Conclusion
Mechanical forces have compatible strength with chemical forces (and thermal forces).
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Forces and Molecular bonds

Forces at the scale of the cell

Type of Force Example Rupture Force
Breaking of a covalent bond C-C 1600 pN

Breaking of a noncovalent bond Biotin/streptavidin 160 pN
Breaking of a weak bond Hydrogen bond 4 pN

Langevin force on E-coli 0.01 pN (1s)
Stretching dsDNA to 50 % relative extension 0.1 pN

Developed by a molecular motor Kinesin walking on microtubule 5 pN

Remark
It was foreseen that mechanical forces at the scale of the cell are obviously weak.
Stopping our discussion here would be very superficial and there is a second level of
description. Mechanical properties contribute to cellular organization from molecular to
tissues level. We introduce two examples where these mechanical properties play an
important role : 1) Cell-extracellular matrix interaction 2) Cell Wall elasticity in plants.
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Biochemistry is stress dependent

Local force and geometry sensing regulate cell function

Mechanotransduction
Conformation-dependent biochemical reactions (read-out) that activate intracellular
signals (amplification); for example, G-protein activation, Tyr-kinase activation, lipase
activation, kinase cascades or Ca2+ release.

Examples

1 Exposure of cryptic sequence by unfolding modules.
2 Force regulation of protein activity.
3 Mechano-sensitive ion channels.
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Biochemistry is stress dependent

Example of mechanical Forces coupled to biochemistry : Cell adhesion

Mechanical forces are compatible with internal forces which trigger biochemical reactions.

Initial adherence cannot resist to mechanical forces larger that 2pN). Typical time scale is
1mn. Stage 2 : If the substrate is sufficiently rigid, new proteins are recruited (vinculin).
This will reinforce the mechanical connection to 5nN. Stage 3: Fusion and maturation of
the focal complexes. The mechanical resistance to an external stress is now increased by
a factor 7.

ECM

Fyn kinase

Fyn kinase

Fyn kinase

Unstretched linker

Stretched linker Stretched linker

F > unfolding
force

F > unfolding force F > unfolding force

a  Rigid or so! surface, resting state

b  Rigid surface, linker phosphorylated c  So! surface, linker not phosphorylated

Integrin + RPTPα
Substrate

Rigid So!

ECM

ECM

P P

Other relative changes in spacing might occur that 
are due to partial protein unfolding. Based on observa-
tions with laser tweezers, it became clear that changes 
in force (of ~10 pN) over a timescale of 1 second or 
over a length of 50–100 nm (for example, a molecular 
level) can give rise to rigidity responses25,133. Several 
observations indicate that the timescale of 1 second is 
important. For example, the normal rearward trans-
port rate of actin (60 nm second–1; REF. 134) will move 
sites by 50–100 nm in approximately 1 second. Body 
motions such as walking, heart rates and other activi-
ties that produce tissue contractions are also on the 
timescale of approximately 1 second. Furthermore, 
analyses of the reaction of endothelial cells to magn-
etic beads show dramatic differences with oscillations 
in force on a frequency of about 1 Hz (REF. 135). We 
could therefore postulate that oscillations in force on a 
1-second timescale can produce a rigidity response and 
such oscillations in vivo could result from the normal 
contractile activity of tissues and tissue rigidity.

Different cells often have different responses to 
matrix rigidity24. For example, neurons have a prefer-
ence for soft surfaces, whereas fibroblasts grow better 
on rigid surfaces132. The tyrosine kinase, FAK, has been 
shown to be involved in the pathway that senses the 
rigidity of polyacrylamide surfaces that are coated with 
collagen136, whereas the Src kinases are involved in sens-
ing rigidity on surfaces that are coated with fibronectin30 
(A. Kostic and M.P.S., unpublished observations). 

Furthermore, an important substrate for the Src-family 
kinases, p130Cas, shows a marked increase in phos-
phory lation on cell or cytoskeleton stretch137. Several 
studies have indicated that tyrosine kinases and phos-
phatases have a crucial role in the sensing of rigidity. 
Extracellular signal-regulated kinases (ERKs) and Rho 
constitute part of an integrated mechanoregulatory 
circuit that links matrix stiffness, through integrin clus-
tering, to cytoskeletal tension and, ultimately, regulation 
of tissue phenotype2,9,84,105,138.

During cell spreading or migration, cells are con-
tinually encountering new ligands. As cells stabilize in 
a tissue, they become less dynamic, however, there is a 
continuous turnover of contact and cytoskeletal proteins 
on the timescale of minutes or less14,69,72,106,120,139. As cellular 
contacts are maintained for days and possibly longer, 
new contacts must form as the older ones are lost. 
Those new contacts can be tested for rigidity and, there-
fore, the cells can continually sample the rigidity of their 
environment. Indeed, during spreading and migration, 
cells generate periodic contractions of their lamellipodia 
on rigid, but not soft, substrates134. Surprisingly, it has 
been shown that some cells lose their shape sensitiv-
ity to substrate rigidity once they come into contact 
with other cells31. Cell–cell binding can overwrite cell-
substrate-induced signalling. In tissues, cellular-level 
mechanosensing, transduction and response processes 
can maintain the proper physical homeostasis, which is 
markedly altered in cancers29.

Figure 4 | Mechanisms of rigidity sensing. These panels illustrate the position-dependent mechanism of rigidity 
sensing. a | The crucial feature in such a model is that the enzyme, Fyn, and the substrate to be activated by stretch 
(kinase and substrate in this example) move relative to one another by actin rearward transport. b | If the surface is 
hard, the components would be close enough for modification to occur (causing small displacement). c | If the 
surface is soft, then enzyme and substrate would be separated before force could activate the reaction (in this case 
phophorylation of the linker; causing large displacement). Contractile activity in a soft tissue could make it seem 
hard, because an external pull on the integrin before it moves significantly will cause unfolding while the 
substrate and enzyme are still close together. A time-dependent mechanism would be similar except that activity, 
rather than position, would be force-dependent with a biphasic response. The velocity of the cytoskeleton 
contraction would define the time window of the relevant activity in that model. We feel that position-dependent 
mechanisms are more robust. ECM, extracellular matrix; F, applied force; RPTPα, receptor-like protein tyrosine 
phosphatase-α. Figure modified, with permission, from REF. 30  (2006) The Biophysical Society. 
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Cell wall stiffness : Stress and developmental biology

Cell wall stiffness in plants : Meristems refer to a group of
undifferentiated dividing cells that are responsible for the formation of
plant organs. Floral meristems are a group of dividing cells that give rise
to flowers.

Showing stress. The shoot apical meristem of the
plant A. thaliana is shown after two cells (red)
have been ablated by laser treatment. The
concentric pattern of microtubules (green)
surrounding the ablated cells resembles the
pattern of maximal stresses predicted by
mechanical modeling and simulation of cell
ablation.
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Summary

Système Taille Vitesse Force Fonction et
intérêt

Polymères > 10 nm 2 � 3 pN Élasticité
entropique

ADN 2 nm 2 � 3 pN Séparation
deux doubles
brins

Ligand-
récepteur

10 nm 50 pN Liaison
chimique
non-covalente

Assemblages
supramoléculaires

10 nm 100 pN Organisation
fonctionnelle

Protéines 20 nm 300 pN Repliment des
protéines

Macromolécules 0.5 nm > 600 pN Liaison
covalente

Moteurs
moléculaires

Taille du moteur

(a) Myosine
(actine)

20 nm 3 102�4 nm s�1 10 pN Contraction et
transport

(b) Kinésine
(microtubule)

6 nm 800 nm s�1 6 pN Mitose

(c) RNA
polymerase

15 nm 5 nm s�1 25 pN Transcription

(d) Flagelle 45 nm 300 rps 500 pN nm Propulsion
(e) F1-ATPase 8 rps 100 pN nm Synthèse de

l’ATP
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Methods in Single Molecule experiments

Mechanical experiments on single molecules

Methods in single molecule experiments

1 Micropipettes (see ionic channels)
2 Atomic Force Microscopy
3 Optical tweezers
4 Magnetic trap
5 Biomembrane force probe
6 Super resolution microscopies + Optogenetics

Properties

Typical experiments in biochemistry average over 109 molecules. The probability
distribution of a property is more interesting than the average property, since it contains
more information. Measuring ensemble averaged properties can miss important
features. For example :

1 Experiments on a mixture of two populations indexed by ±1 lead to 0. It is
impossible to know wether the molecules are indexed by 0 or by ±1.

2 If a molecule has two possible states, the average over the two states misses the
property of each state.
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Methods in Single Molecule experiments

Single molecule experiments : How to test statistical physics with
biomolecules

1 Single molecule experiments measure the whole distribution of molecular properties.
Although, there are may methodologies, they all apply a mechanical force to a
supra-molecular complex.

2 They are able to characterize the kinetics of bimolecular interaction et detect molecular
intermediates

3 They are able to detect conformational changes of proteins in interaction

Efficiency / distance6

Probability of being in state
i = 1,2

P(Ei ) =
e��Ei

e��E1 + e��E2

(3)
with

� =
1

kBT
(4)
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Methods in Single Molecule experiments

Optical Trap

AFM

Magnetic tweezers

Biomembrane
force probe
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Methods in Single Molecule experiments

Optical tweezers

Dielectric particles are attracted along the gradient to the region of strongest electric
field. Two cases : Mie or Rayleigh limit

� � R or � ⌧ R ? (5)

The momentum transfer to the bead is
greater in the regions of large intensity
field. Displacement can measured to
accuracy of 1nm using a photodiode
detector.

In the other limit where � ⌧ R (Rayleigh’s
regime) the bead is approximated as a
dipole. If I0 is the intensity

F? =
2⇡↵
cn2

m
rI0 (6)

where ↵ is the polarisibility (m = np/nm)

↵ = n2
mR3

✓
m2 � 1
m2 + 2

◆
(7)
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Methods in Single Molecule experiments

Magnetic tweezer : Make use of Brownian motion, see next chapter

the coated bottom of the flow cell and to the paramagnetic bead,
respectively (Fig. 1, blue and orange segments). A pair of magnets was
placed above this construction, and different torsions were applied by
rotating the magnets about the vertical axis. The magnets’ vertical posi-
tion specifies the stretching force, that is, the fiber extension, which was
measured by recording the three-dimensional position of the bead8.
The typical torsional behavior of a single chromatin fiber in low-salt

buffer B0 (see Methods) is shown in Figure 2a at 0.34 pN (blue curve).
After chemical dissociation of the nucleosomes, the response of the
corresponding naked DNA was obtained (red). This latter curve
displays a mechanical effect of torsion and an asymmetry for negative
supercoiling. These features are the signatures of an unnicked single-
duplex DNA8. Compared to naked DNA, chromatin is shorter by
B1.35 mm, and its center of rotation is shifted by –24 ± 2 turns. This
corresponds to a shortening of B–55 nm per negative turn, as
expected for one nucleosome, as 50 nm corresponds to 150 bp.
Nucleosomes were also disrupted mechanically by increasing the

tension, after supplementing B0 with 50 mM NaCl and 2 ! 10–3 %
(w/v) nucleosome assembly protein-1 (NAP-1; gift from S. Leuba,
University of Pittsburgh). At 7.7 pN, 14 individual lengthening steps
with an average height of 24.2 ± 1.9 nm were detected (Fig. 2b), in
agreement with ref. 6. Thanks to the presence of NAP-1, which
interacts with core histones in vitro13 and favors their release, this
process occurred at a lower force than in ref. 6. Notably, it was
partially reversible, as also reported in ref. 6. In the course of two
successive pulling phases at 7.7 pN, separated by a 50-s pause at

0.67 pN, the fiber contracted by –28.5 nm during the pause, roughly
corresponding to one individual nucleosome reassociation.
The response in torsion of the partially disrupted fiber was then

probed in B0 at low force and, as expected, it was intermediate
between the responses of the original fiber and of DNA (Fig. 2a,
green). The shifts in length and in topology between the new fiber and
DNAwere respectivelyB700 nm and –13 ± 1.5 turns, orB54 nm per
turn, identical to the values derived for the initial fiber. Assuming
that each step corresponds to the dissociation of one nucleosome,
the topological deformation per nucleosome can be estimated as
–(11 ± 1.5)/14 ¼ –0.8 ± 0.1 turn.
The rotational behavior of ten fibers was then compared by plotting

their maximal length at 0.3 ± 0.07 pN versus the rotational shift of
those maxima relative to their corresponding naked DNAs (Fig. 2c). A
linear trend was observed, with most data points well aligned and a
slope close to 55 nm per turn. This is the expected behavior for regular
nucleosome arrays with a variable number of nucleosomes. The
corresponding nucleosome arrays were therefore referred to as regular.
A few fibers, however, deviated from this linear trend. We show in the
Supplementary Discussion online that these deviations can be
attributed to the presence of variable proportions of clustered nucleo-
somes devoid of linker DNA (see also Supplementary Fig. 1 online).
Hence, these fibers were termed irregular.
A direct comparison between chromatin and DNA requires a

derivation of the torsional response of a DNA molecule having the
same maximal length under the same force. Taking advantage of the
invariance in length of the DNA torsional response8, one can obtain
the renormalized curve of the DNA by dividing both lengths and
rotations by the ratio of the maximal length of DNA to the maximal
length of chromatin. The resulting renormalized DNA curve was
further displaced parallel to the abscissa to superimpose its rotation
center onto that of the fiber (Fig. 2d). Compared to DNA, nucleosome
arrays seem extremely resilient, being able to accommodate a much
larger amount of supercoiling without substantial shortening.

Stretching
The fiber described in Figure 2d and its corresponding DNAwere also
compared, again in B0, with respect to their stretching behaviors

Rotation

Nucleosome array

DNA spacer

DNA spacer

Biotin-DNA

Digoxigenin-DNA

Force

3-µm magnetic bead

Figure 1 Schematic of the experiment. A single nucleosome array (B7.5
kbp), sandwiched between two naked DNA spacers (B600 bp each), is
linked to a coated surface and to a magnetic bead. A pair of magnets placed
above this molecule exerts controlled torsional and extensional constraints8.
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Figure 2 Micromanipulation of single chromatin fibers. (a) Extension-versus-
rotation curves at 0.35 pN for an intact fiber (blue) in buffer B0 (see
Methods), for the same fiber after partial nucleosome disruption as shown
in b (green) and for its corresponding naked DNA after complete nucleosome
dissociation (red). (b) Individual nucleosome disruption events at 7.7 pN of
the fiber in a in B0 plus NAP-1 and 50 mM salt (see Results). The force was
temporarily lowered to 0.67 pN between the arrows. (c) Maximal extension
versus topological departure from DNA for ten fibers at 0.3 ± 0.07 pN in
B0. Black straight line shows the relationship predicted by our three-state
model (see Supplementary Discussion). Fibers on the line are referred to
as regular and those off as irregular. Arrowheads correspond to the fibers
studied in a (black) and d (blue). Numbers in green refer to fibers studied
in Figure 6. (d) Extension-versus-rotation curves of the chromatin fiber
corresponding to the blue arrowhead in c at 0.25 pN (blue) and of its
corresponding renormalized DNA (red). Smooth curves were obtained
assuming an elastic response in bending, stretching and twisting
(worm-like rope model)15.
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Some examples of micro-manipulations

Exemple of a rotary motor : the F1-ATPAase

In 1997, the group of K.
Kinosita attached the
F1-ATPase unit to a glass
coverslip while linking the
central part of the enzyme
to a rigid, fluorescently
labelled protein rod. Upon
adding the ATP chemical
to the solution, these
researchers observed the
fluorecent rod spinning
furiously. This simple
experiment demonstrated
that this tiny enzyme, only
10 nm across, is indeed
the smallest known rotary
motor spinning in all of
our cells 8000 rpm and
burning the ATP fuel with
nearly 100% efficiency!
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Nucleic acids

Nucleic acids

Molecular Approach : DNA and RNA

1 DNA : storehouse for genetic
information

2 mRNA : temporary carrier of this
information

Small chemical differences (the sugar has
an extra oxygen and the thymine base is
replaced by uracil). Not a big deal, but the
oxygen makes RNA a little bit less stable
than DNA.

Figure 2: Central dogma of molecular biology

(Sometimes the term “gene expression” is used only for the transcription part of this process.) At any given
time, and in any given cell of an organism, thousands of genes and their products (RNA, proteins) actively
participate in an orchestrated manner.

The DNA molecule is a double-stranded helix made of a sugar-phosphate backbone and nucleotide bases
(Figure 3). Each strand carries the same information, which is encoded in the 4-letter alphabet {A, T, C, G}

Figure 3: DNA; a codon shown in box

(the nucleotides Adenine, Thymine, Cytosine, and Guanine), in a “complementary” form (A in one strand
corresponds to T in the other, and C to G). The two strands are held together by hydrogen bonds between the
bases, which gives stability but can be broken-up for replication or transcription. One describes the letters in
DNA by a linear sequence such as:

gcacgagtaaacatgcacttcccaggccacagcagcaagaaggaggaatc. . .

and genes (instructions that code for proteins) are substrings of the complete DNA sequence. (Besides genes,
there are regulatory and start/stop regions that help delimit genes as well as determine if and when they should
be “active”. In addition, there are also regions that have other roles, such as coding for RNA that may not lead
to proteins.) Because of its double-stranded nature, DNA is chemically stable, and serves as a good depository
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Forces (mechanical et biochemical) at the scale of the cell: From molecular bonds to tissues

Nucleic acids

The force extension curve of chromate can be measured using optical
tweezers

DNA compaction

We have R ⌧ a
p

N (R.W.) in nuclei. DNA compaction is necessary (histones) and is
certainly dynamic to allow protein expression.
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Each peak corresponds to a nucleosome core particle popping out.
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Nucleic acids

Micro-manipulation of motor proteins
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Nucleic acids

Transcription against force, Gelles, 1995

What is the force produced by a single
enzyme (RNA polymeraze) along a DNA
template?

ciencies. We report here observations of the the risk of touching during subsequent mea- tions in solution (4.4 to 6.8 nm s- ) (6) and
movement of single E. coli RNA polymerase surements). We then repositioned the trap in previous microscope experiments (4.2 +
molecules along DNA templates. The mea- by moving it at a constant height along the 1.7 nm s-1) (7).
surements were made with a microscope- direction of greatest detector sensitivity Different behavior was observed when
based optical trapping interferometer (9). [the direction defined by the shear axis of higher trapping forces were used (laser power
Calibrated forces were applied in the direc- the Wollaston prism; see (9, 12)] until the at specimen, 82 to 107 mW; ottrap' -0.09 to
tion opposing translocation by the poly- DNA straightened and was held under very 0.12 pN nm-1). In this regime, 66 of 77
merase to a small spherical particle (a poly- light tension, with the bead displaced just elongating complexes (86%) stopped translo-
styrene bead) attached to the DNA, while 30 to 70 nm from the trap center (Fig. IA). cating (stalled) once the bead encountered
the position of the particle was simulta- We started transcriptional elongation of the high-force region of the trap (Fig. 2, B and
neously measured. When a sufficiently high bead-labeled complexes by exchanging the C) (16, 17). To test whether stalling was
force was applied, movement by the enzyme buffer inside the flow cell with one contain- reversible, we maintained the bead at stall,
could be stalled, in many cases reversibly. ing NTPs. In most experiments, elongation typically for 10 to 15 s, then repositioned the
Our results show that this nucleic acid poly- was begun immediately before establish- trap center closer to the bead, reducing Ftra,.
merase is a powerful biological motor that ment of the initial configuration just de- After force reduction, 24 of the 66 stalled
can exert considerable force and may operate scribed. During elongation, the template complexes resumed movement, and some
with energy conversion efficiencies compa- was pulled by the stationary polymerase complexes could even be stalled multiple
rable to those of prototypical mechanoen- molecule, developing further tension in the times this way (Fig. 2C). After recovery from
zymes, such as myosin and kinesin. DNA between the bead and the polymerase stall, the velocity of bead movement in the
We conducted experiments using an as- and drawing the bead away from the trap low-force region of the trap was similar to that

say developed (6, 7) to study transcriptional center (Fig. IB). The optical trap acts as a
elongation by single molecules of E. coli nearly linear spring of stiffness oXtrap at-
RNA polymerase in vitro (10). Ternary tached to a stationary reference frame and A Starting
transcription complexes consisting of single exerts a force Ftr p on the bead (Fig. IC). configuration
molecules of RNA polymerase associated The bead adopts a position where Ftrap is _Bead -equili
with a DNA template and a nascent RNA balanced by the force Ftc exerted by the RNA p
transcript were assembled in solution, halt- polymerase, acting through the DNA. The DNA
ed by NTP depletion, and adsorbed onto series elasticity due to the DNA, poly- RNA polymerase
the cover glass surface of a microscope flow merase, and associated linkages acts as a Cover glass -
cell. Polystyrene beads (0.52 ,um in diame- spring of stiffness ot By calibrating the l lht
ter) were attached to the transcriptionally optical trap stiffness and determining the B Transcript -
downstream ends of the DNA molecules so displacement of the bead, we could measure elongation ter
that each bead became tethered to the sur- Ftrap and thus Ftc. The force could be de- 5R
face by its connection through the DNA termined without knowledge of the stiffness

DN
A --

and the polymerase. When supplied with °crc, which depends on the length of DNA DNAst
NTPs, up to half of the immobilized tran- as well as the applied force (13).
scription complexes are enzymatically ac- During control experiments in which no X
tive; bead-labeled complexes display elon- NTPs were added, beads remained at an
gation kinetics indistinguishable from those approximately fixed distance from the trap
of unlabeled complexes in solution (6, 7). center. Slight changes seen in the inter- C Mechanical
In a typical experiment, a transcription ferometer signal (mean rate -0.3 nm s equivalent FFtcFt, atr
complex was first located by video-en- toward the center of the trap) were attrib- *__f
hanced, differential interference contrast utable to instrumental drift. atC
light microscopy. The complex was identi- In elongation experiments using high con-
fied visually by the Brownian motion of the centrations ofNTPs (1 mM each of adenosine
bead, which was constrained by the length triphosphate, guanosine triphosphate, cyti-
of its DNA tether to a small region centered dine 5'-triphosphate, and uridine 5'-triphos- Fig. 1. A cartoon illustrating essential features of
over the attachment position of the poly- phate), 1 FiM PPi, and low trapping force the experiment (not to scale). (A) The configuration
merase (6, 7). For the studies described (laser power at specimen, 25 mW; trap stiff- at the start of transcriptional elongation. An RNA
here, the microscope was equipped with an ness oXtrapl -0.03 pN nm-1) (14), we ob- polymerase molecule (green ellipsoid) is attached
optical trapping interferometer ("optical served continuous movement of beads out to to the cover glass surface of a flow cell. The poly-

w 1 . .1 1 1 1 1- r 1 1 1 r 1 ~~~~~merase is bound to template DNA (red) and hastweezers" plus a position sensor) that could the limit of the usable range of the trap, begun to synthesize a transcript RNA (green). A
exert calibrated forces up to -100 pN on a located roughly 200 nm from the trap center. polystyrene bead (blue sphere) is attached to the
bead while simultaneously measuring its Once a bead reached this limit, the trap was downstream end ofthe DNAsand is captured and
displacement with subnanometer precision manually repositioned to bring the bead closer held under slight tension by the light of the optical
and millisecond time resolution (9, 11). to the trap center so that observation could trap (pink). (B) The configuration during subse-
With the laser light shuttered, the optical continue (Fig. 2A). In five of seven elongat- quent transcriptional elongation. The trap center is
trap was moved to the region near the bead. ing complexes studied in this way, beads located on the optical axis but slightly above the
The shutter was then opened to activate moved continuously to the limit without stop- narrow waist of the focused laser beam. The poly-
the trap, and the bead was captured. By ping, moving at similar velocities after the merase has proceeded for some distance along
adjusting the trap controls, we positioned trap was repositioned. (One complex stopped the DNA, shortening the segment between the
th cetrof th bea diecl ove rth nfie to retat ante stp ed fo 1 bead and the polymerase. The bead is pulledtne cnter r tn Deaaulretly oer te anuralle to estar; antner toppa tor~ lo awayfrom thetrap center, increasing the restoring
polymerase, typically at a height of -590 s and then continued elongation to the trap force of the trap. (C) The mechanical equivalent of
nm above the cover glass surface (this par- limit.) The bead velocity, 4.3 + 1.3 nm s 1 the experimental geometry shown in (A) and (B).
ticular height was chosen to bring the bead (mean + SD) (15), was comparable to elon- All components lie centered in a vertical plane
as close as possible to the surface without gation rates measured under similar condi- oriented parallel to the Wollaston shear axis.
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before stall. The remaining fraction of RNA proach to Fstall (for example, the third stall in mM NTPs. Increasing the PP1 concentration
polymerase molecules stalled irreversibly in Fig. 2C), whereas in other cases movement to 1 mM slowed transcriptional elongation by
that they did not resume elongation when continued at nearly constant velocity, slowing about twofold (24), but Fstall remained nearly
Ftrap was reduced. Irreversible stalling may be abruptly close to Fstall (for example, the first constant [at 0.5 mM PPi, 13.0 ± 4.1 pN (n =
attributable to one or more of several possible and second stalls in Fig. 2C). Transcription 5) for reversible and 13.1 ± 2.6 pN (n = 10)
causes: The polymerase may have been direct- complexes display differing biochemical prop- for irreversible stalls; at 1.0 mM PP,, 11.5 ±
ly inactivated by the mechanical load, have erties depending on the nucleotide sequence 2.9 pN (n = 11) for reversible and 9.9 ± 3.4
suffered photodamage from the laser light, or of the DNA to which they are bound (21). pN (n = 18) for irreversible stalls]; this obser-
have spontaneously converted into an inac- Abrupt reversible stalling may correspond to vation may place important constraints on
tive species ("transcriptional arrest") similar the arrival of the enzyme at a template posi- the RNA polymerase force-generation mech-
to that formed during transcriptional stalling tion for which Fstall is somewhat lower than anism. In light of this result, stalls observed at
induced by NTP depletion (18, 19). that of the preceding positions, producing rap- all PPi concentrations were pooled (Fig. 3A)

The simplest physical interpretation of re- id arrest. This interpretation also could ex- to generate a global distribution with mean
versible stalling is that it corresponds to the plain why Fstallvalues determined for multiple Fstall = 12.3 ± 3.5 pN (n = 24) for all
situation in which Ftrap has increased to a stalls of a single complex often differed by reversible stalls. We previously found that
level where it balances the maximal force that more than the experimental uncertainty in single immobilized transcription complexes
the polymerase can exert (Fstall)I and no fur- measurement (22). It is tempting to speculate exhibit a range of velocities (7). Such heter-
ther progress is made. When Ftr is reduced, that some sites of abrupt stalling might corre- ogeneity among complexes may also contrib-
enzyme activity resumes (20). l5uring both spond to DNA sequences that trigger cycles of ute to the width of Fstall distributions. The
reversible and irreversible stalls, movement discontinuous elongation (2, 3) or "jumping." polymerase is fixed to the glass at random and
sometimes slowed gradually during the ap- At such sequences, a portion of the RNA -presumably is not free to rotate. Different

polymerase molecule may, during a single nu- spatial orientations of the- polymerase with
cleotide addition cycle, move along the DNA respect to the direction of the applied force

[Al l l i l i l l l by --O bp, an axial distance of -3.4 nm (23). might also cause Fstall to vary from molecule
200 4.6 These large movements of the enzyme would to molecule. A small fraction of the complex-
160 1 l 4.1 be expected, all else being equal, to give stall es did not stall before reaching the limit of the

160 l / / Jl 21" / } forces significantly lower than those of single usable range of the trap (Fig. 3B). The as-
120 3.2 base pair movements, because the free energy sumption that these complexes would stall at
80 2.2 available from nucleotide addition would be a force larger than the maximum measurable
40 1.0 applied over a larger distance. Nucleotide se- force at the laser power used yields a lower

quence effects on behavior under mechanical limit estimate of 13.6 pN for the mean revers-
0 50 100 150 200 load could be studied in future experiments ible Fstal1 (25). Despite systematic instrumen-

through the use of DNA templates containing tation errors for these measurements estimat-
BF homopolymer tracts or direct repeats. ed at -30% (22), the Fstall values for single

$ 100 9 The distributions of Fstall values were RNA polymerase molecules are clearly much
a 80 7.3 obtained at 1 mM NTPs with 1 ,uM PPi. larger than are forces previously measured for
E Z The distributions of reversible and irrevers- single molecules of other mechanoenzymes:~6053 Q 6 , , 3 ible stall forces were statistically indistin- up to 6 pN for kinesin (26) and 3 to 5 pN for
*n 40 3 ° guishable, with values of 13.0 + 4.0 pN myosin (27).
a 20 1.4 (mean + SD, n = 8) and 12.6 ± 3.5 pN (n The efficiency of chemomechanical en-

m t . , | = 14), respectively. A possible explanation ergy conversion in RNA polymerase may be
o0 °0 20 30 40 50 60 70 80

for the similarity of the distributions is that defined as the fraction of the total free
0 10 20 30 40 50 60 70 80 the reversibly stalled state is a precursor of energy change of the chemical RNA poly-
C i 1 1 the irreversibly stalled state. In this view, merization reaction (AG'poiym) that the en-

80 8.7 most or all of the stalled complexes are zyme expends to perform mechanical work
J z A initially stalled reversibly, but a fraction of against an external load. Thermodynami-

60 6.4 these are subsequently inactivated and cally reversible motors are most efficient as
therefore fail to resume elongation when they approach the point of stalling. The free

40 4.1 Ftrap is reduced. energy available from the chemical reaction
20 1.7 Fstall was also determined at two higher varies with the PP,-to-NTP concentration

concentrations of PPi (0.5 and 1 mM) with 1 ratio because these are the product and
c o
0 50 100 150 200

Fig. 3. Stall force distributions measured from X
pooled data obtained at 1 mM NTPs with 0.001, O A B

Fig. 2. Time courses for displacement from the 0.5, and 1.0 mM PP1. For beads exhibiting revers- X 30t
trap center and the corresponding optical force ible stalls, only data from the first stall were includ- E 25
applied to single beads driven by translocation of ed. Laser powers (and corresponding maximum 2
an RNA polymerase molecule along DNA. Force measurable forces) of 82 mW (15 pN), 99 mW (18 lba
scales (right-hand axes) are nonlinear (14). The pN), and 107 mW (20 pN) were used in 25, 33, E 15

0

zero of the time axis is arbitrary. Reactions were and 19 measurements, respectively. (A) Stacked 10_
conducted at 1 mM NTPs with 0.001 mM (A) or 1 histogram of stall forces for irreversible (open por- °_
mM (B and C) PPI at laser powers of 25 (A), 82 (B), tion of bars, n = 42) and reversible (solid portion of s 7
or 99 (C) mW. Vertical arrows designate times at bars, n = 24) stalls. (B) Histogram of estimated E ll i
which the trap was repositioned to reduce the lower bound of stall forces for complexes (n = 11) z 0 5 10 15 20 >15 >18 >20
optical force. An irreversible stall is shown in (B), that did not stall before exiting the calibrated range Stall force (pN)
and reversible stalls (first two stalls) and an irre- of the trap. The number below each bar represents the maximum measurable force for the laser power
versible stall (third stall) are shown in (C). used.
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Forces (mechanical et biochemical) at the scale of the cell: From molecular bonds to tissues

Micromanipulation on proteins

Micro-manipulation on proteins

Examples

1 Chemical Enzymes - Chemical reaction networks
2 Structures - Cytoskeleton (mechanics and signalization)
3 Molecular motors



Forces (mechanical et biochemical) at the scale of the cell: From molecular bonds to tissues

Micromanipulation on proteins

What is a protein?

(a)

FIG.: Schéma des niveaux hiérarchiques impliquant différentes structures pour une protéine
typique. La structure tertiaire protège un ion du milieu extérieur. Un changement de conformation
de cette structure expose cet ion au solvant, ce qui peut rendre la protéine active du point de vue
de la réaction chimique.



Forces (mechanical et biochemical) at the scale of the cell: From molecular bonds to tissues

Micromanipulation on proteins

1gray!!20gray!!5
Mouvement Échelle de temps caractéristique (en

unité logarithmique)
Vibration moléculaire -14 à -13
Transfert d’un proton -12
Lien hydrogène -12
Vibration élastique d’une région
globulaire

-12, -11

Flexion d’une charnière à l’interface de
deux domaines

-11 à -7

Réarrangement des molécules d’eau -8
Formation Hélice-Pelote -8 à -7



Forces (mechanical et biochemical) at the scale of the cell: From molecular bonds to tissues

Micromanipulation on proteins

General properties : The hydrophobic (H) Polar (P) problem

1 A protein is NOT a (homo)polymer. It is an heteropolymer made of aminoacids
(20) can be either hydrophobic (H) or polar (P).

2 Hydrophobic force plays a prominent role in protein folding (HP model)
3 HP problem : Given a HP sequence, which of the possible structures minimize the

hydrophobic interaction energy?
4 Protein-like sequences fold into a unique compact structure (with other

non-absolute minima, important). Other structure with degenerate minima are not
protein-like

5 Proteins are therefore compact and globular structures (but not spherical)
6 Proteins can change their conformation under (de)phosphorylation or upon

binding a ligand (allosteric activation).
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Micromanipulation on proteins

A

B
Compact Polymer conformation

C
Scaling of protein size as a function of the
number of amino acid residues. The slope
is 1/3 (space-filling packing)
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Micromanipulation on proteins

Pulling a multi-modular protein with an AFM : Unfolding Titin using AFM
cantilever tip

a set of nine interstrand hydrogen bonds be-
tween strands A′ and G and between strands A
and B (Fig. 1A). The terminal strands A and G
are subject to tension when the domain termini
are being pulled apart. First, strand A detaches
from strand B, leading to an intermediate con-
formation (Fig. 1B). Then, strand G detaches
from strand A′, and, once all nine hydrogen
bonds are broken, the remaining strands unravel
by unzipping hydrogen bonds one by one. The
reverse of the unraveling process most likely is
not the route for spontaneous refolding, which
rather involves a hydrophobic folding nucleus
that is also important for temperature- and
denaturant-induced unfolding (29–31). The force-
induced unraveling immediately suggests mu-
tants that should affect the extension-force
relation observed in AFM experiments. A key
mutant was investigated in a collaboration be-
tween Fernandez, Schulten, and co-workers. The
mutant, designed to take advantage of the fact
that the A-B interstrand hydrogen bonds break a
bit more easily than the A′-G bonds do, desta-
bilized further the intermediate and abolished an
experimental signature (WhumpW) in the extension-
force curve, corroborating the scenario depicted
by simulations (28) (Fig. 1C).

Like physical experiments, computational
experiments can yield puzzling results. In the
case of I91, the height of the energy barrier to
stretching the large set of interstrand hydrogen
bonds was not well understood (32). However,
modelers had overlooked a key player, water (9).
Water molecules continuously attack I91's surface-
exposed interstrand hydrogen bonds; one is cut
every 10 ps but quickly reforms. This random
weakening of hydrogen bonding lowers the
force needed to stretch I91 apart and is likely
controlled by properties of side groups surround-
ing them, as is the case for fibronectin (see below)
(33). Other factors, such as packing interactions,
may also influence the mechanical stability of
this domain (31).

Titin's function likely goes beyond being the
passive element of muscle elasticity, acting also
as a biomechanical sensor. SMD simulations
have suggested that tension can induce exposure
of a kinase active site in titin (34), thereby trans-
forming mechanical force into a biochemical
signal. Similarly, buried binding sites may get
exposed when molecules are subject to force, as
postulated for other modular proteins (7).

Multidomain proteins, made of subunits sim-
ilar to the ones in titin, act in the extracellular
matrix of cells in higher organisms. These pro-
teins, fibronectins, form fibrils that anchor them-
selves to cell surface receptors, such as integrins,
and hold tissue cells together. The fibrils can
stretch out to several times their contracted
length, giving tissues flexibility. The structures
of individual domains and of several tandem
domains have been resolved, and their me-
chanical properties have been investigated by

AFM experiments and SMD simulations, show-
ing excellent agreement between the measured
and the predicted hierarchy of mechanical
stability (33, 35–37). Moreover, prediction of
intermediate unfolding states has been con-
firmed by experiments (38–40). An observed
saw-tooth pattern is shown in the Fig. 1E inset.
A double peak arises at the tooth that is due to
fibronectin domain FnIII1 (35), posing a puzzle
that was resolved by simulations (11).

FnIII1 (Fig. 1 E), like titin I91, has a sand-
wich architecture of two sheets of b strands but,
in contrast to other fibronectin domains, features

a small and a large sheet, the size being char-
acterized by substantially different numbers of
interstrand hydrogen bonds. This suggested that
the main force-bearing hydrogen bonds, i.e., the
ones sealing the two b sheets shut, are broken
first and the small sheet unravels quickly, but
then the large sheet resists further unraveling by
aligning itself to the external forces such that a
second set of multiple interstrand hydrogen
bonds needs to be ruptured before the remainder
of the sheet unzips. This pathway depends on
detailed structural features that were unknown
because of the lack of a resolved structure.

Homology modeling based on
the known structures of other
fibronectin domains proved that
the proposal could explain the
intermediate states observed in
AFM experiments (Fig. 1E). Our
collaboration with Campbell led
to the structure of FnIII1 being
solved by nuclear magnetic res-
onance (NMR) spectroscopy.
This structure further corrobo-
rated the model, revealing key
details that strengthen the large
FnIII1 sheet (11).

What is the purpose of the
peculiar architecture of FnIII1?
It was suggested that the large
FnIII1 sheet offers interstrand
binding opportunities to do-
mains of parallel fibers, leading
to cross-linking in a sufficient-
ly stretched extracellular matrix
(11). Amazingly, the large sheet
of FnIII1 is an anticancer drug,
anastellin, that apparently pre-
vents metastasis by strengthen-
ing the adhesion of cancer cells
to primary tissue cells (11, 41).

Linker-Mediated Elasticity
of Spectrin
The discoidal shape and me-
chanical properties of red blood
cells assist their rapid adapta-
tion to wide arteries and narrow
capillaries. Diseases, such as he-
reditary spherocytosis and ellip-
tocytosis, causing hemolytic
anemia are associated with a lack
of an elastic, adaptable shape
caused by mutations affecting
the red blood cell cytoskeletal net-
work made of spectrin, ankyrin,
and associated proteins (42–44).

The elastic architecture of
the protein modules forming titin
and fibronectin described above
differs from that of spectrin re-
peats found in the red blood cell
cytoskeleton. Crystal structures

Fig. 1. Titin I91 and FnIII1 elasticity. (A) Titin I91 (formerly known
as I27) is shown in cartoon representation. The two b sheets forming
the domain are shown in green and red. Detail of backbone
hydrogen bonds involving b strands A-B and A′-G are shown. E, Glu;
K, Lys; L, Leu; N, Asn; V, Val; and Y, Tyr. (B) Stretching of titin I91
through SMD simulation reveals an intermediate state in which b
strand A is detached from b strand B, yet b strands A′ and G are still
connected. (C) Force peak corresponding to unfolding of one titin
domain obtained through AFM experiments [adapted from (28)].
The unusual WhumpW observed in the force peak arises due to the
unfolding intermediate [(B)] identified by SMD simulations (70). A
point mutation disrupting backbone hydrogen bonds that link b
strands A and B removed the observed hump. (D) Dependence on
stretching velocity (in units of Å/ps) of the rupture force peak of titin
I91. Red circles represent values from AFM experiments; blue squares
and triangles represent values from constant velocity and constant force
SMD simulations, respectively [adapted from (10); see also (71)]. The
SMD data approaches the extrapolated AFM force peak curve upon
reduction of velocity, as expected. (E) Intermediate state of FnIII1
obtained through SMD simulations (shown in cartoon and surface
representations). The small, unfolded b sheet is shown in green. (Inset)
A Wsaw-toothW pattern for FnIII1, revealing the existence of intermediate
states [adapted from (35)]. This intermediate state is thought to be
relevant in the formation and strengthening of fibronectin fibrils.
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FIGURE 2 Biotin binding pocket. Stereo image of the biotin binding in avidin. Shown are the main amino acid side groups that make contacts with biotin
along the rupture paths.

METHOD
MD simulations of the avidin-biotin complex were carried out using the
program X-PLOR (Bruinger, 1992) with version 22 of the CHARMM
(Brooks et al., 1983) force field. We constructed an avidin tetramer from
crystallographic symmetry based on the atomic coordinates of the reported
dimer structure (Livnah et al., 1993; Pugliese et al., 1993, 1994), entry
IAVD in the Brookhaven Protein Data Bank (Bernstein et al., 1977).

It has been argued that the binding pocket of avidin is inaccessible to
water (Pugliese et al., 1993). We tested this supposition in an attempt to
place water in the binding pocket with the modeling package DOWSER
(Zhang and Hermans, 1996). Indeed, we found that the tight contact
between biotin and the binding pocket makes it unlikely for more than one
water molecule to fit inside the binding pocket. We chose, hence, not to
introduce water into the binding pocket in our simulations, having possibly
missed a single water. Alternatively, one might carry out simulations
placing at each moment in time the maximum number of internal waters
into the binding pocket, accounting, thereby, for water penetrating into the
binding pocket on a slower time scale than that covered by the actual
simulation.
A charge distribution for biotin was obtained by means of the program

GAUSSIAN-94 (Frisch et al., 1995) at the Hartree-Fock level with a
6-31G* basis set, using the coordinates of heavy atoms taken from the
crystal structure (chain B from entry IAVD in the Protein Data Bank) and

Ft

biotin

AFM cantilever with the tip

t. avidin - biotin complex

agarose bead surface

FIGURE 3 Schematic representation of atomic force microscopy (AFM)
experiment on the avidin-biotin complex. An AFM tip attached to an

elastic cantilever is linked to biotin; the agarose bead surface is linked
chemically to biotin through stiff bonds; an avidin tetramer binds to two

biotins on the bead and to two biotins connected with the AFM tip; the
cantilever applies forces measured by monitoring the position of the tip.

of hydrogens generated by the program QUANTA (MSI, 1994). The
equilibrium bond length, angles, torsional angles, and force constants for
biotin were derived from biotin coordinates and force-field parameters of
molecules with similar chemical structure available in CHARMM and
X-PLOR (the topology and parameter files for biotin are available via
anonymous ftp at ftp://ftp.ks.uiuc.edu/ in directory /pub/projectslbiotin).

In all simulations we assumed a dielectric constant e = 1 and a cutoff
of Coulomb forces with a switching function starting at 10.7 A and
reaching zero at a distance of 14.3 A. All atoms, including hydrogens, were
described explicitly. The hydrogen atom coordinates of both avidin and
biotin were generated using the HBUILD routine of X-PLOR. An integra-
tion time step of 1 fs was employed. The avidin tetramer structure was
energy minimized and allowed to equilibrate in a 45-ps molecular dynam-
ics run.

To facilitate the exit of biotin from its binding pocket, we altered the
conformation of the 3-4 loop (residues 35-46) (Pugliese et al., 1993) of
avidin, which almost completely closes the pocket, but can fluctuate to an
open conformation on the time scale of the AFM experiment. The new
conformation of the loop was achieved using MDScope (Nelson et al.,
1995), which includes the molecular graphics program VMD (Humphrey et
al., 1996) connected to the molecular dynamics program NAMD (Nelson
et al., 1996), the latter running on a workstation cluster. VMD allowed us
to monitor and control the simulation of the avidin-biotin complex and to
interactively apply forces to selected atoms on the 3-4 loop of one of the
avidin monomers. The forces were sent from VMD to NAMD and intro-
duced into the molecular dynamics simulations. The application of the
external forces to the system led to the desired conformational change of
the loop (see Fig. 4). This procedure was followed by a 15-ps equilibration.
The resulting structure served as the starting point of each simulation
reported here, in which the Ca atoms of the loop residues were constrained
to prevent a renewed closure of the binding pocket.

External forces were applied to the tail of one of four biotins through the
definition of harmonic restraints in X-PLOR. One of the oxygen atoms of
biotin's valeryl side-chain carboxylate group was restrained to a point
outside the binding site at a distance of 20 A, i.e., far enough to ensure that
biotin at the point of restraint would be completely outside the pocket. The
position of the restraint point was chosen so that biotin would encounter the
least hindrance when moving from its initial position toward the point of
restraint, a direction that is assumed to represent the orientation of the force
applied by the AFM tip.

The absolute value of the force acting on biotin was chosen to be

|F| = k(t)d, (1)

where k is the harmonic restraint coefficient that can be specified in
X-PLOR, and where d is the distance between the tail of biotin and the

biotin
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Conclusion

1 A peak in the force-distance curve corresponds to unfolding of a domain
2 The characteristic force at which the domain unfolds depends on the loading rate.

This is due to thermal fluctuations and will be studied in the chapter on Brownian
motion.
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Fluorescence microscopies for cellular imaging

Traditional techniques (biochemical, genetic, structural) provide static, snapshot view of
cells. Imaging the dynamics of the cell functions adds an extra dimension and provide
new insights.
New Optical methods (1985):

1 Fluorescence microscopy : Fluorescent probes
2 Fluorescence microscopy : Diffraction limit
3 Large Field microscopy : evanescent wave microscopy
4 Confocal microscopy (Frap, FCS, Fret)
5 Super-resolution microscopy (going beyond the diffraction limit)



Forces (mechanical et biochemical) at the scale of the cell: From molecular bonds to tissues

Light Microscopy Techniques for live cell imaging

GFP : the green revolution

Back to 1994. Fluorescent protein (GFP) from the
jellyfish Aequorea victoria can be used as a marker
for protein localization and expression in living
bacteria and worm cells (Nobel prize in chemistry in
2008). Today, fluorescent proteins are available in
many colors and some of them can photo-activated
(PA-GFP) or photoconverted (Kaede).

1 238 amino-acids, absorbs blue light
(� = 480 nm) and emits green light
(� = 510 nm)

2 GFP-tagged proteins can be directly expressed
by the cell.

3 Sensitive to photo-destruction
4 Inorganic particles (semi-conductor

nano-cristal) are much less sensitive.

Note that the chromophore is in
the center (thus very stable)
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Widefield imaging

A
microscope is characterized by two parameters :

1 Magnification
2 Numerical aperture

Numerical aperture fixes :
1 The depth of field

(depth of the
specimen clearly in
focus)

2 The spatial
resolution (Abbé’s
law)

x

y

d = 
2n sin a

�
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The fluorescence microscope

Blurred by diffraction, the image of two point 
objects (red) can just about be resolved at distance 
d. Line profile (bottom) quantifies the brightness 
along the direction of separation. Diagram 
courtesy of S. Hell, MPI Biophysical Chemistry, 
Göttingen, Germany.

Without light microscopy, our 
knowledge of ‘little biology’ would be 
severely impaired. The ability to observe 
migrating cells, examine the distribution 
of organelle populations or predict 
putative protein interactions (based on 
proximity) drive modern cell-biological 
research. However, these observations 
have physical limits, governed by the 
properties of light, which consequently 
restrict our view of this cellular world.

In light microscopy, when light passes 
through an opening it is diffracted, 

affecting the spatial resolution or, in 
other words, the smallest separation 
that two objects can have and still be 
discerned. When this opening is a lens, 
the diffraction pattern created by light 
passage through the illuminated circular 
aperture appears as an ‘Airy disc’, as 
described by George Airy in 1835. 
Later, the mathematical foundations 
for quantifying diffraction-limited 
microscopy were noticed by Emile Verdet 
but fully described and formalized by 
Ernst Abbe.

In his landmark paper of 1873, Abbe 
reported that the smallest resolvable 
distance between two points using a 
conventional microscope may never 
be smaller than half the wavelength 
of the imaging light. Although no 
mathematical equations actually appear 
in the paper, Abbe stated in this and 
following papers that the resolution 
was limited by diffraction to half the 
wavelength modified by the refractive 
index of the medium and the angle of 
the cone of focused light. Based on the 
resulting equation, one can improve 
spatial resolution by using light with 
a shorter wavelength (for example, 
ultraviolet), but in biological samples, 
this is undesirable because of the 
greater potential for sample damage 
and increased light scattering within a 
tissue. Reciprocally, longer wavelengths 
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Knowing the limit

Inspired by Ernst Abbe’s finding 
that shorter wavelength light leads 
to higher resolution, August Köhler 
constructed the first ultraviolet 
(UV) microscope at Zeiss Optical 
Works in Jena, Germany, in 1904. 
The instrument used UV illumina-
tion from a cadmium arc lamp and 
allowed photographic reproduction 
of objects at twice the resolution of 
visible light microscopes. Köhler also 
noted that some objects emitted light 
of longer wavelength on illumination 
with UV, but it was the physicist 
Oskar Heimstädt who, in 1911, used 

this observation as the basis for the 
construction of the first successful 
fluorescence microscope.

Heimstädt noted two main  
challenges: one was to concentrate 
enough UV light on the sample to 
make it fluoresce; the other was to 
capture the emitted fluorescent light 
free of any noise. To address the 
former, he used cuvettes constructed 
by Hans Moritz Lehmann to eliminate 
all but the UV light from the white 
light generated by an arc lamp; to 
address the latter, he employed 
darkfield illumination that ensured no 

excitation light would enter the objec-
tive lens and provided high contrast 
for the fluorescence signal. 

Although Heimstädt successfully 
imaged bacteria, he wasn’t convinced 
that fluorescence microscopy would 
have a lasting impact. He concludes 
his paper with the words: “If and to 
what degree fluorescence micro-
scopy will widen the possibilities 
of microscopic imaging only the 
future will show.” In fact, the reliance 
on autofluorescence of the imaged 
object and the need for transmitted 
illumination and darkfield condensers 
limited the initial applications of the 
microscope. 

Both hurdles were overcome dur-
ing the next two decades, when the 
Austrian investigator Max Haitinger 

improve tissue penetration at the 
expense of point separation.

Abbe’s mathematical foundations of 
image formation and lens aberrations 
provided for the proper design of 
microscope lenses, accomplished 
in collaboration with Carl Zeiss and 
Otto Schott. Abbe’s quantitative 
insights greatly enhanced the quality 
of microscope optics, contributing 
enormously to improved data collection 
and an enhanced user experience 
for the microscopist. Of course, the 
success of Abbe, Zeiss and Schott in 
designing lenses also had an enormous 
impact on the eventual success of 
the microscopy manufacturer Carl 
Zeiss itself. But besides these tangible 
legacies, another long-lasting legacy 
brought about by Abbe’s work 
included the establishment of physical 
boundaries in imaging for quite some 
time. In fact, Abbe’s study influenced 
the field so greatly that very few 
attempts were made to overcome the 
diffraction limit, despite the increasing 
necessity to enhance resolution and 
to improve the visualization of cellular 
structure. Rather, other techniques 
were developed to provide these 
data, such as replacing photons 
with electrons in the development 
of electron microscopy. Only more 
recently have scientists revisited Abbe’s 
limit and successfully increased the 
resolution of light microscopy through 
a variety of innovative strategies (see 
MILESTONE 21).

Noah Gray, Senior Editor, Nature
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To avoid noise coming from out of plane illumination : Evanescent
waves microscopies

Total Internal Reflection is based on Snell’s laws: Consider light traveling in a dense
medium (refractive index n1)) and striking a less dense medium (refractive index
n2 < n1) beyond a critical angle, the light will undergo TIR. The critical angle ✓c
depends on n2/n1.TRENDS in Cell Biology Vol.11 No.7  July 2001

http://tcb.trends.com
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the S/N ratio is much better than with confocal images,
and cellular photodamage and photobleaching are
minimal (but minimizing focal plane drift is also more
crucial). TIR-FM images are captured frame-by-frame
with charge-coupled device (CCD) cameras. These are
sensitive and/or fast (but rarely both) and can now
reach up to ~80% quantum efficiency and speeds of

~200 Hz (frames/s). Image intensifiers are required for
single molecule sensitivity or can be used to minimize
exposure times when imaging live cells. By contrast,
most confocal systems scan the sample pixel-by-pixel,
reject light with the pinhole and use photomultipliers.
Generally, frame rates are slow (~0.1–5 Hz) and photon
detection efficiency is relatively low. Nipkow disc-based
confocal systems use video cameras for detection and
can reach ~10-fold faster frame rates; however, the
most important difference is that a confocal section is
much thicker than an evanescent field.

But TIR-FM is not necessarily the panacea.
Confocal microscopes can generate deep three-
dimensional (3D) images of cells and photobleach areas
of interest. Rather, TIR-FM is a complementary
approach that can be combined with other microscopy
techniques, such as brightfield, epifluorescence (EPI),
confocal, fluorescence correlation spectroscopy (FCS),
atomic force microscopy (AFM) and fluorescence
lifetime imaging microscopy (FLIM), to mention a few5.
TIR-FM is also compatible with fluorescence recovery
after photobleaching (FRAP) and fluorescence
resonance energy transfer (FRET) experiments1.

The recent surge of reports using TIR-FM might
create the impression that it is a brand new technique.
In fact, the basic principles and approaches were
described and applied in the early 1980s, championed
largely by the efforts of Daniel Axelrod and other
biophysicists1. So why the lag in its popular application
to cell biology? First, looking at fluorescent markers in
live cells was difficult until the recent advent of green
fluorescent protein (GFP) and its cyan, yellow and red
derivatives (CFP/YFP/DsRFP). Second, choosing and
implementing a TIR-FM system, although not difficult,
is not trivial either. In this regard, the recent
introduction of new objective lenses, condensers and
other materials affords greater opportunities.

TIR-FM practical considerations
Most TIR-FM set-ups are custom built and numerous
configurations are possible1. The choices can be
overwhelming. Does one need an inverted or upright
microscope? Should one use mirrors or fibre optics to
guide the light? Will the light be coupled through a
prism or an objective (‘prismless’) type set-up?
Unfortunately, there is no single ‘right’solution; the
optimal set-up depends on the needs of the user.
Nevertheless, some rules and non-obvious issues
should be borne in mind2.

Basically, there are two major kinds of TIR-FM set-
ups: prism- and objective-types (Box 2). Both systems
typically use lasers for illumination. Collimated light
is sent into a condenser via mirrors or an optical fibre;
we prefer the latter as it is easier to implement and
vibrations are less problematic. Of potential interest,
TILL-Photonics (Martinsried, Germany) has recently
developed a dual EPI/TIR condenser, compatible with
Olympus objective-type set-ups. Amajor advantage of
objective-type set-ups is that they allow imaging and
concomitant manipulation of cells by patch-clamping,

Box 1. Some key TIR formulas
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the S/N ratio is much better than with confocal images,
and cellular photodamage and photobleaching are
minimal (but minimizing focal plane drift is also more
crucial). TIR-FM images are captured frame-by-frame
with charge-coupled device (CCD) cameras. These are
sensitive and/or fast (but rarely both) and can now
reach up to ~80% quantum efficiency and speeds of

~200 Hz (frames/s). Image intensifiers are required for
single molecule sensitivity or can be used to minimize
exposure times when imaging live cells. By contrast,
most confocal systems scan the sample pixel-by-pixel,
reject light with the pinhole and use photomultipliers.
Generally, frame rates are slow (~0.1–5 Hz) and photon
detection efficiency is relatively low. Nipkow disc-based
confocal systems use video cameras for detection and
can reach ~10-fold faster frame rates; however, the
most important difference is that a confocal section is
much thicker than an evanescent field.

But TIR-FM is not necessarily the panacea.
Confocal microscopes can generate deep three-
dimensional (3D) images of cells and photobleach areas
of interest. Rather, TIR-FM is a complementary
approach that can be combined with other microscopy
techniques, such as brightfield, epifluorescence (EPI),
confocal, fluorescence correlation spectroscopy (FCS),
atomic force microscopy (AFM) and fluorescence
lifetime imaging microscopy (FLIM), to mention a few5.
TIR-FM is also compatible with fluorescence recovery
after photobleaching (FRAP) and fluorescence
resonance energy transfer (FRET) experiments1.

The recent surge of reports using TIR-FM might
create the impression that it is a brand new technique.
In fact, the basic principles and approaches were
described and applied in the early 1980s, championed
largely by the efforts of Daniel Axelrod and other
biophysicists1. So why the lag in its popular application
to cell biology? First, looking at fluorescent markers in
live cells was difficult until the recent advent of green
fluorescent protein (GFP) and its cyan, yellow and red
derivatives (CFP/YFP/DsRFP). Second, choosing and
implementing a TIR-FM system, although not difficult,
is not trivial either. In this regard, the recent
introduction of new objective lenses, condensers and
other materials affords greater opportunities.

TIR-FM practical considerations
Most TIR-FM set-ups are custom built and numerous
configurations are possible1. The choices can be
overwhelming. Does one need an inverted or upright
microscope? Should one use mirrors or fibre optics to
guide the light? Will the light be coupled through a
prism or an objective (‘prismless’) type set-up?
Unfortunately, there is no single ‘right’solution; the
optimal set-up depends on the needs of the user.
Nevertheless, some rules and non-obvious issues
should be borne in mind2.

Basically, there are two major kinds of TIR-FM set-
ups: prism- and objective-types (Box 2). Both systems
typically use lasers for illumination. Collimated light
is sent into a condenser via mirrors or an optical fibre;
we prefer the latter as it is easier to implement and
vibrations are less problematic. Of potential interest,
TILL-Photonics (Martinsried, Germany) has recently
developed a dual EPI/TIR condenser, compatible with
Olympus objective-type set-ups. Amajor advantage of
objective-type set-ups is that they allow imaging and
concomitant manipulation of cells by patch-clamping,
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the S/N ratio is much better than with confocal images,
and cellular photodamage and photobleaching are
minimal (but minimizing focal plane drift is also more
crucial). TIR-FM images are captured frame-by-frame
with charge-coupled device (CCD) cameras. These are
sensitive and/or fast (but rarely both) and can now
reach up to ~80% quantum efficiency and speeds of

~200 Hz (frames/s). Image intensifiers are required for
single molecule sensitivity or can be used to minimize
exposure times when imaging live cells. By contrast,
most confocal systems scan the sample pixel-by-pixel,
reject light with the pinhole and use photomultipliers.
Generally, frame rates are slow (~0.1–5 Hz) and photon
detection efficiency is relatively low. Nipkow disc-based
confocal systems use video cameras for detection and
can reach ~10-fold faster frame rates; however, the
most important difference is that a confocal section is
much thicker than an evanescent field.

But TIR-FM is not necessarily the panacea.
Confocal microscopes can generate deep three-
dimensional (3D) images of cells and photobleach areas
of interest. Rather, TIR-FM is a complementary
approach that can be combined with other microscopy
techniques, such as brightfield, epifluorescence (EPI),
confocal, fluorescence correlation spectroscopy (FCS),
atomic force microscopy (AFM) and fluorescence
lifetime imaging microscopy (FLIM), to mention a few5.
TIR-FM is also compatible with fluorescence recovery
after photobleaching (FRAP) and fluorescence
resonance energy transfer (FRET) experiments1.

The recent surge of reports using TIR-FM might
create the impression that it is a brand new technique.
In fact, the basic principles and approaches were
described and applied in the early 1980s, championed
largely by the efforts of Daniel Axelrod and other
biophysicists1. So why the lag in its popular application
to cell biology? First, looking at fluorescent markers in
live cells was difficult until the recent advent of green
fluorescent protein (GFP) and its cyan, yellow and red
derivatives (CFP/YFP/DsRFP). Second, choosing and
implementing a TIR-FM system, although not difficult,
is not trivial either. In this regard, the recent
introduction of new objective lenses, condensers and
other materials affords greater opportunities.

TIR-FM practical considerations
Most TIR-FM set-ups are custom built and numerous
configurations are possible1. The choices can be
overwhelming. Does one need an inverted or upright
microscope? Should one use mirrors or fibre optics to
guide the light? Will the light be coupled through a
prism or an objective (‘prismless’) type set-up?
Unfortunately, there is no single ‘right’solution; the
optimal set-up depends on the needs of the user.
Nevertheless, some rules and non-obvious issues
should be borne in mind2.

Basically, there are two major kinds of TIR-FM set-
ups: prism- and objective-types (Box 2). Both systems
typically use lasers for illumination. Collimated light
is sent into a condenser via mirrors or an optical fibre;
we prefer the latter as it is easier to implement and
vibrations are less problematic. Of potential interest,
TILL-Photonics (Martinsried, Germany) has recently
developed a dual EPI/TIR condenser, compatible with
Olympus objective-type set-ups. Amajor advantage of
objective-type set-ups is that they allow imaging and
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However, when light is reflected, there is an
evanescent wave which slightly penetrates
the medium due to “near field effect”.
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The evanescent wave makes an optical slice which allows to excite
chromophores at a depth < 100 nm. Good Signal/Noise ratio !
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the S/N ratio is much better than with confocal images,
and cellular photodamage and photobleaching are
minimal (but minimizing focal plane drift is also more
crucial). TIR-FM images are captured frame-by-frame
with charge-coupled device (CCD) cameras. These are
sensitive and/or fast (but rarely both) and can now
reach up to ~80% quantum efficiency and speeds of

~200 Hz (frames/s). Image intensifiers are required for
single molecule sensitivity or can be used to minimize
exposure times when imaging live cells. By contrast,
most confocal systems scan the sample pixel-by-pixel,
reject light with the pinhole and use photomultipliers.
Generally, frame rates are slow (~0.1–5 Hz) and photon
detection efficiency is relatively low. Nipkow disc-based
confocal systems use video cameras for detection and
can reach ~10-fold faster frame rates; however, the
most important difference is that a confocal section is
much thicker than an evanescent field.

But TIR-FM is not necessarily the panacea.
Confocal microscopes can generate deep three-
dimensional (3D) images of cells and photobleach areas
of interest. Rather, TIR-FM is a complementary
approach that can be combined with other microscopy
techniques, such as brightfield, epifluorescence (EPI),
confocal, fluorescence correlation spectroscopy (FCS),
atomic force microscopy (AFM) and fluorescence
lifetime imaging microscopy (FLIM), to mention a few5.
TIR-FM is also compatible with fluorescence recovery
after photobleaching (FRAP) and fluorescence
resonance energy transfer (FRET) experiments1.

The recent surge of reports using TIR-FM might
create the impression that it is a brand new technique.
In fact, the basic principles and approaches were
described and applied in the early 1980s, championed
largely by the efforts of Daniel Axelrod and other
biophysicists1. So why the lag in its popular application
to cell biology? First, looking at fluorescent markers in
live cells was difficult until the recent advent of green
fluorescent protein (GFP) and its cyan, yellow and red
derivatives (CFP/YFP/DsRFP). Second, choosing and
implementing a TIR-FM system, although not difficult,
is not trivial either. In this regard, the recent
introduction of new objective lenses, condensers and
other materials affords greater opportunities.

TIR-FM practical considerations
Most TIR-FM set-ups are custom built and numerous
configurations are possible1. The choices can be
overwhelming. Does one need an inverted or upright
microscope? Should one use mirrors or fibre optics to
guide the light? Will the light be coupled through a
prism or an objective (‘prismless’) type set-up?
Unfortunately, there is no single ‘right’solution; the
optimal set-up depends on the needs of the user.
Nevertheless, some rules and non-obvious issues
should be borne in mind2.

Basically, there are two major kinds of TIR-FM set-
ups: prism- and objective-types (Box 2). Both systems
typically use lasers for illumination. Collimated light
is sent into a condenser via mirrors or an optical fibre;
we prefer the latter as it is easier to implement and
vibrations are less problematic. Of potential interest,
TILL-Photonics (Martinsried, Germany) has recently
developed a dual EPI/TIR condenser, compatible with
Olympus objective-type set-ups. Amajor advantage of
objective-type set-ups is that they allow imaging and
concomitant manipulation of cells by patch-clamping,
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the S/N ratio is much better than with confocal images,
and cellular photodamage and photobleaching are
minimal (but minimizing focal plane drift is also more
crucial). TIR-FM images are captured frame-by-frame
with charge-coupled device (CCD) cameras. These are
sensitive and/or fast (but rarely both) and can now
reach up to ~80% quantum efficiency and speeds of

~200 Hz (frames/s). Image intensifiers are required for
single molecule sensitivity or can be used to minimize
exposure times when imaging live cells. By contrast,
most confocal systems scan the sample pixel-by-pixel,
reject light with the pinhole and use photomultipliers.
Generally, frame rates are slow (~0.1–5 Hz) and photon
detection efficiency is relatively low. Nipkow disc-based
confocal systems use video cameras for detection and
can reach ~10-fold faster frame rates; however, the
most important difference is that a confocal section is
much thicker than an evanescent field.

But TIR-FM is not necessarily the panacea.
Confocal microscopes can generate deep three-
dimensional (3D) images of cells and photobleach areas
of interest. Rather, TIR-FM is a complementary
approach that can be combined with other microscopy
techniques, such as brightfield, epifluorescence (EPI),
confocal, fluorescence correlation spectroscopy (FCS),
atomic force microscopy (AFM) and fluorescence
lifetime imaging microscopy (FLIM), to mention a few5.
TIR-FM is also compatible with fluorescence recovery
after photobleaching (FRAP) and fluorescence
resonance energy transfer (FRET) experiments1.

The recent surge of reports using TIR-FM might
create the impression that it is a brand new technique.
In fact, the basic principles and approaches were
described and applied in the early 1980s, championed
largely by the efforts of Daniel Axelrod and other
biophysicists1. So why the lag in its popular application
to cell biology? First, looking at fluorescent markers in
live cells was difficult until the recent advent of green
fluorescent protein (GFP) and its cyan, yellow and red
derivatives (CFP/YFP/DsRFP). Second, choosing and
implementing a TIR-FM system, although not difficult,
is not trivial either. In this regard, the recent
introduction of new objective lenses, condensers and
other materials affords greater opportunities.

TIR-FM practical considerations
Most TIR-FM set-ups are custom built and numerous
configurations are possible1. The choices can be
overwhelming. Does one need an inverted or upright
microscope? Should one use mirrors or fibre optics to
guide the light? Will the light be coupled through a
prism or an objective (‘prismless’) type set-up?
Unfortunately, there is no single ‘right’solution; the
optimal set-up depends on the needs of the user.
Nevertheless, some rules and non-obvious issues
should be borne in mind2.

Basically, there are two major kinds of TIR-FM set-
ups: prism- and objective-types (Box 2). Both systems
typically use lasers for illumination. Collimated light
is sent into a condenser via mirrors or an optical fibre;
we prefer the latter as it is easier to implement and
vibrations are less problematic. Of potential interest,
TILL-Photonics (Martinsried, Germany) has recently
developed a dual EPI/TIR condenser, compatible with
Olympus objective-type set-ups. Amajor advantage of
objective-type set-ups is that they allow imaging and
concomitant manipulation of cells by patch-clamping,
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microinjection and other techniques. In prism-type
set-ups, the water-immersion objective can hamper
such manipulation, and in inverted microscopes,
closed chambers must be used. Other advantages of
objective-type set-ups are that more emitted light is
detected and its intensity drops off monotonically with
distance1,2,7.

For prism-type set-ups, the incidence angle of the
laser beam can be varied precisely over a wide range
and the penetration depth is therefore well
controlled. By contrast, with objective-type set-ups it
is more difficult to control the angle of incidence
precisely8. In fact, with standard high numerical
aperture (NA) oil-immersion objectives, TIR is
difficult to achieve at all. First, for TIR to occur, there
must be a difference in refractive indexes. For
objective-type set-ups, this means that the NA of the
lens must be greater than the refractive index of the
cell cytosol (1.36–1.38). With a 1.4 NA lens, only
~2.8% of the aperture (on the periphery) can be used
for TIR2. In practice, the critical angle is just
surpassed (~1.9° beyond); therefore, correctly
coupling the laser into the objective is tricky. Better
results are achieved with a new 1.65 NA lens from
Olympus7,9–11. However, special high refractive index
coverslips (which are expensive) and immersion oils
(which are toxic) must be used. Lenses of 1.45 NA

that are compatible with standard coverslips and
immersion oils should be available soon from several
manufacturers including Olympus and Zeiss.
Importantly, these 1.45 and 1.65 NA objectives allow
~10% and ~25% of the aperture, respectively, to be
used for TIR over a larger range of angles, which is a
considerable improvement.

Observing vesicle fusion
There is an element of truth to the statement ‘you
have to see it to believe it’. This is perhaps best
exemplified in the field of membrane trafficking 
and fusion. Hundreds of biochemical, genetic and
EM experiments have indicated that regulated 
and constitutive vesicles traffic to, and fuse with, 
the plasma membrane. However, these approaches
are, to varying degrees, indirect and cannot
investigate the complex spatial–temporal dynamics
of the process.

Patch-clamping was a technological
breakthrough and opened the door for detecting
changes in surface area (capacitance) or release of
oxidative material with high temporal resolution12.
From studies of regulated exocytosis in
neuroendocrine cells and kinetic modelling, various
pools of vesicles, including ‘docked’and ‘ready-
releasable’ pools were inferred. Although very
powerful, the approach has its shortcomings; only
the fusion event is monitored and prior vesicle
trafficking, tethering and docking are not detected.
Specificity is difficult as all fusion events are
detected and most studies are therefore limited to
regulated inducible exocytosis. There is also little
spatial information on where exocytosis occurs. By
contrast, EM has fantastic spatial resolution, but
only gives ‘snapshots’ of the process.

TIR-FM offers an attractive compromise in that
good spatial–temporal resolution can be achieved.
Chromaffin cells are a good model system as they
have the advantage of being generally well
characterized and packed full of relatively large
(~250 nm diameter) acidic granules that can be
labelled with fluorescent acidotropic dyes. Almers
and colleagues observed that, after a stimulus,
granules fused with the plasma membrane and
secreted dye into the medium as a bright ‘puff ’ that
could be detected by TIR-FM13. Simultaneous
capacitance measurements and complementary EM
studies confirmed that indeed granule fusion was
specifically detected by TIR-FM13. Moreover,
vesicles became exponentially brighter as they
approached the plasma membrane and nanometre-
sized vertical changes, caused by membrane
docking, gave a large increase in fluorescence; an
optical property unique to TIR-FM (but see caveats
with prism-type set-ups7,14). Since Almers’ TIR-FM
study of exocytosis13, a rapidly increasing number 
of TIR-FM studies with refined techniques have
exploited this approach for monitoring
regulated8,11,14–20 and constitutive10,21,22 exocytosis.

Cells are plated on coverslips (dashed black line; Fig. I) and placed in a
chamber filled w ith dye-free medium or aqueous buffer. In the prism-type
set-up (a) excitation light from a laser (green) strikes a prism (shown as a
half-cylinder here) that is optically coupled to the coverslip by im mersion
oil or other liquid of matching refractive index (yellow). The decaying
evanescent field illum inates the cells. Light em itted from the fluorophore
(red arrow) is collected in a high N A water im mersion lens. Note that access
to the sample is partially blocked by the objective. In the objective-type set-
up (b), there is full access to the cell. However, unlike the prism-type set-up,
excitation light and em itted light are both collected by the objective and
must be blocked by appropriate dichroic and em ission filters (not shown).
*N A = n sin!, where n is the refractive index of the medium between the
object and the lens and ! is half the intake angle of the lens.
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Exocytosis in action: kissing, hotspots and fusion
To give an overview of the potential of this
technique, some major and unexpected findings
from the aforementioned exocytosis studies are
summarized. The first characteristic is that 
vesicles, whether granules, constitutive vesicles or

synaptic vesicles, can be followed from where 
they first dimly appear in the evanescent field 
(~100–400 nm) until they fuse with the plasma
membrane as bright flashes. Another feature 
of TIR-FM is that, in calibrated systems, 
fluorescence changes can be extrapolated to 
changes in axial position. This means that, 
although the cells are only imaged in two
dimensions, 3D information on the position of
vesicles can be obtained. One technical
improvement has been the use of acousto-optical
deflectors (AODs) to rapidly switch the incidence
angle of the laser beam in prism-type set-ups17,19.
The depth of the evanescent field can be quickly
changed, allowing the vesicle to be tracked deeper 
in the cell and the position to be detected more
accurately. However, on a cautionary note, 
scattering from within the cell causes the 
observed penetration depth, dp, to be as much as
3.5-fold greater than theoretical calculations when
dp is >150 nm8,17,19. Another variation is to use 
dual shutters to switch rapidly between standard
widefield EPI and TIR21. EPI provides a good
overview of events near the plasma membrane 
and deeper in the cell, whereas TIR fluorescence
selectively excites approximately the bottom 100 nm
(see Fig. 1). When images of EPI and TIR were false
coloured and merged, the entire sequence of late
constitutive exocytosis – from cargo exit out of the
Golgi, trafficking and fusion – could be followed21 

(Fig. 1d). There are other useful applications of
AODs in TIR-FM; they can be used as ultra-fast
shutters and can quickly change the 
excitation wavelength in systems equipped 
with multi-line lasers.

The tracking of vesicles has led to some
surprising observations. Granules and synaptic
vesicles were observed to approach the plasma
membrane at an angle, presumably guided 
there by the cytoskeleton8,14. The lateral diffusion 
of granules and synaptic vesicles decreased
approximately five fold when the granules ‘docked’
near the plasma membrane, suggesting restrictive 
diffusion, perhaps due to the cortical actin
meshwork8,13,14. Interestingly, the ‘priming time’, 
or time taken to go from a morphologically 
docked to fused state, varied considerably (~0.25 s
for synaptic vesicles11, ~1 s for chromaffin 
granules14 and ~40 s for constitutive vesicles21).

Other surprising discoveries were made. 
Many constitutive vesicles were ‘docked’, often for
several minutes21. A significant fraction (>25%) of
docked vesicles did not fuse and detached from the
membrane11,14,21. A dual-colour study indicates 
that granules can ‘kiss’ the membrane and secrete
soluble cargo yet retain membrane proteins
associated with the granule, implying a ‘kiss and
glide’ model20. Partial fusion from the tips of
membrane tubules was also observed21. Also, 
when fusion events were positionally mapped,

(a)

(c) EPI TIR

(d) (e)

(b)

Fig. 1. Images of cell cytoskeleton and membrane traffic with TIR-FM. (a) and (b) are images of the TIR
fluorescent signal that have been false coloured; bright to dimmest signal is white > yellow > red > purple.
For b–d, the normal epifluorescent signal (EPI) is coloured red and the TIR fluorescent signal is shown in
green. All images are from PtK2 epithelial-like cells labelled with various YFP constructs. (a) Actin-YFP: note
that the ends of stress fibres (likely to be focal adhesions) are particularly bright. (b) Tubulin-YFP. Tubulin
near the coverslip is yellow-green. Note that single microtubules can be clearly observed by TIR-FM (green)
even under dense areas of microtubules (red). (c) Different views of membrane cargo. VSVG-YFP (Ref. 21),
a membrane protein, was accumulated in the Golgi (g) and then released. The cursor indicates a vesicle
that has just fused with the plasma membrane. Note that the EPI and TIR images of the cell are very
different (even though the focal plane was not changed). In EPI, the Golgi area is brightly stained, whereas
in TIR vesicles near the plasma membrane are brightest; there is weak membrane staining due to VSVG-
YFP that has already fused. (d) Tracking trafficking and fusion. A series of ~200 frames were back-subtracted
and the difference image was projected. Vesicles that moved out gave a red EPI ‘track’, turned yellow-green
as they approached the plasma membrane and fusion itself gave a green circular ‘flash’, indicated by the
cursors. (e) Collage of a vesicle undergoing fusion. Starting at top left, 1 s intervals are shown from left to
right. The fading of the signal in frames 4–6 is due to lateral diffusion of VSVG-YFP in the membrane. All
images were taken with a prism-type TIR-FM microscope as described in Ref. 21. Scale bars in (a–d) are
5 µm, and boxes in (e) are 2 µm. Videos relating to this figure can be found at www.livingroomcell.com.
Films of TIR-FM of vesicles and single molecules from several groups are available in the ‘GFP in Motion 2’
CD (supplement to Trends in Cell Biology). In addition, many of the primary articles in the reference list
have accompanying films.
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Light microscopy at the limit

Confocal microscopy has been one of the milestone of the last century (see also
bi-photon microscopy: excite a chromophore from two photons. Longer wavelength
excitation, deeper penetration depth and reduce photobleaching)
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Confocal microscopes can be used in different modes : Scanning of
illumination beam or fixed illumination beam

1 Fluorescense Correlation Microscopy (FCS) detects stochastic movements of
fluorophores in and out of a focused laser beam. It is used to measure the kinetics
of biological reactions, diffusion and flow. Today, Fluorescence Cross-Correlation
Microscopy (FCCS) measures protein interaction.

2 Fluorescence Recovery After Photobleaching (FRAP) is a robust technique which
allows to measure the recovery curve of photobleached samples by lateral
diffusion. It is used to study traffic among the cell compartments.
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Membranes biologiques : vers un modèle physique
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Analyser la diffusion des molécules membranairesEncadré 1

L’étude de la diffusion utilise couramment des monta-
ges de microscopie optique, le plus souvent de fluores-
cence. La conjugaison d’un fluorophore peut se faire par
voie chimique ou génétique. Les méthodes de FRAP et
FCS réalisent une mesure moyenne, alors que les SPT et
SMT suivent des molécules uniques et permettent une
caractérisation plus fine des sous-populations. 

1) « FRAP » ou Retour de fluorescence après photo-
blanchiment : l’intensité de fluorescence est mesurée dans
une zone bien définie après photodégradation des sondes
pendant un temps court. L’analyse du retour de fluores-
cence, dû à la diffusion des molécules marquées non-pho-
todégradées extérieures à cette zone (figure 1a), fournit la
constante de diffusion (dans une gamme comprise entre 10!3
et 10 !m2/s) et la fraction de molécules mobiles. La réalisa-
tion d’expériences à taille de zone variable (de 1 à 5 !m)
permet d’identifier s’il existe une compartimentation de
l’espèce diffusante, et d’estimer la taille des compartiments
(" 150 nm). 

2) « FCS » ou Spectroscopie de corrélation de
fluorescence : c’est une méthode d’étude des fluctuations
de fluorescence produites par un petit nombre de molé-
cules entrant et sortant d’un volume d’observation d’une
fraction de femtolitre, défini par un faisceau laser focalisé
(figure 1b). Le temps de diffusion "d d’une espèce molé-

culaire est déduit de la fonction d’auto-corrélation tempo-
relle g(2) (") = #I(t)#I(t $ ")$%#I(t)$2&#où I(t) est l’intensité de
fluorescence. Dans le cas simple d’une diffusion brow-

nienne libre, , où N est le

nombre moyen de molécules dans la surface d’observation.
"d est relié au « waist » transversal w du faisceau laser focalisé
et à la constante de diffusion D par "d ' w2%(4D). La FCS a
une excellente dynamique temporelle car la fonction
d’auto-corrélation temporelle est construite pour " allant de
la nanoseconde à la minute, et une résolution spatiale limi-
tée par la diffraction optique (environ 200 nm). 

3) Le suivi de molécule unique (SPT et SMT) : Les
progrès technologiques de la décennie passée ont permis le
développement du suivi des déplacements de molécules
individuelles par vidéomicroscopie couplée à l’analyse
d’images. Les sondes utilisées sont soit des particules submi-
crométriques (particules de latex, nanocristaux ou colloïdes
d’or, couplés à la molécule d’intérêt par un anticorps), et on
parle alors de suivi de particule unique ou SPT, soit des
molécules fluorescentes (suivi de molécule unique ou
SMT). La résolution spatiale est de l’ordre du nanomètre.
La résolution temporelle généralement imposée par la
cadence vidéo peut atteindre la centaine de Hz. Aller au-
delà par des techniques d’imagerie est d’ores et déjà possible
mais nécessite une puissance d’éclairement telle que l’éléva-
tion de température peut biaiser les mesures sur cellules
vivantes. A partir des trajectoires des molécules, le calcul du
déplacement quadratique moyen de la position en fonction
du temps permet de déterminer les modes de diffusion. 

Figure 1 – Principes du FRAP et de la FCS. Ces deux méthodes utilisent
un laser pour éclairer une petite région de la membrane (en vert) et col-
lectent la fluorescence de molécules marquées (en rouge) à l’aide d’un
montage confoca l. D’après Marguet et a l. 2006. Dynamics in the plasma
membrane - How to conciliate fluidity and order. Embo. J. , sous presse. 
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(8)

If simple brownian diffusion :

g2(⌧) = 1 +
1
N

1
1 + ⌧/⌧d

(9)

Where N is the number of molecules. We
have

⌧d =
w2

4D
(10)
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FRET (Förster Resonance Energy Transfert)

Excitation energy can be transferred from a donor fluorophore to an acceptor
chromophore in close proximity with an efficiency scaling as

e / 1/d6 (11)

! suited to imaging protein-protein interaction.

(a) (b)

(c)

FIG.: Les différentes stratégies d’utilisation du FRET [?]. En (a), les protéines étiquettées par la
G.F.P. peuvent être introduites dans la cellule, ce qui permet de les suivre en temps réel. En (b) on
utilise le transfert d’énergie entre les deux molécules pour savoir si elles interagissent. En (c) un
ligand et un récepteur se lient en présence de calcium. Le FRET est alors utilisé pour connaı̂tre la
concentration de ligands et récepteurs qui sont liés.
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Super-resolution Microscoppy

Recall : Due to diffraction limit, one cannot discern objects closer together than a
distance

d = �/(2n sin↵) (12)

where n sin↵ is the numerical aperture and � is the wavelength. Typically, d = 200nm
in diameter and 400 � 700nm in axial length.
Let us assume that 2 tiny fluorescent objects are D < 200 apart.

1 If they possess different colors, separation is straightforward : Use a filter.
However, there is no way to put different color stickers on each of them.

2 To distinguish the objects, the trick is to switch their signal on and off so that they
are seen consecutively.

This is exactly how new techniques resolve objects that are closer together than the
diffraction limit. There are a number of methods (4Pi microscopy, Sted, Palm, Storm)
which work by switching their fluorophores on and off sequentially in time.
In summary, you need a fluorescent molecule with two states : A fluorescent (on) state
and a dark (off) state to represent the switch.
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Switching distinguishes the objects, but to
assemble an image, we need the
coordinates. Two strategies are available:

1 Either target the coordinates in the
sample by using optical methods to
define areas in the sample where the
fluorophores must on or off (STED) :
The intensity of the laser beam I(x ,t)
has a zero intensity point in space for
doughnut-shaped beam. Shift the
pattern I(x ,t), record the features
sequentially in time and assemble the
image.

2 Let the fluorophores go on and off
stochastically and find out where these
events happened (PALM, STORM).
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Optogenetics

Control and monitor the activities of individual proteins in real-time using light activation
of proteins. Evaluate the response of well-defined biochemical events at short time.
Allow to interrogate cell signaling networks: Light-activate the input layer (eg.
receptors) and understand how the output layer is activated. Test logical circuits:

BMC Bioinformatics 2006, 7:56 http://www.biomedcentral.com/1471-2105/7/56
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sor, which can thus not be activated from other species in
the graph. Such sources (typical representatives are recep-
tors and ligands) are starting points of signal transduction
pathways and can easily be identified from the incidence
matrix since their corresponding row contains no positive
entry. In contrast, the output layer consists only of nodes
having no successor. These sinks, usually corresponding to
transcription factors or genes, are identifiable as rows in B
which have no negative entry. The set of source and sink
nodes define the boundaries of the network under inves-
tigation. They play here a similar role as the external
metabolites in stoichiometric studies [33]. The intermedi-
ate layer functions as the actual signal transduction and
processing unit. It consists of the intermediate species, all
of which have at least one predecessor and at least one
successor, i.e. they are influenced and they influence other
elements. Such species contain both -1 and +1 entries in
the incidence matrix. In reconstructed signaling networks,
the detection of all sink and source species may help to
detect gaps in the network, e.g. when a species should be
an intermediate but is classified as a sink or source.

The presence of sinks and sources are a consequence of
setting borders to the system of interest. Sometimes there
are no sinks or/and no sources, especially in models of
gene regulatory networks (see e.g. the networks studied in
[21]), but this does not impose limitations to the
approaches presented here.

A toy example of a (directed) interaction graph that will
serve for illustrations throughout this paper is given in
Figure 3. This interaction graph, called TOYNET, consists
of two sources (I1, I2), two sinks (O1, O2), 7 intermediate
species (A,..., G), two inhibiting (arcs 2 and 7) and 11 acti-
vating interactions. Incidence matrix B of TOYNET reads
(the sign vector s is given on the top of B):

 

Identification of feedback loops
Even though some analysis methods (e.g. Bayesian net-
works) rely on acyclic networks where feedbacks are not
allowed, one of the most important features of signaling

and regulatory networks are their feedback loops
[3,5,18,21,35-38]. Positive feedbacks are responsible and
even required [39] for multiple steady state behavior in
dynamical systems. In biological systems, multistationar-
ity plays a central role in differentiation processes and for
epigenetic and switch-like behavior. In contrast, negative
feedback loops are essential for homeostatic mechanisms
(i.e. for adjusting and maintaining levels of system varia-
bles) or for generating oscillatory behavior [35].

Most reports demonstrating the role and consequences of
feedback loops analyze relatively small networks where
the cycles can be easily recognized from the network
scheme but rather few works address the question of how
feedback cycles can be identified systematically. This is
particularly important in large interaction graphs, where a
detection by simple visual inspection is impossible, espe-
cially when feedback loops overlap.

A feedback loop is, in graph theory, a directed cycle or cir-
cuit. A circuit is defined as a sequence C = {a1,...,aw} of arcs
that starts and ends at the same vertex k and visits (with
the exception of k) no vertex twice, i.e. C = {a1,...,aw} =
{{k, l1}, {l1,l2},..., {lw-1,k}} such that all nodes k, l1, l2 ...
lw-1 are distinct. The parity of the number of negative signs
of the arcs in C determines whether the feedback loop is
negative (odd number of negative signs) or positive
(even). In the example TOYNET two feedback loops can
be found: (i) the arc sequence {4,5,6,7} which is negative
(since one negative arc (7) is involved), and (ii) the
sequence {10,11}, which is positive (because the signs of
both arcs in this circuit are positive). Obviously, sinks and
sources (and all arcs connected to these nodes) can never
be involved in any circuit.
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Example of a directed interaction graph (TOYNET)Figure 3
Example of a directed interaction graph (TOYNET). Arcs 2 
and 7 indicate inhibiting interactions, while all others are acti-
vating.

For useful links, see: https://web.stanford.edu/group/dlab/optogenetics/
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Fluorescence microscopy and the cytoskeletons

The actin cytoskeleton: ATPase

The microtubule cytoskeleton : GTPase

The fundamental question of how the mitotic spindle forms 
and functions to capture, align and segregate chromosomes 
into two daughter cells dates back to 1882 and the 
microscopic observations that were made by Walther 
Flemming of the changes in spindle morphology seen at 
different stages of mitosis. Despite their fundamental 
importance, these findings were limited by the use of fixed 
cell preparations, which would not allow detailed analysis of 
the mechanisms that are involved in spindle assembly or its 
ability to control chromosome behaviour.

A decisive step towards the solution to this problem was 
realized in the 1950s, when polarized light microscopy and 
live-cell imaging allowed the limitations of fixed samples to 
be overcome, and opened the way for a dynamic view of 
biological processes. During the following two decades, 
Shinya Inoue and his co-workers pioneered live-cell 
imaging by developing microscopes that allowed them to 
visualize parallel spindle fibres that polarized the light 
thanks to their birefringent properties. Crucially, 
birefringence could be measured and correlated with 
structural alterations occurring in the fibres during mitosis 
or in response to given experimental conditions.

In 1967, in a seminal paper based on the discussion of 
their own observations as well as those of several other 
investigators, Inoue and Hidemi Sato laid a fundamental 
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Mitosis: a dynamic view

In the early 1960s, microtubules  
were known to be constituents  
of the mitotic spindle fibres (see 
Milestone 5) and the 9+2 array of 
filaments that are observed in cilia and 
spermatozoa tails (see Milestones 4). The 
identification of tubulin as the basic 
subunit of microtubules opened up 
these structures to molecular analysis 
and demonstrated that microtubules 
from different sources had the same 
composition. The drug colchicine 
played a key role in this discovery.

Today, colchicine, together with 
colcemid and nocodazole, is commonly 
used in the laboratory to block 
microtubule polymerization; these 
drugs bind to tubulin and prevent its 
addition to growing microtubule ends. 
In the 1960s, although colchinine was 
known to destroy the mitotic spindle, a 

confusing body of literature described 
other cellular and physiological effects.

In 1967, Edward Taylor reported that 
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Building blocks
the kinetics of colchicine binding to 
cells could be modelled by a single 
class of binding sites, indicating that 
a unique target might exist. Gary 
Borisy embarked on the project to 
identify it. By adding radiolabelled 
colchicine to a range of extracts from 
cells and tissues, he found a single 
6S component co-purifying with 
colchicine. Importantly, this binding 
activity was high in tissue-culture 
cells, sea urchin eggs, isolated mitotic 
spindles and brain tissue — all of which 
are rich in microtubules. Borisy and 
Taylor therefore proposed that the 6S 
protein was the microtubule subunit, 
although the name tubulin was coined 
only in a later report by Hideo Morhi 
on the biochemical composition of 
spermatozoa flagella. In addition to the 
discovery of tubulin, the work by  
Borisy and Taylor established the 
powerful approach of using specific 
drugs to probe the function of the 
cytoskeleton.

Efforts to isolate tubulin and to study 
its assembly properties ensued. In 
1972, Richard Weisenberg and Borisy 
re-assembled microtubules from tubulin 

cornerstone by presenting a model of mitotic spindle 
dynamics and their role in chromosome movements. They 
proposed that the birefringent fibres could reversibly 
polymerize and depolymerize during normal mitosis. In 
their ‘dynamic equilibrium model’, the spindle fibres were 
described as orientated polymers in equilibrium with a pool 
of 22S particles that were found around that time, by 
Robert Kane, to be the major proteins extractable from an 
isolated spindle. Tubulin was then identified as the protein 
that comprises the spindle fibres or microtubules (see 
Milestone 6). Inoue showed that the equilibrium could be 
shifted towards depolymerization by low temperatures and 
colchicine, or towards polymerization by treatment with 
heavy water, and that fibre reassembly from the soluble 
pool occurred in the absence of de novo protein synthesis. 
Inoue proposed that, throughout mitosis, the fibre 
dynamics were controlled by the activity of ‘orientating 
centres’ (centrioles, kinetochores and the cell plate) and by 
the concentration of the free subunits.

A second fundamental observation made by Inoue and 
co-workers was that the chromosome movements during 

…protein 
polymerization 
dynamics drive 
morphogenesis 
of, and force 
production 
by, the mitotic 
spindle…
Tim Mitchison

Chromosomes (white) segregated by 
microtubules (stained with anti-tubulin, 
(red)), illustrating the dynamics of mitosis 
that Inoue deduced from the birefringent 
observation of spindle fibres. Courtesy of  
Z. Yang and C. L. Rieder, Wadsworth Center, 
Albany, NY, USA.
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FIG.: Tubuline is a GTPase. Microtubules are much more rigid than actin filaments.



Forces (mechanical et biochemical) at the scale of the cell: From molecular bonds to tissues

Light Microscopy Techniques for live cell imaging

Cell motility involves subtle polymerization-depolymerization processes
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can occur when actin filaments interact with disassembly factors such as 
members of the cofilin family or with polymerases such as members of 
the formin family.

Both actin filaments and microtubules are polarized polymers, meaning 
that their subunits are structurally asymmetrical at the molecular level. 
As a result of this structural polarity, both types of polymer function as 
suitable tracks for molecular motors that move preferentially in one direc-
tion. For microtubules, the motors are members of the dynein or kinesin 
families, whereas for actin filaments, they are members of the large family 
of myosin proteins. These molecular motors have essential roles in organ-
izing the microtubule and actin cytoskeletons. Microtubule-associated 
motors are crucial for the assembly of the microtubule array, in inter-
phase, and the mitotic spindle. These motors also carry cargo between 
intracellular compartments along microtubule tracks. Some actin net-
works, such as the branched networks that underlie the leading edge of 
motile cells, seem to assemble without the aid of motor proteins, whereas 
others, including the contractile array at the rear of a motile cell, require 
myosin motor activity for their formation and function. Myosin motors 
also act on the bundles of aligned actin filaments in stress fibres, enabling 
the cells to contract, and sense, their external environment.

Intermediate filaments are the least stiff of the three types of cytoskeletal 
polymer, and they resist tensile forces much more effectively than com-
pressive forces. They can be crosslinked to each other, as well as to actin 
filaments and microtubules, by proteins called plectins13, and some inter-
mediate-filament structures may be organized mainly through interac-
tions with microtubules or actin filaments. Many cell types assemble 
intermediate filaments in response to mechanical stresses, for example 
airway epithelial cells, in which keratin intermediate filaments form a net-
work that helps cells to resist shear stress14. One class of widely expressed 
intermediate filament, consisting of polymerized nuclear lamins, con-
tributes to the mechanical integrity of the eukaryotic nucleus, and phos-
phorylation of nuclear lamins by cyclin-dependent kinases helps trigger 
nuclear-envelope breakdown at the beginning of mitosis15. Unlike micro-
tubules and actin filaments, intermediate filaments are not polarized and 
cannot support directional movement of molecular motors.

Long-range order from short-range interactions
The cytoskeleton establishes long-range order in the cytoplasm, helping 
to turn seemingly chaotic collections of molecules into highly organized 
living cells. Spatial and temporal information from signalling systems, 
as well as pre-existing cellular ‘landmarks’ such as the ‘bud scar’ left 
after division of budding yeast, can affect the assembly and function of 
cytoskeletal structures, but much of the architecture of these structures 
emerges from simple short-range interactions between cytoskeletal pro-
teins. The long-range order that is generated by the cytoskeleton typi-
cally refers to cellular dimensions (tens of micrometres), which are large 
compared with molecular dimensions (a few nanometres).

The way that cytoskeletal structures form is studied in vivo by genetically 
eliminating, reducing or increasing the expression of a protein through 
knockout, knockdown or overexpression experiments, respectively, and 
is demonstrated in vitro by reconstituting cytoskeletal filament networks 
from purified proteins. Radially symmetrical arrays of microtubules 
similar to those found in interphase cells, for example, can spontane-
ously assemble from mixtures of microtubules and motors16. The mitotic 
spindle, which is more complex, has yet to be reconstituted from puri-
fied cellular components, but Heald and colleagues found that extracts 
from Xenopus laevis ova undergoing meiosis can robustly assemble 
bipolar spindles around micrometre-sized polystyrene particles coated 
with plasmid DNA17. The formation of such structures shows that spin-
dles can self-assemble in vitro in the absence of both centrosomes (the 
microtubule-organizing centre in animal cells) and kinetochores (the site 
on chromosomes to which spindle microtubules attach to pull the chro-
mosomes apart).

Long-range order of actin-filament networks is created by the activity 
of actin-binding proteins and nucleation-promoting factors. One exam-
ple of how a set of simple rules can result in an extended structure is 
the formation of branched actin networks (Fig. 2). The Arp2/3 complex 

(which consists of seven proteins, including actin-related protein 2 (Arp2) 
and Arp3) binds to actin and initiates the formation of new actin fila-
ments from the sides of pre-existing filaments, thereby generating highly 
branched actin filaments that form entangled ‘dendritic’ networks18. 
Nucleation-promoting factors activate this Arp2/3-complex-mediated 
branching. These factors are typically only found associated with mem-
branes, and they specify the front (or leading edge) of a cell, ensuring that 
the nucleation of new filaments in a dendritic actin-filament network 
occurs only from filaments growing towards the membrane19,20. The 
growth of all filaments is eventually stopped by a capping protein, which 
prevents the addition of more actin monomers21. Taken together, the 

Figure 2 | Building cytoskeletal structures. Long-range order of the 
cytoskeleton is generated by simple rules for network assembly and 
disassembly. a, A fluorescence micrograph of a fish keratocyte is shown (with 
the nucleus in blue). Motile cells such as these form branched actin-filament 
networks (red) at their leading edge, and these branched networks generate 
protrusions. Together with coordinated adhesions to a surface (indicated 
by vinculin, green) and myosin-driven retraction, the protrusions lead to 
directed movement. Scale bar, 15 μm. (Image courtesy of M. van Duijn, Univ. 
California, Berkeley.) b, There are three basic steps involved in the assembly 
of protrusive, branched actin-filament networks: filament elongation; 
nucleation and crosslinking of new filaments from filaments close to the 
membrane; and capping of filaments. Disassembly of the network involves 
a separate set of proteins that severs the filaments and recycles the subunits. 
c, The branching of actin filaments can be reconstituted in vitro with soluble 
proteins, generating various branched structures such as those in these 
fluorescence micrographs of labelled actin (white). (Images courtesy of 
O. Akin, Univ. California, San Francisco.)
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Artificial Motility : Mimicking Listeria
Actin is a dynamic polymer able to
polymerize because of activation centers
located near the membrane. Polymerization
is an active phenomenon (needs ATP)

Review
455

Figure 2. Actin Filament Elongation, ATP Hy-
drolysis, and Phosphate Dissociation

The EM shows an actin filament seed decor-
ated with myosin heads and elongated with
ATP-actin. The association rate constants
have units of !M"1 s"1. Dissociation rate con-
stants have units of s"1. The ratio of the disso-
ciation rate constant to the association rate
constant gives K, the dissociation equilibrium
constant with units of !M. Note that the equi-
librium constants for ATP-actin differ at the
two ends, giving rise to slow steady state
treadmilling. Hydrolysis of ATP bound to each
subunit is fast, but dissociation of the # phos-
phate is very slow. Modified from original art-
work by Graham Johnson in “Cell Biology”
by T.D. Pollard and W.C. Earnshaw, W.B.
Saunders, 2002.

appear to be an internal timer that indicates the age of doubt, many other proteins participate in the process,
but for purposes of simplicity, we will concentrate ona filament and triggers processes that disassemble actin

filaments in cells. ATP hydrolysis is irreversible (Carlier these core proteins (Figure 3).
et al., 1988) and fast with a half time of about 2 s (Blan-
choin and Pollard, 2002). Phosphate dissociation is A Quantitative Hypothesis to Explain the Properties

of the Leading Edgemuch slower with a half time of 350 s (Carlier and Panta-
loni, 1986), so ADP-Pi-actin is a relatively long-lived in- The behavior of the actin filament network at the leading

edge poses several key questions. How do actin fila-termediate in freshly assembled filaments. Every known
property of ADP-Pi actin is identical to ATP-actin. ADP- ments grow fast? How do cells initiate and terminate

the growth of new filaments? How do actin filamentsactin subunits dissociate faster from the barbed end
than ATP-actin subunits, but both ATP- and ADP-actin push forward the membrane at the leading edge? How

are proteins in the actin filament network recycled? Howdissociate slowly at the pointed end (Pollard, 1986). A
consequence of these kinetic constants is that in the do environmental and internal signals control these re-

actions? Answers to these questions are provided insteady state, ATP-actin associates at the barbed end
and ADP-actin dissociates from the pointed end, leading this review by the dendritic nucleation/array treadmilling

hypothesis (Figure 3). Cells contain a pool of unpolymer-to very slow treadmilling of subunits from the barbed
end to the pointed end, which has now been visualized ized actin monomers bound to profilin and sequestering

proteins such as thymosin-$4. New filaments arise whendirectly by fluorescence microscopy (Fujiwara et al.,
2002b). ATP hydrolysis in the filament is essential to signaling pathways activate nucleation-promoting factors

such members of the WASp/Scar family of proteins. (Themaintain treadmilling.
The key point related to cellular motility is that pure first family member discovered, WASp, is the product

of the gene mutated in a human bleeding disorder andactin filaments, at steady state in vitro under physiologi-
cal ion conditions but in the absence of regulatory pro- immunodeficiency, Wiskott-Aldrich Syndrome [Rengan

et al., 2000]). Active nucleation-promoting factors thenteins, treadmill very slowly whereas cells can advance
quickly. In the steady-state, growth at the barbed end stimulate Arp2/3 complex to initiate a new filament as

a branch on the side of an existing filament. Fed byis limited by dissociation at the pointed end, which is
!0.2 s"1, which corresponds to 0.04 !m/min, in contrast actin-profilin from the subunit pool, new branches grow

rapidly and push the membrane forward. Each filamentto keratocytes or “rocketing” microbes, which can move
at 10 !m/min, more than two orders of magnitude faster. grows only transiently, since capping proteins terminate

growth. Actin subunits in this branched network hydrolyzeTherefore, regulatory proteins are required to explain
the physiological behavior. their bound ATP quickly but dissociate the #-phosphate

slowly. Dissociation of #-phosphate initiates disassem-Cells are endowed with a rich variety of actin binding
proteins, falling into more than 60 classes (Pollard, bly reactions by inducing debranching and binding of

ADF/cofilin, which, in turn, promotes severing and disso-1999). Actin and a limited subset of actin binding pro-
teins can reconstitute bacterial motility in a purified sys- ciation of ADP-subunits from filament ends. Profilin is

the nucleotide exchange factor for actin, catalyzing ex-tem (Loisel et al., 1999). These proteins are actin, ADF/
cofilin (Bamburg et al., 1999), capping protein (Cooper change of ADP for ATP and returning subunits to the

ATP-actin-profilin pool, ready for another cycle of as-and Schafer, 2000), Arp2/3 complex (Pollard and Beltz-
ner, 2002), an activator of Arp2/3 complex (Weaver et sembly. In addition to their role in recycling actin sub-

units during steady state movement, ADF/cofilins mayal., 2003), and profilin (Schluter et al., 1997). Without

Today, reconstituted systems (here a
vesicle coated with polymerizing centers)
allow to study listeria like propulsion

VICTORIA ASKEW

(including formins and spire) have also been 
identified. 

Ekat Kritikou, Senior Editor,  
Nature Reviews Molecular Cell Biology
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…a series 
of structural 
studies 
provided 
a basis for 
investigating 
how kinesins 
generate 
directed 
movement 
along a 
microtubule.

in interactions within and between protofila-
ments, and also confirmed the assignment 
of protofilament polarity, with B-tubulin and 
A-tubulin being found at plus and minus ends, 
respectively.

Collectively, these studies have served 
as the basis for understanding interactions 
between microtubules and their associated 
proteins, how directed cargo movement along 
the microtubule is achieved and how polymer 
growth might be regulated. 

Michelle Montoya, Senior Editor 
Nature Structural & Molecular Biology
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Cell shape and motility are fundamentally important during development, for 
the physiological functions of unicellular and multicellular organisms, and for 
disease processes. The actin cytoskeleton is not only a major determinant of cell 
shape and migration, but also participates in many other cellular processes, such 
as the trafficking of membrane compartments and signalling.

Over the years, many factors have been identified that participate in the 
dynamic regulation of actin-filament and actin-network formation. A key step 
forward came with the identification of the actin-related protein-2/3 (Arp2/3) 
complex, which is a seven-subunit protein complex that was found to trigger the 
nucleation of new actin filaments (see Milestone 23). It therefore regulates the 
formation of branching actin networks, which, for example, generate the force 
for movement at the leading edge of migrating cells. Importantly, Arp2/3 was 
found to be a target of signalling pathways that regulate cell motility. 

The Arp2/3 complex is also required to promote the movement of bacteria, 
such as Listeria monocytogenes or Shigella. These microorganisms hijack the 
cellular actin-polymerization machinery, allowing them to propel themselves 
forward within infected host cells. In a landmark paper, Marie-France Carlier and 
colleagues were able to reconstitute the actin-based motility of these bacteria in 
vitro, using purified components, to identify for the first time the minimal 
requirements for actin-based movement. They found that, in addition to actin, 
ATP and Arp2/3, sustained bacterial motility in defined solutions required actin-
depolymerizing factor (ADF; also known as cofilin) and capping protein.

The actin-stimulated propulsion of bacteria is due to actin polymerization at 
one end of actin filaments (the so-called barbed end) on the surface of the 
bacterium, and depolymerization at the other end of actin filaments (the pointed 
end) in a treadmilling process. Capping protein and ADF support this process. 
Capping protein binds to barbed ends and thereby prevents actin 
polymerization at actin filaments that are no longer attached to bacteria, to 
restrict actin polymerization to where it is needed. ADF increases actin 
depolymerization at the pointed end, thereby increasing the amount of available 
(and ATP-bound) monomeric globular-actin needed for actin polymerization 
elsewhere.

Although not found to be essential, profilin which is involved in treadmilling, 
and — in the case of L. monocytogenes — vasodilator-stimulated phosphoprotein 
(VASP), were found to enhance bacterial movement further.

These findings provided a key assay and lay the foundations to dissect the 
biochemical mechanisms that govern actin-based motility, and thereby to 
understand in molecular detail one of the most important and fundamental cell 
biological processes.

Barbara Marte, Senior Editor, Nature 
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Reconstituting motility
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Phase contrast microscopy image of 
reconstituted actin-based movement. 
Double fluorescence microscopy of a 
Alexa488-N-WASP functionalized 
giant liposome propelling in the 
presence of rhodamine-actin.  
Bar = 10 Mm. Image courtesy of  
V. Delatour and M.-F. Carlier, CNRS, 
France.
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and

r2JC!r" ! ri2JC!ri" ! !ri " e"2JC!re" ! ri2!# dni

dt "##2 (11)

in which JC(r) is the flux (algebraic value) of monomeric
actin (G-actin), and # the average distance between ActA
molecules.
As usual, the diffusion flux can be expressed in terms of

the gradient of the monomeric concentration C(r), and the
monomer diffusion coefficient D:

JC!r" ! #D
dC!r"
dr (12)

If we can take D as a constant, then Eqs. 10 and 12 give:

JC!r" ! #D
ce $ ci

e !
ri!ri " e"

r2 (13)

where ce and ci stand for the concentration of monomers
outside the gel and at the bead surface, respectively.
Combining Eqs. 9, 11, and 13, we obtain:

dni

dt !%, c
i" ! #

dne

dt ! D
ce $ ci

e !1"
e
ri"#2. (14)

That is, with Eqs. 1 and after elimination of ci:

&1
b!%"!ce " !&1

pce $ &2
p"

e

D#2#1"
e
ri$" $ &2

b!%" ! &2
p $ &1

pce

(15)

Equation 15 determines the gel thickness e as a function of
the polymerization rates, their stress dependence, the diffu-
sion coefficient D, the ActA density ##2, the external mo-
nomeric concentration ce, and the particle radius ri. This is
a treadmilling regime in which the polymerization rate is
governed by the stress buildup and monomer diffusion,
rather than by an adjustment of the monomer concentration,
as would be the case in solution (Carlier et al., 1997).

Gel thickness at steady state

The rates &1
b(%) and &2

b(%) can be related to the stress-free
rates &1

b(0) and &2
b(0) by a simple use of Kramers or Eyring

rate theories (Eyring, 1935; Kramers, 1940) in which the
potential barriers to be overcome for either adding or sub-
tracting a monomer are shifted by the mechanical work
against addition or for subtraction of the monomer at the
barrier maximum. As usual, k is the Boltzmann constant and
T the temperature (S.I. unit).
Hence:

&1
b!%" ! exp!##2a1%/kT"&1

b!0" (16a)

&2
b!%" ! exp!$#2a2%/kT"&2

b!0". (16b)

The force acting on a single filament is %#2, and a1, a2 are
the distances over which the force produces work to reach
the maximum of the potential barrier. In a simple picture,
a1 $ a2 % a, where a is the size of a G-actin monomer.
Equation 6 expressing the stress % can be simplified when
e %% ri:

% % C!eri"
2

(17)

TABLE 1 Thickness of the actin gel as a function of the radius of the beads

ri ('m)
Estimate of the
ActA Density e (nm) Quotient e/ri

0.48 & 0.02 saturated (5.6 & 0.6 1016 prot./m2) 94 & 10 2 ' 10#1

0.95 & 0.04 saturated (5.6 & 0.6 1016 prot./m2) 146 & 10 1.5 ' 10#1

4.72 & 0.48 saturated (5.6 & 0.6 1016 prot./m2) 503 & 20 1 ' 10#1

10.1 & 0.5 saturated (5.6 & 0.6 1016 prot./m2) 790 & 20 0.8 ' 10#1

0.95 & 0.04 3.8 & 0.6 1016 prot./m2 125 & 10 1.3 ' 10#1

0.95 & 0.04 2.3 & 0.4 1016 prot./m2 small aggregates of actin ((40 nm)
0.95 & 0.04 2.1 & 0.3 1016 prot./m2 small aggregates of actin ((40 nm)
0.95 & 0.04 1.7 & 0.3 1016 prot./m2 no actin detected
0.95 & 0.04 6.2 & 1 1015 prot./m2 no actin detected

ri is the average radius of the beads given by the manufacturer, except in the line where ri ( 10.1 'm is out of range (twice the average size, see the
Discussion); e is the thickness of the actin gel around beads of various diameters; the estimate of the density of grafted ActA is measured as described in
Materials and Methods.

FIGURE 5 Notations used in the text. ri is the radius of the bead, r and
) the spherical coordinates, e is the thickness of the gel layer. re ( ri $ e.

1650 Noireaux et al.
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Lipids: Molecular Approach

as biological substances generally hydrophobic in nature and
in many cases soluble in organic solvents (Fahy et al, 2005).
Indeed, the behavior of all hydrophobic substances follows
the same physical principles and therefore makes them
subject of the present review. In practice, the organization
of lipids in cells is determined by the bulk lipid classes, and
one can consider the behavior and function of the hundreds
of minor lipids as superimposed on the dynamic organization
of the major ones.

Which are the major lipids in animal cells (Figure 1)?
While triacylglycerols and cholesteryl esters fill the core of
lipid droplets in the cytosol and of lipoproteins being secreted
or endocytosed (van Meer, 2001), the bulk of the cellular
lipids is organized in membranes. The standard membrane
lipid is the cylindrical phosphatidylcholine (PC), 50% of the
cellular lipids. Unsaturated PC yields fluid bilayers. In this
category of glycerophospholipids, phosphatidylethanolamine
(PE) constitutes 20mol% in most membranes, phosphatidyl-
serine (PS) appears on the cell surface during apoptosis and
blood coagulation, and phosphatidylinositol (PI) is the basis
for the phosphoinositides, phosphorylated derivatives whose
signaling functions depend on the number and position of the
phosphates on the inositol ring. A second category is formed
by the sphingolipids. Sphingomyelin (SM), like PC, contains a
phosphocholine head, but has a hydrophobic ceramide back-
bone consisting of a sphingosine tail and one saturated fatty
acid. In glycosphingolipids, ceramide carries carbohydrates,
the simplest ones being glucosyl- and galactosylceramide.
By themselves sphingolipids form a frozen, solid membrane.
They are fluidized by cholesterol, the mammalian sterol,
a third lipid category (Fahy et al, 2005).

Unfortunately we do not know the detailed lipid composi-
tion of each organellar membrane. What is the problem?
(1) Quantitative compositional analyses have been limited to
certain lipid classes, mostly the phosphate-containing glycero-
and sphingolipids. Rarely have glycosphingolipids and choles-
terol been included. This should no longer be a problem using
mass spectrometrical approaches. (2) ‘Purified’ organelles are
not pure. To illustrate the problem: endosomes purified with a
yield of 50% and containing a contamination of only 5% of an
endoplasmic reticulum (ER) marker contain roughly 50% ER
lipids, due to the 10-fold greater surface area of the ER
(Griffiths et al, 1989). (3) Organellar membranes are hetero-
geneous. Whatever purification step increases purity reduces
the yield of the specific organelle with the possibility that
specific subfractions of the organelle are lost. The overall lipid
composition of an organelle provides only limited useful
information for understanding lipid function.

With the caveats above, the compositions established in
the 1970s provide a simple picture (Figure 2; van Meer, 1989).
The secretory organelles beyond the Golgi and the endocyto-
tic organelles are 10-fold enriched in sphingolipids and
cholesterol over the Golgi and ER. Lipid droplets, peroxi-
somes and mitochondria have ER-like polar lipid composi-
tions. So, what mechanism is responsible for the steep
gradient of sphingolipid and cholesterol at the Golgi–TGN
junction? A first hint is that SM and glycosphingolipids have
been found enriched on the noncytosolic surface. In line with
this, the enrichment of sphingolipids on the apical surface
of epithelial cells in comparison to the basolateral surface is
maintained by the tight junction, a barrier to lipid diffusion
in the outer leaflet of the plasma membrane bilayer (Dragsten
et al, 1981; van Meer and Simons, 1986; Figure 3). Indeed,
glycolipids and SM did not diffuse between the apical and
basolateral surface (Spiegel et al, 1985; van Meer et al, 1987).
This implied also that the sphingolipids did not translocate
across the plasma membrane, as this should have allowedOH

+

PC PE SM                    chol

+ + –
––

Figure 1 The structure of the major membrane lipids. The more or
less cylindrical glycerophospholipid phosphatidylcholine (PC) carries
a zwitterionic phosphocholine headgroup on a glycerol with two
fatty acyl chains (diacylglycerol), usually one unsaturated (bent).
Phosphatidylethanolamine (PE) has a small headgroup and a conical
shape and creates a stress in the bilayer: the PE-containing mono-
layer has a tendency to adopt a negative curvature. The phospho-
sphingolipid sphingomyelin (SM) tends to order membranes via its
straight chains and its high affinity for the flat ring structure of
cholesterol (chol). For chemical structures, see Fahy et al (2005).

ER

G

TGN E

L
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MITO

Figure 2 Lipid organization in animal cells. The cellular mem-
branes are in bidirectional contact with each other via vesicular
traffic except for, maybe, the mitochondria (MITO) and peroxi-
somes. Whereas the endoplasmic reticulum (ER) and Golgi (G)
nearly exclusively contain glycerophospholipids (gray), the trans
Golgi network (TGN) and endosomes (E) contain 410% sphingo-
lipids and 30–40mol% cholesterol (red). The internal vesicles of
late endosomes (LE) and lysosomes (L) contain the unique lipid
lysobisphosphatidic acid, which is locally produced (Matsuo et al,
2004), like cardiolipin in mitochondria (blue).

Cellular lipidomics
G van Meer
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Structure des phospholipides usuels. La
structure est plus ou moins cylindrique et a
taille des têtes polaires varie en passant de

PC (phosphatidylcholine), PE
(phosphatidylethanolamine) dont la forme

est plutôt conique, et SM (sphingolipid
sphingomyelin) qui a une grande affinité

pour le cholesterol (d’après Ref. [?]).

Fluid Mosaic model
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Membranes biologiques : vers un modèle physique

membrane est illusoire, et surtout inutile
pour répondre à ces questions aux échelles
de temps et d’espace d’intérêt. Il s’agit plu-
tôt de proposer une modélisation réaliste
capable d’appréhender les caractéristiques
pertinentes de la membrane. 

L’évolution du concept 
de membrane biologique 

Les premiers modèles de la membrane
cellulaire remontent à la fin du XIXe siècle.
Ils sont fondés sur les similarités qui existent
entre les propriétés des membranes cellulai-
res et les lipides tels que ceux présents dans
l’huile d’olive. En 1925, les biologistes
Gorter et Grendel solubilisent les lipides de
globules rouges et les déposent à la surface de l’eau dans
une cuve de Langmuir. En mesurant les aires de la
membrane du globule rouge et de la mono-couche
déposée, ils déduisent que la membrane est formée
d’une double couche de lipides. Les protéines entrent
dans la description quelques années plus tard mais leur
localisation et leur distribution restent à élucider. Cette
question demeure encore d’actualité. Entre 1940 et
1950 apparaissent deux techniques qui permettent des
progrès rapides dans la connaissance de la structure cel-
lulaire et de la membrane plasmique : l’ultracentrifuga-
tion différentielle et la microscopie électronique. Les
observations de microscopie électronique renforcent
l’hypothèse de bicouche, révèlent l’asymétrie de la
membrane et suggèrent la présence de structures globu-
laires, composées de protéines. Après diverses spécula-
tions, le modèle de mosaïque fluide est proposé par
Singer et Nicolson en 1972. La membrane y est décrite
comme une bicouche fluide dans laquelle sont insérées
des protéines pouvant y diffuser librement. Ce modèle
prévaut encore actuellement. 

Que révèle la diffusion des protéines 
et des lipides ? 

A peine quelques années plus tard, les techniques de
FRAP et FCS (pour « Retour de fluorescence après
photo-blanchiment » et « Spectroscopie de corrélation
de fluorescence », voir encadré 1) étaient développées
par W.W. Webb, grand pionnier (encore en activité)
dans le développement d’outils expérimentaux de la
physique pour l’imagerie et la spectroscopie de cellules
biologiques. Les premiers résultats ont soulevé d’emblée
deux questions fondamentales encore non résolues : 
– quelle est la cause du ralentissement des protéines dans
les membranes plasmiques cellulaires ? La constante de
diffusion d’une protéine y est effectivement de l’ordre
de 0,1 !m2/s, soit un à deux ordres de grandeur plus

faible que dans une membrane modèle constituée d’une
bicouche lipidique pure dans laquelle sont insérées des
protéines en faible concentration. La diffusion serait
donc limitée soit par un fort encombrement en protéi-
nes, soit par un confinement (éventuellement tempo-
raire) des protéines dans des domaines membranaires ;
– quelle est l’origine des hétérogénéités de distribution
latérale à l’échelle micro et submicrométrique ? Les frac-
tions de lipides et protéines mobiles à la surface de cel-
lules vivantes accessibles par FRAP, toujours inférieures
à 1, sont là aussi la signature que leur diffusion est forte-
ment perturbée par des hétérogénéités membranaires. 

Il n’a fallu ensuite attendre qu’une décennie pour
que se développe la technique de Suivi de particule uni-
que (Single Particle Tracking ou SPT, suivi du Single
Molecule Tracking ou SMT, voir encadré 1) permettant
la détection et le suivi de molécules individuelles avec
une résolution spatiale nanométrique. Avoir ainsi accès
aux comportements individuels, masqués dans les mesu-
res d’ensemble obtenues en FRAP ou FCS, a permis de
révéler une grande diversité des modes de diffusion, non
seulement entre molécules différentes, mais aussi au sein
d’un échantillon de molécules identiques dans une
même cellule. Une caractéristique remarquable des tra-
jectoires de SPT ou SMT est qu’elles montrent très
généralement un confinement de la diffusion aux temps
courts (" 1 s), dans des domaines dont le diamètre varie
de quelques dizaines à quelques centaines de nanomè-
tres. Ce confinement peut être temporaire, en alter-
nance avec des périodes de diffusion libre, ou
permanent. Dans ce dernier cas, peut se superposer à
cette diffusion confinée une diffusion plus lente aux
temps longs (# 1 s). Un tel comportement est révélé par
le déplacement quadratique moyen de la position
(cf. figure 2 de l’encadré 1). 

Ces observations ont donné lieu à l’émergence de
plusieurs modèles d’organisation dynamique des mem-
branes, proposant différentes origines au confinement
(voir encadré 2). Ainsi, dans le modèle de « corrals », ce

Figure 1 – Schéma de la membrane plasmique, avec ses composants évoqués dans le texte. La
bicouche a une épa isseur de l’ordre de 5 nm. D’après Greg Geibel, http://sun.menloschool.org/
!cweaver/cells/c/ce ll_membrane/. 

Rafts
Existence of rafts (1988, Simons and Van
Meer, micro-domains ' 30 nM): platform
for signalization. Proven but origin?
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(1,2-dioleoyl-sn-glycero-3-phosphocholine) 
enclosed within a stiff, gel-like lipid called 
DPPC (1,2-dipalmitoyl-sn-glycero-3-phospho-
choline), thus forming ‘lakes’ of DOPC within 
the ‘land’ of DPPC. In some experiments, the 
authors added cholesterol to the membranes to 
modify the physical properties of the lake and 
land regions, such as the line tension of the lake 
boundaries. The authors’ system reproduces 
at least one of the lipid-based mechanisms of 
membrane bending: bulging of the lakes driven 
by boundary contraction.

But Yu et al. also added a protein to the 
membrane — melittin, a relatively short anti-
microbial peptide containing 26 amino-acid 
residues. Some of the melittin molecules 
inserted themselves at shallow depths into 
the outer monolayer of the lipid lakes, and 
laid parallel to the membrane surface. These 
molecules bent the lipid lakes using the hydro-
phobic insertion mechanism. Other melittin 
molecules inserted perpendicularly to the 
membrane surface. These molecules formed 
transmembrane complexes that served as 
aqueous pores, facilitating curvature genera-
tion by removing geometrical constraints that 
otherwise maintain the volume of the GUVs. 
Yu and colleagues’ system thus combines for 
the first time these lipid- and protein-based 
mechanisms of membrane bending.

Although the lake-like regions of the authors’ 
GUVs bend, bud and even break away to form 
new, smaller vesicles, the curvatures generated 
in this system are much larger than those of 
intracellular vesicles and tubes. The physical 
forces controlling membrane bending in vivo 
cannot therefore be completely explained by 
the mechanisms built into Yu and colleagues’ 
model. Moreover, the exact interplay between 
lipid-generated line tension and protein-
generated hydrophobic insertion, and its 
role in determining curvature in the model 
system2, remain to be clarified. Neverthe-
less, the authors’ GUVs provide a general, 
promising platform for investigating how inter-
actions between diverse proteins and lipids 
in membranes affect the shaping of those 
membranes. ■
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Figure 1 | Mechanisms of bending in lipid bilayers. a, Lipid asymmetry. This occurs when each 
monolayer is enriched with lipid molecules of different shapes (such as the orange and green 
molecules shown) and/or when one monolayer contains more lipid molecules than the other. 
b, Proteins cause membrane asymmetry by inserting their hydrophobic domains into one side of 
the bilayer. c, When bilayer matrices contain domains consisting of different lipid phases (such as the 
ordered (brown) and disordered (purple) regions shown), the boundaries between the domains tend 
to contract, causing the intervening region to bend. d, Finally, proteins bound to the bilayer can act as 
scaffolds that force curvature on the membrane. Yu et al.2 report a synthetic model of membranes in 
which both hydrophobic insertion and domain-boundary contraction bring about bending.
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cylinders, cones or inverted cones3. If, for 
example, there are more inverted cone-like 
molecules in the outer monolayer than in the 
inner mono layer, the bilayer will tend to adopt 
a concave shape (Fig. 1a). Alternatively, asym-
metry can be created by introducing more 
lipid molecules into one monolayer than in the 
other4. The membrane will then bulge in the 
direction of the monolayer that has the larger 
number of molecules.

Proteins can generate membrane asym-
metry by inserting their hydrophobic domains 
into the lipid bilayer matrix on one side of a 
membrane5 (Fig. 1b), causing the membrane 
to bulge towards the affected monolayer. Most 
membrane-bound proteins have the potential 
to do this, because they already have hydro-
phobic domains inserted into membranes to 
anchor themselves. A theoretical analysis6 of 
this hydrophobic insertion mechanism has 
revealed that the largest membrane curva-
tures are generated by shallow insertions that 
penetrate the external membrane monolayer 
only to about a third of its thickness. Com-
mon protein domains, such as amphipathic 
α-helices (which contain both hydrophobic 
and hydrophilic parts) and short hydrophobic 
loops, induce membrane curvature in this way, 
and are predicted to be much more effective 
than lipids in doing so6.

Physical constraints that cause curvature in 
purely lipid membranes emerge if the lipid mol-
ecules are organized into patches of different 

phase state, such as ordered and disordered 
regions. Generally, the boundaries of such 
patches are in higher energy states than the rest 
of the membrane. This gives rise to a property 
known as line tension (which has dimensions 
of energy per unit length of the boundary), 
analogous to the surface tension associated 
with interfaces of immiscible media. Just as 
surface tension constricts the surface area of 
interfaces, line tension constricts patch bound-
aries. This causes patches to bulge, generating 
membrane curvature7 (Fig. 1c). Protein mol-
ecules, on the other hand, physically constrain 
membranes if they have intrinsically curved 
shapes and attach to the bilayer surface along 
their bent faces — they simply impress their 
curvatures on the membranes3,5,8 (Fig. 1d).

Although all of the above-mentioned 
mechanisms of membrane bending have been 
suggested and verified experimentally3,5,8, the 
importance and effectiveness of the inter-
play between lipid- and protein-based modes 
remains largely unexplored9. Yu and col-
leagues’ experimental model of a membrane2 
offers a unique possibility to resolve this issue. 
Their system consists of giant unilamellar 
vesicles (GUVs). At the size scales involved 
in intracellular membrane bending, the GUV 
membranes can be thought of as being essen-
tially flat, because the vesicles’ radii are much 
greater than the membrane thickness.

The membranes are composed of soft, 
liquid domains of a lipid known as DOPC 
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Courber la membrane
requiert une énergie de
l’ordre de 20 kBT. Ici
mécanismes qui
permettent de courber
une membrane fluctuante
pour faire des spherules
ou des tubes ! systèmes
reconstitués. There are
now evidences that there
are proteins which can
sense the curvature (see
Antonny)
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Life at low Reynolds number

Life at Low Reynolds Number

E.M. Purcell

Lyman Laboratory, Harvard University, Cambridge, Mass 02138

June 1976

American Journal of Physics vol 45, pages 3-11, 1977. 

Editor's note: This is a reprint of a (slightly edited) paper of the same title that appeared in the book Physics and Our World: A 

Symposium in Honor of Victor F. Weiskopf, published by the American Journal of Physics (1976). The personal tone of the original 

talk has been preserved in the paper, which was itself a slightly edited transcript of a tape. The figures reproduce transparencies 

used in the talk. The demonstration involved a tall rectangular transparent vessel of corn syrup, projected by an overhead projector 

turned on its side. Some essential hand waving could not be reproduced. 

This is a talk that I would not, I'm afraid, have the nerve to give under any other circumstances. It's a story I've been saving up to 

tell Viki. Like so many of you here, I've enjoyed from time to time the wonderful experience of exploring with Viki some part of 

physics, or anything to which we can apply physics. We wander around strictly as amateurs equipped only with some elementary 

physics even if we don't throw much light on the other subjects. Now this is that kind of a subject, but I have still another reason for 

wanting to, as it were, needle Viki with it, because I'm going to talk for a while about viscosity. Viscosity in a liquid will be the 

dominant theme here and you know Viki's program of explaining everything including the height of mountains, with the elementary 

constants. The viscosity of a liquid is a very tough nut to crack, as he well knows, because when the stuff is cooled by merely 40 

degrees, its viscosity can change by a factor of a million. I was really amazed by fluid viscosity in the early days of NMR, when it 

turned out that glycerin was just what we needed to explore the behavior of spin relaxation. And yet if you were a little bug inside 

the glycerin looking around, you wouldn't see much change in your glycerin as it cooled. Viki will say that he can at least predict 

the logarithm of the viscosity. And that, of course, is correct because the reason viscosity changes is that it's got one of these 

activation energy things and what he can predict is the order of magnitude of the exponent. But it's more mysterious than that, Viki, 

because if you look at the Chemical Rubber Handbook table you will find that there is almost no liquid with viscosity much lower 

than that of water. The viscosities have a big range but they stop at the same place. I don't understand that. That's what I'm leaving 

for him. 

Now, I'm going to talk about a world which, as physicists, we 

almost never think about. The physicist hears about viscosity in high 

school when he's repeating Millikan's oil drop experiment and he 

never hears about it again, at least not in what I teach. And 

Reynolds's number, of course, is something for the engineers. And 

the low Reynolds's number regime most engineers aren't even 

interested in--except possibly chemical engineers, in connection 

with fluidized beds, a fascinating topic I heard about from a 

chemical engineering friend at MIT. But I want to take you into the 

world of very low Reynolds number--a world which is inhabited by 

the overwhelming majority of the organisms in this room. This 

world is quite different form the one that we have developed our 

intuitions in. 

I might say what got me into this. To introduce something that will 

come later, I'm going to talk partly about how microorganisms 

swim. That will not, however, turn out to be the only important 

question about them. I got into this through the work of a former 

colleague of mine at Harvard, Howard Berg. Berg got his Ph.D. 

with Norman Ramsey, working on a hydrogen maser, and then he 

went back into biology, which had been his early love, and into 

cellular physiology. He is now at the University of Colorado at 

Boulder, and has recently participated in what seems to me one of 

the most astonishing discoveries about the questions we're going to 

talk about. So it was partly Howard's work, tracking E. coli and 

finding out this strange thing about them, that got me thinking about 

this elementary physics stuff. 

Well here we go. In Fig. 1., you see an object which is moving through a fluid with velocity v . It has dimension a. In Stoke's law, 

FIG.: Importance de la viscosité (prédictions ) ordre de
grandeur?!)

Ordres de grandeur

⌘eau = 10�2cm2.s�1

R ' 10�2sperm
Sang ' 102 (aorte 103)
Vous (et moi) 106

Pétrolier > 1010

Conclusion
Le mouvement du fluide n’a rien à
voir avec notre expérience
quotidienne. Inertie est totalement
non pertinente. Nage est très
majestueuse
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What does represent the Reynolds number?

Two regimes : either dominated by friction or by inertia

fcri =
⌘2

⇢
(13)

Examples : from 4.10�10N to 0.03N

1 Air (⇢ = 1, ⌘ = 2.010�5Pas)
2 Water (1000, 0.009)
3 Olive oil (900, 0.08)
4 Glycerine (1300,1)
5 Corn Syrup (1000,5).
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Petit problème

Soit objet taille L, densité ⇢ soumis à F . À t = 0 on a F = 0, longueur d’arrêt?

d2x
dt2 � 6⇡

⌘⇢w L
⇢pL3

dx
dt

= 0

Bactérie : ) temps caractéristique R⇥ taille
vitesse ' 10�6 (d < 1Å)

Pétrolier 105 km (hum ... ne jamais écrire cette loi pour un objet macroscopique,
car turbulence)
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Navier-Stokes

rp + ⌘r2v =
�
�@
@

⇢
@v
@t

+⇠⇠⇠⇠XXXX⇢ (v.r) v = 0 (14)

Conséquences : Le temps n’intervient pas de façon explicite et symétrie t ! �t . Les
équations sont identiques si l’on renverse le signe du temps de tel sorte que des
mouvements avant et arrière ont des effets strictement opposés. On ne peut pas nager
avec un seul degré de liberté, car ce que l’on gagne sur un 1/2 cycle est perdu au
cours du 1/2 cycle suivant. Il faut 2 degrés de liberté (2 bras !) et parcourir un cycle

it about 0.6 microsec to slow down. I think this makes it clear what 

low Reynolds number means. Inertial plays no role whatsoever. If 

you are at very low Reynolds number, what you are doing at the 

moment is entirely determined by the forces that are exerted on you 

at that moment, and by nothing in the past. 

It helps to imagine under what conditions a man would be 

swimming at, say, the same Reynolds number as his own sperm. 

Well you put him in a swimming pool that is full of molasses, and 

the you forbid him to move any pare of his body faster than 1 

cm/min. Now imagine yourself in that condition; you're under the 

swimming pool in molasses, and now you can only move like the 

hands of a clock. If under those ground rules you are able to move a 

few meters in a couple of weeks, you may qualify as a low 

Reynolds number swimmer. 

I 

want to talk about swimming at low Reynolds number in a very general way. What does it mean to swim? Well, it means simply 

that you are in some liquid and are allowed to deform your body in some manner. That's all you can do. Move it around and move it 

back. Of course, you choose some kind of cyclic deformation because you want to keep swimming, and it doesn't do any good to 

use a motion that goes to zero asymptotically. You have to keep moving. So, in general, we are interested n cyclic deformations of a 

body on which there are no external torques or forces except those exerted by the surrounding fluid. In Fig. 5, there is an object 

which has a shape shown by the solid line; it changes its shape to the dashed contour and then it changes back. When it finally gets 

back to its original shape, the dotted contour, it has moved over and rotated a little. It has been swimming. When it executed the 

cycle, a displacement resulted. If it repeats the cycle, it will, of course, effect the same displacement, and in tow dimensions we'd 

see it progressing around a circle. In three dimensions its most general trajectory is a helix consisting of little kinks, each of which 

is the result of one cycle of shape change. 
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The time-reversal properties of a dynamical law signal its dissipative
character

1 Newton equations are invariant under the symmetry t ! �t . The trajectories are
the same. Holds when inertia dominates.

2 Hydrodynamic equations are not. To get the reverse motion you need to change
both t in �t but also the sign of the force.
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Diffusion versus mélange

1 Temps caractéristique de mélange à vitesse v sur une distance l : l
v

2 Temps caractéristique lié à la diffusion (D ' 10�5cm2.s�1) : l2
D

Conséquence : le temps caractéristique lié à la diffusion est beaucoup plus pletit que le
temps caractéristique lié au mélange. Mélanger ne sert à rien, il suffit d’attendre pour
manger. Pourquoi bougent-elles alors?
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Vesicles under shear flow (A. Viallat, M. Abkarian)

Near a wall (fluid is moving from left to right)

CREATED USING THE RSC ARTICLE TEMPLATE (VER. 2.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS
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Figure 5: RBC motion and transition for two shear rates, as computed by using the modified KS model
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Figure 6: Unbinding of a vesicle in a shear flow. The lowest image is the reflection on the substrate. From left to right, each picture is

taken at increasing shear rates: 0, 0.09, 0.14, 0.23, 0.32, 0.36 s 
–1

, R=36, 9 µm, ! = 0.98
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Figure 7: Marker trajectories on the surface of a vesicle adhered to a substrate in a shear flow. Left : vesicle (R = 10 µm), its

reflection on the substrate and the trajectories of two markers. One is on at stagnation point, the other one rotates on the

membrane. Right : streamline reconstruction on a vesicle (R=17.5 µm)
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Figure 1 : Vesicles and red blood cells in shear flow. A : tanktreading vesicle, viscosity ratio c = !i/!o = 1 ; B : rotation of a bead

(diameter 1 µm) stuck on the membrane of a tanktreading RBC with c = 1/47, shear rate!: 6 s-1; C!: tumbling vesicle with c =8!;

D!: tumbling RBC with c = 1/47, shear rate!: 0.8 s-1
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Figure 2 : Tumbling of vesicles and RBCs. Variation of the angular velocity d"/dt of the inclination of a vesicle (A) and of a RBC

(B) versus the inclination angle ";  C : regimes of motion of vesicle (!) : tumbling, (O) : tanktreading, (") : transition. The solid

line is the tumbling /tanktreading transition line given by the KS model.
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Life at low Reynolds number : le rève des nanotechnologues

De Howard Berg (Physics Today, janvier 2000)

(( E. Coli, a self-replicating object only a thousand millimeter in size, can swim 35
diameters a second, taste simple chemical in its environment, and decide wether life is
getting better or worse.))

Vit dans nos estomacs (désolé ...sorry).
4286 gènes ' 1µm diamètre (H. sapiens ' 25000)
Présence de flagelles () Motiles sauf mutants sans flagelle)
vitesse = 60 fois sa longueur en 1 seconde (� tous aninaux macroscopiques !)
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progeny of a single cell soon populate the entire plate.

A fully functional cell line, or strain, found in the wild is called a wild type. If a mutant cell is found that is 
missing a particular function, the gene carrying the mutation is named for that missing function. For 
example, a  gene is one encoding a protein (polypeptide) required for motaxis. A cell with such a 
defect makes flagella and swims, but it does not respond normally to chemical stimuli. The first gene of this 
type to be identified is called  (in italics), the second is called , and so on through the alphabet. 
When the protein encoded by the gene is identified, it is called CheA (capitalized and in roman type).

Genetic analysis

che che

cheA cheB

In bacterial chemotaxis, besides the  genes, we encounter  genes, so named for their defects in the 
synthesis of gella (these genes are now called , , , or , because there turned out to be more than 
26). There are also  genes, named for defects in ility, or generation of torque. And there are a variety 
of genes that specify specific chemoreceptors; one, for example, , is a gene encoding the chemoreceptor 
Tar, which is so named because it mediates axis toward the amino
acid spartate and away from certain epellents. The soft-agar plate shown in box 2 was inoculated with 
wild-type cells at the top, cells of a (the  stands for erine) strain at the right, cells of a strain at the 
bottom, and cells of a smooth-swimming strain at the left.

che fla
fla flg flh fli flj

mot mot
tar

t
a r

tsr s s tar 
che

Three-cell cluster of . The cell bodies are about 1

m in diameter and 2 m long, but they appear fatter because of the electron-
dense stain of phosphotungstic acid that was used to prepare the cells for 
transmission electron microscopy. The flagellar filaments have a wavelength of 
about 2.3 m but are distorted by interactions with the substrate. The filaments 
are 23 nm thick. (Image by Chi Aizawa, Teikyo University.)

Figure 1. Motile bacteria.

Left: Salmonella typhimurium µ

µ

µ

 

Scale drawing of , showing one flagellum, truncated, and three porins (protein channels that allow the entry 

of water-soluble nutrients). A typical cell has up to six flagella and hundreds of porins. The cell body is 2 m long; the multilayered wall 

is about 30 nm thick.  The outer membrane is made of polysaccharides and lipids, with the sugar chains pointing outward. The inner 
membrane’s phospholipid bilayer core resembles the membranes that enclose human cells. This membrane is traversed by proteins 
involved in sensory transduction and in transporting materials and harvesting energy. It constitutes the main permeability barrier that 
enables the cell to retain the chemicals that make up the cytoplasm—DNA, RNA, proteins, and various water-soluble molecules of 
lower molecular weight. 

Above: Escherichia coli

µ
17

Between the inner and outer membranes is a porous, gauzelike layer of peptidoglycan (polysaccharide chains cross-linked by 
peptides), which gives the cell its rigidity and cylindrical shape. When the assembly of this polymer is blocked by an antibiotic such as 
penicillin, a growing cell cannot cope with the high osmotic pressure of its cytoplasm, and it blows up. The intermembrane space, the 
periplasm, contains a variety of proteins that either bind molecules that interest the cell (such as sugars) or destroy molecules that 
pose a threat (such as foreign DNA). 
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(a)

The flagellum is an organelle that has three parts (as figure 2 shows). There is a basal body consisting of a 
reversible rotary motor embedded in the cell wall, beginning within the cytoplasm and ending at the outer 
membrane. There is a short proximal hook, which is a flexible coupling or universal joint. And there is a long 

helical filament, which is a propeller. Torque is generated between a stator connected to the rigid 
framework of the cell wall (to the peptidoglycan) and a rotor connected to the flagellar filament. The proteins 
MotA and MotB are thought to constitute the elements of the stator; FliF, G, M, and N (the MS and C rings) 
those of the rotor; FlgB, C, F, and G those of the drive shaft; and FlgH and I (the L and P rings) those of the 
bushing that guides the driveshaft out through the outer layers of the cell wall.

The flagellum

4

Figure 2. Bacterial motor and drive 
train.

 Rotationally averaged reconstruction 

of electron micrographs of purified hook-basal 
bodies. The rings seen in the image and 

labeled in the schematic diagram are 

the L ring, P ring, MS ring, and C ring. (

.)

Above:

) (right
Digital 

print courtesy of David DeRosier, Brandeis 
University

The proteins that make up the flagellum are present in multiple copies. For example, there are about 5000 
molecules of FliC (also called flagellin) per helical turn of the filament, which can have as many as six turns. 
The MS, P, and L rings each contain about 26 copies of FliF, FlgI, and FlgH, respectively. There appear to 
be eight stator elements (complexes of MotA and MotB), each of which exerts a similar force.

If one fixes a wild-type cell to a glass slide by one of its flagellar filaments, the motor at the base of that 
filament spins the cell body at about 10 Hz. This technique, known as tethering, was developed by Mike 
Silverman and Mel Simon at the University of California, San Diego. If one tethers a paralyzed cell, such as 
one with defective MotB, the cell body simply executes rotational Brownian movement, like a mirror on a 
galvanometer fiber. However, if wild-type MotB is made—for example, if a copy of a wild-type gene is added 
to the cell and expressed—then rotation resumes. The good MotB proteins that are made replace the bad 
ones, and the cell speeds up. Changes in speed are abrupt, generating a speed–time plot in the form of a 
staircase with eight steps of equal height. The flagellum is assembled from the inside out, with the axial 
components exported through a central channel. The filament grows at the distal end, with molecules of FliC 
added under the distal cap, which is made of FliD. The growth process is subject to exquisite genetic 
control. FliC, for example, is not made until the assembly of the basal body is completed. When it is 
completed, the same apparatus that exports FliC pumps an inhibitor of late-gene transcription out of the cell. 
This removes the inhibition.

The motor is driven by protons flowing from the outside to the inside of the cell (except for marine bacteria 
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(b)

(c)

FIG.:



Forces (mechanical et biochemical) at the scale of the cell: From molecular bonds to tissues

Physical constrains

E. Coli
Lorsque la rotation des flagelles a lieu dans le sens horaire, les filaments forment une
tresse et la rotation des flagelles entraı̂ne un mouvement continu de la bactérie vers
l’avant. Au contraire, lorsque les moteurs tournent dans le sans anti-horaire, les
mouvements des flagelles ne sont plus coordonnées et la bactérie a un mouvement de
culbute qui lui permet de changer de direction.

Le mouvement des moteurs est dû à un flux de protons de l’extérieur vers l’intérieur.
Une rotation nécessite environ 1000 protons et celle-ci est assurée par un corps basal
enfoui sous la membrane plasmique.

Tout comme les machines rotatives artificielles, le corps basal est constitué d’anneaux
externes qui jouent le rôle de stator et qui permettent de stabiliser l’ensemble, alors
que la rotation est assurée par des anneaux internes qui jouent le rôle de rotor. Une
quarantaine de gènes sont requis pour l’assemblage de cette machine moléculaire.
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FIG.: Maud Menten : a mathematical physicist
(driving erratically her T-Ford ...)

La présentation de ce cours sur le
mouvement brownien est fortement
inspirée de l’article de Bertrand
Duplantier : Le mouvement brownien,
(( divers et ondayant )), séminaire Poincaré,
1, 155 - 212, 2005.
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4 Hypothèses sous-jacentes

5 Diffusion on membrane

6 Force spectroscopy

7 Application aux mesures extension-force de l’ADN



Introduction au mouvement brownien et à ses applications
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FIG.: Longueurs et forces caractéristiques à l’échelle du micron et en-dessous. Dans tout le
domaine, les fluctuations browniennes sont très violentes.
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Bio-membrane force probe : BFP

Mesure de la force de rupture d’une liaison ligand-récepteur.

R544 Topical Review
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Figure 4. BFP technique. Upper figure, a red blood cell acts as a force transducer (symbolized
as a spring in the figure) by transforming the pressure suction applied on the pipette (-P) into the
elastic stiffness of the cell membrane κs ∼ P Rp, where Rp is the pipette radius. A bead covered
with ligands is then attached to the cell (left bead). Another bead covered with receptors is then
immobilized on the tip of another pipette (right bead). A ligand–receptor bond can be formed by
touching the beads. By retracting the right pipette at speed vt the formed bond dissociates at a given
force value F , measured from the formula F = κsx , where x is the deflection of the left bead.
Lower figure, typical force–time curve when probing ligand–receptor interactions. Figure taken
from [62].

in the extension of the molecule, on the order of 20 nm. MTs have been extensively used to
investigate elastic and torsional properties of DNA molecules.

4.1.4. Biomembrane force probe (BFP). Finally, we mention the biomembrane force probe
technique developed by Evans and collaborators [61]. The basic experimental set-up is shown
in figure 4. In this set-up a biotinylated red blood cell is pressurized by micropipette suction
into a spherical shape. The tip is made of a streptavidin coated bead (left bead in figure 4)
functionalized with some molecules (e.g. ligands). The other bead is functionalized with
complementary molecules (e.g. receptors) and kept fixed by air suction on the tip of the
other micropipette (right). The blood cell acts like a spring so the force can be measured by
calibrating the stiffness of the cell. This is directly related to the membrane tension and can be
controlled by fine tuning of the pressurization of the micropipette (left). Typical stiffness values
are in the range 0.1–1 pN nm−1. By moving the micropipette (right) using a piezo translator

R544 Topical Review

– P Vt

75

50

25

0

– 25
0.50 1.000.75

Time (sec)

Fo
rc

e 
(p

N
) ramp

Rupture force

BFP

Ks~ P Rp

touch

Force = Ks × deflection

Figure 4. BFP technique. Upper figure, a red blood cell acts as a force transducer (symbolized
as a spring in the figure) by transforming the pressure suction applied on the pipette (-P) into the
elastic stiffness of the cell membrane κs ∼ P Rp, where Rp is the pipette radius. A bead covered
with ligands is then attached to the cell (left bead). Another bead covered with receptors is then
immobilized on the tip of another pipette (right bead). A ligand–receptor bond can be formed by
touching the beads. By retracting the right pipette at speed vt the formed bond dissociates at a given
force value F , measured from the formula F = κsx , where x is the deflection of the left bead.
Lower figure, typical force–time curve when probing ligand–receptor interactions. Figure taken
from [62].

in the extension of the molecule, on the order of 20 nm. MTs have been extensively used to
investigate elastic and torsional properties of DNA molecules.

4.1.4. Biomembrane force probe (BFP). Finally, we mention the biomembrane force probe
technique developed by Evans and collaborators [61]. The basic experimental set-up is shown
in figure 4. In this set-up a biotinylated red blood cell is pressurized by micropipette suction
into a spherical shape. The tip is made of a streptavidin coated bead (left bead in figure 4)
functionalized with some molecules (e.g. ligands). The other bead is functionalized with
complementary molecules (e.g. receptors) and kept fixed by air suction on the tip of the
other micropipette (right). The blood cell acts like a spring so the force can be measured by
calibrating the stiffness of the cell. This is directly related to the membrane tension and can be
controlled by fine tuning of the pressurization of the micropipette (left). Typical stiffness values
are in the range 0.1–1 pN nm−1. By moving the micropipette (right) using a piezo translator



Introduction au mouvement brownien et à ses applications
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Mesure de l’adhésion cellulaire
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Discrete interactions in cell adhesion 
measured by single-molecule force 
spectroscopy

Martin Benoit*†, Daniela Gabriel‡, Günther Gerisch‡ and Hermann E. Gaub*
*Centre for Nanoscience, Ludwig Maximilians Universität München, Amalienstra!e 54, D-80799 München, Germany

‡Max Planck Institut für Biochemie, Am Klopferspitz 18a, D-82152 Martinsried, Germany
†e-mail:  Martin.Benoit@physik.uni-muenchen.de

Cell–cell adhesion mediated by specific cell-surface molecules is essential for multicellular development. Here we 
quantify de-adhesion forces at the resolution of individual cell-adhesion molecules, by controlling the interactions 
between single cells and combining single-molecule force spectroscopy with genetic manipulation. Our measurements 
are focused on a glycoprotein, contact site A (csA), as a prototype of cell-adhesion proteins. csA is expressed in 
aggregating cells of Dictyostelium discoideum, which are engaged in development of a multicellular organism. 
Adhesion between two adjacent cell surfaces involves discrete interactions characterized by an unbinding force of 23 
± 8 pN, measured at a rupture rate of 2.5 ± 0.5 µµµµm s–1.

ell-adhesion molecules regulate essential processes in multi-
cellular organisms such as embryonic development, neuronal
pathfinding and the binding of white blood cells to the walls

of blood vessels1–3. Cells may carry several different adhesion
molecules4, resulting in a large variation in the molecular reper-
toires of cell surfaces. This variability is reflected by the complicated
pattern of signal transduction, cell motility and other adhesion-
controlled cellular functions during animal development and adult
life.

We aimed to develop an experimental platform to investigate
cell–cell interactions in vivo at the single-molecule level. For this
purpose, cells of the eukaryote D. discoideum offer the advantage
that one particular type of adhesion molecule, the developmentally
regulated csA glycoprotein, can be singled out by genetic
manipulation5. In D. discoideum, csA participates in cell aggrega-
tion, the transition from single cells to the multicellular stage6. The
cell-adhesion system of aggregating cells involves membrane–
membrane recognition and discriminates between self and non-
self. As a result of this specificity, cells of different species are able to
sort themselves from a mixture7,8.

The csA gene is expressed under the control of cyclic-AMP sig-
nals that precede the aggregation stage of multicellular develop-
ment. Thus, csA is undetectable in growth-phase cells, but is
expressed upon starvation9. In developing cells at the aggregation
stage, csA covers roughly 2% of the total cell-surface area, a finding

that supports the idea that adhesive interactions occur at specific
sites on the cell surface10. CsA molecules react with each other,
forming non-covalent bonds that link the surfaces of adjacent
cells11. CsA is anchored in the plasma membrane by a ceramide-
based phospholipid12. This lipid anchor, which guarantees a long
residence time of csA on the cell surface, can be replaced by a
polypeptide transmembrane domain without loss of cell adhesion13. 

Adhesion between individual cells, such as granulocytes and tar-
get cells, has previously been measured using mechanical methods,
such as micropipette manipulation14,15 and induction of hydrody-
namic stress16,17. Scanning force microscopy (SFM)18 has facilitated
the development of piconewton-scale instrumentation, which pro-
vides force resolution and positional precision that allows measure-
ments at the single-molecule level19,20. Forces for conformational
transitions in polysaccharides21,22, for protein unfolding23–25 and for
stretching and unzipping of DNA26,27 have been measured. Unbind-
ing forces for individual receptor–ligand pairs have also been
determined28–31, and basic features of their binding potentials
reconstructed32,33. Here we apply single-molecule force spectroscopy
to the analysis of cell adhesion in living cells.

Results
Measurement of adhesion forces between individual cells. Using
the light microscope of a custom-made force spectrometer for guid-

C

Figure 1 Force spectroscopy of adhesion between individual D. discoideum 
cells. a, Principal features of the experimental procedure (see Methods). Forces 
required for bond rupture were measured. b, Light-microscopic image of a 

cantilever-mounted cell before being brought into contact with another cell. Scale bar 
represents 20 µm.

a b

Contact formation Adhesion Bond rupture

On déplace la pointe à
vitesse constante
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Introduction

Mesure des fluctuations de position de la pointe en fonction du temps.

Vol. 1, 2005 Le mouvement brownien 185

Figure 5: Enregistrement du mouvement brownien, dans un liquide, de la pointe d’un microscope
à force atomique. (Enregistrement fourni gracieusement par Pascal Silberzan, Institut Curie.)

De manière assez étonnante, ce sont les fluctuations browniennes qui vont être utilisées di-
rectement pour la mesure de forces d’origine biologique.

2.2 Mesure de force par fluctuations browniennes

Cette technique de mesure de force s’inspire largement de la méthode proposée par Einstein72 pour
mesurer la raideur d’un ressort à l’aide des fluctuations browniennes. Lorsque l’on applique en effet
une force sur la bille magnétique grâce à un gradient de champ, la molécule étirée et la bille forment
un minuscule pendule de longueur ! (Figure 4). La bille est animée d’un mouvement brownien, lié
à l’agitation thermique des molécules d’eau environnantes. Le petit pendule magnétique est ainsi
perturbé par une force de Langevin aléatoire qui l’écarte de sa position d’équilibre. Il est ramené
vers celle-ci par la force de traction exercée par l’ADN (figure 6).

Comme nous allons le montrer en détail plus loin, le pendule possède une raideur transverse
k⊥ qui est directement reliée à la force de traction F par k⊥ = F/!. Si l’on appelle x l’écart de la
bille par rapport à sa position d’équilibre dans la direction perpendiculaire à la force "F , la théorie
va nous donner

F = kBT !/〈x2〉,

où 〈x2〉 représente les fluctuations quadratiques moyennes de x. Pour mesurer la force de traction
sur la molécule d’ADN, il suffit donc de mesurer l’allongement ! et les fluctuations quadratiques
moyennes 〈x2〉 ! Cela est très réminiscent de la formule d’Einstein (25), et de la surprise de pouvoir
en déduire le nombre d’Avogadro.

Pour mesurer ces fluctuations, il faut suivre les déplacements de la bille pendant un certain
temps, comme dans les expériences de Jean Perrin de 1908 sur le mouvement brownien. De nos
jours, un programme informatique analyse en temps réel l’image video de la bille observée au mi-
croscope et détermine son déplacement dans les trois directions de l’espace avec une précision de
l’ordre de 10 nm (figure 6). Cette précision est obtenue par une technique de corrélation d’images.
Ce type de mesure brownienne possède divers avantages :

72A. Einstein, Investigations of the Theory of the Brownian Movement, éd. R. Fürth, trad. A. D. Cowper, Dover
Publications, p. 24 (1956).
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Mouvement Brownien : un problème qui a la peau dure

Robert Brown (1773-1858) : (( active molecules ))

(au sens du 18e );
Louis-Georges Gouy (1888) : mesures
quantitatives (trajectoire sans tangente, plus vif
dans fluide moins visqueux, plus actif à plus
haute température;
Albert Einstein (1905-1906) : Théorie générale
du mouvement Brownien;
Marian von Smoluchowski (1872-1917) :
Introduction du calcul des probabilités en
physique statistique;
Louis Bachelier (1900) introduit le modèle de
marche aléatoire dans sa thèse (( la théorie de la
spéculation ));
Paul Langevin (1908), Jean Perrin (1913);
Géométrie fine de la courbe brownienne: Paul
Lévy (1886-1971), B. Mandelbrot (1982,
conjecture 4/3 sur dimension fractale , B.
Duplantier 1988), Wendelin Werner (Field,
2006) (voir la (( passante du Sans-Souci )) avec
Romy Schneider).

S. Condamin et al,
First-passage times in complex

scale-invariant media , Nature,
450, 77, 2007.
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Réalisation expérimentale

Experimental approach

• High-resolution atomic force microscopy

• 2743 bp linear double-stranded DNA with random sequence, 
adsorbed to surface

• Two-dimensional movement possible

• Assume equilibrium conformation of adsorbed molecules

Theory Methods Results Outlook/Summary

Wiggins, Nature Nanotechnology, 2006

1 High resolution atomic force
microscopy.

2 2743 bp DNA double stranded DNA
adsorbed on a surface.

3 Only two-dimensional movement
possible.
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A random walk can be easily constructed on a lattice (with lattice
spacing a)

Two universality classes with different properties :
1 Random Walks which can have self intersection (random trajectory of a particle)

1

    Chapter 1 Polymer Physics
    The Isolated Polymer Chain

    Random Walk model:   

Brownian motion of a particle occurs in a close to random manner.  If the path of a particle in a
random (Brownian) walk is traced in time it will most likely cross itself several times (Left below
in 2-d).  If the walk does not penetrate itself a different type of path is formed, the self-avoiding
walk (Right below in 2-d).  

A random walk can be constructed more easily on a lattice where the number of choices in direction
for each step are limited, and the step length is fixed, b (Left below).  A lattice can also be used for
a self-avoiding walk (Right).

A well know result of Brownian motion for a random walk is that the "average" distance
traveled is proportional to the square root of the time allowed for the particle to travel in 3-d space.
<R> = k t1/2.  This is a direct result of the distance traveled following a random distribution, i.e.
for a random walk the choice of direction is completely random at each step.  For a random
distribution under the condition of a large (infinite) number of steps, and finite probability for each
of the choices for direction the probability that the walk length (end to end distance) is x in units
of b is given by the Gaussian distribution function (a special case of the Binomial Distribution),
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1-d Gaussian Walk of "n" steps

Usually the probability of a walk of length between R and R + dR is needed for calculations and
this is obtained by multiplication of the 1-d function by dR,
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2 Self avoiding random walk with self intersection (Polymer conformation)
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Emergent properties

In both cases, with N monomers or steps :

< R >=<
N

Â
i

ri >= 0 (1)

where < .. . > means ”averaged over all conformations”. What is < R2 >?
1 If the random walk can be self intersecting, the central limit theorem tells us that

R is a gaussian variable. Thus

< R2 >= (some constant)N2n withn = 1/2 (2)

Where the constant depends on a lot of things (square or triangular lattice) but
where the exponent n is universal (in particular independent of the dimension d

of the space)
2 For a self-avoiding random walk R2 > is larger and depends on the dimension d

for d  4, but not on d when d � 4.

< R2 >= (some constant)N2n withn = 3/(d+2) (3)

N.B. When a protein changes conformation, it diffuses in configuration space. Because
of the very large number of degrees of freedom, the configuration space can be very
large and has a dimension larger than 3 !
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Polymers (random coils) and bio-polymers

Distingo

1 Entropic polymers (soft matter) are experiment realizations of (self-avoiding)
random walks. Entropic polymer have no elasticity and they change conformation
because of entropic reasons.

2 Biopolymers (DNA, actin, microtubules etc) are stiff polymers where elasticity
(bending, twisting) play an essential role.

Here : First, random walk problem

1 Fundamental problem in statistical physics : has emergent properties
(macroscopic, large scale, independent of the nature of the polymer etc.)

2 On the large scale limit (many monomers) : the evolution is described by the
diffusion equation. This a also an emergent properties. The diffusion equation
does not apply to polymers with only a few numbers of segments. However, it
applies if the number of segments N ! •.

3 There is a fundamental connection between the random walk problem and
Boltzmann’s statistics which describe objects in thermal equilibrium with a
thermal bath.
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Ransom walk problem and diffusion equation

In the continuum limit of long length and time scales, simple behavior emerges from
the ensemble of irregular, jagged random walks. They are described by the diffusion
equation : 156 B. Duplantier Séminaire Poincaré

Figure 1: Aspect du mouvement brownien décrit par le centre de gravité d’une particule de pollen
en suspension.

en mathématiques,7 physique8 ou biologie.9

1.1 Robert Brown et ses précurseurs

Dans un article publié en 1828 dans l’Edinburgh Journal of Science, et republié de multiples fois
ailleurs,10 intitulé “A Brief Account of Microscopical Observations Made in the Months of June,
July and August, 1827, on the Particles Contained in the Pollen of Plants; and on the General
Existence of Active Molecules in Organic and Inorganic Bodies”, le botaniste Robert Brown rap-
porta le mouvement aléatoire de différentes particules suffisamment fines pour être en suspension
dans l’eau. Il s’agit d’un mouvement extrêmement erratique, apparemment sans fin (voir la figure
1)11.

Brown ne fut pas le premier, en fait, à observer le mouvement brownien. Il semble que le mou-
vement universel et irrégulier de petits grains en suspension dans un fluide ait été vu très tôt après
l’apparition du microscope.12 Il suffit en effet de regarder dans un microscope pour y voir danser de
petits objets. Cela commença avec Anthony van Leeuwenhoek (1632-1723), fameux constructeur de
microscopes de Delft, qui fut aussi désigné en 1676 comme administrateur de la succession du non
moins célèbre peintre Johannes Vermeer, dont on pense qu’il fut l’ami.13 Leeuwenhoek construisit

7J. P. Kahane, Le mouvement brownien : un essai sur les origines de la théorie mathématique, dans Matériaux
pour l’histoire des mathématiques au XXème siècle, Actes du colloque à la mémoire de Jean Dieudonné (Nice,
1996), volume 3 des Séminaires et congrès, pp. 123-155, Société mathématique de France (1998).

8M. D. Haw, J. Phys. C 14, 7769 (2002) ; B. Derrida et É. Brunet dans Einstein aujourd’hui, édité par M. Leduc
et M. Le Bellac, Savoirs actuels, EDP Sciences/CNRS Éditions (2005).

9E. Frey et K. Krey, arXiv: cond-math/0502602.
10R. Brown, Edinburgh New Phil. J. 5, 358 (1828) ; Ann. Sci. Naturelles, (Paris) 14, 341 (1828) ; Phil. Mag. 4,

161 (1828) ; Ann. d. Phys. u. Chem. 14, 294 (1828).
11On peut consulter des enregistrements de mouvements browniens réels sur le site web :

www.lpthe.jussieu.fr/poincare/.
12S. Gray, Phil. Trans. 19, 280 (1696).
13Bien qu’aucun document n’atteste de rapprochement entre Vermeer et Van Leeuwenhoek de leur vivant, il semble

impossible qu’ils ne se soient pas connus. Les deux hommes sont nés à Delft la même année, leurs familles respectives
faisaient le commerce de textiles et ils étaient tous deux fascinés par la science et l’optique. Une hypothèse com-
munément admise et vraisemblable est que Anthony van Leeuwenhoek fut en fait le modèle de Vermeer, et peut-être
la source d’information scientifique de l’artiste, pour ses deux célèbres portraits de scientifiques, L’astronome, 1668,
(Musée du Louvre, Paris), et Le géographe, 1668-69, (Städelsches Kunstinstitut am Main, Francfort). (Voir Johannes
Vermeer, B. Broos et al., National Gallery of Art, Washington, Mauritshuis, La Haye, Waanders Publishers, Zwolle

∂r
∂ t

= D—2r (4)

where r(r,t) is the density. This equation applies if and only if the particle is not
subjected to a force (i.e. without potential).
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New mathematical problem : La frontière d’un mouvement brownien
est une courbe brownienne auto-évitante.

202 B. Duplantier Séminaire Poincaré

Figure 12: Frontière ou enveloppe extérieure d’un chemin brownien plan.

Figure 13: Une marche aléatoire auto-évitante dans le plan (fournie gracieusement par T. G.
Kennedy, Universty of Arizona).

Il en résultait la conjecture que la dimension fractale ou de Hausdorff de la frontière browni-
enne était égale à DH = 4/3, comme celle calculée par le physicien néerlandais Bernard Nienhuis
en 1982 pour les marches auto-évitantes bi-dimensionnelles.98 La dimension fractale DH est ici
définie, d’une manière non rigoureuse, comme suit. On couvre l’objet fractal de taille R par des
petits cercles disjoints de rayon ε, et l’on compte le nombre n de tels cercles. En général, ce nom-
bre crôıt en fonction de R et ε comme une loi de puissance, n ∝ (R/ε)DH . On voit donc que
DH généralise à des ensembles très irréguliers la notion de dimension euclidienne des ensembles
réguliers.

B. Nienhuis s’appuyait sur une représentation de mécanique statistique, dite du gaz de

98B. Nienhuis, Phys. Rev. Lett. 49, 1062-1065 (1982); J. Stat. Phys. 34, 731-761 (1984); Phase Transitions and
Critical Phenomena, édité par C. Domb et J. L. Lebowitz, (Academic Press, London, 1987), Vol. 11.
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Current and external force

As the particles moves, they are never created nor destroyed : they are locally
conserved. We write the evolution law in terms of a current of particle passing through
x

∂r
∂ t

= � ∂ Jdiffusion
∂x

(5)

which says that the only way that things can change is through the flow of ”stuff”.
Without force, we say the local current is proportinnal to the local gradient in density

Jdiffusion = �D
∂r
∂x

(6)

so that
∂r
∂ t

= D—2r (7)

In an external force F, the total current is the sum of a diffusion term and a drift term

Jtotal = �D
∂r
∂x

� grF (8)

where the last term is the drift term (current or velocity proportional to the force)
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Boltzmann’s distribution follows from the diffusion equation

Assume that the force derive from a potential U(x), with F = �dU/dx. From

∂r
∂ t

= � ∂ Jtotal
∂x

(9)

we look for stationary solutions (i.e. independent of time) : ∂r/∂ t = 0. The only
solution is (please check)

r(r) = Aexp [� g
D

U(r)] (10)

where A is a constant (that can be determined if U(r) is known, since we have a
conserved number of particles).
This a Bolzmann’s distribution ! In fact, g/D is only a parameter. We can define the
temperature as

g
D

=
1

kBT
(11)

and we rewrite
r(r) = Aexp [�U(r)/kBT] (12)
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Boltzmann’s distribution : two-states model for ion channels

The probability of finding the system in state with an energy E is proportional to the
Bolzmann’s weight

p(E) = exp [�E/kBT]/Z (13)

where Z is a normalization constant.

EXAMPLE 1 : Ion channels provide an elementary example of a two-states machine.C.E. Morris: Mechanosensitive Ion Channels 103 

wells change with the changing field. At Pop = 0.5 
the wells are, by definition, of the same depth. Now 
apply this picture to a SA channel--effectively, 
make stretch increase the opening rate and decrease 
the closing rate). Gating structures in channels in 
the closed conformation would be d i s t ended  by an 
applied (stretching) force and gates in the open 
channel conformation ought, by analogy, to be com-  
p re s sed .  Although it is possible to imagine a system 
of molecular levers which could compress some 
gating region of the channel while producing a net 
stretch in the rest of the open channel, this is a 
rather contrived picture. If there were evidence that 
the closing rate (or some equivalent burst-ending 
rate) decreased with increased tension, one would 
want to look at this idea seriously, but there is, as 
yet, no compelling evidence for more than one 
stretch-sensitive transition. It is easier, instead, to 
imagine that the closed conformation is distensible 
(and therefore expands under stretch, making it eas- 
ier for thermal events to nudge the channel into the 
open configuration) and that the open configuration 
is rigid. In this case, the barrier diagram describing 
the open and closed conformations would have a 
fixed barrier height, a fixed well level for the open 
conformation, and the well depth for the closed 
conformation would vary. Near Pop = 0, at near- 
zero tension, the closed conformation has a lower 
free energy than the open state (giving zXG ~ above), 
at  Pop = 0.5 the well levels are the same and near 
Pop = l ,  the closed conformation energy exceeds 
that of the open conformation. 

ZXG ~ depends on the intrinsic internal (potential) 
energy difference (open vs. closed) and on the dif- 
ferences of the statistical weighting of the two con- 
formations among their molecular substates (the 
entropic term in the free energy difference). With 
this in mind, let us continue to think about a rigid 
open state. The intrinsic free energy difference be- 
tween a distensible closed state and a rigid open 
state is likely to be largely entropic, that is, the 
"sof t"  (distensible) closed state would achieve its 
lower free energy by virtue of its many accessible 
microstates. The rigid open state should admittedly, 
have a relatively low potential energy (by virtue, 
say, of favorable charge-charge interactions which 
stiffen it against distension in the plane of stretch), 
but when both entropic effects and potential energy 
are accounted for, the closed state comes out lower. 
Hence, the channel is overwhelmingly in the closed 
conformation in the absence of an additional source 
of energy, and it is able to "report"  on the availabil- 
ity of elastic energy in the membrane by opening 
and passing current. 

This scheme would yield a SA channel if the 
closed state were distensible (and probably smaller 

closed ~ ~ open 

S ')l I/~tl l\/l 

:g 

SI 

Fig. 5. A simplified elastic transduction model for SA and SI 
channels. The selectivity filter (black region) is unaffected by 
membrane tension. At any given tension, the channel is at ther- 
mal equilibrium between closed and open states, but the closed 

open fluctuation rates are a function of membrane tension (see 
text for discussion of asymmetry of tension effects). The channel 
state favored in the absence of stretch is likely to be more disten- 
sible, and, on common-sense grounds, smaller, whereas the 
larger, stiffer state (asterisks) becomes more probable when the 
membrane has been stretched. This yields a SA channel (small, 
soft closed state) and a SI channel (small, soft open state). To 
recall the contributions of mechanical and thermal factors in 
"gating" the channel, think of equilibrium at a tension that yields 
Pop = 0.5; here, transitions "'against" the prevailing tension 
occur as frequently as transitions "wi th"  the prevailing tension. 
Individual transitions of (stochastic) channels are by definition, 
thermally induced; when tension biases the probability of a cer- 
tain state-to-state conformation change, the collective activity 
(many individual transitions) is referred to as "a  mechanically 
induced transition." The scheme is depicted without energy- 
collecting cytoskeletal elements connected to the channels (see 
ref. 42), but a means of elastic coupling, either intrinsic or extrin- 
sic to the bilayer, is assumed for this elastic model, In reality, 
MS channels may operate in a viscoelastic medium, but no provi- 
sion for this has been made in the model. (As drawn, the model 
suggests that SI and SA channels of the same selectivity could 
have different access pathways and therefore might have differ- 
ent conductances and sensitivities to channel blockers, as is the 
case for SIK and SAK channels [38]) 

in area) and a SI channel if the open state were 
distensible (and probably smaller in area) (Fig. 5). (I 
allude to membrane-planar area here, and do not 
mean to imply that the "volume" of the more dis- 
tensible state should be smaller). Although the MS 
channels discussed in this review, like most chan- 
nels, have not just two states, but several open and 
closed states [17, 36, 58], the general theme applies 
with the understanding that certain transitions (be- 
tween, e.g., two closed states) take the channel 
closer to an opening transition and others take it 
further from an opening transition. 

Kinetic analysis of the SACat channel data (as- 
suming a C ~ C ~ C ~ O scheme to connect three 

popen = e
�Eopen/kBT/Z (14)

pclosed = e
�Eclosed/kBT/Z (15)

What is Z?
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Mechano-sensitive ion channels

uity has led to the idea that MG channels play a role in
general cellular functions such as cell volume regulation
(151, 156, 231, 232, 265, 286, 348, 350, 358, 400). However,
the possibilility has also been raised that membrane
changes induced by tight seal formation induce mechano-
sensitivity in specific channels. The “artifact” idea origi-
nally arose from a discrepancy observed between mem-
brane patch and whole cell mechanosensitivity in snail
neurons (287). Specifically, it was reported that despite
the consistent ability to activate single MG K⇥ channels in
membrane patches, macroscopic K⇥ currents could not
be mechanically activated in the whole cell (287). Al-
though this discrepancy has been shown not to be gener-
alized to all cell types (55, 77, 84, 147, 192, 356, 362, 419,
433, 453, 445a, 454), it has remained a high profile con-
troversy in the field. The issue has most recently been

addressed in studies of Xenopus oocytes, where specific
attention was focused on differences in the geometry and
mechanics of the cell membrane in the patch and whole
cell recording configurations (446–449).

A. Membrane Patch Mechanics and Morphology

The tightly sealed membrane patch spans the inside
of the pipette with its circumference or boundary fixed to
the walls of the pipette (153, 354). High-resolution video
images indicate that in the absence of stresses normal to
the plane of the membrane (i.e., due to hydrostatic or
osmotic pressures) the patch appears to be pulled flat and
perpendicular to the walls of the pipette (Fig. 7, Refs. 314,
373, 374, 448). This is consistent with Laplace’s law if

FIG. 7. High-resolution video images of a cell-attached
oocyte membrane patch and membrane currents activated
during brief steps of pressure and suction. A and B: video
images of a membrane patch before (0 ms), during (50
ms), and after (250 ms) steps (i.e., of 100 ms duration) of
suction (A) and pressure (B). C and D: the membrane
patch currents recorded in the same patch imaged in A
and B in response to the suction and pressure steps. The
pipette tip (not visible) had a tip diameter of 4 �m, and the
patch was located �20 �m from the tip. [From Zhang and
Hamill (448).]
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Bolztmann distribution as a function of the
pressure inside the micropipette.
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Phosphorylation or allosteric activation can change the energy balance
between active and inactive states

122 A. Vologodskii / Physics of Life Reviews 3 (2006) 119–132

Fig. 1. Diagram of an allosteric transition in a protein. In this idealized picture, conformational changes in the protein are specified by coordinate x.
(A) Two free energy minima, at x = x1 and x = x2, correspond to two global states of the protein, shown above the potential. The interaction be-
tween the protein surfaces, marked by dark yellow, stabilizes both conformations of the protein. In the absence of the bound ligand G(x2) > G(x1),
and therefore conformation 1 has higher probability. (B) Binding of a small ligand at the specific site of the protein prevents the proper interaction
of the protein surfaces in state 1 but does not affect the interaction in state 2. By this way the ligand binding changes G(x), so that G(x2) < G(x1)

for the ligand-bound protein and state 2 becomes the most probable. The transition from state 1 to state 2 occurs by thermal diffusion in the protein
conformational space. (For interpretation of the references to colour in this figure legend, the reader in referred to the web version of this article.)

the free energy of this rare conformation is larger than the minimum free energy of the ligand-free protein, thermal
motion makes the conformation accessible. In this case the conformational transition occurs by the diffusion-capture
mechanism. A higher binding constant is required to stabilize a ligand-bound state of the protein in the latter case.

Cycles of biological molecular motors represent sequences of allosteric transitions, driven by thermal diffusion on
the changing free energy landscape and changing boundary conditions. Following Fox [12], we refer to this mechanism
as rectified thermal diffusion. Let us consider the sequence of such transitions in some details for the myosin-actin
filaments of the skeletal muscle.

4. Skeletal muscle

The skeletal muscle is one of the well-studied systems that transform chemical energy into directed mechanical
movement. We will consider it here as an example of a motor protein transforming chemical energy into directed
motion.

The major structural elements of huge multinucleated muscle cells are myofibrils. Myofibrils have a cylindrical
structure 1–2 µm in diameter. Hundreds of parallel myofibrils are packed in each muscle cell, and their length can
be as long as the length of the cells. A myofibril is a long chain of repeated contractile units, sarcomeres, each about
2.2 µm long. To analyze muscle contraction we need to consider one sarcomere, since all of them are identical and
perform the same work. A diagram of the sarcomere is shown in Fig. 4.

122 A. Vologodskii / Physics of Life Reviews 3 (2006) 119–132

Fig. 1. Diagram of an allosteric transition in a protein. In this idealized picture, conformational changes in the protein are specified by coordinate x.
(A) Two free energy minima, at x = x1 and x = x2, correspond to two global states of the protein, shown above the potential. The interaction be-
tween the protein surfaces, marked by dark yellow, stabilizes both conformations of the protein. In the absence of the bound ligand G(x2) > G(x1),
and therefore conformation 1 has higher probability. (B) Binding of a small ligand at the specific site of the protein prevents the proper interaction
of the protein surfaces in state 1 but does not affect the interaction in state 2. By this way the ligand binding changes G(x), so that G(x2) < G(x1)

for the ligand-bound protein and state 2 becomes the most probable. The transition from state 1 to state 2 occurs by thermal diffusion in the protein
conformational space. (For interpretation of the references to colour in this figure legend, the reader in referred to the web version of this article.)

the free energy of this rare conformation is larger than the minimum free energy of the ligand-free protein, thermal
motion makes the conformation accessible. In this case the conformational transition occurs by the diffusion-capture
mechanism. A higher binding constant is required to stabilize a ligand-bound state of the protein in the latter case.

Cycles of biological molecular motors represent sequences of allosteric transitions, driven by thermal diffusion on
the changing free energy landscape and changing boundary conditions. Following Fox [12], we refer to this mechanism
as rectified thermal diffusion. Let us consider the sequence of such transitions in some details for the myosin-actin
filaments of the skeletal muscle.

4. Skeletal muscle

The skeletal muscle is one of the well-studied systems that transform chemical energy into directed mechanical
movement. We will consider it here as an example of a motor protein transforming chemical energy into directed
motion.

The major structural elements of huge multinucleated muscle cells are myofibrils. Myofibrils have a cylindrical
structure 1–2 µm in diameter. Hundreds of parallel myofibrils are packed in each muscle cell, and their length can
be as long as the length of the cells. A myofibril is a long chain of repeated contractile units, sarcomeres, each about
2.2 µm long. To analyze muscle contraction we need to consider one sarcomere, since all of them are identical and
perform the same work. A diagram of the sarcomere is shown in Fig. 4.

The variable x is some kind of coordinate which allows to distinguish between the two
states. In statistical mechanics, x is referred to as an order parameter.
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Équation de Langevin

Équation de Langevin

On reprend l’argument original de Langevin.

Point de départ

1
2

m < v
2 >=

1
2

RT

N
(16)

où N est le nombre d’Avogadro

kB =
R

N
= 1,381⇥10�23JK�1 (17)

est la constante de Bolzmann (due à Planck, 1900)
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Soit bille de rayon a dans fluide de viscosité cinématique h (bain de chaleur). On
suppose

m � mbain (18)

Force visqueuse 6pahv (d=3) . On postule en 1d:

m
d

2
x

dt2 = �6phav+X(t) (19)

où X est une force dont on ne sait rien sinon qu’elle est aléatoire.

Remarque

Cette équation sépare deux canaux pour les flux d’énergie :
1 La force aléatoire donne de l’énergie.
2 La particule rend de l’énergie au bain par le canal de la dissipation.

Il existe deux canaux différents pour les flux d’énergie qui s’organisent pour que
l’énergie de la particule soit finie. La dissipation est ici d’origine hydrodynamique. Les
changements de conformation des molécules biologiques introduisent une nouvelle
source de dissipation.
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Du point de vue du temps propre de la particule lourde, les fluctuations de X(t) ne
sont pas corrélées :

< X(t)X(t� t) >= G⇥d (t) (20)

soit
6pha/m⇥ tc ⌧ 1 (21)

où tc est le temps de corrélation de la force.

On va montrer que l’équation de Langevin donne l’équation de diffusion.
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On pose µ = 6pha

mx
dv

dt
+

1
2

m
d

2
x

dt2 �mv
2

= µxv+xX = �µ 1
2

dx
2

dt
+xX

(22)

Moyenne sur un grand nombre de particules !< .. . >. On a évidemment (?? - hum)

< xX >= 0 (23)

D’où
1
2

m
d

2 < x
2 >

dt2 �m < v
2 > = �µ 1

2
< x

2 >

dt

1
2

m
d

2 < x
2 >

dt2 � kBT = �µ 1
2

d < x
2 >

dt

(24)

qui n’est qu’une équation différentielle du premier ordre.
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D’où
1
2

d < x
2 >

dt
=

kBT

µ
+Cexp

h
� µ

m
t

i

=
kBT

µ
en régime permanent

(25)

car
m

µ
= 10�8

s (26)

En particulier, pour la distance caractéristique inspectée au bout d’un temps t

< x
2 >=

kBT

3pha
t = Dt (27)

où D est le coefficient de diffusion

D =
kBT

3pha
(28)
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Illustration numérique

Il est facile d’intégrer numériquement l’équation de Langevin. On se place dans le
régime des petits nombres de Reynolds. L’inertie ne jouant aucun rôle, l’algorithme
permet de déterminer x(t+dt) une fois x(t) connu.

x(t+d t) = x(t)+bDdt


� dU

dx
+F(x,t)

�
+(2DDt)1/2

X(t) (29)

où U(x,t) est un potentiel, F(x,t) une force extérieure (Schéma d’Euler). On note que le
préfacteur devant la force est

p
D : on retrouve ainsi l’équation de diffusion.

Schéma d’un algorithme d’Euler (le seul possible) pour une équation stochastique

double ITERATE(double x, double t, gsl rng *r)
double resu;
resu = x + BETA*Delta t*(-DUDX(x)+F(x,t)) + C*ALEA(r);
return resu;
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FIG.: Simulation numérique d’une particule brownienne dans un bain à 300K (eau). Le temps est
mesuré en ps et les distances en Nm. La courbe rouge est obtenue pour une particule de 10 nm et
celle en verte correspond à une particule de 100nm.
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Hypothèses sous-jacentes

Une force aléatoire X(t) forte avec une mémoire courte;
Une force faible �6phav avec une mémoire longue;
Ne s’applique pas aux particules du bain;
Néglige les corrélations dans le fluide (on sait maintenant que c’est faux)

Conséquence

Temps de perte de mémoire de la vitesse tv = m/(6pha) = temps au bout duquel la
vitesse va changer de signe. Ce temps correspond à une distance tv

�
< v

2 >
�1/2. Mais

1
2

m < v
2 >=

1
2

kBT

donc

l =
(mkBT)1/2

6pha

libre parcours moyen entre deux chocs.
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Application du mouvement brownien : diffusion sur une membrane

Résumé : 2 formules importantes
1 Pour une particule sphérique de rayon dans un fluide visqueux, le coefficient de

diffusion de translation est donné par (relation d’Einstein) :

Dtranslation = kBT/(6pha) (30)

2 Pour des particules diffusant dans un potentiel U(x) avec concentration c(x)

c(x)

c(0)
=

e
�U(x)/kBT

e�U(0)/kBT
(31)

où T est une notation pour

D =
kBT

6pha
(32)
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Remarques sur le coefficient de diffusion

1 La formule kBT/(6pha) n’est valable que pour une diffusion brownien dans une
solution en trois dimensions où :

< R
2 >= 4Dtranslationt (33)

2 Il existe aussi une mouvement brownien de rotation

< q 2 >= 2Drotationt (34)

For a protein in the membrane, matters are not that simple ! The particle moves
through a two-dimensional liquid that is coupled to a surrounding three-dimensional
solvent because of hydrodynamic interactions (no slip boundary condition). If h the
thickness of the bilayer, there is a characteristic length scale:

Lsd =
hhm

2hf

(35)

and :
Dsd =

kBT

4phmh
[ln(2Lsd/a)� g] (36)

where g = 0.577 . . . (Saffman-Delbrück, 1975). Good for particles in reconstituted
membrane (vesicles). Apply to proteins in cellular membrane?
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Studying protein dynamics in living cells: FRAP experiments

1 Use protein tagged with fluorescent probes (GFP, DsRed).
2 Fluorescent molecules in a small region of the cell are irreversibly photo bleached

using a laser. Subsequent movement into the photobleached area is recorded.
3 Concentrate on two kinetic parameters

1 The rate of recovery : ! D

2 The mobile fraction Mf (decreases in Mf indicates that the protein could be binding to an
another proteins. Increase in Mf means that the molecule is released from a
compartment.

© 2001 Macmillan Magazines Ltd
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in Mf indicates that the protein could be binding to
fixed molecules, forming immobile aggregates, or that
the protein is confined to a compartment and cannot
contribute to fluorescence recovery in a separate discon-
nected compartment11,12,14. When the Mf increases, the
protein has been released from either a restricted com-
partment or a fixed macromolecular complex. Given
that there are many ways to interpret different D and Mf
values shown by different proteins, combining FRAP

A typical FRAP curve, which provides information
on D and Mf is shown in FIG. 1a. The mobile fraction
provides a measure of the extent to which the fluores-
cent protein can move within cells. It is determined by
calculating the ratio of the final to the initial fluores-
cence intensity in the bleached region, corrected for the
amount of fluorescence removed during photobleach-
ing4. When the mobile fraction is less than 100%, some
fluorescent molecules might be irreversibly bound to a
fixed/anchored substrate. Alternatively,non-diffusional
factors, such as diffusion barriers or discontinuites
within the structure where a protein localizes,might be
responsible for the reduced mobility10,11–13. The latter is
common for proteins localized in internal compart-
ments that are disconnected (for example, endosomes
and lysosomes). The diffusion constant,D, is obtained
by plotting the recovery of relative fluorescence intensi-
ty within the bleached region as a function of time, and
fitting this recovery curve with various equations8,12 (FIG.

1a). Equations that can been used to determine Mf and
D from FRAP curves are shown in BOX 3.

The theoretical D for a protein is related to the size
of a protein and its cellular environment (BOX 2).
Deviations from this value can provide useful informa-
tion about the environment of the protein (BOX 4). For
example, a D significantly lower than a predicted value
(indicating slower diffusion) suggests that a fluorescent
protein could be incorporated into an aggregate or a
large complex, because D is inversely proportional to
protein size. Alternatively, the environment of a protein
could be notably more viscous than expected, or the
protein could be interacting transiently with large or
fixed molecules. By contrast, if D is significantly higher
than predicted (indicating faster diffusion), the protein
might be showing nondiffusive behaviour such as flow
or directed movement by motor proteins,or the viscosi-
ty of the environment might be decreased. Similarly,
changes in Mf can reveal new information. A decrease
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Figure 1 | Fluorescence recovery after photobleaching. a | Plot of fluorescence intensity in a region of interest versus time
after photobleaching a fluorescent protein. The prebleach (F

i
) is compared with the asymptote of the recovery (F∞ ) to calculate

the mobile and immobile fractions. Information from the recovery curve (from F
o

to F∞ ) can be used to determine the diffusion
constant of the fluorescent protein. b | Cells expressing VSVG–GFP were incubated at 40 °C to retain VSVG–GFP in the
endoplasmic reticulum (ER) under control conditions (top panel) or in the presence of tunicamycin (bottom panel). Fluorescence
recovery after photobleaching (FRAP) revealed that VSVG–GFP was highly mobile in ER membranes at 40 °C but was
immobilized in the presence of tunicamycin. Adapted with permission from REF. 32 © (2000) Macmillan Magazines Ltd.

Box 3 | Equations for Mf and D

A simple equation for determining the mobile fraction
Mf from FRAP experiments is (EQN 1):

where F∞ is the fluorescence in the bleached region after
full recovery,Fi is the fluorescence before bleaching and
F0 is the fluorescence just after the bleach.
D is obtained by plotting the recovery of relative

fluorescence intensity within the bleach region as a
function of time and fitting this recovery curve with
various equations8,13 (FIG. 1a).When a small spot or
narrow strip is bleached, simple equations can be used
for finding D, such as the equation by Axelrod and
colleagues8,13,16 (EQN 2):

where ω is the radius of the focused laser beam, γ is a
correction factor for the amount of bleaching, and τD is
the diffusion time. This formula assumes unrestricted
two-dimensional diffusion into a circular bleached area
without recovery from above and below the focal plane,
so it is valid only for diffusion in membranes. Formulas
based on unrestricted diffusion in a free volume are
used for characterizing protein diffusion in the
cytoplasm.

Mf = F∞ –Fo (1)
Fi –Fo

D =     2 (2)
4D

τ ω γ
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Deviations from this value can provide useful informa-
tion about the environment of the protein (BOX 4). For
example, a D significantly lower than a predicted value
(indicating slower diffusion) suggests that a fluorescent
protein could be incorporated into an aggregate or a
large complex, because D is inversely proportional to
protein size. Alternatively, the environment of a protein
could be notably more viscous than expected, or the
protein could be interacting transiently with large or
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after photobleaching a fluorescent protein. The prebleach (F
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) is compared with the asymptote of the recovery (F∞ ) to calculate

the mobile and immobile fractions. Information from the recovery curve (from F
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to F∞ ) can be used to determine the diffusion
constant of the fluorescent protein. b | Cells expressing VSVG–GFP were incubated at 40 °C to retain VSVG–GFP in the
endoplasmic reticulum (ER) under control conditions (top panel) or in the presence of tunicamycin (bottom panel). Fluorescence
recovery after photobleaching (FRAP) revealed that VSVG–GFP was highly mobile in ER membranes at 40 °C but was
immobilized in the presence of tunicamycin. Adapted with permission from REF. 32 © (2000) Macmillan Magazines Ltd.

Box 3 | Equations for Mf and D

A simple equation for determining the mobile fraction
Mf from FRAP experiments is (EQN 1):

where F∞ is the fluorescence in the bleached region after
full recovery,Fi is the fluorescence before bleaching and
F0 is the fluorescence just after the bleach.
D is obtained by plotting the recovery of relative

fluorescence intensity within the bleach region as a
function of time and fitting this recovery curve with
various equations8,13 (FIG. 1a).When a small spot or
narrow strip is bleached, simple equations can be used
for finding D, such as the equation by Axelrod and
colleagues8,13,16 (EQN 2):

where ω is the radius of the focused laser beam, γ is a
correction factor for the amount of bleaching, and τD is
the diffusion time. This formula assumes unrestricted
two-dimensional diffusion into a circular bleached area
without recovery from above and below the focal plane,
so it is valid only for diffusion in membranes. Formulas
based on unrestricted diffusion in a free volume are
used for characterizing protein diffusion in the
cytoplasm.

Mf = F∞ –Fo (1)
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D =     2 (2)
4D
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Top panel et bottom one correspond tot he
two cases (full and no recovery).
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∂ c

∂ t
= D

∂ 2
c

∂x2 (37)

with initial conditions:

c(x,0) =

8
><

>:

c0 for�L < x < �a

0 for � a < x < +a

c0 for+ a < x < L

(38)

use no flux boundary conditions ∂ c/∂x = 0 at x = ±L which says that no material flows
in or out.
The diffusion equation is solved in Fourier space:

c(x,t) = A0(t)+
•

Â
0

An(t)cos(
x

L
np) (39)

where ∂ c/∂x = 0 for x = ±L.
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∂A0
∂ t

= 0 (40)

∂An

∂ t
= � Dn

2

p2 L
2
An(t) (41)

Thus

c(x,t) = c0

"
1� a

L
� Â

n�1

2sin(npa/L

np
e
�(Dn

2p2/L
2)t cos

x

L
np

#
(42)

Compute the Frap recovery curve by integrating the concentration in the
photobleached region

Nf (t) =
Z +a

�a

c(x,t)dx (43)

It gives

Nf (t) = 2c0a(1� a

L
)

"
1� 1

a/L(1� a/L) Â
n�1

2
n2p2 sin2(npa/L)e�(Dn2p2/L2)t

#
(44)

which can be used to fit experiments (full recovery).
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One-dimensionnal model for Frap. Note that then total concentration
R+L

�L
c(x,t)dx is

constant so that limx!±L c(x,t)decrease with time.



Introduction au mouvement brownien et à ses applications
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Modeling a cell signaling problem

What is the the number of signaling molecules that bind to the receptors per unit time
(dn/dt)?

A depletion zone in the immediate vicinity of the surface is characteristic of the
problem when ligands must diffuse from the bulk to be captured by the receptors.
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Solving the diffusion equation with non trivial boundary conditions

Rate of uptake is proportional to the concentration c(a)

dn

dt
= Mkonc(a) (45)

where M is the total number of receptor on the surface. We neglect unbinding. We
must solve the diffusion equation in the bulk (in steady state)

—c =
1
r2

∂
∂ r

✓
r

2 ∂ c

∂ r

◆
= 0 (46)

It follows (note that the concentration increases at we move outwards) :

c(r) = �A/r+B,A,B constant to be determined by the boundary conditions (47)

The rate of uptake is given by the current which flow inwards. The concentration of
ligand at the surface follows

c(a) =
c0

1+(Mkon/4pDa)
(48)

and
dn

dt
=

Mkonc0
1+(Mkon/4pDa)

(49)



Introduction au mouvement brownien et à ses applications
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Two cases

1 The first is the limit case where kon ! •. All particle arriving at the surface are
absorbed. The reaction is said to be diffusion limited and not rate limited. Get a
very useful relationship

dn

dt
= 4pDac0 (50)

2 In the general case, we may ask : how many receptors (M) do we need to get an
adsorption rate which is half that of the diffusive limit?

Mkonc0
1+(Mkon/4pDa)

=
1
2

4pDac0 (51)

gives

M =
4pDa

kon

(52)

Take a = 10µm, kon = 10µM
�1.s�1 (1µM = 600/µm

3) So that

M ⇡ 105 receptors (53)

Conclusion : a sparse distribution of receptor can rival a perfectly adsorbing
sphere.
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Temps de premier passage

Application : Ordres de grandeur

Pour l’eau :
h = 102

g.cm
�1.s�1 (54)

Si a = 10�6
cm

D = kBT/(6pha) = 2.210�7
cm

2.s�1 (55)

Le temps
tdiff =< R

2 > /D (56)

est le temps au bout duquel on peut trouver la particule n’importe où dans une région
de taille R. En particulier , c’est la temps au bout duquel un marcheur aléatoire atteint
la surface de la sphère de rayon

⇥
< R

2 >
⇤1/2 et sort de cette sphère. Ce temps ne

dépend donc pas du fait que la particule soit confinée ou non.

Autre temps caractéristique : temps au bout duquel une particule brownienne trouve
une cible de rayon a0 = ttraffic à l’intérieur du volume cellulaire V (le mouvement est ici
confiné)

En règle générale :
ttraffic >> tdiff (57)

ttraffic est ce que l’on appelle en physique statistique le temps de premier passage. Les
deux temps sont manifestement différents : l’un ne dépend pas du fait que le
mouvement est confiné alors que l’autre en dépend.
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Résultat

Si V est le volume et r la distance
Supposant mouvement brownien (Cf. S. Condamin et al.)

ttraffic ⇠ V

⇣
A�Br

2�d

⌘
si d > 2

ttraffic ⇠ V (A+B lnr)si si d = 2

ttraffic ⇠ V

⇣
A+Br

2�d

⌘
si d < 2

(58)

où A et B sont deux constantes indépendantes du volume de confinement. On a donc
dans tous les cas le résultat surprenant (on n’atteint pas la cible en milieu non confiné)

lim
V!•

ttraffic = • (59)

D’où
Si V = L

3 où L taille caractéristique (noter que le résultat est indépendant de la taille a

si a = a0)

ttraffic/tdiffusion ' L/a ) ttraffic =
hV

kBT
⇡ 1s (60)

Si V = L (dimension 1)
ttraffic = tdiffusion (61)

Pour un démonstration simple voir A. Mikhailov et B. Hess, J. Theor. Biol., 176, 185,
1995
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Force spectroscopy on single molecules

We want to characterize the behavior of a molecule under stretching or under torsional
mechanical force. The prototypical question is to understand how a non-convalent
bond breaks under the action of an external force.Like all chemical reactions, bond
rupture the the scale of a a single bond is not a deterministic event. It is a stochastic
event.

A
B

Energie

Coordonnée  x

The usual way to look at chemical reactions is
consider averages over an ensemble of molecules
(1023). For single molecule experiments, there is no
self-averaging. the process is per se stochastic.
Let us consider the simple reaction scheme

A+B � AB (62)

We introduce a reaction coordinate x (distance
between A et B).

1 x small A bound to B

2 x large A dissociated from B
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An external force shift the energy barrier

times of ordinary slip bonds decrease during stretching. It
was generally assumed that biological receptor-ligand
complexes are slip bonds.2 However, catch bonds were
demonstrated recently. In 2002, flow-chamber experi-
ments3 reported force-enhanced cell adhesion, which could
be rationalized by catch binding between lectin-like bacte-
rial adhesion protein FimH and mannose ligands.4 The first
definitive demonstration5 came in 2003 with atomic force
microscope (AFM) studies of the P-selectin protein,
expressed on endothelial cells and platelets, interacting with
the PSGL-1 ligand expressed on leukocytes. The AFM exper-
iments showed that beyond a critical force value, catch
bonds behaved as ordinary slip bonds. The bond lifetime
first increased but ultimately decreased with growing
force.5,6 The growth and subsequent decrease of the bind-
ing strength was also observed in flow-chamber experi-
ments on FimH-mediated attachment of bacteria to host
cells3 and beads to surfaces.7 More recently, catch-slip
behavior was established in the actin/myosin complex.8

One expects that catch bonds evolved in response to the
biological conditions in which they function. For instance,
bonds involving selectins operate in blood flows.9,10 Catch
binding may prevent spontaneous aggregation of flowing leu-
kocytes in capillaries and postcapillary venules, where forces
on the bonds are low.11

Catch and Slip Bonds
To understand the intermolecular forces involved in catch
binding, consider the energy of receptor-ligand interaction,
Figure 1. The larger is the height ∆E0 of the barrier separat-
ing the bound state from the dissociated state, the longer is
the bond lifetime. According to Bell,2 applied forces f induce
linear changes in barrier height

where ∆x is barrier width. The sign in front of ∆x reflects force
direction. It is negative, if force pulls the ligand out. This sit-
uation was considered originally by Bell.2 The sign is posi-
tive, if force pushes the ligand in. This possibility was first
discussed by Dembo et al.1 The former situation describes slip
bonds, since force promotes bond breaking. If the free-energy
landscape of receptor-ligand interaction is such that force
pushes the ligand deeper into the receptor, the complex
behaves as a catch bond. Ultimately, all known catch bonds
transition to slip bonds given sufficient force.

A number of explanations of the catch-slip transition have
been proposed.12–17 A simple description is provided by the
two-pathway model,15 which offers both catch and slip path-
ways for bond dissociation, Figure 2a. The catch pathway
involves a low energy barrier. By increasing the catch barrier
and decreasing the slip barrier, force compels the bond to
switch from the catch to the slip pathway. Bond lifetime is
maximized when force equalizes the barrier heights. Impor-
tant experimental facts can be explained with a potential con-
taining two bound states and two dissociation
pathways,13,14,17 Figure 2b.

The bond-deformation model16 provides an alternative to
the two-pathway idea. It argues that force lowers the poten-
tial energy minimum by changing bond structure, Figure 2c.
Essential for catch binding, the minimum should drop faster
than the top of the barrier, which evolves by the Bell mecha-
nism as before. In contrast to the two-pathway model, the
deformation model needs just one dissociation pathway. An
allosteric form of catch-bond deformation has been suggested
by experiment and atomistic simulation.11,18–21 Large-scale
conformational changes correlate with increased bond life-
times, Figure 2d, and are stabilized by either applied force or
interaction with another ligand.18

Catch binding has been attributed to higher-order fluctua-
tion effects22 that extend beyond the Bell mechanism. Fur-
ther complications are provided by the force-history
dependence of bond rupture.23

Atomistic simulations suggest that in order to escape, the
ligand must overcome a number of barriers and bound states,
giving rise to the sliding-rebinding mechanism,24,25 Figure
2e.

Two-Pathway Model
The receptor-ligand interaction potential contains a sin-
gle bound state, x1, and two barriers, xc and xs, leading to
the unbound state 0, Figure 3a. Force raises the catch bar-
rier and lowers the slip barrier. The two-pathway model,

FIGURE 1. Effect of applied force on receptor-ligand interaction
potential with barrier ∆E0. Solid line shows force-free potential. In
slip binding, force lowers the barrier ( · · · ) and favors bond
dissociation. Catch binding occurs when force directed from the
barrier toward the minimum raises the barrier (---).

∆E( f ) ) ∆E0 ( ∆xf (1)

Theoretical Aspects of the Biological Catch Bond Prezhdo and Pereverzev

694 ACCOUNTS OF CHEMICAL RESEARCH 693-703 June 2009 Vol. 42, No. 6

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

W
A

SH
IN

G
TO

N
 o

n 
Se

pt
em

be
r 9

, 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

): 
M

ar
ch

 3
0,

 2
00

9 
| d

oi
: 1

0.
10

21
/a

r8
00

20
2z

To break the bond, the system must diffuse
by Brownian motion over an energy
barrier. The height of the energy barrier
sets the relevant time scale for the
dissociation constant.

koff µ e
�DE(f )/kBT (63)

In short, the dissociation of the complex
can be seen as the translocation of a
brownian particle. When an external force f

is applied to the bond, this amounts to
saying that the particle diffuse under the
action of a force f .
In general, an external force changes the
energy landscape and shift the energy the
barrier :

DE(f ) = DE(0)±Dx (64)

where Dx is the width of the barrier at zero
force.
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Unbinding of the Avidin-Biotin Complex

time t and nu = 1 -nb, Eq. 33 can be rewritten as

dnu= (F nb(F). (36)
dF F

k(F) can be related to the mean first passage time Tact(F)
(k(F) = 1/Tact(F)), which is furnished by Eq. 19. Accord-
ingly, the rate constant is

k(F) = kd(F)e-F), (37)

where kd(F) = 6(F)2/2Td, and 8(F) is given by Eq. 17.
The probability p(F) that a particle will unbind with the

applied force F is dnu/dF. This probability can be expressed
through the r.h.s. of Eq. 36 and further evaluated. In the case
of a linear potential (Eq. 15) one obtains, using Eqs. 34
and 37,

kd(F) F -fFF
p(F)= . exp1-6(F) - dF'kd(F')e-(F')}. (38)

kd(F) appearing in this expression is a slowly varying func-
tion of F, which will be assumed to be constant. The integral
arising in Eq. 38 can then be readily evaluated

kd F kd
I dFe-[AU-F(b-a)] =

d ORB-a)

F
0

3F(b-a)

(39)

Substituting Eqs. 17 and 39 into Eq. 38 yields

p(F) = k expf(F - FO)x- .(ekd -Fo)Ax - CpFoAx)
F fAxF J

(40)

where Fo = AU/Ax, and Ax = b - a.
The resulting probability distribution is shown schemat-

ically in Fig. 13 and is seen to exhibit a bell-shaped form
with a pronounced maximum at F*. The maximum is char-

p(F)

0.3

0.2

0.1

0.0
force

FIGURE 13 The distribution of the rate of unbinding as a function of the
applied force.

acterized through

(I3Fcx~
3(F*-Fo)Ax = logt kd (41)

The width 6F ofp(F) is determined by the second derivative
of the exponential in Eq. 40, given by 6F = kBT/Ax . This
expression can be interpreted as the average force produced
by thermal fluctuations within a binding pocket of size Ax.

In case where the potential U(x) exhibits a pronounced
barrier, rather than being of linear form, one can employ
Kramers' relation (Eq. 9) and obtain from Eq. 36 similarly
for the distribution of rupture forces,

p()=(OminWOmax -
t(F)

p(F) 2ny exp -I3PAU(F) - dt'k(F(t'))

(42)

This distribution also exhibits a pronounced maximum at
F*, given by the extremum condition derived from the r.h.s.
of Eq. 42,

(43)
a dt

-{3 -AU*l-k(F) dF = °.

If one ignores the force dependence of the prefactors in
Kramers' relation, one obtains, using Eqs. 10 and 11, for the
width of the distribution for a general potential U(x): 6F =
kBT/Ax(F*), where Ax(F*) = xm,(F*) - Xmin(F*).

DISCUSSION

In this paper we investigated the pathways of forced un-
binding of avidin and biotin. The simulations were inspired
by AFM measurements of the process (Florin et al., 1994;
Moy et al., 1994b), but the approach promises to be of wider
significance than proving consistency of molecular dynam-
ics simulations with AFM data. In fact, in this respect the
present paper produces a negative result, in that the claim by
Grubmuller et al. (1996) that simulations can reproduce
observed rupture forces quantitatively has not been substan-
tiated. We attribute this mainly to the fact that in the
simulations of these authors, only a streptavidin monomer
has been simulated, in which case one side of the binding
pocket, usually covered by Trp120 of another streptavidin
monomer, is left open. Because the authors also solvated
their system in water, it is likely that biotin was actually
solvated to a significant degree in the binding pocket, weak-
ening the adhesion forces to a degree that rupture forces
below 200 pN were found, whereas the present simulation
with an intact binding pocket yielded much larger values.

In fact, we suggest that the six order of magnitude gap in
the time scales of AFM measurements and simulations
cannot be readily bridged. Nevertheless, the simulations of
enforced unbinding of biotin from avidin revealed an inter-
esting scenario of stepwise slips involving changes of both
protein-ligand hydrogen bond patterns and hydrophobic

1 579Izrailev et al.

FIG.: Probability distribution for the rupture. There is a maximum.
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The rupture force depends on the loading rate. The faster one applies
the force, the largest is the rupture force (slip bonds)

Topical Review R555

Steady ramp
100pN/sec Steady ramp

1000pN/sec

BFP force error

A B C

Figure 8. Mechanical strength of trans-bonded cadherin fragments. (A), (B) Force histograms in
steady ramp protocols at 100 and 1000 pN s−1. Force distributions shift to larger forces as the
loading rate increases. (C) Logarithmic rate dependence of the average rupture force over nearly
four orders of magnitude in loading rates. The dotted line corresponds to the measurement error
in force. The error increases with the loading rate because of viscous corrections appearing due to
probe damping. Figure taken from [257].

Dynamic force spectroscopy [61, 62] has become nowadays a standard method to probe the
strength of molecular bonds. It has been applied to the study of biotin–avidin and biotin–
streptavidin interactions [246–248], antigen–antibody interactions [249–251], P-selectin/ligand
interactions [252, 253], adhesion forces in lipid bilayers [254], substrate–protein adsorption
forces [255], cadherin mediated intermolecular interactions [256, 257], carbohydrate–protein
bonds [258], proteoglycans [259, 260] and antibody–peptide interactions [261] just to cite a
few examples. Typical rupture force distributions are shown in figure 8. The problem of
bond rupture has been extended to multiple bonds in several configurations (series, parallel,
zipper) [62, 262, 263]. An annoyance inherent to dynamic force spectroscopy in ligand–
receptor studies is that after a rupture event occurs a contact has to be established again. As
discussed below, this is different from what happens when studying intramolecular interactions,
where the initial set of bonds can be reformed again by moving back the surface to the tip.

5.2.2. Protein folding. SME allow us to investigate intramolecular interactions in proteins.
Pioneering studies have been carried out by pulling the muscle protein titin. The sarcomere
is a repeating unit found in fibres of muscle cells responsible for contractile motion. The
sarcomere is a highly complex structure 2.5 µm long made out of thick (myosin) and thin
(actin) filaments and a third filament (titin). Titin connects the Z-disk to the M-line in the
sarcomere, and is a huge modular protein responsible for the passive elastic properties of the
muscle. Titin is formed by tandem pseudorepeats of many different protein domains such as
the immunoglobulin (Ig) and the fibronectin type III (fnIII) domains. The characterization of
the mechanical properties of modular proteins like this one is very important because they
are present in the cytoskeleton and the extracellular matrix of all eukaryotic cells. AFM and
LOT pulling experiments in proteins were first carried out in titin [264–266] by the groups of
Gaub in Munich and Bustamante in Berkeley. Upon application of force titin unravels in a
series of force jumps, one jump corresponding to the unfolding of an individual module. A
FEC reveals a characteristic sawtooth pattern as shown in figure 9. Due to the heterogeneous
structure of the module sequence in modular proteins (such us titin) it is difficult to identify
which specific module corresponds to which unfolding event. Considerable progress has been

FIG.:
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Measurement of rupture force as a function of loading rate allows to
characterize the pathway during dissociation
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Force spectroscopy

The effect of the force can be subtle. Catch bonds are bonds with a life
time which increases with the force. Here, the demonstration of a catch
bond between an integrin and its ligand.
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Application aux mesures extension-force des molécules d’ADN isolées

Le mouvement brownien trouve ici une application sur la mesure de forces très faibles
pour des molécules biologiques isolées. Il s’agit d’une méthode très précise, puisque le
domaine des forces mesurées va de la dizaine du femto-newton à la centaine de
pico-newton.

Le version étudiée ici correspond à la méthode de Croquette et Bensimon (ENS, Paris,
Picotwist). Elle utilise des pinces magnétiques, ce qui permet de s’affranchir de
dégagements de chaleur et, surtout, d’appliquer un couple de torsion sur une
molécule.
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Application aux mesures extension-force de l’ADN

Schéma du dispositif expérimental

the coated bottom of the flow cell and to the paramagnetic bead,
respectively (Fig. 1, blue and orange segments). A pair of magnets was
placed above this construction, and different torsions were applied by
rotating the magnets about the vertical axis. The magnets’ vertical posi-
tion specifies the stretching force, that is, the fiber extension, which was
measured by recording the three-dimensional position of the bead8.
The typical torsional behavior of a single chromatin fiber in low-salt

buffer B0 (see Methods) is shown in Figure 2a at 0.34 pN (blue curve).
After chemical dissociation of the nucleosomes, the response of the
corresponding naked DNA was obtained (red). This latter curve
displays a mechanical effect of torsion and an asymmetry for negative
supercoiling. These features are the signatures of an unnicked single-
duplex DNA8. Compared to naked DNA, chromatin is shorter by
B1.35 mm, and its center of rotation is shifted by –24 ± 2 turns. This
corresponds to a shortening of B–55 nm per negative turn, as
expected for one nucleosome, as 50 nm corresponds to 150 bp.
Nucleosomes were also disrupted mechanically by increasing the

tension, after supplementing B0 with 50 mM NaCl and 2 ! 10–3 %
(w/v) nucleosome assembly protein-1 (NAP-1; gift from S. Leuba,
University of Pittsburgh). At 7.7 pN, 14 individual lengthening steps
with an average height of 24.2 ± 1.9 nm were detected (Fig. 2b), in
agreement with ref. 6. Thanks to the presence of NAP-1, which
interacts with core histones in vitro13 and favors their release, this
process occurred at a lower force than in ref. 6. Notably, it was
partially reversible, as also reported in ref. 6. In the course of two
successive pulling phases at 7.7 pN, separated by a 50-s pause at

0.67 pN, the fiber contracted by –28.5 nm during the pause, roughly
corresponding to one individual nucleosome reassociation.
The response in torsion of the partially disrupted fiber was then

probed in B0 at low force and, as expected, it was intermediate
between the responses of the original fiber and of DNA (Fig. 2a,
green). The shifts in length and in topology between the new fiber and
DNAwere respectivelyB700 nm and –13 ± 1.5 turns, orB54 nm per
turn, identical to the values derived for the initial fiber. Assuming
that each step corresponds to the dissociation of one nucleosome,
the topological deformation per nucleosome can be estimated as
–(11 ± 1.5)/14 ¼ –0.8 ± 0.1 turn.
The rotational behavior of ten fibers was then compared by plotting

their maximal length at 0.3 ± 0.07 pN versus the rotational shift of
those maxima relative to their corresponding naked DNAs (Fig. 2c). A
linear trend was observed, with most data points well aligned and a
slope close to 55 nm per turn. This is the expected behavior for regular
nucleosome arrays with a variable number of nucleosomes. The
corresponding nucleosome arrays were therefore referred to as regular.
A few fibers, however, deviated from this linear trend. We show in the
Supplementary Discussion online that these deviations can be
attributed to the presence of variable proportions of clustered nucleo-
somes devoid of linker DNA (see also Supplementary Fig. 1 online).
Hence, these fibers were termed irregular.
A direct comparison between chromatin and DNA requires a

derivation of the torsional response of a DNA molecule having the
same maximal length under the same force. Taking advantage of the
invariance in length of the DNA torsional response8, one can obtain
the renormalized curve of the DNA by dividing both lengths and
rotations by the ratio of the maximal length of DNA to the maximal
length of chromatin. The resulting renormalized DNA curve was
further displaced parallel to the abscissa to superimpose its rotation
center onto that of the fiber (Fig. 2d). Compared to DNA, nucleosome
arrays seem extremely resilient, being able to accommodate a much
larger amount of supercoiling without substantial shortening.

Stretching
The fiber described in Figure 2d and its corresponding DNAwere also
compared, again in B0, with respect to their stretching behaviors

Rotation

Nucleosome array

DNA spacer

DNA spacer

Biotin-DNA

Digoxigenin-DNA

Force

3-µm magnetic bead

Figure 1 Schematic of the experiment. A single nucleosome array (B7.5
kbp), sandwiched between two naked DNA spacers (B600 bp each), is
linked to a coated surface and to a magnetic bead. A pair of magnets placed
above this molecule exerts controlled torsional and extensional constraints8.
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Figure 2 Micromanipulation of single chromatin fibers. (a) Extension-versus-
rotation curves at 0.35 pN for an intact fiber (blue) in buffer B0 (see
Methods), for the same fiber after partial nucleosome disruption as shown
in b (green) and for its corresponding naked DNA after complete nucleosome
dissociation (red). (b) Individual nucleosome disruption events at 7.7 pN of
the fiber in a in B0 plus NAP-1 and 50 mM salt (see Results). The force was
temporarily lowered to 0.67 pN between the arrows. (c) Maximal extension
versus topological departure from DNA for ten fibers at 0.3 ± 0.07 pN in
B0. Black straight line shows the relationship predicted by our three-state
model (see Supplementary Discussion). Fibers on the line are referred to
as regular and those off as irregular. Arrowheads correspond to the fibers
studied in a (black) and d (blue). Numbers in green refer to fibers studied
in Figure 6. (d) Extension-versus-rotation curves of the chromatin fiber
corresponding to the blue arrowhead in c at 0.25 pN (blue) and of its
corresponding renormalized DNA (red). Smooth curves were obtained
assuming an elastic response in bending, stretching and twisting
(worm-like rope model)15.
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Application aux mesures extension-force de l’ADN

184 B. Duplantier Séminaire Poincaré

Figure 4: Micromanipulation d’une molécule d’ADN par des “pinces magnétiques”.

des torsades, ou superenroulements, qui reproduisent une partie des configurations topologiques
fonctionnelles.

Donnons un bref aperçu des forces mises en jeu en biologie, et des problèmes spécifiques liés
à leur petitesse.

2.1.3 Forces d’interaction biologiques et forces d’agitation thermique.

Les forces d’interaction impliquées dans les systèmes biologiques sont typiquement engendrées par
les liaisons hydrogène ou ioniques, ainsi que par les interactions de Van der Waals qui structurent
acides nucléiques et protéines. Leur ordre de grandeur typique est obtenu en divisant kBT , ordre
de grandeur du “quantum d’énergie” fourni par l’hydrolyse de l’ATP en ADP71 (en fait 10 kBT ),
par la taille caractéristique des objets biologiques, de l’ordre du nanomètre (nm). On trouve alors
le picoNewton :

kBT

1nm
= 4 pN

�
10�12 N

.

Cette force est aussi typiquement celle qu’il faut pour étirer une molécule d’ADN. Extrême-
ment petite, elle n’est pas facile à détecter avec des dispositifs de mesure classiques.

Les plus petites forces mesurables sont a priori limitées par l’agitation thermique de l’instru-
ment de mesure (voir la figure 5). Cette agitation thermique donne lieu à la force stochastique de
Langevin vue ci-dessus, dont la valeur dépend du coefficient de friction visqueuse sur l’objet, et
aussi de la fenêtre temporelle d’observation. On a :

�X2
Langevin� = 2kBT 6�� a �f,

où � est la viscosité du milieu, a le rayon d’une bille prise comme exemple, et �f la gamme de
fréquence observée. Par exemple, pour a = 1, 5 µm, dans de l’eau (viscosité � = 10�3 Poise), la
racine de la force carrée moyenne est XLangevin ⇠ 15 f N

�
(10�15 N)

p
Hz, soit 15 femtoNewtons sur une

seconde.
71ATP : adénosine triphosphate, carburant biologique universel, fait d’un sucre, la ribose, d’une base, l’adénine, et

de trois groupes phosphates ; ADP : adénosine diphosphate, sa version dégradée après perte d’un groupe phosphate
sous action enzymatique et libération d’énergie.

Un ADN est greffé de manière
covalente au substrat et à une bille
magnétique de taille caractéristique
1µ m. Les fluctuations de position de
la bille sont observables.
Un gradient de champ permet
d’appliquer une force Fûz sur la bille.
Le problème est d’ étalonner la force F.
Grâce à un champ alternatif, on peut
faire tourner la bille. Nous ignorons
cette possibilité (pour l’instant).
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Figure 4: Micromanipulation d’une molécule d’ADN par des “pinces magnétiques”.
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fonctionnelles.

Donnons un bref aperçu des forces mises en jeu en biologie, et des problèmes spécifiques liés
à leur petitesse.

2.1.3 Forces d’interaction biologiques et forces d’agitation thermique.

Les forces d’interaction impliquées dans les systèmes biologiques sont typiquement engendrées par
les liaisons hydrogène ou ioniques, ainsi que par les interactions de Van der Waals qui structurent
acides nucléiques et protéines. Leur ordre de grandeur typique est obtenu en divisant kBT , ordre
de grandeur du “quantum d’énergie” fourni par l’hydrolyse de l’ATP en ADP71 (en fait 10 kBT ),
par la taille caractéristique des objets biologiques, de l’ordre du nanomètre (nm). On trouve alors
le picoNewton :

kBT

1nm
= 4 pN

�
10�12 N

.

Cette force est aussi typiquement celle qu’il faut pour étirer une molécule d’ADN. Extrême-
ment petite, elle n’est pas facile à détecter avec des dispositifs de mesure classiques.

Les plus petites forces mesurables sont a priori limitées par l’agitation thermique de l’instru-
ment de mesure (voir la figure 5). Cette agitation thermique donne lieu à la force stochastique de
Langevin vue ci-dessus, dont la valeur dépend du coefficient de friction visqueuse sur l’objet, et
aussi de la fenêtre temporelle d’observation. On a :

�X2
Langevin� = 2kBT 6�� a �f,

où � est la viscosité du milieu, a le rayon d’une bille prise comme exemple, et �f la gamme de
fréquence observée. Par exemple, pour a = 1, 5 µm, dans de l’eau (viscosité � = 10�3 Poise), la
racine de la force carrée moyenne est XLangevin ⇠ 15 f N

�
(10�15 N)

p
Hz, soit 15 femtoNewtons sur une

seconde.
71ATP : adénosine triphosphate, carburant biologique universel, fait d’un sucre, la ribose, d’une base, l’adénine, et

de trois groupes phosphates ; ADP : adénosine diphosphate, sa version dégradée après perte d’un groupe phosphate
sous action enzymatique et libération d’énergie.

Le pendule possède une raideur dans
la direction transvers k? avec

k? =
F

l

où l est mesurable.
La théorie va nous donner F à partir
des mesures de fluctuation de la
position transverse.

F = kBTl/ < x
2 >
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186 B. Duplantier Séminaire Poincaré

Figure 6: Nuage brownien des positions fluctuantes de la bille dans le plan vertical (Ox, Oz), pour
di�érentes forces appliquées. Plus la force est grande, plus la molécule s’étire et plus les fluctua-
tions browniennes sont restreintes. (Enregistrement fourni gracieusement par Vincent Croquette,
Laboratoire de physique statistique de l’ENS.)

FIG.: Enregistrement de la position instantanée
de la bille dans le plan perpendiculaire à l’axe de
l’objectif. Plus la molécule est étirée, plus
l’amplitude du mouvement brownien
perpendiculaire à l’axe est restreint et plus la
tache est centrée. Cet enregistrement permet à
l’aide du théorème FD de déterminer les
constantes élastiques de rappel et, ainsi, de
déterminer la force à laquelle la molécule est
soumise.
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Théorie

Lorsqu’elle s’écarte de la position d’équilibre, nous supposerons que la molécule
développe une force RADIALE Fr dans la direction ûr mais de sens opposé avec (z
mesure les fluctuations par rapport à l) :

r =
⇣

x
2 +y

2 +(z+ l)2
⌘1/2

(65)

Par définition, les composantes Fx,Fy,Fz de la force de rappel sont données par

Fx = � x

r
Fr

Fy = � y

r
Fr

Fz = � z+ l

r
Fr

(66)
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Pour des déplacements petits, on a au premier ordre

r =
⇣

x
2 +y

2 +(z+ l)2
⌘1/2

= l+ z+O(x2 +y
2 + z

2) (67)

et comme la force est radiale, elle ne dépend que de r. On peut donc faire son
développement limité

Fr(r) ⇡= Fr(l)+ z
dFr

dr
|r=l (68)

Nous pouvons donc connaı̂tre la force de rappel exercée par la molécule lorsque la bille
s’écarte de sa position d’équilibre

FRappel = � x

l
Fr(l)ûx � y

l
Fr(l)ûy � z

dFr

dr
|r=lûz (69)

où les termes d’ordre 0 sont compensés par la force appliquée par le dispositif de
mesure.
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L’énergie élastique associée à cette force de rappel est donc quadratique dans les
déplacements. Elle prend une forme très simple

U(x,y,z) =
1
2

k?
⇣

x
2 +y

2
⌘
+

1
2

kkz
2 (70)

où les constantes de rappel ne dépendent que de la force et de ses dérivées :

k? =
Fr(l)

l
Parallèle au substrat

kk =
dFr(l)

dr
Perpendiculaire au substrat

(71)
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La mesure expérimentale du spectre des fluctuations permet de déterminer les valeurs
moyennes < x

2 > , < y
2 > et < z

2 >. En utilisant le théorème d’équipartition

1
2

k? < x
2 >=

1
2

k? < y
2 >=

1
2

kk < z
2 >=

1
2

kBT (72)

On peut en déduire k? et kk et donc la force Fr(l) et sa dérivée. La figure?? donne une
représentation de l’histogramme des fluctuations de la position instantannée de la bille
à des instants successifs. On peut donc reconstruire la distribution de probabilité des
fluctuations et déterminer les constantes élastiques.
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FIG.: Caractéristique extension-force par
micromanipulation mécanique de l’ADN. La
divergence apparente au voisinage de l’extension
maximale est ajustée au résultat théorique.
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Biochemical networks more than signaling pathways, since a lot of
interconnections

Biochemical networks are organized as

1 Metabolic networks
2 Signalisation - transduction
3 Genetic regulation

Cell mechanics ! Signalisation-Transduction : Striking facts

1 Difficult (useful?) to write down all chemical reactions. Key point : a signal which
interacts with one molecule can develop a complex excitation pattern (emergent
properties or collective behaviors).

2 A Network has more than one functioning point. Multi-stability is a general rule (Cf.
Mathematics : Bifurcations)

3 Biochemistry and mechanics are connected
4 Proteins are seen as binary switches : They exist in at least two functional states,

one being being assumed to be the inactive state. They are blocked in that state
by an intramolecular interaction. An input signal releases this auto inhibition,
resulting in an output signal generated by the active conformation.

5 Noise suppression by a sigmoidal characteristic of signal transmission.



Proteins modules

In general

Proteins = series amino acid sequences.
1 Functional modules : ex. Catalytic domain of an enzyme.
2 Interaction : non-covalent, many possible partners, identical to regulatory modules

(terminal for input signal)

Interaction domain

1 The recognition site is a short amino acid sequence (SH3 + Pro-x-x-Pro, SH3 +
ARG-x-x-Lys)

2 The recognition site is short amino acid sequence containing a covalent
modification (phosphorylation, ubiquitination etc.) : SH2, PTB + Phospho-Tyr

3 The recognition site is a membrane component : phosphoinisotiddes ...
4 others : homotypical interactions



Vocabulary

Docking domains

The vast majority of proteins kinase can interact with large number of proteins.
Specificity? need additional binding sites distinct from the interacting site with the
catalytic center

Adaptor and scaffold proteins

Need for assembly of multi protein complex. The probability of encounter of 3 proteins
is much lore small than for 2 ! Adaptor proteins have interaction domain but lack
functional domain. They are molecular multi-plugs.



Plan



Adhesive structure

Sensing the environment

Cells show an astounding awareness of the environments in which they find
themselves, actually adapting their behavior to changing surrounding. The key to this
ability is the constant sampling of their environment both at the molecular and
mechanical level. These are signals that convey information to the cell.
One distinguishes :

1 outside-inside signals (cell to cell, substrate to cell) : hormones, CAMP signaling,
adhesive molecules ...

2 inside-outside signals with many molecular switches : interaction domain of
proteins, second messagers, G-proteins, intra-cellular signaling for receptor
activation ...

Receptors

1 Trimeric G-Proteins-coupled receptors (7 helices embedded in membranes, large
family in animal cells)

2 Signal transduction by tyrosine kinase and protein phosphatase- coupled
receptors.



Les intégrines : signalisation inside-outside et signalisation
outside-inside

The Tail of Integrins, Talin,
and Kindlins
Markus Moser,1* Kyle R. Legate,1* Roy Zent,2 Reinhard Fässler1

Integrins are transmembrane cell–adhesion molecules that carry signals from the outside to
the inside of the cell and vice versa. Like other cell surface receptors, integrins signal in response to
ligand binding; however, events within the cell can also regulate the affinity of integrins for ligands.
This feature is important in physiological situations such as those in blood, in which cells are always in
close proximity to their ligands, yet cell-ligand interactions occur only after integrin activation in response
to specific external cues. This review focuses on the mechanisms whereby two key proteins, talin and the
kindlins, regulate integrin activation by binding the tails of integrin-b subunits.

Integrins are members of a large family of
functionally conserved cell-adhesion receptors.
They have a critical role in anchoring cells to

extracellular matrices and alter cell function by
activating intracellular signaling pathways after
ligand binding (“outside-in” signaling). Integrins
can shift between high- and low-affinity confor-
mations for ligand binding (“inside-out” signal-
ing). This property of integrins is regulated by
external cues that are transduced intracellularly
and ultimately result in the direct binding of reg-
ulatory proteins to the short cytoplasmic domains
of integrins. A shift from a low- to a high-affinity
state is termed “integrin activation” (1, 2).

Regulation of the affinity with which integrins
bind ligands is fundamental for various cellular
functions. For example, during development
migrating cells require activated integrins at
their leading edge to attach newly protruded
plasma membrane to the surface on which they
are moving and inactivate integrins at their rear.
In response to injury, the fibrinogen receptors
on platelets, integrin aIIbb3, are swiftly activated
to mediate platelet adhesion and aggregation in
order to stop bleeding. Because aIIbb3 integ-
rins are constantly exposed to fibrinogen, it is
vital to keep them inactive so as to prevent
pathological platelet aggregation and thrombus
formation. Similarly, during inflammation leuko-
cytes require integrin activation in order to ad-
here to and migrate across the endothelium on
their way to affected tissues. Abnormal function
of highly modulatable integrins or mutations in
integrin-binding proteins required for integrin
activation can result in aberrant development or
diseases such as bleeding disorders, leukocyte-
adhesion deficiencies, and skin blistering. In this
review, we discuss recent structural and bio-
chemical studies and data from genetic manip-
ulations in animals that shed new light on how

two integrin tail–binding proteins, talin and
kindlins, regulate integrin activation.

Integrin Structure
Integrins are formed by noncovalently bound a
and b subunits. In mammals, 18 a and 8 b sub-
units combine in a restricted manner to form 24
specific dimers, which exhibit different ligand-
binding properties. Integrin subunits have large

extracellular domains (approximately 800 amino
acids) that contribute to ligand binding, single
transmembrane (TM) domains (approximately
20 amino acids), and short cytoplasmic tails (13
to 70 amino acids, except that of b4). All three
domains are required to regulate the affinity of
integrins. b2 and b3 integrins can change af-
finity on a subsecond time scale, and many of
the paradigms of integrin structure and function
were deduced from studies of these integrins; how-
ever, it is not clear whether they can be gener-
alized to all integrins (1).

The extracellular domain of the heterodimer
consists of a ligand-binding head domain stand-
ing on two long legs (Fig. 1A). a integrin sub-
units contain a seven-bladed b-propeller domain
that forms the head, a thigh domain, and calf-
1 and calf-2 domains. Half of the a subunits
contain an I domain (also referred to as a von
Willebrand factor A domain), which when
present is nearly always the ligand-binding site.
The I domain possesses a conserved metal ion–
dependent adhesion site (MIDAS), which binds
divalent cations required for ligand binding by
integrins. The b subunit is composed of a hybrid
domain that connects to the bI domain, which is

REVIEW

1Max Planck Institute of Biochemistry, 82152 Martinsried,
Germany. 2Division of Nephrology, Department of Medi-
cine, Vanderbilt Medical Center and Veterans Affairs
Hospital, Nashville, TN 37232, USA.
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Fig. 1. (A) Integrin architecture and schematic representation of integrin activation. Specific contacts
between the ectodomains, the TM, and cytoplasmic domains keep the integrin in its bent conformation.
Separation of the integrin legs, TM, and cytoplasmic domains occurs during integrin activation, resulting in an
extended integrin conformation. The a subunit is shown in green and the b subunit in violet. (B) A closer look
at the interacting site (orange rectangle) between the TM andmembrane proximal cytoplasmic domains of the
a and b subunits. The membrane proximal (MP) and distal (MD) NPxY/NxxY motifs within the b tail are
indicated. (C andD) Schematic drawings of the integrin-activating proteins talin (C) and kindlin (D). The FERM
domains are depicted as balls subdivided into three subdomains, F1 to F3. Kindlins contain a PH domain
inserted into the F2 subdomain. Domain sizes are not to scale, and talin is shown as amonomer for simplicity.
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Les intégrines sont des récepteurs
d’adhésion trans-membranaires

1 possédant un domaine
extra-membranaire long

2 et un domaine cytosolique court. Ce
domaine sert de point d’ancrage aux
protéines qui vont lier l’intégrine aux
différents réseaux de signalisation.

3 une integrine est un système à deux
états. Un état inactif ou le domaine
extracellulaire est replié et un état
actif où il est déplié. La protéine est
alors capable de se lier à son ligand.



Les intégrines doivent être activées par des partenaires[?]:
inside-outside signaling

analogous to the I domain of the a subunit, a
PSI (plexin/semaphoring/integrin) domain, four
epidermal growth factor (EGF) domains, and a
membrane proximal b tail domain (bTD). In
integrins without an I domain, ligands bind to
a crevice between the ab subunit interface,
where they interact with a metal ion–occupied
MIDAS within the b subunit and the propeller
domain of the a subunit.

The structure of the short TM domains is
poorly defined because of the lack of high-
resolution structures of heterodimeric TM do-
mains in their proper context, and only the
structures of the b3 and the aIIb subunits are
solved in their entirety (3–5). The b3 TM do-
main is a 30-residue linear a helix that is longer
than the width of a typical lipid bilayer, which
implies a pronounced helix tilt within the plas-
ma membrane (5). The aIIb TM domain is a 24-
residue a helix followed by a backbone reversal
and does not exhibit a helix tilt (4). This unusual
motif is highly conserved in the 18 human
integrin a subunits and probably has an impor-
tant role in the transition from low- to high-
affinity states.

A high degree of similarity is found in the
short a and b cytoplasmic tails, especially in the
membrane proximal region where the GFFKR
and HDR(R/K)E sequences are conserved in
the a and b subunits, respectively (6). Nuclear
magnetic resonance (NMR) studies that used
integrin-derived aIIb3 polypeptides proposed
that integrins interact with each other through
hydrophobic and electrostatic interactions and a
salt bridge between the R residue within the
GFKKR motif and the D residue within the
HDRREmotif (7, 8). However, these interactions
were not seen by others, suggesting that tail
interactions are very weak at best (9). Almost
all b tails have two well-defined motifs that are
part of a canonical recognition sequence for
phosphotyrosine-binding (PTB) domains (10),
consisting of a membrane proximal NPxY (where
x represents any amino acid) motif and a mem-
brane distal NxxY motif (Fig. 1B). These NxxY
motifs are binding sites for multiple integrin-
binding proteins, including talin and the kindlins.

Integrins Can Exist in Multiple Affinity
States for Ligands
Integrins exist in low-, intermediate-, and high-
affinity states. On the basis of structural studies,
it is thought that integrins are in a low-affinity
state when their extracellular domains are bent
and in a high-affinity state when those are ex-
tended (Fig. 1A). The exact changes that occur
in the head domain when integrins move to the
high-affinity state are still unclear. Two models
have been proposed: The “switchblade” model
(11) predicts that only extended integrins will
bind ligand, and the “deadbolt” model (12) sug-
gests that integrin extension occurs only after
ligand binding has taken place. In both models,
conformational changes within the head domain
facilitate ligand binding (11, 13).

The TM domains have a key role in integrin
activation. Inactive integrins are proposed to
have a coiled-coil interaction between canonical
GxxxG dimerization motifs within the TM do-
mains that regulates integrin subunit packing
(14). Separation of integrin TM domains has
been suggested to be a requirement for integrins
to adopt the high-affinity state. There are two
possible ways by which TM domain interactions

can be disrupted. The number of residues of the
b integrin TM domain buried within the lipid
bilayer may be shortened upon activation, lead-
ing to a straightening of the TM domain within
the membrane. Alternatively, pistonlike move-
ment of integrin TM domains might cause the
disruption of interactions within the membrane
by changing the register of TM-domain side chains.

The role of integrin cytoplasmic tails in reg-
ulating integrin affinity, especially with re-
spect to the binding of proteins such as talin and
kindlins to the highly conserved NxxY motifs,
has been extensively examined in the rapidly
activated b2 and b3 integrins. Although muta-
tional analysis suggests that the salt bridge is
important for maintaining these integrins in a
low-affinity state (15), this might not be the case

for all integrins, especially the
b1 integrins (16). Despite the con-
troversial role of the salt bridge in
maintaining integrins in a low-
affinity state, high integrin affinity
is thought to be associated with
separation of the a and b cyto-
plasmic tails. Many proteins bind
directly to integrin tails, yet only
talin and kindlins can regulate
integrin affinity. The role of these
NxxY motifs–binding proteins in
integrin activation and function will
now be discussed in detail.

Talin Is an Essential Mediator
of Integrin Activation
Talin is a component of adhesion
plaques and interacts with integrin
cytoplasmic tails (17). Its role in
altering integrin function was orig-
inally demonstrated by its ability to
induce a shift in the affinity of a
normally inactive integrin expressed
in chinese hamster ovary (CHO)
cells (18, 19). Knockout and knock-
down experiments subsequently re-
inforced the notion that talin is a
key regulator of integrin affinity for
ligand, and many mutational and
structural studies have described
the mechanism by which it accom-
plishes this task. Talin orthologs
have been identified in all multi-
cellular eukaryotes studied; verte-
brates encode two talin isoforms,
termed talin1 and talin2, whereas
lower eukaryotes encode only a
single talin isoform corresponding
to talin1 (20, 21).

Talins are ~270-kD proteins con-
sisting of an N-terminal 47-kD head
domain and a ~220-kD C-terminal
flexible rod domain (Fig. 1C). The
talin head consists of a FERM (4.1,
ezrin, radixin, moesin) domain com-
posed of 3 subdomains (F1, F2, and
F3) and an F0 subdomain with no

homology to known domains. The F3 subdomain
resembles a PTB domain and binds integrin tails,
phosphatidylinositol 4-phosphate 5-kinase g
(PIPKIg), and the hyaluronan receptor layilin
(22–25). The talin rod domain is composed of a
series of helical bundles that contain multiple bind-
ing sites for the F actin–binding protein vinculin
and a second integrin-binding site (26). The C
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Binding 
to the 
MP NPxY

Binding 
to the 
MP helical
region

Integrin

PIP2 Calpain cleavage
Phosphorylation?

Talin

Activation

Fig. 2. Integrin activation by talin. (A) Cytoplasmic talin becomes
activated upon binding phosphatidylinositol 4,5-bisphosphate
(PIP2), which abrogates an autoinhibitory interaction with the
rod domain. In addition, calpain cleavage and phosphorylation
events may activate talin. (B) The talin F3 subdomain engages the
membrane proximal NPxY motif in b integrin tails. (C) In a second
step, a talin-specific loop structure within the F3 subdomain
interacts with the membrane-proximal a helix of the b integrin
cytoplasmic tail, thereby disrupting the connection between
cytoplasmic tails. Pulling forces at the b tail probably reorient
the b integrin TM domain, thereby disrupting the packing of the
a/b TM domains.
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Cycle d’activation des intégrines par la
taline (non active dans le cytosol,�c ,
devient active une fois adsorbée sur la
membrane (�m ! �), forme un complexe
avec les intérines (�I ) et retourne dans le
cytosol.

Fig.4 | Schéma du cycle d'activation des intégrines "inside-out" proposé : (1) ini-

tialement dans sa forme inactive, l!activateur se trouve dans le cytoplasme. (2) Au 

voisinage de la membrane, il interagit avec un acteur membranaire (phospholipide 

ou protéine transmembranaire). Ce qui a pour effet de le localiser à la membrane 

et de le placer dans un premier état activé, c'est-à-dire à même d'interagir avec les 

intégrines. (3) Dans son état membranaire activé, l!activateur est alors libre de dif-

fuser le long de la membrane et (4) de se lier à la partie C-terminale de l'intégrine 

ce qui constitue sa deuxième activation. (5) Dans cet état doublement activé s'éta-

blit un équilibre dynamique entre ses formes complexées (avec l'intégrine) et li-

bres. (6) L'état doublement activé a un temps de vie limité au bout duquel l!activa-

teur retourne finalement dans sont état inactif cytosolique.

Deuxième étape : dépliement de la taline 

En se localisant à la membrane, la PiP-kinase accède à son subs-

trat : Pi(4)P, quelle va alors phosphoryler en Pi(4,5)P2. Cette étape va 

alors déstabiliser le complexe PiP-Kinase-taline et permettre à la  ta-

line de se déplier, c’est une deuxième étape d’activation. Une fois 

Pi(4,5)P2  produit et la  taline dépliée, la  PiP-kinase retourne dans le 

cytoplasme et la  taline se lie au Pi(4,5)P2   formé, lui permettant  ainsi 

de rester localisée à  la  membrane, ce mécanisme correspond au pas-

sage des états (2) à (3) sur la figure (Fig.4) et à la réaction (Eq.8). On 

note cette forme ! —c’est elle spécifiquement que l’on  appellera « ac-

tivateur  » par la suite — et son potentiel chimique µ!.  De part le re-

tour  au cytoplasme de la PiP-kinase, cette phase est irréversible et 
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D’après O. Ali.



Why cytoplasmic signaling proteins should be recruited to cell
membranes?

Piggyback mechanism : To increase the number of signaling complexes

Concentrating proteins in a small volume just below the plasma membrane increases
the number (or averaged life time) of cognate signal transduction proteins (Kholodenko,
2000) : Vc/Vm u 1000.



Integrin activation and mechanical forces: Bell’s law

Biological adhesion systems use discrete
molecular bonds with mechanical properties
. This mechanical properties affect the
resistance to rupture and this a
key-importance to understand cell adhesion.
Bell[?] has proposed a model that uses an
exponential relationship for the dissociation
constant

koff = k0
off e

fb�/kBT (1)

where fb is the force on the bond and � is
the distance range of the bond potential
energy minimum (width of the interaction
pocket). This law has been tested in
experiments[?].
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At equilibrium the number of bound receptor-ligand pairs, nb , obeys Bolzman’s law

nb =
n0

1 + K 0
e
�1efb�/kBT

(2)

where n0 is the total number of receptors on the membrane and fb = z for a bond
deformation z and rigidity . K 0

e = kon/koff is the affinity constant at zero force. Thus, as
the tearing force fb increases the number of bound receptor-ligand pairs decreases.



Integrins are hubs for cellular signalisation : System biology

1 Network = Nodes (proteins or genes) + links (interaction between them)
2 The connectivity n gives the the number of links connected to a node.
3 The degree distribution, P(n), describes the probability that a node has n links

when hubs are frequently connected to one another (21). Bio-
chemical networks in general were found not to display assor-
tative mixing by valence as compared with other networks, for
example, brain networks constructed from functionalmagnetic
resonance images (22). On the other hand, assortative mixing
by function, location, or biological process is obviously highly
pervasive in regulatory biochemical networks.

Paths in Biochemical Networks

A path in a graph represents a sequence of alternating neigh-
boring nodes and links with no repeating nodes. Some of graph
theory’smost famed algorithms are those developed byDijkstra
(23) and Floyd (24) to find the shortest path (geodesic path)

between two vertices in a network. Finding the shortest path
between a cell-surface receptor and downstream transcription
factors in a cell signaling network can be used to identify impor-
tant new signaling pathways. Such an approach was useful to
hypothesize potential signaling mechanisms in Neuro2A cells
downstream of CB1R receptors. Cells were stimulated with a
CB1R agonist, and assessment of activity for hundreds of
canonical transcription factors was performed. It was found
that after 20 min, CB1R activation modulates the activity of
23 transcription factors (25). Using known cell signaling and
protein-protein interactions extracted from published experi-
mental studies, new biological roles for pathways and co-regu-
lators were identified. In another study, a global analysis of
paths from receptors to effectors in a literature-based mam-
malian cell signaling network showed that from some recep-
tors, e.g. the N-methyl-D-aspartate receptor, there are many
paths to effectors, e.g. the transcription factor cAMP-re-
sponsive element-binding protein (CREB), whereas from
other receptors, there are only a few (Fig. 1D) (26). This
topological feature can be due to biased research (most data
from popular proteins and pathways) but can also indicate a
design that is commonly observed in learning classifier sys-
tems implemented in computer programs.
The topology of signaling networks also displays a bow-tie

structure, in which signals from many receptors converge on
the same intermediate components and then are directed to
regulate different transcription factor effectors (Fig. 1E). This
type of organization is common for Toll-like receptors sharing
adaptor proteins such asMyD88 (27),Gprotein-coupled recep-
tors sharing G! and G"# (28), and growth factor receptors
sharing adaptor proteins such as SOS1 and GRB2. The shortest
path algorithm can be used to find automatically and display
previously characterized interactions that “connect” genes and
proteins (29) or to compute global network properties such as
characteristic path length (3) or network diameter. Network
diameter is simply the longest of the shortest paths among all
possible shortest paths between all pairs of nodes in a network.
The characteristic path length is the average shortest path
across all possible pairs of nodes.

Network Motifs

Biochemical networks contain many three-node cliques. A
clique is a complete subgraph in which all possible links
between a subset of nodes are operational. Completing “defec-
tive cliques” was used to predict not yet observed interactions
using the known protein-protein interactions of a yeast net-
work (30). Small cliques in biochemical networks are only one
kind of a possible set of small biochemical circuits. The differ-
ent kinds of small biochemical circuits are collectively termed
network motifs. More precisely, network motifs are subgraphs
that are over-represented in real networks relative to the same
subgraphs in shuffled networks (31). Shuffled networks are net-
works in which the edges of real networks are systematically
randomizedwhile keeping intact some general properties of the
original topology such as the connectivity degree (32).
Biochemical networks such as signal transduction networks

and gene regulatory networks show similar patterns of network
motifs. For example, the bifan motif (33, 34) is made of two

FIGURE 1. Schematics representing properties of cell signaling networks
identified using the graph theory. A, the connectivity distribution of net-
works fits a power law (straight line on a log-log plot). B, networks consist of
party and date hubs, where multiple colors represent different locations and
times. C, hubs are either multisite or single-site. D, there are many pathways
from some receptors to some effectors and few from most receptors to most
effectors. E, signals from many receptors are converging into few cytosolic
components and then fanning out to regulate many transcription factors in a
“bow-tie” structure. F, the bifan motif is shown. G, negative feedback loops
are more often observed in loops that include receptors; positive feedback
loops are more common a few steps downstream from receptors. H, feed-
forward loops are mostly coherent (positive) where negative and less regu-
lated outgoing hubs are used to shut off signals. I, positive feedback loops are
more abundant than negative feedback loops and are highly nested.
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when hubs are frequently connected to one another (21). Bio-
chemical networks in general were found not to display assor-
tative mixing by valence as compared with other networks, for
example, brain networks constructed from functionalmagnetic
resonance images (22). On the other hand, assortative mixing
by function, location, or biological process is obviously highly
pervasive in regulatory biochemical networks.

Paths in Biochemical Networks

A path in a graph represents a sequence of alternating neigh-
boring nodes and links with no repeating nodes. Some of graph
theory’smost famed algorithms are those developed byDijkstra
(23) and Floyd (24) to find the shortest path (geodesic path)

between two vertices in a network. Finding the shortest path
between a cell-surface receptor and downstream transcription
factors in a cell signaling network can be used to identify impor-
tant new signaling pathways. Such an approach was useful to
hypothesize potential signaling mechanisms in Neuro2A cells
downstream of CB1R receptors. Cells were stimulated with a
CB1R agonist, and assessment of activity for hundreds of
canonical transcription factors was performed. It was found
that after 20 min, CB1R activation modulates the activity of
23 transcription factors (25). Using known cell signaling and
protein-protein interactions extracted from published experi-
mental studies, new biological roles for pathways and co-regu-
lators were identified. In another study, a global analysis of
paths from receptors to effectors in a literature-based mam-
malian cell signaling network showed that from some recep-
tors, e.g. the N-methyl-D-aspartate receptor, there are many
paths to effectors, e.g. the transcription factor cAMP-re-
sponsive element-binding protein (CREB), whereas from
other receptors, there are only a few (Fig. 1D) (26). This
topological feature can be due to biased research (most data
from popular proteins and pathways) but can also indicate a
design that is commonly observed in learning classifier sys-
tems implemented in computer programs.
The topology of signaling networks also displays a bow-tie

structure, in which signals from many receptors converge on
the same intermediate components and then are directed to
regulate different transcription factor effectors (Fig. 1E). This
type of organization is common for Toll-like receptors sharing
adaptor proteins such asMyD88 (27),Gprotein-coupled recep-
tors sharing G! and G"# (28), and growth factor receptors
sharing adaptor proteins such as SOS1 and GRB2. The shortest
path algorithm can be used to find automatically and display
previously characterized interactions that “connect” genes and
proteins (29) or to compute global network properties such as
characteristic path length (3) or network diameter. Network
diameter is simply the longest of the shortest paths among all
possible shortest paths between all pairs of nodes in a network.
The characteristic path length is the average shortest path
across all possible pairs of nodes.

Network Motifs

Biochemical networks contain many three-node cliques. A
clique is a complete subgraph in which all possible links
between a subset of nodes are operational. Completing “defec-
tive cliques” was used to predict not yet observed interactions
using the known protein-protein interactions of a yeast net-
work (30). Small cliques in biochemical networks are only one
kind of a possible set of small biochemical circuits. The differ-
ent kinds of small biochemical circuits are collectively termed
network motifs. More precisely, network motifs are subgraphs
that are over-represented in real networks relative to the same
subgraphs in shuffled networks (31). Shuffled networks are net-
works in which the edges of real networks are systematically
randomizedwhile keeping intact some general properties of the
original topology such as the connectivity degree (32).
Biochemical networks such as signal transduction networks

and gene regulatory networks show similar patterns of network
motifs. For example, the bifan motif (33, 34) is made of two

FIGURE 1. Schematics representing properties of cell signaling networks
identified using the graph theory. A, the connectivity distribution of net-
works fits a power law (straight line on a log-log plot). B, networks consist of
party and date hubs, where multiple colors represent different locations and
times. C, hubs are either multisite or single-site. D, there are many pathways
from some receptors to some effectors and few from most receptors to most
effectors. E, signals from many receptors are converging into few cytosolic
components and then fanning out to regulate many transcription factors in a
“bow-tie” structure. F, the bifan motif is shown. G, negative feedback loops
are more often observed in loops that include receptors; positive feedback
loops are more common a few steps downstream from receptors. H, feed-
forward loops are mostly coherent (positive) where negative and less regu-
lated outgoing hubs are used to shut off signals. I, positive feedback loops are
more abundant than negative feedback loops and are highly nested.
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D’après [?].

Ce qui est important est la connectivité
(degré du vertex) des noeuds du réseau.
La probabilité a une loi de puissance
(/ 1/n� ) et certains noeuds sont liés à
beaucoup de ” voisins ” (i.e. protéines
interagissantes avec beaucoup d’autres
protéines à des endroits différents et à des
temps différents). Ces noeuds permettent
de connecter différents réseaux.



An exemple of a ... useful picture

FIG.: D’après[?]



Note! Energy supply breaks the principle of detailed balance. Cycles
are traversed in one direction !

An example : actin polymerization-depolymerization cycle for a motile cell
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can occur when actin filaments interact with disassembly factors such as 
members of the cofilin family or with polymerases such as members of 
the formin family.

Both actin filaments and microtubules are polarized polymers, meaning 
that their subunits are structurally asymmetrical at the molecular level. 
As a result of this structural polarity, both types of polymer function as 
suitable tracks for molecular motors that move preferentially in one direc-
tion. For microtubules, the motors are members of the dynein or kinesin 
families, whereas for actin filaments, they are members of the large family 
of myosin proteins. These molecular motors have essential roles in organ-
izing the microtubule and actin cytoskeletons. Microtubule-associated 
motors are crucial for the assembly of the microtubule array, in inter-
phase, and the mitotic spindle. These motors also carry cargo between 
intracellular compartments along microtubule tracks. Some actin net-
works, such as the branched networks that underlie the leading edge of 
motile cells, seem to assemble without the aid of motor proteins, whereas 
others, including the contractile array at the rear of a motile cell, require 
myosin motor activity for their formation and function. Myosin motors 
also act on the bundles of aligned actin filaments in stress fibres, enabling 
the cells to contract, and sense, their external environment.

Intermediate filaments are the least stiff of the three types of cytoskeletal 
polymer, and they resist tensile forces much more effectively than com-
pressive forces. They can be crosslinked to each other, as well as to actin 
filaments and microtubules, by proteins called plectins13, and some inter-
mediate-filament structures may be organized mainly through interac-
tions with microtubules or actin filaments. Many cell types assemble 
intermediate filaments in response to mechanical stresses, for example 
airway epithelial cells, in which keratin intermediate filaments form a net-
work that helps cells to resist shear stress14. One class of widely expressed 
intermediate filament, consisting of polymerized nuclear lamins, con-
tributes to the mechanical integrity of the eukaryotic nucleus, and phos-
phorylation of nuclear lamins by cyclin-dependent kinases helps trigger 
nuclear-envelope breakdown at the beginning of mitosis15. Unlike micro-
tubules and actin filaments, intermediate filaments are not polarized and 
cannot support directional movement of molecular motors.

Long-range order from short-range interactions
The cytoskeleton establishes long-range order in the cytoplasm, helping 
to turn seemingly chaotic collections of molecules into highly organized 
living cells. Spatial and temporal information from signalling systems, 
as well as pre-existing cellular ‘landmarks’ such as the ‘bud scar’ left 
after division of budding yeast, can affect the assembly and function of 
cytoskeletal structures, but much of the architecture of these structures 
emerges from simple short-range interactions between cytoskeletal pro-
teins. The long-range order that is generated by the cytoskeleton typi-
cally refers to cellular dimensions (tens of micrometres), which are large 
compared with molecular dimensions (a few nanometres).

The way that cytoskeletal structures form is studied in vivo by genetically 
eliminating, reducing or increasing the expression of a protein through 
knockout, knockdown or overexpression experiments, respectively, and 
is demonstrated in vitro by reconstituting cytoskeletal filament networks 
from purified proteins. Radially symmetrical arrays of microtubules 
similar to those found in interphase cells, for example, can spontane-
ously assemble from mixtures of microtubules and motors16. The mitotic 
spindle, which is more complex, has yet to be reconstituted from puri-
fied cellular components, but Heald and colleagues found that extracts 
from Xenopus laevis ova undergoing meiosis can robustly assemble 
bipolar spindles around micrometre-sized polystyrene particles coated 
with plasmid DNA17. The formation of such structures shows that spin-
dles can self-assemble in vitro in the absence of both centrosomes (the 
microtubule-organizing centre in animal cells) and kinetochores (the site 
on chromosomes to which spindle microtubules attach to pull the chro-
mosomes apart).

Long-range order of actin-filament networks is created by the activity 
of actin-binding proteins and nucleation-promoting factors. One exam-
ple of how a set of simple rules can result in an extended structure is 
the formation of branched actin networks (Fig. 2). The Arp2/3 complex 

(which consists of seven proteins, including actin-related protein 2 (Arp2) 
and Arp3) binds to actin and initiates the formation of new actin fila-
ments from the sides of pre-existing filaments, thereby generating highly 
branched actin filaments that form entangled ‘dendritic’ networks18. 
Nucleation-promoting factors activate this Arp2/3-complex-mediated 
branching. These factors are typically only found associated with mem-
branes, and they specify the front (or leading edge) of a cell, ensuring that 
the nucleation of new filaments in a dendritic actin-filament network 
occurs only from filaments growing towards the membrane19,20. The 
growth of all filaments is eventually stopped by a capping protein, which 
prevents the addition of more actin monomers21. Taken together, the 

Figure 2 | Building cytoskeletal structures. Long-range order of the 
cytoskeleton is generated by simple rules for network assembly and 
disassembly. a, A fluorescence micrograph of a fish keratocyte is shown (with 
the nucleus in blue). Motile cells such as these form branched actin-filament 
networks (red) at their leading edge, and these branched networks generate 
protrusions. Together with coordinated adhesions to a surface (indicated 
by vinculin, green) and myosin-driven retraction, the protrusions lead to 
directed movement. Scale bar, 15 μm. (Image courtesy of M. van Duijn, Univ. 
California, Berkeley.) b, There are three basic steps involved in the assembly 
of protrusive, branched actin-filament networks: filament elongation; 
nucleation and crosslinking of new filaments from filaments close to the 
membrane; and capping of filaments. Disassembly of the network involves 
a separate set of proteins that severs the filaments and recycles the subunits. 
c, The branching of actin filaments can be reconstituted in vitro with soluble 
proteins, generating various branched structures such as those in these 
fluorescence micrographs of labelled actin (white). (Images courtesy of 
O. Akin, Univ. California, San Francisco.)
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Note that the cycle is one way because ATP-ADP exchange.



G-proteins: small G-proteins Ras, Rho-Rac-Cdc42 (and trimeric G↵,�,� !)

Cell signalization : From the outside to the inside

Un ligand (petite molécule) (( s’accroche )) sur une grosse
molécule ancrée sur la membrane (le récepteur). Alors la
conformation du récepteur dans la partie cytoplasmique
change et cela permet une réaction avec des partenaires
cytoplasmique. Une classe importante (cible thérapeutique)
de ces récepteurs active des protéines qui vont employer le
GDP pour leur activité. Ici, le GDP remplace l’ADP comme
monnaie d’échange. C’est pour cela que l’on nomme les
(( protéines G )).

Upstream of Rho, Rac, Cdc42

Ras proteins are permanently
anchored to the membrane. Rho,
Rac, cdc42 shuttle between
cytoplasm and membrane. They
are activated by all kind of
transmembrane receptors.

Dowstream of Rho, Rac, Cdc42

Control of cell shape and motility.
Coordination, gradient?



Cycling between the on-off states : GEF and GAP proteins.

Transductrices d’information

1 Une protéine G est liée au GDP: elle
est ) inactive

2 Parce qu’il y a réception d’un signal
(provenant d’un récepteur), a protéine
G échange le GDP pour le GTP : elle
devient active et elle peut alors
interagir avec d’autres protéines.

3 Une protéine G n’est pas capable de
se désactiver elle -même en
transformant le GTP en GDP (minute
GTPase activity)

Remarque

Il existe 2 classes de protéines G. Les ((grosses ))directement liées aux récepteurs
(dissociation de l’unité ↵�� en ↵ + ��) et les petites (monomériques) qui ne sont pas
directement activées par les récepteurs mais le sont par une enzyme qui les active à
distance.

Ref :
http://www.scq.ubc.ca/g-proteins-molecular-switches-for-sensing-the-environment/



Chemical reactions and dynamical systems

Introduction

One major contributing factor is that a cell behaves as a nonlinear dynamical system.
As we discussed, proteins interact among themselves, both directly, through enzymatic
action or through binding, as well as indirectly, through their control of gene expression.
Each of these modes of interaction may involve feedback loops. Feedback is properly
understood as a dynamic phenomenon, where quantities, such as concentrations of
proteins, RNA, metabolites, and other cell substances are seen as functions of time.

Dynamical systems : What’s the hell?

Given x , y = concentrations of X and Y . Either ordinary differential equation (Well
mixed regime, signaling in time)

dx
dt

= f (x ,y) (3)

Or partial differential equation (signalling in space and time)

@x
@t

= D�+ f (x ,y) (4)

Where D = diffusion constant.



An example: The MAPK system

The basic rule is that two proteins, called
generically MAPK and MAPKK (the last K
is for “kinase of MAPK,” which is itself a
kinase), are active when doubly
phosphorylated, and MAPKK
phosphorylates MAPK when active.
Similarly, a kinase of MAPKK, MAPKKK, is
active when phosphorylated. A
phosphatase, which acts constitutively (that
is, by default it is always active) reverses
the phosphorylation.

The response is sigmoidal.



Robustness : different meanings in different contexts

Definition

”A feature or phenomenon is robust with respect to the set of perturbations that it is
able to withstand” : has to be compatible with evolution (adaptability).

Examples

1 Sensing nutriment by bacteria
2 Robustness in protein folding
3 Hair-cell self-adaptation at a bifurcation point

Different strategies

1 Physical mechanisms : stability (dynamical systems, universality, or
self-organisation).

2 Biological mechanisms : redundancy, repair or regulation.



A second (well studied) example. Chemotaxis : sensing nutriment by
bactaria

Bacteria are sensitive to gradient but density fluctuations are too large to rely on
differential sensing by comparing molecules arriving from front to rear. Strategy
employed : Alternation of directed motion with ”tumble” phase. What is regulated is the
duration of the directed phase.



Life at low Reynolds number : le rève des nanotechnologues

De Howard Berg (Physics Today, janvier 2000)

(( E. Coli, a self-replicating object only a thousand millimeter in size, can swim 35
diameters a second, taste simple chemical in its environment, and decide wether life is
getting better or worse.))

Vit dans nos estomacs (désolé ...sorry).
4286 gènes ' 1µ m diamètre (H. sapiens ' 25000)
Présence de flagelles () Motiles sauf mutants sans flagelle)
vitesse = 60 fois sa longueur en 1 seconde (� tous aninaux macroscopiques !)

A random walk in isotropic environments A biased walk In a chemoeffector gradient

Tumbling frequency  of e. coli 
with and without stimulus

E. coli's optimal foraging strategy

Robustness in 
Bacterial 

Chemotaxis, Dr. U. 
Alon, Princeton 

University
http://online.itp.uc

sb.edu

http://www.biology.utah.edu/



progeny of a single cell soon populate the entire plate.

A fully functional cell line, or strain, found in the wild is called a wild type. If a mutant cell is found that is 
missing a particular function, the gene carrying the mutation is named for that missing function. For 
example, a  gene is one encoding a protein (polypeptide) required for motaxis. A cell with such a 
defect makes flagella and swims, but it does not respond normally to chemical stimuli. The first gene of this 
type to be identified is called  (in italics), the second is called , and so on through the alphabet. 
When the protein encoded by the gene is identified, it is called CheA (capitalized and in roman type).

Genetic analysis

che che

cheA cheB

In bacterial chemotaxis, besides the  genes, we encounter  genes, so named for their defects in the 
synthesis of gella (these genes are now called , , , or , because there turned out to be more than 
26). There are also  genes, named for defects in ility, or generation of torque. And there are a variety 
of genes that specify specific chemoreceptors; one, for example, , is a gene encoding the chemoreceptor 
Tar, which is so named because it mediates axis toward the amino
acid spartate and away from certain epellents. The soft-agar plate shown in box 2 was inoculated with 
wild-type cells at the top, cells of a (the  stands for erine) strain at the right, cells of a strain at the 
bottom, and cells of a smooth-swimming strain at the left.

che fla
fla flg flh fli flj

mot mot
tar

t
a r

tsr s s tar 
che

Three-cell cluster of . The cell bodies are about 1

m in diameter and 2 m long, but they appear fatter because of the electron-
dense stain of phosphotungstic acid that was used to prepare the cells for 
transmission electron microscopy. The flagellar filaments have a wavelength of 
about 2.3 m but are distorted by interactions with the substrate. The filaments 
are 23 nm thick. (Image by Chi Aizawa, Teikyo University.)

Figure 1. Motile bacteria.

Left: Salmonella typhimurium µ

µ

µ

 

Scale drawing of , showing one flagellum, truncated, and three porins (protein channels that allow the entry 

of water-soluble nutrients). A typical cell has up to six flagella and hundreds of porins. The cell body is 2 m long; the multilayered wall 

is about 30 nm thick.  The outer membrane is made of polysaccharides and lipids, with the sugar chains pointing outward. The inner 
membrane’s phospholipid bilayer core resembles the membranes that enclose human cells. This membrane is traversed by proteins 
involved in sensory transduction and in transporting materials and harvesting energy. It constitutes the main permeability barrier that 
enables the cell to retain the chemicals that make up the cytoplasm—DNA, RNA, proteins, and various water-soluble molecules of 
lower molecular weight. 

Above: Escherichia coli

µ
17

Between the inner and outer membranes is a porous, gauzelike layer of peptidoglycan (polysaccharide chains cross-linked by 
peptides), which gives the cell its rigidity and cylindrical shape. When the assembly of this polymer is blocked by an antibiotic such as 
penicillin, a growing cell cannot cope with the high osmotic pressure of its cytoplasm, and it blows up. The intermembrane space, the 
periplasm, contains a variety of proteins that either bind molecules that interest the cell (such as sugars) or destroy molecules that 
pose a threat (such as foreign DNA). 
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(a)

The flagellum is an organelle that has three parts (as figure 2 shows). There is a basal body consisting of a 
reversible rotary motor embedded in the cell wall, beginning within the cytoplasm and ending at the outer 
membrane. There is a short proximal hook, which is a flexible coupling or universal joint. And there is a long 

helical filament, which is a propeller. Torque is generated between a stator connected to the rigid 
framework of the cell wall (to the peptidoglycan) and a rotor connected to the flagellar filament. The proteins 
MotA and MotB are thought to constitute the elements of the stator; FliF, G, M, and N (the MS and C rings) 
those of the rotor; FlgB, C, F, and G those of the drive shaft; and FlgH and I (the L and P rings) those of the 
bushing that guides the driveshaft out through the outer layers of the cell wall.

The flagellum

4

Figure 2. Bacterial motor and drive 
train.

 Rotationally averaged reconstruction 

of electron micrographs of purified hook-basal 
bodies. The rings seen in the image and 

labeled in the schematic diagram are 

the L ring, P ring, MS ring, and C ring. (

.)

Above:

) (right
Digital 

print courtesy of David DeRosier, Brandeis 
University

The proteins that make up the flagellum are present in multiple copies. For example, there are about 5000 
molecules of FliC (also called flagellin) per helical turn of the filament, which can have as many as six turns. 
The MS, P, and L rings each contain about 26 copies of FliF, FlgI, and FlgH, respectively. There appear to 
be eight stator elements (complexes of MotA and MotB), each of which exerts a similar force.

If one fixes a wild-type cell to a glass slide by one of its flagellar filaments, the motor at the base of that 
filament spins the cell body at about 10 Hz. This technique, known as tethering, was developed by Mike 
Silverman and Mel Simon at the University of California, San Diego. If one tethers a paralyzed cell, such as 
one with defective MotB, the cell body simply executes rotational Brownian movement, like a mirror on a 
galvanometer fiber. However, if wild-type MotB is made—for example, if a copy of a wild-type gene is added 
to the cell and expressed—then rotation resumes. The good MotB proteins that are made replace the bad 
ones, and the cell speeds up. Changes in speed are abrupt, generating a speed–time plot in the form of a 
staircase with eight steps of equal height. The flagellum is assembled from the inside out, with the axial 
components exported through a central channel. The filament grows at the distal end, with molecules of FliC 
added under the distal cap, which is made of FliD. The growth process is subject to exquisite genetic 
control. FliC, for example, is not made until the assembly of the basal body is completed. When it is 
completed, the same apparatus that exports FliC pumps an inhibitor of late-gene transcription out of the cell. 
This removes the inhibition.

The motor is driven by protons flowing from the outside to the inside of the cell (except for marine bacteria 

7/21/05 5:53 PMPhysics Today On The Web - Cover Story

Page 3 of 8http://www.physicstoday.org/pt/jan00/berg.htm

(b)

(c)

FIG.:



E. Coli

Lorsque la rotation des flagelles a lieu dans le sens horaire, les filaments forment une
tresse et la rotation des flagelles entraı̂ne un mouvement continu de la bactérie vers
l’avant. Au contraire, lorsque les moteurs tournent dans le sans anti-horaire, les
mouvements des flagelles ne sont plus coordonnées et la bactérie a un mouvement de
culbute qui lui permet de changer de direction.

Le mouvement des moteurs est dû à un flux de protons de l’extérieur vers l’intérieur.
Une rotation nécessite environ 1000 protons et celle-ci est assurée par un corps basal
enfoui sous la membrane plasmique.

Tout comme les machines rotatives artificielles, le corps basal est constitué d’anneaux
externes qui jouent le rôle de stator et qui permettent de stabiliser l’ensemble, alors
que la rotation est assurée par des anneaux internes qui jouent le rôle de rotor. Une
quarantaine de gènes sont requis pour l’assemblage de cette machine moléculaire.



Illustration de la qualité d’être robuste (E. coli, U. Alon 1999

Définition : au bout d’un certain temps pendant le quel on a appliqué des perturbations,
le système est indifférent aux perturbations. Il s’est adpaté

© 1999 Macmillan Magazines Ltd
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Hopf’s Bifurcation

We want to understand how the systems changes behavior as a parameter is varied.
Hopf’s bifurcation : Generic mechanism to go from a stationary state to an oscillating
state.

Let � be the parameter. We look for the
solutions of

dy1,2

dt
= f (y1,2(t),�) (5)

Depending on �, solutions can oscillate.
They are better seen in phase space
(y1,y2).

Sub-critical bifurcation: Unstable fixed point
! limit cycle.
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Super-critical bifurcation: A stable fixed
point gives birth to a limit cycle.



Non-linearities and bifurcations : The physics of hearing

Abstract

One may investigate the basis of the active process in either of two ways. Most studies
have focused on the subcellular and molecular details of the candidate mechanisms,
membrane-based electromotility and active hair-bundle motility. Despite the present
uncertainties in the field, such detailed mechanistic investigations must ultimately
reveal the origins of the four cardinal aspects of the active process: amplification,
frequency tuning, compressive nonlinearity, and spontaneous acoustic emission. A
second approach is to inquire, not about mechanistic details, but instead about the
principles underlying the active process. What feature of the active process accounts
for the unusual phenomena associated with hearing? What is the connection between
the four manifestations of the active process observed in amphibians, reptiles including
birds, and mammals? We contend that the answers to these questions are the same:
critical oscillation at a Hopf bifurcation ...

From P. Martin and A.J. Hudspeth[?]



Physics of hearing

Pascal Martin – Active hair-bundle motility  3 

filaments penetrate the actin-rich cuticular plate at the hair cell’s apical surface, where they 

form a rootlet.  Arranged in rows of increasing heights, the stereocilia form a stair-case 

pattern with a vertical plane of bilateral symmetry.  Stereocilia are interconnected by 

numerous lateral links (Pickles et al. 1984; Jacobs and Hudspeth 1990; Goodyear and 

Richardson 1992, 1999, 2003).  In particular, the tip of each stereocilium is attached to the 

flank of the nearest taller neighbor by a single, fine filament called the tip link (Pickles et al. 

1989; Nagel et al. 1991) that plays a critical role in mechano-electrical transduction (Pickles 

et al. 1984). 
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In front of the tallest row of stereocilia, some hair bundles also display one true cilium – 

called the kinocilium – that contains an axoneme, i.e. 9+1 doublets of microtubules.  The 

kinocilium is not essential to mechano-electrical transduction (Jacobs and Hudspeth 1990); its 

role is obscure.  Although kinocilia are present during development, they recede and then 

disappear as the hair cells mature in mammalian and many avian auditory hair cells. 

FIG.: Hair cell. See P. Martin, 2008.

Pascal Martin – Active hair-bundle motility  4 

2.2 General features of bundle motion 

Upon deflection, the stereocilia do not bend or buckle (Fig. 4.2).  Instead, each stereocilium 

pivots about its point of insertion in the cuticular plate (Flock et al. 1977; Hudspeth 1983a; 

Howard 2001).  This movement thus induces shearing between adjacent stereocilia which 

presumably slide along one another in their region of approximation.  When displacements 

are large enough to be visualized, the hair bundle appears to move as a unit; high-resolution 

video microscopy in the cochlea of the turtle !"#$%#&'"(")*+,-.(#/#0.1" has failed to reveal 

splaying or other internal modes of movement within the hair bundle (Crawford et al. 1989).  

More sensitive methods, however, would be required to precisely correlate the movements of 

different stereocilia within a hair bundle and determine to what degree the stereocilia separate 

from one another during stimulation. 
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That a force applied at the bundle’s top evokes a movement of the whole cluster of 

stereocilia demonstrates that the stimulus propagates across the hair bundle.  Two ultra-

structural properties of the hair bundle might explain this observation.  First, interciliary links 

could distribute mechanical stress across stereocilia.  If appreciably elastic, however, these 

links would allow the bundle to splay apart when a force is applied only at the bundle’s top.  

FIG.: Le mouvement entraı̂ne des bouffées de
potassium qui a leur tour régulent le
fonctionnement des myosines 1 (Ca2+). D’après
P. Martin, 2008.



Ajustement des oscillateurs : mécanisme de la résonance
(super-critique) de Hopf

(a) Active amplifiers : Ear contains a set of
nonlinear dynamical systems each of
which can generate self-sustained
oscillations at a different characteristic
frequency.

(b) Self-ajustement : Feedback control
mechanism maintains each system on
the verge of oscillating
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FIG.: Oscillateur entretenu par une force. Oscille
spontanément à un point critique. En changeant
la valeur du paramètre où le système change de
comportement on passe par une bifurcation de
Hopf (c’est une éventualité du point de vue
théorique, car il existe plusieurs type de
bifurcations pour n � 2). C’est une (( vérité )) du
point de vue expérimental (démontré dans les
expériences).



Réponse non-linéraire au voisinage de la bifurcation

Les non-linéarités sont essentielles (sinon oscillateur classique sans changement
d’état)

ż = (� + i!0)z � kzk2z + Fei!t (6)

Deux fréquences :
1 !0 : pulsation propre de l’oscillateur
2 ! : pulsation de la force extérieure qui perturbe l’oscillateur

On suppose :
z = Rei!t+� (7)

deux cas très différents
1 ! 6= !0 alors R = F/|! � !0k (réponse linéaire)
2 ! = !0 alors R = F 1/3 (réponse non-linéaire : dR/dF = 1, F ! 0)

! The gain diverges for weak stimuli.
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Psychoacoustical experiments have provided another

means of probing the nonlinearities of hearing. When two

sine waves traverse a system with a nonlinear transfer

function, the response includes combination tones, integer

linear combinations of the input frequencies, whose

amplitudes scale as products of the input amplitudes

raised to the appropriate positive integer powers. If the

input is weak enough, a linear “small-amplitude” regime

should be recovered in which combination tones are

absent. Psychoacoustical experiments showed that the

perceived intensity of combination tones is not suppressed

in this fashion: although the 2f1 2 f2 combination tone

should decline by 3 dB for each decibel of attenuation in

the input sound, the actual attenuation is only 1 dB per

decibel [11]. The intensity relative to the fundamental

tones remains constant. These observations, too, imply

that the system is essentially nonlinear: no audible

sound is faint enough to elicit a small-amplitude, linear

regime.

We shall show that all of these apparently disparate char-

acteristics are related to one another, stemming from the

same mechanism. In dynamical systems language, we

would say that Gold’s theory asserts that the elements of

the hearing organ somehow poise themselves at a Hopf bi-

furcation, like a sound technician adjusting the volume at

an amplifier to the loudest possible setting before feedback

oscillation ensues. We shall show that at a Hopf bifurcation

we generically expect essential nonlinearities, compression

of dynamic range, sharp tuning for small input, and broad

tuning for large input. In essence, several nonlinear aspects

of hearing may stem from the Hopf bifurcation. We shall

then argue that given our current understanding of hair-cell

physiology it is plausible that this is occurring.

A generic equation describing a Hopf bifurcation can be

written

!z " !m 1 iv0"z 2 jzj2z ,

where z!t" is a complex variable of time, v0 is the natural

frequency of oscillation, and m is the control parame-

ter. When m becomes positive, the solution z # 0
becomes unstable, and a stable oscillatory solution ap-

pears, z "
p

m exp!iv0t". If the system is subjected to

periodic forcing as !z " !m 1 iv0"z 2 jzj2z 1 Feivt ,

then for the spontaneously oscillating system a variety of

well-studied entrainment behaviors occur. Assuming a 1:1

locked solution of the form z " Reivt1if, we obtain

F2 " R6 2 2mR4 1 $m2 1 !v 2 v0"2%R2. (1)

This equation is a cubic in R2 and hence solvable:

3R2 " S1&3 1 2m 2 U2S21&3,

where

2S " D 1
q

D2 1 4U3
2 ,

D " 27F2 1 16m3 2 18mU1 ,

U1 " m2 1 !v0 2 v"2,

U2 " 2m2 1 3!v0 2 v"2.

If we specialize Eq. (1) exactly at the bifurcation we

obtain

F2 " R6 1 !v 2 v0"2R2 (2)

from which we can demonstrate directly one of our main

contentions. At the center of the resonance, where v "
v0, R ' F1&3, so no matter how small F might be, the

response is nonlinear (Fig. 2). Notice that because a cubic

root of a small number is much larger than the number, the

amplification R&F or the differential amplification dR&dF
blows up as F22&3 for infinitesimal forcings. Away from

the resonance’s center, for sufficiently small F we obtain

R ' F&jv 2 v0j, the standard form for a single pole seen
from a distance; for any v, the amplification is constant
and independent of F.
The definitions of “near the resonance” and “far from

the resonance” depend on the amplitude of the forcing;

therefore the interface between the two regimes depends

on F. If we define the half-width G of the resonance

as the range in v for which R falls by one-half (Fig. 3),

!R&2"6 1 G2!R&2"2 " R6, from which

G "
3
p

7
4

F2&3. (3)

For this system the gain-bandwidth product is constant and

independent of the forcing. The gain-bandwidth balance

depends strongly on the forcing amplitude, however,

asymptoting to infinite gain and zero bandwidth for zero

forcing amplitude. This behavior strikingly resembles

that of the velocimetric data for the basilar-membrane

response [5].

As noted, if the control parameter lies exactly at the

Hopf bifurcation, there is no forcing soft enough not to

elicit a nonlinear response. This is no longer true if the

parameter is not poised exactly at the bifurcation. Near

the bifurcation, there is a linear regime for soft enough
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FIG. 2. Hopf resonance. The response R to different levels
of forcing F is obtained from Eq. (2); the amplitude of forcing
increases in increments of 10 dB for successive curves from
bottom to top. At resonance the response increases as the one-
third power of the forcing, whereas away from the resonance
the response is linear in the forcing.
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Réactions enzymatiques : réaction de Michaelis-Menten

Nous considérons la réaction suivante (Leonor Michaelis et Maud Menten, 1913).
L’enzyme E, présent en faible quantité, réagit avec le substrat S pour donner C qui se
décompose à son tour en un produit P avec l’enzyme E. Le schéma est le suivant :

E + S
k+1

GGGGGGGGBF GGGGGGGG

k�1
C

k2
GGGGA P + E (8)

L’intérêt de ce système est qu’il donne une cinétique d’ordre 0 aux temps courts et que
la réaction peut se produire même pour un très faible concentration de l’enzyme E.
L’irréversibilité de la dernière équation est cruciale.
Les propriétés sont les suivantes :

dP
dt

=
Vmax S
Km + S

⇡ Vmax/Km avec Km = 1 +
k2

k1
(9)

où la dernière égalité est obtenue dans la limite de la saturation



avec des notations évidentes pour les taux de réaction, nous avons 4 équations
chimiques couplées :

dr
dt

= �k+1se + k�1c

dc
dt

= k+1se � k�1c � k2c

de
dt

= k2c � k+1se + k�1c

dp
dt

= k2c

(10)

ce qui permet de tirer p(t) par

p(t) = k2

Z t

0
c(u)du (11)

et il nous reste trois équations où on peut éliminer e grâce à (additionner les lignes 2 et
3 de l’équation précédente)



de
dt

+
dc
dt

= 0 (12)

d’où e(t) + c(t) = e0 = Cte. Il nous reste

ds
dt

= �k+1e0s + (k+1r + k�1) c

dc
dt

= k+1e0s � (k+1r + k�1 + k2) c
(13)



Approximation quasi-stationnaire

Cette approximation qui n’a pas de justification revient à supposer que dc/dt = 0 dans
(??). On crée autant d’espèce C que l’on en détruit (Cf. Eq. (??). On a alors

c(t) =
e0s(t)

s(t) + Km
avec Km = 1 +

k2

k1
(14)

ce qui justifie à posteriori dc/dt = 0 si la concentration d’enzyme à l’instant initial e0
tend vers 0 (mais pour e0 ! 0, il ne peut pas voir de réaction par définition !). On en tire

dp
dt

=
Vmax s(t)
s(t) + Km

avec Vmax = e0k2 (15)

qui est la vitesse maximale de la réaction lorsque le réactant S a une concentration
saturée, la vitesse étant alors indépendante de la concentration de substrat. Nous
avons aussi

dr
dt

= �
Vmax s
Km + s

(16)

Le résultat (??) marche dans la pratique et sera démontré par la suite.



Temps courts

Pour poursuivre, renormalisons les variables et introduisons

x =
s
s0

y =
c
e0

(17)

Posons
✏ =

e0

s0
(18)

qui est petit si la concentration d’enzyme est faible. Ce rapport fixe le petit paramètre



En coordonnées réduites, le système se ramène à :

dx
dt

= ✏ [k�1y � s0k+1x(1 � y)]

dy
dt

= k1 [s0x � (Km + s0x) y ]
(19)

avec Km = k�1/k+1 + k2/k1.
Par hypothèse, ✏ est petit car la concentration d’enzyme à t = 0 (e0) est petite devant
la concentration initiale de réactant (s0). Nous faisons l’approximation ✏ = 0 et, donc,
dx/dt = 0. La variable y(t) varie donc beaucoup plus vite que la variable x(t) qui est
lente. Cette approximation n’est valable qu’aux temps courts et comme dx/dt = 0,
x(t) est constant, soit x(t) = x̄ qui sera déterminé par après.



La deuxième équation est alors évidente. La variable y(t) approche rapidement sa
valeur asymptotique. Pour comparer avec les solutions numériques du système (??),
nous réécricons cette solution en fonction de la concentration c(t) comme

c(t) =
s0

s0 + Km
(1 � exp [(Km + s0) t]) (20)

et on trouve bien une cinétique d’ordre 0 pour p(t) car dp/dt est proportionnel à c(t).
L’interprétation physique de ✏ est alors la suivante : k+1✏ définit le temps caractéristique
au-delà duquel les solutions diffèrent de leurs conditions initiales et à partir duquel un
état quasi-stationnaire est établi. Durant ce premier pas de temps, p(t) est linéaire.



Temps longs

Pour connaı̂tre le comportement des solutions aux temps longs, nous utilisons une
temps renormalisé défini par

⌧ = k1
t
✏

(21)

et nous supposons que les solutions peuvent être approchées par une développement
asymptotique du type 1

x(⌧) =
X

n�0

✏nx (n)(⌧)

y(⌧) =
X

n�0

✏ny (n)(⌧)
(22)

1. À l’ordre auquel nous travaillerons, il suffira de restreindre à renormaliser le temps par le facteur ✏. En théorie,
il est possible de trouver ce facteur de renormalisation en considérant un développement multi-échelle.



À l’ordre zéro en ✏, on trouve

dx (0)

d⌧
=

k�1

k1
y (0) � s0x (0)

0 = s0x (0) �
⇣

Km + s0x (0)
⌘

y0

(23)

où la deuxième équation est une équation algébrique dont la solution est évidente :

y (0) =
s0x (0)

Km + s0x (0) (24)

avec x (0) est solution de

dx (0)

d⌧
= �s0x (0)


k2/k1

Km + s0x (0)

�
(25)



Il est maintenant utile de se ramener à des variables de concentration non
renormalisées

ds
dt

= �s(t)
e0k2

Km + s(t)

c(t) = e0
s(t)

Km + s(t)

(26)

On remarque que la dernière équation n’est autre que l’équation (??) obtenue dans le
cadre de l’approximation quasi-stationnaire. La première équation donne t en fonction
de s soit s(t)

Km ln
s(t)
s0

+ s � s0 = �
k2

k1
t (27)

et la concentraton de réactant décroı̂t pour t ! 1 de façon exponentielle

s(t) / exp


1
Km

✓
s0 �

k2

k1
t
◆�

(28)
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FIG.: Solutions du système(??) lorsque k�1 = k+1 = k2 = e0 = 1 avec s0 = 10 (d’où ✏ = 0.1). En
(a) est représentée en bleu la concentration c(t) aux temps courts (Cf. Eq. (??)) avec la solution
exacte de (??) représentée en rouge. En (b), cette solution est représentée aux temps longs
(solution du système (??) en bleu comparé avec celle du système original (??) en rouge. En (c), la
solution p(t).



Réponses et non-linéarités

Il nous sera utile de considérer la réaction enzymatique de Michaelis-Menten (??)
mais, cette fois, en considérant que la concentration de substrat est maintenue
constante (il suffit d’invoquer un autre mécanisme qui maintient sa concentration
constante). La concentration s devient maintenant un paramètre qu’il est possible de
faire varier. a vitesse de réaction du produit p est alors

dp
dt

= Vmax
s

Km + s
(29)

qui peut être généralisé comme

dp
dt

= Vmax
sn

Km + sn (30)



où n est un exposant arbitraire appelé dans la la littérature coefficient de Hill qui traduit
les effets coopératifs pour n > 1. Une possibilité pour obtenir cette équation avec un
entier n est de modifier l’équation de Michaelis-Menten en supposant

E + nS
k+1

GGGGGGGGBF GGGGGGGG

k�1
C

k2
GGGGA P + E (31)

où n molécules de substrat participent à la réaction tout en maintenant la concentration
constante. Cette approche suppose la rencontre de n + 1 molécules, ce qui est très
improbable pour n grand, mais nous verrons que de tels exposants peuvent être
obtenus en contractant plusieurs réactions chimiques pour avoir une réaction effective.



Ajustement au modèle de Hill qui montre différentes valeurs de n avec des Km
différents

dp
dt

= Vmax
sn

Km + sn (32)

Il est d’usage d’avoir des entiers n qui sont des nombres réels bien que le modèle n’est
plus aucun sens dans ce cas.



lent modification of Cys-509 (data not shown).4 Up to this point,
the results suggested that cooperative behavior is induced by
either (a) increasing the bulk of the side chain at position 509
or (b) eliminating the negative charge (R-S!) at this position. It
was thought that replacing Cys-509 with the slightly smaller and uncharged Ser might help to distinguish between these

two possibilities.
Kinetic Properties of Cys-5093 Ser—Fig. 2 shows the veloc-4 The native enzyme modified with NEM at Cys-509 yielded the

following data: The nH of the v versus [MgATP] plots increased from 1.2
at 0.2 mM MoO4

2! to 2.0 at 5 mM MoO4
2!. The nH of the v versus [MoO4

2!] plots increased from 1.8 at 0.3 mM MgATP to 2.1 at 5 mM MgATP.

FIG. 2. Velocity curves of C509S. A, v versus [MgATP] at pH 8.0
and the indicated fixed concentrations of molybdate. Inset, velocity
curve at 7.5 mM MoO4

2!. B, v versus [MoO4
2!] at pH 8.0 and the indicated

fixed concentrations of MgATP. Inset, velocity curve at 5 mM MgATP
over a narrower MoO4

2! concentration range. Curve fits of the 5 mM
MgATP data to the Hill equation returned nH values of 1.04 to 1.05
(depending on the range covered). However, curve fits to the Henri-
Michaelis-Menton equation (which fixes nH at 1.00) were, for all prac-
tical purposes, equally good (R2 in both cases was "0.999).

FIG. 1. Velocity curves of C509Y. A, v versus [MgATP] at pH 8.0
and the indicated fixed concentrations of molybdate. B, v versus
[MoO4

2!] at pH 8.0 and the indicated fixed concentrations of MgATP.
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Modèle de Goodwin

Le modèle de Goodwin décrit l’un des systèmes de régulation les plus classiques,
c’est-à-dire le schéma réactionnel d’une boucle de contre-réaction négative (inhibition)
par e produit d’un gène. On considère un enzyme E , un répresseur R et deux
métabolites F et G. Le répresseur forme un dimère avec G pour un former un
complexe qui est capable de bloquer la transcription de la protéine E en s’accrochant
sur le site d’initiation de la transcription. Les variables suivantes permettent de raffiner
le modèle :

1 La variable m représente la concentration d’ARN messager : cette variable
mesure le taux de transcription.

2 les variables e et g sont les concentrations de E et du co-répresseur G.
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permettent de mémoriser de manière durable un signal
intercellulaire ou environnemental sous la forme d'un
état d'expression différencié [17, 18]. Dans le cas de la
seconde catégorie de circuits, chaque élément a un
effet indirect négatif sur lui-même et l'on parle alors de
« circuit négatif ». De tels circuits peuvent donner lieu
à une expression homéostatique, éventuellement pério-
dique, pour tous les gènes impliqués. Nous verrons plus
loin des exemples simples pour les deux catégories de
circuits dans le cadre d'une formalisation dynamique
plus explicite.
Dès que plusieurs circuits sont imbriqués (Figure 2E), il
devient très difficile d'évaluer les propriétés dyna-
miques du réseau. En fait, en fonction des contraintes
existantes sur l'expression des différents gènes impli-
qués, plusieurs cas de figure peuvent se présenter,
depuis la prédominance d'un seul circuit jusqu'à la
combinaison des propriétés de plusieurs circuits. Il faut
alors passer à une formalisation dynamique explicite
(équations différentielles, logiques ou stochastiques,
voir plus loin) pour préciser les différents comporte-
ments dynamiques possibles et les conditions paramé-
triques associées. 
Avant de nous tourner vers ces formalisations dyna-

miques, il est important de réaliser que la théorie des
graphes offre déjà un ensemble de concepts et d'algo-
rithmes permettant d'aborder de nombreuses questions
biologiques. En particulier, il est possible de décompo-
ser un graphe complexe en composantes plus facile-
ment interprétables (Figure 3). La théorie des graphes
devrait aussi permettre d'envisager de manière formelle
et générique les problèmes de comparaison entre sous-
réseaux, au sein d'un organisme, ou en comparant les
interactions entre gènes dans des organismes diffé-
rents. On parle alors d'« isomorphisme » (même struc-
ture : même nombre d'éléments reliés par des confi-
gurations d'arêtes équivalentes) ou encore
d'« homéomorphisme » (même topologie, par exemple
en termes de circuits) entre graphes.

Modèles différentiels 

Parmi les méthodes de modélisation dynamique, la plus
utilisée en biologie est sans conteste la description dif-
férentielle (voir par exemple [19-25]). Les concentra-
tions ou les activités des espèces moléculaires sont
généralement représentées par des grandeurs (ou
« variables ») réelles positives, susceptibles de varier

A

B
= K3e-γ3gdg

dt= K1m-γ2ede
dt

θn

θn + gn= K1 - γ1mdm
dt

G
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Figure 4. Modélisation différentielle du réseau correspondant au cas classique d'inhibition d'une réaction par son produit (d'après [26]). A.
Schéma réactionnel. E (pour « enzyme ») et R (pour répresseur) représentent des protéines, et F et G représentent des métabolites. L'association
du répresseur (sous forme de dimère) au métabolite G permet la fixation du complexe en amont du gène codant pour l'enzyme E et le blocage de
la transcription de celui-ci. B. Système d'équations différentielles correspondant : m, e et g représentent les concentrations de l'ARNm codant
pour l'enzyme, de la protéine enzymatique, et du métabolite G (co-répresseur), respectivement. km, ke et kg sont des constantes de synthèses,
alors que γm, γe et γg sont des constantes de dégradation, θ est une constante de seuil, et n une constante de coopérativité. 
C. Résultat d'une simulation pour un choix de conditions initiales et des valeurs paramétriques raisonnables mais arbitraires. Les trois courbes
correspondent aux nombres de molécules d'ARNm (variable m, violet), de protéine enzymatique (variable e, vert), et du métabolite G (co-répres-
seur, variable g, bleu). On obtient un état stationnaire stable.

(a)
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(b)

FIG.: À gauche, schéma réactionnel du modèle de Goodwin. À droite, variation des concentrations
en fonction du temps pour des conditions initiales arbitraires. On remarque que l’on atteind un état
stationnaire.



En suivant la figure ??, le système dynamique peut être mis sous la forme suivante

dm
dt

= K1R(g)� �1m

de
dt

= K2m � �2e

dg
dt

= K3e � �3

(33)

où les Ki=1,2,3 sont des taux de synthèse et les �i=1,2,3 sont les taux de dégradation.



La fonction R(g) est introduite (( à la main )) pour décrire comment la transcription
dépend de la concentration de co-répresseur. On utilisera ici une forme
phénoménologique

R(g) =
✓n

✓n + gn (34)

où ✓ et n sont des paramètres. On supposera n � 1 de telle sorte que l’Eq. (??) définit
un seuil pour la concentration g en-deçà du quel la transcription est active et au-delà
du quel elle est bloquée. Cette fonction permet d’atteindre un état stationnaire avec
des concentrations différentes de zéro.



Bistabilité

On introduit 2 choses :
1 Une boucle de contre-réaction p / s (processus auto-catalytique, p est impliqué

dans sa propre production)
2 Une dégradation pour p.

dp
dt

=
Vmax sn

K n
m + sn � �p (35)

Etat stationnaire lorsque dp/dt = 0 (courbe bleue = courbe rouge)
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Ultrasensitivity

Sigmoidal responses are characteristic of many signaling cascades, which display what biologists call
an ultrasensitive response to inputs. If the purpose of a signaling pathway is to decide whether a gene
should be transcribed or not, depending on some external signal sensed by a cell, for instance the
concentration of a ligand as compared to some default value, such a binary response is required.
Cascades of enzymatic reactions can be made to display ultrasensitive response, as long as at each
step there is a Hill coefficient n > 1, since the derivative of a composition of functions f1 �f2 � . . .�fk

is, by the chain rule, a product of derivatives of the functions making up the composition.
Thus, the slopes get multiplied, and a steeper nonlinearity is produced. In this manner, a high effective
cooperativity index may in reality represent the result of composing several reactions, perhaps taking
place at a faster time scale, each of which has only a mildly nonlinear behavior.

7.2 Adding Positive Feedback
Next, we build up a more complicated situation by adding feedback to the system.
Let us suppose that the substrate concentration is not constant, but instead it depends monotonically
on the product concentration.31

For example, the “substrate” smight represent a transcription factor which binds to DNA and instructs
the production of mRNA for a protein p, and the protein p, in turn, instructs the transcription of s.
Or, possibly, p = s, meaning that p serves to enhance its own transcription. (autocatalytic process).
The effect of p on s may be very complex, involving several intermediaries.
However, since all we want to do here is to illustrate the main ideas, we’ll simply say that s(t) =
�p(t), for some constant �.
Therefore, the equation for p becomes now:

dp

dt
=

Vmax (�p)n

Kn
m + (�p)n

� �p

or, if we take for simplicity32 � = 1 and � = 1:
dp

dt
=

Vmax pn

Kn
m + pn

� p .

What are the possible steady states of this system with feedback?
Let us analyze the solutions of the differential equation, first with n = 1.
We plot the first term (formation rate) together with the second one (degradation):

31If we wanted to give a careful mathematical argument, we’d need to do a time-scale separation argument in detail.
We will proceed very informally.
32Actually, we can always rescale p and t and rename parameters so that we have this simpler situation, anyway.

Si n= 1 : 1 état stable possible (l’état à
p = 0 est instable)

Eduardo D. Sontag, Lecture Notes on Mathematical Biology 57

Observe that, for small p, the formation rate is larger than the degradation rate,
while, for large p, the degradation rate exceeds the formation rate.
Thus, the concentration p(t) converges to a unique intermediate value.

Bistability arises from sigmoidal formation rates

In the cooperative case (i.e., n > 1), however, the situation is far more interesting!

• for small p the degradation rate is larger than the formation rate, so the concentration p(t) converges
to a low value,
• but for large p the formation rate is larger than the degradation rate, and so the concentration p(t)
converges to a high value instead.
In summary, two stable states are created, one “low” and one “high”, by this interaction of formation
and degradation, if one of the two terms is sigmoidal.
(There is also an intermediate, unstable state.)
Instead of graphing the formation rate and degradation rate separately, one may (and we will, from
now on) graph the right hand side

Vmax pn

Kn
m + pn

� p

as a function of p. From this, the phase line can be read-out, as done in your ODE course.
For example, here is the graph of

Vmax pn

Kn
m + pn

� p

with Vmax = 3,Km = 1, and n = 2.

0.6

0.4

0.2

-0.2

0

p
32.5210.50 1.5

The phase line is as follows:
BA C

where A = 0, B = 3/2 � 1/2 � 5(1/2) � 0.38, and C = 3/2 + 1/2 � 5(1/2) � 2.62.
We see that A and C are stable (i.e., sinks) and the intermediate point B is a unstable (i.e., a source)

Si n > 1 : 2 états stables possibles
(séparés par un état instable). Possibilité
d’une bascule biochimique si n > 1 est
suffisamment grand.



Introduction d’un délai

Il n’est pas souhaitable de construire des modèles prenant en compte toutes les
variables et nous devons nous restreindre à un nombre minimal tout en gardant les
ingrédients essentiels. On reprend le modèle de Goodwin et on suppose maintenant
que la protéine est directement inmpliquée dans la répression de son gène

dx
dt

= k
✓n

✓n + xn � �x . (36)

Alors : il existe un unique point fixe asymptotiquement stable. Il n’y a pas d’oscillation.



Supposons maintenant que l’expression de la protéine met un temps ⌧

dx
dt

= k
✓n

✓n + xn(t � ⌧)
� �x . (37)

Alors, si et seulement si n > 1, il peut exister des oscillations en fonction des
paramètres.



Conclusion

1 Organisation et dynamique des réseaux encore très mal connues (surtout chez
les eukaryotes)

2 Nous avons négligé la diffusion : les espèces ne sont pas homogènes.
3 Further Reading : An introduction to systems Biology (U. Allon)
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Membranes biologiques : vers un modèle physique

membrane est illusoire, et surtout inutile
pour répondre à ces questions aux échelles
de temps et d’espace d’intérêt. Il s’agit plu-
tôt de proposer une modélisation réaliste
capable d’appréhender les caractéristiques
pertinentes de la membrane. 

L’évolution du concept 
de membrane biologique 

Les premiers modèles de la membrane
cellulaire remontent à la fin du XIXe siècle.
Ils sont fondés sur les similarités qui existent
entre les propriétés des membranes cellulai-
res et les lipides tels que ceux présents dans
l’huile d’olive. En 1925, les biologistes
Gorter et Grendel solubilisent les lipides de
globules rouges et les déposent à la surface de l’eau dans
une cuve de Langmuir. En mesurant les aires de la
membrane du globule rouge et de la mono-couche
déposée, ils déduisent que la membrane est formée
d’une double couche de lipides. Les protéines entrent
dans la description quelques années plus tard mais leur
localisation et leur distribution restent à élucider. Cette
question demeure encore d’actualité. Entre 1940 et
1950 apparaissent deux techniques qui permettent des
progrès rapides dans la connaissance de la structure cel-
lulaire et de la membrane plasmique : l’ultracentrifuga-
tion différentielle et la microscopie électronique. Les
observations de microscopie électronique renforcent
l’hypothèse de bicouche, révèlent l’asymétrie de la
membrane et suggèrent la présence de structures globu-
laires, composées de protéines. Après diverses spécula-
tions, le modèle de mosaïque fluide est proposé par
Singer et Nicolson en 1972. La membrane y est décrite
comme une bicouche fluide dans laquelle sont insérées
des protéines pouvant y diffuser librement. Ce modèle
prévaut encore actuellement. 

Que révèle la diffusion des protéines 
et des lipides ? 

A peine quelques années plus tard, les techniques de
FRAP et FCS (pour « Retour de fluorescence après
photo-blanchiment » et « Spectroscopie de corrélation
de fluorescence », voir encadré 1) étaient développées
par W.W. Webb, grand pionnier (encore en activité)
dans le développement d’outils expérimentaux de la
physique pour l’imagerie et la spectroscopie de cellules
biologiques. Les premiers résultats ont soulevé d’emblée
deux questions fondamentales encore non résolues : 
– quelle est la cause du ralentissement des protéines dans
les membranes plasmiques cellulaires ? La constante de
diffusion d’une protéine y est effectivement de l’ordre
de 0,1 !m2/s, soit un à deux ordres de grandeur plus

faible que dans une membrane modèle constituée d’une
bicouche lipidique pure dans laquelle sont insérées des
protéines en faible concentration. La diffusion serait
donc limitée soit par un fort encombrement en protéi-
nes, soit par un confinement (éventuellement tempo-
raire) des protéines dans des domaines membranaires ;
– quelle est l’origine des hétérogénéités de distribution
latérale à l’échelle micro et submicrométrique ? Les frac-
tions de lipides et protéines mobiles à la surface de cel-
lules vivantes accessibles par FRAP, toujours inférieures
à 1, sont là aussi la signature que leur diffusion est forte-
ment perturbée par des hétérogénéités membranaires. 

Il n’a fallu ensuite attendre qu’une décennie pour
que se développe la technique de Suivi de particule uni-
que (Single Particle Tracking ou SPT, suivi du Single
Molecule Tracking ou SMT, voir encadré 1) permettant
la détection et le suivi de molécules individuelles avec
une résolution spatiale nanométrique. Avoir ainsi accès
aux comportements individuels, masqués dans les mesu-
res d’ensemble obtenues en FRAP ou FCS, a permis de
révéler une grande diversité des modes de diffusion, non
seulement entre molécules différentes, mais aussi au sein
d’un échantillon de molécules identiques dans une
même cellule. Une caractéristique remarquable des tra-
jectoires de SPT ou SMT est qu’elles montrent très
généralement un confinement de la diffusion aux temps
courts (" 1 s), dans des domaines dont le diamètre varie
de quelques dizaines à quelques centaines de nanomè-
tres. Ce confinement peut être temporaire, en alter-
nance avec des périodes de diffusion libre, ou
permanent. Dans ce dernier cas, peut se superposer à
cette diffusion confinée une diffusion plus lente aux
temps longs (# 1 s). Un tel comportement est révélé par
le déplacement quadratique moyen de la position
(cf. figure 2 de l’encadré 1). 

Ces observations ont donné lieu à l’émergence de
plusieurs modèles d’organisation dynamique des mem-
branes, proposant différentes origines au confinement
(voir encadré 2). Ainsi, dans le modèle de « corrals », ce

Figure 1 – Schéma de la membrane plasmique, avec ses composants évoqués dans le texte. La
bicouche a une épa isseur de l’ordre de 5 nm. D’après Greg Geibel, http://sun.menloschool.org/
!cweaver/cells/c/ce ll_membrane/. 

FIG.: Schéma d’une membrane plasmique. Celle-ci utilise le mode d’auto-assemblage
de phospholipides en bicouches lipidiques. En présence d’eau, les queues des
phospholipides cherchent à diminuer leur contact avec les molécules d’eau et elles
s’organisent en bicouches d’où sont exclues les molécules d’eau. Comme les deux
bords sont toujours exposés pour une surface libre, la bicouche se referme sur
elle-même pour former un sac flexible. L’ordre de grandeur de l’épaisseur de la
bicouche est de 5nm. D’après Greig Geibel, http:/sun.menloschool.org/.Introduction à la physique des membranes et des vésicules
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as biological substances generally hydrophobic in nature and
in many cases soluble in organic solvents (Fahy et al, 2005).
Indeed, the behavior of all hydrophobic substances follows
the same physical principles and therefore makes them
subject of the present review. In practice, the organization
of lipids in cells is determined by the bulk lipid classes, and
one can consider the behavior and function of the hundreds
of minor lipids as superimposed on the dynamic organization
of the major ones.

Which are the major lipids in animal cells (Figure 1)?
While triacylglycerols and cholesteryl esters fill the core of
lipid droplets in the cytosol and of lipoproteins being secreted
or endocytosed (van Meer, 2001), the bulk of the cellular
lipids is organized in membranes. The standard membrane
lipid is the cylindrical phosphatidylcholine (PC), 50% of the
cellular lipids. Unsaturated PC yields fluid bilayers. In this
category of glycerophospholipids, phosphatidylethanolamine
(PE) constitutes 20mol% in most membranes, phosphatidyl-
serine (PS) appears on the cell surface during apoptosis and
blood coagulation, and phosphatidylinositol (PI) is the basis
for the phosphoinositides, phosphorylated derivatives whose
signaling functions depend on the number and position of the
phosphates on the inositol ring. A second category is formed
by the sphingolipids. Sphingomyelin (SM), like PC, contains a
phosphocholine head, but has a hydrophobic ceramide back-
bone consisting of a sphingosine tail and one saturated fatty
acid. In glycosphingolipids, ceramide carries carbohydrates,
the simplest ones being glucosyl- and galactosylceramide.
By themselves sphingolipids form a frozen, solid membrane.
They are fluidized by cholesterol, the mammalian sterol,
a third lipid category (Fahy et al, 2005).

Unfortunately we do not know the detailed lipid composi-
tion of each organellar membrane. What is the problem?
(1) Quantitative compositional analyses have been limited to
certain lipid classes, mostly the phosphate-containing glycero-
and sphingolipids. Rarely have glycosphingolipids and choles-
terol been included. This should no longer be a problem using
mass spectrometrical approaches. (2) ‘Purified’ organelles are
not pure. To illustrate the problem: endosomes purified with a
yield of 50% and containing a contamination of only 5% of an
endoplasmic reticulum (ER) marker contain roughly 50% ER
lipids, due to the 10-fold greater surface area of the ER
(Griffiths et al, 1989). (3) Organellar membranes are hetero-
geneous. Whatever purification step increases purity reduces
the yield of the specific organelle with the possibility that
specific subfractions of the organelle are lost. The overall lipid
composition of an organelle provides only limited useful
information for understanding lipid function.

With the caveats above, the compositions established in
the 1970s provide a simple picture (Figure 2; van Meer, 1989).
The secretory organelles beyond the Golgi and the endocyto-
tic organelles are 10-fold enriched in sphingolipids and
cholesterol over the Golgi and ER. Lipid droplets, peroxi-
somes and mitochondria have ER-like polar lipid composi-
tions. So, what mechanism is responsible for the steep
gradient of sphingolipid and cholesterol at the Golgi–TGN
junction? A first hint is that SM and glycosphingolipids have
been found enriched on the noncytosolic surface. In line with
this, the enrichment of sphingolipids on the apical surface
of epithelial cells in comparison to the basolateral surface is
maintained by the tight junction, a barrier to lipid diffusion
in the outer leaflet of the plasma membrane bilayer (Dragsten
et al, 1981; van Meer and Simons, 1986; Figure 3). Indeed,
glycolipids and SM did not diffuse between the apical and
basolateral surface (Spiegel et al, 1985; van Meer et al, 1987).
This implied also that the sphingolipids did not translocate
across the plasma membrane, as this should have allowedOH

+

PC PE SM                    chol

+ + –
––

Figure 1 The structure of the major membrane lipids. The more or
less cylindrical glycerophospholipid phosphatidylcholine (PC) carries
a zwitterionic phosphocholine headgroup on a glycerol with two
fatty acyl chains (diacylglycerol), usually one unsaturated (bent).
Phosphatidylethanolamine (PE) has a small headgroup and a conical
shape and creates a stress in the bilayer: the PE-containing mono-
layer has a tendency to adopt a negative curvature. The phospho-
sphingolipid sphingomyelin (SM) tends to order membranes via its
straight chains and its high affinity for the flat ring structure of
cholesterol (chol). For chemical structures, see Fahy et al (2005).
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TGN E
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Figure 2 Lipid organization in animal cells. The cellular mem-
branes are in bidirectional contact with each other via vesicular
traffic except for, maybe, the mitochondria (MITO) and peroxi-
somes. Whereas the endoplasmic reticulum (ER) and Golgi (G)
nearly exclusively contain glycerophospholipids (gray), the trans
Golgi network (TGN) and endosomes (E) contain 410% sphingo-
lipids and 30–40mol% cholesterol (red). The internal vesicles of
late endosomes (LE) and lysosomes (L) contain the unique lipid
lysobisphosphatidic acid, which is locally produced (Matsuo et al,
2004), like cardiolipin in mitochondria (blue).

Cellular lipidomics
G van Meer

The EMBO Journal VOL 24 | NO 18 | 2005 &2005 European Molecular Biology Organization3160

FIG.: Schéma montrant la structure des phospholipides usuels. La structure est plus ou
moins cylindrique et a taille des têtes polaires varie en passant de PC
(phosphatidylcholine), PE (phosphatidylethanolamine) dont la forme est plutôt
conique, et SM (sphingolipid sphingomyelin) qui a une grande affinité pour le
cholesterol (d’après Ref. [8]).

Introduction à la physique des membranes et des vésicules
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(1,2-dioleoyl-sn-glycero-3-phosphocholine) 
enclosed within a stiff, gel-like lipid called 
DPPC (1,2-dipalmitoyl-sn-glycero-3-phospho-
choline), thus forming ‘lakes’ of DOPC within 
the ‘land’ of DPPC. In some experiments, the 
authors added cholesterol to the membranes to 
modify the physical properties of the lake and 
land regions, such as the line tension of the lake 
boundaries. The authors’ system reproduces 
at least one of the lipid-based mechanisms of 
membrane bending: bulging of the lakes driven 
by boundary contraction.

But Yu et al. also added a protein to the 
membrane — melittin, a relatively short anti-
microbial peptide containing 26 amino-acid 
residues. Some of the melittin molecules 
inserted themselves at shallow depths into 
the outer monolayer of the lipid lakes, and 
laid parallel to the membrane surface. These 
molecules bent the lipid lakes using the hydro-
phobic insertion mechanism. Other melittin 
molecules inserted perpendicularly to the 
membrane surface. These molecules formed 
transmembrane complexes that served as 
aqueous pores, facilitating curvature genera-
tion by removing geometrical constraints that 
otherwise maintain the volume of the GUVs. 
Yu and colleagues’ system thus combines for 
the first time these lipid- and protein-based 
mechanisms of membrane bending.

Although the lake-like regions of the authors’ 
GUVs bend, bud and even break away to form 
new, smaller vesicles, the curvatures generated 
in this system are much larger than those of 
intracellular vesicles and tubes. The physical 
forces controlling membrane bending in vivo 
cannot therefore be completely explained by 
the mechanisms built into Yu and colleagues’ 
model. Moreover, the exact interplay between 
lipid-generated line tension and protein-
generated hydrophobic insertion, and its 
role in determining curvature in the model 
system2, remain to be clarified. Neverthe-
less, the authors’ GUVs provide a general, 
promising platform for investigating how inter-
actions between diverse proteins and lipids 
in membranes affect the shaping of those 
membranes. ■
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Figure 1 | Mechanisms of bending in lipid bilayers. a, Lipid asymmetry. This occurs when each 
monolayer is enriched with lipid molecules of different shapes (such as the orange and green 
molecules shown) and/or when one monolayer contains more lipid molecules than the other. 
b, Proteins cause membrane asymmetry by inserting their hydrophobic domains into one side of 
the bilayer. c, When bilayer matrices contain domains consisting of different lipid phases (such as the 
ordered (brown) and disordered (purple) regions shown), the boundaries between the domains tend 
to contract, causing the intervening region to bend. d, Finally, proteins bound to the bilayer can act as 
scaffolds that force curvature on the membrane. Yu et al.2 report a synthetic model of membranes in 
which both hydrophobic insertion and domain-boundary contraction bring about bending.
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cylinders, cones or inverted cones3. If, for 
example, there are more inverted cone-like 
molecules in the outer monolayer than in the 
inner mono layer, the bilayer will tend to adopt 
a concave shape (Fig. 1a). Alternatively, asym-
metry can be created by introducing more 
lipid molecules into one monolayer than in the 
other4. The membrane will then bulge in the 
direction of the monolayer that has the larger 
number of molecules.

Proteins can generate membrane asym-
metry by inserting their hydrophobic domains 
into the lipid bilayer matrix on one side of a 
membrane5 (Fig. 1b), causing the membrane 
to bulge towards the affected monolayer. Most 
membrane-bound proteins have the potential 
to do this, because they already have hydro-
phobic domains inserted into membranes to 
anchor themselves. A theoretical analysis6 of 
this hydrophobic insertion mechanism has 
revealed that the largest membrane curva-
tures are generated by shallow insertions that 
penetrate the external membrane monolayer 
only to about a third of its thickness. Com-
mon protein domains, such as amphipathic 
α-helices (which contain both hydrophobic 
and hydrophilic parts) and short hydrophobic 
loops, induce membrane curvature in this way, 
and are predicted to be much more effective 
than lipids in doing so6.

Physical constraints that cause curvature in 
purely lipid membranes emerge if the lipid mol-
ecules are organized into patches of different 

phase state, such as ordered and disordered 
regions. Generally, the boundaries of such 
patches are in higher energy states than the rest 
of the membrane. This gives rise to a property 
known as line tension (which has dimensions 
of energy per unit length of the boundary), 
analogous to the surface tension associated 
with interfaces of immiscible media. Just as 
surface tension constricts the surface area of 
interfaces, line tension constricts patch bound-
aries. This causes patches to bulge, generating 
membrane curvature7 (Fig. 1c). Protein mol-
ecules, on the other hand, physically constrain 
membranes if they have intrinsically curved 
shapes and attach to the bilayer surface along 
their bent faces — they simply impress their 
curvatures on the membranes3,5,8 (Fig. 1d).

Although all of the above-mentioned 
mechanisms of membrane bending have been 
suggested and verified experimentally3,5,8, the 
importance and effectiveness of the inter-
play between lipid- and protein-based modes 
remains largely unexplored9. Yu and col-
leagues’ experimental model of a membrane2 
offers a unique possibility to resolve this issue. 
Their system consists of giant unilamellar 
vesicles (GUVs). At the size scales involved 
in intracellular membrane bending, the GUV 
membranes can be thought of as being essen-
tially flat, because the vesicles’ radii are much 
greater than the membrane thickness.

The membranes are composed of soft, 
liquid domains of a lipid known as DOPC 
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Courber la membrane
requiert une énergie de
l’ordre de 20kBT. Ici
mécanismes qui
permettent de courber
une membrane
fluctuante pour faire
des spherules ou des
tubes ! systèmes
reconstitués.
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On sait maintenant qu’il existe des protéines qui sont des senseurs de
courbure : l’auto-organisation dépend de la mécanique et de la
géométrie[3]

Amphipathic helix

Lipid bilayer

BENDING: THE RULES

Wedging

Sca!olding

Two possible ways to bend a membrane: 
insertion of wedges, such as amphipathic helices, 
or moulding around a sca!old.

Lipid bilayer

Wedging

Lipid bilayer

Rapoport saw it, he says, “I ran around the lab 
asking everyone, ‘Did you see this? It’s fantas-
tic!’ and getting everyone to look through the 
microscope”. The experiment seemed to have 
triggered membranes into self-assembling an 
ER, which is normally continuous with the 
nuclear envelope membrane9. 

The excitement only intensified when Gia 
Voeltz, then one of Rapoport’s postdocs, iso-
lated a class of proteins responsible for curving 
the tubules in the ER10. Called reticulons, these 
proteins have neither a BAR domain nor an 
amphipathic helix and there is much discus-
sion as to how they work. They do form a dou-
ble hairpin-loop structure that inserts partway 
into the membrane, and Rapoport and Voeltz, 
along with De Camilli and Kozlov, think that 
these hairpins may act as a wedge. (Kozlov has 
calculated that the hairpins probably insert to 
the magical one-third depth.) 

The barber pole effect
Because reticulons are sunk permanently 
into the membrane, Voeltz, who is now at the 
University of Colorado, Boulder, says that 
they and proteins like them might be better 
suited for the long-term maintenance of 
an organelle’s tubular shape than a protein 
such as amphiphysin, which inserts tempo-
rarily as a budding vesicle forms. She origi-
nally thought that the reticulons might stack 
up to make a “nice little barber pole” scaffold 
around the ER tubes. But now, she’s pretty 
sure it’s not that simple — and when she pulls 
up her lab’s latest cryo-electron microscopy 
images of the ER tubes, it’s easy to see why. 
In these images, which show the ER’s three-
dimensional structure at nanometre-scale, the 
tubules look nothing like neat cylinders and 
more like gnarly tree roots with wide and nar-
row stretches. Voeltz now thinks that a clus-
ter of several reticulon molecules may help to 
stabilize the tubes by forming a half-ring at 
the narrowest points of constriction. This fits 

with the idea that cells have evolved multiple 
wedges, with different shapes and bending 
abilities, to fit different purposes.

McMahon now says it was clear early on, “that 
we were going to have a whole repertoire of pro-
teins — some driving curvature, some limiting 
or stabilizing curvature, and some sensing cur-
vature”. And Antonny’s group has been focused 
on the sensing part of the repertoire. He is try-
ing to understand how the bend of a membrane 
can act as a signal, such that its position, camber 
or direction can recruit additional proteins to a 
particular point on an organelle. 

Antonny’s recent work has focused on one 
enzyme, called ArfGAP1, that detects the tight 
curve on transport vesicles and directs the 
removal of their protein coat before they can 

fuse with their des-
tination membrane. 
His team showed 
that ArfGAP1 has 
greater activity when 
bound to highly 
curved membrane 
spheres — with the 
same diameter as 
transport vesicles — 
than to ones with a 
broader diameter and 
a gentler curve11. The 

degree of curvature tells the enzyme that there’s 
a vesicle that needs uncoating, Antonny says, 
so that it binds only to vesicles and not to other 
curved surfaces.

By chopping ArfGAP1 into smaller bits, the 
group found that its key curve-sensing stretch 
was an amphipathic helix. “But the chemistry 
of the helix was almost the opposite of what 

you would expect,” he says. Unlike that in 
the BAR domain, the helix in ArfGAP1 has 

almost no positive charge on one side and 
lacks the strong attraction to the membrane12. 
Antonny compares the protein’s behaviour to 
that of a nervous swimmer about to take the 
plunge. “It’s as if the molecule is shy and the 
water is not warm enough when the membrane 
is flat. But when you bend the membrane, the 
molecule can sense the lipid packing defect 
and inserts.” The molecule’s shyness is what 
makes it a good sensor, he explains. It dives in 
only when the amount of curvature is right and 
gets out when that curvature changes. 

Last year, Antonny’s lab found a similar cur-
vature-sensing helix that may help to maintain 
the shape of the Golgi complex13, an organelle 
responsible for processing and trafficking 
proteins and other large molecules in the cell. 
The Golgi is a series of flattened membrane 
sacs stacked up like pancakes, with transport 
vesicles constantly budding off from its fringes. 
How it maintains its architecture in the midst 
of all this trafficking has been a puzzle. The new 
helix “is a start to explaining why the Golgi has 
this beautiful architecture”, says Antonny. 

Explaining beautiful — but functional — 
architecture is after all what the whole field is 
about. “They strike us, they surprise us, but we 
find a remarkably appealing harmony in such 
buildings,” says De Camilli of Gaudi’s con-
structions. And cells, he says, are the same. “I 
think the beauty of great architecture, like the 
beauty of cellular structures, resonates in us 
precisely because they build on natural physi-
cal principles.” ■

Kendall Powell is a freelance science writer 
based in Broomfield, Colorado.
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BAR domains conjure tubules out of 
cell membranes. 
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La cellule vivante la plus simple du point de vue mécanique

— 13 — 

Introduction

Les globules rouges sont les cellules sanguines chargées de transporter les gaz à

travers l’organisme : le dioxygène vers les cellules et une partie du dioxyde de carbone vers

les poumons. Pour cela, les globules rouges parcourent des centaines de kilomètres au cours

des 120 jours de leur existence. Ils sont amenés à traverser des capillaires dont le diamètre

peut être inférieur au leur (cf. Figure 1) et doivent supporter des taux de cisaillement élevés,

pouvant aller jusqu’à ~1000 s-1 [Schmid-Schönbein et al., 1979]. Ceci nécessite des propriétés

élastiques remarquables, dont une très grande résistance aux contraintes de cisaillement. Cette

résistance au cisaillement est possible grâce aux propriétés particulières de sa membrane.

Figure 1 : Image de globules rouges humains par microscopie électronique et dessin de

globules rouges dans un capillaire [Delaunay et Boivin, 1990]. Le globule rouge présente une

très grande résistance au cisaillement, résistance due à une membrane ayant une structure

particulière.

FIG.: Image de globules rouges humains sains (hémathie) par microscopie électronique.

Hémathies
La paroi des hémathies n’est pas constitué uniquement d’une bicouche
lipidique. Il existe un réseau polymère de spectrine. Ce réseau est
bi-dimensionnel et il est ancré dans la membrane.
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Figure 2. Septagonal and pentagonal subunits in the spread mem- 
brane skeleton. A septagonal subunit is shown in the lower left-hand 
comer, whereas an adjacent pentagonal subunit is shown in the up- 
per right-hand comer. A dense region of residual membrane mate- 
rial is indicated by an asterisk at the lower left hand comer. 

respectively (n = 163). Fig. 3 shows, in a different prepara- 
tion, a large area of the spread skeleton at high magnifica- 

tion. Many subunits in the spread skeleton do not contain all 

the spectrin cross-links between adjacent junctional com- 
plexes, presumably due to partial disruption occurring dur- 
ing specimen preparation. However, we can not exclude the 
possibility that some of the missing spectrin cross-links may 
already be absent in the native membrane. 

The membrane skeletons shown in Figs. 1-3 were exam- 
ined on a very thin carbon film to obtain high contrast. The 
thin carbon film is supported and strengthened by a fine 
1,000-mesh grid or a holey Formvar coated grid. The advan- 
tage of using a continuous thin carbon film instead of a fenes- 
trated carbon film (34, 35) to support the membrane skeleton 
is that the skeleton can be artificially spread during specimen 
preparation due to a contraction of skeletal material toward 
the center of the specimen while the skeletal margin is still 
firmly attached to the thin carbon film on the copper grid. 
Fig. 4 shows a spread skeleton with an asymmetric lattice 
due to the uneven stretching of the network during specimen 
preparation. In some areas the cross-bridges were stretched 
into straight filaments in one axis to '~200 nm, which is the 
contour length of a spectrin tetramer. In other axes of the 
same areas, spectrin cross-bridges between adjacent junc- 

tional complexes are more convoluted and relaxed. It is pos- 
sible that this spring-like flexibility of spectrin is important 

in facilitating the deformability of the intact erythrocyte. Fig. 
5 shows a spread region of the double layered intact skeleton, 
indicating that stretched spectrin filaments of the bottom 

layer were crossed over by spectrin filaments of the upper 
layer of the skeleton. This type of image helps us to distin- 
guish between the irregular polygonal images generated 

from skeleton overlap and the pentagons, hexagons, and sep- 
tagons observed on the spread monolayered skeleton (Figs. 
1-3). In addition, we often detected a progressive decrease 
in the stretching of the network from the marginal region to 

the center of the skeleton preparation. It appears that the 
meshwork generated by spreading the isolated skeleton, as 

compared with that obtained from intact cells (5), produces 
a much larger area of a continuous lattice for detailed visual- 
ization. The ultrastructural information obtained from the 
isolated skeleton may be correlated directly with the skeletal 
protein composition and facilitate the molecular assignment 
of some of the structural elements. 

Large areas of the hexagonal lattice in the spread mem- 
brane skeleton are detected reproducibly in different skeleton 
preparations. The inclusion of glutaraldehyde fixation in the 
skeleton preparation for electron microscopic examination is 
important for the preservation of the skeletal protein connec- 
tions. It seems to reduce the degree of partial disruption of 

the network structure, especially at the marginal region of 
the spread skeleton during specimen preparation. However, 
a hexagonal array of the proteins is still detectable without 
glutaraldehyde fixation (data not shown). In addition, prepa- 
ration of erythrocyte skeletons at different hypotonic salt 

concentrations (e.g., 0-20 mM NaC1) or temperatures (e.g., 

0-25°C) does not change the ultrastructure of the spread 
skeleton (data not shown). 

Spectrin Cross-links in the Spread Membrane Skeleton 

Although the 200-nm spectrin tetramers appear to be the 

most prominent species of spectrin to cross-link the junc- 
tional complexes of actin, we detected a significant amount 
of spectrin (16% of total, n = 341) in several different forms 
including (a) three-armed, Y-shaped spectrin molecules 
linking three junctional complexes (Fig. 6, a and b), (b) 
three-armed spectrin molecules with two arms bound to a 

junctional complex and the third arm bound to the adjacent 
complex (Fig. 1 b), (c) two separated spectrin filaments link- 
ing two junctional complexes (Fig. 1 b), and (d) four-armed 
spectrin molecules linking two junctional complexes (Fig. 6 
c). Among these the three-armed spectrin molecules are the 
most abundant, representing •11% of the total cross-links. 

These observations are compatible with the presence of spec- 
trin tetramers and possibly other medium-sized oligomers in 
the erythrocyte membrane, as previously indicated by bio- 
chemical analysis (21, 28). 

At the present time, however, the identification of different 
oligomeric species of spectrin in the spread skeleton is still 
premature. These oligomeric-like images may be generated 
from spectrin tetramers by a splitting of the ~t- and 13-chains 
of one or both of the dimeric subunits or alternatively by 
breakage and rearrangement of spectrin tetramers in situ or 
during specimen preparation. 
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(a) Figure 2. Septagonal and pentagonal subunits in the spread mem- 
brane skeleton. A septagonal subunit is shown in the lower left-hand 
comer, whereas an adjacent pentagonal subunit is shown in the up- 
per right-hand comer. A dense region of residual membrane mate- 
rial is indicated by an asterisk at the lower left hand comer. 

respectively (n = 163). Fig. 3 shows, in a different prepara- 
tion, a large area of the spread skeleton at high magnifica- 

tion. Many subunits in the spread skeleton do not contain all 

the spectrin cross-links between adjacent junctional com- 
plexes, presumably due to partial disruption occurring dur- 
ing specimen preparation. However, we can not exclude the 
possibility that some of the missing spectrin cross-links may 
already be absent in the native membrane. 

The membrane skeletons shown in Figs. 1-3 were exam- 
ined on a very thin carbon film to obtain high contrast. The 
thin carbon film is supported and strengthened by a fine 
1,000-mesh grid or a holey Formvar coated grid. The advan- 
tage of using a continuous thin carbon film instead of a fenes- 
trated carbon film (34, 35) to support the membrane skeleton 
is that the skeleton can be artificially spread during specimen 
preparation due to a contraction of skeletal material toward 
the center of the specimen while the skeletal margin is still 
firmly attached to the thin carbon film on the copper grid. 
Fig. 4 shows a spread skeleton with an asymmetric lattice 
due to the uneven stretching of the network during specimen 
preparation. In some areas the cross-bridges were stretched 
into straight filaments in one axis to '~200 nm, which is the 
contour length of a spectrin tetramer. In other axes of the 
same areas, spectrin cross-bridges between adjacent junc- 

tional complexes are more convoluted and relaxed. It is pos- 
sible that this spring-like flexibility of spectrin is important 

in facilitating the deformability of the intact erythrocyte. Fig. 
5 shows a spread region of the double layered intact skeleton, 
indicating that stretched spectrin filaments of the bottom 

layer were crossed over by spectrin filaments of the upper 
layer of the skeleton. This type of image helps us to distin- 
guish between the irregular polygonal images generated 

from skeleton overlap and the pentagons, hexagons, and sep- 
tagons observed on the spread monolayered skeleton (Figs. 
1-3). In addition, we often detected a progressive decrease 
in the stretching of the network from the marginal region to 

the center of the skeleton preparation. It appears that the 
meshwork generated by spreading the isolated skeleton, as 

compared with that obtained from intact cells (5), produces 
a much larger area of a continuous lattice for detailed visual- 
ization. The ultrastructural information obtained from the 
isolated skeleton may be correlated directly with the skeletal 
protein composition and facilitate the molecular assignment 
of some of the structural elements. 

Large areas of the hexagonal lattice in the spread mem- 
brane skeleton are detected reproducibly in different skeleton 
preparations. The inclusion of glutaraldehyde fixation in the 
skeleton preparation for electron microscopic examination is 
important for the preservation of the skeletal protein connec- 
tions. It seems to reduce the degree of partial disruption of 

the network structure, especially at the marginal region of 
the spread skeleton during specimen preparation. However, 
a hexagonal array of the proteins is still detectable without 
glutaraldehyde fixation (data not shown). In addition, prepa- 
ration of erythrocyte skeletons at different hypotonic salt 

concentrations (e.g., 0-20 mM NaC1) or temperatures (e.g., 

0-25°C) does not change the ultrastructure of the spread 
skeleton (data not shown). 

Spectrin Cross-links in the Spread Membrane Skeleton 

Although the 200-nm spectrin tetramers appear to be the 

most prominent species of spectrin to cross-link the junc- 
tional complexes of actin, we detected a significant amount 
of spectrin (16% of total, n = 341) in several different forms 
including (a) three-armed, Y-shaped spectrin molecules 
linking three junctional complexes (Fig. 6, a and b), (b) 
three-armed spectrin molecules with two arms bound to a 

junctional complex and the third arm bound to the adjacent 
complex (Fig. 1 b), (c) two separated spectrin filaments link- 
ing two junctional complexes (Fig. 1 b), and (d) four-armed 
spectrin molecules linking two junctional complexes (Fig. 6 
c). Among these the three-armed spectrin molecules are the 
most abundant, representing •11% of the total cross-links. 

These observations are compatible with the presence of spec- 
trin tetramers and possibly other medium-sized oligomers in 
the erythrocyte membrane, as previously indicated by bio- 
chemical analysis (21, 28). 

At the present time, however, the identification of different 
oligomeric species of spectrin in the spread skeleton is still 
premature. These oligomeric-like images may be generated 
from spectrin tetramers by a splitting of the ~t- and 13-chains 
of one or both of the dimeric subunits or alternatively by 
breakage and rearrangement of spectrin tetramers in situ or 
during specimen preparation. 
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(b)

FIG.: Visualisation du réseau hexagonal de spectrine visualisé par microscopie
électronique. Les molécules de spectrines connectent les vertex d’actine. Le
cytosquelette est ainsi riveté à la membrane par des protéines spécialisées. L’image de
droite est une vue de l’artiste du réseau dont le pas fait environ 200 nm. Bien que motif
le plus courant soit constitué d’hexagones, on remarque la présence de pentagones.[? ]

Introduction à la physique des membranes et des vésicules
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Introduction géométrique à la courbure

Hypothèses

(i) Les membranes sont fluides. En particulier, aucune résistance au
cisaillement. Le coefficient de diffusion est ⇡ 10�6cm2/s ) Il faut
environ 1 seconde à un phospholipide pour inspecter une vésicule.

(ii) L’épaisseur de la bicouche (⇡ 60Å) est très inférieure à la taille
caractéristique de la vésicule.

La membrane est vue comme une
surface 2D avec 2 tangentes et 1
normale. Le tenseur de courbure
donne la variation de l’orientation de
la normale n :

∂n
∂xi

= Ri,jtj (1)

15

t1

t2

t3=h

O

Figure 15: The tangent plane at a point O. The distance of a generic point P from it is given by h =
1
2

�
ij �ijtitj . The principal directions on the surface at the point O are also drawn.

• The free energy can be expressed as a local functional of �r(�) and its derivatives. This assumption
rules out, for the time being, the e�ects of the interaction of the membrane with itself, due for example
to close contacts when a part of the membrane folds on the rest.

• The free energy must be invariant under Euclidean transformations applied to �r and under reparametriza-
tion transformations like � ! �� = ��(�).

It was noticed by Canham [14] and then by Helfrich [55] that these hypotheses imply that, considering
only the contributions of derivatives of �r up to second order, one obtains the following general expression of
the free energy of a membrane:

F =

Z

S
dA

�
� +

1

2
� (H � H0)

2 + �K

�
. (3.16)

Here dA is the area element and � is the area coe�cient. The integral is extended over the membrane surface
S. The coe�cients � and � are known as the rigidity and Gaussian rigidity respectively. The quantity H0

is called the spontaneous curvature.
The free energy (3.16) has been derived only on the basis of geometrical considerations. However it is

necessary to gain some insight on the terms appearing in this expression by considering in more detail the
elasticity of a fluid membrane. One finds several discussions of this subject in the literature [99, 116, 57],[86,
App. B].

The simplest derivation starts by considering a monolayer. Let us assume that the elastic energy per
molecule in a given configuration is the sum of the energy Eh pertaining to the heads and the energy Et

pertaining to the tails. We take as a reference the neutral surface, where the moments of the elastic forces
on heads and tails cancel. We assume for definiteness that the positive direction is towards the heads, and
denote by �h and �t the distance of the heads and the tails, respectively, from the reference surface.

The areas ah of the heads and at of the tails are given by:

ah = a
�
1 + H�h + K�2

h + . . .
�
, (3.17)

at = a
�
1 � H�t + K�2

t + . . .
�
, (3.18)

where a is the area of the molecule on the neutral surface (cf. fig. 16). We can now write, assuming a simple
(Hooke-like) elasticity:

Eh =
1

2
kh

✓
ah � ah0

ah0

◆2

, (3.19)

Et =
1

2
kt

✓
at � at0

at0

◆2

, (3.20)

where ah0 and at0 are the equilibrium values of head and tail areas, and kh and kt are elastic constants (with
the dimensions of an energy per molecule). The elastic energy E per unit molecule can be written

E = Eh + Et. (3.21)

Introduction à la physique des membranes et des vésicules
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Une formule utile
On considère un plan contenant la normale. Ce plan a une intersection avec
la surface qui est une courbe. Soit R le rayon de courbure de cette courbe
plane. Faisons tourner ce plan d’un angle f autour de la normale :

1
R(f)

=
cos2 f
Rmax

+
sin2 f
Rmin

(2)

Les invariants géométriques vont nous permettent de construire une
énergie libre
Il existe deux invariants vis à vis de la re-paramétrisation de la surface (trace
et déterminant)

Courbure moyenne : H =
1
2

✓
1

R1
+

1
R2

◆
(3)

Courbure gaussienne : K =
1

R1R2
(4)
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Conséquence : origine de l’effet bilame

4p (R+d)2 �4p (R�d)2

4pR2 =
4d
R

(5)

donc varier les densités de façon différentielle entre l’intrados et l’extrados
est couplé à la courbure

Important
Courbure = extension relative de la surface externe par rapport à la surface
neutre et compression relative de la surface interne.
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Introduction Un exemple :les globules rouges Introduction géométrique à la courbure Figure de Myelin (onduloı̈de) Élasticité Élasticité d’une monocouche Élasticité d’une bicouche Transition de phase et forme des vésicules Membranes fluctuantes Expérience de micropipette :aire cachée dans les fluctuations Membranes près d’une paroi :Forces d’Helfrich Membranes en adhésion Références

Un théorème dû à Gauss :
Z

dS
1

R1R2
= 4p (1�g) (6)

où g est le nombre de trous (c.-à-d. des anses. Une chambre à air est un tore à
un trou)

Conséquence
On ne peut pas construire une énergie avec la courbure gaussienne, car
celle-ci compte tout au plus le nombre de trous et elle indépendante de la
forme de la surface lorsque celle-ci est fermée. Ce terme ne peut changer que
si la topologie change par fusion ou fission de membrane. Il s’agit d’un
événement très rare pour une membrane phospholipidique. La fusion ou la
fission est contrôlée par une machinerie dans les systèmes biologiques
(snares).
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L’énergie de flexion est invariante d’échelle

Conséquence 1
Pour une sphère de rayon R

Ecourbure =
1
2

k4pR2 1
R2 (7)

qui est indépendant du rayon R de la sphère. Que R soit grand ou petit
l’énergie de flexion est la même !

Conséquence 2
Mais pour une surface arbitraire, les deux rayons de courbures peuvent avoir
des signes arbitraires : on peut courber sans voir d’énergie (surfaces
minimales)
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Exemple des formes à symétrie de révolution : les onduloı̈des

z

r θ

 r/sinθ

n̂

R

Rm

m

Exemple de surface de révolution
engendrée par une courbe en rotation
autour de l’axe z. La distance par
rapport à l’axe est notée r. Le rayon de
courbure suivant la direction des
parallèles est le rayon du cercle
tangent et contenant la normale n̂. Le
cercle de courbure est donc incliné
d’un angle q par rapport à l’axe z. Les
deux cercles en pointillé illustrent les
deux cas possibles de position du
centre de courbure pour le calcul dans
la direction des parallèles. Le centre
est soit à l’intérieur de la surface, soit à
l’extérieur. Le rayon de courbure peut
donc avoir un signe arbitraire.
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⇥heptane⌅, and allowing the heptane to evaporate before add-
ing water to the residue, or mixing first AOT and salt in a

ratio 1:3 in weight, then pouring gently the appropriate quan-

tity of water to the AOT/salt mixture to have the desired

⇥AOT/salt⌅ concentrations. For the purpose of this work we
used the second procedure, so that we could avoid any kind

of mixing of the two alkanes. If we prepare a low salinity

solution by dissolving the amount of AOT in water and add-

ing brine to bring the solution to the desired salinity, no

vesicle is observed. The formation of these vesicles is prob-

ably due to an electrostatic effect between the polar heads

⇧17�. In this paper we will not describe the phase observed
when changing salinities or amphiphiles concentrations. In-

stead we will focus on a particular effect of dodecane on

tubular vesicles obtained at high salinities. An instability is

studied and the wavelength selected at the onset of the insta-

bility is measured as a function of the radius of the unper-

turbed tubules. The instability and the wavelength selection

are found to be a result of the fact that the spontaneous

curvature deviates from zero because of oil incorporation

into the tubular vesicle layers, which makes the bilayer non-

symmetrical. Although spontaneous curvature is a well-

known parameter in the study of topological and mechanical

properties of membranes, we will explain briefly its origin in

Sec. III.

The vesicles are observed through an inverted phase con-

trast microscope (40� objective, Nikon diaphot 200⌅. The
cell where the vesicles are observed is a 1-mm-thick closed

glass cell; the gap between these two glass slides is also

1-mm-thick. The AOT-brine solution is left for a couple of

days, so that any shape transformation due to macroscopic

flow, after transfering the solution from a test tube to the

observation cell, disappears. The observation cell is hermeti-

cally closed and sealed up in order to avoid any fluid leakage

and oil evaporation. The brine salinities used correspond to

the minimun of oil-water interfacial tensions and are 0.175

mol/L for dodecane and 0.075 mol/L for decane and an AOT

concentration of 7.5 mmol/L and 4 mmol/L, respectively.

The critical micellar concentration ⇥CMC⌅ of AOT water so-
lution without salt is around 2.5 mmol/L. ⇥CMC is the am-
phiphile concentration at which the air-water or oil-water

interface is saturated and the first micelles are formed.⌅ It is
noteworthy that by adding AOT to water, the surface tension

drops continuously and reaches a value, at the CMC, beyond

which it ⇥the surface tension⌅ remains constant. At 0.075
mol/L of NaCl, the stable shapes are essentially prolate and

spheres; at 0.175 mol/L of NaCl, the shapes are cylinders.

This shape transformation from low salinities to high salini-

ties is probably due to an electrostatic effect as AOT is an

anionic molecule ⇧17–19�. We observed the effect of dode-
cane on stable tubular vesicles at 0.175 mol/L ⇥at this salinity
the dodecane-brine interface tension is minimum⌅ ⇧13�. The
introduction of the oil into the cell does not perturb hydro-

dynamically the solution and it is a noninvasive way to in-

troduce the drop into the solution. To avoid instabilities such

as the Marangoni effect, the oil is introduced through a less

than 1-⇤m-diam crack-type orifice. The drop, with a volume
of the order of 0.25 ⇤L, travels through the glass by capil-
larity before it reaches the solution. The orifice is located at

the lateral wall of the cell, that is, between the lower glass

slide and the piece separating the two slides. The drop is then

directly introduced into the solution. Due to the weak solu-

bility of dodecane in water, and its slow diffusion, it takes

several hours for the instability to start. The oil probably

travels inside the solution after being incorporated in the

swollen micelles. After the oil reaches the tubules situated

far enough from the point where the drop was introduced,

tubules become unstable, forming pearls similar to the ones

observed in Refs. ⇧6–9�. We have not noticed any shape
changes when the gap between the horizontal walls of the

observation cell is much smaller than 1 mm. ⇥We do not
know why this effect depends on the gap between the cell

walls where the vesicles are being observed. Oil evaporation

may affect the dynamics too.⌅ A sinusoidal instability is ini-
tiated, and develops to a peristaltic state, with a reduction in

fluctuations. However, large cylinders are stable; this will be

clarified in the following model. The structure observed is

periodic and typical necks between the pearls are apparent.

In the case of thick walled vesicles, the pearls do not discon-

nect. However, tubules with thin layers are cut into separated

spheres at the end of the instability. The time over which the

spheres disconnect is still unknown. This kind of state is

shown in Fig. 1. Bar-Ziv and Moses ⇧6� suggested, after an
experiment where a tubular phospholipid membrane was ex-

cited using optical tweezers, that the instability appears be-

cause of a change in the surface tension induced by the twee-

zers with analogy to the Rayleigh instability of a column of

liquid ⇧20�. The surface energy should be the source of in-
stability, however as the surface energy increases the linear

analysis shows that the instability develops only long-wave

modulations without any wavelength selection. Later, and to

explain the observations of Bar-Ziv, Tlusty, and Moses ⇧7�,
Nelson, Powers, and Seifert ⇧21� showed that nonzero wave-
length could be selected by the radius of the tubular mem-

brane, because of the fluid viscous motion inside the tube.

See also ⇧26�. However, in the case of our experiment this
model is not sufficient to select a well-defined periodic spa-

tial modulation of tubular membranes with the right depen-

dence of the wavelength versus the initial size of the cylin-

der. In fact, in our case an extra length scale becomes

important in the problem.

Figure 2 shows the dependence of the dimensionless num-

ber (qcR0) as a function of the initial radius of the tubule

R0 . The wavelength at the onset, qc , is measured whenever

a tubular vesicle starts to suffer the instability. The disper-

sion in the data is probably due to the fact that the wave-

length is not measured exactly at the onset with an error of

FIG. 1. A peristaltic state, in a thick cylinder. The bar represents

10 ⇤m.

7734 PRE 58SAHRAOUI CHAÏEB AND SERGIO RICA

FIG.: Figure d’équilibre d’une onduloı̈de. La barre représente 10 µm. D’après la
référence [2].
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Le problème d’une vésicule est très différent de celui d’une goutte
liquide qui est dominée par la capillarité (transfert de molécules du
volume à la surface)

Q

Q���� Q����

Q

PQ

FIG.: Schéma du goutte déposée sur un substrat. En absence de gravité, la forme de la
goutte est un hémisphère. L’angle de mouillage q est relié au rayon de l’hémisphère
dont le rayon d’adhésion est r = Rsinq . Lorsque q = 0 la goutte ne mouille pas le
substrat. Lorsque q = p , la goutte forme un film et on est en situation de mouillage
total.
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Unités
Pour une goutte la capillarité domine (tension de surface). Pour une vésicule
la tension de surface a un sens physique différent : il est associé à l’étirement
de la membrane et son effet est faible devant celui de la flexion

(i) Tension de surface s : 1 nN/µm = 1 mN/m = 1 dyn/cm (1 dyn = 105

N). La tension de lyse d’une membrane est de l’ordre de quelques mN
par nanomètres.

(ii) Module de flexion k ⇡ 20�40kBT pour des vésicules et 3kBT pour des
membranes fluctuantes.

Longueur caractéristique en-deçà de laquelle la flexion domine la
fonctionnelle d’énergie

l =

r
k
s

' 10nm�10µm (8)

) très petite dans le cas des gouttes liquides, de l’ordre de grandeur de la
taille d’une vésicule pour les membranes.

Introduction à la physique des membranes et des vésicules
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Élasticité d’une monocouche

Conséquence
Pour une surface d’aire constante, nous écrirons donc

E =
k
2

Z
dS (c1 + c2)

2 (9)

Généralisation
Cette formule se généralise au cas où le milieu a une courbure naturelle R0 -
on dit courbure spontanée dont l’origine est physico-chimique - qui sert alors
de référence (voir joint torique par ex.)

E =
k
2

Z l

0
ds

✓
1
R

� 1
R0

◆2
(10)

et pour une surface nous écrirons :

E =
k
2

Z
dS (c1 + c2 � c0)

2 (11)
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Élasticité d’une bicouche

Contraintes
Le minimum d’énergie de flexion est une sphère. Il existe 2 contraintes : nous
minimisons l’énergie de flexion à Aire totale et Volume tous deux constants,
donnés au moment de la formation de la vésicule. L’aire est fixée par le
nombre de phospholipides (pas d’échange) et le volume est constant sans
cela il apparaı̂trait une pression osmotique qui doit rester très faible.

Fonctionnelle d’énergie
La forme minimise un potentiel

E =
k
2

Z
dS (c1 + c2 � c0)

2 �pV +sA (12)

où p et s sont deux paramètres de Lagrange baptisés pression et tension de
surface.
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Généralisation

Pour une bicouche, la différence d’aire est fixée par la courbure.
Considérons deux sphères concentriques :

DA = 4p (R+d)2 �4pR2 = 4pR2 ⇥2
d
R

= 2d
Z

dA H
| {z }

courbure moyenne

(13)

Conduit au modèle A.D.E.

EA DE =
k
2

Z
dS (c1 + c2 � c0)

2 +
pk̄
Ad2 (DA�DA0)

2 (14)

Beaucoup de solutions ! bifurcations entre formes qui minimisent l’énergie.
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Exemple de formes

On peut contrôler l’aire totale de la
vésicule en jouant sur l’expansion
thermique de la membrane. Imaginez
que nous partions d’une sphère et que
l’aire A augmente. Ajouter à la sphère
mère une sphérule de taille 2R0 ne
coûte aucune énergie car son énergie
est nulle si le système possède une
courbure spontanée R0 :

Z
dA

✓
1
R

� 1
R0

◆2
= 0 (15)

! Bifurcation de bourgeonnement

Introduction à la physique des membranes et des vésicules
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Bourgeonnement par tension de ligne entre deux phases

Une interface entre deux
phases coûte une énergie. Si
nous imaginons que la
membranes contient deux
espèces de phospholipides
chimiquement incompatibles,
la forme de la vésicule peut
réagir en diminuant la
longueur de la ligne de contact
entre les deux phases. La ligne
de contact étant concentrée au
niveau du col connectant la
sphérule à la vésicule mère, la
membrane décroı̂t l’énergie
associée à l’interface entre les
deux phases en bourgeonnant.

1826 JOURNAL DE PHYSIQUE II No10

Fig.1. — Budding of the membrane domain embedded in the membrane matrix . The domain
edge is indicated by the full-broken line. The length of this edge decreases during the budding process
from (1) to (3).

Even though the budding of biomembranes resembles the temperature-induced shape trans-
formations of lipid vesicles, the underlying mechanism must be quite different. Biomembranes
are composed of many different lipids and proteins which diffuse laterally along the membrane
and can therefore aggregate into clusters or domains. Indeed, the budding of biomembranes is
believed to be preceded by the formation of such intramembrane domains [8-11].

It is shown in this paper that a domain within a fluid membrane should always undergo a
budding process as soon as it has attained a certain size. This process is induced by the line
tension of the domain edge: as can be seen by inspection of figure 1, the edge energy of the
budded domain is much smaller than the edge energy of the flat (or weakly curved) domain.
More precisely, the instability of the flat domain is governed by the competition between the
line tension of the domain edge and the bending energy of the domain. This interplay will be
studied in section 2 within a simplified theoretical model. In section 3, the dynamics of the
budding process will be discussed. The various length and time scales involved in the process
will be estimated for lipid bilayers in section 4. Finally, it is argued in section 5 that this
mechanism should also be effective for biomembranes.

A variety of theoretical models for budding have been previously described in the literature.
[12, 13] It seems, however, that the important role played by the line tension of the domain
edge has been overlooked so far.

2. Energy of budding domain.

2.1 EDGE ENERGY VERSUS BENDING ENERGY. — A flat domain with surface area    embedded
in a flat membrane matrix will form a circular disk of radius in order to attain
a state with the minimal value, , for the length of its edge. However, as far as the edge
energy is concerned, a flat circular disk does not represent the state of lowest energy since the
length of the edge can be further reduced if the domain deforms into the "third dimension"
and forms a bud, see figure. 1.

Such a deformation necessarily involves an increase in the curvature and thus in the bending
energy of the domain. The domain has minimal bending energy if its curvature is equal to the
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the tangent to the meridional vesicle trace at the location of
the phase boundary is critically influenced by the difference
between Ld and Lo phase of Gaussian bending moduli. This
tangent direction can be accurately determined from the
vesicle shown in Fig. 2 A, but can only be estimated in
vesicles depicted in Fig. 2, D and G. We therefore focus our
quantitative discussion on the vesicle shown in Fig. 2 A, and
discuss the shapes of vesicles in Fig. 2, D and G, in
a qualitative manner.
The coordinates of the vesicle shown in Fig. 2 A were

mapped by a tracing algorithm (5), at 2150 data points with
equal arc length increments. The total arc length of the
meridional section was 78.5 mm. To allow for convenient
comparison between experimental vesicle and simulated
vesicle shapes, the total vesicle area, A, was determined from
the trace using

AðsÞ ¼ 2p

Z s

0

rðsÞds; (8)

where integration is performed from north pole to the vesicle
south pole. An area A $ 1205 mm2 was obtained, leading to

a radius of an undeformed sphere with the same area, Ro $
9.8 mm. From this radius and the measured vesicle volume,
V, the reduced volume was calculated from

y ¼ V

4p=3ð ÞR3

0

; (9)

which resulted in y $ 0.76. The vesicle coordinates were
normalized to the area of the unit sphere: these normalized
coordinates are shown in Fig. 3 A. Fig. 3 B depicts tangent
angles to the meridional trace, as a function of arc length,
measured clockwise from the north pole of the vesicle (see
Fig. 1). The dimensionless arc length of Fig. 3 B can be
converted to physical units by multiplying with a factor of
78.5 mm/8.01ffi 10.2 mm. By definition, the derivative of the
tangent angle with respect to arc length is the meridional
curvature, cm ¼ &c9. The experimental vesicle shape with
line tension shown in Fig. 2 A is significantly deformed from
the equilibrium shape of a vesicle with a homogenous mem-
brane and with the same reduced volume y $ 0.76 (compare
Fig. 4 B, leftmost vesicle shape). High reverse meridional
curvature is found in a region near the phase boundary,
whereas the vesicle shape outside this boundary layer shows

FIGURE 2 Two photon microscopy images

of axially symmetric vesicles with fluid phase
coexistence. (A, D, and G) Merged imaging

channels. (Red, Ld phase, fluorescence dye

lissamine rhodamine DPPE; blue, Lo phase,

fluorescence dye perylene.) Vesicle compositions
are, as mole fractions of egg SM, DOPC, and

cholesterol, respectively, 0.615:0.135:0.25 (A–C,
this vesicle was imaged at a temperature of

30!C), 0.584:0.103:0.313 (D–F), and 0.25:0.5:
0.25 (G–I), these vesicles were imaged at 23!C.
(B, E, and H) Red channel. (C, F, and I) Blue
channel. Scale bar is 5 mm.

1070 Baumgart et al.
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Imagerie bi-photonique d’une
coexistence de phase entre un phase
liquide ordonnée et une phase liquide
désordonnée dans la membrane d’une
vésicule. Il s’agit en fait d’un mélange
ternaire avec du choslesterol de deux
types de phospholipides dont les
chaı̂nes ont des longueurs différentes.
Les domaines des deux phases sont
imagés à l’aide de chromophores qui
ont des affinités très différentes pour
les deux phases. Les 3 vésicules
correspondent à des fractions d’aire
occupées par les deux phases
différentes. Les colonnes 2 et 3 sont
des expériences où seul l’un des deux
domaines est imagé. D’après[1].
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whenever the membrane is not flat, a purely geometrical differ-
ence !A is induced between the areas of the inner and outer
leaflets. If !A is not identical to !A0, then elastic energy is

required to make them conform. The shape–free–energy func-
tional that incorporates these two effects is

FADE"S# !
"b

2 !
S

dA$2H # C0%
2 $

"!
2

%

AD2 $!A # !A0%
2, [1]

where D is the membrane thickness," A is the membrane area, "b
and "! are known bending elastic moduli, and the integral is over
the surface S of the closed vesicle. Eq. 1 defines the so-called
area–difference–elasticity (ADE) model (13). Mechanically sta-
ble shapes of fixed area and volume correspond to constrained
energy minima. For appropriately chosen parameters, the ADE
model does exhibit discocytic shapes, which become unstable
and transform to stomatocytic shapes when !A0 is decreased,
in accordance with the bilayer-couple hypothesis. However,

"More precisely, D is the separation between the neutral surfaces of the two bilayer leaflets
and is assumed independent of bending. The neutral surface of the leaflet is the plane
about which the net bending moment caused by the stress profile vanishes.

Fig. 1. Representative shapes from the main stomatocyte–discocyte–
echinocyte sequence, including (top to bottom) stomatocyte III, II, and I;
discocyte; and echinocyte I, II, and III. (Left) Laboratory images reproduced
with permission from refs. 31 (Copyright 1956, Grune & Stratton), 32 (Copy-
right 1980, Academic Press), 33 (Copyright 1975, Biophysical Society), and 2
(Copyright 1973, Springer). (Right) Minimum-energy shapes calculated from
our model with v0 & 0.950 and !a0 of (top to bottom in percentages) '0.858,
'0.358, 0.072, 0.143, 1.717, 1.788, and 2.003 with all other parameters re-
maining fixed.

Fig. 2. A sample of observed non-main-sequence shapes, including (top to
bottom) nonaxisymmetric discocyte, stomatocyte with triangular mouth, and
knizocyte. (Left) Laboratory images reproduced with permission from refs. 27
(Copyright 1981, Biophysical Society), 32 (Copyright 1980, Academic Press),
and 2 (Copyright 1973, Springer). (Right) Minimum-energy shapes calculated
from our model with values of v0 and !a0 of 0.989 and 0.215%, 0.950 and
'0.858%, and 1.000 and 1.144% (from top to bottom) with all other param-
eters remaining fixed.
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(Copyright 1973, Springer). (Right) Minimum-energy shapes calculated from
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'0.358, 0.072, 0.143, 1.717, 1.788, and 2.003 with all other parameters re-
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Fig. 2. A sample of observed non-main-sequence shapes, including (top to
bottom) nonaxisymmetric discocyte, stomatocyte with triangular mouth, and
knizocyte. (Left) Laboratory images reproduced with permission from refs. 27
(Copyright 1981, Biophysical Society), 32 (Copyright 1980, Academic Press),
and 2 (Copyright 1973, Springer). (Right) Minimum-energy shapes calculated
from our model with values of v0 and !a0 of 0.989 and 0.215%, 0.950 and
'0.858%, and 1.000 and 1.144% (from top to bottom) with all other param-
eters remaining fixed.
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FIG.: La figure (a) présente un globule rouge dont la forme est un stomatocyte. Cette
forme est un minimum de l’énergie de courbure lorsque DA0 < 0. La forme (b) est une
forme en echinocyte. Cette forme n’est pas un minimum de l’énergie de courbure
seule, car la forme des spicules est déterminée par les efforts élastiques du réseau de
spectrine. D’après la réference [6].
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Membranes Fluctuantes
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�

�

FIG.: On représente les fluctuations d’une membrane à différentes échelles. Un zoom
optique permet de distinguer les fluctuations de longueur d’onde de plus en plus
petites. Lorsque le grossissement du zoom n’est pas suffisant, les fluctuations des
petites échelles ne sont pas observables et les ondulations sont lissées. Augmentant le
grossissement du zoom, l’amplitude des fluctuations de longueur d’onde de plus en
plus petite apparaı̂t. On peut représenter la longueur d’onde de coupure comme le
grossissement maximum imposé par les limites du microscope mais qui ne permet pas
l’observation aux toutes petites échelles.
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(a) (b)

FIG.: Exemples d’aspiration d’une vésicule géante à l’intérieur d’une micropipette. La
différence de pression entre les deux images est passée de 410�4 dyn/cm à 0.2dyn/cm,
ce qui se traduit par une longueur de langue aspirée plus grande dans le deuxième cas
(D’après [4]).
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Principe de la mesure
pi �pm =

s
Rp

pi �pe =
s
Re

(16)

on trouve :
pe �pm = s

✓
1

Rp
� 1

Re

◆
(17)

ce qui permet de déterminer la tension s une fois les autres quantités
mesurées.
Le diamètre de la micro-pipette étant connu, il est aussi possible d’évaluer
l’aire de membrane (( aspirée )) par la différence de pression , car la longueur
de la langue dans la micro-pipette est connue. On a donc une mesure directe
de l’aire absorbée dans les fluctuations thermiques en fonction de la tension
de surface contrôlée par la différence de pression.
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FIG.: Mesure de la fraction de l’aire absorbée dans les fluctuation en fonction de la
tension de surface. On note que la tension est portée en échelle logarithmique. Les
deux courbes correspondent à des vésicules de composition chimique différente. Les
faibles tensions repassent les fluctuations thermiques et donnent un comportement
linéaire. Dans le régime des tensions plus importantes, la mesure sonde les propriétés
d’extension mécaniques de la membrane en faisant varier l’aire par tête polaire.
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On sait maintenant que les canaux ioniques changent les fluctuations des
membranes. Ces membranes sont dites actives car les canaux pour

fonctionner consomment de l’énergie sous la forme d’ATP et ils appliquent
des forces sur la membrane
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FIG.: Données expérimentales en échelles semi-logarithmique pour l’excès d’aire en
fonction de la tension. La courbe avec des symboles ⇤ correspond à une membrane
passive. Celle avec des symboles correspond au même système en présence d’ATP
(d’après ref. [5] )
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Introduction Un exemple :les globules rouges Introduction géométrique à la courbure Figure de Myelin (onduloı̈de) Élasticité Élasticité d’une monocouche Élasticité d’une bicouche Transition de phase et forme des vésicules Membranes fluctuantes Expérience de micropipette :aire cachée dans les fluctuations Membranes près d’une paroi :Forces d’Helfrich Membranes en adhésion Références

Comme d’habitude, les fluctuations sont décrites à partir des modes de
Fourier. Nous simulons la forme d’une vésicule en introduisant des
conditions périodiques de période L dans le plan (x,y) de référence. En deux
dimensions, les coefficients de Fourier sont définis par

h̃q =
Z

d2xh(x,y)exp [�iq.r] (18)

et
h(x,y) =

1
L2 Â

q
h̃q exp [iq.r] ⇡ 1

(2p)2

Z
d2q h̃q exp iq.r (19)
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ce qui redonne bien

h(x,y) = Â
q0

1
L2

Z
d2r exp

⇥
i
�
q.r�q0.r

�⇤

| {z }
L2dq�q0 ,0

h(u,v) = h(x,y) (20)

Les longueurs d’onde associées aux fluctuations ne peuvent être
arbitrairement petite, car l’épaisseur de la membrane impose un (( cut-off )) a
en-deçà duquel l’élasticité de flexion n’est pas valable. La première zone de
Brilloin sera alors définie comme la couronne sphérique

2p
L

 |q|  2p
a

(21)
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P(h̃q) = Aq exp

"
�

q2 �
s +kq2�

L2kBT

#
(22)

où Aq est une constante de normalisation calculée à partir de la condition
Z

dh̃qP
�
h̃q

�
= 1 (23)

Donc, fluctuations des modes dominées par la flexion si

q >

r
s
k

(24)

i.e. presque toujours le cas pour une vésicule.
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Membranes près d’une paroi : Forces d’Helfrich
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, ��

$

(a) (b)

FIG.: Une membrane fluctuante est caractérisée par des fluctuations transverses de
taille D et distantes de Lk. Prise en sandwich entre deux parois distantes de D, chaque
excursion transverse de taille D entre en collision avec les parois et peut être vu comme
un degré de liberté. L’effet des parois est de diminuer l’entropie de fluctuations de la
membrane, ce qui se traduit par une pression entropique effective qui tend à repousser
les parois.
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Résultat La force est répulsive :

V(D) =
(kBT)2

16p2kD2 (25)

de même ordre de grandeur que les forces de VdW qui sont elles attractives

VVdW =�
AH
d2 (26)

Par définiton, AH est la constante de Hamacker.
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Comment une cellule palpe son substrat : les premiers instants d’une
rencontre[7]

33

A Pierres !"#$%##################################################################################################################&!%%#'(""()*#"+#$,-!.(/!#.01'$2!.

nanonewton range were often needed to separate bound
cells from other cells (Bongrand!"#$%., 1979; Bongrand
and Golstein, 1983) or surfaces (Palecek !"#$%., 1997). The
formation of additional bonds will require an extension of
the contact area, which may in principle involve two com-
plementary processes: i) cell flattening at the micrometer
level, resembling the flattening of a liquid droplet on a
wettable surface, a process that is called spreading by physi-
cal-chemists, but that is quite different from cell spreading
as defined by cell biologists (Fig. 2 C, D). This process
will generate additional contact zones. And ii) enlargement
of initial contact areas at the submicrometer level (Fig. 2
E, F) through alignment (Dustin !"#$%., 1997) of the cell
membrane to neighbouring surface as required to allow
the formation of molecular bonds by adhesion receptors
whose typical length ranges between 10 and 40 nm
(Springer, 1990). Attachment strengthening will be com-
pleted by a concentration of adhesion molecules in contact
areas (Kupfer and Singer, 1989; André !"#$%., 1990), and a
reinforcement of cytoskeletal elements below the plasma
membrane, thus increasing membrane rigidity which may
be an important determinant of binding strength (Rees !"
$%., 1977).
!"#$%&'($)*$++)#,-,+,.'*/+)0$,0./%'1/#',%)may occur as
a facultative consequence of adhesion, during the tens of
minutes, hours or even days following contact. This phe-
nomenon is defined as spreading by cell biologists, and
includes the sending of lamellipodia and acquisition of
polarized shape by cells (Fig 2 G, H).

In the present review, "spreading" will refer to active
cell spreading, whereas "flattening" will refer to aforemen-
tioned micrometer-scale deformation, and membrane
"alignment" will be used to designate subnanometer-scale
apposition of cell membranes to adhesive surfaces. Both
"flattening" and "alignment" are part of the "fitting" proc-
ess (Fig. 2).

Many experiments have demonstrated the feasibility
of discriminating between adhesion and spreading, by ma-
nipulating cell metabolism or adhesive surfaces: Thus,
galactosyl groups were required for spreading, not adhe-
sion of melanoma cells deposited on laminin-coated sur-
faces (Runyan !"#$%., 1988). Chelating intracellular calcium
inhibited spreading, not adhesion of human monocytes
(Lefkowitz !"#$%., 1992), while an artificial rise of intracel-
lular calcium triggered the spreading of adherent
neutrophils (Pettit and Hallett, 1998). The spreading of Hela
cells adhering to collagen-coated surfaces was prevented
by inhibiting a rise of intracellular pH that was involved in
phospholipase activation (Chun, 1995). Also, adhesion and
spreading display different kinetics, since cell adhesion may
happen within a fraction of a second (Lawrence and
Springer, 1991) while spreading often requires tens of min-
utes (Grinnell !"#$%., 1976), hours or days.

It is therefore warranted to discriminate between fit-
ting (a prerequisite for strong adhesion) and spreading, and
there is no substantial reason for hypothesizing that simi-
lar mechanisms are involved in both phenomena.

2'3)/%4)&*,-$),5)#6$)0$('$7

The aim of the present review is to present current
knowledge concerning the regulation of cell fitting to ad-

hesive surfaces. First, we shall briefly discuss experimen-
tal approaches that are currently available to quantify cell-
surface contacts. Second, we shall review our present un-
derstanding of the parameters responsible for the equilib-
rium topography of these contacts. Third, we shall discuss
the kinetic mechanisms of contact extension. Indeed, al-
though the discrimination between static and dynamic as-
pects is not fully warranted on theoretical grounds, this
discrimination was felt to clarify data presentation.

8$#6,4&)5,0)9#:4;'%.)246$&',%<=$+/#$4)>$++

?$5,03/#',%&

>,%($%#',%/+),-#'*/+)3'*0,&*,-;

Cell morphological changes involved in spreading are so
clearcut that the detection of spread cells was found obvi-
ous by many authors: thus, spreading was defined as a loss
of rounded aspect (Runyan !"#$%., 1988; Yoshimura !"#$%.,
1995; Yu !"#$%., 1998). In many cases, spreading was de-
fined more quantitatively by measuring the projected area
of adherent cells (Li !"#$%., 1996; Cox !"#$%., 1999; Watson
!"#$%., 2001): spreading resulted in 3-4 fold increase of this
area. Additional properties reported to define spread cells
are particular patterns of microfilaments revealed by
labeling with fluorescent phalloidin derivatives (Masiero
!"#$%., 1999) or dull aspect on observation with phase con-
trast microscopy (Yu !"#$%., 1998).
!+$*#0,%)3'*0,&*,-;

Electron microscopy has long been used to observe the
region of interaction between biological surfaces. This al-
lowed the delineation of regions of apparent contact where
plasma membranes were separated by an electron-light gap
of constant width, on the order of 20 nanometers (Easty
and Mercer, 1962; Heaysman and Pegrum, 1973). This was
indeed the basis of the definition by Bennett (1963) of the
so-called glycocalyx, i.e. a polysaccharide-rich structure
coating the lipoprotein core of plasma membranes and that
was supposed to impede molecular contact between ap-

Figure 2: Simple interpretation of interference reflec-
tion contrast. Contrast results from the interference
between I1 and I2.
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attachment to fibronectin (24). High fluorescence levels
were observed in cell-surface contact areas (not shown),
but more extensive investigations are required to deter-
mine whether the surface density of integrins increased
during contact maturation.

Second, we labeled CD43, which is a bulky membrane
molecule that is highly abundant on leukocyte mem-
branes and that is supposed to impair adhesive inter-
actions (30,31). Interestingly, as exemplified in Fig. 8,
decrease of cell-to-substrate distance was associated
with a concomitant egress of CD43 molecules.

Third, THP-1 cells were transfected with fluorescent actin
and deposited on fibronectin-coated surfaces. Contact
formation was very similar to processes described
above, suggesting that transfection did not markedly
alter THP-1 cell properties. The fluorescence distribu-
tion was then monitored together with IRM contacts. As
exemplified in Fig. 9, in addition to bulk fluorescence,
cells displayed localized fluorescence patches that
seemed to appear a few tens of seconds before the
formation or extension of contact zones.

Metabolic inhibitors influence contact extension

Whereas it is well known that soft vesicles can display
thermally driven surface fluctuations and the formation of
extensive contacts with adhesive surfaces, it was important to
determine the extent to which cell behavior was influenced by
active processes dependent on biochemical events. This
question was addressed as follows:

i). Stiffening cell surface with paraformaldehyde abol-
ished contact formation and adhesion.

ii). Interestingly, treating cells with moderate concentra-
tions of cytochalasin D (10 mg/ml) resulted in signif-
icant decrease of the rate of contact extension;
smoothening of the two-dimensional contours of con-
tact surfaces, which make them more alike contact
zones formed with artificial vesicles (11,24); and
increase of membrane undulations in membrane zones
close to the adhesive surface (Fig. 10).

iii). Treating cells with a myosin inhibitor (butanedione-
monoxime) to decrease cell motility abolished adhe-
sion and contact formation.

iv). Because previous reports clearly demonstrated a role
of intracellular calcium changes in cell spreading
(32,33), we investigated whether intracellular calcium
level influenced THP-1 cell fitting to adhesive surfaces.
In preliminary experiments, cells were labeled with
fluo-3, a fluorescent calcium probe, before deposition
on fibronectin-coated surfaces and monitoring with
IRM. Whereas many cells displayed elevated calcium,
no clear relationship was found between intracellular
calcium and rate of contact growth (not shown).

FIGURE 7 Quantitative description of cell membrane transverse fluctu-

ations during contact extension. (A) A representative cell imaged with

;1 Hz frequency during contact formation. The squared displacement per
pixel was plotted versus time after subtracting the overall displacement

(corresponding to decrease of average cell-to-surface distance). The plot is

fairly linear. Correlation coefficient is 0.991. (B) Lifetime of membrane

undulations: the time dependence of correlation between two sequential
membrane maps (h) on a typical cell reveals 50% decrease of correlation

during ;8 s. Crosses represent displacements of a given membrane point

reveal no detectable temporal correlation, suggesting that membrane

deformations are driven by random movements with higher that 1 Hz
frequency (in line with Fig. 3 B). (C) Dependence of the amplitude of

vertical membrane displacements (as imaged in Fig. 6 C) on distance to

the adhesive surface. Squares represent onset of contact. Crosses represent
130 s after contact initiation. D shows correlation length of cell contour.

Both membrane images (h) and local displacements during a 2.7 s interval

(crosses) display marked spatial correlation with a 50% decrease at 1 mm
separation.

FIGURE 8 Leukosialin redistribution during contact for-

mation.Monocytic THP-1 cells were labeled with fluorescent

anti-CD43/leukosialin before deposition on fibronectin-

coated surfaces. Fluorescence and IRM images were then
recorded at regular intervals. During the first minute, the

separation between the cell membrane and the adhesive

surface is nearly always .35 nm (A), and CD43 is clearly

visible on the whole surface, with local concentration
(B, [). A total of 60 s later, cell-surface distance decreased

by at least 20 nm (C, [) and CD43 depletion is clearly

visible in the whole cell surface and, particularly, in the new
contact zone (D).

6 Pierres et al.
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On note l’augmentation des fluctuations à courtes distances : les
fluctuations sont actives

Ma
ste

r P
ro
ofThe requirement for fluid drainage from the

cell-surface gap does not seem to be a limiting
parameter for contact extension

In several situations of physical interest (e.g., aquaplaning)
adhesion between surfaces may be hampered by intervening
liquid film. The possibility that this might influence contact
extension was investigated by monitoring contact extension
in highly viscous Ficoll solution. However, no significant
decrease of contact extension was found when the medium
viscosity was increased threefold (not shown).

DISCUSSION

Although cell attachment to adhesive surfaces and sub-
sequent deformation and spreading were subjected to con-
siderable scrutiny, little information is available on the
mechanisms allowing transverse nanometer-scale adaptation
of interacting surfaces. However, in view of the known
roughness of cell membranes and the length of adhesion
molecules, this fitting process seems an obvious requirement
for the formation of more than a few adhesive bonds. This
point is important, because previous studies performed on the
strength of cell adhesion suggested that the minimal number
of bonds required to account for experimental properties of
cell adhesion was on the order of about at least 1000 (34,35).
IRM/RICM was demonstrated to be a method of choice to

image the fitting of cell membranes to planar surfaces with
sufficient vertical resolution (18,19,22,26). A major advan-
tage of this technique is that it does not require any possible
artifact treatment½AQ8" . It has been well recognized that the
quantitative derivation of membrane-surface distance from
intensity measurements relies on several assumptions that are
difficult to prove (36), and the membrane-surface separation
values we obtained may not be considered as absolute values
of the distance between lipid bilayers and glass surfaces.
However, it must be emphasized that the simple procedure
we used to derive these distances is fairly robust and should
provide reliable relative values½AQ9" , as acknowledged in previous
studies (18,20,22). Indeed, cytoplasmic structures such as the

actin cortex might influence image brightness. Although our
observations of the kinetics of actin and distance map
changes suggest that actin movements were much slower
than the membrane fluctuations we described, a reliable proof
of the validity of distance determination with IRM/RICM
could only be obtained by comparing images obtained with
different techniques. We are currently combining total in-
ternal reflection fluorescence microscopy and fluorescence
labeling to achieve this goal.
Several important conclusions may be drawn from our

experiments. First, in addition to the mere confirmation of
previous reports demonstrating the occurrence of transverse
fluctuations of nucleated cell membranes (16–18), our results
provide some new information on these fluctuations. The
tentative view of these fluctuations as transverse motions of
micrometer-size blocks with an effective diffusion coefficient
of a few nm2/s may be useful to model these movements.

FIGURE 9 Actin redistribution during contact forma-

tion. Monocytic THP-1 cells were transfected with GFP

before being deposited on fibronectin-coated surfaces, and
contact regions were analyzed with IRM and fluorescence.

Two representative sets of images (A–D and E–H) are

shown. (A) Visible light image of a standard cell (with usual

roundish appearance preceding spreading). B and D display
contact growth during a 90 s period of time. On the

fluorescence image (C), actin appears distributed through-

out the whole cell, with local bright patches ([) that were
associated with, and seemed to precede, contact. (E–H) A
similar behavior was observed several minutes after initial

contact, on a markedly polarized cell.

FIGURE 10 Effect of cytochalasin D on membrane fluctuations near a

surface. Seven control cells (h) and eight cytochalasin D-treated cells (1)

were monitored for determination of membrane topographical and fluctua-

tion maps. The standard deviation of membrane height, representing a
fluctuation amplitude, was determined on separate groups of point with

common distance to the surface. Cytochalasin treatment did not substantially

influence fluctuations at 60–80 nm separation, but this seemed to increase
fluctuations for smaller distances (the difference was significant for 50 nm

separation with Student’s t-test).

Cell Membrane Fitting to Adhesive Surfaces 7
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Introduction Un exemple :les globules rouges Introduction géométrique à la courbure Figure de Myelin (onduloı̈de) Élasticité Élasticité d’une monocouche Élasticité d’une bicouche Transition de phase et forme des vésicules Membranes fluctuantes Expérience de micropipette :aire cachée dans les fluctuations Membranes près d’une paroi :Forces d’Helfrich Membranes en adhésion Références
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Recruitment of proteins (thus signaling) is mechanical force dependent
Stretching Single Talin Rod
Molecules Activates Vinculin Binding
Armando del Rio,1 Raul Perez-Jimenez,1 Ruchuan Liu,2 Pere Roca-Cusachs,1
Julio M. Fernandez,1 Michael P. Sheetz1*

The molecular mechanism by which a mechanical stimulus is translated into a chemical response
in biological systems is still unclear. We show that mechanical stretching of single cytoplasmic
proteins can activate binding of other molecules. We used magnetic tweezers, total internal reflection
fluorescence, and atomic force microscopy to investigate the effect of force on the interaction
between talin, a protein that links liganded membrane integrins to the cytoskeleton, and vinculin, a
focal adhesion protein that is activated by talin binding, leading to reorganization of the
cytoskeleton. Application of physiologically relevant forces caused stretching of single talin rods that
exposed cryptic binding sites for vinculin. Thus in the talin-vinculin system, molecular
mechanotransduction can occur by protein binding after exposure of buried binding sites in the talin-
vinculin system. Such protein stretching may be a more general mechanism for force transduction.

Force sensing by cells is critical for their prop-
er function; however, how cells transform
a force stimulus into a chemical response

remains unclear. Forces have been shown to open
ion channels, activate phosphorylation, and cause
catch bond formation. These could all be mech-
anisms for force transduction [reviewed in (1)].
Another mechanism that has been postulated but
never demonstrated experimentally is that stretch-
ing of single force-bearing cytoplasmic molecules
might expose binding sites for other proteins. We
characterized at a single-molecule level the in-

teraction of two cytoskeletal proteins, talin, the
adhesion force–bearing protein, and vinculin, its
binding partner, in the absence and presence of
a physiologically relevant force.

Talin and vinculin are key players in cell sig-
naling, adhesion, and migration (2) and are lo-
calized at the sites of cell-matrix adhesion (3).
They are ideal candidates for mechanotransduc-
tion because the binding of vinculin to focal ad-
hesion complexes was shown to increase upon
the application of force (4). Talin couples the
cytoskeleton to the extracellular matrix through

membrane integrins and can activate signaling
through vinculin binding, for assembly and reor-
ganization of the actin cytoskeleton (3, 5). The
globular head of talin contains a FERM (4.1/
ezrin/radixin/moesin) domain that binds and ac-
tivates b-integrin cytodomains (6), whereas the
talin rod (TR) contains up to 11 vinculin binding
sites (VBSs) (7). A portion of the TR spanning
residues 482 to 889 (Fig. 1A) contains a five-
helix bundle with a cryptic VBS in helix four,
followed by a seven-helix bundle containing
four additional VBSs (helices 6, 9, 11, and 12).
The x-ray structures of VBSs reveal that they
are defined by six turns of an a helix and that
they are often buried because of extensive hy-
drophobic interactions with other amphipathic
helices (8, 9). VBSs trigger conformational
changes in the vinculin head (Vh), in a process
of helical bundle conversion: a helices of Vh re-
organize to surround the VBS from the TR, bury-
ing 50% of its solvent accessible area (5, 10).
Figure 1, B and C, shows the proposed sequential
unfolding of the helical bundles in the TR and Vh
binding to the helix 12, which is exposed in
steered molecular dynamic simulations (11).

1Department of Biological Sciences, Columbia University, New
York, NY 10027, USA. 2Department of Physics, National Uni-
versity of Singapore, Singapore 117542, Singapore.

*To whom correspondence should be addressed. E-mail:
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Fig. 1. (A) Structure of the 12 helices that form the TR 482 to 889
[Protein Data Bank (PDB) 1xwx]. Color coding: blue, N terminus; green,
middle; and red, C terminus. VBS helices are numbered and represented
with cartoon models, and the rest of the protein is shown with tube models.
(B) Under the application of a force in the direction indicated by the

black arrows in (A), TR starts to unfold. Once helix 12 exposed its VBS, Vh
(PDB 1u6h), represented in yellow, reorganizes to bind to it. (C) X-ray
structure of the complex Vh-VBS-helix 12, PDB 1u6h. Images were gen-
erated by using the VMD (Visual Molecular Dynamics) program (www.ks.
uiuc.edu/research/vmd/).
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Previous studies have shown that four of five
VBSs in TR residues 482 to 889 are inactive for
binding in the native molecule (8, 12). What
activates the VBSs in TR is still unknown. The
facts that mechanical force increases vinculin
recruitment to focal adhesions (4) and that talin
can bind to the actin cytoskeleton suggest that
force induced by actomyosin contraction could
stretch the TR, exposing the cryptic VBSs to Vh
(2). The mechanical stretching of cytoskeletal-
ly attached proteins by applied force is docu-
mented for the case in which stretch activates
tyrosine phosphorylation by Src family kinases
(13). Moreover, it has been shown that stretch-
ing of DNA leads to changes in the binding of
DNA-interacting proteins (14). Molecular dy-
namics simulations have supported the ability
of force-induced conformational changes to ex-
pose the cryptic residues of VBSs in the TR (15).
In addition, another recent steered molecular dy-
namic study provided a model in which mechan-
ical force gradually breaks the 12 helices of the
TR into three smaller sub-bundles (11).

To experimentally test the hypothesis that
force-induced stretching of the TR can open
the helical bundles and enable Vh binding, we

used a combination of magnetic tweezers to en-
able stretching of single TR molecules and total
internal reflection fluorescence (TIRF) micros-
copy to observe fluorescent Vh binding (Fig. 2).

Three DNA constructs encoding monomeric
TR, dimeric tandem TR, and full-length a-actinin
were designed with His and Avi tags at their N-
and C-termini, respectively. The dimeric tandem
TR served as a positive control because it should
have twice the number of binding sites that are in
a single TR. Because a-actinin has an active
binding site for Vh (10), it served as a negative
control; we would not expect to see any dif-
ference in the number of Vh molecules bound to
a-actininwith andwithout force-induced stretching.
All expressed proteins had 6×His and a biotin at
their N- and C-termini, respectively (fig. S1). The
N-terminal was used to attach the protein to a Ni–
nitrilotriacetic acid (NTA) glass surface, whereas
avidinated magnetic beads were coupled to the bio-
tinylated C-terminus. The molecule attached to the
glass was stretched by applying a magnetic force to
the beads in a vertical direction with the magnetic
tweezers apparatus described previously (16).

The criterion for deciding that beads were
bound to a single talin molecule was to observe

a random motion of the bead around a single
point close to the surface. The Vh was labeled
with the fluorophore Alexa 488 at a molar ratio
of 1:1 and further incubated with the TR. This
incubation was performed in presence or absence
of force depending on whether or not stretching
of TR was pursued. Then, all unbound Alexa
488–Vh was washed, and TIRF intensity was
measured over time. The number of Alexa 488–
Vh molecules bound to the TR was determined
by single-molecule fluorescence photobleaching
events. The fluorescence intensity abruptly de-
creased in a standard step if a single fluorophore
was bleached. The same protocol was used to
measure Vh binding to TR tandem fragment and
a-actinin controls.

With monomeric TR in the absence of force,
we observed (Fig. 3A) one or no photobleach-
ing events of the Alexa 488–Vh fluorescence
for each bead attached to a TR. After the appli-
cation of 12 pN of force to the beads, as many
as three photobleaching events were observed,
each the size of a single bleaching event. The
histogram next to each graph represents the
distribution of photobleaching events for all
the analyzed beads. Although fewer than half
of the diffusing beads showed binding and in-
dividual bleaching events, the percentage of
vinculin bound to beads was greater upon ap-
plication of force. Because each Alexa 488–Vh
was labeled with one fluorophore molecule,
each photobleaching event was associated with
the binding of one Vh molecule to the TR. We
suggest that force applied to the beads caused
mechanical unfolding of TR, exposing up to
two additional VBSs. When 2 pN of force was
applied to the beads, the percentage of vinculin
bound to beads was larger than in the case of
no force but smaller than when 12 pN of force
was applied, which supports the hypothesis
that the number of vinculin molecules bound
to the TR depends on the stretching force ap-
plied to the TR.

The analysis of the photobleaching events
for the experiments performed using the tandem
TR as the positive control (Fig. 3B) revealed up
to two Vh binding events to the tandem TR in
the absence of force. When 12 pN of force was
applied to the beads, up to six binding events
were observed. In all experiments performed
using a-actinin as the negative control (Fig. 3C),
one or no binding event was observed with and
without the application of 12 pN of force.

In order to measure the pattern of force-
dependent stretching of TR, we designed a DNA
construct encoding for I272-TR-I272 [TR flanked
by two molecules of the I27 (27th immuno-
globular domain of human cardiac titin), which
has well-characterized mechanical properties
(17) (Fig. 4A)]. The protein I272-TR-I272 was
manipulated by using single-molecule force
extension spectroscopy (18). Figure 4B shows a
characteristic force extension curve corresponding
to the unfolding of I272-TR-I272. In this trace, the
four equally spaced peaks at ~200 pN with

Fig. 2. Representation of the device used to measure the binding events. The Ni-NTA (labeled N)
grafted slides containing the TR fixed through its 6!His N terminus (labeled H) to the glass and
with the avidinated magnetic bead bound to its biotinylated C terminus (labeled B) was placed over
the objective. Alexa 488–Vh was added to the slides for the period of the incubation. The TR and Vh
structures are represented in green and yellow, respectively. The arrow shows the direction of the
movement of the beads when they are pulled using the magnetic tweezers.
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Schematic view of the signaling pathways leading to FA

Fig.5 | Schéma de principe de formation d'une adhésion focale. A : Première 
étape, les intégrines et/ou d'autres récepteurs non identifiés se lient à la Mec 
conduisant au regroupement de récepteurs dans les zones riches en PI(4,5)P2. B : 
Les sites adhésifs naissant à la périphérie cellulaire voient le recrutement  
séquentiel des complexes Arp2/3 et WASP grâce à FAK (les flèches bleus 
indiquent l'évolution temporelle de la structure). C : L'autophosphorylation de FAK 
déstabilise ensuite le complexe Arp2/3-WASP-FAK ; la taline est recrutée 
permettant le lien entre le site adhésif et le cytosquelette ce qui permet l'application 
de force via l'acto-myosine sur le site adhésif. D : Des connections peuvent être 
alors opérées entre les adhésions focales à l'avant et à l'arrière de la cellule. 
(source : Albigès-Rizo et al. J Cell Biol. 2009)

12 | adhérence & adhésion | introduction 

Blue arrows represent the spatiotemporal
sequence of structure assembly. Pink arrows
indicate protein recruitment.

Sequences of organization of focal adhesion
comlexes. (A) Initial stages : Integrins bind to
components of the ECM (grey), leading to
clustering of receptors into
PtdIns(4,5)P2-enriched areas of plasma
membrane. (B) In early spreading adhesions at
the cell periphery, the Arp2/3 complex and
WASP are targeted to adhesions by FAK. (C)
Talin is recruited to adhesions, allowing
integrin-ECM linkages to be functionally
coupled to actomyosin; this enables actomyosin
contractility to affect adhesion reinforcement and
subsequent maturation. Actin filaments can be
crosslinked by a-actinin. Myosin II incorporates
into the a-actinin-crosslinked actin-filament
bundles. (D) The collective dynamics of focal
adhesions can be imaged by the
actin-stress-fiber-mediated connection of focal
adhesions. [1]
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Focal adhesion : sensing, maturation etc.
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FIG.: From focal complexes to fibrillar adherence (time scale 1h). Cells probe their environment by applying a
force at contact points : Cells are tense bodies.
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Emerging integrin clusters underneath filopodia (nascent adhesion)
form a mechanical clutch to couple the advancing F-actin networks

myosin II [14]. Thus focal adhesion formation appears to be
the result of protein scaffolding, which requires incorpora-
tion of new focal adhesion components in precise stoichio-
metric amounts [15]. The responsible mechanisms are not
well understood, but probably depend on the physical state

of the underlying F-actin scaffold (i), integrin-receptor
spacing (ii) as well as biochemical signals (iii) such as
tyrosine phosphorylated residues of specific binding part-
ners [13!!]. A fourth emerging signal for protein recruit-
ment is provided by the lipid composition of focal

Focal adhesions Wehrle-Haller 117

Figure 1
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Current Opinion in Cell Biology

Illustration and putative mechanisms of integrin clustering in filopodia. (a) TIRF-timelapse of b3-GFP-integrin transiently expressed in a mouse B16F1
melanoma cell undergoing spreading on a serum coated glass coverslip. Time is in seconds and filled and open arrowheads point to extending
filopodia under which integrin-adhesions (cluster) develop. Bar = 5 mm. (b) Longitudinal section along a filopodia illustrating different possibilities to
drag integrins (drawn in the open configuration) along the shaft of filopodia, by either coupling to the retrograde flowing F-actin via adapters such as
filamin, or moved by an anterograde motor (myosin-X) (illustration not to scale). (c) To scale illustration of a filopodial cross-section with a cross-linked
F-actin core, exerting lateral pressure towards the substrate, in order to push aside the glycocalyx, facilitated by the curvature of the filopodia. Once an
integrin link is established, the glycocalyx acts as a local repellant, putting integrins under tension to maintain the catch-bond and to facilitate integrin
clustering [8!,10!].

www.sciencedirect.com Current Opinion in Cell Biology 2012, 24:116–124

Different possibilities to drag integrin along the shaft of a filopodia. In the ’integrin clutch’ mode,
the retrograde flow of actin filaments is counteracted by integrins that bind both to actin filaments
and extracellular matrix (ECM) proteins to form a clutch, and actin polymerization at the tip is
used to protrude the membrane. This applies to b1 integrin. Anterograde movement towards the
tip of filopodia can be provided by myosin X
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Different adhesive structures
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Podosomes are other adhesive structures (very motile cells, cancer cells
etc.)
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To study early events : Cell spreading on substrates

1 Even not motile cells spread on substrates (ex. HeLa cells)
2 Red blood cells[5, 11], epithelian cells[20], fibroblasts[7–9], neutrophils or monocytes[15] all

spread but with different characteristic time scales and with different geometries for the
contact line.

3 Here : Ameobian cells (Dicty). Dicty does not form stress fibers and is motile. This is a
professional for phagocytotosis. Time scale is the minute.
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Cell Spreading
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3 RESULTATS 
 
  

 

 

 

3.1 Etalement cellulaire 
 

 

Lorsqu’une cellule entre en contact avec une surface, il faut tout d’abord qu’elle s’étale sur 

cette surface et qu’elle y adhère avant de pouvoir se déplacer. De plus, le déplacement fait 

appel notamment à l’émission de pseudopodes et à leur adhésion sur le substrat. Le montage 

expérimental mis au point au laboratoire permet d’étudier presque exclusivement ce 

phénomène, en s’intéressant à l’évolution de l’aire de contact entre la cellule et la surface au 

cours de l’étalement cellulaire (figure 3.1).  

 

 

 

 

 

 

 

Nous allons dans un premier temps décrire l’étalement cellulaire de Dictyostelium discoideum 

de manière générale, et montrer que malgré la variabilité de cellule à cellule des 

comportements généraux se dégagent. Puis nous mettrons en évidence le caractère périodique 

du comportement de la cellule, pour enfin étudier l’influence de la nature du substrat et de la 

concentration de calcium extracellulaire sur ces mouvements périodiques.  

 

3.1.1 Cinétique d’étalement de Dictyostelium discoideum. 

 

A(t)A(t)

Fig 3.1 : principe de l’étalement 

cellulaire : les cellules tombent sur 

le substrat par gravitation. On 

observe l’évolution de l’aire de 

contact A(t) en fonction du temps. 

Characteristic curve : Increase of area of contact.

Reflexion Interference Contrast Microscopy :
RICM

Precision is about 20 nm.
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FIG.: Contact zone (white at the beginning, black at the
end). Spreading is non-symmetric and precedes
motility. Polarization is set before motility.
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bi-phasic. A linear increase is always followed by a
plateau.
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Talin defective cells are able to spread but adhesion is defective (no firm
adhesion, the cell retracts after spreading

L E T T E R S

but the level of Tyr 397 phosphorylation decreased in proportion to the 
magnitude of talin2 depletion (Fig. 4a, b). This indicates that talin is 
necessary for the normal response of FAK on adhesion to fibronectin. 
Although talin1H associates with FAK19, re-expression of talin1H did 
not rescue FAK-Tyr 397 phosphorylation on spreading (Fig. 4a, b). On 
the other hand, both control and talin-deficient cells showed a compa-
rable increase in SFK activity 10 min after spreading (pTyr 416: Src level 
increased by more than twofold 10 min after spreading, compared with 
that in cells kept in suspension; Fig. 4a). In talin1H-expressing cells, the 
activity of SFK showed a slightly greater increase (Fig. 4a, c).

Phosphorylation of FAK-Tyr 397 in spreading control cells was depend-
ent on myosin II contractility (Supplementary Information, Fig. S4), indi-
cating the involvement of traction force in FAK activation20. The lack 
of FAK-Tyr 397 phosphorylation and the presence of accelerated actin 
rearward flow driven by myosin contractility in adhesion-defective cells 
(Fig. 5c–f) suggest that talin-dependent adhesions may provide the anchor-
ing sites for substrate traction and FAK activation. Consistent with this 
view, phospho-FAK (pTyr 397) localized to the distal tip of focal adhesions 
and dorsal stress fibres in control cells (Fig. 4d) and there was very little 
specific phospho-FAK signal in the protrusions of talin-deficient and tal-
in1H-expressing cells (Fig. 4e, f). Our observations (Fig. 4c; Supplementary 
Information, Fig. S4) also suggest that SFK activation upon spreading is 
independent of talin or cytoskeleton contraction3.

Formation of focal adhesion correlates with the slowing of myosin 
II-driven actin rearward flow at the back of lamellipodia21. We studied 
the actin dynamics using α-actinin–GFP, which co-distributed with the 

actin cytoskeleton22 (Supplementary Information, Fig. S5a, b). In con-
trol cells, differential interference contrast (DIC) and TIRF microscopy 
revealed fast α-actinin rearward flow (50.3 ± 8.2 nm s–1) within the 
region 2.4 ± 0.4 µm from the active leading edge; flows were occasionally 
followed by the formation of immobilized α-actinin foci (mean ± s.d., 
n = 16 cells; Fig. 5a, b; Supplementary Information, Movie 6). In contrast, 
talin1H-expressing cells showed a marked increase in α-actinin rearward 
flow-rate throughout the stable protrusions, observed by DIC, TIRF and 
epifluorescence microscopy (118.7 ± 15.4 nm s–1, within the protrusion 
width of 6.4 ± 1.0 µm, mean ± s.d., n = 10 cells; Fig. 5c, d; Supplementary 
Information, Movie 7). No noticeable α-actinin foci were formed on the 
substrate (Fig 5c, d). A comparable increase in rearward flow-rate was 
also observed in talin-deficient cells when they transiently retained their 
maximum spread area on fibronectin (flow-rate, 112.4 ± 16.5 nm s–1, 
within the width of 6.5 ± 0.8 µm, mean ± s.d., n = 14 cells). Furthermore, 
expression of an actin-binding mutant, talin1ABS (ref. 5), which lacks the 
carboxy-terminal actin-binding module, was unable to restore normal 
cytoskeleton organization and focal adhesion formation or to confine the 
fast rearward flow to the cell periphery (flow-rate, 109.8 ± 11.2 nm s–1, 
within 6.2 ± 0.7 µm from the leading edge, mean ± s.d., n = 14 cells; 
Supplementary Information, Fig. S5c–h).

We did not observe hyperactivation of myosin II with talin depletion 
(Supplementary Information, Fig. S6a, b). Inhibition of myosin II activ-
ity using blebbistatin significantly decreased the rate of actin rearward 
flow in talin1H-expressing cells (flow-rate decreased to 45.1 ± 7.2 nm s–1, 
mean ± s.d., n = 9 cells; Fig. 5e, f; Supplementary Information, Movie 8). 
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Figure 2 Spread talin-deficient cells show defects in focal adhesion 
formation and adhesion to substrates. (a–h) Talin-deficient cells spread 
without assembling focal adhesions. Control siRNA (a, c, e, g) and talin2 
siRNA (b, d, f, h) transfected cells were plated on fibronectin for 20 min 
before fixation and were stained for the indicated proteins and F-actin. 

(i, j) Talin-deficient cells spread with defective adhesion to the substrate. 
GFP and control siRNA (i) or GFP and talin2 siRNA (j, Supplementary 
Information, Movie 3) co-transfected cells were plated on fibronectin. DIC 
and TIRF images of live cells were taken at 10 s per frame. Scale bars are 5 
µm (c) and 10 µm (a, e, g, i)
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L E T T E R S

observed in the edge protrusions of spread talin-deficient cells. Instead, 
vinculin appeared diffuse in the cytoplasm (Fig. 2b, d), as did paxillin 
(Fig. 2f). Talin depletion caused marked changes in actin cytoarchitec-
ture. Distinct arc-shaped actin bundles and focal adhesion-associated 
dorsal stress fibres were missing in talin-deficient cells9. Instead, diffuse 
phalloidin staining and radial actin cables were seen in the thin edge 
protrusions (Fig. 2b, f). In talin-deficient cells, focal adhesion localiza-
tion of actin regulatory protein mouse ENA (Mena) was also disrupted, 
and Mena distributed exclusively at the tip of cell edge protrusions10 
(Fig. 2g, h). Consistent with the loss of focal adhesions, the ventral cell 
membrane was partially detached from the substrate, shown by the miss-
ing total internal reflection fluorescence (TIRF) signal of cytoplasmic 
GFP (Fig. 2i, j; Supplementary Information, Movie 3). Both the loss of 
focal adhesions and detachment of the cell membrane from the substrate 
indicate adhesion defects in spreading talin-deficient cells and explain 
the short lifespan of the spread state.

Binding of the talin head domain modulates the affinity of integrins 
for ECM and the talin rod domain also binds to integrins directly11–13. 
Neither GFP–talin1 head (talin1H) nor GFP–talin1 rod (talin1R) rescued 
the talin2 knockdown phenotype in culture (Supplementary Information, 
Fig. S3a, c). However, GFP–talin1H-expressing cells were able to main-
tain the edge protrusions on fibronectin for more than 90 min, whereas 
they failed to achieve the elongated morphology of control cells (‘par-
tially spread’ cells in fixed samples increased to 43 ± 12%; mean ± s.d., 
n > 400, 3 repetitions; Fig. 3a; Supplementary Information, Fig. S3d). 
Spreading of GFP–talin1R-expressing cells was no different from that 

of talin-deficient cells on fibronectin, and the cells rounded up before 
90 min (Fig. 3a; Supplementary Information, Fig. S3d). Time-lapse 
microscopy revealed that 46% of talin1H-expressing cells maintained 
stable edge protrusions for more than 90 min (Fig. 3b, c; Supplementary 
Information, Movie 4). Immunostaining for vinculin and paxillin did not 
detect focal adhesions, indicating that talin1H-expressing cells were not 
stabilized by any remaining talin2 (Fig. 3d, e).

Although GFP–talin1H did not localize to discrete foci, it was con-
centrated at the leading edge of the cell protrusions (Fig. 3d, e, g). An 
explanation for the sustained spread state was that talin1H increased 
the binding affinity of integrins for fibronectin. Indeed, integrin-acti-
vating Mn2+ increased spread-state duration of talin-deficient cells on 
fibronectin without rescuing focal adhesion formation (Supplementary 
Information, Fig. S3e–h, Movie 5). The 9EG7 antibody, which recog-
nizes activated β1 integrin14,15, revealed colocalization of activated β1 
integrin with GFP–talin1H at the leading edge of talin1H-expressing 
cells (Fig. 3g) and with GFP–talin1 in talin1-restored cells (Fig. 3f). 
There was very little activated β1 integrin staining in talin-deficient cells 
(Fig. 3h). This suggests that talin, through its head domain, specifically 
activates and binds to β1 integrin, which localizes at the leading edge of 
the cell through high-affinity fibronectin binding15.

Both FAK and SFK are early mediators in ECM-activated cell spread-
ing16–18. However, it is unclear whether their activities are dependent on 
talin. In talin1–/– control cells, the phosphorylation of FAK on Tyr 397 
(which is involved in the initial FAK activation) rapidly increased after 
plating on fibronectin. In talin-deficient cells, a similar trend was seen 
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Figure 1 Talin2 depletion in talin1–/– cells does not affect initial spreading 
on fibronectin but causes cell rounding. (a) GFP and talin2 siRNA co-
transfected cells rounded 90 min after plating on fibronectin-coated 
coverslip. GFP and control siRNA or GFP–talin1 and talin2 siRNA co-
transfected cells showed a normal elongated fibroblast-like morphology. 
(b) The decrease in talin2 levels ranged from 48–68%, depending on the 

transfection efficiency of talin2 siRNA. (c, d) Time-lapse sequential images 
of the talin1–/– control cell (c, Supplementary Information, Movie 1) and the 
talin-deficient cell (d, Supplementary Information, Movie 2) spreading on 
fibronectin. (e) Summary of early spreading behaviours of control and talin-
deficient cells. (f) Time lapse between initiation of spreading and complete 
rounding up of talin-deficient cells. Scale bars are 50 µm (a), 10 µm (c, d). 
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Talin depletion reveals independence of initial cell 
spreading from integrin activation and traction
Xian Zhang1, Guoying Jiang1, Yunfei Cai1, Susan J. Monkley2, David R. Critchley2 and Michael P. Sheetz1,3

Cell spreading, adhesion and remodelling of the extracellular 
matrix (ECM) involve bi-directional signalling and physical 
linkages between the ECM, integrins and the cell cytoskeleton1–3. 
The actin-binding proteins talin1 and 2 link ligand-bound 
integrins to the actin cytoskeleton and increase the affinity of 
integrin for the ECM4–6. Here we report that depletion of talin2 
in talin1-null (talin1–/–) cells did not affect the initiation of 
matrix-activated spreading or Src family kinase (SFK) activation, 
but abolished the ECM–integrin–cytoskeleton linkage and 
sustained cell spreading and adhesion. Specifically, focal 
adhesion assembly, focal adhesion kinase (FAK) signalling and 
traction force generation on substrates were severely affected. 
The talin1 head domain restored β1 integrin activation but 
only full-length talin1 restored the ECM–cytoskeleton linkage 
and normal cytoskeleton organization. Our results demonstrate 
three biochemically distinct steps in fibronectin-activated 
cell spreading and adhesion: 1) fibronectin–integrin binding 
and initiation of spreading, 2) fast cell spreading and 3) focal 
adhesion formation and substrate traction. We suggest that talin 
is not required for initial cell spreading. However, talin provides 
the important mechanical linkage between ligand-bound 
integrins and the actin cytoskeleton required to catalyse focal 
adhesion-dependent pathways.

Disruption of the talin1 gene in undifferentiated embryonic stem (ES) cells 
severely disrupts cell adhesion and cytoskeleton organization7. However, 
fibroblasts derived from talin1–/– ES cells spread and adhere normally, pre-
sumably due to increased expression of the closely related talin2 (refs 7,8). 
To study the role of talin in initial cell responses to ECM signals, we con-
structed a mouse talin2 short interfering RNA (siRNA) expression plas-
mid and transfected it into the talin1–/– fibroblasts. We observed that talin2 
siRNA-expressing talin1–/– cells began to round up in culture after 48 h. 
After 3.5 days, 77 ± 11% of the cells became rounded (mean ± s.d., n > 450, 
3 repetitions), whereas most of the control siRNA-expressing cells showed 
an elongated morphology in culture. Co-transfection of a GFP–talin1 plas-
mid rescued the morphology change induced by talin2 siRNA (11 ± 3% 

and 15 ± 8% rounded up in control siRNA transfected and GFP–talin1 
and talin2 siRNA co-transfected cells, respectively; mean ± s.d., n > 450, 3 
repetitions; Supplementary Information, Fig. S1a, b). Immunoblot analy-
ses with a pan-talin antibody 8d4 and a talin2-specific antibody showed a 
significant reduction in talin2 expression 3.5 days after talin2 siRNA trans-
fection, whereas the levels of vinculin and β1 integrin were not affected 
(Fig. 1b). Morphology of a wild-type mouse embryonic fibroblast, which 
expressed talin1 but no detectable talin2, was not affected by talin2 siRNA 
(data not shown). Thus, talin2 is responsible for the morphology adopted 
by talin1–/– cells.

To determine whether loss of talin would completely block cell spread-
ing, we collected cells 3.5 days after siRNA transfection and plated them 
on fibronectin-coated coverslips for 90 min before fixation. Consistent 
with the observations in long-term culture, talin1–/– cells co-transfected 
with GFP and control siRNA or with GFP-talin1 and talin2 siRNA 
elongated normally (10 ± 2% and 16 ± 4%, respectively, were rounded), 
whereas most of the GFP and talin2 siRNA co-transfected cells were 
rounded (65 ± 7% rounded; mean ± s.d., n > 450, 3 repetitions; Fig. 1a; 
Supplementary Information, Fig. S1c). However, a distinct subpopu-
lation of ‘partially spread’ talin-deficient cells showed a thick central 
region and motile active edge (Supplementary Information, Fig. S1e, 
arrow). Time-lapse microscopy revealed robust early edge extension 
in talin-deficient cells, but a large portion of the cells retracted their 
protrusions and rounded up at later times (43% rounded up and 16% 
retained complete or partial edge protrusions within 90 min; n = 193; 
Fig. 1d, e; Supplementary Information, Movie 2). Typically, talin-de-
ficient cells rounded up 28 min (median) after initiation of spreading 
(Fig. 1f). In contrast, 85% of talin1–/– control cells (which express talin2) 
showed early overall spreading activity followed by regional protrusions 
(n = 218; Fig. 1c, e; Supplementary Information, Movie 1). Thus, initial 
cell spreading, which is triggered by integrin–fibronectin interactions 
(Supplementary Information, Fig. S2), does not require talin, although 
it is required for sustained cell spreading.

Talin acts as a scaffold for other focal adhesion proteins4. Both talin1 
and talin2 localized to focal adhesions in fully spread and elongated 
cells (Supplementary Information, Fig. S1d, f) and no vinculin foci were 
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FIG.: Actin is in red. Paxillin is in green.
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Apparent increase of membrane area

The characteristic length scale ! ! ""/# embedded in this differential
equation separates regions of the cell contour dominated by lateral tension

from regions near the contact line that are dominated by the bending

modulus (Fig. 3). The above description of the cell contour does not apply

to regions of the cell where the membrane curvature within the plane of the

substratum becomes large compared to the curvature perpendicular to the

substratum (or 1/!). In particular, this is the case in close proximity to
strong pinning centers, where sharp edges at the contact line would be

associated with an infinitely small bending energy. Therefore, measure-

ments were not performed in the vicinity of pinning centers.

A solution h(x) of Eq. 5 can be obtained by considering the following

boundary conditions: h(x) ! 0 within the contact area and h(x) ! $cx for
x large and positive (Fig. 3), where $c denotes the macroscopic contact
angle (Bruinsma, 1996):

h#x$ % !$c#x & !$ ' $c!e
%x/!

0

x ( 0

x ) 0
(6)

The contact angle $c can be directly measured by a least-squares fit to the
tension-dominated linear part of the reconstructed cell contour (Fig. 3). The

distance between the contact line and the intersection of the linear fit with

the x axis defines the characteristic length !. Note that the contact line is
usually well defined by a sharp increase in the intensity of the RICM image

at the edge of the adhesion area, as in the example in Fig. 5 C.

RESULTS

Effect of small shear forces on the cell contour

As outlined in Materials and Methods, analysis of the con-

tact contour yields only two parameters, ! and $c, whereas
we have three unknown parameters (#, ", andW). To obtain
absolute values of bending stiffness " and membrane ten-
sion #, we studied the effects of small shear forces on the
contour and the length scale !, using wild-type and mutant
cells of Dictyostelium discoideum. The shear stresses ap-

plied ranged from 4 to 12 dyne/cm2. They were small

enough to prevent strong deformation or detachment of the

cells, as checked by phase-contrast microscopy. Yet these

shear stresses were large enough to measurably alter the

contact angle and contact curvature of the cell.

The relationship between shear flow and the resulting

shape of adhering cells is very complicated and has only

been solved numerically for a few spherically symmetrical

cell geometries (Goldmann et al., 1967; Olivier and Trus-

key, 1993). For the analysis of nonsymmetrical cells, as

examined in the present work, we concentrated on the effect

of shear forces at the boundary region between cell surface

and substrate, adopting the following approximation. Be-

cause of the bending stiffness of the composite membrane,

the shear force acting on the dorsal cell surface changes the

tension at the contact line (Bruinsma, 1995). According to a

theorem of shell elasticity (Landau and Lifschitz, 1989), the

resultant of the load above the surface must be compensated

by a shift in the tension of the shell at the surface in the

direction of the load. Therefore, the tension increases by &#
at the edge of the cell facing the flow and decreases at the

opposite side by the same amount (Fig. 4). We used laser

scanning microscopy to determine the average height of

wild-type cells. To facilitate comparison of wild-type and

mutant cells, we evaluated only cells that had approximately

the same size (controlled by bright-field microscopy) and

exhibited adhesion areas of comparable size (controlled by

RICM), so that the height of all cells could be considered to

be in the same range of '5 *m. This height was small
compared to the typical dimension of a cells contact area of

'15 *m, or the height of the flow channel of 500 *m.
Considering this flat cross section of the cells along the

direction of flow, the load on the cell can be approximated

by +Lo, where + is the applied shear stress and Lo denotes
the width of the contact area parallel to the direction of flow.

FIGURE 3 Theoretical height profile of adhering soft shells near the

contact area. The predicted height profile h(x) perpendicular to the contact

line is governed by two boundary conditions, the balance of tensions and

the equilibrium of bending moments. The characteristic length ! separates
two regimes. For distances x ( ! the cell contour is dominated by the

bending energy and is therefore curved. For x ) ! the contour is dominated
by the lateral tension of the composite membrane, and approaches a

straight line. Extrapolation of this line to the substratum defines both ! and
the contact angle $c.

FIGURE 4 Deformation of a cell in response to shear. (A) A schematic

cross section of an undisturbed adhering cell exhibiting the contact angle

$c with the substratum. If the cell is exposed to a laminar shear flow (B),
the contact angle is measurably increased on the edge of the cell facing the

flow and is decreased on the opposite side. This change in contact angles

is accompanied by a shift in membrane tension # due to the shear stress
exerted on the cell. For flat cells the shear stress + results in an increase in
the lateral tension at the edge facing the flow by approximately &# * +Lo/2
and a decrease at the opposite side by the same amount. Note that for the

weak deformations used in this study, the diameter of the adhesion area Lo
does not significantly change because of the flow.
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FIG.: Bending is important only near the contact zone.

R DR

Q

Q�dQ

FIG.: We forget about bending. Spreading is seen as a
sequence of spherical caps with contact angle q

rs µ Riq

A(q) µ R2
i q 2 (1)

! Total (apparent) area increases : membrane
must be taken out of somewhere !
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Taking membrane out of a reservoir increases surface tension

FORUM 

The force with which the membrane draws the 
tether back (tether force) can be measured readily 
with laser tweezers. The force of the tweezers on latex 
spheres bound to membrane proteins or lipids can be 
used to form tethers and the tether force can be deter- 
mined in each video frame from the displacement of 
the bead in the tweezer@‘. Because the relative con- 
trast of the membrane tethers in the video-enhanced 
differential interference contrast images is directly 
proportional to the membrane mass or tether radius 
at a given angle, the radii of the tethers can be esti- 
mated from the video images to determine whether 
tet,her force alters as a result of changes in bending 
stiffness or membrane tension. Several recent studies 
have shown that the membrane tension is a constant 
in a given population of cells, but can change rapidly 
and dramatically upon alteration of the actin cyto- 
skeleton by treatment with cytochalasins B or D or 
owing to changes in other cell parameters214s. These 
observations indicate that the membrane tension is 
a tightly regulated cellular parameter and that alter- 
ations in membrane tension could signal major 
changes in ceil function. 

Membrane tension regulates exocytosis 
and endocytosis 

The trafficking of membrane through cells is a 
rapid process that typically involves the endocytosis 
and exocytosis of a membrane area equivalent to the 
plasma membrane approximately every hour in activ- 
ely growing cells9. Recently, we proposed that the bal- 
ance between exocytosis and endocytosis was achieved 
physically through the membrane tension3. High 
membrane tensions would inhibit endocytosis and 
stimulate exocytosis, whereas low membrane tension 
would stimulate endocytosis and inhibit exocytosis. 
There is considerable evidence to support this hypoth- 
esis, particularly if osmotically-induced changes in 
membrane fusion are included (see below). Moreover, 
one direct observation shows that stretching the 
plasma membrane by pulling a microcapillary attached 
to the plasma membrane induces the release of the 
contents of endosomes. Stretch-induced release is 
very rapid, reaching completion in -30-120 s (Ref. 10). 
In exocytosis, a fusion pore often flickers, joining 
transiently the membranes of the two fusing com- 
partments. By inducing a high tension in the mem- 
brane plane with a microcapillary, opening of the pore 
would be favoured and the flickering process would 
be inhibited, and so exocytosis would be induced. 

There is an increase in the rate of endocytosis after 
the stimulation of secretion, which is observed con- 
sistently for mast cells, neurons and the pancreatic 
chromaffin cellll. Applying an argument converse to 
that used above, we predict that an increase in endo- 
cytosis is caused by a decrease in membrane tension 
and suggest that a decrease in membrane tension is 
caused by stimulated secretion. In recent studies, a 
drop in membrane tension is correlated with stimu- 
lated secretion in rat basophilic leukaemia cells (J. Dai 
and M. I?. Sheetz, unpublished). In cells in which the 
clathrin endocytic pathway is blocked, such as in the 
shibire mutation of dynamin, we predict that a de- 
crease in membrane tension occurs1’li3. 
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Normal tension 

FIGURE 2 

(a) The morphology of a rat basophilic leukaemia cell, 
highlighting how much excess membrane is present on villi 
and folds. Bar, 3 pm. (b,c) The consequences of increased 
tension are the smoothing of the cell surface by pulling up 
the membrane as shown, or, alternatively, pulling in the 
microvilli. 

Osmosis-induced changes in plasma 
membrane area 

Changes in the osmolarity of solutions surround- 
ing cells can lead to water flow and/or the produc- 
tion of tension in the membrane. The osmotic press- 
ure produced by a differential of 50 mOsm of salt 
across a biological membrane is of the order of 
1.2 x lo5 Pa. A pressure drop of this magnitude across 
the membrane of a lo-pm spherical cell would result 
in a membrane tension of 6 x lo2 mNm-i, which 
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FIG.: Membrane is taken out of invaginations and folds
at the sub-micrometer scales. There is also a possibility
for membrane traffic.

Budded membrane microdomains as tension regulators
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We propose a mechanism by which changes of the mechanical tension of a composite lipid membrane are
buffered by the invagination of membrane domains. We show that domain invagination, driven by differences
in chemical composition, is a first-order transition controlled by membrane tension. The invaginated domains
play the role of a membrane reservoir, exchanging area with the main membrane, and impose an equilibrium
tension entirely controlled by their mechanical properties. The dynamical response of the reservoir reflects the
tension-dependent kinetics of the domain shape transition, so that the tension of such a composite membrane
is inherently transient and dynamical. The implications of this phenomenon for the mechanical properties of
the membranes of living cells, where invaginated membrane domains are known to exist, are discussed.
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Endocytosis, exocytosis, cell motility and many other cru-
cial cellular processes are known to be influenced by the
tension of the cell membrane #1$, and there is experimental
evidence that surface area regulation within the cell is able to
buffer variations of membrane tension #2,3$. The level of
membrane tension in cells is thought to primarily reflect cy-
toskeleton anchoring to the membrane #4$; nevertheless,
membrane invaginations such as the raftlike domains caveo-
lae #5$ are thought to be reactive to membrane stress #6,7$.
Striking experiments showing caveolae flattening under ten-
sion #8$ support the idea that the delivery of invaginated
membrane area to the plasma membrane is controlled by
tension #9$. In artificial systems such as giant vesicles, a
composite membrane often phase separates into membrane
domains, the shape of which is known to be dependent on
the membrane tension #10$, and domain budding has been
observed upon the decrease of membrane stress #11$.

The goal of this paper is to investigate the mechanical
response of such a composite membrane to a dynamical per-
turbation. Experimentally, membrane tension can be very ef-
ficiently measured and altered by the extraction of a mem-
brane tether from the vesicle or cell with an optical trap. In
living cells, the variation of tension upon tether extraction
involves cytoskeleton deformation, the breaking of
membrane-cytoskeleton bonds #12$, and changes in mem-
brane morphology. Here, we focus on one possible mem-
brane morphological change, namely, the flattening of in-
vaginated membrane domains upon an increase of membrane
tension. Assuming a direct relationship between the area and
tension of the main membrane, we study the mechanical
equilibrium between the main membrane and the reservoir,
and the dynamic tension of the membrane under steady per-
turbation, controlled by the kinetics of membrane exchange
with the reservoir.

We discuss in particular the response of a membrane res-
ervoir made of domains that tend to be invaginated under

low tension and flat under high tension. In order to assess the
relaxation of tension by the reservoir, we assume that the
tension of the membrane changes linearly with variation of
its surface area, resembling an effective spring !Fig. 1". Ex-
traction of membrane area in a tether removes area from the
main membrane and increases its tension !the length of the
spring in Fig. 1". The increase of tension results in an in-
creased rate of domain flattening, which in turn releases
some membrane area and decreases membrane tension. The
variation of the cell tension with the tether area AT reads

" = "0 + Ks!AT + Ares − Ares
!0"" !1"

where "0 and Ks are the membrane tension without tether
and the stretching modulus, respectively of order
104kBT /#m2 and 104kBT /#m4 in cells #13$. The area of the
reservoir Ares !Ares

0 without tether" is the amount of area
sequestered within the membrane invaginations. If mem-
brane area is delivered to the main membrane, i.e., by vesicle
fusion as during exocytosis, the “tether” area is negative.
One can see that the membrane tension " can be maintained
constant upon tether pulling only if the decrease of reservoir
area matches the increase of tether area.

The energy of one membrane domain includes the mem-

*Electronic address: pierre.sens@espci.fr

FIG. 1. !Color online" Sketch depicting the mechanical response
of a membrane to the pulling of a membrane tether. Pulling an area
AT out of the cell either increases the membrane tension " !the
length of the spring", or triggers membrane exchange with a reser-
voir !flattening of invaginated membrane domains".

PHYSICAL REVIEW E 73, 031918 !2006"

1539-3755/2006/73!3"/031918!4"/$23.00 ©2006 The American Physical Society031918-1

FIG.: Following Sheetz[18], surface tension is an
effective parameter used to control spreading. Used in
other systems to membrane-cytoskeleton adherence
(see for example [17] for a composite system.
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Membrane-Cytoskeleton adherence is probed using micropipette
experiments with an apparent continuous adhesion potential
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cles can bud, and endocytosis is inhibited.
If the load of the membrane controlled

the rates of endocytosis, exocytosis or of
lamellipodial retraction and extension, the
cell would ‘automatically’ adjust the mem-
brane area to compensate for changes in
morphology, growth or secretory activity. For
example, if the membrane area was too small,
the increased resistance to movement of
membrane into an endocytic vesicle would
decrease the rate of endocytosis but would
allow exocytosis to proceed normally, the
result being a net increase in the membrane
area. So, the physical load involved in moving
membranes will naturally set the balance of
membrane transport in the endocytic and
exocytic pathways, and the balance of process
extension and retraction in a physical feed-
back control system1.

What determines the load of the plasma
membrane? In almost all cells, the plasma
membrane bilayer is an inelastic, two-
dimensional fluid; therefore, for membrane
to flow laterally into new areas, bonds to old
areas must be broken. Resistance to the
movement of membrane would come from
tension in the membrane if the cell was
round and had no cytoskeletal support.
However, most animal cells have complex
morphologies because the membrane
adheres strongly to the cytoskeleton. In ani-
mal cells, movement of membrane into an
endocytic vesicle or lamellipodium requires
movement of bilayer away from mem-
brane–cytoskeleton bonds. Thus, much of
the load of forming a vesicle or a lamel-
lipodium should be the energy of mem-
brane–cytoskeleton adhesion.
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Cell control by
membrane–cytoskeleton adhesion

Michael P. Sheetz

OP I N ION

The rates of mechanochemical processes,
such as endocytosis, membrane extension
and membrane resealing after cell
wounding, are known to be controlled
biochemically, through interaction with
regulatory proteins. Here, I propose that
these rates are also controlled physically,
through an apparently continuous adhesion
between plasma membrane lipids and
cytoskeletal proteins.

Many cellular processes have important
mechanochemical components. These
include some obvious mechanical activities
such as endocytosis, cell motility and mem-
brane resealing,but also others, such as repli-
cation and transcription. Taking the motor
proteins as an example of mechanochemical
enzymes, it is clear that both physical and bio-
chemical controls can modify the rate of
motor movement. For all motors, an inverse
relationship exists between the rate of move-
ment and the force resisting movement, called
‘load’. Above a certain load, the motor force
cannot overcome the resisting force, and the
motor stops. An analogous situation probably
exists for membrane mechanochemical activ-
ities. For example, the endocytic machinery

has to generate sufficient force to bend the
membrane bilayer and form an endocytic
vesicle. If the resistance of the plasma mem-
brane — the load — is stronger than the force
exerted by the endocytic machinery,no vesi-

Endocytosisa Tether formationb

B B

!!

Tm
Tm

Figure 1 | The energetics of endocytic vesicle formation are similar to those of tether formation.
This diagram illustrates that the factors that contribute to the load of forming a vesicle are the same as
those that contribute to forming a tether. The major factor is the membrane–cytoskeleton adhesion energy,
!, which must be overcome to separate membrane from cytoskeleton. A secondary term is the tension in
the bilayer plane, Tm, which resists deformation of the membrane. Because the curvature of vesicles and
tethers are similar, the force needed to bend the membrane should be similar (membrane bending
stiffness, B, defines the force for a given radius of curvature39). See Box 1 for details.
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OP I N ION

The rates of mechanochemical processes,
such as endocytosis, membrane extension
and membrane resealing after cell
wounding, are known to be controlled
biochemically, through interaction with
regulatory proteins. Here, I propose that
these rates are also controlled physically,
through an apparently continuous adhesion
between plasma membrane lipids and
cytoskeletal proteins.

Many cellular processes have important
mechanochemical components. These
include some obvious mechanical activities
such as endocytosis, cell motility and mem-
brane resealing,but also others, such as repli-
cation and transcription. Taking the motor
proteins as an example of mechanochemical
enzymes, it is clear that both physical and bio-
chemical controls can modify the rate of
motor movement. For all motors, an inverse
relationship exists between the rate of move-
ment and the force resisting movement, called
‘load’. Above a certain load, the motor force
cannot overcome the resisting force, and the
motor stops. An analogous situation probably
exists for membrane mechanochemical activ-
ities. For example, the endocytic machinery

has to generate sufficient force to bend the
membrane bilayer and form an endocytic
vesicle. If the resistance of the plasma mem-
brane — the load — is stronger than the force
exerted by the endocytic machinery,no vesi-
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Figure 1 | The energetics of endocytic vesicle formation are similar to those of tether formation.
This diagram illustrates that the factors that contribute to the load of forming a vesicle are the same as
those that contribute to forming a tether. The major factor is the membrane–cytoskeleton adhesion energy,
!, which must be overcome to separate membrane from cytoskeleton. A secondary term is the tension in
the bilayer plane, Tm, which resists deformation of the membrane. Because the curvature of vesicles and
tethers are similar, the force needed to bend the membrane should be similar (membrane bending
stiffness, B, defines the force for a given radius of curvature39). See Box 1 for details.

FIG.: Decrease of tension can also be induced by lipid
uptake. For a physical approach, see [19]

FORUM 

Lipid vesicle 

03 Red cell Tether 

Membraie skeleton No mem&ane skeleton 

FIGURE 1 

Diagram illustrating the two mechanisms whereby tether force is generated and 
how tether force can be measured rapidly by the laser tweezers. (a) A bilayer 

tension (T,) is created by a suction pressure (AP) applied to a lipid vesicle that 
results in a tether force (fJ of a magnitude defined by equation (1) that is 

balanced by a force on the bead (fd. The relationship between the pipette 
suction pressure and the tension is given by T,= APD,r,/2(2r,-D,), where D, is 

the diameter of the pipette and r, is the radius of the vesicle. (b) The tether force 
in red cells results from the separation of the fluid tether bilayer from the 

membrane skeleton. (c) A tether formed with a laser tweezer on a rat basophilic 
leukaemia cell. The diagram on the right illustrates how the tether force is 

balanced by the force of the laser tweezers on the bead. The tether force is 
calculated from the displacement of the bead from the centre of the tweezers (Ar). 

Definition of membrane tension 
Tension can be created in unilamellar lipid vesicles 

by the application of a suction pressure through an 
attached micropipette. When a small bead is attached 
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to the bilayer surface and pulled away from the 
surface, a thin bilayer tube or tether is generated (see 
Fig. la). The force pulling the bead back onto the 
membrane has been experimentally related to ten- 
sion, and the mathematical relationship has been 
derived for several vesicle geometries5j6. Tether forces 
in cells are more difficult to understand because there 
can be a major contribution to the tension from 
membrane-cytoskeleton adhesion. This is best illus- 
trated by measurements made on erythrocytes, 
which have excess membrane so that they can 
deform, and a flexible cytoskeleton. As a conse- 
quence, their membranes have little or no tension. 
Erythrocytes do have an extensive membrane- 
attached cytoskeleton, and, when tethers are formed, 
the tether forces can reach nearly 50 pN (Ref. 7; see 
Fig. 1). Because cytoskeletal proteins are not pulled 
into the tethers, this indicates that the membrane is 
strongly adherent to the cytoskeleton. In other 
words, the separation of the tether membrane from 
the cytoskeleton puts it into a higher energy state. 
The free-energy difference between lipid in the tether 
and that in the membrane will draw lipid back onto 
the membrane, thereby creating a retractile force on 
the tether. This is analogous to the pressure that 
water creates across a semipermeable membrane, and 
has been described as a membrane osmotic pressure3. 
Thus, both an in-plane tension and membrane-cyto- 
skeleton interaction can contribute to the tether force. 

In considering whether in-plane tension can be 
separated from the membrane-cytoskeleton contri- 
bution to tether force, there are major difficulties in 
cells with complex shapes. Most cells contain folds 
or invaginations. If the in-plane tension exceeds the 
adhesive force between the membrane and the 
cytoskeleton, then the membrane pulls away from 
portions of the cytoskeleton, as shown in Figure 2. 
This explains the very slow change of tether force 
with tether length that is observed experimentally; 
however, it means that in-plane tension and mem- 
brane-cytoskeleton adhesion are linked. Conse- 
quently, we have combined both into a single mem- 
brane tension term (T,). In addition, the bending 
stiffness (B) of the membrane resists tether for- 
mation. A simplified treatment of the relationship 
between the tether force (f,), bending stiffness (B) 
and membrane tension (T,) is given below: 

f,, = 2nR;T, + nB/R, (1) 

where R, is the radius of the tether4. Because the con- 
tributions from bending stiffness and membrane ten- 
sion are equa14, the same equation can be used to 
determine both membrane tension and bending stiff- 
ness from measurements of the tether force and 
tether radius, or to remove the tether radius from the 
equation: 

f 0 = 2?rz/2BT, (2) 

If the bending stiffness stays constant, then the ratio 
of membrane tensions (Tml/Tmz) is given by: 

T,JTm2 = (fol&,z)z (3) 
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Finding q as a function of V? (actin polymerization) is to first order a
geometrical problem

From
V? = Vk sinq ⇡ Vkq (2)

gets
A(t) µ t For short times (3)

if the increase of tension is neglected. But

s(q) = s0 +
1
16

Cq 4 + . . . For circular geometry
(4)

This gives
Acontact

Amax
= tanhat (5)

where a is a parameter (a µ C).
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The mechanics of adhesion with
an elastic foundation defines three
length scales :

(i) The bending length
p

k/s
which tells us where
curvature is important for a
free membrane.

(ii) The scale l�1 which tells us
how the membrane is bend
when it is in adhesion with
the substrate. This length
scale appears for stress and
strain in the direction
normal to the substrate.

(iii) Finally, l�1
s will appear

naturally when we will
study shear equilibrium
between the cell the
substrate. This length scale
tells us what is the size of
coherence for shear elasticity.
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3835Two modes of amoeboid movement

To finely track pseudopod formation, we observed cells
flattened in a silicone oil layer (Fig. 3A) and mapped the time
course of membrane velocity (Fig. 3B), F-actin intensity (Fig.
3C), and radial distance (Fig. 3D) at the membrane periphery
(see also the combined map Fig. 3E and supplementary
material Movie 3). Two major protrusion systems were
identified. The first (marked with a red circle in Fig. 3A,D, and
shown in higher magnification in supplementary material Fig.
S2A) was dominant during the first half of the sequence, with
bursts of focal blebs forming repeatedly in the 180° direction
(shown as many lateral red streaks in Fig. 3E). Around 60
seconds, the map highlights the emergence of another
protrusion in the 270° direction (marked with the green circle
in Fig. 3A,D, and magnified in supplementary material Fig.
S2B). That protrusion became dominant while the first
protrusion system gradually lost blebbing activity and
diminished (see Fig. 3A-E). It is remarkable that individual
blebs often form in a spatially and temporally correlated
sequence: a burst that lasts around one minute. Over the course
of many minutes, bursts are primed at random sites of the
surface. During bleb formation (arrowheads in Fig. 3B), the F-
actin content at the cell boundary (arrowheads in Fig. 3C) was
very low, but blebbing was often followed by the emergence
of F-actin-rich filopodia growing from a part of the detached
cortical actin layer (arrows in Fig. 3A,D and supplementary
material Fig. S2B, visible as white streaks in Fig. 3C,D).
Overall, approximately 50 unitary blebs were identified as red

streaks in Fig. 3E during 135 seconds of the analysis,
suggesting an estimated frequency of 0.4 blebs per second in
this example. On the other hand, we only found around ten
filopodia-like structures during the record period, most of
which were persisting over 10-20 seconds.

We also observed similar F-actin arcs in chemotaxing cells
at the aggregation stage of development (Fig. 4A,C,E; see
supplementary material Movie 4). The blebs formed in a focal
manner, in the same general direction as the overall directional
movement. A kymograph intersecting the successive blebs can
be aligned with a plot of centroid velocity, showing that
individual blebs, represented by steps in kymographs,
significantly contribute to the peaks in cell movement (Fig.
4C). By contrast, at high osmolarity, the pseudopodia of these
developing cells and their actin structures were reminiscent of
a neuronal growth cone (Fig. 4B,D,F; see supplementary
material Movie 5), with interdigitating lamellipodia and
filopodia. In addition, in these samples, we observed that
centripetal flow of F-actin layers occurred similarly at both low
and high osmolarity, and at intervals of 10-15 seconds (Fig.
4C) and 5 seconds (Fig. 4D), respectively. Notably, in
kymographs, the streaks indicating the centripetal flow of
detached actin cortices were similarly spaced at intervals of 5
to 10 seconds, irrespective of the conditions (Fig. 1D, Fig.
4C,D), suggesting a common origin.

We conclude that cells have two distinct modes of
protrusion, a ‘bleb’ mode that predominates in cells at

Fig. 1. Microscopy of live vegetative cells expressing GFP-ABD. Fluorescent images of GFP-ABD-expressing, vegetative wild-type (A-D) and
myosin-II-null (E) cells in SB were captured sequentially with a CCD camera. (A and B are two excerpts from the same sequence. See
supplementary material Movie 1.) Intercalated phase-contrast images are shown at t=20 seconds in A, 0 seconds in B, and 2 seconds in E. In A,
every frame is shown from left to right. The arrowhead indicates a spherical bleb that formed suddenly; it was initially devoid of F-actin cortex
but gradually acquired it. In B, every second frame is shown sequentially from left to right. (C) Higher magnification of the blebbing domain
followed in B. The arrow indicates examples of blebs forming beside pre-existing or growing filopodia. The asterisk shows a detached cortical
layer moving centripetally. (D) Kymograph obtained by scanning in the direction of the dotted arrow shown in C for the corresponding period.
The vertical ticks on the time axis (t) are separated by 1 second. The arrow, arrowhead, and asterisk correspond to F-actin layers shown in B
and C. (E) Every second frame is shown from left to right. Bars, 10 !m (A-C,E); 3 !m (D).
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FIG.: Dicty cell motion proceeds via local rupture of the
adherence between the membrane and the cytoskeleton.

3841Two modes of amoeboid movement

Our data show that blebs are intimately associated with the
motility of fast-moving amoeboid cells and make a major
contribution to the speeds of membrane protrusion and
retraction, as well as to the overall centroid velocity. This
contribution can be counteracted by increasing the osmolarity
of the medium, which slows cell locomotion and inhibits
blebbing – an effect that was documented in studies of Xenopus
epidermal cells (Strohmeier and Bereiter-Hahn, 1987) and
Walker carcinosarcoma cells (Fedier and Keller, 1997). It has
also been reported that myosin-II-null cells move at less than
half the speed of wild-type cells and exhibit a rate of
cytoplasmic expansion and contraction roughly half that of

wild-type cells (Wessels et al., 1988). Our observations confirm
and extend these data, and clearly demonstrate that the motility
of myosin-II-null cells is mostly unaffected by the osmolarity
of the medium, whereas the velocity of wild-type cells is
inversely proportional to the osmolarity. These data suggest
that a pressure gradient of cytoplasmic fluid is involved in the
motility of wild-type cells but not of myosin-II-null cells.

We conclude that high-speed cell locomotion results from
the combination of two basic protrusion modes. In Sörensen
buffer of relatively low osmolarity, mainly blebs, but also
lamellipodia-filopodia, drive rapid cell extension and
determine the direction of cell movement, whereas when
myosin II is genetically or pharmacologically inactivated or at
high osmolarity, the membrane is probably pushed forward
exclusively by actin polymerization. We hypothesize that both
blebs and lamellipodia-filopodia can produce a force that
displaces the membrane, the dominant mechanism being
determined by the balance between internal and external
pressures. Consistent with our conclusions, a study of
metastasis demonstrated that tumour cells make use of a
combination of bleb mode and a mode dictated by actin
nucleation followed by polymerization, and implicated the
involvement of Rho/ROCK signalling in switching between the
two modes (Sahai and Marshall, 2003).

A model for bleb-mode motility
A simple physical model of the forces that power bleb

E

D

C

A

F

B

Fig. 8. Model of bleb mode and filopodia-lamellipodia mode
motility. (A) At equilibrium, the membrane-cortex system is fully
intact and no detachment has occurred. The cytoplasmic pressure is
balanced by the pressure resulting from cortical tension. We can
write the balance of forces across the cell membrane as:

P=2Tc/R , (1)

TC=Tm+! , (2)

P="#+Po , (3)

where P is the cytoplasmic pressure; Tc, cortical tension, Tm,
membrane tension; !, membrane-cortex adhesion term; and R, radius
of the spherical cell. The cytoplasmic pressure consists of two terms,
"# the osmotic pressure across the membrane and the remainder Po
a hydrostatic pressure purely due to contraction at "#=0. If !
exceeds a threshold value !th, the membrane will detach from its
supporting cortex and a bleb will form (B). This may be achieved
either mechanically, through increase of P, or through decrease of !th
due to some biochemical reaction that partially weakens or
dissociates the bond. Detachment results in complete dissipation of !
in the corresponding area, which generates a pressure gradient of
cytoplasmic fluid across the cell and pushes the detached membrane
(C). The initial extension rate would be expected to be proportional
to P–2Tm/R="# + Po–2Tm/R, the differential osmotic pressure, and
equal to 2!/R the lost adhesion term. In this model, we assume that
the cell forms protrusions using energy stored in the equilibrium
between inner pressure and cortical tension. Increase of milieu
osmolarity would decrease the osmotic gradient, "#, and thereby
decrease the cortical tension according to equations 1 and 3 above.
The decrease in cytoplasmic pressure allows the opposite end of the
cell to retract, resulting in net centroid translocation. (D) Finally, a
new layer of actin cortex is regenerated and the equilibrium state is
restored (E). (F) Myosin-II-null cells move by using a pushing force
generated by actin polymerization, without membrane detachment.
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FIG.: Symmetry breaking and cell polarization
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Signalisation will depend on the stress. Talin concentration is high in
the adhesive belt

82 The European Physical Journal E

where L is a macroscopic length 3. In the theoretical model
the equilibrium state of the circle of curvature results from
the balance between the external moment due to the force
F and the restoring moment resulting from the adhesive
bridges stretched in the adhesive belt. This gives that the
critical stress above which cells detach from the substrate
scales as 1/R3 [1]. As discussed in Appendix A, we con-
sider that the radius of curvature at the contact line is
independent of the applied force. Peeling occurs when the
mechanical resistance due to the anchor bridges cannot
balance the external moment.

The hypothesis made in this paper is that a non-
homogeneous distribution of molecular bridges in the ad-
hesive belt is enough to give a threshold force for peel-
ing. Since the cell adheres to a solid substrate, anchored
molecular bridges cannot di�use. However, anchored and
un-anchored bridges are in thermal equilibrium. As a re-
sult, drift of un-anchored molecular bridges to the contact
area to decrease the total energy induces a depletion of
anchored molecular bridges in the adhesive belt. Mobil-
ity of anchor proteins is indeed known to play an impor-
tant role in adhesion [26–28], so that we use di�usion as a
working example to show that it can induce a depletion of
molecular bridges in the adhesive belt. Moving the contact
line increases, however, the number of adhesive bridges in
the adhesive belt if di�usion is a su�ciently slow process.
It should be noted that other adaptive mechanisms such
as membrane tra�c or membrane uptake [29] and actin
polymerization can lead to similar depletion in the adhe-
sive belt [30]. The value of the threshold force we derive
is, however, independent of the precise mechanism which
is at the origin of the concentration gradient of proteins
along the membrane4.

The origin of the threshold force can be pictured as fol-
lows. Increasing the external force F above the equilibrium
value makes the circle of curvature roll on the substrate,
see Figures 3 and 4. During this process, the bridges at the
extreme margin are progressively stretched and the energy
in the adhesive belt increases from its equilibrium value
�nd. Moving the contact line through the adhesive zone
increases, therefore, the strength of the restoring moment
which opposes the external force. Increasing the external
force further continues to increase the number of adhe-
sive bridges in the belt and the process continues till the
bridge at the far end of the adhesive belt breaks. Peel-
ing occurs when the force on the first adhesive bridge is
large enough to pull the protein out of the molecular in-
teraction pocket with the substrate. At rest, there is a
maximum value �d for the energy stored in the adhesive
belt and the membrane starts peeling when the external
force is large enough. Assuming that the membrane shape
is a circle with z = x2/2Rc, the maximum restoring mo-
ment that the adhesive belt can oppose to the external
moment is set by the maximum width � =

�
2Rczmax of

the adhesive belt. At equilibrium, this width corresponds

3 L is the size of a preferential adhesion zone
4 Note that reference [24] shows that cells always roll even in

the firm-adhesion regime. As shown here, an inhomogeneous
distribution of adhesive bridges gives a threshold.

a

b

c

!(v)

!
d

0

x=0

!

Fig. 3. Cartoon representation of the threshold. At equilib-
rium, the density of molecular anchored bridges is larger in
the contact zone (top figure). By increasing the external force,
the circle of curvature rolls on the substrate and the population
of anchored bridges in the adhesive belt increases. The thresh-
old force corresponds to the bottom figure where proteins are
uniformly distributed in the adhesive belt. The width �(v) of
the adhesive belt is defined from the osculating point between
the membrane and the substrate.

to a homogeneous distribution of proteins along the mem-
brane. The maximum length zmax for an anchored bridge
is obtained by the condition that the work done by the
spring equals the energy di�erence between the anchored
and un-anchored state for the first protein at the extreme
margin of the adhesive belt

2kzmax�o� = �G with zmax =
�2

2Rc
, (2)

where �o� is the width of the interaction pocket of the
protein with the substrate. As the circle starts rolling, we
show that the adhesive belt is in a non-equilibrium state.
When the circle of curvature passes on substrate, the adhe-
sive bridges are stretched and break. This process occurs
at a time rate which depends on the speed v, since the
length of an anchored bridge increases as z = (vt)2 /2Rc.
According to Kramers theory, the threshold force at which
a non-covalent bond breaks depends on the loading rate.
As a result, we will find the characteristics width of the ad-
hesive belt increases as �0

p
2 ln (v/v0), where v0 is a scale

factor. To summarize, the restoring force in the adhesive

(a) (b)

FIG.: (a) Density of bound integrins. (b) Concentration of talin. (c) Rate of actin polymerization
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Stress fibers apply shear stress to focal adhesion

Adhesion-mediated mechanosensitivity Bershadsky, Kozlov and Geiger 475

Figure 1

Stress-driven model for adhesion site mechanosensitivity [68!]. The mechanosensitive protein unit (depicted by red symbol) is connected to an
actin filament moving with retrograde actin flow. This results in a dragging force acting on the protein unit from the filament. The mechanosensitive
unit can be in one of two states that differ in the strength of link to the actin filament. (a) Passive state corresponds to a weak slip link. (b) Active
state is characterized by a reinforced link. Transition from the passive to the active state occurs when the dragging force overcomes a critical value
and involves a conformational change of the mechanosensitive protein. The model suggests a mechanism for maturation of focal complexes
controlled by elasticity of the extracellular substrate, which undergoes deformation upon the force transmitted by the focal complex proteins.

Figure 2

Strain-driven mechanism for focal adhesion mechanosensitivity [67!,70,75]. The focal adhesion (FA) consists of two layers: the lower layer,
containing the mechanosensitive proteins, and the upper layer, which is directly connected to the actin filaments and transmits the force to the
lower layer. Activation of the mechanosensitive proteins driving the FA assembly is suggested to be triggered by compression of the top of
the lower layer relatively to its bottom. This strain is generated at the ‘front’ edge of the FA. The model explains the FA growth in the direction
of the pulling force.

www.sciencedirect.com Current Opinion in Cell Biology 2006, 18:472–481

deformation can activate conformational or organizational changes
that enhance their binding with plaque proteins (2).

In addition to the fact that adhesion to an anchoring surface
makes a junction sensitive to shear (even if the latter is composed
of fluid-like assemblies of molecules), several observations sup-
port the view we propose. First is the observation that indepen-
dent of the origin of the stress [e.g., internal contractility (13),
shear flow (14), micropipette-induced shear stress (8)], small
adhesions grow into FAs that elongate in the direction of the
force. This anisotropy is predicted by our theory, because
stress-induced deformations are correlated with the applied
force and exert different effects on the proximal (front) and
distal (back) aspects of the adhesive junctions.§ In our model, in
which we relate the biochemical response to deformations, this
anisotropy also leads to an anisotropic addition (or loss) of
proteins. Moreover, the size and strength of the adhesive junc-
tions depend on the elastic properties of the extracellular matrix
(9, 11). We predict in our model that the extent and nature of the
adhesion are sensitive to the mechanical properties of the
underlying matrix: a local force applied to an adhesive junction
induces a pure translation of the junction (and thus no defor-
mation) if the extracellular matrix is very soft, whereas strongly
grafted adhesions with rigid matrix are elastically deformed by
lateral, local stresses.

Description of the Model. The total force transmitted by FAs has
been proved to be proportional to their surface (13), suggesting
that the region over which stress fibers act grows with the
junction. As a model, we consider the adhesion and its mem-
brane-associated integrins as an elastic, thin film grafted at its
bottom surface and stressed by a local lateral force on its top
surface; ‘‘local’’ means here that the force only acts on a finite
region of the adhesive junction, which, as explained below, needs
only to be somewhat smaller than the total area of the adhesion
by a few thicknesses of the FA (typically, a few tens of nano-
meters). One possible scenario is that the integrin layer forms in
advance of the adhesion protein plaque and the associated stress
fibers such that the stressed region is smaller than the adhering
integrin cluster.¶ The localization of the force is a crucial aspect
of our model, because a homogeneously applied stress would
give rise to a uniform shear of the adhesive junction and a
translational motion of the surrounding lipid membrane. Be-
cause the latter is not grafted to the surface, no anisotropic
density changes in the protein layer occur and no directional
force-induced biochemical response can arise from a homoge-

neous lateral stress. On the contrary, a local tangential stress
induces a compression at the front edge and an expansion at the
back of the stressed region, because the unstressed part is also
grafted and cannot slide. In this case, a lateral force induces
anisotropic density changes in proteins located inside or close to
the stressed region. The resulting stress-induced deformation
profile can be calculated by using continuum elasticity theory
(15). Because adhesions are thin films [on the order of 100 nm,
compared to their width, ranging from a few hundred nanome-
ters (FXs) to several micrometers (FAs)], their elastic response
is expected to be similar to that of an infinite, thin plate.
Therefore, variation of density caused by a local stress is only
significant close to the edges of the stressed area. For large
adhesions (compared to their thickness), these effects are inde-
pendent of the size of the adhesion. We assume in our model that
this change in density triggers the biochemical response respon-
sible for the growth or dissolution of FAs. Anisotropic variations
of density then give rise to different molecular dynamics of the
front and back regions near the edge and can result in either
overall growth or shrinking of the FAs as shown below. We
therefore predict that this biochemical response occurs only at
the edges of the stressed region and affects both the front and
back regions, as explained below.

In this article we propose an approach that is simpler than the
full three-dimensional elastic treatment (15) and present a
quasi-two-dimensional model of FAs in which the elastic thin
film is represented by particles that interact through springs of
stiffness k0 (see Fig. 2). The particles are bound to the anchoring
surface by springs of stiffness kb that measure the resistance to
normal shear and therefore are related to the normal shear
modulus (in contrast to the in-plane shear modulus). Each
particle in our model is a protein complex consisting of one
integrin molecule and the associated intracellular proteins that
connect it to the actin cytoskeleton; this we define as the minimal
complex of proteins needed for the adhesion to grow. The elastic
properties of the extracellular matrix and its connection to the
anchoring surface are included by fixing the anchors to the
surface through a sinusoidal potential V(x) ! kma2!
(2!)2cos(2!x!a). In the limit of small displacements, this po-
tential reduces to a spring-like interaction in which km is the
stiffness of the anchorage close to the equilibrium position. The
case of a grafted layer is found by taking the limit km 3 ".

In a one-dimensional version of this approach (which we later
generalize to a two-dimensional layer; Fig. 2), the interaction of
the particle n with its neighbors is

Fint " k0#un$1 # un% $ k0#un&1 # un% " k0a2
d2u
dx2 ,

where u(x) is the displacement with respect to the equilibrium
position in a continuum approximation, and a is the equilibrium

§The front and back edges of the adhesion are defined relative to the direction of the force
induced by stress fibers. They should not be confused with the front and back of a moving
cell (see Fig. 1).

¶This assumption can be tested experimentally by time-resolved experiments in which
integrins and a plaque protein are tagged separately (3). Double immunofluorescence of
actin and vinculin already shows that the density of the stress fibers decreases at the edges
of the adhesion (B. Zimerman and B.G., unpublished data).

Fig. 1. Schematic representation of a FA.

Fig. 2. One-dimensional chain of interacting particles bound to anchors as
a model for FAs grafted to an extracellular matrix. The potential V(x) accounts
for the grafting properties of the extracellular matrix. The distance a between
the anchors is the integrin–integrin spacing, and un is the displacement of the
nth particle from its position in the absence of force.

Nicolas et al. PNAS # August 24, 2004 # vol. 101 # no. 34 # 12521
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Growth of focal adhesion contacts are studied using the shear stresses :
cell-substrate interactions are screened[4].

Consider a ribbon (height h, width b, modulus E) lying on an elastic layer of thickness ha and of
shear modulus µa. Let u(x) the displacement along the x-direction[12] :

tx,y = µa
u
ha

(6)

At equilibrium, the horizontal forces balances each other

h
dsx
dx

= tx,y (7)

Or
sx = E

du
dx

(8)
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which means
d2sx
dx2 = l 2sx (9)

With

l =

✓
µa

Ehha

◆1/2
' 50,100Nm�1 (10)

being the inverse of a characteristic length scale which sets a screening length

sx = C1 exp [�lx]+C2 exp [+lx] (11)

REMARK :
The screening length l�1 decreases with increasing the shear modulus µ of the substrate.
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Growth in the direction of the pulling force

Adhesion-mediated mechanosensitivity Bershadsky, Kozlov and Geiger 475

Figure 1

Stress-driven model for adhesion site mechanosensitivity [68!]. The mechanosensitive protein unit (depicted by red symbol) is connected to an
actin filament moving with retrograde actin flow. This results in a dragging force acting on the protein unit from the filament. The mechanosensitive
unit can be in one of two states that differ in the strength of link to the actin filament. (a) Passive state corresponds to a weak slip link. (b) Active
state is characterized by a reinforced link. Transition from the passive to the active state occurs when the dragging force overcomes a critical value
and involves a conformational change of the mechanosensitive protein. The model suggests a mechanism for maturation of focal complexes
controlled by elasticity of the extracellular substrate, which undergoes deformation upon the force transmitted by the focal complex proteins.

Figure 2

Strain-driven mechanism for focal adhesion mechanosensitivity [67!,70,75]. The focal adhesion (FA) consists of two layers: the lower layer,
containing the mechanosensitive proteins, and the upper layer, which is directly connected to the actin filaments and transmits the force to the
lower layer. Activation of the mechanosensitive proteins driving the FA assembly is suggested to be triggered by compression of the top of
the lower layer relatively to its bottom. This strain is generated at the ‘front’ edge of the FA. The model explains the FA growth in the direction
of the pulling force.

www.sciencedirect.com Current Opinion in Cell Biology 2006, 18:472–481

FIG.: Strain-driven mechanism for growth in
the direction of the pulling force

deformation can activate conformational or organizational changes
that enhance their binding with plaque proteins (2).

In addition to the fact that adhesion to an anchoring surface
makes a junction sensitive to shear (even if the latter is composed
of fluid-like assemblies of molecules), several observations sup-
port the view we propose. First is the observation that indepen-
dent of the origin of the stress [e.g., internal contractility (13),
shear flow (14), micropipette-induced shear stress (8)], small
adhesions grow into FAs that elongate in the direction of the
force. This anisotropy is predicted by our theory, because
stress-induced deformations are correlated with the applied
force and exert different effects on the proximal (front) and
distal (back) aspects of the adhesive junctions.§ In our model, in
which we relate the biochemical response to deformations, this
anisotropy also leads to an anisotropic addition (or loss) of
proteins. Moreover, the size and strength of the adhesive junc-
tions depend on the elastic properties of the extracellular matrix
(9, 11). We predict in our model that the extent and nature of the
adhesion are sensitive to the mechanical properties of the
underlying matrix: a local force applied to an adhesive junction
induces a pure translation of the junction (and thus no defor-
mation) if the extracellular matrix is very soft, whereas strongly
grafted adhesions with rigid matrix are elastically deformed by
lateral, local stresses.

Description of the Model. The total force transmitted by FAs has
been proved to be proportional to their surface (13), suggesting
that the region over which stress fibers act grows with the
junction. As a model, we consider the adhesion and its mem-
brane-associated integrins as an elastic, thin film grafted at its
bottom surface and stressed by a local lateral force on its top
surface; ‘‘local’’ means here that the force only acts on a finite
region of the adhesive junction, which, as explained below, needs
only to be somewhat smaller than the total area of the adhesion
by a few thicknesses of the FA (typically, a few tens of nano-
meters). One possible scenario is that the integrin layer forms in
advance of the adhesion protein plaque and the associated stress
fibers such that the stressed region is smaller than the adhering
integrin cluster.¶ The localization of the force is a crucial aspect
of our model, because a homogeneously applied stress would
give rise to a uniform shear of the adhesive junction and a
translational motion of the surrounding lipid membrane. Be-
cause the latter is not grafted to the surface, no anisotropic
density changes in the protein layer occur and no directional
force-induced biochemical response can arise from a homoge-

neous lateral stress. On the contrary, a local tangential stress
induces a compression at the front edge and an expansion at the
back of the stressed region, because the unstressed part is also
grafted and cannot slide. In this case, a lateral force induces
anisotropic density changes in proteins located inside or close to
the stressed region. The resulting stress-induced deformation
profile can be calculated by using continuum elasticity theory
(15). Because adhesions are thin films [on the order of 100 nm,
compared to their width, ranging from a few hundred nanome-
ters (FXs) to several micrometers (FAs)], their elastic response
is expected to be similar to that of an infinite, thin plate.
Therefore, variation of density caused by a local stress is only
significant close to the edges of the stressed area. For large
adhesions (compared to their thickness), these effects are inde-
pendent of the size of the adhesion. We assume in our model that
this change in density triggers the biochemical response respon-
sible for the growth or dissolution of FAs. Anisotropic variations
of density then give rise to different molecular dynamics of the
front and back regions near the edge and can result in either
overall growth or shrinking of the FAs as shown below. We
therefore predict that this biochemical response occurs only at
the edges of the stressed region and affects both the front and
back regions, as explained below.

In this article we propose an approach that is simpler than the
full three-dimensional elastic treatment (15) and present a
quasi-two-dimensional model of FAs in which the elastic thin
film is represented by particles that interact through springs of
stiffness k0 (see Fig. 2). The particles are bound to the anchoring
surface by springs of stiffness kb that measure the resistance to
normal shear and therefore are related to the normal shear
modulus (in contrast to the in-plane shear modulus). Each
particle in our model is a protein complex consisting of one
integrin molecule and the associated intracellular proteins that
connect it to the actin cytoskeleton; this we define as the minimal
complex of proteins needed for the adhesion to grow. The elastic
properties of the extracellular matrix and its connection to the
anchoring surface are included by fixing the anchors to the
surface through a sinusoidal potential V(x) ! kma2!
(2!)2cos(2!x!a). In the limit of small displacements, this po-
tential reduces to a spring-like interaction in which km is the
stiffness of the anchorage close to the equilibrium position. The
case of a grafted layer is found by taking the limit km 3 ".

In a one-dimensional version of this approach (which we later
generalize to a two-dimensional layer; Fig. 2), the interaction of
the particle n with its neighbors is

Fint " k0#un$1 # un% $ k0#un&1 # un% " k0a2
d2u
dx2 ,

where u(x) is the displacement with respect to the equilibrium
position in a continuum approximation, and a is the equilibrium

§The front and back edges of the adhesion are defined relative to the direction of the force
induced by stress fibers. They should not be confused with the front and back of a moving
cell (see Fig. 1).

¶This assumption can be tested experimentally by time-resolved experiments in which
integrins and a plaque protein are tagged separately (3). Double immunofluorescence of
actin and vinculin already shows that the density of the stress fibers decreases at the edges
of the adhesion (B. Zimerman and B.G., unpublished data).

Fig. 1. Schematic representation of a FA.

Fig. 2. One-dimensional chain of interacting particles bound to anchors as
a model for FAs grafted to an extracellular matrix. The potential V(x) accounts
for the grafting properties of the extracellular matrix. The distance a between
the anchors is the integrin–integrin spacing, and un is the displacement of the
nth particle from its position in the absence of force.

Nicolas et al. PNAS # August 24, 2004 # vol. 101 # no. 34 # 12521
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FIG.: Sliding friction model used in[2][13] to
model FA growth.

We will see that relative change in density df(x)/f(x) is polarised in the direction of the force[13].
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Assume a constant external for exerted by the actin-myosin machinery

f = constant for �L/2  x  +L/2 (12)

Then the front at x = L is compressed and the back is expanded

df
f

(x) =
fp
kbk0

sinh(lx) e�lL/2 (13)

since the density is maximum at x = L/2.

CONCLUSION:
This example shows how the Chemical potential µ(x,t) depends on the elastic deformations of the
mechanosensors. This chemical potential depends on the force f and on sensor compression. This coherence
length has been interpreted as the size of the FA’s. [6].
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Are cells sensitive to forces or to deformations?

softer surfaces induce an enhancement of fluctuations at the
cell boundaries, and a decrease in force magnitudes (7,8).
Here, we quantitatively demonstrate that the forces exerted by
cells are proportional to the substrate rigidity meaning that the
mean displacement of the pillars remains constant over the
two decades of our microposts flexibility. This deformation is
found to be;1306 20 nm if we consider the average force.
The organization of stress fibers and focal adhesions is

modulated by the stiffness of the substrate (8,9). To test fur-
ther the correlation between traction forces and focal contacts,
we have studied the distribution of vinculin expression as a
marker for focal adhesion formation. Cells were labeled
and imaged by immunofluorescence microscopy to localize
vinculin expression. On flexible substrates (;2 nN/mm;
Fig. 3, A and B), adhesion sites appeared as blurred spots
irregularly distributed. In contrast, cells lying on more rigid
ones (;70 nN/mm, Fig. 3, C and D) formed stable and well-
defined elongated focal adhesions. Taken together, these
results demonstrate that the reinforcement of focal adhesions
appeared only on stiff substrates, where large forces were
observed.

To compare our experiments based on discrete substrates
with the case of continuous gels, it is useful to introduce an
effective Young’s modulus, Eeq, for the micropillar arrays
corresponding to an equivalent continuous elastic substrate.
For such substrates, the force-displacement relation is given
by Landau and Lifschitz (11): F ¼ ð4=9pEeqaÞDx (Eq. 2),
where a is a characteristic length; a corresponds to the radius
of the pillars in our case or to the mean size of a focal adhe-
sion for continuous substrates. In any case, it is of the order
of the micrometer. By varying the spring constants of the
posts from 2 to 130 nN/mm, we obtained corresponding Eeq

values ranging from 1 to 100 kPa. Numerous large focal
adhesions were only observed on stiff substrates (Fig. 3, C
and D, Eeq ; 100 kPa). For Eeq , 10 kPa, focal contacts are
more diffuse. These ranges of the Young’s modulus values
are in agreement with previous studies on flexible continuous
gels (8,9).
In conclusion, we found that epithelial cell traction forces

are proportional to the substrate rigidity implying that the
deformation remains constant. This deformation is strongly
correlated to the formation of focal adhesions. Although the

FIGURE 1 (A) Distribution of fluorescently
labeled fibronectin (red). (B) Scanning electron
micrograph of edge detail of a MDCK mono-
layer showing cell-to-substrate interactions.
Scale bars correspond to 5 mm.

FIGURE 2 Log-log plot of the force as a func-
tion of substrate rigidity. ÆF æ (blue) and Fmax

(red) within an island of cells are represented
for different surface densities (ratio of the post
surface over the total surface) 10% (s), 22%
(h), and 40% (n). Open and solid symbols,
respectively, correspond to pillars of 1 and
2 mm in diameter. The slope of the dashed line
is 1. (Inset) Typical histogram of force distri-
bution (spring constant 64 nN/mm).

Biophysical Journal: Biophysical Letters L53

Biophysical Journal: Biophysical Letters Force sensor
The traction forces developed by cells depend
strongly on the substrate rigidity. Ref. [16] has
characterized quantitatively this effect on MDCK
epithelial cells by using a microfabricated force
sensor consisting in a high-density array of soft
pillars whose stiffness can be tailored by
changing their height and radius to obtain a
rigidity range from 2 nN/mm up to 130 nN/mm.

Result
They find that the forces exerted by the cells are
proportional to the spring constant of the pillars
meaning that, on average, the cells deform the
pillars by the same amount whatever their
rigidity. The relevant parameter may thus be a
deformation rather than a force.
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Control of actin polymerization in curved geometry ...

VICTORIA ASKEW

(including formins and spire) have also been 
identified. 

Ekat Kritikou, Senior Editor,  
Nature Reviews Molecular Cell Biology
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…a series 
of structural 
studies 
provided 
a basis for 
investigating 
how kinesins 
generate 
directed 
movement 
along a 
microtubule.

in interactions within and between protofila-
ments, and also confirmed the assignment 
of protofilament polarity, with B-tubulin and 
A-tubulin being found at plus and minus ends, 
respectively.

Collectively, these studies have served 
as the basis for understanding interactions 
between microtubules and their associated 
proteins, how directed cargo movement along 
the microtubule is achieved and how polymer 
growth might be regulated. 

Michelle Montoya, Senior Editor 
Nature Structural & Molecular Biology
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Cell shape and motility are fundamentally important during development, for 
the physiological functions of unicellular and multicellular organisms, and for 
disease processes. The actin cytoskeleton is not only a major determinant of cell 
shape and migration, but also participates in many other cellular processes, such 
as the trafficking of membrane compartments and signalling.

Over the years, many factors have been identified that participate in the 
dynamic regulation of actin-filament and actin-network formation. A key step 
forward came with the identification of the actin-related protein-2/3 (Arp2/3) 
complex, which is a seven-subunit protein complex that was found to trigger the 
nucleation of new actin filaments (see Milestone 23). It therefore regulates the 
formation of branching actin networks, which, for example, generate the force 
for movement at the leading edge of migrating cells. Importantly, Arp2/3 was 
found to be a target of signalling pathways that regulate cell motility. 

The Arp2/3 complex is also required to promote the movement of bacteria, 
such as Listeria monocytogenes or Shigella. These microorganisms hijack the 
cellular actin-polymerization machinery, allowing them to propel themselves 
forward within infected host cells. In a landmark paper, Marie-France Carlier and 
colleagues were able to reconstitute the actin-based motility of these bacteria in 
vitro, using purified components, to identify for the first time the minimal 
requirements for actin-based movement. They found that, in addition to actin, 
ATP and Arp2/3, sustained bacterial motility in defined solutions required actin-
depolymerizing factor (ADF; also known as cofilin) and capping protein.

The actin-stimulated propulsion of bacteria is due to actin polymerization at 
one end of actin filaments (the so-called barbed end) on the surface of the 
bacterium, and depolymerization at the other end of actin filaments (the pointed 
end) in a treadmilling process. Capping protein and ADF support this process. 
Capping protein binds to barbed ends and thereby prevents actin 
polymerization at actin filaments that are no longer attached to bacteria, to 
restrict actin polymerization to where it is needed. ADF increases actin 
depolymerization at the pointed end, thereby increasing the amount of available 
(and ATP-bound) monomeric globular-actin needed for actin polymerization 
elsewhere.

Although not found to be essential, profilin which is involved in treadmilling, 
and — in the case of L. monocytogenes — vasodilator-stimulated phosphoprotein 
(VASP), were found to enhance bacterial movement further.

These findings provided a key assay and lay the foundations to dissect the 
biochemical mechanisms that govern actin-based motility, and thereby to 
understand in molecular detail one of the most important and fundamental cell 
biological processes.

Barbara Marte, Senior Editor, Nature 
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Reconstituting motility
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Mitchison, T. J., Tilney, L. G. & Portnoy, D. A. The rate of actin-based motility of intracellular Listeria 
monocytogenes equals the rate of actin polymerization. Nature 357, 257–260 (1992) 

Phase contrast microscopy image of 
reconstituted actin-based movement. 
Double fluorescence microscopy of a 
Alexa488-N-WASP functionalized 
giant liposome propelling in the 
presence of rhodamine-actin.  
Bar = 10 Mm. Image courtesy of  
V. Delatour and M.-F. Carlier, CNRS, 
France.
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FIG.: Reconstitution of an artificial Listeria. M.F. Carlier ’s group
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As the gel grows thicker, the tensile stress in the gel also becomes
higher. Geometry gives the origin of this effect. As the gel growths, it
pushes old actin layers outside : they are stretched and eventually
break[14? ].

relax spontaneously. This is observed, for
example, in blebbing cells, where spontaneous
rupture or detachment from the membrane
leads to the expulsion of membrane bulges in
the weakened regions, driven by the pressure
generated by contraction of the actomyosin
cortex (Fig. 2C) (Jungbluth et al. 1994;

Keller et al. 2002; Paluch et al. 2005; Charras
et al. 2005; Sheetz et al. 2006). Interestingly,
blebbing cells can form one single large
bleb (Paluch et al. 2005; Yoshida and Soldati
2006) ormultiple smaller blebs over the cell sur-
face (Cunningham 1995; Charras et al. 2005)
(Fig. 3E,F) (see the following).
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Figure 3. Analogy of the tension state in an actin gel growing from a bead surface and in the cell cortex. (A–C)
Growing from a bead surface. (D–F) in the cell cortex. (A andD) Schematic view of the symmetry breaking of an
actin gel growing from the surface of a bead (A) or the breakage of the cell cortex (D). (Blue rods) actin filaments,
(red dumbbells) myosin fibers, (green patches) membrane attachments, (orange dots) actin polymerization
activators. In both cases, a tension (T) builds up because of polymerization in curved geometry for the gel
on the bead and because of the presence of myosin motors in the cortex. Rupture of the gel leads to actin
shell or cortical movement (curved arrows). (B) Time lapse of a symmetry-breaking event (arrowhead)
preceding the actin-based movement of a bead (epifluorescence microscopy with actin-AlexaFluor594). The
first three images were taken 21, 24, and 40 minutes after the start of incubation, respectively. The last image
shows the comet that develops eventually. (Images are reprinted from van der Gucht et al. 2005.) (C)
Phase-contrast images of beads of different diameters (1 mm for the left image and 2.8 mm for the three
other images) at low gelsolin concentration. (Images were provided by M. Courtois, Institut Curie, Paris,
France.) (E) Time lapse of cortex breakage (arrowhead) and bleb growth in an L929 fibroblast fragment
expressing actin-GFP. Fluorescence images are projections from a three-dimension reconstruction (time
between images is 20 seconds). (Images are reprinted from Paluch et al. 2005.) (F) Time lapse of a cell
displaying multiple blebs. Confocal images of an L929 fibroblast expressing actin-GFP were taken at 0, 25,
and 35 seconds. (Images were provided by J.-Y. Tinevez and E. Paluch, Max Planck Institute of Molecular
Cell Biology and Genetics, Dresden, Germany.) Bars (B and C), 10 mm; (E and F), 5 mm. (# Paluch et al.
2006. Originally published in The Journal of Cell Biology. doi: 10.1083/jcb.200607159.)
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Key point : Integrin activation

Nature Reviews | Molecular Cell Biology
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Förster resonance energy 
transfer
(FRET). A phenomenon in 
which one fluorophore (the 
donor) in its electronic excited 
state can transfer its energy  
to another fluorophore (the 
acceptor) in close proximity,  
so that excitation of the donor 
causes the acceptor to emit 
fluorescence. As the FRET  
only occurs when the distance 
between donor and acceptor  
is less than 10 nm, it is useful 
for monitoring interactions 
between two fluorophore-fused 
molecules.

Focal complex
A relatively small dot-like 
adhesion (~ 1 μm in width) 
mainly found in lamellipodia.  
It is a transient adhesion site 
during cell migration and can 
mature into a more stable focal 
adhesion.

Thus, cell adhesion assays typically reflect the combined 
effects of integrin conformation and valency regula-
tion on adhesion strength25,33. Even the results of solu-
ble ligand binding assays, the classical method to study 
integrin affinity modulation in non-adherent cells such 
as leukocytes and platelets, can be subject to ambiguity. 
For example, since most integrin ligands are multivalent, 
their binding may be influenced by the cellular regulation 
of integrin clustering. Furthermore, multimeric ligand  
binding itself may modify the nature of the bond between 
integrin and ligand through ligand-induced confor-
mational changes8, microclustering37 and outside–in  
signalling38. Finally, because the application of force  
can prolong the bond lifetimes between integrins and 
their ligands25, this so-called ‘catch bond’ behaviour may 
erroneously be attributed to integrin clustering.

Advances in the detection of protein–protein inter-
actions in living cells by FRET39, bioluminescence resonance 
energy transfer (BRET)37, image correlation spectroscopy40  
and interferometric photoactivated localization microscopy41 
promise to improve our understanding of integrin cluster-
ing at the nanoscale. As certain integrins are expressed at 
high density (for example, αIIbβ3 integrin molecules are 
< 200 Å apart in platelets38), spontaneous integrin micro-
clusters may be favoured. FRET and BRET also show that 

MnCl2 activation of leukocyte αLβ2 integrin or platelet 
αIIbβ3 integrin fails to induce microclustering. Instead, 
microclustering requires the binding of multivalent  
ligands to these integrins and is enhanced by cytochalasins,  
presumably by releasing cytoskeletal constraints37,42.

Transmembrane domains: signalling conduits
Each α- or β-integrin subunit is a typical type 1 trans-
membrane protein with the amino terminus outside 
and a single transmembrane domain that connects to a 
carboxy-terminal cytoplasmic tail (BOX 1). The transmem-
brane domain is therefore an essential connection for the 
transmission of information across the membrane.

The topology of integrin transmembrane domains. 
Ulmer’s laboratory used NMR spectroscopy of the indi-
vidual αIIb integrin and β3 integrin transmembrane 
domains and of the heterodimeric complex, to define 
their structure in phospholipid bicelles and to estimate  
the extent to which they are embedded in the mem-
brane19,43,44 (FIG. 1a). Studies of the transmembrane 
domain of the αIIbβ3 integrin heterodimer subunits 
show that the β3 integrin transmembrane domain adopts 
a long helix19, whereas the αIIb integrin transmembrane 
domain folds into a shorter helix followed by a backbone 
reversal that packs Phe992–Phe993 against the trans-
membrane helix43(FIG. 1b,c). One important contribution 
of these studies was clarifying the membrane embed-
ding of the α- and β-integrin transmembrane domains. 
Prediction methods placed45 the boundaries between 
transmembrane and cytoplasmic domains at conserved 
Lys or Arg residues that precede four to six apolar residues.  
Armulik and co-workers46 used enzymatic glycosyl-
ation mapping, a method that examines the efficiency of 
microsomal membrane glycosylation of Asn-X-(Thr/Ser)  
motifs (where X is any amino acid) placed at varying 
distances from the presumed transmembrane domain. 
They predicted that the conserved Lys residues and the 
C-terminal apolar residues in α1, α2, β1 and β2 integrin 
subunits are lipid-embedded. Protection from solvent 
water or paramagnetic relaxation of αIIb and β3 integrin 
transmembrane domains in bicelles confirmed the 
predictions of the glycosylation mapping studies19,43,44 
(FIG. 1a). Consequently, for α-integrin subunits, the con-
served Gly-Phe-Phe residues C-terminal to Lys-Arg  
are membrane embedded and terminate in a short  
transmembrane helix that is perpendicular to the plane of 
the membrane (FIG. 1b). The β3 integrin transmembrane 
domain is predicted to be tilted by ~ 25º relative to the 
plane of the membrane to enable side chains of corre-
sponding hydrophobic residues in the β-subunit19,43,44  to 
maintain membrane embedding (FIG. 1b). This β3 integrin 
transmembrane helical tilt may also be favoured by the 
propensity of the positively charged side chain of a 
conserved membrane-embedded Lys-Arg to reside in 
proximity to the negatively charged phospholipid head-
groups19. Mutational studies point to a crucial role for 
these membrane embedded, conserved apolar residues 
in both subunits in regulating integrin activation47–49, 
and the structural basis of the role of the transmembrane 
domain in activation has now become clear.

Box 2 | Bidirectional integrin signalling

There are two directions of integrin signalling, which have different biological 
consequences (see the figure). During ‘inside–out’ signalling, an intracellular activator, 
such as talin or kindlins, binds to the β-integrin tail, leading to conformational changes 
that result in increased affinity for extracellular ligands (integrin ‘activation’). The 
relationship between specific conformations and activation remains controversial. 
Inside–out signalling controls adhesion strength and enables sufficiently strong 
interactions between integrins and extracellular matrix (ECM) proteins to allow integrins 
to transmit the forces required for cell migration and ECM remodelling and assembly. 
Integrins also behave like traditional signalling receptors in transmitting information into 
cells by ‘outside–in’ signalling. Binding of integrins to their extracellular ligands changes 
the conformation of the integrin and, because many of the ligands are multivalent, 
contributes to integrin clustering. The combination of these two events leads to 
intracellular signals that control cell polarity, cytoskeletal structure, gene expression and 
cell survival and proliferation. Although we conceptually separate the two processes, 
they are often closely linked; for example, integrin activation can increase ligand binding, 
resulting in outside–in signalling. Conversely, ligand binding can generate signals that 
cause inside–out signalling.
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Allosteric activation

Assume that a membrane protein can be in two states. It can be activated by direct ligand binding.
This is the allosteric pathway (Changeux, Monod).

Example : number of bound receptors varies with the concentration of solute j as

Nb =
N0

1+K�1
0 exp [�Aj/kBT]

with A > 0 (14)

When j ! • the number of bound (ie active) proteins increases. The “specificity,” i.e., the
strength, range, and localization of this binding, can vary widely.
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Indirect allosteric activation
It can also be activated by a redistribution of lateral pressure within the bilayer. This is an indirect
mechanism without direct binding.

In the later case the activation of the protein depends on a lot of things : thickness, order
parameter profile, phase transition etc. Let p(z) the lateral pressure coupled to the area A(z) of a
protein. The change in chemical potential (per molecule) due to lateral stress can be written as (A
= area per polar head)

µ/T = µ0/T + lnc+
1
T

Z
p(z)A(z)dz (15)

from which it follows that the lateral stress can change the conformation from the unactivated to
the activated state. [3]
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Indirect activation mechanisms II

If we assume two states (active and inactive)

µa/T = µ0,a/T + lnca +
1
T

Z
p(z)Aa(z)dz

µi/T = µ0,i/T + lnci +
1
T

Z
p(z)Ai(z)dz

(16)

At equilibrium µa = µi, so that

Dµ0 + ln [ca/ci]+
1
T

Z
p(z)DA(z)dz = 0 (17)

Thus, the fraction of active proteins relative to the inactive one

ca
ci

= Ke�a (18)

with
a =

1
T

Z
p(z)DA(z) (19)

which can depend, for example, on the lipid composition of the membrane.
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