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Physical approaches to cell mechanics and cell signalization
Living systems offer the best collection of nano-machines which work 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


Conclusion
Cells seen as the smallest integrated living systems use efficient strategies. These strategies are
based on biochemical and physical principles. A truism? biochemistry is stress dependent. There
are new experimental approaches to quantify collective properties of these molecular ”mecano”.
Here we introduce these experimental techniques through biological examples.
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Outline
1 Chapter 1 : The 4 molecular plans of living systems illustrated by examples of physical and


experimental approaches. Examples of constrains at the molecular scale. Force scale et time
scales appropriate to living systems.


2 Chapter 2 : Chemical and biochamical networks. How are they organized?
1 in time (non-lienar effects, switch, robustness, fast and slow variables separation ...)
2 in space (reaction-diffusion, mobile boundaries ...)


3 Chapter 3 :
1 Brownian movement
2 Molecular motors
3 Physical Ratchets
4 Single molecule experiments. Force spectroscopy.


4 Chapter 4 : Polymers and Biopolymers. From entropy to twist and curvature. Dynamic 1d
self-assemblies. Polymerization versus depolymerization.


5 Chapter 5 : 2d self-assemblies. Membrane, bending, adhesion. From passive adhesion to
active adhesion.
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Forces are used to probe chemical bonds


Conclusion
Mechanical forces have compatible strength with chemical forces (and thermal forces).
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Mechanical forces are compatible with internal forces which trigger
biochemical reactions. Ex. Cell substrate contact area.
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.
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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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Système Taille Vitesse Force Fonction et
intérêt


Polymères > 10 nm 2 − 3 pN Élasticité en-
tropique


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 fonc-
tionnelle


Protéines 20 nm 300 pN Repliment des
protéines


Macromolécules 0.5 nm > 600 pN Liaison covalente
Moteurs
moléculaires


Taille du moteur


(a) Myosine (ac-
tine)


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


(b) Kinésine (mi-
crotubule)


6 nm 800 nm s−1 6 pN Mitose


(c) RNA poly-
merase


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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The cost of living


12 kcal/Mol = 8 10−20 J/molecule = 0.5 ev = 20kBT


Peter Rich


The 1960s was an important time for mito-
chondrial research, which saw many sig-
nificant and enduring advances. During


this period, Peter Mitchell developed the
chemiosmotic proposal — the coupling of
biological electron transfer to ATP synthesis.
Although it ultimately won Mitchell a Nobel
Prize, his work was highly controversial, and it
was more than a decade before his ideas were
accepted widely, leading some researchers to
claim prior ownership of key elements of the
ideas that still persist today.


The fact that mitochondria are central to
the efficient provision of energy for eukary-
otic cells is undisputed. It is generally accepted
that the early and energetically inefficient
eukaryotic cell was invaded more than a 
billion years ago by a bacterium containing 
a much more efficient system for utilizing
available energy sources — the oxygen-
consuming respiratory chain. The majority
of the bacterial genetic information was 
subsequently transferred to the nucleus,
transforming the bacterial symbionts into
slave mitochondrial organelles.


We rely on these mitochondria to synthe-
size ATP. The process begins with the passage
of electrons derived from food along a series 
of mitochondrial respiratory-chain carriers,
until they are consumed in converting the oxy-
gen we breathe into water. Mitchell showed
that their transfer is linked to the movement 
of protons across the ion-impermeable inner


mitochondrial membrane in which the respi-
ratory chains are embedded. The membrane
acts as a capacitor, storing energy as a pH and
charge difference across the membrane. This
gradient of electrochemical potential energy 
is used to drive protons through the ATP syn-
thases that are embedded in the same mem-
brane, and which couple the exergonic proton
flow to the synthesis of ATP from ADP and
phosphate. The energy thus stored can be
released by ATP hydrolysis, a reaction that is
used by the myriad energy-requiring enzymes
that maintain cellular function. 


An average human at rest has a power
requirement of roughly 100 kilocalories (420
kilojoules) per hour, which is equivalent to a
power requirement of 116 watts — slightly
more than that of a standard household 
lightbulb. But, from a biochemical point of
view, this requirement places a staggering
power demand on our mitochondria.
Mitchell’s work showed that the electro-
chemical gradient of protons across the inner
mitochondrial membrane that drives ATP
synthesis is roughly 200 mV, and most of this
is the electric field component. 


If it is assumed that 90% of human power
is provided by the protons that are transferred
through the ATP synthase, then the trans-
membrane proton flux would have to repre-
sent a current of 522 amps, or roughly 3!1021


protons per second. Recent estimates, based
on the structure of yeast ATP synthase, con-
tend that three ATP molecules are formed for
every ten protons that are transferred. Assum-
ing a conversion efficiency that is close to
unity, ATP is reformed at a rate of around
9!1020 molecules per second, equivalent to a
turnover rate of ATP of 65 kg per day and with
much higher rates than this during periods of
activity. This output is itself powered by the
oxygen-consuming respiratory chain. 


A typical adult male consumes around 380
litres of oxygen each day, and top athletes can
sustain rates that are ten times greater for 
limited periods. Most (90%) of this oxygen is
reduced to water by the terminal respiratory-
chain enzyme, cytochrome oxidase. The inner
mitochondrial membrane contains around
0.4 nanomoles of this enzyme per milligram
of protein. It can work at a rate in excess of 300
electrons every second, but probably operates
at an average rate of no more than 50 per 
second. Hence, an average human will need
2!1019 molecules of cytochrome oxidase to
support oxygen consumption. With the inner
mitochondrial membrane having a lipid/pro-
tein weight ratio of 1:1, the cytochrome oxi-
dase would be associated with about 70 ml of
lipoprotein membrane. However, the mem-
brane’s thickness — only 6 nm — means that
the surface area of the inner mitochondrial


membrane in an average human would be
around 14,000 m2.


This constant energy provision is a her-
culean task so it is not surprising that defects
in mitochondrial function should lead to
physiological disorders. As human mito-
chondrial DNA (mtDNA) sequence and clin-
ical databases are amassed and compared, the
number of diseases that are suspected to be
caused by mitochondrial dysfunction due to
mtDNA mutations is increasing. Mutations
in mtDNA might even accumulate with age
and contribute to a reduced efficiency of
energy provision. Some aspects of mitochon-
drial function seem to be potentially deleteri-
ous to cell health, particularly the ‘leakage’ of
electrons that must inevitably occur, result-
ing in the formation of small amounts of
damaging and mutagenic free radicals. Mito-
chondria may also play a key role in some cells
in an apoptotic, or ‘cell death’, pathway by
releasing factors from the intermembrane
space into the cytoplasm, where they interact
with the caspase cascade system. So it seems
that our energy-producing organelles have
not yet been entirely tamed to the needs of the
eukaryotic cells that control them, and that
we may well be paying a significant price for
the luxury of the efficient energy supply that
we need to sustain our ravenous needs.


Recognition of such mitochondrial activ-
ities, together with the tremendous advances
in determining the structural details of the
mitochondrial molecular machinery, in
many instances down to the atomic level, is
heralding a new era of interest in mitochon-
dria. Hopefully, the new wave of insights into
this enigmatic organelle that are now 
emerging will not evoke the same controversy
and prolonged difficulties in acceptance as
Mitchell’s work. !


Peter Rich is in the Department of Biology,
University College London, Gower Street, 
London WC1E 6BT, UK.


FURTHER READING
Gilbert, G. N. & Mulkay, M. Opening Pandora’s Box
(Cambridge Univ. Press, 1984).
Prebble, J. & Weber, B. Wandering in the Gardens of the
Mind: Peter Mitchell and the Making of Glynn (Oxford
Univ. Press, New York, 2003).
Catalogue of the Papers and Correspondence of Peter
Dennis Mitchell FRS NCUAS (Cambridge Univ. Libr.,
Cambridge, UK, 1997).
Kiberstis, P. A. Science 283, 1475 (1999).


The cost of living
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Chemiosmotic
coupling
We may well be paying a significant


price for the luxury of an efficient


energy supply.


Shining example: even at rest, a human body
requires as much power as a 100-watt lightbulb.
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!Intracellular conditions


Conditions cellulaires:


[ATP] = 1-2 mM


[ADP] = [AMP] = 0,1-0,2


mM
[Pi] = 10-50 µM


[Mg2+] = 1-10 mM


Mg2+ ions bind to polyphosphates


ADP + Pi + H+ATP + H2O !G ! - 12 kcal/mole


ATP + H2O AMP + PPi + H+ !G ! - 12 kcal/mole


PPi + H2O  2 Pi + H+ !G ! - 12 kcal/mole
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26 3 Self-organization and cooperativity of weakly coupled molecular motors


asymmetric potential, Fig. 3.1. In this model we assume only a conforma-
tional change which leads to the power stroke of the motor. Any other con-
formational change is considered instantaneous when compared to chemical
reaction times of the order of milliseconds.


ATP


ATP ADP P


P ADP


ADP


BindingUnbinding Diffussion Power stroke


(a)


(b)


(c) α1 β2


β1α2


Fig. 3.1. Equivalence between a molecular motor cycle (a) and the two state model (b-c)
explained in the text.


In Fig. 3.1 we schematically show the equivalence between a motor cycle
and the two state model. Initially, the motor is attached to the filament in
what is called ”rigor state” until a molecule of ATP binds to the motor, which
detaches from the filament and hydrolyzes the ATP molecule,


ATP � ADP+P, (3.3)


this reaction represents the transition from the bound state (1) to the unbound
state (2). Associated to this reaction there is a chemical potential difference
∆ µ ≡ µAT P − µADP − µP which measures the free-energy change per ATP
consumed. At the unbound state, when a phosphate molecule P is released
the motor attaches to the filament and performs the power stroke after the
molecule of ADP is released. The transition from the unbound state (2) to the
bound state (1) is thermal (passive),


M−ADP−P � M+ADP+P. (3.4)


ATP hydrolysis supplies energy (Cf. ratchets) :ATP and GTP are used for energy supply.


Another example of activation is phosphorylation. Adenosine triphosphate (ATP) is a nucleotide that is the
major energy currency of the cell. An enzyme is a protein that catalyzes a chemical reaction. Phosphorylation
is a chemical reaction in which an enzyme X —called a kinase when playing this role— transfers a phosphate
group (PO4) from a “donor” molecule such as ATP to another protein Y, which becomes “activated” in the sense
that its energy is increased. Once activated, protein Y may then influence other cellular components, including
other proteins, itself acting as a kinase, or it may take an appropriate shape that allows it to to bind with yet
another protein or to a segment of DNA so as to initiate, enhance, or repress expression of a gene. Normally,
proteins do not stay activated forever; another type of enzyme, called a phosphatase, eventually takes away the
phosphate group; see Figure 7. In this manner, signaling is “turned off” after a while, so that the system is


Figure 7: Phosphorylation and de-phosphorylation


ready to detect new signals.


Receptors and enzymatic cascades act in concert. Binding of extracellular ligands triggers signaling through
a series of chemical reactions inside the cell, carried out by enzymes and often relayed by smaller molecules
called second messengers. In this manner, regulatory pathways can be either turned “on” and “off” or mod-
ulated, and transcription of particular sets of genes may be started and stopped in response to environmental
conditions. Figure 8 ([6]) illustrates one such pathway, which involves GPCR activation as well as signaling
through a MAPK cascade (more on MAPK cascades below).


The animation at http://biocreations.com/pages/mapk.html is strongly recommended as an illustration of
signaling pathways.


As another illustration, consider the diagram shown in Figure 9, extracted from the paper [12] on cancer
research, describing the top-level schematics of a wiring diagram of signaling circuitry in the mammalian cell.
The illustration shows the main signaling pathways for growth, differentiation, and apoptosis (commands which
instruct the cell to die). Highlighted in red are some of the genes known to be functionally altered in cancer
cells. Of course, such a figure, compared for example with the more detailed biochemical pathway shown in
Figure 8, leaves out a lot of information, some known but omitted for simplicity, and some unknown. Much of
the system has not been identified yet, and the functional forms of the interactions, much less parameters, are
only very approximately known. However, data of this type are being collected at an amazing rate, and better
and better models are being obtained constantly.


Both of the above examples were from eukaryotes. We now turn to one from a prokaryote. Chemotaxis is
the term used to describe movement, in bacteria as well as other organisms, in response to chemoattractants or
repellants, such as nutrients and poisons, respectively. E. coli bacteria (Figure 10) are single-celled organisms,
about 2 µm long, which possess up to six flagella for movement. Chemotaxis in E. coli has been studied
extensively. These bacteria can move in basically two modes: a “tumble” mode in which flagella turn clockwise
and reorientation occurs (Figure 11, left), or a “run” mode in which flagella turn counterclockwise, forming a
bundle which helps propel them forward (Figure 11, right). The motors actuating the flagella are made up of
several proteins. In the terms used by Berg in [4], they constitute “a nanotechnologist’s dream,” consisting
as they do of “engines, propellers, . . . , particle counters, rate meters, [and] gear boxes.” Figure 12 shows an
actual electron micrograph and a schematic diagram of a flagellar motor. The signaling pathways involved


8


FIG.: Phosphorilation and dephosphorilation for reaction networks
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4 molecular plans


There are 4 molecular basic plans used to construct these
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) How cells sense their environments.
We review them and outline remarkable examples of new
experimental approaches.


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 


 M I L E S TO N E  5


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 


 M I L E S TO N E  6


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
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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


4
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To manipulate, use optical tweezers (also AFM)


λ � R or λ � R ? (1)


Schéma de principe du piège optiques dans
l’approximation de Mie : le rayon de la sphère est
beaucoup plus grand que la longueur d’onde et
l’optique géométrique s’applique[?]. The bead is
not exactly at the focal point (just below).


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


F⊥ =
2πα
cn2


m
∇I0 (2)


où α définit la polarisibilité de la sphère (m est le
rapport des indices de réfraction de la bille, np ,
sur celle du milieu, nm)


α = n2
mR3


�
m2 − 1
m2 + 2


�
(3)
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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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Proteins


Molecular Approach
1 Chemical Enzymes (Chemical reaction networks - system biology)
2 Structures - Cytoskeleton (mechanics and signalization)
3 Molecular motors (Brownian ratchets)
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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.
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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
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Une protéine possède plusieurs niveaux de structure qui provient de son repliement dans l’espace
(voir Fig. 2). Ces structures lui confèrent une fonction particulière. En augmentant le niveau de
résolution, on distingue en particulier :


1 la structure primaire des acides aminés qui sont des molécules du type
NH2-aa1-aa2-...-aan-COOH et qui diffèrent du groupement de la chaı̂ne latérale branchée sur
l’atome de carbone central. Cet assemblage est dû à liaisons chimiques fortes qui sont
appelées liaisons peptidiques.


2 La structure secondaire faite d’hélices α, de feuillets β et de boucles plus flexibles. Ce
structures sont généralement stabilisées par des liaisons pont-hydrogène.


3 Enfin, la structure tertiaire où l’ensemble se replie en forme de globule. Cette structure est
stabilisée par des forces faibles comme les liaisons pont hydrogène ou les interactions de
Van de Waals. Mais la forces ioniques ou même covalentes peuvent jouer une rôle. Chacun
de ces globules forme des mères qui s’associent en di, tri etc. mères pour former la structure
quaternaire. Cette dernière structure est dynamique et peut adopter différentes
configurations.
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Remarques
Le poids des protéines est exprimée en Dalton (Typiquement, 200 kDa).
1000 à 10000 différentes protéines dans un cellule.
Les séquences des protéines sont définies par des gènes.
L’expression des protéines est contrôlée par des facteurs de transcription et par la structure
fine des gènes.
Les interactions protéines - protéines sont à courte portée.
Les interactions sont spécifiques.
La conformation des protéines est spécifique.
Les protéines sont flexibles.
Elles sont instables et biodégradables.
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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


110


1 570 Biophysical Journal


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


to thermal fluctuations (see later on)
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Optical microscopies at the limit


1 Fluorescence microscopy
2 FCS, FRAP, FRET to analyse reaction


kinetic
3 Beyond the diffraction limit


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


76


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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Figure 2 – Gauche : Le schéma de principe du « suivi de molécule
unique ». La particule ou molécule (ici un colloïde d’or) suivie en vidéo-


microscopie est greffée à la protéine ou au lipide d’intérêt par l’intermé-


diaire d’un anticorps, en bleu ; Droite : en haut une tra jectoire acquise


par cette technique (pendant 2 mn), en bas le déplacement quadratique


moyen (MSD) de la position en fonction du temps, ca lculé à partir de


cette tra jectoire. A une diffusion rapide et confinée aux temps courts se


superpose une diffusion lente aux temps longs. 
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If simple brownian diffusion :


g2(τ) = 1 +
1
N


1
1 + τ/τd


(5)


Where N is the number of molecules. We have


τd =
w2


4D
(6)
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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 (7)


→ 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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Light microscopy at the limit


Confocal microscopy has been one of the milestone of the last century (see also bi-photon
microscopy also)


Conventional Confocal


Detector


Objective


Specimen


Condenser


Light source
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Seeing the wood for the trees
During the 1960s, researchers worked 
to overcome a debilitating feature of 
epifluorescence microscopy — back-
ground signals. Efforts began in both 
America and Czechoslovakia to do 
away with these unwanted signals, and 
the result was the advent of confocal 
microscopy.


The resolution achievable with 
conventional microscopy can be 
negated by out-of-focus information. 
Confocal microscopy avoids this 
issue by restricting both the field of 
illumination and the light reaching the 
objective to a single point in the same 
focal plane. An image of the region 
of interest is then built up by raster 
scanning through the sample — either 
by moving the sample, or by moving a 
laser beam or pinhole disk. By exclud-
ing the out-of-focus light, the image 
contrast is increased and finer detail 
can be seen. 


The initial patent for a confocal 
microscope was granted to Marvin 
Minsky — better known for his  
pioneering work in Artificial 
Intelligence — who was working 
at Harvard University in 1961. 
Shortly thereafter, Mojmir Petrán 


of the Charles University in Prague, 
Czechoslovakia, began a collabora-
tion with David Egger and Robert 
Galambos at Yale University. Back 
home, Petrán went on to build 
a pocket-size pinhole scanning 
microscope; he then returned to 
Yale where, in 1967, he and Egger 
reported unstained images of brain 
and ganglion cells using reflected 
light. In 1981, the design of Petrán’s 
microscope was discussed in a 
theoretical analysis of conventional 
versus confocal microscopes by 
Colin Sheppard and Tony Wilson, 
who proposed a theory on how to 
combine “the resolution and depth 
discrimination improvements of 
confocal microscopy with the ease 
of operation of the conventional 
microscope”. 


Several follow-up studies made a 
key adjustment to the confocal design 
— the use of laser beams. This allowed 
faster scanning and higher resolution, 
but, most importantly, provided  
the illumination needed to obtain 
fluorescence images. Two papers pub-
lished in 1987 used such instruments 
in the first key applications of confocal 


In a conventional microscope (left), a large region of the specimen is illuminated by 
the light source and condenser. The detector forms an image from both the in-focus 
light (black lines) and the out-of-focus light (red and blue lines). Conversely, a 
confocal microscope (right) restricts both the illumination and the light that can 
reach the detector by introducing two pinholes, so only the in-focus light is 
detected (black lines). Adapted, with permission, from Spector D. L. &  
 Goldman, R. D. Basic Methods in Microscopy (Cold Spring Harbor Laboratory  
Press, Cold Spring Harbor, 2006).


PRIMARY REFERENCES Smith, F. H. Microscopic interferometry. Research (London) 
8, 385–395 (1955) | Nomarski, G. Microinterféromètre différentiel à ondes polarisées. 
J. Phys. Radium 16, 9S–11S (1955) | Allen, R. D., David, G. B. & Nomarski, G. The  
Zeiss-Nomarski differential interference equipment for transmitted-light microscopy. 
Z. Wiss. Mikrosk. 69, 193–221 (1969) | Allen, R. D., Allen, N. S. & Travis, J. L. Video-
enhanced contrast, differential interference contrast (AVEC-DIC) microscopy: a new 
method capable of analyzing microtubule-related motility in the reticulopodial 
network of Allogromia laticollaris. Cell Motil. Cytoskel. 1, 291–302 (1981) | Inoué, S. 
Video image processing greatly enhances contrast, quality, and speed in 
polarization-based microscopy. J. Cell Biol. 89, 346–356 (1981)
FURTHER READING Allen, R. D., Metuzals, J., Tasaki, I., Brady, S. T. &  
Gilbert, S. P. Fast axonal transport in squid giant axon. Science 218, 1127–1129 
(1982) | Salmon, E. D. VE-DIC light microscopy and the discovery of kinesin. Trends 
Cell Biol. 5, 154–158 (1995)


over time. Allen, Allen and Travis 
exemplified the possibilities of the 
technique by visualizing the dynamic 
movement of microtubules in the 
marine protist Allogromia. Inoué 
demonstrated the dramatic improve-
ment of both polarized light and DIC 
imaging by video enhancement. 


Video-enhanced DIC (VE-DIC) 
was subsequently used in numerous 
studies of dynamic behaviour within 


▶


▶


the cell at high resolution. For exam-
ple, the technique was used to dis-
cover the fast transport of membrane 
vesicles, some 50–100 nanometres in 
diameter, along microtubules within 
neuronal axons and, subsequently, in 
in vitro motility assays that revealed 
the microtubule motors that pull this 
vesicle cargo (see Further Reading). 


Christina Karlsson Rosenthal, Associate 
Editor, Nature Cell Biology
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Collection, please use the original citation, which can be found at the start of each article.
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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


PRIMARY REFERENCE 
Abbe, E. Beiträge zur Theorie 
des Mikroskops und der 
mikroskopischen 
Wahrnehmung. Archiv für 
Mikroskopische Anatomie 9, 
413–418 (1873) 
FURTHER READING  
Airy, G. B. On the diffraction 
of an object-glass with 
circular aperture. Trans. 
Cambridge Phil. Soc. 5,  
283–291 (1835) | Airy, G. B. 
On the diffraction of an 
annular aperture. London, 
Edinburgh, and Dublin 
Philosophical Magazine Series 
3 18, 132–133 (1841) |  
Verdet, E. Lecons d’optique 
physique (Victor Masson et 
fils, Paris, 1869) | Rayleigh, 
Lord. On the theory of 
optical images, with special 
reference to the microscope. 
Phil. Mag. 42, 167–195 (1896)


… Abbe’s 
study 
influenced the 
field so greatly 
that very few 
attempts 
were made 
to overcome 
the diffraction 
limit… 


▶
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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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(a) (b)


FIG.: Tubuline is a GTPase. Microtubules are much more rigid than actin filaments.
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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


ORIGINAL RESEARCH PAPERS Hirose, K. et al. Nucleotide-
dependent angular change in kinesin motor domain bound to 
tubulin. Nature 376, 277–279 (1995) | Hoenger, A. et al. Three-
dimensional structure of a tubulin–motor-protein complex. 
Nature 376, 271–274 (1995) | Kikkawa, M. et al. Three-
dimensional structure of the kinesin head–microtubule 
complex. Nature 376, 274–277 (1995) | Kull, F. J. et al. Crystal 
structure of the kinesin motor domain reveals a structural 
similarity to myosin. Nature 380, 550–555 (1996) | Nogales, E.  
et al. High resolution model of the microtubule. Cell 96, 79–88 
(1999)
FURTHER READING Hirokawa, N. et al. Submolecular 
domains of bovine brain kinesin identified by electron 
microscopy and monoclonal antibody decoration. Cell 56,  
867–878 (1989) | Mitchison, T. J. Localization of an 
exchangeable GTP binding site at the plus end of 
microtubules. Science 261, 1044–1047 (1993) | Fan, J. et al. 
Microtubule minus ends can be labelled with a phage display 
antibody specific to alpha-tubulin. J. Mol. Biol. 259, 325–330 
(1996) | Rice, S. et al. A structural change in the kinesin motor 
protein that drives motility. Nature 402, 778–784 (1999) 


…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 -tubulin and 


-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


ORIGINAL RESEARCH PAPERS Machesky, L. M., 
Atkinson, S. J., Ampe, C., Vandekerckhov, J. & Pollard, T. D. 
Purification of a cortical complex containing two 
unconventional actins from Acanthamoeba by affinity 
chromatography on profilin-agarose. J. Cell Biol. 127,  
107–115 (1994) | Welch, M. D., Iwamatsu, A. & Mitchison, T. 
J. Actin polymerization is induced by Arp2/3 protein 
complex at the surface of Listeria monocytogenes. Nature 
385, 265–269 (1997) | Ma, L., Rohatgi, R. & Kirschner, M. W. 
The Arp2/3 complex mediates actin polymerization 
induced by the small GTP-binding protein Cdc42. Proc. 
Natl Acad. Sci. USA 95, 15362–15367 (1998) | Machesky, L. 
M. & Insall, R. H. Scar1 and the related Wiskott–Aldrich 
syndrome protein, WASP, regulate the actin cytoskeleton 
through the Arp2/3 complex. Curr. Biol. 8, 1347–1356 
(1998) | Mullins, R. D., Heuser, J. A. & Pollard, T. D. The 
interaction of the Arp2/3 complex with actin: nucleation, 
high affinity pointed end capping and formation of 
branching networks of filaments. Proc. Natl Acad. Sci. USA 
95, 6181–6186 (1998)
FURTHER READING Welch, M. D., DePace, A. H.,  
Verma, S., Iwamatsu, A. & Mitchison, T. J. The human 
Arp2/3 complex is composed of evolutionarily conserved 
subunits and is localized to cellular regions of dynamic 
actin filament assembly. J. Cell Biol. 138, 375–384 (1997) | 
Machesky, L. M. et al. Scar, a WASp-related protein 
activates nucleation of actin filaments by the Arp2/3. 
Proc. Natl Acad. Sci. USA 96, 3739–3744 (1999) | Pruyne, 
D. et al. Role of formins in actin assembly: nucleation and 
barbed-end association. Science 297, 612–615 (2002) | 
Sagot, I. Rodal, A. A., Moseley, J., Goode, B. L. & Pellman, D. 
An actin nucleation mechanism mediated by Bni1 and 
profilin. Nature Cell Biol. 4, 626–631 (2002)


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


ORIGINAL RESEARCH PAPER Loisel, T. P., Boujemaa, R., Pantaloni, D. & Carlier, M.-F. Reconstitution of 
actin-based motility of Listeria and Shigella using pure proteins. Nature 401, 613–616 (1999)
FURTHER READING Tilney, L. G. & Portnoy, D. A. Actin filaments and the growth, movement, and spread of 
the intracellular bacterial parasite, Listeria monocytogenes. J. Cell Biol. 109, 1597–1608 (1989) | Theriot, J. A., 
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 m. Image courtesy of  
V. Delatour and M.-F. Carlier, CNRS, 
France.
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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).
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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
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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. ■


Michael M. Kozlov is in the Department of 
Physiology and Pharmacology, Sackler 
Faculty of Medicine, Tel Aviv University, 
Tel Aviv 69978, Israel.
e-mail: michk@post.tau.ac.il 
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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.


Contraction of
domain boundary


Hydrophobic
insertion


Lipid asymmetry


Sca!olding


b


a


c


d


Protein


Protein


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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Physical constrains


1 Low Reynolds Number Fluid Mechanics
2 Thermal effect : Brownian motion
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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


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


d2x
dt2 − 6π


ηρw L
ρpL3


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


∇p + η∇2v =
�
�❅
❅


ρ
∂v
∂t


+✘✘✘✘ρ (v.∇) v = 0 (8)


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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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


This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  7
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.


Figure 5: RBC motion and transition for two shear rates, as computed by using the modified KS model


355


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


360


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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Tankthreading (fluid is moving from left to right)
CREATED USING THE RSC ARTICLE TEMPLATE (VER. 2.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS


This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  5


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.


PRIVILEGED DOCUMENT FOR REVIEW PURPOSES ONLY


ha
l-0


03
21


71
8,


 v
er


si
on


 1
 - 


15
 S


ep
 2


00
8


Bertrand Fourcade Bertrand.Fourcade@ujf-grenoble.fr () Lecture 1 : Introduction 3 mai 2010 35 / 38







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.:
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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.


Bertrand Fourcade Bertrand.Fourcade@ujf-grenoble.fr () Lecture 1 : Introduction 3 mai 2010 38 / 38





		Introduction

		Nucleic acids

		Proteins

		Lipids

		Other

		organization

		Physical constrains




