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What is the biological relevance of
the specific bond properties
revealed by single-molecule
studies ?
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During the last decade, many authors took
advantage of new methodologies based on
atomic force microscopy, biomembrane
force probes, laminar flow chambers or
optical traps to study at the single molecule
level the formation and dissociation of
bonds between receptors and ligands
attached to surfaces. Experiments provided
a wealth of data revealing the complexity of
bond response to mechanical forces and the
dependence of bond rupture on bond
history. These results supported the
existence of multiple binding states and/or
reaction pathways. Also, single bond studies
allowed us to monitor attachments mediated
by a few bonds. The aim of this review is to
discuss the impact of this new information
on our understanding of biological
molecules and phenomena. The following
points are discussed: i) which parameters do
we need to know in order to predict the
behaviour of an encounter between
receptors and ligands, ii) which information
is actually yielded by single-molecule studies
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and i) is it possible to relate this
information to molecular structure ?
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1-INTRODUCTION

During the last decade, simultaneous
development of several methods allowing to
monitor bond formation and dissociation at the
single molecule level yielded a new kind of
information on molecular behaviour. The aim
of this review is to discuss the input of this
advance to current biological wisdom. For the
sake of clarity and homogeneity, we shall
focus on proteins.

Importance of molecular interactions.

Life is based on molecular interactions.
Indeed, considering proteins, enzymes need to
bind specifically to substrates they will
maintain in close proximity with adequate
reagents. Scaffolding proteins bind to each
other in order to maintain the cell architecture.
Signalling is based on the formation of
multimolecular complexes that will be
generated through dedicated binding sites
frequently borne by widely spread structures
such as SH2, SH3 or plecskstrin homology
domains. Membrane receptors bind to specific
ligands. Membrane adhesion receptors are a
prominent example: nearly all steps of cell life
including survival, proliferation,
differentiation, migration or activation are
heavily dependent on adhesive interactions. It
is therefore not surprising that between 25 %
and 50 % of cell membrane molecules may
well be adhesion receptors (Barclay, 1998).
Also, it was stated in standard treatises that
“the biological functions of proteins almost
invariably depend on their direct physical
interaction with other proteins” (Creighton,
1993).

Thus, it is not surprising that most
biologists are deeply interested in molecular
recognition and biomolecule interaction.
However, while these phenomena are taught in
every textbook and may be felt as well
understood, several lines of research that
steadily increased during the last decade



brought dramatic changes to our understanding
of molecular interactions.

Recent progress
interactions.

At least five major advances led to dramatic
conceptual advances.

i) extensive use of structural studies
based on crystallography or nuclear magnetic
resonance vyielded an increasing number of
available molecular complexes known with
angstrém resolution. Thus, we probably know
fairly well what protein-protein binding
interfaces look like (Lo Conte et al., 1999). It
seems a reasonable order of magnitude to
assume that the association of two protein
molecules will make several hundreds of
squared angstréms inaccessible to water, with
several tens of close interatomic contacts.

i) In addition to descriptive
information, systematic use of site-directed
mutagenesis following the pioneering study of
Cunningham et al. (1989) opened the
possibility to assess the quantitative
importance of the interactions that were "seen".
The basic principle consisted of systematically
replacing individual aminoacids constituting
the binding surface with alanine and measuring
the influence of this change on affinity. This
approach yielded information on the influence
on affinity of individual hydrogen bonds or
ionic interactions.

iii) Following the pioneering work of
Tha et al. (1986) and Evans et al. (1989),
several innovative methods were
systematically used to monitor individual bond
formation and dissociation between surface-
attached biomolecules subjected to controlled
force in the piconewton range. These include
laminar flow chambers (Kaplanski et al., 1993
; Alon et al., 1995 ; Pierres et al., 1996),
atomic force microscopy (Florin et al., 1994
;Lee et al., 1994 ; Hinterdorfer et al., 1996),
optical tweezers (Miyata et al., 1996 ; Rinko et
al., 2004 ; Litvinov et al., 2005) biomembrane
force probes (Evans et al., 1994 ; Merkel et al.,
1999). In addition to unprecedented accuracy,
these methods yielded qualitatively new
information such as bond response to
mechanical forces.

iv) The need to interpret the new kind
of information yielded by aforementioned
methods was an incentive to reexamine the
physical basis of molecular interaction. Thus,
pioneering work initiated by Eyring (1935) and

in studying molecular

Kramers (1940) to account for the rate of
molecular reactions and basic analysis of the
effect of force and attachment to surfaces
(Bell, 1978) was revived (Evans and Ritchie,
1997). Older reports formed the basis of a
recent surge of theoretical analyses that are
intended to process and interpret currently
available experimental data.

V) Simultaneously, computer
simulation evolved as a new approach for
understanding as well as predicting the
behaviour of biomolecules. While thirty years
ago, it appeared as a remarkable feat to
simulate the behaviour of a few tens of water
molecules in a box (Dashevsky and Sarkisov,
1974), it becomes feasible to simulate
interactions between proteins comprising
thousands of atoms (Schueler-Furman et al.,
2005 ; Gray, 2006 ; Rueda et al., 2007) and
mimic force-induced bond rupture as studied
experimentally on models such as streptavidin-
biotin interaction (Zhou et al., 2006).

Thus, it seems reasonable to examine
the impact of aformentioned lines of research
on the conceptual framework we should use to
consider biomolecule interactions.

An agenda for molecular
interactions.

A biologist willing to explore and understand
the molecular interactions underlying cell
function will need the following three kinds of
information.

studying

i) A first requirement consists of definingset

of quantitative parameters that are both
necessary and sufficient to account for
molecular behaviour when they have been
measured. As an example, it has long been
considered that the affinity constant might
account for most aspects of biomolecule
association.

i) Once useful parameters have been defined,
it is necessary to elaborate efficient methods
for measuring them. In fact, the development
of powerful ways of studying individual bonds
was certainly an incentive to look for more
accurate ways of describing and understanding
these bonds.

iiiy Finally, it is certainly useful to obtain

guantitative links between molecular structure
and interaction properties. First, this would
allow us to predict interaction parameters



between known molecules without a need to
perform lengthy and delicate experiments.
Second, this would markedly improve our

understanding of biological phenomena. Thus,
an important effort was done in building so-
called docking algorithms intended to predict
the interaction between two molecules or to
devise a synthetic molecules with a capacity to
bind to a biologically important mediator. This

may be particularly useful for drug design

(Brooijmans and Kuntz, 2003). Also, this is

certainly useful teummarize data.

The aim of the present review is to provide a
brief description of recent progress along these
three lines of research, with a special

emphasis on methodological points. As

mentioned above, we shall focus on protein
interactions. Even with this restriction, it is not

feasible to do justice to all advances performed
during the past years and we apologize for the
omission of important work.

2 - LOOKING FOR A SUITABLE SET OF
PARAMETERS TO ACCOUNT FOR
MOLECULAR INTERACTIONS

The affinity constant.

The law of mass action is a basic rule that
defines the amount of moles of complex
formed between two reactants, say A and B, in
equilibrium:

4—

A+B = »

AB (1)
A common way of expressing the law of mass
action is:
[Acd [Bed/[AB g = Kg = 1/Kq (2)
Where,q stands for the equilibrium conditions,
and Ky and K, are the dissociation constant and
the affinity constant, that are expressed in mole
and molé respectively (see Bongrand, 1999,
for some additional remarks).

As was emphasized by Alan Williams
(1991) in the early nineties "The concept of
affinity dominated most thinking about
complex biological reactions for many years".
This means that about 15 years ago biologists
were entitled to think that the affinity constant
accounted for most important properties of any
intermolecular reaction. However, at this
moment, several important experimental
findings suggested that other parameters had to

be considered. Here are two
examples.

A prominent step in the development
of immune responses is the interaction of T
lymphocytes and antigen presenting cells
exposing on their membranes cognate
complexes formed between molecules encoded
in the major histocompatibility complex and
antigen-derived oligopeptides of about 10
aminoacid residues (pMHC). Indeed, a major
task of T Ilymphocytes is to scan cells
composing a living organism to detect possible
abnormalities, essentially the expression of
foreign structures likely to be encoded by
potentially harmful microorganisms (see e.qg.
Bongrand and Malissen, 1998, for more details
on this task and involved challenge). Now, an
important feature of this interaction is that a
given T lymphocyte may display different
responses depending on the interaction
properties of its membrane receptor (T cell
receptor, abbreviated as TCR) and pMHC.
While immunologists had long tried to relate
the outcome of interaction with affinity
(Ashwell, 2004), it appeared in the early
nineties that different peptide ligands
recognized by a TCR witlsimilar affinity
could induce widely different responses
(Matsui et al., 1994). What then might be the
interaction parameter determining the T cell

important

response ?
An other example is integrin
regulation. Integrins are important cell

membrane receptors that mediate a number of
key interactions, such as adhesion to
extracellular matrices or lymphocyte adhesion
to other cells. An important property of
integrins is that their binding efficiency is
highly regulated, in order that cells may bind
to appropriate surfaces (see Vitte et al., 2005
for a review). Now, while recent studies
clearly established the integrin capacity to
display major conformational changes with
concomitant  affinity modification (e.qg.
Shimaoka et al., 2001), intriguing experiments
showed that affinity was not the only
parameter involved in integrin regulation:
indeed, Cai and Wright (1995) showed that a
monoclonal antibody could induce a high
affinity conformation in CR3, an integrin
complement receptor of phagocytic cells, but
this antibody displayed similar binding
affinity to both active and inactive forms of
CR3. Thus, rigorous thermodynamic reasoning
showed that activity regulation performed by



this antibody was not based on affinity. What
then might be the basis of increased integrin
efficiency ?

Kinetic constants: the on-rate and off-rate
Several reports suggested that Kkinetic
reasoning might provide an answer to
aforementioned questions. This consisted of
replacing equation (2) with (3) for describing a
bimolecular reactions:

d [ABJ/dt = kon [A] [B] - K oif [AB] 3

This kinetic view was related to the
thermodynamic description through the simple
equation:
Ka = kor/koff (4)

An important consequence of (4) is that two
reactions of similar affinity might display
widely different timescales. Thus, some
receptors might form rapidly fairly transient
bonds, while others with similar affinity might
require higher amounts of time to form durable
bonds. Several examples supported the interest
of this concept.

1 — Tethering

2 — Rolling

3 — Strong Adhesion
4 - Transmigration
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Figure 1: Capture of flowing leukocytes by
activated endothelial cells.The arrest of flowing
leukocytes on inflamed blood vessels involves
several sequential steps including tethering,
induction of rolling (often mediated by selectins)
and firm arrest (requiring integrins).

First, in their aforementioned paper,
Matsui et al. (1994) provided experimental
support to the hypothesis that the outcome of
interaction between T cell receptor and pMHC
ligand was determined by the lifetime of
interaction rather than the affinity. A widely
quoted model suggested to explain
experimental data (McKeithan, 1995) relied on
the involvement of biochemical reactions
requiring a minimal occupation time to trigger
cell a signalling cascade in T lymphocytes.

A second example is the so-called
maturation of the antibody response: when an

organism is repeatedly stimulated with a given
antigen, the "efficiency" of the antibodies
produced to get rid of the antigen will
progressively increase. While it was first
thought that this improvement was essentially
due to an increase of affinity, Foote and
Milstein (1991) reported that in addition to the
affinity increase, there was a shift towards an
antibody family with an extremely high
association rate {k), suggesting a selection
mechanism "with a premium of binding target
antigens rapidly".

A third example, that raised a major
interest of the biological community in
biophysical aspects of cell adhesion is the
interaction of blood leukocytes with the blood
vessels leading to adhesion and subsequent
transmigration to peripheral tissues. This
phenomenon is a key step of inflammation,
which plays an essential role in the organism
defence against aggression (Harlan and Liu,
1992). It has long been found, using intravital
microscopy, that local activation of endothelial
cells lining the blood vessels allowed them to
capture flowing white blood cells in
remarkable way involving at last two steps
(Figure 1). First, cells undergo a nearly
hundredfold velocity decrease and display a
jerky displacement in contact with the vessel
walls. Their velocity is then reduced to a few
micrometers per second. This is called rolling.

Cells then stop completely, which is a
prerequisite for the transmigration step. The
molecular basis of this phenomenon was
demonstrated by Lawrence and Springer
(1991) who used a laminar flow chamber to
demonstrate that rolling could be initiated and
maintained by an interaction between
endothelial receptors belonging to the selectin
family and ligands on the leukocyte surface.
Complete stop could be achieved through an
interaction between a leukocyte integrin (such
as LFA-1, also called CD11aCD18) and its
ligand on endothelial cells (e.g. ICAM-1, also
denominated as CD54). While selectins could
tether leukocytes to endothelial cells, they
were unable to stop them completely.
Conversely, integrins could stop leukocytes
only if their motion had been slowed down by
selectins. A reasonable interpretation of these
findings was that selectins had high association
and dissociation rate, while integrins might
display comparable affinity and lower kinetic
constants.



The reports from Foote and Milstein (1991)
and Lawrence and Springer (1991) indeed
arose the interest of the biological community
in kinetic aspects of intermolecular reactions
(Williams, 1991). Interestingly, available
methodologies based on surface plasmon
resonance provided a suitable way of
measuring these constants when receptor and
ligand molecules were available (Schuck, 1997
; Rich and Myszka, 2006).

Interaction between bound molecules: there
is a need for two functions rather than two
constant parameters to account for
molecular behaviour.

Since the late seventies, it became more and
more apparent that the conventional kinetic
description of molecular interactions as
described in standard textbooks of physical
chemistry was insufficient to deal with
important  biological processes. Indeed,
biologically relevant intermolecular reactions
often involve bound molecules. This is obvious
when we consider cell adhesion, but
intracellular processes also frequently involve
multimolecular assemblies. Thus, molecular
interactions often involve molecules bound to
large size complexes.

A first important consequence is that
bonds formed between attached molecules are
frequently subjected to mechanical forces that
are likely to alter their lifetime. Thus, several
experimental data suggested that adhesive
strength might behave as a physiologically
relevant parameter in the triggering of defence
processes such as phagocytosis (Capo et al.,
1978) or T-lymphocyte-mediated cytotoxicity
(Bongrand et al., 1983).

A second point is that the rate of bond
formation between attached molecules cannot
be derived from properties measured in
solution. The most obvious illustration of this
fact may be that 2-dimensional (2D) and 3-
dimensional (3D) on-rates have different
dimensions (Dustin et al., 1996 ; Pierres et al.,
2001). Also, association between bound
molecules may be heavily dependent on
properties such as binding length or flexibility
that are not important in solution (see Pierres et
al., 1998a, for additional remarks and Jeppesen
et al., 2001, for a spectacular illustration of the

importance of the link between molecules and
surfaces).

Energy

0 Distance

Figure 2: Effect of force on the energy
landscape.The figure shows) bold line a simple
energy well with a barrier (abscissa i@) thin line

the alteration induced by an external force eqoal t
10 % of the maximal slope of the native curve. The
barrier position is not markedly changed, and
Kramers's theory may be used, leading to Bell's
law. iii) broken line the alteration induced by an
external force equal to about 90% of the maximal
slope of the native curve. The barrier is very low
and approximations used to derive Bell's law are no
longer valid.

These points were indeed discussed in an
insightful and premonitory theoretical paper by
George Bell (1978): he clearly emphasized at
least two important points: i) the kinetics of
bond association and dissociation may be
widely different when molecules are freely
moving (3D conditions) and when they are
bound to surfaces (2D interactions). ii) the
effect of forces on intermolecular bonds should
be dependent on specific structural parameters
(e.g. the location of energy barriers on
energy/distance curves) that might vary
independently of affinity. Indeed, Bell
proposed a simple exponential dependence of
the off-rate on disrupting force following a
formula that is now currently denominated as
Bell's law:

Koit(F) = kort(0) exp(F/F°) = k«(0) eXp(l?/;BT)
5

where k is Boltzmann's constant, T is the
absolute temperature, aral is the distance

between the energy minimum and the
maximum of the energy barrier on the force
distance curve (Figure 2). An intuitive

explanation for this law was that the rate of
bond rupture might be viewed as the product of



"attempt frequency" to escape and the
probability of success for a given attempt. A
force F should decrease the activation barrier
(Figure 2) by R, thus increasing by
exp(FvksT), according to Boltzmann's law,
the probability that a complex had sufficient
energy to break the bond. Note that in contrast
with Bell, several authors chose to make us of
parameter F° (i.e.dd/a) instead ofa. Indeed,

F° may be used as a phenomenological
parameter without any reference to the energy
landscape structure.

Thus, predicting the formation and dissociation
of bonds between attached molecules should
requireat leasta knowledge of two functions
rather than two parameters (Pierres et al.,
1996), i.e. the probabilityko,(d) of bond
formation as a function of the distance between
the anchoring points of the molecule, and the
frequency kos(F) or rupture of a bond
subjected to a force F. Note that even this set
of parameters may prove insufficient in the
future. Thus, the force-mediated rupture of a
bond may be dependent on the force
orientation in addition to its intensity (Astroff
et al., 2006 ; Ke et al., 2007).

There is some experimental support to the
view that this information is indeed relevant to
biological situations. Thus, elegant studies by
Patel et al. (1995) strongly suggested that the
selectin capacity to tether leukocytes to
endothelial cells under flow was at least partly
due to the length of these molecules, which
allowed them to interact with their ligand at
sufficient distance to avoid excessive repulsion
by the pericellular matrix of interacting cells.
This concept is fully consistent with another
report by VonAndrian et al. (1995) who
showed that selectins needed to be located on
the tip of cell membrane protrusions to mediate
rolling, thus emphasizing the importance of
interaction range.

An other point that was less frequently
considered is the relationship between cell
rheological properties and mechanical
properties of the bonds formed by cytoskeletal
constituents, such as actin and actin binding
proteins. Indeed, cell deformation under force
is tightly related to the kinetics of attachment
to and detachment from actin microfilaments
of molecules such as alpha actinin
(Wachsstock et al., 1994). Also, cell capacity
to generate forces is related to the mechanisms

of microfilament elongation (Kovar et al.,
2004).

There is a need for information allowing us
to derive the properties of multivalent
interactions from single bond parameters

It is striking that the efficiency of
many bond species was found to be related to
their capacity to form dimers or multimers.
Here are some examples.

The aforementioned ligand of LFA-1,
ICAM-1/CD54, an ubiquitous molecule, was
reported to occur as a dimer on cell
membranes, and this dimerization seemed
important for adhesive activity (Miller et al.,
1995).

Cadherins are a prominent family of
homotypic  calcium-dependent  adhesion
molecules that play a key role in maintaining
tissue integrity (Wheelock et al., 2003). In a
very elegant study, Yap et al. (1997) made
cells express modified cadherin with an
intracytoplasmic moiety that allows the
induction of lateral clustering at will by mere
addition of a membrane-permeable drug. This
clustering was concluded to be required for
cadherins to exert efficiently their adhesive
function.

Antibody molecules have long been
shown to be multivalent. It has also been
recognized that the potential of an antibody to
capture its cognate antigen was not always
entirely accounted for bwffinity, which led
immunologists to use the empirical concept of
avidity which seemed related to the capacity
of an antibody sample to form multivalent
bonds.

Integrins are a prominent example that
has been already mentioned.
CR3/CD11bCD18 is an integrin receptor for
complement components that is found on
neutrophils and macrophages. It has long been
known that this receptor was fairly inefficient
on resting cells and it required some kind of
activation. As described above, activation was
sometimes found to be related to a suitable
conformational change resulting in increased
affinity or association rate. However, another
hypothesis was  supported by other
experiments. Indeed, Detmers et al. (1987)
used colloidal gold labelling and electron
microscopy to report that treatment of
neutrophils with PMA, a well known protein
kinase C activator, induced both CR3
activation and clustering of these receptors into



aggregates of a few (two to six) integrins.
Further experiments showed that the mere
clustering of receptors on a membrane could
be sufficient to activate adhesion

(Hermanowski-Vosatka et al., 1988). Note that
the importance of receptor clustering in

integrin activation was supported by a number
of experimental reports (Yauch et al., 1997 ;
Hato et al., 1998)

As a consequence, it is important to
provide links between multivalent attachment
and the properties of single bonds. However,
this raises major difficulties:

i) linking the rupture of multivalent
attachments to the behaviour of individual
bond requires assumptions relative to the
sharing of forces between bonds and the
possibility of rebinding. As discussed in
theoretical studies (Seifert, 2000 ; Erdmann
and Schwarz, 2004), these properties may
dramatically influence bond rupture. Indeed,
the lifetime of a divalent attachment may be
close to the lifetime of a single bond in the
absence of rebinding, whereas active rebinding
may increase this lifetime by several orders of
magnitude. This possibility is also exemplified
by a recent report by Gopalakrishnan et al.
(2005) who used computer simulation to show
that ligand dissociation from a surface might
be strongly influenced by receptor clustering.

i) when multiple bonds are allowed to
form between surfaces, the rate of bond
formation is usually dependent on the number
and position of already existing bonds as well
as molecular length and flexibility (see e.g.
Pierres et al., 1998a, for a simple treatment of a
representative example).

Thus, the only rigorous way of
extracting single bond properties from
experimental studies is to study attachments
mediated bysingle bonds This explains the
outstanding impact of single bond studies on
our understanding of molecular interactions.

A point of caution: importance of defining
intrinsic association parameters

It is important to emphasize a major difficulty
underlying the experimental study of bond
formation between surface-attached molecules.
When molecular associations are studied in
solution, measured thermodynamic and kinetic
constants may be considered as fairly intrinsic
to the studied binding sites: when molecular
species A and B have been defined, the

equilibrium constant in a standard medium (of
known composition, temperature and pressure)
may be considered as fully defined. On the
contrary, aforementioned parameters
concerning surface-attached molecules are
dependent on many extrinsic factors. If these
are not adequately controlled, experimental
data obtained with a given experimental setup
may not be relevant to other situations. Here
are a few examples.

The effect of a force applied to a bond
may depend on the stiffness of linker
molecules. Thus, when Evans et al. (1999)
subjected molecular bonds to a disruptive force
increasing linearly with respect to time, the
dependence of the unbinding force (i.e. the
force at the moment of rupture) on the rate of
force increase might depend quantitatively and
even qualitatively on the nature of the linker.
Also, when Chen et al. (2000) studied the force
required to separate cells from concanavalin-
A-coated atomic force microscopy tip,
increasing cell rigidity with glutaraldehyde
resulted in twofold increase of the separation
force. This finding may be highly relevant to
the physiology of cell adhesion, since older
investigations showed that cell detachment
from a surface might follow a decrease of
membrane stiffness, with subsequent decrease
of adhesive strength (Rees et al., 1977 ; Badley
et al.,, 1980). Clearly, linker mechanical
properties may be easily overlooked when
forces parameters are measured on bonds
involving cell membrane molecules, since
results are dependent on cell mechanical
properties which are fairly complex.

The significance of association rates is

probably even more dependent on
environmental parameters than that of
unbinding forces. Indeed, experimental

association rates are not only dependent on the
length and flexibility of interacting molecules
but also on their mobilty and on the
topography of surrounding surfaces (Huang et
al., 2004).

In summary, bond formation and dissociation
between biomolecules is often dependent on
parameters that are not accounted by standard
3D association and dissociation rates. It is
necessary to determineforce-dependent
dissociation rate and distance-dependent
association rates These quantities are highly



complex since i) functions are obviously more
complex than constant numbers, ii) they are
dependent on molecular environment, and iii)
as will be shown below, a third cause of
complexity is the multiplicity of binding states,
which was clearly revealed by single molecule
studies.

3 - WHICH PARAMETERS CAN BE
OBTAINED WITH SINGLE MOLECULE
STUDIES?

The aim of the present section is to
provide a brief description of currently
available methods of studying single bond
formation and dissociation in order to discuss
the reliability and significance of experimental
data. At least four approaches were repeatedly
used during the last decade: flow chambers,

atomic force microscopy (AFM),
biomembrane force probes (BFP) and optical
tweezers.  Although  much interesting

information was obtained with the latter
approach (Miyata et al., 1996 ; Rinko et al.,
2004 ; Litvinov et al, 2005), we shall consider
only on the one hand flow chambers, and on
the other hand AFM and BFP, since these
methods were probably used most often and
they vyield fairly complementary information,
making comparison fruitful.
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Figure 3: Studying ligand-receptor interaction in

the flow chamber. A: a receptor-coated particle is
driven along a ligand-coated surface by a
hydrodynamic flow. The unperturbed flow velocity

at distance z from the surface is Gz, where Ges th
wall shear rateB: a particle maintained at rest by a
bond is subjected to a hydrodynamic force F and
torque T. The force on the bond is dependent on the
shape of the particle surface.

Studying single bonds with flow chambers
We shall only present major conclusions. The

reader is referred to a recent review for more
details (Pierres et al., 2006).

Basic principles. As shown on Figure 3, the
principle consists of monitoring the motion of
a receptor-bearing cell or particle along a
ligand-coated surface in presence of a laminar
shear flow. The velocity of a particle of radius
a close to the surface @ the order of aG,
where G is the wall shear rate (in secnd
The hydrodynamic force on a sphere attached
to the surface iss 32 u & G, where p is the
medium viscosity. When the sphere is
maintained at rest by a single bond, the force
on the bond may be 5-10 fold higher at most,
depending on the length of the lever arm (see
Figure 3B).

In many laboratories, flow chambers
were used with a shear rate on the order of
100 s' or more, to mimic physiological
conditions in blood vessels. In this case, the
Reynold's number is low enough to warrant
complete neglect of inertial effects. The
velocity of a particle of 5 um radius is on the
order of 500 um/s, allowing a contact duration
of about 0.1 millisecond between receptor and
ligands of total length of 50 nm. If a cell is
stopped by a bond, it may be subjected to a
force of order of the 100 pN, and the bond may
experience a rupture force of several hundreds
of pN, wunless cells undergo extensive
deformation such a extension of long
membrane tethers (Schmidtke et al., 2000).
These conditions were mostly used to study
interactions between selectin molecules and
their ligands.

We found it more rewarding to operate
flow chambers at a much lower shear rate
ranging between about 1-10 and replacing
cells with microspheres of about 1.4 pm
radius. In this case, the intermolecular contact
time for bond formation might be higher than 1
millisecond, and the force on a bond
maintaining cells at rest was less that about 5
pN. Under these conditions, it appeared
possible to monitor single bond formation and
dissociation between involving most adhesion
receptors, including integrins, cadherins,
collagen, fibronectin, members of the
immunoglobulin superfamily, and antibodies,
as well as selectins. Another advantage of this
setup is that freely moving spheres are easily
followed, and their position could be easily
determined with an accuracy of about 50 nm
with a simple image processing system. The



moment of bond formation and dissociation
could thus be followed with high accuracy.

Results obtained with flow chambers.
Bond rupture: Bell's law first seemed to
account for a number of reported results

An experiment easily yields hundreds
of particle trajectories (Figure 4A) that may be
used to detect a number of arrests of widely
varying duration. Values of arrest durations
can be used to obtain unbinding curves by
plotting the probability P for particles to
remain at rest at time t after initial stop (Fig
4b) . Assuming simple dissociation kinetics, P
is expected to be equal to expx k), and the
dissociation rate is simply the slope of the
curve on a semi-log plot. If the experiment is
repeated with different values of the shear rate,
the dependence ofyk on the force can be
determined provided the force on the bond is
determined with simple reasoning (Pierres et
al., 1995 ; Alon et al., 1995). A simple way of
varying specifically the force consisted of
changing the medium viscosity (Mége et al.,
1986 ; Chen et al., 2001). The force might thus
be increased without changing the kinetics.
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Figure 4: Unbinding curves may be obtained
with a flow chamber. A: a typical trajectory
revealing a binding everB: the distribution of
binding events durations is used to build an
unbinding plot. A straight line (bold curve) is
suggestive of a monophasic reaction. Curvature
(thin line) is indicative of bond strengtheningttha
may be due to delayed formation of additional
bonds or strengthening of a single bond.

Many experimental data were
consistent with Bell's law (Alon et al., 1995 ;
Pierres et al., 1996a ; Alon et al., 1997 ; Chen
et al., 2001) with a force constant varying on a
nearly 100 fold range since reported F° was 2.4
pN for outer fragments of E-cadherins (Perret

et al., 2002) and about 218 pN for L-selectin
(Alon et al, 1997). The spontaneous
dissociation rate also varied on a large range,
as exemplified by CD2-CD48 (k= 7.8 &,
Pierres et coll.,, 1996a) and,(3; integrin -
collagen (i = 0.01 & after integrin activation

; Masson-Gadais et al., 1999).

Bond rupture: Multiplicity of binding states

Soon after the first determination of
bond lifetime with a flow chamber (Kaplanski
et al., 1993), it appeared that unbinding plots
did not always follow monophasic kinetics
(Pierres et al., 1995) in accordance with
previous studies made with conventional
methods of chemical kinetics (Beeson et al.,
1994 ; Foote et al., 1994). Thus, it was shown
at the single bond level that ligand-receptor
couples such as antigen-antibody (Pierres et
al., 1995), Streptavidin-biotin (Pierres et al.,
2002), integrin-fibronectin (Vitte et al., 2004a)
or C-cadherin/C-cadherin (Pierres et al., 2007)
could display a series of binding states with
different lifetimes. As will be discussed below,
this situation accounts for a variety of results
that have been formulated in different ways
such as dependence of rupture on bond history
(Pincet et al., 2005 ; Marshall et al., 2005) or
bond heterogeneity (Raible et al., 2006). Also,
this imposes a tremendous complexity on the
concept and experimental determination of
association rates.

Bond rupture: catch bonds behave at variance
with Bell's law

The concept of catch-bonds was put
forward nearly twenty years ago by Dembo et
al. (1988). The basic idea was that while a
disruptive force should decrease bond affinity,
as shown with thermodynamic reasoning, it
was in principle conceivable that it might
increase bond lifetime. A few years later,
when in vitro systems were used to study the
rolling phenomenon, it was reported that a
minimal shear force was required to allow
rolling (Finger et al., 1996), but it was only
recently that flow chambers allowed clearcut
demonstration that catch bonds actually
existed, as exemplified with bacterial receptors
(Thomas et al., 2002) or P-selectin (Marshall et
al., 2003).

Bond formation: measuring association rates
with the flow chamber
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Flow chambers are in principle well suited to
measure association rates provided these are
not too high. This may be explained as
follows: consider a molecule of binding range
r passing near a ligand with a velocity v. As a
rule of thumb, the contact time will be of order
of r/v and the local concentration during
passage will be about 3fin molecule per unit
of volume). if we express r in nanometer and v
in um/s, the probability p that a contact might
result in binding might be of order of

P = kn* (/1000v) * (10/6F) = Kon /( 600 Vv F)
(6)

where k, is expressed in Mofs' and the
ngzrglber of molecules per mole is written as 6
107

Taking the binding range as about 20 nm,
which matches the length of many adhesion
molecules, and using velocities of order of 10
um/s, it is concluded that the association rate
may be a limiting parameter for binding if it is
lower than about 2.4 20M™s™. Note that this

is probably an underestimate since the mobility
of surface-attached binding sites is likely to be
lower than in free molecules (however, the
difference may be moderate: Pierres et al.,
1998a). Note also that if,kis higher than the
limit we calculated, the binding frequencies
measured with the flow chamber only reflect
the number of ligand-receptor encounters, i.e.
binding site densities on interacting surfaces.

However, the experimental
determination of association rates with flow
chambers is made difficult due to the following
reason: a high shear rate is required to make
encounter time short enough to comply with
aforementioned condition. However, a high
shear rate generates a high disruptive force
which makes break nascent bonds.

A possible way of overcoming this
limitation might be to use particles of smaller
radius than cells. Indeed, this will increase the
ratio between the particle velocity and the
hydrodynamic force. However, a new
difficulty is the importance of Brownian
motion that makes particle motion very
complex. However, this may be used to obtain
an estimate of the binding range. Computer
simulation may then be required to process
experimental data. This approach was used to
study the rate of bond formation between
surfaces decorated with outer domains of
cadherin 11 (Pierres et al., 1998b). The binding

range was estimated at 10 nm and the binding
frequency between molecules maintained at
binding distance was estimated at 0.0012 s

A major difficulty in studying
association rates is that the complexity of
energy landscapes makes their definition quite
arbitrary: indeed, defining a molecule as bound
when a threshold force; Eluring a threshold
period of time ¢ the bound state depends on
these parameters (Figure 5). Also, depending
on the shape of the energy landscape, the
probability that a molecular encounter of
duration dt might result in binding may vary as
a power of dt higher than 1. This adds to the
definition of k,, a complexity that has not been
thoroughly discussed, to the best of our
knowledge (see e.g. Pierres et al., 2007, for an
experimental study illustrating this point.

Energy
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Figure 5: ligand-receptor interactions are often
multiphasic. The curve shows a sequence of bound
states of decreasing stability. The horizontal beack
shows a group of minima representing what is
called a bound state. The proportion of complexes
occupying l, by b, depends on bond history. State
b; may be too weak to be detected, but it may
influence binding kinetics. Thus, if transition fino

bs to by is slow enough, the attachment probability
may vary as a power of contact duration.

Studying multivalent attachments with a flow
chamber

As emphasized, unravelling biologically
relevant phenomena requires not only a
quantitative understanding of single bond
behaviour but also a good knowledge of
combinations rules. As an example, the
integrin-mediated attachment of monocytic
cells to fibronectin-coated surfaces was studied
under flow (Vitte et al., 2004a): unexpectedly,
when cell surface integrins were clustered with
antibodies, a simultaneous increase of binding
duration and binding frequency was found.
Since it was checked that -cross-linking
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antibodies did not change integrin
conformation, the simplest interpretation of
these experiments was that monovalent
encounters between integrins and fibronectin
molecules resulted in a majority of transient
associations that were too short to be detected,
while receptor clustering might result in strong
potentialization of interactions, thus markedly
raising the proportion of detectable
interactions.

Studying single bonds with atomic force
microscopy or biomembrane force probes
While selectins were the first molecules
studied at the single bond level with flow
chambers (Kaplanski et al., 1993 ; Alon et al.,
1995), avidin-biotin interaction was first
chosen for AFM studies in view of its
exceptionnally high affinity, on the order of
10" M (Florin e al., 1994 ; Lee et al., 1994).
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Figure 6: Information yielded by AFM and BFP.

A : An unbinding force (fj can be measuredB:
information can be extracted from the frequency
distribution of . C: a plot of F (either mean or
peak) versus the rate of force increase gives some
information on the energy landscape (Figure 5).
However, several assumptions may be required to
extract this information. Also, objective separatio
of the curve into straight segment lines may not be
straightforward.

Basic principle.

The basic principle consisted of coating an
AFM tip with a low density of receptor
molecules and repeating cycles of approach
and retraction at constant speed on a fixed
point of a ligand-coated surface. As shown on
Figure , bonds formed between the tip and the
surface generated a pulling force increasing
linearly with time during the tip retraction. For
a value of the pulling force, the bond was
broken, resulting in a sharp discontinuity of the
recorded curve (Figure 6A). The measured

guantity was called the unbinding force,)(F
After performing hundreds of cycles, it was
possible to obtain the frequency distribution of
unbinding forces (Figure 6B). In the
pioneering study made on avidin-biotin couple
(Florin et al., 1994), the hypothesis that single
bonds were observed was based on the finding
that the unbinding force appeared as an integer
multiple of a constant value of 160 pN. In
many studies, the surface density of binding
molecules was made low enough that only a
small fraction of contact/retraction cycles
revealed binding events. Thus, if binding was a
rare events, the probability of simultaneous
occurrence of multiple bonds was deemed
negligible based on Poisson law.

Although the cycle and contact
duration were subject to wide variations
between different reports, typical values for the
contact time were on the order of 50-100 ms,
cantilever velocity was on the order of 100-
1000 nm/s, and cantilever stiffness on the order
of 0.1 N/m. The impingement force during
contact might be on the order of several
hundreds of pN (Hinterdorfer et al., 1996 ; Ros
et al., 1998 ; Fritz et al., 1998).

While only "unbinding forces", i.e. the
maximum force supported by a bond, were
first reported, it was soon recognized that bond
rupture should be considered as a stochastic
event. It was first indicated by Evans et al.
(1997) that themost probable force at the
moment of rupture should be proportional to
the loading rate r (i.e. the rate of force increase
per unit of time). However, the relationship
between the unbinding force distribution and
the loading rate is fairly complex and depends
on the precise form of function:KF). Using
Bell's law as the standard model, the following
equation if often used (Merkel et al., 1999 ;
Yuan et al., 2000 ; Perret et al., 2004 ; Rinko et
al., 2004)

F*=F° In (r /kx(0) F°) @)

Note that theaverage unbinding force<F,> is
not equal to F* and Bell's parameters were
sometimes derived from rupture force
distribution with numerical fit (e.g. Fritz et al.,
1998).

Results obtained with AFM and BFP.

Studying bond rupture with AFM and BFP
Interestingly, many ligand-receptor models
were studied with both flow chambers and
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AFM or BFP. Indeed, the latter approach was
applied to streptavidin-biotin (Florin et al.,
1994 ; Merkel et al., 1999 ; Yuan et al., 2000),
selectin-ligand couples, and particularly P-
selectin/PSGL1 (Fritz et al., 1998 ; Hanley et
al., 2003 ; Evans et al., 2004), Integrins (Zhang
et al., 2002 ; Li et al., 2003) or cadherins
(Baumgartner et al. 2000 ; Perret et al., 2002 ;
Panorchan et al., 2006).

Merkel et al. (1999) soon showed that
Equation (7) applied only over a limited range
of loading rates, and plots of F* versus r
appeared as a sequence of line segments,
which was interpreted as revealing a
succession of energy barriers that had to be
overcome for complex dissociation. The
distance between each barrier and the energy
minimum was calculated agKF°, according

to equation (5). This first report was rapidly
confirmed by other investigators who reported
multiple segments in F*/r plots revealing a
growing complexity.

As an example, while a study of the homotypic
interaction between the two distal domains of
E cadherin (EC12) yielded a dissociation rate
kot and a force constant F° equal to 0.45 s
and 2.4 pN respectively with a flow chamber
(Perret et al., 2002), Panorchan et al. (2006)
reported values of 1.09'¢13 pN, and 4'5/41

pN with an atomic force microscope operated
with a loading rate of 1,000 and 10,000 pN/s
respectively. Finally, using a biomembrane
force probe, Perret et al., disclosed a hierarchy
of four substates displayed by complexes
formed with EC12 or the entire five-domain
extracellular region of E cadherin (EC15):
parameters were respectively about 1BgN,

0.7 $'6 pN, 0.01 ¥/5 pN and 106-10° s/3-
4pN. In order to reveal these widely different
binding states, it was necessary to improve the
usual procedure involving constant loading
rate. The authors took advantage of a special
"jump ramp" procedure to detect very transient
complexes.

This multiplicity of binding states was not
unique to E-cadherin. Thus, Li et al. (2003)
studied the interaction between a fibronectin
fragment andasfintegrin : Bell parameters
were respectively 0.13'40 pN and 33.5s
1148 pN when the loading rates fell in the 20-
10,000 and 10,000-50,000 pN/s range.

Thus, AFM and BFP forcefully demonstrated
that Bells' law held only on restricted domains
of loading rates.

Catch bonds were also evidenced with AFM
and BFP

While catch bonds were demonstrated by
Thomas et al. (2002) with a flow chamber,
Marshall et al. (2003) found with both flow
experiments and atomic force microscopy that
the P-selectin/PSGL-1 couple displayed a
catch bond behaviour. This conclusion was
confirmed by a collaboration between E. Evans
and C. Zhu (Evans et al., 2004) with the
biomembrane force probe. This was interpreted
as a consequence of the occurrence of two
dissociation pathways for the P-selectin/PSGL-
1 complex.

Studying the rate of bond formation with AFM
and BFP

Several authors attempted to estimate
association rates at the single molecule level
with AFM or BFP. The first quantitative report
was probably authored by Hinterdorfer et al.
(1996) who studied the interaction between an
albumin-coated surface and an AFM tip coated
with specific antibodies. They estimated the
range of the interaction by subjecting the AFM
tip to rapid vertical movement and slow lateral
displacement, and determining the binding
probability as a function of position near a
surface coated with albumin at low density.
Estimating that binding could occur when the
tip was less than 6 nm from the surface, and
assuming that the binding frequency was
constant when the distance was lower than the
threshold value, they could derive a tentative
association constant from the binding
probability. They obtained an estimate of 5 10
M s* that they considered as satisfactory on
the basis of reported values obtained on
soluble molecules with conventional methods
(although much higher values were often
reported).

In  their study of VE-cadherin,
Baumgartner et al. (2000) estimated at-10'
M™s? the association rate of these molecules.
This falls within the range reported with
measurements made on cadherins with surface
plasmon resonance (Syed et al., 2002).

In addition to these attempts at
estimating association rates, several authors
reported that the binding probability increased
as a function of the duration of contact during
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receptor and ligand-coated surfaces (Fritz et
al., 1998).

Reliability and significance of measured
parameters.

Before concluding this experimental section,
we shall consider four pending problems.

Can we really measure and even define
association rates ?

An association rate .k may be defined by
assuming that the probability that an encounter
of duration dt between two molecules will
result in bond formation iskdt. There are
two problems with this definition: i) since the
energy landscape of the molecular complex
probably involves a huge number of minima
(see e.g. Ansari et al.,, 1985) there is no
objective way of defining the region we shall
call "bound". Thus, as often discussed in the
description of flow chamber experiments, a
particle is defined as arrested when its
displacement during a time intervalis less
than a threshold distande This requires an
arbitrary choice. ii) simple kinetic reasoning
shows that the probability that a sufficient
number of energy barriers be overcome during
a molecular encounter, the probability of bond
formation during a period of time dt may be
proportional to a power of dt, which makes
"apparent” association rates time dependent.
Thus, "apparent" association rates might
increase together with encounter time. This
might provide an explanation for the low value
of the association rate we obtained with
cadherin moieties (Pierres et al, 1998b). The
existence of ultrashort undetectable binding
states was indeed demonstrated in recent
studies (Vitte et al., 2004a ; Pierres et al.,
2007).

How can we prove that we are actually
measuring single bonds ?

As previously argued (Zhu et al., 2002), It is
difficult to prove formally that single bonds are
actually detected for several reasons:

- An argument used in many AFM studies is
that when a low proportion of cycles reveal
detectable binding events, only a low
proportion of these events should involve
multiple bonds according to Poisson's law.
However, it must be emphasized that this
argument holds only if it has been proved that
single bonds are actually detectable.

- A more complete argument consists of
comparing results obtained with serial
dilutions of binding sites: if the frequency of
binding events decreases as a linear function of
surface receptor density, but event duration or
strength remain constant, it seems reasonable
to assume that single bonds are detected.
Although this conclusion seems reasonable, it
may be pointed out that there remain a
possibility of an error: indeed, suppose only
divalent attachments are detectable, and
receptor solution contains a proportion of
molecular aggregates (which is quite common:
Vitte et al., 2004). In this case, it is possilde t
observe linearly decreasing frequency of
identical events.

- A definitive proof would thus require to
check the precise density and distribution of
binding sites on surfaces (imaging mode AFM
might be useful for this purpose) in order to
rule out the requirement for aggregates in view
of the frequency of binding events. This is by
Nno means easy.

- A reasonable argument might be that the
properties (strength or duration) of observed
binding events match the expected order of
magnitude on the basis of other published
reports. However, while this argument also
seems reasonable, the multiplicity of binding
states and possibility that a combination of
incomplete bonds might resemble a single full
attachment makes also this argument
guestionable.

Thus, it must be accepted that despite
adequate controls the conclusion that single
bonds are studied may often be considered as
reasonable, although not formally proven.

How can we relate the properties of
attachments mediated by a few bonds to single-
bond parameters?

As emphasized in the first section of this
review, many important biological interactions
are mediated by parallel bonds. An important
example is antigen binding by antibodies.
Indeed, antibodies are multivalent and it has
long been known that the efficiency (often
called "avidity") of antibody samples is often
related to their capacity to form multivalent
bonds. It is therefore of interest to mention
recent experimental studies using dynamic
force spectroscopy to analyze parallel bonds
between antibodies and antigens such as mucin
(Sulchek et al., 2005) or chelated uranyl
(Odorico et al., 2007). Results clearly suggest
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that multivalency can result in dramatic
enhancement of receptor efficiency.

Is Bell's description convenient, and is it
sufficiently accurate to summarize
experimental data?
At the present time, Bell's law remains the
standard way oflescribing bond rupture and
extracting simple parameters from
experimental data, as acknowledged in both
experimental (Chen et al., 2001 ; Rinko et al.,
2004 ; Perret et al., 2004) and theoretical
(Pereverzev et al., 2005 ; Dudko et al., 2006 ;
Lou et al., 2007) reports. However, it seems
now well established that we must abandon the
earlier view that a single pair of parameters
ko#(0) and F° can fit experimental observations
in all accessible situations (Alon et al., 1995 ;
Fritz et al., 1998). This is exemplified by a
comparison of several parameters reported for
the same molecular couple, ie. P-
selectin/PSGL1 (Table 1). The main reason for
this situation stems from the multiplicity of
binding states that is usually observed in
studied ligand-receptor couples. There are two
consequences for this situation:
- Different transitions may be observed under
different situations. Indeed, it was suggested
that AFM or BFP often probed transitions from
more stable binding states than flow chambers
(Pierres et al., 2002 & 2007). Thus, in a study
of streptavidin-biotin interaction, the distance
between energy barriers estimated with Bell's
law on the basis of AFM or BFP data (Merkel
et al., 1999 ; Yuan et al., 2000) ranged between
0.05 an 1 nm whereas the flow chamber
revealed two barriers 1.3 nm apart, at some
distance from the minimum energy state. Also,
in a study made on C-cadherin homotypic
interaction (Pierres et al., 2007), Results were
consistent with the existence of two barriers
2.15 nm apart.
- Since what is called a "bound state" is in fact
a mixture of different molecular states, the
proportion of these isoforms may be dependent
on the history of complex preparation in
absence of equilibrium, as was demonstrated
directly (Pincet et al., 2005).

Thus, describing bond rupture with
Bell's law and a single set of parameters is only
feasible in a limited range of experimental
conditions (i.e. loading rate in AFM
experiments, and shear rate in flow chamber
experiments).

Table 1. Analysis of P-Selectin/PSGLL1 interaction
at the single molecule level

Method Bell parameters | Reference
/Loading rate
ket(0) | F° PN
second
Flow chamber | 0.95 82 Alon et al.
1995
AFM/10% - 10° |0.022 16.6 Fritz et al.,
pN/s 1998
Flow chamber | 2.4 104 Smith et a.,
1999
AFM/5x10°- |0.22 30 Hanley et
6x10PpN/s al., 2004
BFP/300-3x16 | 0.37 18 Evans et al|,
pN/s 2004

This table displays estimates of Bell's parameters
for PSGL1-P-Selectin interaction reported by
several investigators using AFM, BFP or flow
chambers.

Conclusion

The aim of this section was to review the type
of information that was obtained during the
last decade when flow chambers, atomic force
microscopes or biomembrane force probes
were used to study bond formation and
dissociation at the single molecule level.

Bond rupture At the present time, Bell's law
remains the standard way déscribing bond
rupture. However, this is more and more
difficult to use since a given set of parameters
(kot and F°) can only be used in a limited
number of conditions. Therefore, there is
probably a need to determine which
physiological situation is relevant to a given
set of Bell's parameters. Thus, adhesion in a
flow chamber operated under a wall shear rate
of 100-200 & is probably well representative
of leukocyte-endothelium adhesion in blood
vessels. The disruptive forces experiences by
bonds in a flow chamber operated at lower
shear rate may be comparable to the force
required to extend microvilli, i.e. several tens
of piconewtons (Shao et al., 1998). It would
certainly be useful to determine which loading
rate is most representative of physiological
situations.

Bond formation The most common way of
describing bond  formation between
individual attached molecules is based on two
parameters, i.e. binding range and binding
frequency for two molecules maintained within
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binding range (Hinterdorfer et al., 1996 ; Fritz
et al, 1998 ; Pierres et al, 1998b). As
previously emphasized, these parameters are
likely to be highly dependent on surface
structure and environmental conditions. It must
be emphasized that a different approach should
be used to study the rate of bond formation
between surfaces that have bedigned by a
sufficient number of bonds. In this case, the
relevant formalism that has been developed for
many years is the use of 2D affinity constant,
and association and dissociation rates (see e.g.
Zhu et al., 2007).

4 - RELATIONSHIP BETWEEN BINDING
PARAMETERS AND STRUCTURE OF
BINDING SITES

While a quantitative description of molecular
interactions isper se of utmost interest to
understand and model cell processes such as
signalling or adhesion (Bell et al., 1984), it
would be of prominent interest to relate these
parameters to molecular structure. Indeed, in
addition to its intellectual appeal, a reliable
method of deriving interaction parameters
from molecular structure would allow us to
take advantage of all structural information
available in data banks and avoid lengthy and
delicate experiments.

There are currently to ways of relating
cell interaction parameters to their structure:
while a purely theoretical approach is
conceivable, computer simulations are more
and more widely used to illuminate the
behaviour of biomolecules.

While a thorough review of both
approaches would not fall into the scope of this
review, it is certainly warranted to give a brief
sketch of recent attempts relevant to the
phenomena we studied.

Theoretical approach
A theoretical basis for Bell's law

The structure of a complex formed by
two rigid macromolecules may be defined
with five independent parameters (e.g. a
distance and four angles). The energy
landscape of the complex may thus be viewed
as a hypersurface in a 6-dimensional space.
The interaction between molecules may be
viewed as a motion of a point defining the
complex on this hypersurface. Since proteins
are quite flexible (Rueda et al., 2007), the

number of dimensions of the relevant space
may be strongly increased.

A simplification that was considered as
acceptable until a few years ago was suggested
by H. Eyring (1935) who elaborated the
transition state theory of reaction rates. The
main assumption was that there wasirgle
preferred pathfor a bimolecular reaction. This
path was supposed to follow the bottom of a
valley in the energy landscape. The reaction
could thus be viewed as a 1-dimensional
displacement along the energy/distance curve
(Figure 3). The dissociation rate could then be
calculated by using the Boltzmann velocity
distribution to determine the particle flux
across the energy barrier opposing the exit.

A following step was achieved by
Kramers (1940), who took care of viscosity by
studying the escape rate of a particle
experiencing a random Langevin force as well
as viscous drage in a well.

More recently, following a seminal
intuition by Bell (1978), Evans and Ritchie
(1997) built on these early reports to achieve a
guantitative analysis of the effect of forces on
particle escape (or bond rupture). Following
Bell's remark that the energy U(x) becomes U -
Fx in presence of force, the diffusion current
J(X) may be written as:

J(x) = - DAc/dX - (Dc/ksT) (dU/dx - F)
(8)

where D is the diffusion coefficient and c(x,t)
the particle concentration. Assuming a
stationary state (J is constant, ¢ only depends
on x), and writing that the total number of
particle (i.e.] c(x) dx) is one, we can calculate
the escape frequency 1/J. Now, assuming that
F is low enoughnot to alter drastically the
shape of the potential, the escape rate may be
viewed as a product of four terms (Evans and
Ritchie, 1997 ; Lin et al., 2007):

Kott = (Dflola ) exp [(- E3 + a F)/kT]
(9)

D represents the particle diffusion coefficient.
This is likely to be much lower than in free
state due to different phenomena including
hydrodynamic effects (Evans and Ritchie,
1997) and the microstructure of the energy
curve (Zwanzig, 1988 ; Hyeon and Thirumalai,
2003)
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lo represents the width (or the reciprocal of the
curvature) of the energy well, angdrépresents
the width of the energy barrier opposing the
particle escape. Finally, the exponential term
represents the escape probability that may be
approximated as the sum of the zero force
activation energy and the product of the force
and the distance of the barrier to the minimum
energy. This approximation is acceptable if the
barrier is fairly steep.
Extracting barrier from force
spectroscopy data

Assuming the existence of a series of sharp
barriers, Evans et al. predicted that the plot of
most probable unbinding force versus the
logarithm of the loading rate should appear as
a sequence of linear segments with ascending
slope (Evans et al., 1997 ; Merkel et al., 1999)
and they concluded that the time required to
cross a series of barriers was the sum of times
required to pass each barrier.

position

1/k =2 to(n) exp(- F/F°(n))
(10)

Where n refers to the nth barrier. Note that
this result was based on several assumptions
concerning particle equilibration between
barriers.

However, this simple interpretation was
recently questioned for several reasons.

Even if Bell's equation is valid for the passage
of a single barrier, it may be difficult to relate
dissociation kinetics to the shape of the
energy/distance curve. Indeed, Strunz et al.
(2000) showed that even with a single
intermediate barrier, different dissociation
kinetics could be observed when forces were
varied. Also, Derényi et al. (2004)
demonstrated that when the curve contained a
number N of barriers, plots of most probable
unbinding force might display up to N(N+1)/2
segments.

Single path approximation.

Bartolo et al. (2002) questioned the single path
assumption in a theoretical study. Interestingly,

the interest of the point raised by these authors
was soon supported by the experimental
demonstration of the reality of catch bonds

(Thomas et al., 2002 ; Marshall et al., 2003)

whose rupture behaviour was found consistent
with the hypothesis that there indeed were two
dissociation pathways with different sensitivity

to external forces (Evans et al., 2004 ;
Pereverzev et al., 2005). Note that the reality
of multiple pathways is also supported by
molecular dynamics simulation (Martinez et
al., 2005).

Reexamination of Kramers theory.

The increasing flow of experimental studies on
single bond rupture was an incentive to
reexamine the basis of Kramers theory, and it
was an incentive to study theoretical
relationships between experimental results and
free energy profiles (Hummer and Szabo, 2001
& 2003 ; Dudko et al., 2003). As clearly
explained in recent reports (Dudko et al., 2006
; Lin et al., 2007), it seems now possible to
state that Bell's law is an acceptable
approximation when the pulling speed is low
enough. However, at high pulling speed, it may
happen that the force experienced by the bond
is close to the maximum slope of the binding
potential along the reaction coordinate. In this
case, there is no longer any sharp barrier on the
free energy profile and the unbinding force
may be proportional t&F rather than r (r is the
loading rate), following an insightful analysis
from Garg (1995). Further, some important
points were added.

- First, it was emphasized that the statistical
distribution of unbinding forces conveyed
useful information. A useful guideline (Dudko
et al., 2006) is that Bell's law may no longer be
applicable when the variance of the unbinding
force is dependent on the loading rate. This is
important since this may indicate that
curvature of the Fversus r plot may not be
indicative of an actual energy barrier.

- Also, it was noticed that additional
information could be obtained by varying the
way of exposing bond to forces. Thus, Lin et
al. (2007) concluded that a constant force
experiment was better suited to obtain the
activation energy of the bond, and a constant
loading rate might be useful to extract the
critical force corresponding to the maximal
slope of the energy/distance curve. Also, Braun
et al. (2005) pointed out the potential interest
of periodic loading.

Conclusion

While Bell's law remains the standard way of
describing  experimental  data, much
theoretical work is currently devoted to the
analysis of quantitative relationship between
these data and energy landscapes. The interest
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of this current line of research is increased by

present attempts made at taking advantage of
computer simulation to predict fine aspects of

molecular behaviour more and more closely

related to measurable properties.

Computer simulation.

Molecular dynamics was applied for more than
two decades to simulate protein behaviour, and
there is much interest in the development of
algorithms for predicting the capacity of
synthetic molecules to interact with
biologically important targets (Brooijmans and
Kuntz, 2003). While the reliability of available
methods has long been felt insufficient,
continuous progress makes it more and more
warranted to use simulations as an additional
tool both to help understand and predict
experimental data. Systematic ways of testing
new methods such as CAPRI (critical
assessment of protein interactions) markedly
increased the credibility of current approaches
(Schueler-Furman et al., 1995).

Thus, while Evans et al. (Evans and
Ritchie, 1997 ; Merkel et al., 1999) were able
to compare their experimental results on the
rupture of spectravidin-biotin bonds with
earlier simulations (Tavan et al.,, 1996 ;
Izrailev et al., 97), there was a gap of several
orders of magnitude between the pulling
duration in simulated and actuel experiments.
Recently, this difference was overcome by
Zhou et al. (2006) with a so-called "hybrid
simulation technique" consisting of decoupling
the motion of the tip and molecular
equilibration. It was thus possible to simulate
realistic loading rates. Experiments suggested
the occurrence of three energy barriers in
accordance with the experimental report from
Merkel et al. (1999). Also, the authors were
able to link energy barriers to the disruption of
well identified hydrogen bonds.

Thus, it is likely that computer
experiment will complement more and more
efficiently single molecule experiments to
yield an accurate view of protein dynamics.

5 - SUMMARY

During the last decade, numerous
investigators used new approaches based on
atomic force microscopy, biomembrane force
probes, laminar flow chamber or optical
tweezers to study bond formation and
dissociation between ligand and receptor

molecules at the single cell level. Most studies

were devoted to the monitoring of the rupture

of bond subjected to a constant or steadily
growing external force. The standard way of

expressing results is based on Bell's hypothesis
that the dissociation rate of a bond subjected to
an external force F increases exponentially
with respect to F.

It was initially considered that bond
rupture might be viewed as the passage of a
single energy barrier in a single reaction path,
following a scheme elaborated by Eyring and
Kramers during the first half of the twentieth
century. In this case, it was felt relatively easy
to extract from experimental data the
spontaneous dissociation rate of a bond, as
well as the height of the energy barrier and its
distance to the energy minimum.

During the last years, it became more
and more obvious that this standard framework
was unable to account for all the complexity of
actual bonds. It is likely that bond formation
and dissociation may follow more than one
path in the complex energy landscape, and
each path involves several energy barriers. As
a consequence, more work is required to draw
full benefit of recent experimental advances:

i) Firstly, it would be useful to define criteria
to assess the biological relevance of the
multiple reaction paths that are disclosed by
ultrasensitive  experimental devices. This
requires a quantitative analysis of the
conditions of encounter between biomolecules
composing living cells.

i) Secondly, in order to rule out any ambiguity
in the extraction of structural information on
molecular complexes from dissociation
experiments, it is necessary to improve the
procedure of single bond analysis by using
more appropriate and/or systematic ways of
varying the force cycles.

iii) Thirdly, much effort must be done to rule
out possible causes of interpretation errors in
order to rule out misinterpretations due to the
unexpected occurrence of  multivalent
attachment, or to inexact estimate of the forces
actually experienced by tested bonds.

iv) Fourthly, measuring association rates
probably requires extensive information on
energy landscapes (as obtained by studying
bond rupture), topographic distribution and
environment of binding molecules as well as
geometrical and mechanical properties of
linkers.
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It may be hoped that the improvement
of computer simulation methods makes them
useful to progress in the understanding of
molecular interactions.

REFERENCES

Alon RD, Hammer A, Springer TA 1995. Lifetime
of P-selectin-carbohydrate bond and its response
to tensile force in hydrodynamic floviNature
374 539-542.

Alon R, Chen S, Puri KD, Finger EB, Springer TA.
1997. The kinetics of L-selectin tethers and the
mechanics of selectin-mediated rolling. Cell
Biol. 138 1169-1180.

Ansari A, Berendzen J, Bowne SF, Frauenfelder H,
Iben IET, Sauke TB, Shyamsunder E, Young
RT. 1985. Protein states and proteinquakes.
Proc. Natl. Acad. Sci. US82:5000-5004.

Ashwell JD. 2004. Antigen-driven T cell expansion
: affinity rules.Immunity21:603-604.

Astrof NS, Salas A, Shimaoka M, Chen JF,
Springer TA. 2006. Importance of force linkage
in mechanochemistry of adhesion receptors.
Biochemistry’5:15020-15028.

Badley RA, Woods A, Carruthers L, Rees DA.
1980. Cytoskeleton changes in fibroblast
adhesion and detachmemt. Cell Sci.43:379-
390.

Barclay AN. 1998. Concluding remarks and the
challenge from the immune systefRaraday
Disc.111:345-350.

Bartolo D, Derényi |, Ajdari A. 2002. Dynamic
response of adhesion complexes : beyond the
single path picture?hys. Rev. B65:051910.

Baumgartner W, Hinterdorfer P, Ness W, Raab A,
Vestweber D, Schindler H, Drenckhahn D.
2000. Cadherin interaction probed by atomic
force microscopyProc. Natl. Acad. Sci. USA
97: 4005-4010.

Beeson C, McConnell HM. 1994. Kinetic
intermediates in the reactions between peptides
and proteins of major histocompatibility
complex class lIProc. Natl. Acad. Sci. USAL:
8842-8845.

Bell GI. 1978. Models for the specific adhesion of
cells to cellsScience200 618-627.

Bell GI, Dembo M, Bongrand P. 1984. Caell
adhesion : competition between nonspecific
repulsion and specific bondingiophys. J45:
1051-1064,

Bongrand P, Golstein P. 1983. Reproducible
dissociation of cellular aggregates with a wide
range of calibrated shear forces : application to
cytolytic lymphocyte-target cell conjugate3.
Immunological MethodS8: 209-224,.

Bongrand P, Malissen B. 1998. Quantitative aspects
of T-cell recognition : from within the antigen-

presenting cell to within the T celBioessays
20:412-422.

Bongrand P. 1999. Ligand-receptor Interactions.
Rep. Prog. Phy$2: 921-968.

Braun O, Hanke A, Seifert U. 2004. Probing
molecular free energy landscapes by periodic
loading.Phys. Rev. Lette®3:158105.

Brooijmans N, Kuntz ID. 2003. Molecular
recognition and docking algorithménn. Rev.
Biophys. Biomol. Struc82: 335-373.

Cai, TQ, Wright SD. 1995. Energetics of leukocyte
integrin activationJ. Biol. Chem 270 14358-
14365.

Capo C, Bongrand P, Benoliel AM, Depieds R.
1978. Dependence of phagocytosis on strength
of phagocyte-particle interactionmmunology
35:177-182.

Chen A, Moy VT. 2000. Cross-linking of cell
surface receptors enhances cooperativity of
molecular adhesiomBiophys. J78; 2814-2820.

Chen S, Springer TA. 2001. Selectin receptor-
ligand bonds : formation limited by shear rate
and dissociation governed by the Bell model.
Proc. Natl. Acad. Sci. US28:950-955.

Conte Lo L, Chothia C, Janin J. 1999. The atomic
structure of protein-protein recognition sites.
Journal of Molecular Biolog®852177-2198.

Creighton, TE. 1993.Proteins - Structure and
Molecular Properties W.H. Freeman & Co,
New York, 2nd Edition. 507pp.

Cunningham BC, Wells JA. 1989. High-resolution
epitope mapping of hGH-receptor interactions
by alanine-scanning mutagenesisScience
244:1081-1085.

Dashevsky VG, Sarkisov GN. 1974. The solvation
and hydrophobic interaction of non-polar
molecules in water in the approximation of
interatomic  potentials the Monte Carlo
method.Molecular Physic®7: 1271-1290.

Dembo M, Torney DC, Saxman K, Hammer D.
1988. the reaction-limited kinetics of
membrane-to-surface adhesion and detachment.
Proc. Roy. Soc. Lond. 24 55-83.

Derényi |, Bartolo D, Ajdari A. 2004. Effects of
intermediate bound states in dynamic force
spectroscopyBiophys. J86:1263-1269.

Detmers, PA, Wright SD, Olsen E, Kimball B,
Cohn ZA. 1987. Aggregation of complement
receptors of human neutrophils in the absence of
ligand.J. Cell Biol.105 1137-1145,

Dudko OK, Filippov AE, Klafter J, Urbakh M.
2003. Beyond the conventional description of
dynamic force spectroscopy of adhesion bonds.
Proc. Natl. Acad. Sci. USP0(:11378-11381.

Dudko OK, Hummer G, Szabo A. 2006. Intrinsic
rates and activation free energies from single-
molecule pulling experiments.Phys. Rev.
Letters96: 108101.

Dustin ML, Ferguson LM, Chan P-Y, Springer TA,
Golan DE. 1996. Visualization of CD2



19

interaction with LFA-3 and determination of the
two-dimensional dissociation constant for
adhesion receptors in a contact aréa.Cell
Biol. 132 465-474.

Erdmann T, Schwarz US.2004. Stability of
adhesion clusters under constant forBays.
Rev. Letter2:108102.

Evansk, Berk D, Leung A. 1991. Detachment of
agglutinin-bonded red blood cells. | - Forces to
rupture molecular-point attachmen@ophys. J
59: 838-848.

Evans E, Merkel R, Ritchie K, Tha S, Zilker A.
1994, Picoforce method to probe
submicroscopic  actions in  biomembrane
adhesion. InStudying cell adhesigrBongrand
P, Claesson PM, Curtis ASG (eds) Springer
Verlag, Heidelberg, 125-139.

Evans E, Ritchie K. 1997. Dynamic strength of
molecular adhesion bondBiophys. J72: 1541-
1555.

Evans E,Ritchie K .1999. Strength of a weak bond
connecting flexible polymer chainBiophys. J
76:2439-2447.

Evans E .2001. Probing the relation between force -
lifetime - and chemistry in single molecular
bonds. Annu. Rev. Biophys. Biomol. Struct
30:105-128.

Evans E, Leung A, Heinrich V,Zzhu C .2004.
Mechanical switching and coupling between
two dissociation pathways in a P-selectin
adhesion bondProc. Natl. Acad. Sci. USROL:
11281-11286.

Eyring H. 1935. The activated complex in chemical
reactionsJ. Chem. Phys3: 107-115.

Finger EB, Bruehl RE, Bainton DF, Springer TA.
1996. A differential role for cell shape in
neutrophil tethering and rolling on endothelial
selectins under flowJ. Immunol.157. 5085-
5096.

Florin EL, Moy VT, Gaub HE. 1994. Adhesion
forces between individual ligand-receptor pairs.
Science264 415-417.

Foote J, Milstein C. 1991. Kinetic maturation of an
immune responséature352530-532.

Foote J, Milstein C. 1994. Conformational
isomerism and the diversity of antibodi®soc.
Natl. Acad. Sci. USA1: 10370-10374.

Fritz J, Katopodis AG, Kollinger F, Anselmetti D.
1998. Force-mediated kinetics of single P-
selectin/ligand complexes observed by atomic
force microscopyProc. Natl. Acad. Sci. USA
95:12283-12288.

Garg A. 1995. Escape-field distribution for escape
from a metastable potential well subjected to a
steadily increased bias fieldPhys. Rev. B
51:15592.

Gopalakrishnan M, Forsten-Williams K, Nugent
MA, Tauber UC. 2005. Effects of receptor
clustering on ligand dissociation kinetics.
Biophys. J89:3686-3700.

Gray JJ. 2006. High-resolution protein-protein
docking. Current. Opin. Struc. Biol.16:183-
193.

Grubmdller H, Heumann B, Tavan P. 1996. Ligand
binding : molecular mechanics calculation of
the streptavidin-biotin rupture forceScience
271 997-999.

Hanley WD, Wirtz D, Konstantopoulos K. 2004.
Distinct kinetic and mechanical properties
govern selectin-leukocyte interaction. Cell
Sci 117:2503-2511.

Harlan JM, Liu DY. 1992 Adhesion - Its role in
inflammatory diseasedV. H. Freeman & Co.,
New York.

Hato T, Pampori N, Shatti SJ. 1998.
Complementary roles for receptor clustering and
conformational change in the adhesive and
signaling functions of integrin alpha Ilb beta 3.
J. Cell Biol.141: 1685-1695.

Hermanowski-Vosatka A, Detmers PA, Gotze O,
Silverstein SC, Wright SD. 1988. Clustering of
ligand on the surface of a particle enhances
adhesion to receptor-bearing cellsBiol. Chem
263 17822-17827.

Hinterdorfer P, Baumgartner W, Gruber HJ,
Schilcher K, Schindler H. 1996. Detection and
localization of individual antibody-antigen
recognition events by atomic force microscopy.
Proc. Natl. Acad. Sci. US®@3: 3477-3481.

Huang J, Chen J, Chesla SE, Yago T, Mehta P,
McEver RP, Zhu C,Long M. 2004. Quantifying
the effects of molecular orientation and length
on two-dimensional receptor-ligand binding
kinetics.J. Biol. Chem279 44915-44923.

Hummer G, Szabo A. 2001. Free energy
reconstruction from nonequilibrium single-
molecule pulling experiment®roc. Natl. Acad.
Sci. USA08:3658-3661.

Hummer G,Szabo A. 2003. Kinetics
nonequilibrium single-molecule
experimentsBiophys. J85:5-15.

Hyeon C, Thirumalai D. 2003. Can energy
landscape roughness of proteins and RNA be
measured by using mechanical unfolding
experiments. Proc. Natl. Acad. Sci. USA
100:10249-10253.

Izrailev S., Stepaniants S, Balsera M, Oono Y.,
Schulten K. 1997. Molecular dynamics study of
unbinding of the avidin-biotin complex.
Biophys. J72: 1568-1581.

Jeppesen C, Wong JY, Kuhl TL, Israelachvili JN,
Mullah N, Zalipsky S, Marques CM.2001.
Impact of polymer tether length on multiple
ligand-receptor bond formation. Science
293465-468.

Kaplanski G, Farnarier C, Tissot O, Pierres A,
Benoliel A-M, Alessi M-C, Kaplanski S,
Bongrand P. 1993. Granulocyte-endothelium
initial adhesion. Analysis of transient binding

from
pulling



20

events mediated by E-selectin in a laminar shear
flow. Biophys. J, 64: 1922-1933.

Ke C, Jiang Y, Rivera M, Clark RL, Marszalek PE.
2007. Pulling geometry-induced errors in single
molecule force spectroscopy measurements.
Biophys. JDOI: 10.1529/biophysj.107.104901.

Kovar DR, Pollard TD. 2004. Insertional assembly
of actin filament barbed ends in association with
formins produces piconewton force®roc.
Natl. Acad. Sci. USA01:14725-14730.

Kramers HA .1940. Brownian motion in a field of
force and the diffusion model of chemical
reactionsPhysicaVll : 284-304.

Lawrence MB, Springer TA. 1991. Leukocytes roll
on a selectin at physiologic flow rates
distinction from and prerequisite for adhesion
through integrinsCell 65: 859-873.

Lee GU,. Kidwell DA, Colton RJ. 1994. Sensing
discrete streptavidin-biotin interactions with
atomic force microscopyLangmuir 10: 354-
357.

Li F, Redick SD, Erickson HP, Moy VT. 2003.
Force Measurement of the alpha 5-beta 1
integrin-fibronectin interactionBiophys. J84:
1252-1262.

Lin HJ, Chen HY, Sheng YJ, Tsao HK .2007.
Bell's expression and the generalized Garg form
for forced dissociation of a biomolecular
complex.Phys. Rev. Lettei@3:088304.

Litvinov RI, Bennett JS, Weisel JW, Schuman H.
2005. Multi-step fibrinogen binding to the
integrin  allbf3 detected using force
spectroscopyBiophys. J89:2824-2834.

Lou J, Zhu C. 2007. A structure-based sliding-
rebinding mechanism for catch bon&sophys.
J.92:1471-1485.

Marshall B, Long M, Piper JW, Yago T, McEver
RP, Zhu C. 2003. Direct observation of catch
bonds involving cell-adhesionn molecules.
Nature423: 190-193.

Marshall BT, Sarangapani KK, Lou J, McEver RP,
Zhu C. 2005. Force history dependence of
receptor-ligand dissociation. Biophys. J.
88:1458-1466.

Martinez L, Sonoda MT, Webb P, Baxter JD, Skaf
MS, Polikarpov I. 2005. Molecular dynamics
simulations reveal multiple pathways of ligand
dissociation from thyroid hormone receptors.
Biophys. J89:2011-2023.

Masson-Gadais B, Pierres A, Benoliel AM,
Bongrand P, Lissitzky JC. 1999. Integrin alpha
and beta subunit contribution to the kinetic
properties of alpha 2-beta 1 collagen receptors
on human keratinocytes analyzed under
hydrodynamic conditionsl Cell Scil12 2335-
2345.

Matsui K, Boniface JJ, Steffner P, Reay PA, Davis
MM. 1994. Kinetics of T-cell receptor binding
to peptide/l-Ek complexes : correlation of the

dissociation rate with T-cell responsiveness.
Proc. Natl. Acad. Sci. US&1:12862-12866.

McKeithan TW. 1995. Kinetic proofreading in T-
cell receptor signal transductiofroc. Natl.
Acad. Sci USA92:5042-5046.

Mége JL, Capo C, Benoliel AM, Bongrand P. 1986.
Determination of binding strength and kinetics
of binding initiation. A model study made on
the adhesive properties of P388D1 macrophage-
like cells.Cell Biophys8: 141-160,

Merkel R, Nassoy P, Leung A, Ritchie K, Evans E.
1999. Energy landscapes of receptor-ligand
bonds explored with dynamic force
spectroscopyNature397:50-53.

Miller J, Knorr R, Ferrone M, Houdei R, Carron
CP, Dustin ML. 1995. Intercellular adhesion
molecule-1 dimerization and its consequences
for adhesion mediated by lymphocyte function
associated-11. Exp. Med1821231-1241.

Miyata H, Yasuda R, Kinosita Jr K. 1996. Strength
and lifetime of the bond between actin and
skeletal muscle alpha-actinin studied with an
optical trapping techniqueBiochem. Biophys.
Res. Com129Q 83-88.

Odorico M, Teulon JM, Bessou T, vidaud C,
Bellanger L, Chen SW, Quéméneur E, Parot P,
Pellequer JL. 2007. Energy landscape of
chelated uranyl-antibody interactions by
dynamic force spectroscopyBiophys. J.in
press. doi:10.1529/biophysj.106;098129.

Panorchan P, Thompson MS, Davis KJ, Tseng Y,
Konstantopoulos K, Wirtz D. 2006. Single-
molecule analysis of cadherin-mediated cell-cell
adhesionJ. Cell Sci11966-74.

Patel KD, Nollert MU, McEver RP.1995. P-selectin
must extend a sufficient length from the plasma
membrane to mediate rolling of neutrophils.
Cell Biol., 131 1893-1902.

Pereverzev YV, Prezhdo O, Thomas WE,
Sokurenko EV. 2005. Distinctive features of the
biological catch bond in the jump-ramp force
regime predicted by the two-pathway model.
Phys. Rev. £2: 010903.

Perret E, Benoliel AM, Nassoy P, Pierres A,
Delmas V, Thiéry JP, Bongrand P, Feracci H.
2002. Fast dissociation kinetics of the
recognition between individual E-cadherin
fragments revealed by flow chamber analysis.
EMBO J21:2537-2546.

Perret E, Leung A, Evans E. 2004. Trans-bonded
pairs of E-cadherin exhibit a remarkable
hierarchy of mechanical strengti@roc. Natl.
Acad. Sci. USA01:16472-16477.

Pierres A, Benoliel AM, Bongrand P. 1995,
Measuring the lifetime of bonds made between
surface-linked molecules]. Biol. Chem.270
26586-26592.

Pierres A, Benoliel AM, Bongrand P, van der
Merwe PA. 996a. Determination of the lifetime
and force dependence of interactions of single



21

bonds between surface-attached CD2 and CD48
adhesion molecule®roc. Natl. Acad. Sci. USA
93 15114-15118.

Pierres A, Benoliel AM, Bongrand P. 1996b.
Measuring bonds between surface-associated
moleculesJ. Immunological Methods96. 105-
120.

Pierres A, Benoliel AM, Bongrand P. 1998a.
Studying receptor-mediated cell adhesion at the
single molecule levelCell Adhesion Commun
5:375-395.

Pierres A, Feracci H, Delmas V, Benoliel AM,
Thiéry JP, Bongrand P. 1998b. Experimental
study of the interaction range and association
rate of surface-attached cadherin Rfoc. Natl.
Acad. Sci. USA5:9256-9261.

Pierres A, Benoliel AM, Zhu C, Bongrand P. 2001.
Diffusion of microspheres in shear flow near a
wall : use to measure binding rates between
attached moleculeBiophys. J81:25-42.

Pierres A, Touchard D, Benoliel AM, Bongrand P.
2002. Dissecting streptavidin-biotin interaction
with a laminar flow chambemBiophys. J.82
3214-3223.

Pierres A, Vitte J, Benoliel AM, Bongrand P. 2006.
Dissecting individual ligand-receptor bonds
with a laminar flow chamberBiophys. Rev.
Letters1:231-257.

Pierres A, Prakasam A, Touchard D, Benoliel AM,
Bongrand P, Leckband D. 2007. Dissecting
subsecond cadherin bound states reveals an
efficient way for cells to achieve ultrafast
probing of their environment.FEBS Lett
581:1841-1846.

Pincet F, Husson J. 2005. The solution to the
streptavidin-biotin paradox : the influence of
history on the strength of single molecular
bonds Biophys. J89:4374-4381.

Raible M, Evstigneev M, Bartels FW, Eckel R,
Nguyen-Duong M, Merkel R, Ros R,
Anselmetti D and Reimann P. 2006. Theoretical
analysis of single-molecule force spectroscopy
experiments : heterogeneity of chemical bonds.
Biophys. J90: 3851-3864.

Rees DA, Lloyd CW, Thom D. 1977. Control of
grip and stick in cell adhesion through lateral
relationships of membrane glycoproteins.
Nature267. 124-128.

Rich RL, Myszka G. 2006. Survey of the year 2005
commercial optical biosensor literatue. Mol.
Rec.19:478-534.

Ros R, Schwesinger F, Anselmetti D, Kubon M,
Schéafer R, Pluckthun A, Tiefenauer L. 1998.
Antigen binding forces of individually
addressed single-chain Fv antibody molecules.
Proc. Natl. Acad. Sci. US26:7402-7407.

Rinko LJ, Lawrence MB, Guilford WH. 2004. The
molecular mechanics of P- and L-selectin
domains binding to PSGL-1Biophys. J
86:544-554.,

Rueda M, Ferrer-Costa C, Meyer T, Pérez T, Pérez
A, Camps J, Hospital A, Gelpi JL, Orozco M.
2007. A consensus view of protein dynamics.
Proc. Natl. Acad. Sci. USP04:796-801.

Schmidtke DW, Diamond SL. 2000. Direct
observation of membrane tethers formed during
neutrophil attachment to platelets or P-selectin
under physiological flowd. Cell Biol.149 719-
729.

Schueler-Furman O, Wang C, Bradley P, Misura K,
Baker D. 2005. Progress in modeling of protein
structures and interactionScience 310:638-
642.

Schuck P. 1997. Use of surface plasmon resonance
to probe the equilibrium and dynamic aspects of
interactions between biological
macromoleculesAnn. Rev. Biophys. Biomol.
Structure26: 541-566.

Seifert U. 2000. Rupture of multiple parallel
molecular bonds under dynamic loading.
Physical Review Lette®: 2750-2753.

Shao JY, Ting-Beall HP, Hochmuth RM. 1998.
Static and dynamic lengths of neutrophil
microvilli. Proc. Natl. Acad. Sci. US®95; 6797-
6802.

Shimaoka M, Lu C, Palframan RT, vonAndrian
UH, McCormack A, Takagi J, Springer TA.
2001. Reversibly locking a protein fold in an
active conformation with a disulfide bond :
integrin alphal | domains with high affinity and
antagonist activity in vivoProc. Natl. Acad.
Sci. USA98: 6009-6014.

Sulchek TA, Friddle RW, Langry K, Lau EY,
Albrecht H, Ratto TV, DeNardo SJ, Colvin ME,
Noy A. 2005. Dynamic force spectroscopy of
parallel individual mucinl-antibody bonds.
Proc. Natl. Acad. Sci. USE0216638-16643.

Syed SEH, Trinnaman B, Martin S, Major S,
Hutchinson J, Magee A. 2002. Molecular
interactions between desmosomal cadherins.
Biochem. J362317-327.

Tha SP, Shuster J, Goldsmith HL. 1986. Interaction
forces between red cells agglutinated by
antibody. Il Measurement of hydrodynamic
force of breakupBiophys. J50: 1117-1126.

Thomas WE, Trintchina E, Forero M, Vogel V,
Sokurenko E. 2002. Bacterial adhesion to target
cells enhanced by shear forc€ell 109 913-
923.

Vitte J, Benoliel AM, Eymeric P, Bongrand P,
Pierres A. 2004a. Beta 1 integrin-mediated
adhesion may be initiated by multiple
incomplete bonds, thus accounting for the
functional importance of receptor clustering.
Biophys. J86: 4059-4074.

Vitte J, Pierres A, Benoliel AM, Bongrand P.
2004b. Direct quantification of the modulation
of interaction between cell-or surface-bound
LFA-1 and ICAM-1.J. Leukocyte Biol76: 594-
602.



22

Vitte J, Benoliel AM, Pierres A, Bongrand P. 2005.
Regulation of Cell Adhesion. Clinical
Hemorheology and Microcirculatior33: 167-
188.

Von Andrian UH, Hasslen SR, Nelson RD,
Erlandsen SL, Butcher EC. 1995. A central role
for microvillous receptor presentation in
leukocyte adhesion under flovCell 82 989-
999.

Wachsstock DH, Schwarz WH, Pollard TD. 1994.
Cross-linker dynamics determine the
mechanical properties of actin ge&ophys. J.
66:801-809

Wheelock MJ, Johnson KR. 2003. Cadherins as
modulators of cellular phenotypénnu. Rev.
Cell Dev. Biol.19:207-235.

Williams AF. 1991. Out of EquilibriumNature
352 473-474.

Yap AS, Brieher WM, Pruschy M, Gumbiner BM.
1997. Lateral clustering of the adhesive
ectodomain : a fundamental determinant of
cadherin functionCurrent Biol 7: 308-315.

Yauch RL, Felsenfeld DP, Kraeft SK, Chen LB,
Sheetz MP, Hemler ME. 1997. Mutational
evidence for control of cell adhesion through

integrin  diffusion/clustering independent of
ligand binding.J. Exp. Med186 1347-1355.

Yuan C, Chen A, Kolb P, Moy VT. 2000. Energy
landscape of streptavidin-biotin complexes
measured by atomic force microscopy.
Biochemistry39:10219-10223.

Zhang X, Vojcikiewicz E, Moy VT. 2002. Force
spectroscopy of the leukocyte function
associated 1/Intercellular adhesion molecule 1
interaction Biophys. J83: 2270-2279.

Zhou J, Zhang L, Leng Y, Tsao H-K, Sheng Y-J,
Jiang S. 2006. Unbinding of the streptavidin-
biotin complex by atomic force microscopy : a
hybrid simulation study.J. Chem. Phys.
125104905.

Zhu C, Long M, Chesla SE, Bongrand P. 2002.
Measuring receptor/ligand interaction at the
single-bond  level experimental and
interpretative issuesAnn. Biomed. Engineering
30: 305-314.

Zhu DM, Dustin ML, Cairo CW, Golan DE. 2007.
Analysis of two-dimensional dissociation
constant of laterally mobile cell adhesion
moleculesBiophys. J92:1022-1034.

Zwanzig R. 1988. Diffusion in a rough potential.
Proc. Natl. Acad. Sci. USA85:2029-2030.



