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Studying M olecular Interactions at the Single Bond L evel with a
Laminar Flow Chamber
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Scientifique de Luminy, Case 937, 13288 Marseilld&x€09 France

Abstract

During the last decade, many investigators develapav methodologies allowing to study ligand-reoept
interactions with unprecedented accuracy, up tosthgle bond level. Reported results include infation on
bond mechanical properties, association behavidusudace-attached molecules, and dissection ofggne
landscapes and reaction pathways. The purpose @iréisent review is to discuss the potential anddtions of
laminar flow chambers operated at low shear rdtes. includes a brief review of basic principlesgdical tips
and problems associated with data interpretatids.doncluded that flow chambers are ideally sutteanalyze
weak interactions between a number of biomolecuhediding the main families of adhesion receptarsh as
selectins, integrins, cadherins and members oiitheunoglobulin superfamily. The sensitivity of thetiod is
limited by the quality of surfaces and efficiendytioe studied ligand-receptor couple rather thanhhrdware.
Analyzing interactions with a resolution of a piewton and a few milliseconds shows that ligand{veare
complexes may experience a number of intermediatdiry states, making it necessary to examine the
definition of association and dissociation ratemaly, it is emphasized that association rates suesd on
surface-bound molecules are highly dependent cempeters unrelated to binding surfaces.

1- Introduction.

1.1 - Purpose of thereview.

It is now well recognized that living cells are emaed with hundreds of membrane receptors that they
continuously use to interact with their environmeXiso, cells do not only perceive the specificty
receptor ligands they encounter. Indeed, the mechlaproperties and topography of surfaces
exposing cognate ligands are important determinaftsell behaviour Unravelling underlying
phenomena requires an accurate knowledge of mamypta properties that have long been ignored,
including mechanical sensitivity of bonds, or dagpemce of the kinetics of bond formation on the
molecular properties of ligand- bearing moleculssaell as their spatial distribution and molecular
environment.

While these properties could not be studied witmvemtional physical-chemical methods of
measuring soluble molecule association, a numbeewf methods were devised during the last two
decades to explore specific interactions betweefaserattached molecules up to the single bond
level. The exquisite sensitivity of these methodaayated a dramatic breakthrough in the accuracy of
our analysis of molecular interactions. Indeed, iaoimg single bond formation and dissociation
allowed us to bypass difficult problems such asdamharing between multiple bonds or assessing the
effect of partial geometrical match on the kinetidsbond formation. Most popular methods were
based on surface forces apparatfsesrallel plate flow chambérsatomic force microscofy
biomembrane force prob¥sor optical tweeezefsThe purpose of the present review is to provide a
reasonably concise description of the potential landations of the flow chamber, and emphasize a
few practical difficulties. General principles wbk illustrated with a specific example. The redder
referred to previous reviews for more information kigand-receptor interactiofsinterpretative
issued or biological relevance of experimental dta
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1.2 - Which kind of information do we need ?

Before presenting the details of a technique, ¢eigainly warranted to discuss the kind of infotiora

it is expected to provide. Indeed, ligand-receptteractions were studied with a variety of
techniques long before laminar flow chambers wargdly used.

It has long been considered tladfinity accounted for most properties of ligand-recepttegractions.

A strong bond was considered to behagh affinity bond. Also, there was definite experimental
support to the concept that bond lifetime was padit correlated to affinity as well as receptor
efficiency™.

However, several key experiments performed fiftgears ago made it clear to the biological
community that in some important situations thecefficy of an adhesion receptor was linked to its
capacity to bind its ligandapidly*?. Thus, the capacity of selectins to tether leukexylowing with
high velocity was felt to require a high rate ohddormatior®. Further, a quantitative analysis of the
kinetic properties of secondary antibodies ledh® ¢tonclusion that “there is a premium on binding
target antigens rapidly®. Also, since living cells may sense their enviremnthrough continuous
elongation and retraction of pseudopods with aopeor order of 10 secondsor even through surface
undulations with higher than 1 Hz frequeffcyt is important that surface membrane recepteratide
to recognize rapidly surrounding ligands.

In addition to the importance of kinetic parameténe capacity of adhesion receptors to allow
cells toresist or exert mechanical forces was recognized as an important functional paramete
Indeed, it has long been shown that adherent oetist pull underlying substrataand the need for
endothelial cell receptors to resist high hydrodgitaforces during leukocyte capture as an initial
phase of inflammation was also well recogniZed

Thus, it seems reasonable to conclude that a aettsy description of the behaviour of a
given ligand-receptor couple would require a tralgtavay of measuring i) the rate of bond formation
kon(d) between a ligand and a receptor molecule mairda@talistance d and ii) the ratg:(F) of
bond rupture as a function of applied force F. Nbt a simple form of the function#has long been
suggested by G. Bell in a seminal paper

Kott(F) = kort(0) exp(F/F°) [1]

The force parameter F° was approximated by Bdlkagd, where g is Boltzmann’s constant, T is the
absolute temperature ar@is the bond range. This formula, that remains idemuse as a first
approximation®, should yield a workable description of bond ruptwith two independent
parameters.

2 - Theflow chamber: history and basic principles.

2.1 - Hydrodynamic flow have long been used to study biological systems.

Hydrodynamic flow were used by cell biologists $mveral decades to quantify the efficiency of bond
formation between cells and other cells or surfaéésr the force required to detach adherent Tells
23 However, only indirect reasoning could relate eripental data to the molecular properties of
adhesion receptdfs The problem was that cell detachment was higklyedident on the number of
bonds and cell mechanical properties as well antgeceptor interaction parameters. Similarly, the
efficiency of cell capture by a surface is highlgpdndent on the molecular environment of cell
surface receptors as well as membrane micro- amotopography.

A definite progress was achieved by H. Goldsfiiththo used a mobile capillary tube to
monitor antibody-mediated interaction between osrady sphered erythrocytes subjected to a very
weak Poiseuille flow. The experimental device cameli several key features : i) the use of sphered
particles allowed accurate determination of hydradgic forces, ii) the choice of a low flow allowed
the experimenters to subject cells to forces lowugh to be resisted by single bonds, and iii)
erythrocytes could thus be agglutinated with lovawegh amounts of antibodies to generate single-
bond interactions. In this way, Goldsmith and cajlees could monitor the rupture of cell doublets
probably linked by single bonds, yielding an averagbinding force of several tens of piconewtons,
fully consistent with Bell's prediction. A difficty with this methodology was that the motion was
fairly complex. Cells were indeed subjected to tdependent forces that were alternatively



compressive and disruptive, and bound doubletsdcoaly be followed during a limited period of
time.

Several years later, Kaplanski ef alsed a laminar flow chamber to monitor the motidn
blood neutrophils driven by piconewton forces alagivated endothelial cell monolayers, thus
allowing to monitor the formation and dissociatioihsingle molecular bonds between endothelial E-
selectin molecules and neutrophil surface ligand$ @s PSGL-1. It was thus possible to visualiee th
kinetics of bond rupture, leading to a bond lifegimn the order of one second. In the following gear
many authors used laminar flow chambers to motit@nd-receptor interaction at the single bond
level. This approach became more and more popudeed, it was acknowledged a few years later
that most of the published two-dimensional off-sateere measured by the flow chamber methadd
addition to off-rate and force-dependence detertinng’*® flow chambers yielded some information
on association rat&s dissection of energy landscaffésand they allowed two independent teams to
evidence the existence of the elusive catch bBntfsvhich, as predicted on theoretical grOLfﬁ,ds
displayed increased lifetime in presence of a teffigice.

2.2 - Theflow chamber : basic principles.
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Figurel: Theflow chamber : Basic principle and output. A Receptor-bearing particles or cells are driven
along a ligand-coated surfaces by a laminar flovrely flowing particle displays a translation o€ty U
together with rotatiom. A single bond maintaining a particle at restlbjected to a tensile force generated by
the hydrodynamic force and torque, depending omg#uenetry of interacting surfaces. The force orbitred is
usually less than 10 times the force on the partDirect or computer-assisted monitoring of parscjéelds
displacement curves usually appearing as sequehtias segment corresponding to periods of freefl
interspersed with arrests (arrows) of varying daratArrests are considered as representatierafing

events. C A record of arrest durations may be used tlanunbinding curve by plotting the logarithm of the
number of particles remaining bound after a peabtime t following arrest. If binding events areedto
identical monophasic attachments, unbinding cuavesxpected to be close to straight lines, thgestd which
is the detachment rate. Usually, experimental cudisplay upward concavity as shown on the figpreyided
the observation period is long enough.

As shown on Fig. 1, the basic principle of the flokamber is quite simple : receptor-bearing cells 0
particles are introduced in a parallelepipedal dmemthe floor of which is derivatized with ligand
molecules. A laminar flow is generated with a pumgulting in a force parallel to the chamber floor.
This may be superimposed on the sedimentation faittee wall shear rate G usually ranges between a
few second and several hundreds of secdn@he velocity of a cell-size particle close to ft@or

thus ranges between several um/s and more than /s.niine position of flowing particles is
monitored and trajectories are recorded, usualgakng arrests interspersed with periods of fairly
constant velocity (Fig. 1B). Two independent pieskmformation may thus be obtained : the binding
frequency, i. e. the number of binding events mmoad or per millimeter of particle displacement,



and the detachment kinetics, i.e. the fractionatiples remaining bound as a function of time rafte
arrest.

2.3 - The flow chamber : typical orders of magnitude.

For practical reasons that will be clarified helanany experiments were performed in our
laboratory withmicrospheres of 1.4 um radius, markedly smaller than typicadlscef 5-10 pm radius.
The position of the particle centroid is easilyetatined with 50 nm accuracy when the pixel size is
about 25 nm. Further, 20 ms temporal resolutiomeidily obtained with standard videocameras
(provided images are disinterlaced). Also, whilengnauthors operated flow chambers under wall
shear rates of 100'r more in order to mimic leukocyte-endotheliurtenaction in blood vessels, we
used about tenfold lower shear rates, which allougdo monitor binding events mediated by most
cell adhesion receptors, such as cadherins, integr members of the immunoglobulin superfamily,
while few receptors other than selectins can it@t@detectable single-bond-mediated cell arrestgmund
conditions resembling blood flow.
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Figure 2 : Typical fluctuations of the distance between small microspheres and the chamber surface. The
curves shows a typical set of distances betweenhtamber floor and a microsphere of 2.8 um dianmagearsed

in many experiences. Data were obtained by compmiteulatiort’. The range of distances spanned by the
particle is of comparable magnitude as the lengthany ligand-receptor couples.

As a rule of thumb, the velocity of a freely flowisphere close to the chamber floor (in um/s)
is comparable to the wall shear rate G () 8mes the sphere radius. Note that this veloaty
sometimes called theydrodynamic velocity. Thus, a wall shear rate of a feWshould be sufficient
to make detectable a binding event lasting severa of milliseconds. Note however that brownian
motion may reduce the performance of the systein.ribteworthy that the properties of the motion of
a sphere near a plane in a laminar shear flow lwagebeen determined and tabuldtedn important
result is that the sphere displays both transladia rotation. The relative velocity between thangl
and the closest region on the sphere is on ther mfdé7 % of the translation velocity. Thus, the
contact duration between a ligand and a receptdecute of total length 40 nm is expected to be on
the order of 10 ms when the wall shear rate G is'10

When a sphere of 1.4 um radius is maintained atsea single bond with a typical length of
a few tens of nanometers, the force on the bongNihis about 0.5 G. Note that the force is only
weakly dependent on the bond lerfth



It may thus be concluded that the laminar flow chamoperated a low shear rate is well
suited to monitor the formation and dissociatiorsioigle bonds provided that their lifetime is highe
than 0.1 s.

A particular feature of small microspheres is thaly display substantial brownian motion. As
shown on Fig. 2 , a vertical motion of about 100 amplitude is well suited to explore thending
range of typical ligand-receptor couples. Indeed, thealtdength of LFA-1/ICAM-1 and P-
selectin/PSGL-1 couples that are involved in leyk@@endothelium interaction is about 40 nm and 80
nm respectively. Also, the CD2/CD58 couple involwed -lymphocyte interaction with many cells is
about 16 nm long.

When cells are used rather than microspheresraledigferences are expected. Brownian
motion is less important. The force experienced ippnd maintaining a cell at rest is more diffidolt
estimate since is depends on cell nanotopograpthyheevological properties. An extreme case may be
the formation of a membrane tether of several tdmaicrometers length linking a flowing cell to an
anchoring poirif. Also, cell position is more difficult to deternginaccurately (due to the fairly
irregular shape) and the position of cell imagetroat is necessarily superimposed on the position o
cell-to-substratum contact.

3 - Data processing.

3.1 - Quality check.

A single observation of particle flow through a moiscope field during a typical period of time of 10

minutes may vield several hundreds of trajectonits hundreds of particle positions each, amounting
to several tens of thousands of positions. A repradive example is shown on Fig. 3. Thus, a carefu
quality check is required to eliminate artefactbatding events or undesirable trajectories. The
following two points may be considered :

- A typical problem is the possibility of a colb® between a flowing particle and a bound one,
resulting in false binding event. This may be diet@dy checking that the area of tracked objets fal

within preselected limits.
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Figure 3: Difficulty of delimiting binding events. Two representative displacement curves are shiomgach
case, the set of particle positions is shown (dotg®ther with the variations of particle area asuated by the
tracking systemA a short (full arrow) and an ultrashort (brokeroaiy arrests are shown. This emphasizes the
need for a careful choice of threshold parametsesl to define arrestB. An artefactual arrest detected by the
transient area increase. This is probably dued@é#ssage of a rapid particle.

- Erroneously low binding frequencies can be fouviien incompletely sedimented particles are
monitored. Sedimentation time may not be a problegmen the flow rate is low enough to allow
particles to reach the bottom between their emtty the chamber and passage through the microscope
observation field. When this condition is not flifd, it may be useful to eliminate particles wih
velocity higher than a predetermined threshold thase the wall shear rate. When cells or large
particles are studied, it may be a good idea taddithe chamber floor into a ligand-coated and a



ligand-free region. Cells may thus be allowed tdirsent on the nonadhesive part of the chamber
floor before starting the flo¥.

3.2 - Arrest definition.

When high shear rates are used, there is no diffiau delimiting binding events. This may explain
why arrest definition was not considered as an i@mb issues when selectin-mediated attachment of
fast particles was studied, which is probably thedet that was first studied most often with flow
chambers, in order to achieve a molecular inteatiet of the seminal experiments reported by
Lawrence and Spring€r However, when flow chambers are operated undestear rate to monitor
weak bonds of short duration, the definition ofding events may not be straightforward. As shown
on Fig. 4, a particle may baefined as arrested when it moves by less than a threshsidnceg,
during a time interval of duration It is important to know that the minimum duratiohdetectable
binding events i :

On=T-&Mu [2]
(where u is the velocity of the freely moving pel). It is also seen that tlteue duration of a

binding event is different from thapparent duration defined as the period of time during whilse
particle is considered as arrested :

d=di— 28/ [3]

It is obviously essential to correct apparent valuehen the effect of the shear rate on binding
frequency and duration is studied (see €.pr an illustration of the importance of this aation).

abscissa

time
Figure4: Calculated arrest duration isdependent on arrest definition. The thick lines represent binding
events of equal length separating two periods aermapid (A) or slower (B) displacement. The brokaas

show the periods of time where particles are ddfsmarrested, using threshold parametensdt as defined.
Clearly, a correction is required to obtain "traefest duration.

3.3 - Unbinding plots.

The primary output of data processing is a recdrdllobinding events together with their duration.
This allows straightforward derivation ofibinding plots (Fig. 1C) displaying the logarithm of the
proportion of binding events lasting at last timesta function of t. If binding events are medidtgd
single bonds withmonophasic detachment kinetics, unbinding curves appear as straight lines, the
slope of which is equal to the dissociation rate Klowever, non linearity is a frequent occurrense a
a possible consequence of several nonexclusiveophama :



i) Additional bond formation may occur after inltigarticle arrest, resulting in progressive
strengthening of attachménf A practical way of ruling out this possibility @sists of using
sufficiently low surface densities of attachmerteqgtors on surfaces.

i) A single bond may display multiphasic behaviaith a time-dependent strengthening due to the
passage of sequential barriers on the energy lapdsdhis phenomenon was reported very &arly
and may be responsible for the so-called histogeddence of molecular bontfg'".

iii) Particle-to-surface attachment may be medidigdeveral bond species with different dissociatio
rates. Note the intriguing possibility that a giveolecular pair may form different bond types, asw
cleverly demonstrated with the surface forces apdf. Note also that it may be difficult to
discriminate between (ii) and (iii) on the soleibad unbinding curves.

iv) Finally, if the initial bond number between peles and surfaces is higher than one, a time-
dependent increase of detachment rate resultindoinnward concavity of unbinding curves is
expected. This situation was not frequently regpbrte

3.4 - Binding frequency.

While most reports that appeared to date deal Withd rupture, the flow chamber may provide
valuable information on bond formatidnindeed, the efficiency of cell adhesion receptdten relies

on their capacity to form bonds during a shortqef time*2 However, it must be emphasized that
single bond formation proved more difficult to sputian bond dissociation for at least two reasons :
i) Bond dissociation may in principle be studiedhn& conceptually simple experiment consisting of
allowing surface-bound molecules to bind for a isight period of time, then subjecting them to a
disruptive force that may be either constéhor steadily increasing® and recording the rupture time
as easily evidenced by a detectable separationwidsurfaces. Studying bond formation requires to
generate multiple intermolecular contacts and perfoultiple checks to determine the proportion of
contacts conducive to attachment.

if) Bond rupture is less dependent on molecularirenment than bond formation. Indeed, when a
molecular bond is subjected to a disruptive forites force exerted on the bond is fairly well
controlled provided binding molecules are flexiblgough to allow for a single relative orientatidn o
the force and the bond. This condition may be assuta be fulfilled since bond formation between
rigid surface-attached structures is quite difficiherefore, the bonds that are usually monitored
involve molecules with suitable conformation. Howevdetermining the intrinsic rate of bond
formation between surface-attached molecules woetpiire a nanometer-scale knowledge of the
topography and conformation of molecules brougtd molecular contact as well as the distribution
of molecules with a potential to interfere with mallar contacts such as sterically repulsive
structure®®*4 In other words, an exact knowledge of the coadéiof bond formation is usually out
of reach and severe approximations are requiratketive intrinsic molecular association rates from
binding frequencies measured on surface-attachéecnres.

Laminar flow chambers are well suited to study ptoes with moderate binding efficiency or
low surface density since flowing particles cannsaa extensive contact area. It seems fairly easy t
determine the average frequency of particle oramlist per unit length of trajectory or per uirite
of observation. Some points of caution are warhotcerning the interpretation of results.
i)There are two limiting cases allowing simple ipiestation of resulfS. If binding efficiency is high
(usually when the flow is very slow), the bindinggdquency represents the number of encounters
betweenactive molecules, i.e. adhesion molecules with a conftionacompatible with bond
formation. Thus, what is measured igemmetrical rather than &inetic parameter. In this case, the
binding frequencyper unit length should be weakly affected by limited variations tbé flow.
Conversely, if binding is a rather inefficient pess and many molecular encounters occur before
bond formation, binding frequency will depend oe tbtal encounter time between active molecules.
If binding probability is proportional to the encdar time (which is the basis of on-rate definition
although it may require some discussion) bindirgdiencyper unit time should be weakly affected
by limited variations of the flow. As recently reped, both limiting cases may be observed with a
given experimental device, depending on the assiyaud-receptor coupf



ii) Clearly, substantial information can be drawmni the experimental dependence of binding
frequencies on the flow rate. However, it must bepleasized that binding frequencies are highly
dependent on thdefinition of binding events, i.e. on the choice of arbitrtigeshold parametenrs
and¢ defined above as shown by Eq. [2]. Indeed, if bamature follows monophasic kinetics with
rate constantd¢, only a proportion exp(z¢dm) will be recorded if only binding events lastingima
than d, are detected. However, this proportion is dependa the flow rate in a complex way since
kot IS usually increased (according to Bell's law) relas ¢, may be decreased (according to Eq. 2)
when the wall shear rate is increased. Thus, atgile@ analysis of binding frequencies requires a
suitable correction to make arrest detection inddpat of the shear rafe

3.5 - Significance of binding frequency and connection with molecular parameters.

The use of brownian particles (Fig. 2) makes itsgae to sample a range of distances between
receptors and ligands, which should in principleldiinformation on the relationship between bond
molecular separation and binding probabififi The problem remains to achieve an accurate
determination of the distribution of particle-toriace distances as well as binding frequency. While
limited information could be derived from the pelei velocity measurement through hydrodynamic
laws"’, it would be desirable to achieve simultaneousiytiple height measurement and distance
detection. Simple optical techniques such as RI&WIshould in principle yield this kind of
information, but real-time determination of pamitb-surface distance remains currently
challengind®.

Figure5: Counting the number of ligand-receptor couplesinteracting in the flow chamber. Defining as L
the range of the interaction, a point M of the msphere surface can interact with ligand moleclolested on a
disk of areat (L? - z2) on the chamber floor.

While an extensive discussion of the connectiowbeh binding frequencies measured with flow
chambers and 2-dimensional or 3-dimensional agsmtiaonstants would not fall into the scope of
the present review, a brief qualitative discussitay be useful to delineate the current challenge. F
this purpose, we shall assume that the associfttguency of surface-bound receptors and ligands
whose anchoring points are separated by a disthica constantky, if d is lower than a threshold

L (corresponding to the binding range) and O otleewThus, the attachment frequency of a receptor-
coated sphere separated from a ligand-coated piaaalistance h (Fig. 5) is simply :

F(h) =k

onMol

J(IT(TL[RZ - 2*])2mo,Raz [4]
h

whereo, andor are respectively the surface densities of recemtdrligand molecules on interacting
surfaces and R is the sphere radius. Note thatdhisula can be used only within the low binding



efficiency (i.e.reaction-limited) regime. Now, the binding frequency per unit ahdi is easily
obtained by averaging F(h) with Boltzmann's lawpBigng [4] to microspheres of 2.8 um radius used
in our laboratory and expressing surface densisesumbers of molecules per square micrometer, we
find :

F = <F(h)> = 0.32 fmo Or OL (5]

where the association rate is ihand surface densities in moleculefuidow, an important challenge
is to relate 2-dimensional and 3-dimensional asgioei rates. It must be understood that this attemp
may be meaningful only if both 2D and 3D reacti@msreaction-limited, not diffusion-limited. If
this assumption is fulfilled, we may suggest anrapimmate way of relating the conventional 3-
dimensional association rate we shall denote g@sk0 a molecular association frequency we shall
denote as kv Assuming that binding may occur with frequengyuk when molecules are separated
by a distance lower than L, the binding frequenty given receptor molecule is simply,k, times
the probability of finding a ligand in the sphefferadius L surrounding the receptor, i.e. aboutr#?3
[L], where [L] is the (3-dimensional) ligand condeation. Thus, the relationship betweenwk and
Konsp is simply :

Kon3D = 4/3-13 I(onMoI [6]
Since Kynspis usually expressed in Malg® rather than pmoleculé's?, Eq. [6] reads :
Kon3D =25 16 I—S konMoI [7]

Where L is expressed in um ang.6 in Mole’s®. Combining Egs [5] and [7] should in principle
allow us to relate 3-D association rates to expental data obtained with the flow chamber.
According to our experience, 3D constants derivéith \#gs 5 and 7 are significantly lower than
estimates obtained of free molecules with surfdesmon resonance. Thus, in a study of cadherin
moieties, L and wo Were estimated at about 0.01 um and 13 dbrespectively leading to an
estimated value of 25 %™ for Konsp, Which is about one thousandfold lower than exgtf® There

are at least three possible reasons for this giaoey : i) only a small proportion of surface-bound
receptors and ligands might have a conformationpatile with binding, ii) the mobility of surface-
bound receptors and ligands might be low enougtesalt in a decrease of.k, as compared to
soluble molecules, and iii) the definition of boustdtes is different in 2D and 3D experiments, Wwhic
may lead to measurable consequences due to thdecommpf energy landscapes. Thus, more work is
certainly required to clarify the significance ob 2and 3D association rates as well as molecular
binding frequencies.

In contrast with model particles, the monitoriofjcell-surface adhesion under flow yields
quantitative information with high physiologicallegancé'*?’ but translating binding frequencies
into molecular parameters relies on many assumptiehative to cell surface topography and
molecular structure.

4 - Interpretativeissues

While the principle of the flow chamber and sigeéiince of yielded information might seem quite
straightforward, it is useful to emphasize soméidifties that may strongly affect data interpritat
(see als).

4.1 - Are single bonds actually detected ?

An essential point to achieve molecular interpietabf experimental data is to demonstrate thattmos
binding events studied are actually mediated bylsirbonds. Indeed, the force dependence of
multivalent attachments is heavily influenced bg thode of force sharing between bonds and the
possibility of rebinding. Also, if only multivalent attachments are capablegenerating detectable
binding events, binding frequency may be more sgretive of molecular clustering thbona fide
association rate, which might explain discrepanbesveen force parameters obtained on L-selectins
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with flow chamber& and biomembrane force proBedJnfortunately, as explained below, there is no
single definitive way of ensuring that single bogs actually monitored.

A useful check may consist of performing sequerdikitions of receptors and ligands, which
should result in proportional decrease of bindimgjfiency without any alteration of unbinding curves
if single bonds are actually studied. However, Eimtonclusions could be attained if a proportién o
binding molecules clustered and only aggregatekl@enerate detectable binding events.

Note that other technigues, such as atomic foriceostopy or biomembrane force probe, are
subject to the same difficulty. The usual arguntbat a low proportion of cycles being conducive to
bond formation should ensure that most binding evée mediated by single bonds is not fully
rigorous, since this argument does not rule outpthesibility that only multivalent attachment might
be detected.

A strong argument would consist of checking thatdimg event frequency and rupture
behaviour monitored in a given set of experimengsimdeed similar to single bond-mediated events.
However, this requires us to assume that single ave actually been formally identified by at teas
some investigators.

4.2 - Can a bound state be rigorously defined ?

Most experiments done on molecular associationdasigned and performed with the underlying
assumption that it is in principle possible to defia “free” and a “bound” state of a ligand-recepto
couple. This seemed quite reasonable and successtill experimental dissection of energy
landscapes led to results that were viewed as pziaf. Thus, some discussion is warranted.

A ligand-receptor couple may be described as atpoim multidimensional space (thus, a
static description of a couple of rigid and asynmuetmolecules will require a total of N=12
parameters). The energy landscape may be viewad hgpersurface in a space of (N+1) dimension,
representing the variations of the complex freerggn@s a function of its N-dimensional state. The
bound state may thus be defined as a region oNtdémensional space. In order to simplify the
discussion, we shall assume that a single coorliilsasufficient to describe the complex formation
and dissociation along a one-dimensional reactath.prhis simple view, first used by Eyriigwas
often deemed sufficient although is was recentlystjoned.

+ ENERGY
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Figure6: Difficulty of defining binding states. A unidimensional energy landscape is shown, levga
series of binding states of decreasing depth (nuedb@, 1 ...5), as illustrated by cur&e The "overall* bound
state must be defined somewhat arbitrarily. Apgyéngrowing disruptive forces (curvBsandC) will flatten
the energy barriers, and the weakest complexeslisdippear (see e.g. 5 Gi).

A simplified one-dimensional energy landscape isvsh on Fig. 6. Since it is now well
established that ligand-receptor association masolres many different states, there is some
arbitrariness in defining the bound state. We rbesaware that this raises several problems.
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i) if internal barriers are low enough to allowrtsition between different bound states within aquer

of time much shorter than - say - a milliseconticamplexes that will be studied experimentallylwil
be similar. However, if transition requires minutgsmore, the complex state may depend on its mode
of preparation or, in short, on its histt{"

ii) the bound state may be "reasonably" definedlégiding that complex dissociation will require a
detectable time (say a millisecond) when subjetiea "reasonable” force (say less than several tens
of piconewtons). This may exclude "ultraweak" agsimns that may influence experimental data
Worse, as shown on Fig. 6, since the energy lapés@m modified by energy forces, threshold
distances that fitted energy barriers in absenderoé may become meaningless in presence of force.
iii) Finally, since the representation of energgdacapes as a sequence of well-defined barriers and
basins is only an approximatiii* the boundaries of defined states may not beessalt as might

be required to measure accurate kinetic constants.

5- Technical points

While technical details were more fully describadainumber of primary reports, it may be useful to
present a brief description of experimental proldethat must be considered when planning
experiments with the flow chamber.

5.1 - Coupling molecules to surfaces
The success of experiments is highly dependernt@preparation of receptor coated surfaces.

It is often most convenient to uggass coverslips as removable floors for flow chambers.
Indeed, this provides optimal optical conditions foicroscopic observation. Also, proteins may be
easily coupled to glass. We often used polylysidgsogption followed by glutaraldehyde activation,
covalent coupling of a first protein layer and itnation of unreacted aldehyde groups with glycine
ethanolamin€. In some cases, coating glass with an aminosilayer proved an efficient way of
reducing nonspecific interactiorS. Glass coverslips were also used as substratescdtr
monolayerd

Polystyrene surfaces were also used successfully after coatittgyadsorbed proteins such as
fibronectirt®,

Finally, we also used freshly cleavedica that is often used as a smooth surface as the
subnanometer scdle In addition to its capacity to adsorb proteirigs tmay be treated with nickel
chloride in order to bind genetically engineereateins bearing an hexahistidine tatf The
advantage of this technique is that it allows aatircontrol of the orientation of surface-bound
proteins.

It is well known that the capacity of surface-boundeptors to bind ligands is usually heavily
dependent on the presence between the surfacé@meceptor site of gpacer with sufficient length
and flexibility. A very convenient way of achievirthis goal was to use several layers of antibodies,
which may also select suitable orientation. As aangple, chemical coupling of an anti-mouse
immunoglobulin antibody, followed by addition ofsaitable murine monoclonal antibody and then
tested receptor will provide a flexible linker ofore than 40 nm length, allowing very efficient
interaction with free or surface-bound molectiles

Note in this respect that the use of multiple layef reagents is often rewarding. Thus, a
molecule X of interest may be coupled to a surfaith a sequence of protein A followed by a
suitable anti-X monoclonal antibody. Alternativedsorbed biotin (e.g. used as biotinylated albyimin
may be used to bind avidin or streptavidin, whidh nd to biotinylated X. This sandwich technique
usually works fairly well, possibly because the rfdinding sites of the streptavidin molecules are
exposed on opposed sides. The interest of thesgphadlyer combinations is threefold : firstly eth
may allow for proper orientation of the binding molile. Secondly, they reduce the quantitative need
for rare products, since the first adsorption stepisually the most expensive in terms of needed
amount of reagents. Thirdly, the last step is igealited to prepare serial dilution of active
molecules.

5.2 - Surface density
Quantitative interpretation of experimental dataally requires at least approximate determinatibn o
the surface density of ligand and receptor molecw&hile radioactive labelling remains the most
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sensitive technique, it is often difficult to udduorescence labelling is easily amenable to simple
calibration proceduré$ but it is difficult to detect surface densitisswier than several tens of
molecules per squared micrometer. New fluorescestigs such as Aleka or quantum dots may at
least partly raise this limitation. Finally, sometkeors were happy with enzymafior luminescence-
based® immunoassays.

An important point that must be borne in mindhattthe density of "active" sites may be
substantially lower than the total density of males. Thus, it is probably a good idea to assay sit
density with labelled ligands or specific antibadrather than labelling receptor or ligand molesule
before coupling to surfaces.

5.3 - Passivation

As will be emphasized below, the performance of floev chamber (and probably many other
methods used for studying molecular interactiossessentially set by the ratio between specific
binding events and non specific particle arrestser&fore, an important part of an experimental
scheme may consist of determining optimal ways ofinmizing nonspecific interactions. The most
common way of achieving this goal may consist daftom test surfaces with a "non specific" blocker
such as bovine albumin or casein. Another possilifiiat is commonly used by living cells consists o
coating surfaces with repeller molecules such dgefioyleneglycol or polysaccharides mimicking
pericellular matrice8. However, it must be borne in mind that the mol@canvironment of receptors
may alter rate constants, particularly kinetic agtton parameters.

5.4 - Cellsand Particles
While flow chambers were successfully used to stihdyattachment of cells and artificial particlis,
must be emphasized that both models yielded diftddads of information.

Flow chambers were first applied to cellular medéb obtain physiologically relevant
information. Indeed, it seemed obvious that theveational way of centrifuging cell mixtures or even
to deposit cell supensions on suitably adhesivestsaties or cell monolayers might not suitably
represent situations met by cells in their natamalironment. However, the molecular interpretatdn
experimental data is hampered by several probldjre cell surface exposes a variety of molecules
with a potential adhesive or anti-adhesive roleniany situations, ii) the distribution and densify o
membrane adhesion receptors are difficult to mdaipureely, which may makes it difficult to ensure
that single bonds are actually observed. iii) tygography and molecular properties of cell surfaces
make it difficult to control and event to estimaiecurately the kinetics and mechanics of interastio
between cell surface molecules and substratesdue)to the irregularity of cell shape, it is often
difficult to determine the duration of cell-subs&anolecular contact with high accuracy.

In view of aforementioned difficulties, it is nstirprising that model systems were often used
to study biomolecule interactions, and comparisetwben these and model particles and cellular
systems revealed similaritf@sor difference® depending on tested receptors and parameters. The
interest of studying the interaction between mipheses and artificial surfaces is that the
hydrodynamics of interaction can be determined witih accuracy based on standard results from
fluid mechanics, surface structure is relativelyllveentrolled (although many suppliers may used
incompletely documented procedures to avoid nogipénteractions). Also, it is possible to contro
the surface density of receptor molecules, whicta ikey requirement to study single molecule
interactions.

The size of microspheres may deserve some digctugdaximum sensitivity may be obtained
when the ratio between the velocity of freely flagiparticles and the force exerted on a bond
maintaining a particle at rest is maximum. Thisoratpproximately scales as'R where R is the
particle radiu¥, thus supporting the use of small particles. Ha@vewsing small particles also
involves some limitations : firstly, the accuracl particle localization is dependent on the pagticl
size. Secondly, brownian motion strongly alters #ignificance of experiments performed with
smaller particle¥. In our laboratory, microspheres of 2.8 pm ragitsved well suited to study with
reasonable sensitivity transient interactions gateer between ligands and receptors. Recent studies
performed with larger particl&s allowed better optical monitoring of particle pasi. Indeed,
combining reflection interference contrast micrgscavith the flow chamber allowed simultaneous
observation of particle vertical and horizontal oot Also, adhesive interactions were more effitien
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than expected. Thus, it is possible that compleargribformation might be obtained by using a range
of particle sizes to study a given ligand-receptaiple.

5.5 - Image processing

While valuable information can be drawn from flovimamber experiment with a mere
stopwatch, only a computer-based tracking systamattaw satisfactory use of all provided pieces of
information.

Early experiments were done with stand&fdr fast® videocameras. Videorecorders were
used to archive images on videotapes for delayatysia. Images were digitized and particle position
was determined with a custom m&der commercial tracking software. In our laboratorgell or
microsphere position was readily determined withcusstom-made program : particle contour
determination was based on intensity contrast, et obtained by properly focusing the microscope.
The centroid of the particle image was then deteechiwith an accuracy that may be estimated as the
pixel size divided by the square root of the imagea (in squared pixel). Thus, we routinely
determined the position of 2.8 um diameter micresph with about 50 nm accuracy. Assuming the
substratum was sufficiently smooth, the sphereandigle contact might be considered as
superimposed on the image center. As emphasizedkbalids essential to use control procedures to
rule out artefactual binding events due to partad#ision or change of image contrast. Monitoring
particle area was felt satisfactory for this pugos

While fast cameras have been more and more ofted s analyze selectin-mediated
interactions in presence of a flow rate compardbl¢hat found in blood vessels, other membrane
receptors can form adhesion only under low shetw. tdnder these conditions, general purpose
cameras and videotape recorders proved fully satsfy. However, recent generalization of high
efficiency data compression (with codecs such agXDi) in addition to the replacement of
conventional videocameras with CCD videocamerasiltexs in a progressive replacement of
videotapes with numeric storage devices such as tisks or DVDs. Basic processing software is
now included in standard operating systems (e.gedDX] as a standard Windows component).
While this technology makes available highly cd$¢aive image processing equipment, it must be
borne in mind that present-day image compressigorihms, efficient as they may be, result in
partial information loss and less accurate conwobldata processing that previous generation
equipment.

6 - Limitations of the method

It would be useful and appealing to indicate cl@aitations of the resolutive power of the laminar
flow chamber, such as the minimum duration of detde interactions. Also, it is certainly important
to identify the limiting parameters, i.e. the paedens that should be improved in order to increase
power of the method. Although a detailed discussiball relevant parameters would not fall into the
scope of this brief review, three important pointt be discussed below.

6.1 - Non specific versus specific arrests
Quantitative analyses of “specific” interactionsdiaged by well-defined ligand-receptor couples are
plagued by the inescapable occurrence of so-cabbedpecific interactions involving a variety ot ill
defined molecular structures on interacting sugace frequent problem is that there is no absolute
way of discriminating between specific and nonsjiednteraction§’. Indeed, these interactions
involve similar physical forces and may not exhigitikingly different orders of magnitude. As a
consequence, it is difficult to discriminate betwespecific and nonspecific interactions on the dasi
of quantitative parameters such as lifetime or doconstant. Worse, it is difficult to exclude the
possibility that a specific interaction be strergtbd by additional nonspecific forces, or that a
nonspecific binding event be reinforced by subsetigpecific bonds. Thus, the significance of an
experimental study is strongly dependent on thegradion of surfaces minimizing the frequency of
nonspecific events, in order that the ratio betwspacific and nonspecific events be as high as
possible.

Obviously, surface quality must be checked, and important to chose adequate controls :
thus, it is certainly incorrect to use as a confasla receptor-coated surface (say, glass) theesam
uncoated surface since nonspecific interactions exygected to be quite different. Thus, control
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surfaces must closely mimic the systems that avestigated. For example, an antibody may be
replaced with a control antibody of similar classl aifferent specificity, or an active molecule may
be replaced with a mutant differing from the wijgh¢ species by a few aminoaétisAlso, binding
molecules such as streptavidin might be blockedsimall ligand molecules (i.e. biotin) that are
supposed to modify binding sites with a minimaketfon surrounding surfacés

As a consequence, the sensitivity of the methaaften set by the efficiency of the binding
system that is studied : indeed, if bond formatmmturs every 100 moving step of a particle,
nonspecific events occurring with 1/1,000 frequesbypuld not invalidate the analysis, while they
would severely impair attempts at quantifying sfie@nteractions occurring every 10,000 step.

6.2 - Brownian motion

As previously indicated, small size particles offgoved most suitable to detect transient and weak
molecular interactions at the single bond leveis important to note that in this case the linoitshe
flow chamber analysis are set by brownian motidhaathat the accuracy of determination of particle
position or time resolutidA Indeed, the random brownian displacement of &igharduring a time
interval of duration t scales a¥’t while the flow-induced displacement scales aghus, brief
displacements can be analyzed only when the fldgvisaincreased, which increases the force on the
bonds and usually decreases bond lifetime. Naetthis limitation is less important when binding
can occur in presence of high flow rates, as exiieglby selectin-mediated interactions. Thus,
different setups may be advantageous when flow beasrare used to quantify the binding properties
or receptors with highly different binding parametesuch as e.g. selectins and cadherins. This
situation is illustrated on Fig. 7.
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Figure7 : Performance of the flow chamber. Considering a model system made of microspheqassed to a
wall shear rate of 10%sand forming adhesive bonds of 100 ms durationesiinated the probability of
detecting a binding event (crosses) and the prétyabi counting an artefactual arrest (squares)rdua
monitoring step of 20 ms. The ratio between detaqgtimbability and artefact probability is also stmoffull
circles). As expected, the probability of detectinghort arrest fell when the threshold time washigh
(crosses), while the probability of observing atefarctual arrest was high when the threshold tirae wo low
(squares). Thus, there is an optimal threshold (ioés) that depends on the duration of arrestsatieadeemed
significant.

6.3 - Surface topography

As already mentioned, an accurate knowledge ofdpegraphy of interacting surfaces and molecules
is required to translate experimental results intansic molecular parameters. While this remask i
relevant to both association and dissociation determination, association rates are particularly
sensitive to the structure of interacting surfattere are some possible mechanisms.
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- It is a general finding that molecular clusterimgy strongly affect binding efficiency. Thus, if a
significant fraction of surface-bound molecules ahgstered, it is conceivable the that majority of
binding events might involve multiple bonds. Thdyomay to formally rule out this possibility would
be to check that the number of binding eventsgsicantly higher than the number of encounters
between clusters of ligands and receptors. Onhh higsolution methods such as atomic force
microscopy might provide sufficient informationdonsider this possibility quantitatively.

- The disruptive force experienced by a molecutardomaintaining a particle at rest in presence of a
hydrodynamic force is obviously dependent on thenggtrical (and rheological) properties of
interacting surfaces.

- The frequency of molecular encounters betweeanligand receptors is also highly dependent on
nanometer-scale topographical features. This phenom was cleverly demonstrated with cellular
models by demonstrating that adhesive interactiodeu flow may require that cell membrane
receptors be located on the tip of microfflliAlso, bulky molecules may prevent contact between
smaller receptors and ligarfd§’

- Also, the orientation of rigidly bound surface lemules is an important parameter of binding
efficiency. Clearly, a receptor with binding siteried towards the surface where it is bound woeld b
quite inefficient in a flow chamber. Thus, derivingolecular association rates from binding
frequencies requires at least approximate detetinimaf the fraction of exposed sites. This is aot
trivial problem since a surface-bound site mayvatyi bind soluble ligand and remain unable to
interact with surface-bound structures.

These difficulties were an incentive to try anégare fully adhesive surface by coupling well
oriented receptors to mica surfaces known to beotimat the subnanometer le¥ef-°* More work is
required to present the effect of surface irregdtida;, as detected with methods such as atomieforc
microscopy, on binding parameters obtained witlvfthhambers.

Conclusion

Currently available systems allows us in principie detect binding events lasting but a few
milliseconds in presence of piconewton forces. Thigrobably sufficient to reveal most biologically
relevant interactions. However, this limit is rgrebtained in view of a variety of technical difiities
hampering complete control of surface topograpiggnid and receptor distribution and environment,
and nonspecific interactions.

7 - Comparison with other techniques

7.1 - Particular features of the flow chamber.

As compared with other tools such as atomic foraerancope, biomembrane force probe or optical
trap, the laminar flow chamber displays some sfepibperties :

- Contact between ligands and receptors is usuplite short, on the order of a few milliseconds
under low shear rate, as compared to standardatdirtees of order of 100 ms with other techniques.
Interestingly, it was found that a short contagtetimight favor single-bond interactidns

- The disrupting force generated by the flow chambay be considered as constant, as compared to
an adjustable loading rate available with atomicdomicroscopes and biomembrane force probes.
While conceptually simpler to analyze, a constanté yields less information on energy landscapes.
Further, varying the shear rate will alter at thene time the contact time and disruptive forcesthu
impairing data interpretation. Indeed, increases$aliation rate in presence of higher flow rate may
be accounted for by force sensitivity of a givenitw state, according to Bell's law, or differeritiah
state when binding is multiphasic.

- The flow chambers allow cells or particles torsea extended area, which allows to decrease the
surface density of binding molecules and helpsigutiut multivalent interactions.

- Finally, the flow chamber is well suited to ddéteé@nsient binding events since bond formation can
be detected within milliseconds. This is well sdite study the kinetics of bond formation, and adtso
study weak bonds.

7.2 - Comparison between different results.
Interestingly, the flow chamber and other technsqwere first applied to different systems.
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Indeed, flow chambers were first used to studycsielenediated bond&®’ as well as fairly weak
interactions formed by the lymphocyte CD2 recefftor cadherinS. Strong interactions such as
streptavidin-biotin association were analyzed os@veral years later with this techniduend
reported information concerned only transient caxes formed by molecules. Conversely, atomic
force microscopy and biomembrane force prdbeere first used to study the remarkably strong
streptavidin-biotin interaction, and the much weakemotypic bonds formed by cadherin molecules
were analyzed only lat®®’. Bonds of intermediate strength formed by antigad antibodies were
successfully studied quite early with both flow atimers® and atomic force microsco

Thus, only recently results obtained on a similgand-receptor couple with flow chambers
and AFM or BFP could be compared. We shall only tivartwo examples.
The interaction between L-selectin and specifiarids, which is thought to play an important role in
tethering flowing leucocytes to endothelial wallgidg inflammation or lymphocyte circulation, was
studied with flow chambe?$ and biomembrane force préfieThe wall shear rate used with the
former approach ranged between about #@rsd 180 3. While the zero force dissociation rate was
comparable (respectively 6.6' sand 3 8), the force dependence was quite difference sice
disruptive force of about 200 pN was found to iaseethe dissociation rate by a factor of less than
with the flow chamber, and more than 1,000 with B method. A possible explanafidmould be
that binding events observed in the flow chambemkdiated by a few bonds.

Interactions between recombinant cadherin moidtdesid to microspheres were studied with
the flow chamber operated at low shear rate, rangatween about 5'sand 20 8 #3#%2 atomic force
microscopy’, biomembrane force pro¥é" Interactions formed by the outer two domains ef E
cadherin (EC12) revealed a binding state with etifife on the order of 1 second and a Bell force
constant of a few piconewtons. However, the sigaifce of this match was partially hampered by the
demonstration of a multiplicity of binding stategwfairly different lifetime and force constant.

The example of streptavidin-biotin interaction clgdllustrates the difficulty of comparing
different methods. Streptavidin-biotin bond is vdngh with an affinity constant on the order of
10"*Mole™. The equilibrium binding state is stable enoughesist all hydrodynamic forces generated
with a flow chambemhen the shear rate is low enough to allow bond formation. Thus, stable
bonds will result in permanent arrests. The floarober only allowed to study the rupture of transien
binding states corresponding to the outer part rafrgy/distance plots Experiments done with
atomic force microscopes or biomembrane force mobevealed inner barriéls Thus,
complementary results were obtained with differaethods.

8- Conclusion
Laminar flow chambers were first developed to miauithesion events occurring in flowing blood, in
presence of a wall shear rate ranging between ahfevdreds of § and several thousands ot.s
Experimental data were of high biological relevaboé they were arguably difficult to connect with
intrinsic molecular interaction parameters. Usirgllshear rates ranging between a févasd a few
tens of & proved an efficient way of analyzing a part of #reergy landscapes formed between most
adhesion receptors and their ligands. This mayglspecific information on biomolecule interactions,
in combination with information brought by othervitees such as atomic force microscSpés,
biomembrane force prob&sor optical traps™

In addition to its intrinsic value un helping us tmderstand the role of different cell
membrane receptors, the highly detailed informatbtained at the single bond level should prove
particularly useful to check the predictions of gmllar dynamic simulations, that are made possible
by the increasing availability of accurate struattinformation of molecular complexes as provided
with X-ray diffraction. This should bring us neartre ultimate goal of relating the structure and
function of biomolecul€s.
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