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Determining Force Dependence of Two-Dimensional Receptor-Ligand
Binding Affinity by Centrifugation
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ABSTRACT Analyses of receptor-ligand interactions are important to the understanding of cellular adhesion. Traditional
methods of measuring the three-dimensional (3D) dissociation constant (K ) require at least one of the molecular species in
solution and hence cannot be directly applied to the case of cell adhesion. We describe a novel method of measuring 2D
binding characteristics of receptors and ligands that are attached to surfaces and whose bonds are subjected to forces. The
method utilizes a common centrifugation assay to quantify adhesion. A model for the experiment has been formulated, solved
exactly, and tested carefully. The model is stochastically based and couples the bond force to the binding affinity. The method
was applied to examine tumor cell adherence to recombinant E-selectin. Satisfactory agreement was found between
predictions and data. The estimated zero-force 2D K for E-selectin/carbohydrate ligand binding was ~5 X 10% um~2, and
the bond interaction range was subangstrom. Our results also suggest that the number of bonds mediating adhesion was
small (<5).

GLOSSARY Greek symbols
2
A; Egﬁtda?;gzzﬁ(g:} )parameter A) Ap density difference between cell and medium
b, c, d dimensionless parameters X weighted sum of square of errors
n f force on a cell (pN) X2, reduced weighted sum of squares of errors

fy force on a bond (pN)
f force at which cells detach most frequently

(oN) INTRODUCTION
fso  force at which 50% of the cells detach (pN)  Cell-cell and cell-substrate adhesion is an integral compo-
h- height of confinement region o nent of many biological processes. The adhesive interaction
Ka  association constant or binding affinityifr’) is mediated by cell adhesion receptors binding specifically

Ky dissociation constanfufm?)
Kg Boltzmann’s constant
ke forward reaction rateym?/s)
K, reverse reaction rate (9
m surface density of ligandsu 2)
Muax  Max (M, m)
Myuin ~ Min (M, M)
m surface density of receptoraifi?)
n number of bonds mediating adhesion
P, probability of adhesion
Py cumulative probability for an adherent cell to

with their counter-receptors or ligands to form noncovalent
bonds. An important parameter that characterizes such in-
teraction at equilibrium is the binding affinitg,, which
describes the propensity of a receptor-ligand pair to be in
the bound state.

Traditional bulk chemistry approaches for measuring
binding affinity were developed for binding of soluble li-
gands, such as cytokines or growth factors, to cell surface
receptors. As such, these methods require at least one of the
molecular species to be in solution (Hulme and Birdsall,

be detached 1992). This kind of binding affinity is referred to as three-
ps  probability density of an adherent cell to be dimensional (3D) affinity in the present paper, as the soluble
detached ligands are able to move in three dimensions and there is no
P probability of havingn bonds externally applied force acting on the bond. (Some authors
RCF relative centrifugal forceg(s) use 3D affinity to describe the situation when both reactants
T  temperature (K) are soluble (see Lauffenburger and Linderman, 1993).) In
\Y, cell volume @m?3) the case of cell adhesion, in contrast, the motions of both
O average molecular species are restricted to two dimensions (2D),

because both receptor and ligand are anchored to a surface.
This kind of binding affinity is referred to as 2D affinity
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. , .ing forces usually exist that affect the binding reaction. This
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traditional approaches may not be directly applied to the selectin-coated surface and carbohydrate ligand-expressing
analysis of receptor-ligand binding in cell adhesion. tumor cells. This greatly simplified system provides con-
In a recent work, Dustin et al. (1996) measured thetrols on the isolated adhesion pathway and the density of the
fluorescent intensities inside (total) and outside (free) thaeceptor. E-selectin is a member of the selectin family of
adhesion area and attributed the difference between the twsell adhesion molecules that has been demonstrated to be
as the density of the fluorescein isothiocyanate (FITC)important to the rolling of leukocytes on endothelial cells in
labeled LFA-3 (lymphocyte function associated antigen 3)sites of inflammation (Bevilacqua et al., 1987; Butcher,
receptors bound to the CD2 (cluster of differentiation 2)1991; Lasky, 1992). It has also been implicated in mediating
ligands. Using the Scatchard analysis, these authors detefe adhesion of cancerous cell lines to endothelial cells in in
mined the 2D dissociation constant of binding betweenyitro models of tumor metastasis (Rice and Bevilacqua,
LFA-3 reconstituted into glass-supported lipid bilayers and1989; Sawada et al., 1993). Therefore, two well-character-
CD2 expressed on the Jurkat T cells that were free 0fzed human cell lines whose adhesion to endothelium is
dislodging forces. This work exemplifies the reasons behingyediated at least in part, by E-selectin, the promyelocytic
the lack of methods for the direct measurement of bindinge kemia cell HL-60 (Takada et al., 1993) and the colon
affinity when both receptor and ligand are bound to apposgarcinoma cell Colo-205 (Daneker et al., 1996), were cho-
ing s_urfaces. Scatchard a_nalysis_ is based on the definition Qfap, in the present study. The ability of selectins to mediate
affinity as the concentration ratio of the bound to the freecgj| rolling is believed to be due to their binding character-
receptors and ligands, and it thus requires the ability Qgics; including the fast kinetic rates and the weak depen-
measure these concentrations s_eparately. In adhesion afsnce of reverse rate on force (Kaplanski et al., 1993; Alon
says, by contrast, only the fractions of adherent and deg¢ 5 1995). Although the static centrifugation assay em-
tachec_j cells are measured. Whereas there are no bonﬂﬁ)yed in the present study does not permit separate mea-
associated with a detached cell, the number of bonds of all,rements of the forward and reverse kinetic rateandk.,
adherent cell can be any number allowable by the receptori§ allows the evaluation of their ratio, the binding affinity,

and ligands in the contact area available for binding. Thq< — k/k. In addition, the bond interaction parameter, a
a . ) 1

]?nly (|nd|re'ct) r;ethad V\;ebcméld ;m(;j n tk][e open Iltgrature parameter that relates the reverse rate to bond force, can be
or measuring density ot bonds r|.g|ng WO apposing SUrgaineqd by the method developed herein. Both properties
faces is that of Dustin et al. (1996); and it requires that the . : .
) - . measured in the present work were consistent with those
receptor be freely mobile and that both the binding kinetics___. . . .
e 2 I estimated with the flow chamber technique (Kaplanski et

and lateral diffusion have reached equilibrium.

At the cellular level, adhesions are usually measured bf/ﬂ" 1993; Alon et al., 1997).
' The coupling between mechanics and chemistry in the

either the probability or the strength of adhesion, which in. . . )
nteractions between cell-bound receptors and ligands is

population studies translate, respectively, into the fraction " < . T -
of adherent cells or the force dependence of the detache fmed by the relation between the kinetic rate_s or binding
finity and the bond force, and several functional forms

fraction of cells. Because cell adhesion is mediated by th b 4 (Bell - Bell ot &l ) b
formation of receptor-ligand bonds, and as such the adh 1ave been proposed (Bell, 1978; Bell et al., 1984; Dembo et

sion probability and strength must relate to the force depengl" 1988; Dembo, 1994; Evans et al., 1991; Evans, 1995;

dence of binding affinity of the adhesion molecules, theEvans and Ritchie, 1997). Although careful physical rea-

molecular binding characteristics could conceivably be deSCNiNg was used in their construction, the lack of detailed

rived directly from the cellular adhesion data. Here welnformation regarding the binding pocket at the atomic level

report such a method. It consists of an experimental assd)2S Prevented discrimination among these possible models
used to generate the adhesion data for various conditiorf§@sed solely on theoretical grounds. The large amount of
and a theoretical model for the experiment. The assay enflata generated via the centrifugation assay enabled us to test
ploys centrifugation to detach less adherent cells. It is simthe applicability of these models to a specific receptor and
ple and widely used (McClay et al., 1981). However, al-ligand pair of physiological importance, i.e., the E-selectin
though quantitative data could be generated by thigind carbohydrate ligand system.
technique (Chu et al., 1994), no theory exists in the litera- Our approach also allowed us to address several issues of
ture that allows for their quantitative analysis to deriveimportance to the biophysics of cell adhesion. These include
intrinsic properties of the adhesion molecules. Our mathethe strength of cell adhesion, its relation to the probability of
matical model fills this gap. It derives from the probabilistic adhesion, the number of bonds per adherent cell, as well as
formulation for kinetics of small systems (McQuarrie, the relationship between the adhesion strength and the bind-
1963) a simple but exact solution that relates the fraction ofng affinity or the bond range. Our data suggest that Colo-
cells adhered to the number of bonds formed. The combi205 cell adhesion to an E-selectin-coated surface was me-
nation of the model and assay thus provides the means faliated by a small numbex(5) of bonds. The dependence of
measuring the force dependence of the 2D binding affinityadhesion strength on binding affinity was stronger than the
The method was exemplified and validated experimeniogarithmic relation proposed in previous work (Dembo et
tally by using a system that consisted of recombinant Eal., 1988; Zhu, 1991; Kuo and Lauffenburger, 1993).
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MATERIALS AND METHODS speed {-8g for 30 s) to bring all cells into contact with the coated bottom
surface. The wells were then incubated at 4°C for 30 min unless specified
Cell lines and antibodies otherwise. After incubation, the wells were filled with medium and sealed

) ) to form an air-free system. The plates were then inverted and spun in the
Colon carcinoma cells (Colo-205) were the generous gift of Dr. Georgezentrifuge to impose a defined force on the cells for a duration of 1 min
Daneker (Emory University). Promyelocytic leukemia cells (HL-60) cells jess specified otherwise. While the wells were kept inverted, the sealant
were obtained from American Type Cell Culture (ATCC, Rockville, MD). strin was removed and the wells were drained of medium. The wells of the
Both human cell lines were cultured in Roswell Park Memorial Institute strip were separated, and the activity of each well was measured in a
(RPMI) 1640 media (Sigma, St. Louis, MO) supplemented with 2 MM gamma counter. The fraction of adhesion was calculate® by (C, —
L-glutamine, 100 units/ml penicillin, 10 mg/ml streptomycin, 0,28/ml CYI(C, — C,), where C, C,, and C, are, respectively, the adherent,

amphotericin B, and 10% fetal bovine serum (FBS). The anti-E-seIectirbaCkground’ and total counts read by the gamma counter (TM Analytic,
monoclonal antibodies (mAbs) 1D6 (for capture) and 3B7 (for adhesiong,3nqon FL).

blockade) (Erbe et al., 1992), and the E-selectin construct (Lec-EGF,
composed of the N-terminal lectin-like domain and the epidermal growth
factor domain; Li et al., 1994) were gifts from Drs. D. Burns, B. Wolitzky,
and K. S. Huang (Hoffmann-LaRoche, Nutley, NJ). The anti-sialyl Lewis x
(sLe&) mAb CSLEX1 was purchased from Becton Dickinson (San Jose,The theoretical model was fitted to the experimental data by using a
CA). The control antibody anti-ICAM-1 (intercellular adhesion molecule numerical routine that employs the Levenberg-Marquart method to evalu-
1) mAb (84H10) was a gift of Dr. Steven Shaw (National Institutes of ate the parameters that minimize the errg?) (between the data and the
Health), and the anti-CD44 mAb (A3B8) was a gift of Dr. Barton Haynes predictions (Press et al., 1989). The program also uses the spread and
(Duke University). standard deviation of the data to estimate the standard deviations of the
fitted parameters. The routine was set up for a two-parameter fit. When
best fitting values of three parameters were desired, the third parameter was
Coating wells with E-selectin construct systematically varied and the two-parameter routine was applied for each

) ) ) value of the third parameter until the minimug? was found. They?
E-selectin was coated onto plastic wells by a capture protocol using th%tatistic, or weighted sum of square of errors, was defined by
anti-E-selectin mAb 1D6 (Li et al., 1994). Plastic wells of 96-well plates

Data analysis

(Immulon 2 Removawell Strips; Dynex, Chantilly, VA) were coated with N

either 1D6 or bovine serum albumin (BSA) (for control experiments) at 2 _ E i[ -y )]2

2-3ug/ml in 100! of coating buffer (15 mM NaCOs, 35 mM NaHCQ X= 202 Yi = Y%
i=1

in H,0O) overnight at 4°C. The wells were washed two times with phos-

phate-buffered saline (PBS), 2@®/well, and then blocked with blocking h is th t is th del predici o
buffer (1% BSA in PBS without calcium and magnesium) overnight atn/] erfyi l'js dedme;ats_uremer: é‘t y(;(‘&l 1S the mo eb pref '; |ton at; t(Ti I'Sl'h
4°C. The E-selectin construct was then coated onto the plate at various € standard deviation of atx; andN is the number of data points. The

concentrations diluted in RPMI 1640 medium with 1% BSA, 0.02% reducedy” statistic, xj, = XZ./V’ where v is thg ‘number of degrges of
sodium azide overnight at 4°C ' freedom & N — M, whereM is the number of fitting parameters), is both

a measure of the appropriateness of the proposed model and a gauge of the
quality of the data (Bevington and Robinson, 1992). To examine the
goodness of fit of various models, thé values were compared among
different models for the same data set. To evaluate the quality of the data
among various experimental runs, tie statistics were again compared
among different data sets for the same model.

Determination of E-selectin site density

The surface densities of E-selectin were determined via radioimmunoa
says. Samples of the E-selectin construct were labeled X&fttby using
lodo-Beads (Pierce, Rockford, IL). The specific activity was determined by

measuring the activity of a known amount of protein. The radiolabeled

E-selectin was used to coat the wells as described above. After coating, thEHEORY

wells were washed twice with RPMI 1640 with 1% BSA, 0.02% sodium .
azide to remove any unbound construct. The wells were then placed in Ihe master equations

gamma counter to measure the activity present on the surface. The amouAtS discussed in the Introduction, the traditional approaches
of E-selectin construct present was calculated by dividing the measure%i !

activity on the well by the specific activity of the labeled construct. The 0 determlnlng 3D bll’ldlng affm'ty are mappllcable to the
density of molecules was then calculated by converting the mass present 62 case because of the lack of methods for directly mea-
the well to number of molecules (molecular mass 25 kDa) and thensuring the densities of bonds in the contact area. Therefore,
dividing by the coated well area. the key to the present approach is to relate the binding
affinity to the measured fractions of adherent and detached
cells and to infer the bond density from these fractions.
Accomplishing this requires a model for cell detachment. In
The target cells (Colo-205, HL-60) were radiolabeled by incubating Withformulating such a model, it is important to realize that,
51Cr isotope 150 uCi/10° cells) the night before the experiment. Colo- when a population of cells is assayed itis usua”y a fraction
205 were detached from the culture flask with Hanks’ balanced salt ! . ;
solution (Sigma) and 5 mM EDTA (Sigma) immediately before the eXper_not all or none of the cells, tha}t are adhergnt. The fraction of
iment. HL-60 cells were grown in suspension and did not require detach@dherent cells decreases with decreasing receptor and/or
ment. Cells were washed twice in RPMI 1640 with 1% BSA (Sigma) to ligand densities and with increasing dislodging force.
remove any radioactivity not associated with the cells. They were then Tg account for this lack of all-or-none, or indeterministic,
suspended in RPMI 1640 with 1% BSA for the centrifugation experiment.phenomenon requires a hypothesis of its underlying random
The target cells were added to the wells of 96-well plates at a concen-
tration of 20,000-40,000 cells per well in a volume of 100 The events. Two such hypOtheses were pI’OpOSGd, one at the
radioactivity of cells added in a sample was measured. The well strips (ifnolecular and the other at the cellular level. The latter
a strip holder) were placed in a refrigerated centrifuge and spun at low{model 1) concerns the heterogeneity of a cell population

Centrifugation experiment
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and is dealt with in the Appendix. The former (model I) referred to as the bond interaction parameigt/a provides
postulates that the adhesion fractionalization is a manifesa reference scale for the bond forte.dare dimensionless
tation of the stochastic nature inherent in receptor-ligancharameters. Bell et al. (1984) suggested the inclusion of the
binding, which becomes significant when the number ofpond elastic energy (in its simplest linear spring form) in the
bonds per cell is small. Therefore, the master equations foGibbs free energy change of the binding reaction in the
kinetics of small systems (McQuarrie, 1963) were adoptethpsence of force. This corresponds to the cage-of2 and
to describe the rate of changes in probabilitgs.of acell ¢ = gin Eq. 2; andkgT/2a? is the spring constant. Dembo
havingn bonds with another cell or surface, (Dembo, 1994; Dembo et al., 1988) suggested two expo-
dp, nential laws forl<§_”) and kK, but required their ratio to
Faalubs DKV, satisfy the equation of Bell et al. (1984) fdt, Other
authors have adapted Bell's (1978) exponential model for
n+1) K™, but assumedk™ to be a constant (Hammer and
— | (Aam, — n)(Am — n) A +nk” |p, Lauffenburger, 1987; Cozens-Roberts et al., 1990). This is
theb = 1 andc = 0 case in Eq. 2. Evans (Evans, 1995;
g Evans et al., 1991) proposed a power law 5P (with k™
+[AM = (n= DIAmM — (n — 1] A Pt assumed constant, this becomeshhe0, ¢ = 1 case in Eq.
2) and described the bonds as brittle if the podier- 1 and
1) ductile if d ~ 1. (Evans’ original form wask(f/n) =
wheren ranges from 0 té\.m,,,, andp,, are zero fon values _k?(af/nkBT)d, and hencek(0) = 0. Our modified version
outside this ranged, (in um?) is the contact arean,;, = includes a cross-over to a nonzero reverse rate at zero
min(m, m), wherem, and m (in siteskm? are, respec- force.) More recently, Evans and Ritchie (1997) placed the
tively, the densities of receptors and ligands. The assumge€lationship between reverse rate and bond force on a more
tions underlying Eq. 1 are that the probabilities at therigorous foundation by deriving it from Kramers’ (1940)
current time point depend only on their immediate past, butheory of escape of thermally agitated particles from an
not the history before that (i.e., the process of bond formaenergy well tilted by an applied force. Under greatly sim-
tion and breakage is Markovian); that the probability of plified conditions, the result obtained by Evans and Ritchie
simultaneously forming or breaking more than one bond a{1997) was a combined power and exponential model (i.e.,
a time is infinitesimal compared to that of forming or ¢ = 1 and nonzerd andd values, again wittk™ assumed
breaking one bond at a time; that all free receptors andonstant). Although their ranges have been estimated, the
ligands within the contact area have equal opportunities tenodel parameters cannot be determined theoretically, be-
form a bond; and that every bond has the same probabilit¢ause no information is available for the receptor/ligand in
of dissociating. question, on either the detailed energy profile that deter-
mines the transition state or the work mode that couples the
external force to energy. Here Eq. 2 is viewed as a consti-
tutive equation for the binding affinity whose parameters
Following Cozens-Roberts et al. (1990), the master equawill be evaluated from comparison to experiment.
tions (Eqg. 1) incorporate the coupling of the mechanics of
the separation force with the chemistry of the kinetic rate
coefficients. The forwardk{™; in um?s) and reversekf™; i
in 1/s) rate coefficients for formation and breakage of theExact steady-state solution
nth bond, respectively, are assumed to depend on the bonglthough in its general form, Eq. 1 can be used to describe
force,f/n, wheref is the dislodging force acting on the cell, transient adhesion (Piper, 1997), only the steady state is
which is assumed to be equally shared by &)l fonds.  relevant to the centrifugation experiment described herein.
Because the centrifugation experiment used in this WO”Using mathematical induction, we were able to solve ex-
only allows determination of the ratio &f” to k™ but not  actly the system of finite-difference equations resulted from
each of them separately, we are only concermned with th@etiing the left-hand side of Eq. 1 to zero. This closed-form
binding affinity (equilibrium coefficient), for which the 5o tion, which can be directly verified upon substitution

Constitutive equation for binding affinity

following functional form is proposed: into Eq. 1 (Piper, 1997), reads
f kf(n) f dy-1 af b
i) =kl )] oo -l | @ n
n nksT nksT f f
K ke ke () pong )(Acnm><Acnm)H iKa<i) -
whereK¢ (in wm?) is the affinity in the absence of force i=1

(zero-load affinity),kg is the Boltzmann constant, ardis
the absolute temperatura. (in A) can be viewed as the where the probability of a cell having no bond (detached)
range of the energy well that defines the bound state; it i€an be obtained via normalizatioRg<™"p, = 1, which
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leads to where
AcMmin n -1 AcMmin N f -1
po(f) = [l+ > <A°nm A;m Ac”HiKa(f)] (3b) po(f) =|1+ % HliAcmmKai] (5b)

) As can be seen, the per-molecule density binding affikity
As expected, the steady-state solution (Eq. 3) no longeg, e ars in Eq. 5, together with the densities of the receptors

depends on the forward and reverse rate coefficients sepaiq ligands, as well as the contact area as a grouped quan-
rately but on their ratio, the binding affinity, as a whole. It tity, i.e., the per-cell binding avidith.mmK.,
should be noted that the general mathematical structure of Note ’that iff = 0, Eqs. 4b and 5b reduge respectively

this solution depends only on the definition of the bindingto 0 = @ + m K AMn and po0) =

affinity (Eqg. 2), but not on its specific functional form (e.g., exp(-AmmK?9). Thus the binomial and Poisson distribu-

that given by the far right-hand side of Eq. 2). Therefore, itstions are recovered from Eqs. 4a and 5a, respectively, by
application includes, but is not limited to, systems describecéettingf = 0. This is not surprising, as the conditions

by such a functional form. underlying these distributions are equivalent to the assump-
tions on which the master equations and their corresponding
simplifications are based. Both distributions have been sug-
Two simplified cases gested by others to describe the formation of a small number

of bonds (Bell, 1981; Capo et al., 1982; Evans, 1995).

When one of the molecular species excessively outnumberﬁ !
. . owever, these previous works assumed the parameters
the other, the density of the former can be approximated as

ST . hvolved as given. In contrast, our closed-form solutions
constant because the reaction is limited by the availability o -
S ) reveal how these parameters are related to the binding
the latter. As such, the kinetic mechanism can be reduced tg,,. _. .
. . . ffinity, the contact area, and the densities of receptors and
one of a first-order reversible reaction between free and

bound states of the limiting species. The master equation'sgands' In the binomial distribution, the probability that a

. . . . _ 71 71
for this simplified binding mechanism can be obtained fromreceptqr will b'.nd a I|gand P = [1 + (MneuK) 1% In .
: the Poisson distribution, the average number of bonds is
Eq. 1 by replacingA.my,., — N) and [Acm,. — (n — 1)] by

O . - - - .
XN (ny = AommK3. In addition, our derivation of these distri-
A ax wheremy,a, = max(m, m). Such simplified master butions from the master equations enabled their generaliza-
equations were used by Cozens-Roberts et al. (1990). The . . )
S ion to the case in which the bonds are stressed (i.e., when
steady-state solution is reduced to L . :
f # 0) and the simplifying assumptions are removed (i.e.,

when(n), A.m,, andA,m, are comparable).

Acrnmin - f
Po() = po(f)< n )ﬂ mnaxKa<i) (4a)
i=1 Relating the strength to the probability

of adhesion
where N )
The probability and the strength of cell adhesion have been
. . . -1 regarded as two separate physical quantities (Bongrand et
< [ AMnin al., 1982). The coupling of mechanics and chemistry via the
fy=[1+ - 4 5 ;
Po( ) El ( n E Mhakal § (4b) force dependence of binding affinity (Eq. 2) allows the two

to be related. For the small systems under consideration, the

As can be seen, the affinity for the simplified mech(.;mismdeterminist.ic notion of adhesion strength, defined as the
should bem,, K. forcg required to detach an adherent cell, is no Ionger_
When the number of bonds having nonvanishing probaappllcable and neeq§ t_o be extended. The reason is that, in
bilities is much smaller than both the numbers of receptordN® Present probabilistic framework, the detachment of a
and ligands in the contact area available for binding, thediven cell is a random event and hence can happen at any
formation of a small number of bonds will not significantly force, even at zero force. It is this stochastic nature of the
deplete the free receptors and ligands. As such, the SystedeVIdua| cell detachment that is assumed to give rise to the

of master equations can be approximated by one that ndractionalization of adhesion seen in a population of cells.
glects, respectivelyn and o — 1) in (Aqm — n) and However, the probability of adhesion, defined as the prob-

[Am — (n — 1)] (subscripti = r or l) in Eq. 1, which was ability of a cell having at least one bond, is predictable and
employed by Kaplanski et al. (1993). The steady-state sodecreases with the applied force:
lution to the reduced equations is P,=1-p, (6a)

nq f wherep, is given by Eq. 3b, 4b, or 5b. The probability of an
Po(f) = po(f) H.AcmrmKa(.) (5a) initially adherent cell (i.e., adherent whér= 0) remaining
i ! : adherent after it is subjected to a forcePig f), renormal-
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ized byP,(0) to discount the initially nonadherent cells. The deterministic definition of binding affinity, which is the
cumulative probability that an adherent cell will be detacheddensity ratio of bonds to free receptors and ligands.
by a force not exceedinfjis therefore If f = 0, the left-hand side of Eq. 8 is equal &
(according to the far right-hand side of Eq. 2)f K 0, the
Py(f) =1 — P(f)/P,0) (6b) left-hand side of Eq. 8 can be viewed as a weighted statis-
The probability density that an adherent cell will be de-tical average of the stressed binding a}ffini'ty over all sub-
tached by an applied force can be obtained by differentiatPopulations of cells that are adhered via different numbers

ing Eq. 6b: of bonds and hence have different binding affinities. It is
expected that this weighted average will appro&gtf/(n))
dPy as(n) — .
pa(f) = o (6¢c)

This in general is a broad distribution. There is no one forcdRESULTS

at which a cell will shift abruptly from adherent to nonad- quantification of E-selectin site density

herent. Nevertheless, various statistical definitions for the - _ N _

strength of cell adhesion can be obtained. Three possibi€he densities of immobilized E-selectin were well corre-
definitions are:f,, the force at which detachment occurs lated with the concentrations of E-selectin construct used to
most frequentlyfs,, the force at which 50% of the adherent coat the wells (Fig. 1). The fitted calibration curve was then
cells have been detached; aff), the average force re- Used to predict, based on the concentrations of the E-selectin
quired to detach an adherent cell. These are given bygonstruct in the coating solutions, its surface number den-

respectively, sities in the centrifugation experiments. Because the capture
antibody binds to an epitope on the E-selectin construct that
dpy( ) * is away from the lectin binding domain (Erbe et al., 1992),
a. 0 Pa(fs) =50%  (f) = J fpq( f)df it was assumed that all E-selectin molecules captured by the
" 0 1D6 were properly oriented.
(7a—c)

which correspond, respectively, to the mode, median, an€onfirmation of binding specificity

mean of the probability distributiopy(f). Specificity was demonstrated in Fig. 2, which showed that

both target cells adhered to wells coated with E-selectin but
Relation to deterministic affinity not to those coated with BSA or 1D6 alone. Furthermore,

The analytical solutions for the probability distribution of
having bonds (Egs. 3-5) also enable one to calculate various

C ) . . 400 -
statistical aspects, including the megn), and variance, .
a2 (= (n® — (n)?), of the bond number. It follows from  _ 3s0 |
direct calculations of(A.m. — n)(A.m — n)) that (Piper, e
1997) §“ 300 -
m (/A 2 250 |
(/K (M= (/AYm = (A + oA S
a ®) e 200
o £ 150 |
= [}
mmax(Acnlmin - <n>) g’
£ 100
where the far right-hand side corresponds to the simplified ‘g
case where one of the molecular species excessively out-O 59 | |
numbers the other. This is an interesting result because it X
reveals how the binding affinity (defined by Eqg. 2 as the 0
ratio of forward to reverse rate coefficients based on the 0 20 40 60
detailed balance between formation and breakage of small Incubation concentration (ng/mi)

number of bonds for each value) is related back to its

traditional deterministic definition for large systends)/A.  FIGURE 1 Correlation between concentrations of E-selectin construct

in Eq. 8 can be readily identified as the deterministic bondused to coat the plate and its densities coated on the surface, as determined

density in the Iarge system limit. In general, statisticalby radioimmungassays. The _data repres_ent the combined results of three

fluctuati d by th tandard deviati separate experiments, as indicated by different symb®Isll, A). Each
uctuations (as measure y the slanaar ewattp)w point represents the mean of four wells. The standard deviations are

become smaller as the system becomes larger. Thus thgitted for clarity, but they are of the same size as the symbols. The

right-hand side of Eq. 8 approaches, @ — «, the  continuous curve was a quadratic fit to the data.
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FIGURE 2 Demonstration of specificity of target cell adhesion to the
E-selectin-coated wells. Both Colo-205 cell8) (and HL-60 cells B)
adhered to E-selectin-coated wellg)( but not to wells coated with BSA
(N) or the capture antibody 1D6 onlyllj. Adhesion to the E-selectin-
coated wells was abolished by incubation of the wells with an anti-E-
selectin mAb, 3B7, whereas incubation with an irrelevant isotype-matched
anti-ICAM mADb did not affect adhesion. Incubation of the target cells with
an anti-sL& mAb (CSLEX1) also decreased adhesion from control levels,
although the blockade was incomplete. In contrast, incubation with an
irrelevant isotype-matched anti-CD44 mAb did not significantly reduce
adhesion. Data were presented as megD of six wells. The experiment
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was repeated twice, with similar results.

partially inhibited adhesion to E-selectin (by 50%). This
incomplete blockade suggests that binding epitopes other
than sLé (e.g., sLé&) also contribute to adhesion (Springer,
1995). None of the antibodies had any effects on binding to
the BSA- or 1D6-coated wells (Fig. 2). Assuming indepen-
dence between specific and nonspecific bindings, the
former (P,) can be calculated from the lattd?j and total
binding ) asP, = (P, — P)/(1 — P,).

Testing the steady-state hypothesis

The closed-form solutions (Egs. 3-5) require the adhesion
process to have reached steady state. In addition to choosing
E-selectin, which was thought to have very fast kinetics
(Kaplanski et al., 1993; Alon et al., 1995; Puri et al., 1997),
three types of experiments were designed to test the validity
of this assumption. The first of these examined the effect of
(or the lack thereof) contact duration on binding, in which
adhesions under two conditions were compared. After being
added to the wells and spun down by a low RC§, @0 s),
either the Colo-205 cells were allowed to incubate with the
E-selectin-coated surface for 30 min, or without incubation,
the plate was inverted and a high RCF 440 s) was
applied to detach the less adherent cells. As shown in Fig. 3,
comparable adhesions resulted from both conditions for
eight different coating densities, as the ratios of adhesion
fractions under the latter to the former conditions were not
significantly different from unity. This suggests that, for the
receptor-ligand system used, even the shortest contact du-
ration (approximately tens of seconds) that could be

25
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5 %
gaa 1+
-3
o O
o £
= o
© =
c £ 05+
<]

L

0 i i HE § S

40 77 113 146 177 206 233 258
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FIGURE 3 Lack of effect of incubation time on adhesion. Colo-205 cells
were spun down into contact with the E-selectin-coated surface at a low

the anti-E-selectin mAb (3B7), but not the irrelevant iso-speed, and were either immediately subjected to a RCF @bd4llowed
type-matched mAb (anti-ICAM-l 84H10) was able to to incubate for 30 min at 4°C before centrifugation. The ratios of adhesions

block nearly 100% of binding to the E-selectin-coated
wells. In addition, the anti-seantibody (CSLEX1), but not

under the latter conditions to adhesions under the former conditions were
plotted against various E-selectin coating densities. The data represent an
average of at least five wells each of 30 min and no incubation per column.

the irrelevant isotype-matched mAb (anti-CD44, A3B8), The error bars were calculated from standard deviations of both conditions.
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achieved using the centrifugation technique was sufficiently

long for the bond formation kinetics to reach steady state. It 1.0

also supports the validity of the constant contact area as- & - 2 T I
sumption implied in the models. g i J_

In the second set of experiments, the effect on adhesion of 0.8 ¢
(or the lack thereof) the duration of force application was
examined. Colo-205 cells were spun down at low speed into
contact with surfaces coated with E-selectin&00 sites/
wm?. After 30 min of incubation, cells were subject to a
RCF of 44 for various times. As can be seen in FigA4
no correlation was found between the duration of applied
force and cell detachment over the range of 1-15 min of
spinning. This suggests that all cell detachment occurred 0.2
before the shortest duration tested, after which continued
application of the same constant force did not result in
further detachment. Although it supported the steady-state 0.0 '
assumption, this result was surprising, in view of the dy- 0 5 10 15
namic nature of chemical equilibrium and the short lifetime Spinning duration (min)
of E-selectin/carbohydrate bonds (Kaplanski et al., 1993;

Alon et al., 1997). This point will be revisited in the
Discussion.

The third set of experiments examined whether detach- B 1.0
ment depended on the history of force application. A direct
consequence of the master equations (Eq. 1) is that their
general transient solution at any given time depends on the 0.8
entire history of the applied force before that time instead of
just on its value at the current time. The steady-state solu-
tion (Eq. 3), however, depends only on the steady-state
force but not on its history. Because detachment occurred at =

—4—
—o—

0.6

Slope (= -0.0003 /min) of fitted line is
04 | not statistically significantly different
from zero

Adherent fraction

fraction of adhesiofP, is a monotonically decreasing func- & 0.4 Slope (= 0.002 /s) of fitted line is not
tion of forcef (cf. Egs. 3b and 6a), it was predicted that < statistically significantly different
detachment should be dependent on only the maximum from zero

value in the ramp force history. This prediction was tested 0.2

by accelerating the microprocessor-controlled centrifuge
(Jouan, St. Herblain, France) at various rates while the
maximum speed was kept constant. It is evident from Fig. 4
B that the time over which the centrifuge was accelerated
(ranging from 10 to 80 s) had no significant effect on the

adhesion fraction. This result further validated the steady-FIGURE 4 Lack of effect of &) duration of f licat &
state assumption. ack of effect of &) duration of force application andB)

acceleration rate on cell detachment. Adhesions of Colo-205 cells (to
surface coated with~200 siteskm? E-selectin construct) were plotted
against various time intervals, during which eith&j & constant RCF of
Verification of the monovalency of 44g was applied (after a shortest possible acceleration period3)athé
E-selectin binding centrifuge was gradually accelerated to the same final speed (equivalent to
44g). Each data point represents the meanSD of six wells. Lines
Implicit in Egs. 1 and 8 is the proposed kinetic mechanisnyepresent linear fit to the data. The slope of each fit, as indicated, is not

for E-selectin/carbohydrate ligand binding as a second-orsignificantly different statistically from zero.
der forward, first-order reverse, monovalent bimolecular
reaction. It follows from the Taylor series expansion (cf.
Egs. 5b and 6a) that, whem, or m, is small,

0.0

0 20 40 60 80
Acceleration time (sec)

over a wide range, the adherent fraction increased nearly
linearly with the E-selectin density when it was low (Fig. 5
P~ AmmKy(f) 9) A), which supports the monovalency of the E-selectin bind-
ing (Alon et al., 1995). Binding became saturated when
This prediction was tested by measuring the dependendge-selectin density reached 100 sijes? (Fig. 5 B), which
of adhesion on the E-selectin density. The results are showsuggests a ligand density on the order of 100 gites/
in Fig. 5. As expected, the detached fraction increased wittlowever, it was not tested whether the ligand binding was
increasing centrifugal forces. For each given force value andlso monovalent, because we did not change its density.
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FIGURE 6 Relations between binding affinitieft ordinate or reverse
rate coefficientiight ordinate and force on a cellabscissi The average
ratio of adhesive fractionR,) to site density ify) for the points of the
constant RCF curves shown in FigsA§®) and 9 (¢ ) are plotted against
force on a cell that is produced at that RCF. Theoretical predictions
(curveg made using various forms of temK_, versusf relationship (Eq.

2) are also shown. The parameters (see Tables 1 and 2) were calculated by
fitting the predictions of indicated model forms with the data shown in Fig.
9 instead of fitting data in this figure. Also shown for comparison ake 1/
versusf data @), measured via flow chamber experiments (from Alon et
al., 1997, by permission).

independent of the specific functional form fof,(f).
Therefore it should be used to guide the construction of the
constitutive equation, such as that given by the right-hand
side of Eq. 2. It is worth noting that tH&/m, versusf data
computed from two sets of data (one shown in Fig\ &nd

. ‘ . the other Fig. 9) are in very good agreement, attesting to the
0 50 100 150 reliability of the results.

Adherent fraction, P .,

0.0

Coating density, m , (sites/um?)
Validation of model predictions

FIGURE 5 Dependence of Colo-205 cell adhesion on the E-selecti . - . .
coating densityrfy) and relative centrifugal force (RCF)AX Adhesion is nl'he model was tested for its ability to describe an entire set

nearly proportional tom at low E-selectin densitiesBf Adhesion is  Of binding curvesR, versus various RCF and). Fig. 5A
saturable at high densities of E-selectin. Curves are model predictions witshows the model predictiortifrveg, using a simple expo-
parameter valueb = 1, ¢ = 0, AmKZ = 0.0236un?, a = 0.157 Afor  nential law for the binding affinity with two fitting param-

A andb = 0,¢ = 1,d = 0.8, AmKZ = 0.0644um?, a = 34 AforB.  eters p mK2 anda) and fixed values ob = 1 andc = 0

in Eq. 2. The data in Fig. B were fitted using a power law
formulation with three fitting parametersmK?, a, andd;

b was set equal to zero in Eqg. 2). A detailed examination of
It follows from Eg. 9 that the ratio o, to m, at any the abilities of various models to account for the data will be
constant RCF is an approximation to the per E-selectirpresented shortly. Here, only two are shown to exemplify
density cellular avidity, A,mK_, at the force level corre- the comparison between the theory and the experiment. Not
sponding to that RCF. Thus tli/m, versusf plot shown in  all of them represent the best model. They are shown to
Fig. 6 provides a direct measurement of the dependence @flow the readers via direct visual inspection to develop a
binding affinity on force. It should be pointed out that this sense of what the quantitative measure of the goodness of fit
result is predicted from the master equations, which argy? in Tables 1 and 2) means. These reasonable fits should

Direct measurement of K,(f)
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TABLE 1 Model | parameters calculated using the exponential law (b # 0, ¢ = 0)

No. of Predicted model parametets estimated SD
Data sets data points No. of fitting Reduced chi
shown in figure (N) parametersN]) b AMK? (um?) a(A) square*y?
5A 41 3 0.6 0.0320= 0.0015 0.280t 0.017 2.3
2 1 0.0236=+ 0.0009 0.157= 0.006 2.7
2 2 0.0175* 0.0004 0.108+ 0.006 5.4
5B 40 3 0.4 0.0511+ 0.0018 1.240+ 0.056 13.1
2 1 0.0226=+ 0.0002 0.211* 0.004 21.6
2 2 0.0175=* 0.0003 0.139+ 0.001 39.4
9 42 3 0.5 0.0445- 0.0028 0.775¢ 0.052 15
2 1 0.0218+ 0.0010 0.225+ 0.008 2.3
2 2 0.0140= 0.0005 0.142+ 0.003 5.8

*See data analysis for definition of.
#Further reduction ob resulted in a slight reduction g, but gave an unreasonable valuedoBoldface indicates that the values were held constant during
the fitting.

be appreciated, for a very small number of parameters wer€omparison of various models for binding affinity
used in the curve fitting of such a large collection of data,

. . . . L key element of the model is the constitutive equation
ranging over six different E-selectin coating densities an . L - -
. relating the binding affinity to force (Eq. 2). While different
seven levels of centrifugal forces.

. . . . . formulations for the reverse rate and/or affinity (as repre-
In addition to fitting the entire collection of data with a y ( P

. sented by different values fdy and c in Eq. 2, with or
single S'.Et of pargmeterg, each subse?persus RCF data without the additional assumption for constant forward rate)
(for a givenm) in a third data set was used to evaluate

2 . _“have been proposed by several authors (Bell, 1978; Bell et
the binding characteristics. The parameters so predlctegll, 1984: Dembo et al., 1988 Evans et al., 1991: Evans,
(AmKg3 anda, for given values ob = 1 andc = 0) are  1g95: Eyans and Ritchie, 1997), their ability to account for
plotted against the E-selectin site density, in Fig. 7. AS 5, yea receptor-ligand interaction data has not been com-
can be seen, no dependence of the parameter valuB® on nareq experimentally. Using our data from the centrifuga-
was found, supporting the validity of the model and indi- tjon experiment, we conducted such a comparative study.
cating that these are indeed intrinsic parameters. In othefne results are summarized in Tables 1 and 2. The goodness
words, the two model parameters evaluated by best fitting fit of the curves that resulted from using different models
any one set of adhesion versus centrifugation force data iy quantified by the best fitting values of the reducgd

the family (for a giverm,) enabled us to accurately predict, statistic, y2, which reflects both the appropriateness of the
without any fudge factor, other sets Bf versus RCF data model and the quality of the data (Bevington and Robinson,
in the family (for otherm, values), as shown in Fig. 8. 1992).

When individual P, versusm, data (for a given RCF) We first examined the exponential law (thex 0,¢c = 0
were fitted to evaluate the binding characteristics, howevergase). It is evident from direct visual inspection that the
variations were seen (data not shown) in the predicte@xponent ofb = 1 (Fig. 9 A) clearly represented our data
values ofa at small RCF (e.g., @ values. Such a result better than that ob = 2 (Fig. 9B). This conclusion holds
pointed out a limitation of the method. Because the paramtrue for all data sets (Table 1). The exponénivas also
eteradetermines how the applied force influences adhesionallowed to freely vary to arrive at a value that best fitted the
data generated from experimental situations where the sephata, which consistently yielddal~ 0.5 (Fig. 9C). Again,
aration force is low and does not play a significant role arethe x> atb ~ 0.5 was smaller than the atb = 1 for all sets
not suited for its evaluation. of data summarized in Table 1.

TABLE 2 Model | parameters calculated using the power law (b = 0,c = 1,d # 0)

No. of Predicted model parametets estimated SD
Data sets data No. of fitting Reduced chi
shown in figure points (\) parametersN]) d AMK? (um?) a(h) square*y?
5A 41 3 1.2 0.0273+ 0.0013 0.350t 0.024 2.4
5B 40 3 0.8 0.0644- 0.0047 3.40+ 0.38 12.3
9 42 3 1.2 0.0332: 0.0023 0.720+ 0.059 11

*See data analysis for definition gf.
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FIGURE 7 Independence of the fitted parameters on E-selectin site
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The power law (theb = 0, ¢ = 1 case) was next | 2 i
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examined. That model fit the data (FigD9 slightly better ~ 0-2 o T < 02 I"r
than the exponential model with an equal number of freegq ! TE-E ool T HTE--E
parametersNl = 3). This also holds true for all but one of 0 500 1000 0 500 1000
the sets of data (Tables 1 and 2). The average best fitting RCF(g's)

was ~1.1 (ranged from 0.8 to 1.2; Table 2), suggesting
ductile bonds for the E-selectin/carbohydrate ligand inter+IGURE 8 Prediction of adhesion behavior. Modebl< 0.5, ¢ = 0)
action (Evans, 1995). The more general model {ihe 0, was used to calculate the best fitting adhesion parameters (.86 A,
¢ = 1,d # 0 case) did not significantly reduce th@value ~ AMKg = 0.055um) based on the data shown in the upper left pame! (

- . = 57.3 molum?). The model, with those calculated parameters, was then
(not shown). Using this more complex model for our dataused to predict the adhesion behavior of the system when the different
appears not to be warranted, because the number of freedyating densities were used, which shows very good agreement between
adjustable parameters was increased with no improvemeifie theory ¢urved and experimentgoints.
in the goodness of fit.

The various functional forms of thi€, versusf relation-

ship examined are plotted in Fig. 6 along with tRgm, ~ Zhu, 1991; Kuo and Lauffenburger, 1993). Such a weak
versusf data. It is evident that good agreement was found irfflépendence was derived from thermodynamic models of
such a comparison for the casesoof 0.5 andc = 0,c =  cell adhesion (Dembo et al., 1988; Zhu, 1991), which re-
1 andd = 1.2, as well asb = 1 andc = 0, and the duired alarge number of continuously distributed molecules
discrepancy is significant for the modello= 2 andc = 0,  for this prediction to be valid. It has not been examined
which are consistent with the? results shown in Tables 1 Whether such a logarithmic relationship would still hold true
and 2. It is worth mentioning that the theoretical curves,for adhesion processes that are mediated by a small number
with parameters obtained from fitting of data of Fig. 9, fit Of discretely distributed molecules, as in the present case.

both sets of data (the other set was computed from the data USing the model parameters evaluated from our experi-
in Fig. 5 A). mental data, we computed the probability densities of de-

tachment for Colo-205 cells from Eq. 6; these are shown in
Fig. 10,A andB. Adhesion strength can be definedfas

fso Or (f), via Eq. 7a—c, respectively. Also demonstrated in
these figures is how the probability density of detachment is
The binding affinity includes two parameters (for the expo-affected by the no-load binding affiniti2, and by the bond
nential law withb = 1), i.e., the no-load binding affinity, range,a. With all other parameters held constant, an in-
K2, and the bond interaction parametarThe dependence crease irk$ causes a rightward shift of tipg versus curve,

of the strength of cell adhesion on the former has beeindicating the ability of cells to remain adherent at greater
suggested to be of a logarithmic form (Dembo et al., 1988dislodging forces (Fig. 18). The curve also changes shape

Dependence of adhesion strength on
binding characteristics
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as it is shifted to the right. It becomes bell shaped and lesa rightward shift of thep, versusf curve. It also broadens

broadly distributed, which diminishes the differences of thethe distribution. Fig. 11B illustrates thata serves as a

three definitions of adhesion strength. This shift and changeneasure of the ease with which the binding energy land-

of shape resulted in a dependence of the adhesion strengébape can be tilted (and hence the energy barrier can be

on K¢, which is stronger than logarithmic. Such a relation-abolished) by the externally applied forces. For the same

ship is plotted in Fig. 11A. interaction energies (sam€?), an increase in the bond
The effect of the bond interaction parameter on the singlénteraction parameter decreases the adhesion strength.

bond strength was envisioned by Bell (1978), who argued

how different values ofa could alter the order of bond

strengths based on the order of interaction energies. In the

absence of forces, the high energy barrier a cell surfacPISCUSSION

receptor has to overcome for it to escape from the memapplicability to other cellular and

brane_ Ilnka_ge_ ensures a sFabIe anchor of the recep_tor_ for Qolecular systems

seemingly infinitely long time, whereas the low binding

energy of the receptor for a ligand results in spontaneou¥Ve have also conducted studies to explore the applicability

dissociation in an observable time. However, the forcelo other cells and molecular systems of the method devel-

required to extract the receptor from the cell membrane i®ped herein. Fig. 1A shows the data of HL-60 cells

estimated to be on the same order of magnitude as th&inding to an E-selectin-coated surface, along with the

required to break a receptor-ligand bond, because the digheoretical curve and evaluated parameters. Good agree-

tance over which the force acts (i.e., thalue) is much ment was found between the measured and predicted adhe-

larger in the former case than in the latter case (Bell, 1978)sion fractions. Moreover, the bond interaction paramater

The same reasoning can be applied to delineate the depeobtained using HL-60 cells is consistent with that obtained

dence of cell adhesion strength on the bond interactiomsing the Colo-205 cells, supporting it as a molecular prop-

parameter. As shown in Fig. 1) a smallera value causes erty independent of the cell type.
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FIGURE 10 Probability density of cell detachment as a function of FIGURE 11 Predicted changes in the three statistical definitions of cell
dislodging force (parameter: = 1, ¢ = 0, m, = 60 sitesim?). Three adhesion strengthff, fs,, and(f)) with changes in intrinsic parameters,
statistical definitions of the critical detachment force are shown: mostno-load affinity AmK2 (A) or bond interaction parametar(B), when all
probable forcef,,,, 50 percentile forcds, and average forcéf), of cell other parameters remain constant=f 1, c = 0, m, = 60 sitesium?).
detachment.X) The density curve shifts right and narrows its shape with
an increase i\,mK2. (B) The density curve is right-shifted and broadened
by a decrease im. Also shown are the corresponding changes in the

- . nstruct. Th val r mparable to the val re-
statistical definitions of adhesion strength. construc €Se values are compa able to the values pre

sented in Table 1.

Experiments using freshly isolated human granulocytes,
by contrast, were unsuccessful (data not shown). It is be-

Ushiyama et al. (1993) studied adhesion of HL-60 cells tdieved that adhesion mechanisms other than the E-selectin/
96-well plate surfaces coated with varying densities ofcarbohydrate ligand pathway dominated the adhesion of a
several P-selectin constructs. Instead of centrifugationsubpopulation of granulocytes in our experimental system.
these authors inverted the plate to let gravity detach th&his manifested as significant granulocyte adhesions to
nonadherent cells. Comparison of their data with our mode®6-well plates coated with or without the E-selectin con-
prediction (Fig. 12B) showed satisfactory agreement andstruct (capture antibody alone or BSA only). Direct micro-
yielded values oA.mK2 = 0.03 um? for the truncated and scopic observation confirmed that this adherent fraction
spliced forms and\.mK¢ = 0.08 um? for the full-length  corresponded to granulocytes that had spread on the sub-
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A spread granulocytes be mediated by many more bonds (ex-
1.0 ¢ ceeding the total number of E-selectin molecules in the
coated contact area, but its detachment also was likely to
occur (if a sufficiently large force were to be applied) as
peeling at the edge of the much larger contact area rather
than as stretching of all of the bonds. The former was
consistent with the much greater adhesion strength of these
spreading granulocytes, which could not be detached by
0.5 even the highest RCF 800g) employed in the present
study. The latter type of peeling detachment, which has
been observed in the micropipette experiments (Zhu et al.,
1994), violated the assumptions underlying our model. The
above discussion reveals a difference between our experi-
mental system and the one used in McClay’s (1981) original
work. It also points out limitations of the present method.
0.0 ‘ : : The method is not applicable to interactions where the cells
0 200 400 600 spread or form excessively strong adhesions with the sub-
RCF (g's) strate.

0.8 | m . =175 sites/um®

Adherent fraction, P ,

0.3

Comparison with binding characteristics derived
B from other experiments

1.0
The flow chamber technique has been used to measure the

dependence of the reverse rate coefficient on force (Alon et
al., 1995, 1997; Chen et al., 1997). If the forward rate
coefficient were constant, thelymK_ o« 1/k.. For compar-
ison, the 1K versusf data measured via flow chamber
RCF =1g experiments (Alon et al., 1997) are also plotted in Fig. 6;
’ they show very good agreement, apart from a proportional-
! ity constant, with thed;mK_ versusf data measured via the
/! Predicted . present centrifugation experiments. The dependenkeoof
Aem 'aKa f was modeled using the Bell formulation (tbe= 1 and
o2 | l!‘ ® Truncated (&r&) ¢ = 0 case) to predict the vglug of bond rangeAloq et al.,

. A Spliced 003 1995, 1997). For neutrophlls interacting with pur'|f|.ed E or
- & Fulllength 008 P-selectin reconstituted into a glass-supported lipid bilayer,
0.0 —Apm— : ‘ the value obtained was = 0.30 and 0.40 A, respectively.
1 10 100 1000 Considering the possible differences in the ligand types, the
former value compares favorably to 0.26 A (obtained using
HL-60 cells) and 0.20 A (Table ) = 1, average of data
FIGURE 12 @) Adhesion of HL-60 cells to plastic plates coated with Sets) of this work. The latter value, when combined with the
~175 siteshm? E-selectin and subjected to various RCFs. The datadata of Ushiyama et al. (1993) on HL-60 cell adhesion to
(pointg were compared with the theoretical predictiouryg based ona  p.gelectin coated plates, produced an affinAxn@Kg =
two-parameter fit (parameter&mKg = 0.0032um* anda = 0.26 Ab 53, m2 Fig. 12 B) that is comparable to the affinity
was set to be 1).B) Adhesion of HL-60 cells to microtiter well surface determined for Colo-205 cell adhesion to E-selectin in the

coated with P-selectin. The dafaofnts reproduced from Ushiyama et al., . ™ ) L
1993, by permission) were compared to predictiomr¢es to evaluate the ~ Present work. This ability to arrive at similar values by

value of AmKS (= 0.03 um? for the truncated and spliced forms, and measuring the bond range in two very different experiments
AmKS = 0.08 um? for the full-length construptawas held atgconstant (i.e., dynamic versus static assays) supports the nature of
value of 0.4 A; Alon et al., 1997) that best fit the data. Holding the bond this parameter as a physical characteristic intrinsic to the

interaction parameter constant is justified, for it could not be reliably lectin/carbohvd l d bond
obtained as the cells were detached by sedimentation under gravity. s&f ectin/carbohydrate ligan onds.

text for the limitations of the method under such an extremely low force  1he per-cell forward and reverse (i.é&,mmk; andk)

(1g) condition. rate constants of human granulocytes interacting with inter-
leukin-1 (IL-1) activated human umbilical endothelial cells
(HUVECSs) have been estimated, also by using the flow

strate surface. By comparison, both Colo-205 and HL-6chamber technique, which yielded a value of cellular bind-

cells appeared to maintain their round shape on E-selectiimg avidity of AmmK, = 1.5 (Kaplanski et al., 1993).

for more than an hour. Not only might the adhesion of(Different notationsK, andk_) were used by Kaplanski et

0.8

0.6

0.4

Adhesive fraction, P ,

Coating density, m , (sites/um?)
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al. (1993).) Because a very low shear rate was used by theskee free LFA-3 reconstituted into the lipid bilayer, which
authors to ensure that the forces acting on an E-selectiwas 5.9 X 10 ° cné/s. In the centrifugation (or plate
carbohydrate ligand bond would be lower than the anticiinversion) experiments, by contrast, it should be the diffu-
pated single bond strength, the avidity these authors mesaivity of the carbohydrate ligand on the target cell surface,
sured should approximate its no-load value. Using aras the selectins were immobilized on the plastic surface. A
E-selectin density of~750 sitesim? measured via radio- typical diffusivity for a cell surface protein is on the order of
immunoassays on IL-1-stimulated HUVECs (data not10 *°cnm?/s (Jacobson et al., 1987). Existing theories have
shown), we calculated a value BfmK, = 0.002um? for ~ shown that diffusion influences both the forwaig) (and
their system. This value is one order of magnitude lowereverse K,) rate constants but not the equilibrium constant
than our measurement 8imK, = 0.02um? for the Colo-  (K,) as its effects cancel each other in the ratio (Lauffen-
205 cells (Table 1h = 1). This is probably due to the much burger and Linderman, 1993). This may apply to the exper-
smaller contact area that moving granulocytes could makament of Dustin et al. (1996), where the cells were allowed
with the stationary HUVEC surface in the flow chamber to sit on the substrate, as the effect of fast diffusion of the
than that in our static centrifugation assay. Other possibleeceptors and ligands is bidirectional, i.e., it enhances both
differences between the two experiments that may contribtheir abilities to form the so-called encounter complexes
ute to the discrepancy in the affinity measurements includ€Bell, 1978) before intrinsic association occurs and to es-
the ligand types and their densities. cape the encounter complexes after intrinsic dissociation
Dustin et al. (1996) determined the 2Q for LFA-3/CD2  occurs. However, it may not apply to our centrifugation
interactions and compared it with the corresponding 3Dexperiment, where the cell was pulled away from the sur-
binding affinity for the same receptor/ligand system. Thesdace by an external force once the last bond was broken. The
authors reported a 2B, of 0.05um? and ah ~ 6 nm for  added movement of the cell is likely to increase the ability
their system. The latter parameter, called the height of thef the ligand to escape the encounter complex, thereby
confinement region, was calculated from the ratio of 3D toenhancing the (apparent) effect of diffusionkéh. It should
2D K/s (Bell et al., 1984); and its value has been estimatede noted that such an effect is unidirectional, i.e., not only
theoretically to be on the order of 10 nm (Lauffenburger andmay it increasé(™, but it may also decread¢™ by acting
Linderman, 1993). Assuming thAt ~ 1 um?andm ~ 100  against the ligand’s efforts to form an encounter complex
sitesfum? (this study, estimated from Fig.B) or 63 sites/  with the receptor, thereby diminishing the possibility of
wm? (Ushiyama et al., 1993, calculated from their measureintrinsic binding k{™ andk{™, wheren > 1 should not be
ment of 36,000 sites/HL-60 cell), the 2R,'s estimated affected). If adhesion is mediated by a small number of
using our method+2 X 10 *and 5x 10 *um?forthe E-  bonds, then the contribution &/k® to the overall bind-
and P-selectin/carbohydrate ligand bonds, respectively) atiag affinity (given by Eg. 8 as a statistical average) would be
two orders of magnitude smaller than that measured bgignificant.
Dustin et al. (1996) for the LFA-3/CD2 bonds. Using the To obtain a quantitative estimate for the above effect, the
published 30K, values of 0.5 mM* (Cooke et al., 1994) to  time for a cell under centrifugal force to move away from a
10 mM~* (Jacob et al., 1995), along with the 20, deter-  wall was calculated based on the creeping flow theory
mined in this work, the height of the confinement region can(Happel and Brenner, 1963). The result shows that it would
be estimated to range from 4 to 70 nm for the Colo-205 celtake only 0.5 ms for a smooth sphere it in diameter,
adhesion to an E-selectin-coated surface. By comparisorsubject to a 80§ body force, to move from a gap distance
the h value for the P-selectin/carbohydrate ligand casepf 5 nm (which is an underestimated length for a capture
calculated using the 3B, (~10 uM %) reported by Ush- antibody-E-selectin construct-ligand complex linking the
iyama et al. (1993) and the 2R, that we evaluated from cell to the wall) to 105 nm (which is probably an overesti-
their data, is 5Qum, four orders of magnitude higher than mated separation distance ¥ to vanish). For a molecule
the theoretical range. to move the same distance in the same time by diffusion, an
“equivalent diffusivity” of 2 X 10’ cm?/s would be re-
quired. With such an added unidirectional movement
(which is orders of magnitude larger than the molecule’s
own diffusion),k™ may no longer be transport limited and
Factors other than the difference in the molecular systemk{™ may be diminished. Therefore, th& measured by our
may also contribute to the difference of two orders ofmethod may be much smaller than values measured by
magnitude between the 2B, values determined by the another method that does not involve separating the cells,
present work and those by Dustin et al. (1996). One suckBuch as the method of Dustin et al. (1996). This line of
factor may be lateral mobility of the molecules, as diffusivereasoning is also consistent with measurements by us
transport is usually the limiting step in the two-step binding(Chesla et al., unpublished work) and others (Pierres et al.,
process (the other step being intrinsic reaction) when botd995), which show that, although both have the same di-
molecular species are surface-linked (Lauffenburger andnension (1/s), the reverse rate, for dissociation from a
Linderman, 1993). The dominating diffusion coefficient in ligand-coated surface of a receptor bound to cells or beads
the experimental system of Dustin et al. (1996) should beneasured by their detachment is orders of magnitude

Roles of molecular diffusion and cell movement
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greater than that of the very same receptor measured when
it dissociates into solution. Moreover, this discussion sug-

gests that caution must be exercised when applying the 2D
affinity measured by the present method to a situation where

c

(0]
cell detachment is not involved, such as the case of Dustin E’ § 03¢
et al. (1996), or vice verse. ® §

,S o 0.25

83

2E 02
Justifying the probabilistic formulation 2 g 015
The generalization from a deterministic kinetic model to its g %
corresponding probabilistic formulation necessitates solving £ @ 0.1
a system of coupled ordinary differential equations (Eq. 1) ,f g
instead of just one such equation, which represents a major 0.05 ¢
increase in the mathematical complexity of the problem. 0
Because both the deterministic and probabilistic models 0 i 2 3 4 5 &

provide the same information as the system size becomes
large, it is of interest to examine the number of bonds
mediating cell adhesion in our centrifugation assay to see if
the probabilistic formulation is warranted. Using the fitted
parametersA.mK? anda) from Table 1 (forb = 1 andc =

0), the subpopulations of cells having various numbers of B 3 <n >
bonds were calculated with Eq. 3 and plotted in Fig.AL3 N ——-<n>t0,
It can be seen that, even when the adherent fractionwas as 5 g | '\
high as 73%, the majority of cells were bound by only a few
(<5) bonds (to the surface coated with an E-selectin density
of 60 sitesium? and subject to no force). Also predicted was
how the average number of bonds), per adherent cell and

its fluctuation (represented by the standard deviatigy),
would vary with changes in applied force (Fig. B.
Again, the average number of bonds was sm&al ponds/
adherent cell), even with no applied separation force. In
contrast, the standard deviation was large (comparable to
(n)). Such a surprisingly small bond number and significant

Number of Bonds, n

Number of bonds per cell

Shift upward with increasing

fluctuation evidently point to the inadequacy of the deter- coating density
ministic model and argue for the use of the probabilistic 0 : ‘
model. 0 500 1000

Force on acell, f (pN)

L FIGURE 13 @) Predicted probability distributior,,, of the number of
Consequences of small bond number prediction bondsn, formed between a Colo-205 cell and the E-selectin-coated surface

. . . . (parametersb = 1, ¢ = 0, AmK2 = 0.0218um? a = 0.225A,m, = 60
As discussed in prewogs.sec.:tlons, consequences of tf%ﬁespmz, andf = 0). (B) The average number of bonds per adherent cell
small bond number prediction include that the dependencey (solid curvg + SD o, (dashed curvésas functions of the dislodging

of the cell adhesion strength on binding affinity may be force (parameters: same asAnexcept thaf was allowed to vary freely).
stronger than logarithmic and that the XQ measurement
by the present method may be lowered by the cell move-

ment. Here we discuss another consequence. In addition &f bonds with nonvanishing probabilities being much
the 3D affinity, a by-product that can be simultaneouslysmaller than both the numbers of receptors and ligands in
measured in experiments using the existing methods such &se contact area available for binding. Under this condition,
the Scatchard analysis is the total number of carbohydratgq. 3 is reduced to Eq. 5. As pointed out previously, in this
ligands on the cell surfaces (Ushiyama et al., 1993). Becase the per-molecule density no-load binding affinity can
causem also appears in Eq. 3 as a separate parameter, fifo longer be separated from the ligand density. It was the
may seem possible, at least in principle, to determine itgrouped quantityA,mK?, that was determined from the,
value from curve fitting of the predicted to measuriegd versus RCF andn data. In other words, to dissect the
versus RCF andn, relationships. Attempts to do so were per-molecule density binding affinity requires separate mea-
unsuccessful (not shown). This was attributed to the numbesurements ofry from independent experiments.
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Validity of the small bond number prediction shown). At this low end, the corresponding dislodging force

- acting on a Colo-205 cell was on the order of 0.5 pN, much
Because the small bond number prediction appeared COURS e than the force most bonds can sustain

tegntwtw&e andf l:l)tecause tltdrlas far-rer?\chlir:g Ir}jg!tlcatlons It cannot be emphasized enough that the small bond
(above), it was felt warranted to reexamine its vali Iy MOre, imber prediction is valid if and only if the underlying

cargft:ll?/. As an altg(;nan;/e, thedlallr?f bond : “mbzf IIm':_;?fassumptions for the master equations are valid. A careful
model | was considered (model Il see Appendix). einspection of Eq. 1 revealed that it would have predicted

effect of cell heterogeneity in a population was hypOth_e'exactly the same functional form of a solution equally

sized to underlie the fractionalization seen in the adheS|orC1apable of fitting the data and estimating the same cellular
data. Model Il is falsifieq in the Appendix by its inability to binding avidity and other model parameters,nifin the
account for the'datg with reas onable para}meter ya!ues afaster equations were to represent, instead of the number of
by the substantial discrepancies between its predictions a nds. the number of attachments. each of which. in turn
measurements. s ! ' ’
! . . . consisting of a cluster ain bonds. Therm, and m, would
i ::'gbl4d5hows thf pl’?bablh::ﬁyﬂ?f ha(\j/Lng .smgfle atnd mu"Jlave to be interpreted as, respectively, the densities of their
Iple boncs as a iunction of the adhesion raction anGy giers instead of the densities of the receptors and ligands

centrifugal force 'derived f“’m Eq. S. It can be viewed as @hemselves. This would have resulted inngffold increase
precise quantitative expression of the verbal arguments USef the per-molecule binding affinity. This possibility cannot
by. s?veraltr?utlhorsf (o infer thefsmﬁlll zﬁnd.number hé/pothbe ruled out by the fact that our data favor the probabilistic
i;g’s ro1rph € owb're(:jquenbcy orce .af esmne(eo./g., thvans(model I) over the deterministic (model II; see Appendix)
). Thus, as binding becomes infrequenB(%), the escription for binding kinetics. Furthermore, we wish to

adhesion is pre'dicted.tq be. domi.nated by sing!e bon. mphasize that, in contrast to what has been suggested by
eveqts. When this prediction is applied .to an g)_(perlment, !Bthers (Capo et al., 1982; Pierres et al., 1995), this possi-
has implicitly assumed that the assay is sufficiently SenSIbility cannot be ruled out by the apparent linear dependence

tiye to detect adhesions as weak as those mediated byoq adhesion fraction on the receptor density (cf. Fié\ &d
single bond, such that the reported low adhesion frequen e text regarding the monovalency of E-selectin binding).

is not due to a limited ability to detect binding at the low The favorable comparison between binding characteristics

force end. At fixed E-selectin densities, the adhesion frac—measured by the present work and those derived from flow

tions ingreased continuously With decreasing RCF to as Iov}fhamber experiments, although appealing, should not be
gs&](Flg. 10); and thg extrapolation of the.curves gJMag counted as valid supporting evidence for the small bond
in good agreement with those measured in the plate inver:

. g . ) . ) number prediction. The flow chamber experiments also
sion experiment (i.e., detachment via gravity alone; data noéssumed, based on the same probabilistic arguments used

here, that their measurements were made on a single bond
basis. Therefore, it would be circular to use the agreement
I E:\‘:l:P (n =1)/P (n >1) 11 beltwe'en the two experiments to support. each 'other. .
LN 0.9 n view of the presence of numerous microvilli on the tips
" of which adhesions presumably occur, clustering of the
S un P (n>1) 42108 carbohydrate ligands on the target cell surfaces may be
L /1 107 possible. However, there was no reason to believe that the
iy B E-selectin immobilized on the plastic surface was not uni-
i Force per cell: 108 formly distributed. It is even more difficult to envision that
all of these randomly formed clusters would have exactly
the same number ofm molecules. Additional evidence
against the clustering hypothesis came from the fact that
Egs. 3 and 5 fitted the experimental data equally well (in
Fig. 10, the theoretical curves predicted by the two equa-
tions are indistinguishable because the differences are
smaller than the thickness of the curves) and predicted the
same values for the model parametéxsigK 2, as well as,
) b, ¢, andd). This was expected if and only if the numbers of
Probability of adhesion, P , both receptors and ligands in the contact area available for
binding excessively outnumber that of the attachments that
FIGURE 14 The predicted probabilities of a cell adherent via a singlehave nonvanishing probabilities, regardless of whether an
bond &olid curves, right ordinageand multiple bondsdashed curves, — attachment represents a bond or a clusters of bonds, because
right ordinate), as well as the ratiolbetweerj the twd)o_(ted curves, left it is precisely the condition under which Eq. 5 approximates
ordinate as functions of the adhesive fractlozn and dislodging force (pa-Eq. 3. Because the E-selectin coating densities were mea-
rametersb = 1, ¢ = 0, AmKS = 0.0218um? a = 0.225 A). As the . - )
adhesion fraction decreases (say, below 0.3), the single bond bindin§uUred on a per-site (not per-cluster) basis, the lack of dif-
dominates the adhesion events. ference between the predictions derived from Eqgs. 3 and 5,
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even when the E-selectin coating density was as lowas showed that it might take a much shorter timed(5 ms) for
10 sitesim?, suggested that the clusters (if there werea smooth sphere to move away from the wall, this result
clustering) should have consisted of only a small number omay not be extrapolatable to the case of a rough sphere, as
bonds. For example, if we take 5 as the number of attachthis calculation depends critically on the gap distance at
ments that have nonvanishing probabilities (cf. Fig. 13) andvhich the movement starts and ends (Happel and Brenner,
assume a contact aréq = 3 um? (probably an overesti- 1963). A cell of rough surface may have a Stokes radius
mated value), then foA.m/m (= 30/m) to excessively slightly larger (say by 0.2%) than the one that is directly
outnumber 5 (e.g., by a factor of 3)) could be no greater measured from the membrane. This would place the Stokes
than 2. The above considerations, although they cannatdius closer (say, by 20 nm) to or even at the physical
rigorously prove it, do favor the small bond number substrate surface at the time when the cell begins to move
hypothesis. away from the surface. This could yield a duration required
for a cell to move sufficiently far to preclude receptor/ligand
interactions that is even longer than the time scale of bond
formation. The difficulty of this hypothesis is that it fails to
explain why some cells were able to move away from the
surface in a very short period of time-{ min) and, after
A key assumption of the present work is the achievement ofhat, other cells were not able to move away in a much
steady state. Whereas the results from several experimeringer period of time {15 min; Fig. 4A).
designed to test this contention appear to be supportive (cf. We have recently employed the micropipette technique to
Figs. 4 and 5), these experimental results, when combinegheasure the kinetic rates and the dependence on force
with the small bond number prediction and fast kinetic ratethereof, using the identical E-selectin reagents and Colo-
measurement, lead to an apparent paradox. The existence205 cells used in this work (Piper, 1997). In the absence of
a steady state implies dynamic equilibrium not only at theforce, the per E-selectin density cellular forward rate con-
molecular level of bond formation and breakage, but also astant was found to b mk; = 0.01um?s, and the reverse
the cellular level of attachment and detachment. On theate constank, = 0.35/s, which yielded aA.mK2 = 0.029
molecular level, the short lifetime (1-2 s) of E-selectin/ wm?, which is in good agreement with the value obtained in
carbohydrate bonds (Kaplanski et al., 1993; Alon et al.the present study. When a force was applied, however, the
1997) implies that the bonds must be constantly broken anteverse rate coefficient was found to first increase with
reformed. On the cellular level, dynamic equilibrium seemsforce until it achieved a maximum of 1.8/s at 17 pN;
not to be favored in the centrifugation assay. A detached cethereafter it decreased with force to 0.51/s at 30 pN (the
can reattach only if it remains near the E-selectin-coatedhigh end of forces examined). The latter type of response,
surface, for it would lose this ability permanently once it hascalled catch bond behavior, could allow the lifetime of a
moved sufficiently far away from the surface, because inbond to be prolonged by the applied force, even to a point
teractions would no longer be possible. Considering thet which dissociation would become impossible (Dembo et
small number of molecular bonds predicted to support celal., 1988; Dembo, 1994). Additional experiments are under
lular adhesions, it may seem that over time more and moreay to determine whether the catch bond behavior contin-
cells will become separated from the surface. The fact thaties beyond the force range examined in the study of Piper
this was not observed experimentally (FigA{is intrigu-  (1997) into that of the present work, i.e-100 pN. Should
ing, and we have not yet found a satisfactory theoreticathis be the case, then the steady-state paradox could be
resolution to this apparent paradox. The explanations belowesolved by the catch bond concept. The difficulty of this
represent the best hypotheses (each with a counter-arghypothesis is that it fails to explain why the detached
ment) that we can put forth at this point. If one accepts thdraction measured in this work continued to increase with
small bond number prediction (based on the discussions imcreasing force. In any event, it is our hope that the appar-
the preceding sections), then either of the following must beent contradiction among the steady-state observation, fast
true: 1) after a cell becomes bond free, the time it took forkinetic rate measurement, and small bond number predic-
the cell to move beyond the reach of the receptors wasion described herein would stimulate further investigations
longer than that for new bond formation so the cell could beof bond dissociation under force.
recaptured; or 2) the time for bond rupture was prolonged
by force such that dissociation did not occur in the duration
of spinning.

The time scale of bond formatiom\fmmk;) ~* (= 0.5-3 CONCLUSION
s, form, = 200-30 siteg/m?), can be estimated using the This work introduces a novel method of measuring the
measured binding affinityA.mK2 (= 0.023um?, average two-dimensional binding parametessandK?, of a recep-
of Colo-205 data; Table y = 1), and the reported reverse tor/ligand pair mediating adhesion. The method should be
rate constantk, (= 0.5—0.7/s; Kaplanski et al., 1993; Alon easy to implement, as the experiment is a commonly used
et al., 1997), or from our direct measurement (Piper, 1997¢centrifugation assay and the theory resulted in simple
see below). Although the calculation in the previous sectiorclosed-form solutions. The simplicity of the assay afforded

A paradox associated with the
steady-state hypothesis
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well-controlled experimental conditions and a large amountlata was collected and analyzed to obtain the size histogram as well as the
of high-quality data. This allowed for decisive selections,Mean and standard deviation for each cell type. The nte& of volume
not only between two proposed mechanisms for adhesio[l‘i’Ir the Colo-205 and HL-60 cells were, respectively, 2100500 and

. L. . L 300 400 um®. The cumulative percentage of the volume histogram can
fractionalization, but also among various constitutive equape fitted very well by a lognormal distribution with these means and
tions relating bond dissociation to force. The analyticalstandard deviations (Fig. 15). Based on flow cytometry data on many
solution provides important predictions about a variety ofother cell surface molecules, a lognormal distribution was also assumed for
physical and chemical parameters relevant to cell adhesioff!e ligand density expressed on the target cells (FigB)LS
The model has been supported by 1) careful experimental
validation of the underlying assumptions, 2) good agree-
ments between data and predictions, and 3) consisten®elating cellular heterogeneity to
between parameters estimated by the present method aadhesion fraction
those reported in the literature. It also has a fundamental

. . . It follows from Eq. Al that, for a given cell volume, a cell expressing fewer
d'ﬁlcu“y that requires further studies to resolve. ligands is more likely to be detached than a cell expressing more ligands by

the same centrifugal speed, because the latter cell can form more bonds and
hence sustain a larger dislodging force. A “critical ligand density” can be

APPENDIX defined from Egs. 8 and A1l:
Mo_del ll: effect of heterogeneity of cells on RCFX VAp 1 / RCFX VAp)
their detachment me(V) = 1+ m —
- o At Ka(fo)| Acty
In the large system limit (i.e., &) — =), the various definitions of cell (A2)

adhesion strength given by Eq. 7a—c yield the same value because the

distriputiqn given by Eq. 6¢ approaches a Dirac delt? function. This can b?Eor a population of cells with the same volume, model Il assumes that the
seenin Fig. 10, where a Iarg_(?(n> (as aresult of an increase AmK3) adherent fraction is determined by the percentage of cells in the population
is shown to cause the probability of cell detachment to become less broadb(,hose ligand expression levels are higher thipwhich can be calculated

distributed. In _o_thgr words, ?t the individual cell level, de_tachment be_— s the area under the lognormal distribution curve and right of the vertical
comes deterministic, as a defined force emerges below which the cell wil ine m = m, (Fig. 15B):
c . :

stay adherent and above which detachment will occur. To explore this
possibility, an alternative model, model Il, was investigated (Zhu et al.,
1991). In contrast to model I, which emphasizes the intrinsic stochastic O'rzn, m¢(V) Oﬁ'],
nature of bond formation and breakage at the molecular level, but assum&aoy = 1 — ®yIn"t2 1 + <m>2 <m> 1+ <m>2

an ensemble of identical cells, model Il postulates that the observed

fractionalization of adhesion is due to the heterogeneity of cell population,

but assumes defined values for single bond strerigtnd bond number, ) o .

(), for a given cell. Thus, for a particular cell subject to a RCF, the where®(-) denotes the cumulative normal distribution functiom,) and
deterministic criteria for it to remain adherent are expressed as the requird’m are, respectively, the mean and standard deviation of the ligand
ment that the dislodging force not exceed the sustainable adhesive forcxPression level.

namely, Taking P4, as the probability conditioned by the target cell with a
volume ofV, the total probability, or unconditioned adherent fraction, can
f = RCFX VAp < (n)fy, (A1)  be determined by

whereV is the cell volume andp is the difference in mass densities of the 04\2/
cell and the suspending medium. The bond number is given by the In"¥4 1 + vV
deterministic limit of Eq. 8. =) V)
a

2

Determination of cellular heterogeneit w 2
In Eq. Al, the cell properties that may be vafi’able inz opulation are mass EXp[_[]]-é In1’2<1 + gj}vz)ln(o\;} 1+ Xj}vzﬂ ]P\a/D/ dv
q. AL, prop y pop! . N \

density and volume. Furthermore, the average bond nunieidepends (A4)

on the ligand expression on the cell. Cell densities were measured by

centrifugation through a continuous density gradient. The density gradient

was established by adding 4.9 ml of Percoll to 4.2 sl BBS, and then

centrifuging for 40 min at 15,000 rpm in a JA-20 rotor (Becton Dickinson). where(V) anda, are, respectively, the mean and standard deviation of the

Samples of Colo-205 or HL-60 cells were then overlaid on the gradientlognormally distributed cell volume, which has been assumed to be inde-

along with calibration beads (Polyscience, Warrington, PA). The cell-pendent of the ligand distribution. A graphic interpretation of Eq. A4 is

gradient mixture was spun at 1500 rpm for 25 min. Density was determinedghown in Fig. 15C.

by comparing the final level of the cell layer to the levels of the calibration It should be noted that the effects of heterogeneity in a cell population

beads, which yielded mean values of 1.052 and 1.054 Yfom the can be included in the probabilistic model the same way as they were

Colo-205 and HL-60 cells, respectively, with very small variances in largetreated in the deterministic limit. Thus Egs. 3-5 can be viewed as condi-

populations of cells. tioned probabilities for particular valuesof andV, and the unconditioned
The cell volume, by contrast, was found by direct measurement to begrobability can be obtained by the total probability formula as in Eq. A4.

broadly distributed. Immediately after detachment and splitting of the cellHere we separate the stochastic effects due to molecular and cellular

culture, video microscopy was used to measure two perpendicular diamesroperties merely for the sake of simplicity. This also allows us to test one

ters as calibrated by a stage micrometer. The average diameter was usedaspect at a time, to determine which is more likely to be responsible for the

compute the volume of the cell (assuming spherical shape). The volumebserved adhesion fractionalization.
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FIGURE 15 @) Indifference of cell volume distribution to centrifugation. The volumes of 575 freshly trypsinized cells were measured microscopically.
The measured cumulative percentageit9 are best described by a lognormal distributisolid curvg with an average of 210pm? and a standard
deviation of 600um®. The dashed curve represents how the cumulative percentagd(i.would have shifted should larger cells be preferentially
detached by the centrifugation force as predicted by Eq. A3. The volumes of adherent cells postcentrifugation were also measured, which shiewed the sa
distribution as the original population (the data points overlapped, not shoB)mAséumed lognormal distribution for ligand expression in a target cell
population. Assuming identical cell volume in the population, the (conditioned) adherent frRgtjos shown as the shaded area under the distribution
curve and left of the vertical line that defines the critical ligand density= m.. (C) Joint lognormal probability density is plotted as a functiompf

andV over the adherent domain, which is separated from the detached domain by the condition of critical ligand expression, Eq. A2. The (unconditioned)
adherent fractiorP, can be calculated as the volume under the surface of the joint lognormal distribution over the adherent Blpmaisases with
increasingm, and/or decreasing RCF, as the curve separating the two domains shifts, resulting in larger areas of the adhererdddmaime@sured

(solid curvg and predicteddashed curveusing Model Il) mean and standard error of volumes of Colo-205 cells that remained adherent after being
subjected to centrifugation at various speeds plotted against the RCF.

Identification of the stochastic aspects saturation. Comparison of this prediction with experimental data is shown in
responsible for adhesion fractionalization Fig. 16. As can be _seen,_the data deviate from _the sc_ahng law more_3|gn|f|-
cantly for unsaturating (Fig. 18) than for saturating (Fig. 18) E-selectin
To identify the stochastic events that underlie the fractionalization ofdensities, which contradicts the prediction of model II.
adhesion in a cell population, models | and Il were tested for their ability ~ Also tested in Fig. 16 was the ability of the two models to account for
to represent the centrifugation assay by systematically comparing thée data. For the saturated case, model Il was unable to fit the data with a
theoretically predicted with the experimentally measured specific adherentealistic spread of the ligand expression of a cell population, &,g{m) =
fractions,P,, over a wide range af. and RCF. The lack of saturation at 0.5 (Fig. 16B, solid curvg, although a fit could be produced by using an
E-selectin densities below 60 sitest® (Fig. 5 A) suggests that the car- unrealistics,,/\m) = 2 (Fig. 16B, dashed curje Despite the fact that the
bohydrate ligands expressed on the Colo-205 cells excessively outnumbégand distribution of the target cells was not measured in this study, other
the E-selectin coated on the surface. This provides the justification foreports do not support the conclusion that such a wide distribution of ligands
using the approximation given by the far right-hand side of Eq. 8. Under thisexists within a cell population (Munro et al., 1992; Norgard et al., 1993;
condition, Egs. A2—A4 predict that the two experimentally independent vari-Ohmori et al., 1993; Kunzendorf et al., 1994). For tinsaturated case (Fig.
ablesm, and RCF, can be combined into a single similarity variaibjéRCF, 16 A), it is evident that model Il was unable to fit the data for either
such that the family oP, versusm, and RCF curves can be collapsed into a o,,/{m) value, especially at the low end of the force range.
single curve when the abscissg, @xis) is scaled by RCF. Such a scaling law In contrast, the agreement between measurements and predictions of
is predicted to break down whem, is comparable tan, as signified by =~ model | was much more satisfactory (Fig. IBandD), especially for the
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unsaturating data (Fig. 16) and at larger forces. Model | showed better This work was supported by National Institutes of Health training grant
performance, even when just a simple exponential law (1, c = 0) was GMO08433, National Institutes of Health grant R29A138282, National
employed, which left us with only two adjustable parametégs(KS and Science Foundation grant BCS9350370, and a grant from the Whitaker
a) in the curve fitting. And even better performance was obtained using thé~oundation.

power law p = 0, ¢ = 1). By comparison, model Il had three free

parametersA(m)K(f,), f,, ando,,/(m)). The contrast between the ability

of model | and the inability of model Il to describe the experimental data

suggests that, although cellular heterogeneity may have some effect, {REFERENCES
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