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ABSTRACT

A unifying theory for the molecular biomechanics of
receptor-ligand interaction is being developed, which is based
on the probabilistic formulation for kinetics of small systems
plus the constitutive laws describing the dependence of
kinetic rates on force. A diverse set of experiments were
performed to test the theory, including those using various
cells and molecules, being conducted under both steady and
transient conditions, and employing different tachniques
including centrifugation, micronipetis, and rosetting.
Specific solutions to eazi experimen: were otained, mary of
which are analytical. The s:tisfacicry comparisons between
predictions and data not cnly validate the theory but also
enable determination of the constitutive equations and the
associated parameters.

INTRODUCTION

Binding via adhesive receptors is essential to many
cellular functions. The kinetic rates are critical to such
interactions since these parameters determine how rapidly
cells bind and how long they remain bound. In contrast to
soluble molecules, the association and dissociation of bonds
cross-bridging two apposing surfaces usually take place in the
presence of forces, as one of the biological functions of the
adhesion molecules is to provide mechanical linkage between
cells. Physical forces can influence the binding interactions
of adhesive bonds. As such, the chemical kinetics of
receptor-ligand binding is tightly coupled to the mechanics of
stretching and breaking these bonds at the molecular level.
Also, the number of bonds formed is usually small owing to
small number of interacting molecules and/or low affinity.
Consequently, the bond number may fluctuate significantly as
the result of the stochastic nature of the individual molecular
kinetics.

THEORY
To account for random fluctuations in the kinetics of

small systems, the probabilistic formulation (master

equations) of McQuarrie was adapted:

dpy. =nm,m Ak, (L)p,,,l =[m.m; Ak, ( —/—) + nk,(L)]p" +(n+ l)k,(—/-‘)pml
dt n n n

+1 n+1
where p, is the probability of having n bonds at time ¢, m, and
my are the respective densities of receptors and ligands in the
contact area A.. k; and k, are, respectively, the forward and
reverse rate coefficients, the dependence of which on applied
force f are described by the constitutive equations:

k() =k expla-2y 4 g2y
)=k, exp[ (kBT) 'B(k,,T) ]
Y=k (V)= kD _‘4’/' h AN
KA =k (/) E(f)=K, expl (_kBT} ]/[1+c(—-—kBT) ]

where kz is the Boltzmann constant and 7 the absolute
temperature. & (in s, K" (in um?), a (in nm), and &, B, b-d
(dimensionless) are parameters. .

RESULTS
The steady-state solution of the master equations has
been applied to the centrifugation experiment to measure 2D
affinity. A representative result is exemplified in Fig. 1.
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Fig. 1. Binding of CDl16a-expressing CHO cells to surface-bound
RblgG in the presence of anti-CD16 mAb assayed by centrifugation.
Data (points) are presented as mean + SD of quadruplicate wells.
The curves are a single least chi-squares fit of theory to all data.

The zero-force transient solution has been applied to the
micropipette experiment to measure ‘2D kinetic rates. A
representative result is exemplified in Fig. 2.
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Fig. 2. Binding of CD16b-reconstituted red cells to HIgG-coated red
cells assayed by micropipette. Data (points) are presented as mean +
SE of 1-8 pairs of cells with 100 contact each. The curves are a
single least chi-squares fit of theory to all data.

The ability of the theory to account for data of different
experiments and to derive the same values for the intrinsic
parameters when the same receptor/ligand systems are used
have provided strong support for our unifying theory. Using
molecules genetically-engineered to alter their structures and
cells transfected to express these molecules in various forms,
the relationships among the structure, property and function
of biological cells and molecules can be defined, which are
the goals for this work.
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