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The social behavior of a cell in a multi- 
cellular organism is significantly affected 
by contacts with other cells or with bio- 
logical substrata such as collagen. These 
contacts often involve adhesion of such 
specificity as to suggest mediation by 
specific receptor molecules on the cells, 

and in a few cases there is some definite 
information about the receptors that are 
involved. 

For example, during aggregation of the 
slime mold Dictyostelium discoideum, 
cell-to-cell adhesion can be blocked by 
univalent antibody directed against spe- 
cific cell surface antigens (1). Much 
larger numbers of univalent antibodies 
bound to other surface structures do not 
affect adhesion. Specific aggregation 
properties of exponentially growing 
amoebas have been related to dif- 
ferences in glycoprotein composition (2). 
The preferential adhesion between spe- 
cific cells at certain stages of develop- 
ment of embryos has been studied, and 
both specific cell surface receptors and 
diffusible factors have been implicated 
(3, 4). In immunology, lymphocytes can 
bind to cells that have surface antigens, 

and collaboration between specific anti- 
gen-recognizing and -binding cells is of- 
ten required for the initiation of immune 
responses (5). Insofar as such collabora- 
tion involves cell-to-cell contact, clus- 
ters of antibody-bearing cells linked by 
antigens are probably involved. As a fi- 

nal example, the LETS (large, external 
transformation sensitive) glycoprotein 
recently identified on cell surfaces (6) ap- 
pears to bind to specific sites on the col- 
lagen of basement membranes (7). 

In these examples, and perhaps gener- 
ally, adhesion of a cell to another cell 
or to a surface may be mediated by spe- 
cific receptor-receptor or receptor-ligand 
bonds. At present, mechanisms of cell 
aggregation and adhesion are under in- 
tensive study not only for their intrinsic 
interest but also because tumor cells dif- 
fer from their normal counterparts in an- 
chorage dependence of growth, aggrega- 
tion by lectins, and other properties con- 
nected with adhesion (8). As cancer cells 
are by definition invasive, altered adhe- 
siveness may be a fundamental property 
of the cancer cell (9). 

Adhesion is difficult to study in vivo 
except for the simplest of multicellular 
organisms such as slime molds. There- 
fore a number of in vitro assays have 
been developed in an attempt to eluci- 

date the mechanisms of adhesion. Many 
have examined the attachment of normal 
or transformed mammalian cells, usually 
of fibroblasts to surfaces. This now ap- 
pears to be a rather complicated process, 
involving the adsorption of certain serum 
proteins to the surface, followed by at- 
tachment of the cell to these proteins at 
certain sites, followed by active spread- 
ing (10, 11). Lectins or specific anti- 
bodies on the surface can produce at- 
tachment (10). Another popular assay 
has involved the agglutination of cells by 
lectins such as concanavalin A, which 
can form bridges between carbohydrates 
on adjacent cells (12, 13). Although 
differences between the agglutination 
of normal and transformed cells have 
typically been found, the reasons for 
these differences have proved elusive 
(13, 14). 

Other assays involving adhesion be- 
tween cells are used in immunology. For 
example, in rosette assays, red cells may 
be bound to lymphocytes by means of 
specific antibodies (15). The number of 
antibodies per red cell and the binding 
constants can be varied, so the condi- 
tions for adhesion are more easily stud- 
ied in this system than in many others 
(16). 

Among the bonds that have been con- 
sidered as mediating specific adhesion 
are those between antigen and antibody, 
lectin and carbohydrate, and enzyme 
and substrate. Many years ago, Tyler 
(17) and Weiss (18) suggested that anti- 
gen-antibody bonds between cells deter- 
mine the specificity in cell-to-cell 
contact. Although lectin-carbohydrate 
bonds are generally not considered to be 
present between cells in multicellular or- 
ganisms (19), it has been suggested that 
bonds between enzymes on one cell 
and substrates on another may be com- 
mon. In particular, glycosyltransferases, 
which catalyze the addition of sugars to 
specific polysaccharides, have been 
found on the membranes of cells (20, 21). 
In the absence of free sugar, such en- 
zymes could bind to the complementary 
polysaccharides that may be present on 
glycoproteins of adjacent cells. In this 
connection, a recent report (22) that the 
immune response (Ia) antigens on B cells 
are specific oligosaccharides, possibly 
catalyzed by transferases on T cells, is of 
interest. However, others have claimed 
that these antigens are polypeptides (23). 

Despite great interest in cellular adhe- 
sion and a plethora of experimental ap- 
proaches and speculation, there has been 
no theoretical framework for quan- 
titatively assessing the role that specific 
bonds may play in adhesion. The object 
of this article is to introduce such a theo- 
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retical framework. Prior theoretical anal- 
yses have considered the electrical 
forces between cells (or between a cell 
and a surface), which arise because the 
interacting bodies are charged and polar- 
izable. These relatively nonspecific 
forces are briefly reviewed in the next 
section, after which a model of specific 
adhesions is developed. 

The elements of the theory may be un- 
derstood by considering an antibody- 
bearing cell, which may adhere to a cell 
that has complementary surface anti- 
gens. Suppose that the interactions be- 
tween the individual antibody and anti- 
gen molecules in solution are under- 
stood, so that forward and reverse rate 
constants for these elementary bimo- 
lecular reactions are known. Suppose al- 
so that we know the number of cell sur- 
face antibody and antigen molecules on 
the respective cells and that they are 
more or less free to move about on the 
membranes. If the two cells are adjacent, 
then occasionally an antibody molecule 
on one cell will encounter an antigen 
molecule on the other cell and a bond 
may be established. The first aim of the 
theory is to deduce rates of bond forma- 
tion and breakage from the elementary 
rate constants, the number of receptors 
per unit cell surface area, and their mo- 
bility on the membranes. In addition, the 
forces that are required to separate two 
cells that are attached by some number 
of bonds are estimated and compared 
with other forces in vitro and in vivo, in- 
cluding the force required to extract a re- 
ceptor from a cell membrane. 

Nonspecific Electrical Forces 

The theoretical basis for electrical 
forces between cells has been reviewed 
(24, 25). In general, cells carry a net neg- 
ative electrical charge and thus tend to 
repel each other by the electrostatic 
force. However, this force is greatly 
screened by ions in the medium separat- 
ing the cells; for physiological media, the 
Debye screening distance is of the order 
of 1 nanometer. There is additional com- 
plexity because most of the charge arises 
from the dissociation of ionizable groups 
on the cell surface. For example, on 
erythrocytes, most of the charge is found 
on carboxyl groups of sialic acids of the 
surface glycoproteins (26). Since these 
groups may lie at some considerable but 
uncertain distances (< 10 nm) from the 
lipid bilayer of the plasma membrane 
(27), there is uncertainty in calculating 
the electrostatic force as a function of 
distance between bilayers. 

In addition, the electrodynamic or van 

Separation 

Secondary 
minimum 

Fig. 1. Energy due to electrostatic and elec- 
trodynamic forces plotted against the separa- 
tion between two planar cell membranes. 

der Waals forces between cells are ex- 
pected to be attractive and of longer 
range than the repulsive electrostatic 
forces. The net result is an energy-sepa- 
ration curve such as that sketched in Fig. 
1. This suggests that cells will be at- 
tracted to each other until they are sepa- 
rated by a distance equal to the second- 
ary minimum in Fig. 1. In numerical cal- 
culations (24), secondary minima were 
estimated for cell separations of ; 7 nm. 
The corresponding forces needed to sep- 
arate the cells were estimated to be 

10-5 dyne per square micrometer of 
cell area. Numerical values depend on 
the model chosen for the cell periphery, 
and the attractive van der Waals energy 
has been estimated for a wide range of 
plasma membrane and glycoprotein coat 
compositions and thicknesses (25). For a 
cell separation of 5.0 nm, the interaction 
energy was - 2 x 10-11 erg/gm2 = 500 
kT/,um2, where k is the Boltzmann con- 
stant and T is absolute temperature. 

Experimental evidence has been ob- 
tained for long-range attractive forces 
between red cells and metallic or hydro- 
carbon surfaces (28). Moreover, mea- 
surements have been made of the force 
as a function of the separation of lecithin 
bilayers (29), and the results are in quali- 
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Fig. 2. Fluid mosaic membrane, showing 
phospholipid molecules and an integral or 
transmembrane glycoprotein with oligo- 
saccharides in the extracellular region. 

tative agreement with the theory. Thus it 
appears likely that there is a long-range 
attractive force of electrodynamic origin 
between cells or between a cell and a 
substrate. This attractive force plus the 
repulsive electrostatic force will favor a 
separation corresponding to the second- 
ary minimum. Although there is consid- 
erable uncertainty in this equilibrium 
separation distance and the force re- 
quired to further separate the cells, the 
model calculations (24, 25) indicate that 
the separation between lipid bilayers 
may be of the order of 10 nm. Cells sepa- 
rated by such distances should have op- 
portunities for contacts between their 
glycoproteins and glycolipids and for the 
formation of specific bonds. 

I have characterized the electrical 
forces as nonspecific because they are 
expected to be present between all cells. 
However, the electrodynamic force will 
lead to a preferential attractive force be- 
tween like cells in a mixed population 
(24, 25). 

Model for the Kinetics of Specific 

Bond Formation 

I assume that the cell periphery is as 
described by the fluid mosaic model (27). 
In this model, the cell membrane is as- 
sumed to consist of a phospholipid bi- 
layer in which various proteins are in- 
serted and retained by virtue of the fa- 
vorable free energy of their hydrophobic 
amino acids in the lipid as compared to 
the aqueous environment. The protein 
and lipid masses are comparable. Some 
of the proteins extend all the way 
through the membrane and can thus in- 
teract simultaneously with both cyto- 
plasmic and external molecules; these 
are called integral proteins. Other pro- 
teins, called peripheral, are more loosely 
attached, possibly to integral proteins. 
External portions of the proteins are fre- 
quently coupled to oligosaccharides, 
forming glycoproteins. The most com- 
mon membrane proteins are probably in- 
tegral glycoproteins (30), as sketched in 
Fig. 2. In addition, some cell surface 
mucopolysaccharides are probably cou- 
pled to integral proteins (31). 

Membrane proteins are more or less 
free to move in the plane of the lipid bi- 
layer (27, 30), and translational diffusion 
coefficients have been measured (32). 
The diffusion coefficient depends not on- 
ly on the type of protein and cell under 
consideration but also on whether the 
protein is bound to other molecules in ei- 
ther the cytoplasm or the external medi- 
um (33, 34). The relationship between 
translational and rotational diffusion has 
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also been considered, and they have 
been shown to be quite different for dif- 
fusion in two dimensions as compared to 
three (35). 

Consider a particular membrane pro- 
tein that can form a specific bond with 
some external molecule. For conve- 
nience I call the membrane protein a re- 
ceptor and the other molecule a ligand, 
recognizing that the latter may in some 
cases be itself a protein bound to another 
cell or surface. For example, the recep- 
tor may be an antibody and the ligand an 
antigen, or the receptor may be an oligo- 
saccharide and the ligand a lectin or 
glycosyltransferase. Suppose the reac- 
tion between the receptor and ligand in 
solution is well understood and that it 
can be characterized as a reversible 
bimolecular reaction. When the receptor 
is attached to a cell surface, in such a 
way that its reactive site is accessible, 
and the ligand is in solution, it is reason- 
able to supposei as a first approximation 
that the reaction kinetics are not much 
changed. However, if both ligand and re- 
ceptor are attached to cell surfaces, the 
reaction kinetics will be very different. 
My first objective is to estimate the reac- 
tion rates for surface-bound reactants in 
terms of the reaction rates for both react- 
ants in solution and their diffusion coeffi- 
cients in the membrane. 

Rate Constants 

Consider two cells that are, at least lo- 
cally, close enough to one another that 
receptors on one can interact with lig- 
ands on the other. When the cells are 
first brought to this position, any particu- 
lar receptor is unlikely to have a ligand 
sufficiently close to be able to form a 
bond, but as one or both reactants dif- 
fuse about in their respective membranes 
opportunities for bond formation will oc- 
cur. To estimate the opportunity rate I 
utilize the notion of the encounter com- 
plex (36). In this approach the reaction, 
whether of reactants in solution or on 
cell surfaces, is conceptually separated 
into two steps. In the first step the reac- 
tants simply encounter each other-that 
is, they diffuse into sufficiently close 
proximity to permit the second or reac- 
tion step. The reaction may thus be writ- 
ten as 

d+ Br+C A + BAB C (1) 

where d+ and L_ are the rates of forma- 
tion and dissolution of the encounter 
complex, AB, while r+ and r_ are the for- 
ward and reverse rate constants for for- 
mation of the bound state, C, from AB. I 

assume that reactants form an encounter 
complex whenever they are separated by 
RAB, the encounter distance. 

For reactants in solution the rate con- 
stants for the encounter step are (36) 

d+s = 47T[Ds(A) + Ds(B)]RAB (2) 

dcs = 3[DS(A) + DS(B)]RAB-2 (3) 

where Ds(A) and Ds(B) are the trans- 
lational diffusion constants of A and B in 
solution. Note that the equilibrium con- 
stant for the encounter step 

Ks = d+s 47T RAB3 (4) 

is simply the volume of a sphere of radi- 
us RAB. 

However, when both reactants are at- 
tached to membranes, either to the same 
membrane or to two different mem- 
branes, separated by a distance ' RAB, it 

can be shown that (37) 

d+- = 27T[Dm(A) + Dm(B)] (5) 

dLm = 2[Dm(A) + Dm(B)]RAB-2 (6) 

where Dm(A) and Dm(B) are translational 
diffusion constants for receptor motion 
in the membrane. In this case the equilib- 
rium constant for the encounter step is 

Kdm = 7T RAB2 (7) 

which is the area of a disk of radius RAB- 

Note that for membrane-bound reac- 
tants, the concentrations are given per 
unit area rather than per unit volume, as 
in solution. 

Under many conditions the concentra- 
tion of the encounter complex is small 
compared to that of the reactants or 
product, and it is a good approximation 
(36) to set d[AB]/dt = 0 in the kinetic 
equations. The overall reaction A + B 
= C can then be represented in terms 
of the rate constants 

k= +r+ (8) + d- + 

and 

k_= d-r+ (9) 

Note that the overall equilibrium con- 
stant, K= k+/k_ = Kdr+/lr, is inde- 
pendent of diffusion constants. How- 
ever, both forward and reverse rate con- 
stants will depend on the diffusion con- 
stants whenever d_ is not much greater 
than r+. If, in particular, r+ ?> d_, so 
that the encounter complex is much 
more likely to react than to dissociate, 
then k+ d+. In this case the forward re- 
action rate is diffusion-limited. The re- 
verse rate constant, k_ d_r_/r+, will 

then also be proportional to the diffusion 
constant. Thus if the diffusion constants 
are small, as for receptors in a viscous 
membrane, both forward and reverse 
rate constants will be small. 

For any particular receptor-ligand 
combination, the procedure for estimat- 
ing rate constants for membrane-bound 
reactants (k?m and k_m) is as follows. 
First, suppose the solution reaction rates 
(k?s and k-s) and the solution diffusion 
constants are known. Then r+ and r_ can 
be deduced from Eqs. 2, 3, 8, and 9. If 
the diffusion constants are also known 
for receptor and ligand in the membrane, 
they can be used in Eqs. 5 and 6, togeth- 
er with the previously determined r+ and 
r_ to obtain k+m and k m. 

For example, reaction rates have been 
determined for many antigen-antibody 
bonds (38, 39) and have been compared 
with diffusion limits. In these tabula- 
tions, forward reaction rates ranged over 
three orders of magnitude, from 4 x 105 
to 6 x 108M-1 sec-1. The larger values 
are close to the diffusion limit, d+. For 
example, for a typical ligand of molecu- 
lar weight 400, Ds(B) ~- 5 x 10-6 cm2/ 
sec. For an antibody molecule 
Ds(A) = 5 x 10-7 cm2/sec, and for 
RAB - 0.75 nm, d+s -- 5 x 10 cm3! 
sec = 3 x 109M-1 sec-1, d_s -3 x 109 
sec1, and Ks 1 M1. However the reac- 
tions can proceed only if antibody and 
hapten have appropriate orientations (39). 
This effect is likely to reduce d+s to the 
range 108 to 109M-1 sec-1 (39). Thus it ap- 
pears that from Eq 8, for hapten-antibody 
reactions, r+ is likely to be in the range 
10-3 d+s to 1 d+s or 106 to 109 sec-'. 

The reverse reaction rates, kJs, varied 
from 3 x 10-5 to 6 x 103 sec-1, and most 
of this variation must be attributed to 
variation in the intrinsic reaction rate, r_ 
(39). 

Suppose now that the antibody and 
antigen molecules are attached to 
cell membranes. The diffusion constant 
for antibodies on lymphocytes is 
Dm(A) 10-10 cm2/sec (32), nearly four 
orders of magnitude lower than the dif- 
fusion constant in solution. If we take 
Dm(A) + Dm(B) = 10-10 cm2/sec and 
RAB = 0.75 nm, then d+m 6 x 10-1? 
cm2/sec and d9m - 4 x 104 sec-1. Note 
the units of d+m, which are appropriate 
for measuring reactant concentrations in 
molecules per unit surface area of mem- 
brane. Since d-m is so much smaller than 
d_s, it is likely that k+ will be near the 
diffusion limit. Moreover k_ will general- 
ly be considerably smaller than r_. This 
is because reactants that have come 
apart will, in a viscous medium or on a 
membrane, tend to recombine before dif- 
fusing apart. 
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Cell 1 Fig. 3. Some intercellular bonds: (A) two receptors linked by a 

A B C D E F G H I J bivalent ligand, (B) a receptor on cell 1 binding to a ligand on cell 
2, (C) an enzyme-substrate bond, (D) a (hypothetical) bond be- 
tween identical receptors, (E) antibodies (or glycoproteins) 
bridged by two bivalent antigens (or lectins), (F) two antibodies 
bridged by a multivalent antigen, (G) antibody binding singly to 

1: . I Z \ X s Y Y I antigen, (H) antibody binding multiply to antigen, (I) multiple anti- 
, bodies bridged by a multivalent antigen, and (J) complementary 

Cell 2 antibody bonds. 

My main conclusions from the fore- 
going are that (i) both forward and re- 
verse rate constants will be reduced for 
membrane-bound reactants, (ii) the for- 
ward rate constant may be fairly close to 
its diffusion limit, and (iii) the equilibri- 
um constant will not depend on the dif- 
fusion constants. 

I have ignored the rotation of the re- 
acting molecules or any other motions 
such as waving to and fro of the receptor 
molecule on the membrane. In a particu- 
lar system one might be able to take 
these motions partially into account (37, 
39). However, the main conclusions are 
probably not very sensitive to these re- 
finements.' I have also neglected tran- 
sients, which may arise when the cells 
are first brought close together. That is, 
some of the receptors may, by chance, 
immediately find themselves in opposi- 
tion so that no diffusion is required to ini- 
tiate some reactions. Only after some 
time has elapsed will the reaction rates 
derived above be reasonably accurate. 
Such refinements may be effected by 
modifying this theory, but they are not 
treated in this article. 

Reactions 

Some of the kinds of binding reactions 
that are of interest are sketched in Fig. 3. 
The reactions could be classified in vari- 
ous ways-for example, by the molecu- 
lar nature of the reactants such as anti- 
body, lectin, or enzyme. In some cases a 
diffusible ligand links similar receptors 
on two cells, while in others bonds be- 
tween complementary receptors are 
formed. Finally, in some cases multiple 
bonds to a single receptor or ligand mole- 
cule are involved; in other cases they are 
not. Any theory that would encompass 
all these cases would be rather cumber- 
some. I therefore choose two cases to il- 
lustrate the method of theoretical formu- 
lation. 

The first case is the simplest example, 
namely two adjacent cells having com- 
plementary receptors, mobile in their re- 
spective membranes, as shown in Fig. 4. 
Let N1 and N2 be the numbers of recep- 
tors per unit area of membrane and N1f 
and N.f the corresDondingy numbers of 

unbound receptors. Then if Nb is the 
number of bound receptors per unit area 
that serve to bridge the cells 

Ni = Nif + Nb(i= 1,2) (10) 

Moreover, I assume that bond formation 
is governed by the kinetic equation 

dNb - k?mNlfN2f - kmNb (11) 

dt 

Using Eq. 10, this can be rewritten as 

dNb 
dt 

k+m(N - Nb)(N2 - Nb) - k_mNb (12) 

and solved. The rate of bond formation 
will be maximum when the cells are first 
brought together, so that Nb = 0 and 

(dNb) a at lg b ! -= k+mNlN2 (13) 
dt max 

and at long times equilibrium will be ap- 
proached such that the right-hand side of 
Eq. 12 is zero and 

Nb= N1 + N2 +K) 

N + N2 + ;m - 4N1N2j (14) 

where Km = k+m/km. 
Suppose, for example, that k+m has a 

value equal to one-tenth the diffusion 
limit for membrane-bound reactants (Eq. 
5) and that both receptors have diffusion 
constants of 1010 cm2/sec (32). Then 
k+m~ 1.3 x 10-10 cm2/sec = 1.3 x 10-2 

Am2/sec, so that if N1 and N2 are mea- 
sured per square micrometer, Eq. 13 
gives dNb/dt ' 1.3 x 10-2 N,N2 -m-2 
sec-1. If one considers a cell such as a 
small lymphocyte, with radius = 4 A.tm, 
area 200 AMm2, and 105 receptors, then 
N,(=N2) f 500 and dNb/dt < 3 X 103 

-2 -1 
Am sec-1. The B lymphocytes have ap- 
proximately 105 (5) antibody molecules 
on their surfaces as receptors, so this es- 
timate might hold for a B lymphocyte in- 
teracting with another cell that carried 
105 antigenic determinants. For cells 
both having 103 (or 107) determinants, 
the bond formation rate would be ' 0.3 
(or 3 x 107) gtm-2 sec-1. 

If the cells are adjacent over sub- 

stantial fractions of their surfaces, it is 
apparent from the estimates above that 
large rates of bond formation may result. 
However, if the cells are in contact only 
near the tips of a few microvilli the con- 
tact area may be quite small (40). Typical 
microvilli have diameters - 0.1 ,um and 
hence the contact area of one tip would 
be - 10-2 ,m2. In addition, it should be 
noted that if the cells are adjacent only 
over localized areas, then receptors from 
outside the contact areas can diffuse in to 
increase the local receptor density and to 
provide further bonds (13). The theoreti- 
cal treatment of such receptor clustering 
is a separate problem, which will not be 
developed in this article. An additional 
complication is that the diffusion con- 
stant, Dm, may be smaller for receptors 
in the contact area than elsewhere on the 
surface (41). However, it is not clear 
whether such reduced mobility precedes 
contact or may be a consequence of it. 

A somewhat more complicated model, 
indicated in Fig. 5, is that in which two 
cells having similar receptors may be 
bridged by diffusible bivalent ligands. 
For somewhat more generality I also al- 
low the receptors on a single cell to be 
cross-linked by the bivalent ligand and 
allow a competitive monovalent ligand to 
be present. Thus the model can simulate 
the several situations listed in Table 1. 
The configurations of receptor molecules 
that are of interest are shown in Fig. 5. 
Just as for the simpler model, I could 
write kinetic equations for the various 
kinds of receptor molecules. Reactions 
involving free hapten or antigen mole- 
cules would have solution rate con- 
stants, whereas those involving cross- 
linked or bridged receptors would have 
membrane-bound rate constants. Such 
equations will be published elsewhere 
(42). 

Complications arise in applying this 
model to the analysis of experiments- 
for example, on the agglutination of 
cells. When "antigen" is first introduced 
into the medium, it will immediately be- 
gin to bind to the cell surfaces and to 
cross-link receptors. Only when two 
cells are adjacent to one another will in- 
tercellular binding be possible, and if 
most of the receptors are cross-linked 
such binding will be inhibited. Hence the 
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rate or probability of agglutination will 
depend on details of the experimental de- 
sign that influence the relative rates of 
cross-linking, intercellular encounter, 
and so on. Similar considerations apply 
to the agglutination of cells by lectins or 
by enzyme-substrate interactions, in- 
asmuch as the lectins can also cross-link 
carbohydrates on the same cell and the 
enzyme can bind to substrate on its own 
cells. In addition, cross-linking of recep- 
tors may reduce receptor mobility over 
the whole cell surface by modulating the 
anchorage of the receptors to cyto- 
plasmic proteins or other components 
(33, 43). Moreover, it should be noted 
that protrusions on a cell may stick to 
other portions of the same cell surface. 

Before applying these models to the 
interpretation of any experiments, it is 
appropriate to consider the strength of 
the bonds and how many are required to 
hold two cells together or to hold a cell to 
a surface. 

Strength of Specific Bonds 

Consider a bond that is formed be- 
tween two molecules such as an antigen 
and antibody. Such bonds derive their 
stablity from a variety of small free ener- 
gy changes, which may be associated 
with electrostatic, van der Waals, or hy- 
drogen bond interactions. The bonds are 
reversible so that no force is needed to 
separate the molecules; a little patience 
will suffice. However, when many bonds 
are linking two cells together, patience 
will not suffice because the probability 
for all the receptors to be simultaneously 

Cell ell 2 

N I/ f 
N2f 

N b 

Fig. 4 (left). Simplest model of intercellular 
bond formation between complementary re- 
ceptors. Fig. 5 (right). Model of bridge 
formation by bivalent antigens (Ag), in the 
presence of an inhibiting hapten (H). Recep- 
tors on either cell can be free (f), bound to 
hapten (h), bound to antigen (a) and thence to 
the other cell (b), or bound to a receptor on 
the same cell (c). 

Table 1. Possible bonding molecules. 

Receptor Ligand Inhibitor 

Antigen Antibody Monovalent anti- 
body (Fab frag- 
ment) or hapten* 

Antibody Antigen Hapten 
Carbo- Lectin Monovalent lectin 

hydrate or sugar* 

*In this case the inhibitor binds to the ligand and not 
to the receptor. 

unbound is very small. To separate the 
cells a force is required that will fairly 
rapidly rupture each bond. 

What force is required to "rapidly" 
break a single antigen-antibody bond? If 
one begins to separate the molecules 
along some direction of minimum work, 
then the free energy must vary with sepa- 
ration as sketched in Fig. 6. It must have 
a minimum at the equilibrium binding po- 
sition and work must be done to further 
separate the molecules. As a force is ap- 
plied to separate the molecules, the free 
energy minimum will diminish and, for a 
sufficiently strong force, disappear. Sup- 
pose Eo is the free energy change on 
binding and ro is the range of the mini- 
mum, such that for a force =- E0/ro the 
minimum has vanished. Such a force will 
evidently rapidly rupture the bond. Mea- 
suring E0 in electron volts and ro in na- 
nometers 

fo = 1.6 x 10-5Eo/ro dynes per bond 
(15) 

For a representative antigen-antibody 
bond, Eo 0.37 eV (= 8.5 kcal/mole, 
KS 106M-1). The dimension of the 
binding cleft on an antibody is 1 nm 

OH 

Cell 1 0- Ag Cell 2 

Nf 1 Nf 2 

Nhl Nh 2 

NalN 

N b 

N ~ 9 ? ic 

(39), so it is possible that ro might be this 
large, which would lead to fo 6 x 10-6 
dyne per bond. But the individual inter- 
actions that in sum produce the binding 
have ranges of 0.1 to 0.2 nm, so that rO is 
probably less than 1 nm. In what follows 
I will use the estimate ro = 0.5 nm. This 
could probably be made more reliable for 
particular well-characterized molecules, 
but it is probably good to within a factor 
of 2 or so. This value of ro together with 
E0 - 0.37 eV gives foz 1.2 x 10-5 dyne 
per bond. Note that for covalent bonds 
E0o L3 eV and ro z0.14 nm, so that for 
these fo 3 x 10-4 dyne per bond. 
Hence the weak receptor-ligand bond 
will break for a much smaller force than 
will a covalent bond. 

In the remainder of this section these 
considerations are made more quan- 
titative. Suppose one cell is stuck to an- 
other or to a surface by many bonds. 
Each is reversible and is being stressed 
by a force tending to separate the cells. 
In the kinetic theory of the strength of 
solids (44), the lifetime of a bond is writ- 
ten 

T = To exp[(Eo - yf)/kTl (16) 

where T0 is the reciprocal of a natural fre- 
quency of oscillation of atoms in solids 
(-1l-13 second), E0 is the bond energy,f 
is the applied force per bond, and y is a 
parameter that must be determined em- 
pirically to account for the structure of 
the solid and its imperfections. Equation 
16 has a wide range of validity for repre- 
senting the variation of bond lifetime 
with f and T. 

If it is postulated that Eq. 16 can also 
be applied to receptor-ligand bonds, then 
it is natural to identify T(f = 0) with the 
inverse reverse rate constant (kL)-' or 
more properly (r_)-1. Moreover y must 
be approximately ro in order that T - ro 
when f = E0/ro. If representative values 
for antibody-hapten bonds (39) are taken 
to be T(f= 0) 0.01 second, Eo = 0.37 
eV, and kT = 0.0268 eV (T= 37?C), 
then T0 = 10-8 second. This may be com- 
pared with the period of a harmonic os- 
cillator fitted to a potential as in Fig. 6: 
Th 2rrO(E()m)-"2 where m is the mass of 
the oscillator. If m = 200 daltons, corre- 
sponding to a typical hapten, and 
ro = 0.5 nm, then Th 5 x 10-'2 second, 
substantially smaller than T0. However, 
even if Th were used instead of T0 in Eq. 
16 and E0 adjusted to give T(f 0) = 

0.01 second, the conclusion about the 
qualitative value of f would be un- 
changed. 

Using the values of m0, L0, y, and T 
cited above, I find the values for the 
bond lifetime given in Table 2. If Eq. 16 
is now introduced into the earlier models 
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for bond formation, it is possible to esti- 
mate how rapidly any applied force will 
detach the cells. 

Consider two cells that are stuck to 
each other (or a cell stuck to a surface) 
by Nb complementary receptors, as in 
Eq. 12. Suppose that a force F is tending 
to separate the cells. Assuming that each 
bond is equally stressed, the force per 
bond is F/Nb and the reverse rate con- 
stant in Eq. 12 should be replaced by 

k_ exp(yF/kT Nb) 

If, for simplicity, it is assumed that 
N2 >> Nb, Eq. 12 is replaced by 

dNb 
- k+(N - Nb)N2 - 

dt 

k-Nb exp(yF/kT Nb) (17) 

If the force is zero before t = 0, there 
is initially an equilibrium, dNb/dt = 0, 
and 

Nb(O) = KN2N1/(I + KN2) (18) 

where K = k+/k_. If a small steady force 
is applied, this will increase the reverse 
rate constant. After a while, a new equi- 
librium will be reached with Nb given by 
Eq. 18, except that K must be multiplied 
by exp(--yF/kTNb). For a large force, 
however, the second term on the right in 
Eq. 17 will be much larger than the first, 
in which case Nb will rapidly go to zero. 
There will thus exist a critical force, Fc, 
which is just sufficient to detach the cell. 
To evaluate Fc, consider the two terms 
on the right in Eq. 17, which are depicted 
in Fig. 7 as functions of Nb. Figure 7 
shows that for F = Fc, the two terms are 
equal at their point of tangency-that is, 
when their slopes are equal. Using this 
fact and setting y = ro, it is straight- 
forward to show that the critical force 
per potential bond, fc is 

_Fc kT 
c Na = r c (19) 

where ac is the solution of 

ac exp(ac + 1) = KN2 (20) 

For a large range of KN2, acc Y o 7 
ln(KN2), and using this approximate val- 
ue together with ro = 0.5 nm I find that 

fc = 8.6 x 107ac = 6.0 x 10-71n(KN2) 
dynes per bond (21) 

If, for example, KN2 = 1O3, as would be 
found for Ks 106M-', N2 103 bonds 
per square micrometer, and RAB 1 nm, 
then Eq. 21 givesf0 4 x 10-6 dyne per 
bond (45). This is about a factor of 3 
smaller than the earlier estimate of the 

Table 2. Times for bond breaking with various 
forces. Abbreviations: r, mean time for break- 
ing a single bond, given by Eq. 16 with param- 
eters in the text; t, time to separate cells sub- 
ject to the force. The critical force is 2.98 x 
10-6 dyne per bond. 

Force io910 Iog10t 
(X 10-6 dyne (sec) (sec) 

per bond) 

0 -2 Co 

2 -3 00 
2.98 iiOo 
4 -4 -14.7 
6 -5 -6 
8 -6 -7.1 

10 -7 -8.2 
12 -8 -9.3 

force fo needed to completely eliminate 
the bond. 

For forces larger than f the bonds will 
break more or less rapidly; numerical so- 
lutions of Eq. 17 have been obtained and 
are shown in Fig. 8. It is apparent that 
once f is appreciably larger than f, the 
solution has a simple form. It can be 
found by neglecting the first term on the 
right in Eq. 17 and solving for the time, t, 
at which Nb becomes zero. The result is 

t(F) = I 
E(YO) k (1 + Yo) (22) 

where YO roF/kT Nb(O) - roF/kT N1 
and El is the exponential integral. 

These results show that as the force 
exceeds f, the cells rapidly tend to sepa- 
rate. Thus, qualitatively at least, the crit- 

ical force will provide a reasonable esti- 
mate of the force required to separate 
two cells or a cell from a surface. This 
formalism can be used to estimate criti- 
cal forces and times for any experimental 
system, but as a representative value for 
the critical force I will take in the follow- 
ing discussion the value 4 x 10-6 dyne 
per bond. 

Comparison with Other Forces 

The critical force may be compared 
with other forces to which a cell may be 
subject. First, I noted that the non- 
specific electrical forces between cells 
have been estimated to be such that an 
external force of 10-5 dyne/Am2 is re- 
quired to separate them. The same force 
would be required to break two or three 
specific bonds per square micrometer. 
Inasmuch as the receptor densities on 
cell surfaces may far exceed these val- 
ues, it is apparent that specific bonds can 
cause cells to adhere to each other much 
more tightly than the nonspecific electri- 
cal forces can. An exception might occur 
if the cells could come close enough that 
their separation corresponded to the 
close minimum of Fig. 1. For this to be 
possible, it may be necessary for the gly- 
coproteins and other nonlipid molecules 
between the membranes to be removed, 
which may be an event preceding mem- 
brane fusion. 

It is also of interest to compare the 

r0 Separation 

Fig. 6 (top). Free energy plotted OF E/ro 
against receptor-ligand separaation 
along some direction of minimum 
work. Zero separation corresponds 
to the bound state, of free energy -Eo 
relative to the separated reactants. A 
force tending to separate the reac- 
tants will decrease the free energy 
linearly with distance, as shown. i 
Fig. 7 (bottom). Equilibrium solu- 
tions to Eq. 17 correspond to equality i Second 
of the first and second terms, shown i> term 
here. For the critical force, the 
curves are tangent. F 

Nb 

First term 
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critical force with hydrodynamic forces 
to which a cell may be subject. In partic- 
ular, if a stationary cell of radius r is ex- 
posed to a fluid stream of velocity v, the 
force on the cell will be given by Stokes 
law 

F = 6q771rv (23) 

where -1 is the fluid viscosity and it is as- 
sumed that the flow is laminar. For water 
at 37?C, -q = 7 x 10' g/cm-sec. For 
r= 4 Amm, F= 5.3 x 10- v dynes, 
where the velocity is in centimeters per 
second. 

I can now estimate the number of 
bonds needed to hold the cell in a fluid 
stream of velocity v as 

Nv - 5.3 x 10-5v/f vI 13 v (24) 

Equation 24 tells us, for example, that a 
cell that is held by 13 bonds should resist 
fluid velocities of 1 cnlsec. 

In many experimental situations the 
cell is adhering to a surface or to other 
cells past which a fluid streams. In such 
cases the velocity field will be nonuni- 
form and the forces tending to break the 
bonds may be largely shearing rather 
than tensile. These complications are not 
treated in this article. Insofar as the 
bonding molecules may have some free- 
dom to orient themselves relative to the 
plane of the membrane, a macroscopic 
shearing stress across a cell-surface in- 
terface may be translated -into stresses 
on the individual bonds that are primari- 
ly tensile. However, a uniform stress per 
bond is unlikely. 

In a variety of experiments cells have 
been specifically attached to nylon fibers 
that were coated with lectins or antigens 
(46-49). Under appropriate conditions 
the attached cells can be removed by 
plucking the fibers. Both inertial and vis- 
cous forces act on cells attached to the 
vibrating string immersed in a liquid me- 
dium. 

The inertial forces can be computed 
from the acceleration of the string. A 
typical vibration frequency is - 1600 cy- 
cles per second (50) and the maximum 
displacement is 1 mm. It follows that 
the peak acceleration is 108 mm/sec2 
and the maximum force on a lymphocyte 
of mass '-3 x 10-10 g is - 3 x 10-3 

dyne. This would be sufficient to break 
- 750 of our standard bonds. However, 

only the cells on the surfaces of the fiber 
that are more or less normal to the direc- 
tion of motion will experience these ten- 
sile forces. For most cells on other por- 
tions of the fiber, it can be seen that the 
viscous drag forces are about an order of 
magnitude larger than the inertial forces. 
These drag forces will have a large shear- 
ing component. Qualitatively, it thus ap- 
pears that cells having ' 104 bonds will 
be mostly removed from the fiber. 

For example, a fiber can be completely 
coated with the lectin concanavalin A, 
giving - 2 x 104 lectin molecules per 
square micrometer (49). If a cell could be 
bound to the fiber by as many as 2 x 104 
bonds per square micrometer, and if the 
contact area were - 2 = 16 ,tm2, this 
would give c 3 x 105 bonds per cell. It 
would appear that such a tightly bound 
cell could not be removed by plucking 
the fiber. Yet, in fact, cells have been re- 
moved by plucking (46), at least for a 
concanavalin A density of half that cited 
above. (At the density given above, the 
cell membranes were often damaged by 
plucking.) 

It thus appears likely that only a small 
fraction (s 10 percent) of the maximum 
possible number of bonds are actually 
formed when the cell sticks to the fiber. 
This might be because the actual contact 
area is substantially less than r2 or be- 
cause receptor-ligand bonds cannot form 
so as to nearly cover the (local) cell sur- 
face. Further experiments that are more 
nearly designed to test the theory should 

be helpful in testing these alternatives. 
It is of some interest to make com- 

parisons with other forces in biology, al- 
though I will not attempt to explain their 
origin. First, the tensile strength of 
muscle has been reported to be 4 kg! 
cm2 = 4 x 10-2 dyne/lum2 (51). This cor- 
responds to 104 standard bonds per 
square micrometer. Second, measure- 
ments of the adhesive force between 
cells (52) have yielded values of -1 
dyne per cell. This corresponds to 
- 2.5 x 105 bonds per cell surface. Fi- 

nally, mammalian cell surface tensions 
have been found to be y - 0.5 dyne/cm, 
give or take an order of magnitude (9). 
This corresponds to a cell surface pres- 
sure P - 2y/R - 104/R dyne/cm2, with 
R in micrometers. For a cell with R = 4 
Amm, P- 2 X 10-5 dyne/Am2. This is 
equivalent to the force needed to dis- 
place about five bonds per square mi- 
crometer. Thus we conclude that rela- 
tively few bonds would be sufficient to 
begin to deform the cell. For a micro- 
villus with R - 0.1 um, P - 105 dyne! 
cm2, equivalent to about two bonds per 
(0.1 mM)2, so that a few bonds to an ex- 
ternal surface might stabilize a micro- 
villus tip. 

Force to Uproot a Receptor 

In an earlier section I estimated the 
force required to break a typical recep- 
tor-ligand bond. I noted then that such a 
force is very unlikely to break a covalent 
bond. However, the receptor may pull 
away from the cell. To assess this possi- 
bility, the interactions that hold the re- 
ceptor to the cell must be specified. 

Suppose the receptor is an integral 
membrane glycoprotein. Such a mole- 
cule will be positioned in the membrane 
so as to maximize the exposure of hydro- 
phobic amino acid residues to the mem- 
brane lipids and of hydrophilic residues 
and sugars to the aqueous cyloplasmic or 
external regions. As a force is applied to 
displace the receptor in a direction nor- 
mal to the membrane, it will tend to ex- 
pose hydrophobic residues to water or 
hydrophilic ones to lipid, and hence to 
increase the free energy. Thus, in order 
to estimate the force (as the rate of 
change of free energy with distance) the 
amino acid sequence of the protein and 
its conformation near the membrane 
must be known. For one integral protein, 
glycophorin, a major constituent of the 
red cell membrane, both the amino acid 
sequence and its position in the mem- 
brane are known (53). 

To estimate the free energy change as 
a molecule of glycophorin is pulled 
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through the membrane, I have neglected 
any folding of the portions of the mole- 
cule that are exposed to either the lipid 
or the cytoplasmic environment. For the 
portion buried in the lipid there are only 
about 27 residues spanning a distance of 
about 4.0 nm, so that little folding could 
be accommodated. In the cytoplasmic 
region there are approximately 40 resi- 
dues, and it may be less legitimate to ne- 
glect their folding. I will return to this 
problem, but for the present I assume 
that displacement of a hydrophobic resi- 
due from the lipid to the aqueous envi- 
ronment gives the following free energy 
changes (54-56) in kilocalories per mole: 
Pro, 2.0; Phe, 2.5; Ile, 2.0; Tyr, 2.3; Leu, 
1.8; Val, 1.5; and Met, 1.3. In addition, 
displacement of a polar residue (Asp, 
Glu, Arg, or Lys) from water to lipid is 
assumed to cost 5 kcal/mole (57). I have 
ignored the energy costs associated with 
the transfer of other amino acids, al- 
though it could be argued that the six se- 
rines in the cytoplasmic tail should be 
treated as strongly hydrophilic, rather 
than linked with each other by hydrogen 
bonds. Using these numerical values, I 
find that it costs about 20 kcal/mole to 
transfer residues 65 to 92 from the lipid 
into the extracellular water, and about 35 
kcal/mole to transfer the cytoplasmic tail 
into the lipid. A further displacement of 
the receptor, such that the tail enters the 
extracellular aqueous region, will be en- 
ergetically favorable. I thus conclude 
that there is an energy barrier against 
pulling the glycophorin molecule through 
the membrane which amounts to - 60 
kcal/mole = 2.6 eV per molecule. If it is 
also assumed that this energy represents 
work done by a force in moving the re- 
ceptor through a lipid bilayer of thick- 
ness 4 nm, the force required is, from 
Eq. 15, about 1.0 x 10-5 dyne per mole- 
cule. This is close to the estimated value 
of the force fo needed to rapidly break a 
specific ligand-receptor bond. 

Thus the force required to pull an in- 
tegral membrane protein out of the lipid 
bilayer is of the same order of magnitude 
as that required to rapidly break an anti- 
gen-antibody bond. Of course, most re- 
ceptor-ligand bonds are readily revers- 
ible. However an integral membrane 
protein such as glycophorin is not about 
to pop out of the membrane spontane- 
ously. This is because the energy barrier 
to translocation of the protein is far high- 
er than that of the receptor-ligand bond. 
A relatively modest force serves to dis- 
place the receptor only because the dis- 
tance over which it can act is relatively 
large, namely the thickness of the lipid 
portion of the bilayer. In an earlier sec- 
tion it was found that a critical force per 

bond of - 1/3 fo was sufficient to sepa- 
rate two cells. However, as can be seen 
from Eq. 17, a similar reduction offo will 
not suffice to pull out a receptor. This is 
because the energy barrier is now so 
large compared to kT that the binding of 
the receptor in the membrane is essen- 
tially irreversible. 

These estimates were made for a par- 
ticular integral protein, and the results 
might be rather different for other recep- 
tors. In addition, the estimates were 
highly simplified; in particular, I neglect- 
ed folding of the cytoplasmic tail. A fold- 
ed tail would probably have all its polar 
residues exposed and would be even 
harder to pull through a membrane. Dis- 
placement of lipids might then be more 
likely than simple extraction of the pro- 
tein. In addition, some receptors may in- 
teract with cytoplasmic proteins or with 
the cytoskeleton and thereby further re- 
sist being pulled out. For example, gly- 
cophorin interacts with the internal pro- 
tein spectrin (58). 

Some receptors may not be glycopro- 
teins. For example, a ganglioside-a lip- 
id molecule with an oligosaccharide 
headgroup-is the receptor for cholera 
toxin (59). The force required to pull a 
ganglioside or phospholipid out of the 
membrane can be estimated in the same 
manner. As before, the free energy 
change (for transfer of lipid from lipid to 
water) is divided by the distance over 
which the force can act. If the free ener- 
gy change is taken as 15 kcal/mole (54), 
as determined for a phospholipid con- 
taining two 15-member hydrocarbon 
tails, and the distance is taken as 2 nm, 
the force required, from Eq. 15, is 5 x 
10-6 dyne per molecule. This result sug- 
gests that it is about as easy to pull a gan- 
glioside or a phospholipid out of a mem- 
brane as to break ligand-receptor bond- 
ing. 

It thus appears that (depending on the 
details of the receptors involved) pulling 
receptors out of the membrane may be 
competitive with breaking ligand-recep- 
tor bonds. Although it is probably diffi- 
cult to pull out a well-anchored integral 
protein, one could imagine various 
mechanisms, such as enzymatic clipping 
of cytoplasmic tails, that could modulate 
receptor anchorage and thereby adhe- 
sion (41). 

Comparison with Experiments 

In principle, the theoretical framework 
that I have developed could be used to 
interpret a vast number of experiments. 
However, in practice it is difficult to 
make quantitative comparisons. In some 

cases, such as those involving the natu- 
ral adhesion of cells to surfaces, there is 
little information on the molecular spe- 
cies and their interactions that mediate 
the adhesion. In other cases, where the 
adhesion is known to be mediated by lec- 
tin or antibody molecules, the experi- 
ments were not designed to facilitate 
comparisons with theory. In most agglu- 
tination or binding assays, it is difficult to 
estimate the rates of collision of cells 
with each other or with surfaces, and the 
duration of the collisions in which bind- 
ing is to take place is also uncertain. 

To elucidate some of these consid- 
erations I will compare the theory with 
measurements of the binding of cells to 
lectin-coated fibers or to lectin-coated 
cells on fibers (48, 49). In one set of ex- 
periments, the binding of various cells to 
lectin-coated fibers was studied for lectin 
densities ranging from - 200 to 2 x 104 

molecules per square micrometer (49). 
The cells were shaken in a medium ex- 
posed to the fibers at 80 cycles per min- 
ute with an amplitude of 4 cm. It fol- 
lows that the peak fluid velocity relative 
to the fibers is - 20 cm/sec, so that ac- 
cording to Eq. 24 a cell must establish 
about 300 bonds to the fiber in order to 
remain bound. The actual fluid flow is 
complicated and more precise quan- 
titation is difficult. 

Cells are found to adhere only to the 
sides of fibers that are normal to the 
plane of motion. This is presumably be- 
cause a grazing cell-fiber collision is too 
brief to permit adequate bond formation; 
at a velocity of 10 cm/sec, a cell will trav- 
el its own diameter (- 10 ,um) in - 10-4 

second. The maximum rate at which 
bonds can form when cell and fiber are 
close together can be estimated from Eq. 
13, with N1 = Nf, the fiber surface den- 
sity of lectin sites that bind saccharides, 
and N2 the number of complementary 
saccharides on the cell surface per unit 
area. If the cells are fixed their receptors 
are immobile and according to Eq. 8 k+ 
will be zero, so that no adhesion is antici- 
pated, in accord with observation. How- 
ever it should also be noted that erythro- 
cytes, which have relatively few and im- 
mobile receptors, can be agglutinated if 
care is taken to minimize the mechanical 
forces tending to disrupt the aggregates 
(60). 

The rate constants for binding of con- 
canavalin A to sugars or to erythrocytes 
are quite low: k+s -104 to 105M-1 sec-1 
(60, 6]). This is far smaller than the dif- 
fusion limit d+s, so that from Eq. 8 
k+s~ Dr+ r+, since D 1 M-1. In addi- 
tion, the diffusion coefficients for con- 
canavalin A receptors are quite small, 
4 x 10-11 cm2/sec or less, as measured 
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on fibroblasts and myoblasts (32, 34). 
Therefore despite the small value of r+, 
the membrane-bound reaction rate k+ 
may be within an order of magnitud of 
its diffusion limit, say between 10-10 ',nd 
10-11 cm2/sec. Taking the smaller value, 
k+m = 10-3 gm2/sec, and N2, 104 gm-2 
(62, 63), the maximum rate of bond for- 
mation will be dNb/dt- 10-2 N1/msec. 
Thus if N1 - 104 ,um-2, a near-maximum 
value, dNb/dt - 102 um-2 msec-1 and 
any cell-fiber collision for which the 
product of contact area and duration ex- 
ceeds 3 ,um2 msec has a good chance of 
leading to adhesion. Similarly for 
N1 - 102 um-2, the product must exceed 
- 300 gm2 msec. As collision durations 

of -1 to 10 msec and contact areas of 
i I to 10 ,um2 seem reasonable, it would 

seem that these figures are of the right 
order of magnitude. However without an 
understanding of the statistics of cell-fi- 
ber collisions, it is not possible to make 
quantitative comparisons between theo- 
ry and experiment. 

Once the cells had become bound to 
fibers, the reversibility of the binding by 
free sugars was examined (49). Binding 
by divalent lectins could be reversed by 
competitive free sugar at 0.001 to 0.01M. 
For an equilibrium constant of 106M-1, 
the model shown in Fig. 5 predicts that 
these concentrations would reduce the 
equilibrium number of bonds by factors 
of 106 and 108, respectively, so that re- 
versal of binding would be expected. For 
tetravalent concanavalin A, even at 
0.3M the competitive saccharide a- 
methyl mannopyranoside failed to dis- 
lodge the cells. This may be because of 
the greater stability of intramolecular 
bonds mediated by a tetravalent as op- 
posed to a bivalent ligand. 

In further experiments cells were first 
attached to fibers, and then the adhesion 
of other cells to the fiber-bound cells was 
studied when the fiber-bound or the oth- 
er cells or both were coated with lectins 
(48). Since in this case the lectin is on the 
cell surfaces rather than just on the fi- 
bers, cross-linking of cell surface car- 
bohydrates competed with aggregation. 
The most favorable conditions for aggre- 
gation are those that minimize the cross- 
linking, namely conditions under which 
the cells that carry the lectin have been 
previously fixed. When both types of 
cells are fixed almost no binding results 
becau~e, as before, k+m = 0. Fixation of 
the cel!ls that do not carry the lectin de- 
creases aggregation by decreasing recep- 
tor mobility. All of these experimental 
results are in agrieement with the theory. 

At high lectin concentrations one 
would expect to find poor binding be- 
tween lectin-coated cells, because of a 

scarcity of free receptors for forming in- 
tercellular bonds. Such experiments 
could not be readily done xWith fiber- 
bound plus free cells because the free 
cells would tend to aggregate spontane- 
ously if exposed to concanavalin A. 
However in other studies of the aggrega- 
tion of erythrocytes (64) or 'hepatoma 
cells (65) by concanavalin A it was found 
that agglutination is much diminished by 
free concanavalin A concentrations > 

10-6M. This is to be expected for 
Ks 1061-1, as deduced by the authors 
(64). 

Countless studies have indicated that 
transformed fibroblasts are more readily 
agglutinable by lectins than are their nor- 
mal counterparts (12, 13, 62). Although 
some of this effect may be due to dif- 
ferent receptor densities (63), increased 
mobility of receptors on transformed 
cells would also be an explanation [for 
example, see (49)]. In particular, the nor- 
mal cells express LETS glycoprotein oh 
their surface, which binds concanavalin 
A readily and is very immobile (34). 
Thus LETS-coated (normal) cells would 
be expected to be agglutinated less read- 
ily by concanavalin A and other lectins 
than non-LETS-coated (transformed) 
cells. 

Discussion 

In this article I have developed a theo- 
retical framework for the analysis of ad- 
hesion that is mediated by bonds be- 
tween specific molecules. The basic 
ideas are very simple and are essentially 
twofold. First, from a knowledge of the 
reaction rates for reactants in solution 
together with the diffusion constants of 
the reactants in solution and on mem- 
branes, the reaction rates for reactants 
bound to membranes can be estimated. 
Second, force equals energy divided by 
distance, and this can be used to deduce 
from microscopic bond properties the 
macroscopic'forces required to separate 
cells. I have sho'wn that the adhesion 
that is mediated by specific bonds car be 
strong compared to the expected ion- 
specific electrical forces between cells. 
Also, the rce that is required to extract 
a receptor molecule from the cell mem- 
brane may be comparable to that re- 
quired to break an antigen-antibody. or 
lectin-carbohydrate bond. 

I passed rather casually over many de- 
tails and complications in t'he models. In 
some instances it would have been pos- 
sible to present somewhat more precise 
or general formulations. For example, I 
could have considered the dependence 
of cross-linking and bridging rates on lig- 

and length (66) or on the number of bind- 
ing sites per ligand molecule (67). In oth- 
er cases there are biological uncer- 
tainties that hinder confident application 
of the theory. For example, cross-linking 
of receptors may modulate the cell sur- 
face properties, including the receptor 
mobilities, in important ways. Never- 
theless, by comparing model predictions 
with experimental results it may be pos- 
sible to learn something about the rates 
and significance of modulation. 

Although there have been countless 
experiments concerned with cell adhe- 
sion or agglutination, most of them can- 
not be quantitatively compared with the 
present theory. I hope that the existence 
of a theoretical framework will stimulate 
new experiments that are designed for 
such comparisons. In addition, it may be 
possible to reexamine past experiments 
and to find such parameters as collision 
rates and durations, which are required 
for application of the theory. 

Several nontrivial extensions of the 
theory appear particularly worthwhile. 
One would be an analysis of the response 
of intercellular bonds, or of cell-to-sur- 
face bonds, to shearing forces, which are 
probably the forces most commonly in- 
volved in breaking up cell aggregates or 
dislodging cells from surfaces. Deforma- 
tion of the cells should be included in this 
analysis. Another extension would be to 
examine the motion of cells on adhesion 
gradients (68), which may be important 
in embryonic development or for the un- 
derstanding of cell-sorting experiments 
(69). I suggest that the proposed frame- 
work will furnish a new and fruitful ap- 
proach to these and other important bio- 
logical problems. 

Note added in proof. In an earlier sec- 
tion, the possibility was raised that when 
a force is applied tending to remove an 
integral membrane protein from the 
membrane, the result may'be to remove 
surrounding lipids together with the pro- 
tein rather than to pull the protein through 
the intact lipid bilayer. In order to make 
a rough estimate of the force required to 
displace the lipids, let us suppose that a 
small cylindrical bilayer plug of radius r 
and thickness h is displaced, tog'ether 
with the protein, from the membrane. An 
area of lipid - 2Trrh is thereby exposed 
to the aqueous extracellular environment 
and the associated free energy change is 
about 30 cal/mole-A2 (70). Hence the 
free energy change is about 60Orrh cal/ 
mole per plug. This lipid area ihay be- 
come exposed when the plug is di'splaced 
by a distance h/2 so that the required 
force is about l2OlTr cal/mole-A - 2.6 x 
1O-6 r dynes, where r is measured in 
angstroms. For example, if r= 10 A, 
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f 2.6 x 10-5 dynes, which is somewhat 
larger than the force estimated earlier for 
extraction of a glycophorin molecule. 
However, since the forces are estimated 
to be the same order of magnitude, we 
conclude that some integral membrane 
proteins, especially those with folded 
cytoplasmic tails, may preferentially 
come out of the membrane together with 
associated lipids rather than in naked 
form. 
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NEWS AND COMMENT 

A Bright Solar Prospect 
Seen by CEQ and OTA 

The Sun Day observance of 3 May 
was intended as more than a good-hu- 
mored celebration of the sun and the 
promise of solar technology. It was also 
expected to afford the opportunity for 
some strong criticism of what many solar 
advocates see as the govemment's failure 
to push the development and commercial- 
ization of this technology more vigorously. 

Indeed, such criticism has been brew- 
ing for some time. Several national envi- 
ronmental groups recently accused the 
Carter Administration of backing away 

from a commitment to energy conserva- 
tion and development of decentralized, 
renewable energy systems in favor of nu- 
clear power and massive subsidies for 
synthetic fuels. 

As it happens, new reports by the Ad- 
ministration's own Council on Environ- 
mental Quality (CEQ)-which under 
President Carter has been allowed to 
play somewhat the role of a gadfly-and 
the congressional Office of Technology 
Assessment (OTA) lend credence to the 
view that federal support for solar devel- 

opment has not been nearly in keeping 
with this technology's promise. Both re- 
ports say that the technology is on the 
verge of a flourishing new phase but that, 
without aggressive federal support, its 
contribution to national energy supplies 
will fall far short of what now seems 
technically and economically achiev- 
able. 

The CEQ report, based on an exten- 
sive literature review and discussions 
with solar scientists, says that it should 
be possible for solar technology to sup- 
ply a quarter of all U.S. energy by the 
year 2000 and "significantly more than 
half" by 2020. "For the period 2020 and 
beyond, it is now possible to speak hope- 
fully, and unblushingly, of the United 
States becoming a solar society," the 
CEQ adds. No federal agency has ever 
previously held out even the possibility 
of so rapid a growth of solar energy, and 
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