
Journal of Supramolecular Structure 12:481-489 (1979)  
Biological Recognition and Assembly 185-1 9 3  

Analysis of Cell Surface Interactions by 
Measurements of Lateral Mobility 

Elliot L. Elson and Jeffry A. Reidler 
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Interactions of cell surface components with one another and with structures 
inside and outside the cell may have important physiological functions in the 
transmission of signals and the assembly of specialized structures. These inter- 
actions may be detected and analyzed through their effects on the lateral 
mobility of cell surface molecules. Measurements by a fluorescence photobleach- 
ing method have shown that in general lipid-like molecules diffuse rapidly and 
freely through the plasma membrane, whereas proteins move much more slow- 
ly or appear to  be immobile. This dichotomy has been supposed t o  result from 
forces beyond the viscosity of the lipid bilayer, which specifically retard the 
diffusion of membrane proteins. This general picture should be qualified, however, 
by noting that the lateral mobility of lipid-like molecules can be influenced in 
detail by changes in the state of the plasma membrane such as result from 
mitosis or fertilization. The interactions of cell surface proteins that limit 
their lateral mobility are unknown. The effects of binding concanavalin A t o  
localized regions of cell surface show that these interactions can vary in subtle 
and complex ways. It may soon be useful t o  interpret mobility experiments 
in terms of simple reaction models that attempt to describe surface interactions 
in physicochemical terms. More experimental data are needed to carry out this 
program and to  relate interactions that affect mobility to  the structural connec- 
tions between cell surface components and the cytoskeleton, which have been 
detected by biochemical methods and electron and irnmunofluorescence 
microscopy. 
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INTRODUCTION 

Important physiological functions that occur at the surface of an animal cell depend 
on dynamic interactions of molecules embedded in the plasma membrane with one another 
and with molecules and structures inside and outside the cell. For example, it has recently 
been recognized that activation of  specific processes in various kinds of cells b y  polypeptide 
hormones such as insulin and epidermal growth factor (EGF) [ 1 , 2 ]  and on mast cells and 
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basophils by immunoglobulin E [ 3 ]  may involve the rapid association in the plasma mem- 
brane of ligand receptor complexes. Apparently a limited aggregation of these complexes is 
needed to transmit into the cells the signals required to trigger their specific responses. It also 
now appears that formation of (perhaps somewhat larger) aggregates is required for clearing 
ligand-receptor complexes from the plasma membrane by a specific endocytic pathway that 
involves coated vesicles [4] . 

Similarly, the formation of specialized structures at the cell surface must require inter- 
actions among plasma membrane molecules or with cytoplasmic components. These special- 
ized structures are involved in various cellular functions and include, for example, sub- 
synaptic concentrations of acetylcholine receptor, an intrinsic membrane protein that 
mediates neuromuscular signal transmission [ 51 ; fibers of the extrinsic glycoprotein, fibro- 
nectin, which contributes to the formation of a pericellular connective matrix [6] ; and 
coated regions of the plasma membrane, which may contain receptors of various kinds 
as well as the protein clathrin [7] and which mediate the specific endocytosis of a wide 
range of ligand-receptor complexes, including those of insulin, EGF, low-density lipo- 
protein, and a2 -macroglobulin [8-111. 

pathways by which specialized surface structures are assembled present important problems 
for cell physiology. Recently, methods have been developed that allow a physicochemical 
approach to these problems. This paper discusses the use of measurements of macroscopic 
lateral mobility to gain mechanistic information about cell surface interactions and assem- 
bly processes. This approach is based simply on the idea that the lateral mobility of a 
molecule in the plasma membrane will be retarded to the extent that it interacts with 
other surface or cytoplasmic molecules or supramolecular structures. As we shall see, the 
nature and extent of this retardation depends both on the mobility of the interacting struc- 
tures and on the strength and kinetics of the interactions. Therefore, in favorable circum- 
stances it may be possible to  obtain information about these several properties from 
mobility measurements. 

APPROACH AND METHOD 

ferent ways using methods based on fluorescence [ 121 , magnetic resonance [ 131 , or other 
properties [ 141 . We use a fluorescence photobleaching recovery (FPR) method that is 
relatively simple, quantitative, and readily applicable to individual cells living in culture 
without apparent serious perturbation of cellular properties [ 151 . A cell surface compon- 
ent is labeled with a fluorescent tag. The fluorescence from a small open region of the 
cell surface is measured using a microscope equipped with a sensitive photomultiplier 
tube [ 161 . The measured fluroescence (corrected for background) is proportional to 
the number of labeled molecules in the surface observation region. A brief intense pulse 
of light is used to “destroy” by irreversible photolysis a fraction of the labeled molecules 
in the region. Thus the fluorescence in the region is momentarily decreased below its 
initial level by an amount that depends on the intensity and duration of the bleaching 
pulse as well as the photochemical properties of the fluorophore. In the absence of further 
bleaching the measured fluorescence will recover due to transport of unbleached fluoro- 
phores from adjacent regions of the surface into the observed region. Hence, from this 
measured rate of fluorescence recovery, the rate of transport may be deduced [ 171 . 
Recovery may occur after diffusion or systematic flow of labeled molecules. Up to 
now almost all measurements that have been made are accounted for simply in terms 
of diffusion. 

Characterization of the specific interactions of cell surface components and of the 

The lateral and rotational mobility of cell surface molecules can be measured in dif- 
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As a simple model for an interaction involving a mobile surface component, we 
may consider the reaction 

k f 
A t B  =+ C 

kb 

We shall suppose that A is a nonfluorescent molecule or structure, which because of 
its size or its connection with other cellular components, is either immobile or 
slowly moving with diffusion coefficient DA. The membrane component B is fluorescent and 
and, when free, moves with a diffusion coefficient, DB . The effective mobility of B is, 
however, retarded by its interaction with A t o  form the complex C. For simplicity 
we shall suppose that interaction with B does not change the low mobility of A. Hence 
D, = D, << DB. The slower the rate of diffusion of Cand the stronger the interaction 
of A and B, the greater will be the retardation of B. Hence, the retardation depends on Dc 
and on the equilibrium constant K = kf/kb = cc/FACB, where cx is the equilibrium 
concentration of X.  

The kinetics of the interaction may be reflected in the experimental measurements 
in two different ways. If there is a substantial change in the fluorescence excitation or 
emission of B due to its interaction with A, then the chemical relaxation can be observed 
directly. This type of effect has been demonstrated in a study of the interaction of ethidium 
bromide with DNA by a closely related fluorescence fluctuation method [ 181 . The kinetics 
of reaction ( 1 )  may also be revealed by the nature of the retarding effect on the mobility of 
B. This will depend on the relative magnitudes of the characteristic times for fluorescence 
recovery by simple diffusion of  B and by  chemical relaxation. In an FPR experiment the 
characteristic time for diffusion of B, TB, is given as 

In this equation w is the radius of the observation region on the cell surface [ 171 . The charac- 
teristic time for chemical relaxation is given. assuming linearized chemical kinetics, by the 

well-known formula: 

If the chemical reaction is slow compared t o  diffusional recovery of B - ie, T ~ ~ , ~ , , , > > T ~ .  

a given B molecule will be observed, for the most part, to  be either free or complexed with 
A, but only rarely will it experience both states during the measurement interval. There- 
fore, if DB>>D,, the B molecules will appear to  reside in two distinct mobility classes: 
fast, due to diffusion of free B with diffusion coefficient DB , and slow, due t o  diffusion 
of C with diffusion coefficient Dc. For DC sufficiently small, there may be negligible 
recovery of C during the measurement period, so that B molecules involved in the complex 
will appear t o  be effectively immobile. If, however, the chemical reaction is fast compared 
to the diffusional recovery of B - ie, TcheI,,<<TB, 

with A during the observed fluorescence recovery time. Then all B molecules will be 
retarded to a comparable extent, so that the FPR experiment will reveal a single mobility 
class with effective diffusion coefficient D, [ 191 : 

each B molecule will react many times 
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where 

Hence, under these conditions, K may be determined by measurements of the effective dif- 
fusion coefficient of B at various values of CA. This principle has been applied by Borejdo to 
study the interaction of actin and myosin using a closely related fluorescence fluctuation 
approach [20] . A detailed theoretical analysis of the measurement of the kinetics of reaction 
[ l ]  by this fluorescence fluctuation approach has been presented [21], The analysis of the 
measurement of this system by FPR is fundamentally similar, although important differences 
in detail must be taken into account [19]. 

Since the characteristic time for diffusional recovery, rB (but not T ~ ~ ~ ~ ) ,  depends on the 
dimension of the observation region, the time scale of the experiment may be changed by 
varying w. This raises the possibility of probing the kinetics of a cell surface reaction by 
increasing w to pass from a condition in which two mobility classes are observed (T&m>> 

>>TB) to a condition in which B seems to move at a single “effective” rate ( T ~ ~ ~ , , < < T ~ ) .  

Up to now this principle does not appear to have been experimentally applied. Neverthe- 
less, experimental results are now available that indicate the presence of some interactions 
that are fast and others that are slow under conditions typically used for FPR measure- 
ments of surface mobility on animal cells (time scale - 0.1 sec to - 100 sec). 

by technical problems with the FPR method. Recently, there have appeared reports of 
photo-induced cross-linking of cell surface proteins by irradiation of fluorescein bound to 
surface molecules [22,23] . In principle, this type of cross-linking could reduce the mobility 
of, and possibly even immobilize, cell surface proteins. Unfortunately, the conditions under 
which these experiments must be carried out in order to obtain sufficient material for 
biochemical analysis (relatively low intensities of excitation and long periods of exposure) 
are not comparable to those of FPR measurements (higher intensities, shorter exposure). 
Moreover, it appears that increasing intensity and decreasing the duration of exposure 
at constant total excitation energy decreases the amount of cross-linking [23]. Yet mobility 
measurements carried out using different excitation intensities and lengths of exposure 
show no effect of these variables on the measured mobilities [24]. This and other evidence 
[24,25] leads us to conclude, at least provisionally, that photo-induced cross-linking of 
surface components does not strongly perturb the dynamic properties measured by FPR. 

Cell Surface Lipids and Proteins 

Different kinds of interactions seem to govern the rates of diffusion of cell surface 
lipids and proteins. Lipid-like molecules are typically observed to diffuse rapidly, and 
apparently homogeneously, in the plasma membranes of cultured cells. The diffusion co- 
efficient of the lipid probe 3,3’-dioctadecylindocarbocyanine (“diI”) is approximately 
lo-’ cm2/sec in a number of different kinds of cells [26-281. Usually the diI fluores- 
cence recovers after a photo-bleaching pulse to nearly its initial prebleach level, indica- 
ting that most of the observed fluorescence is in a freely mobile form. In contrast, cell 
surface proteins appear to exist in both mobile and immobile forms, with the mobile 
molecules moving substantially more slowly than diI. Both nonspecifically labeled 
cell surface “proteins” [26] and several different surface receptors, including those 
that bind immunoglobulin E on mast cells [27]  , a-bungarotoxin on myotubes (acetyl- 

It is important also to ask to what extent the mobility measurements might be influenced 
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choline receptor) [29], and insulin and epidermal growth factor on fibroblasts [30], 
have diffusion coefficients less than lo-’ cm2/sec. Moreover, incomplete recovery of 
the fluorescence to its prebleach level indicates that some portion of each of these mem- 
brane components is immobile on the time scale of the measurement. 

These results and other work with which they are consistent [14, 311 indicate that 
the mobility of the lipid probe1 diI is determined by the viscosity of the lipid bilayer 
matrix in which it is embedded. It would be simplest to suppose that the mobility of 
cell surface proteins is also limited only by the viscosity of this matrix. In fact, this 
does appear to be a reasonable view of the behavior of rhodopsin in amphibian rod 
outer segment disk membranes [32, 331 . The experimental results just described, how- 
ever, argue on two counts against applying this viewpoint to typical animal cell surface 
membranes. First, a fraction of the proteins in these membranes is constrained, even to 
the extent that the proteins appear immobile in our measurements. Second, even the 
mobile proteins move far more slowly than the lipid probe and more slowly than would 
be expected simply from the greater viscious resistance due to the greater size of the 
protein molecules [33]. It has therefore been argued that interactions and forces in addi- 
tion to the viscous resistance of the lipid bilayer must be restraining the mobility of mem- 
brane proteins [34]. The structural basis of these restraining interactions is entirely un- 
known. Recently, biochemical, electron microscopic, and immunofluorescence evidence 
of links between the cell surface and the cytoskeleton has been presented [35-401. The 
effect of these links on mobility has yet to be demonstrated, however, Attempts to use 
agents such as colchicine and cytochalasin B, which disrupt (respectively) microtubules 
and microfilaments, have not led to definitive conclusions about the role of these cyto- 
skeletal elements in determining the mobilities of cell surface components [26, 341. 
Similarly, little can yet be said about the dynamic characteristics of these interactiops. 
From the viewpoint of the simple reaction modei described above, cell surface proteins 
would seem to experience both slow and fast interactions to account, respectively, for 
the apparent immobilization of a fraction and the slow diffusion of the balance of these 
molecules. 

teins has yet to be performed. This should include measurements of the diffusion of mem- 
brane proteins reconstituted into model membrane systems to establish a baseline condition 
for the mobility of those molecules in the absence of restraints by cytostructural compon- 
ents [41-45 I .  Experiments of this kind must contend with questions of the fidelity of the 
reconstituted system to the natural disposition of the membrane protein. It could also be 
valuable to attempt a more detailed analysis on cell surfaces of the range of mobilities 
experienced by specific proteins and of the degree of variation of mobility at different 
positions on the cell. This kind of analysis is complicated by systematic and random errors, 
which are difficult to eliminate from measurements on living cells. 

Modulation of Lipid and Protein Mobilities 

membrane, and proteins, which are constrained by unknown forces to much slower rates 
of diffusion, is consistent in measurements up to now [12, 341. Nevertheless, interesting 
examples of modulation of lipid mobility by changes in the physiological condition of a cell 
or by interaction with a specific membrane component have recently been discovered. 
Edidin and Johnson [46] have shown that both diI and surface antigens on mouse ova be- 
come less mobile upon fertilization. The mechanism of this effect is still unknown. Edidin 

A detailed analysis of the dynamics of well-characterized classes o f  cell surface pro- 

The contrast between cell surface lipids, which more freely and rapidly in the plasma 
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and Johnson specu!ate, however, that the immobilization of cell surface components may 
be needed for several processes involved in embryonic development [46]. Studies on neuro- 
blastoma cells have shown that the mobilities both of lipid probes and of surface antigens change 
in a systematic way over a two- to threefold range during the cell cycle [47]. The diffusion 
coefficients of both kinds of molecules are at a minimum during mitosis and increase during 
GI  . Then the diffusion coefficients of the lipid probes remain constant during S and G, , be- 
fore diminishing again during M.  In contrast, the diffusion coefficients of surface antigens 
decrease gradually during S and G 2 ,  with a small further reduction occurring during M. 
The mobilities of two structurally distinct lipid probes change similarly through the cell 
cycle. Therefore it seems likely that this results from a general change in membrane fluidity 
rather than from specific interactions with cellular structures. Moreover, the differences 
in behavior of the lipid probes and the membrane antigens indicate that factors in addition 
to lipid fluidity must influence the dynamic properties of these molecules (presumed to  
be mainly cell surface proteins). 

Examples have recently have been found in which the mobilities of lipid probes are 
diminished by apparently specific interactions with identified membrane components. 
These were discovered in measurements of the diffusion of fluorescein-labeled ganglioside 
and ceramide analogs in the plasma membranes of cells infected by vesicular stomatitis 
and sindbis viruses [48] . Viral glycoprotein at the surface of infected cells may spontaneously 
form patches or can be induced to do so with bivalent antibody directed against the viral 
glycoproteins. Double-label fluorescence microscopic observations revealed that the fluores- 
cein-labeled lipid probes were selectively concentrated into regions rich in viral glycopro- 
tein. Measurements of the mobilities of the analogs in regions of high and low viral glyco- 
protein concentration indicated a complex pattern of behavior with decreases both in 
diffusion coefficients and in the fraction of mobile molecules. The mobility of diI, how- 
ever, was the same in regions of high and low viral glycoprotein concentration, suggesting 
that the effects on the mobility of the analogs resulted from specific interactions rather 
than a more general effect on local membrane fluidity. 

These results show that, although lipid-like molecules typically do move more 
freely than do proteins through the plasma membrane, nevertheless, even lipid probes may 
experience various kinds of interactions that influence their mobilities in detail. 

The forces in addition to membrane viscosity that retard the motion of typical 
cell surface proteins may result from interactions with other cell surface components or 
with structures inside or outside the cell. In the plane of the membrane short-lived, pos- 
sibly nonspecific, interactions can uniformly reduce the mobility of cell surface proteins 
without immobilizing them [44] . Long-lived specific interactions due, for example, to a 
cross-linking antibody [27] or to the binding of insulin or ECF to their receptors 1301, 
can induce the formation of large immobile aggregates. Whether the immobility of these 
aggregates results from increased viscous resistance due to their larger size or from the 
enhancement of interactions with slow-moving or stationary structures is still uncertain 
1341. 

Little is known yet about the effects on mobility of contact between the plasma 
membrane and the extracellular connective matrix. It has been shown that fibronectin 
fibers do not impede the diffusion of lipid probes and cell surface antigens [28]. Con- 
canavalin A, however, is immobilized by binding directly to immobile fibronectin fibers 
m1. 

Structural and biocheniical evidence implicate interactions between cell surface 
components and the cytoskeleton both in immobilizatjon [39) and in dynamic redis- 
tribution - eg, cap formation [37 ,  49, 501. I t  is typically supposed that stable linkages 
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with the cytoskeleton are established in response t o  cross-linking surface proteins [39, 
36 ,491 .  Even in the absence of  an externally applied cross-linking agent, however, there 
may be interactions between the cytoskeleton and membrane proteins that are stable 
enough to survive gentle extraction by Triton X-100 [ S l ]  . It is reasonable t o  suppose that 
the linkages revealed in these studies must also influence cell surface mobility and that 
measurements of the lateral diffusion of membrane proteins should help t o  characterize 
the kinds of interactions involved. For example, it might be supposed that the immobilized 
fraction of labeled cell surface proteins indicated by incomplete recovery of fluorescence after 
photo-bleaching is due t o  the formation of stable cytoskeletal links. It is perhaps surprising, 
therefore, that the effects of anti-cytoskeletal agents such as colchicine and cytocholasin 
B have been so unrevealing [34]. 

An example of the potential complexity- and subtlety of interactions affecting 
surface mobility has been provided by a study of the influence of concanavalin A 
(conA) o n  the lateral diffusion of plasma membrane antigens I521 . The conA was 
confined t o  localized regions of 3T3 cell surfaces by having first been reacted with platelets. 
Then the conA-platelets were bound in clumps t o  circumscribed regions of the cell surface. FPR 
measurements a t  various distances from the platelet clumps showed no effect on lateral diffusion 
until some 4% of the dorsal cell surface was covered by platelets. Beyond that point the 
diffusion coefficient of the antigens was reduced sixfold and remained at this reduced 
value at  higher fractions of surface coverage by  the conA-platelets. There was n o  effect 
observed on the fraction of immobile antigens as measured by the extent of fluorescence 
recovered, near 50% on average under all conditions tested. The extent of inhibition of 
mobility was not correlated with distance from the platelet clumps. When the experiment 
was repeated in the presence of anti-microtubule agents, a similar pattern of behavior 
was observed, except that antigen mobility was reduced three- rather than sixfold. 

These measurements indicate that localized perturbations of the state of conA- 
receptors can inhibit mobility over the entire cell surface. The threshold and plateau of 
the inhibition suggest that the responsible interactions are initiated in a highly coopera- 
tive process. This process could be a polymerization or assembly of ,  for example, a cyto- 
skeletal component, or it could be the activation of a diffusable enzyme; either could 
propagate the effect over the entire cell surface [ 5 2 , 3 4 ] .  

I t  is interesting to  consider the effects of local conA binding from the viewpoint of 
the simple reaction model, equation (1). It is simplest to suppose that the lack of effect on 
the fraction of recovered fluorescence, and therefore of immobile antigens, is due to failure 
of conA t o  influence long-lived interactions that constrain these molecules. (This analysis is 
complicated by the heterogeneous specificities of the anti-cell surface antibodies used t o  
detect surface mobility in these experiments [ S 2 ] .  It is also possible that some sets o f  
antigens were immobilized by short-lived interactions for which the binding equilibrium 
lay far to the right; f, - 1, fe - 0. Detected in isolation these molecules would appear to 
be entirely immobile rather than divided into mobile and immobile fractions. It is there- 
fore important to  determine the effect of local conA binding on the mobility of well-defined, 
homogeneous surface components.) The model further suggests that the sixfold reduc- 
tion in the diffusion coefficients of the mobile antigens (B) could result from enhancement 
of interactions with anchorage components (A), which are rapid compared to  the typical 
fluorescence recovery time (10--500 sec in these experiments). This enhancement could 
result from increasing the concentration of A available for reaction with B or by increas- 
ing the equilibrium constant K .  

BRA:191 



488:JSS Elson and Reidler 

The threefold inhibition of mobility with characteristic threshold and plateau in- 
duced in the presence of anti-microtubule agents suggests that microtubules are not direct- 
ly involved in the interactions of cell surface antigens that respond to localized conA bind- 
ing. These interactions seem to be enhanced similarly in the presence and absence of the 
anti-microtubule agents. The twofold decreases in the extent of immobilization in the 
presence of these agents indicates that microtubules do have some role - perhaps in further 
stabilizing the surface-modulating assembly [49] . 

CONCLUSIONS 

Measurements of lateral mobility indicate that cell surface components experience 
both transient and long-lived interactions. These interactions may modulate the kinetics 
of dynamic physiological processes such as the aggregation of hormone- and immunoglobulin- 
receptor complexes [ 1-41 . They may also be involved in the assembly of specialized cell 
surface structures [29]. It should eventually be possible to extend the characterization of 
these interactions by interpreting experimental measurements in terms of reaction models, 
of which equation (1) embodies an especially simple example. That model, for example, could 
be tested directly if the concentrations of components A and B could be systematically 
varied on the cell surface. Interpretation of interactions that limit mobility in structural 
and biochemical terms is a further challenge - one that will require the combined applica- 
tion of many experimental techniques, It is particularly interesting now to relate the 
interactions detected through their effects on mobility with those that have already been 
revealed by biochemical analysis and electron and immunofluorescence microscopy [35- 
40 ,50 ,51 ] .  
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