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ABSTRACT 

Cell surface labeling can cause rearrangements  o f  randomly distributed membrane  
components .  Removal  of  the label bound to the cell surface allows the membrane  
components  to return to their original random distribution, demonstra t ing that 
label is necessary to maintain as well as to induce rearrangements.  With scanning 
electron microscopy,  the rearrangement  of  concanavalin A (con A) and ricin 
binding sites on LA-9 cells has been followed by means of  hemocyanin,  a visual 
label. The removal of  con A from its binding sites at the cell surface with 
alpha-methyl  mannoside,  and the return of  these sites to their original distribution 
are also followed in this manner.  

There are labeling differences with con A and ricin. Under  some conditions, 
however, the same rearrangements  are seen with both lectins. The disappearance of  
labeled sites from areas of  ruffling activity is a major  feature of  the rearrangements  
seen. Both this ruffling activity and the rearrangement  of  label are sensitive to 
cytochalasin B, and ruffling activity, perhaps along with other cytochalasin-sensi- 
tire structure, may  play a role in the rearrangements  of  labeled sites. 

Evidence from a number of laboratories indicates 
that the application of label to cell surfaces causes 
a rearrangement of randomly distributed mem- 
brane molecules (12, 15, 20, 30, 35, 43, 51, 53). 
Rearrangement is not a general membrane phe- 
nomenon, but involves only the labeled sites; 
surface molecules which do not interact with the 
label remain in a random, homogeneous distribu- 
tion (29). It is not known how the interaction 
between label and receptor causes rearrangement. 

Two components can be recognized during la- 
bel-induced rearrangement (12, 35, 53, 55): the 
formation of clusters of label; and the preferential 
relocation of label to certain areas on the cell and 
away from others, e.g., capping. It has been 
proposed that the first component, clustering, 
results from crosslinking of surface sites by mul- 
tivalent label molecules, since univalent antibody 

fragments appear uniformly distributed on the cell 
surface (16, 35, 53). Stackpole et al. (50), however, 
have demonstrated that clustering can occur even 
with strictly univalent reagents. They suggest that 
interaction of label with its binding sites may cause 
an alteration which thermodynamically favors 
aggregation. The second component of rearrange- 
ment must involve more than crosslinking or 
aggregation of labeled molecules in the plane of 
the membrane; it requires energy (12, 15, 20, 35, 
53, 57) and must therefore be directed by some 
activity of the cell. 

In this communication we follow the rearrange- 
ments at the cell surface obtained with two differ- 
ent lectins and show that the label-receptor in- 
teraction is necessary for the maintenance as well 
as the induction of rearrangements. Mechanisms 
consistent with our findings whereby label-receptor 
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interaction could give rise to rearrangements are 
discussed. 

M A T E R I A L S  AND M E T H O D S  

Reagents 

Concanavalin A (con A) is obtained from Sigma 
Chemical Co., St. Louis, Mo., and purified by the 
method of Agrawal and Goldstein (4). It is extensively 
dialyzed against distilled water, lyophilized, and stored at 
-20~ Alpha-methyl mannoside and galactose are also 
obtained from Sigma. 

Hemocyanin is obtained from the whelk Busycon 
canaliculatum (Woods Hole Marine Biological Labora- 
tory, Woods Hole, Mass.) by breaking the shell with a 
hammer in the region of the heart and allowing the 
hemocyanin to drip out into a beaker. After a low-speed 
centrifugation to remove shell fragments and other 
debris, the hemocyanin is concentrated by a high-speed 
centrifugation (30 min • 57,000 g in a Ty 40, 50, or 65 
rotor). This treatment does not pellet most of the 
hemocyanin; excessive centrifugation forms a pellet 
which is hard to dissolve. The most concentrated portion 
may be collected visually, as oxygenated hemocyanin is 
blue. It is then purified by passage through a Sepharose 
2B column (Pharmacia Fine Chemicals, Piscataway, 
N.J.). Concentration is estimated by the procedure of 
Lowry et al. (36). 

Ricin (RCAt; 39) is a gift of Dr. Charles Birdwell, 
California Institute of Technology. It was coupled to 
hemocyanin with glutaraldehyde by the method of Av- 
rameas (5). The reaction mixture contained 3 mg/ml 
ricin and 20 mg/ml hemocyanin in PBS, which was made 
10 -~ M in galactose to protect the active site of ricin 
during the coupling reaction. 0.5% glutaraldehyde was 
then added slowly, while stirring, to a final concentration 
of 0.05% After 2 h, glycine was added to a final 
concentration of 0.05 M for 0.5 h, and the mixture was 
dialyzed against PBS. The conjugate was purified by 
affinity chromatography: ricin and the conjugate interact 
with a Sepharose 2B column whereas unconjugated 
hemocyanin passes through. Ricin and the conjugate are 
then eluted separately with 0.1 M galactose, a hapten 
inhibitor of ricin. 

It is not necessary to couple con A to hemocyanin 
since they react with each other. Con A bound to the cell 
surface has remaining active sites which can interact with 
hemocyanin (48). Cytochalasin B (Calbiochem, San 
Diego, Calif.) is dissolved in dimethyl sulfoxide to give a 
1 mg/ml stock solution. Phosphate-buffered saline (PBS) 
(18) is used at a pH of 7.4. 

Labeling Procedures 
LA-9 cells (34) are grown on glass cover slips in 

Eagle's minimum essential medium plus 10% calf serum 
(MEM) (Grand Island Biological Co., Grand Island, 

N.Y.). All incubations with labeling solutions are per- 
formed at 37~ by placing the cover slips on a baffled 
metal table through which water from a constant temper- 
ature bath is circulated. Cells are rinsed briefly in PBS, 
incubated for 1-10 min (10 rain is used unless otherwise 
specified) in 100 vg of con A per ml of PBS, rinsed in 
PBS, and labeled for 10 min with 1 mg/ml hemocyanin 
in PBS. The hemocyanin incubation can take place either 
before or after fixation, but blocking (see below) is 
required in the latter case. This procedure results in the 
labeling of con A binding sites with hemocyanin (48), a 
visual marker which can be recognized in the scanning 
electron microscope (8, 38, 41,42, 58). 

The labeling procedure for ricin is similar, except that 
since the ricin and hemocyanin are coupled together, 
labeling takes place in one instead of two incubations. 
Cells are rinsed in PBS, incubated in 1 mg/ml of the 
ricin-hemocyanin conjugate, and rinsed before fixation. 

After labeling the ceils are fixed at 37~ for 10 min in 
1% $1utaraldehyde in PBS. If cells are to be relabeled or 
labeled for the first time after fixation, they are incubated 
overnight at 0-4~ in 0.1 M ammonium chloride in PBS 
to block any remaining aldehyde groups which might 
otherwise cause nonspecific labeling. They are then 
labeled and fixed as described for unfixed cells. 

Controls for these labeling procedures include the 
appropriate hapten inhibitor of lectin binding, alpha- 
methyl mannoside for con A and galactose for ricin, to 
demonstrate the specificity of labeling. Ceils were incu- 
bated for 10 min at 37~ in 0.01-0.1 M hapten inhibitor, 
either with or after the lectin incubation. 

In the experiments testing the reversibility of rear- 
rangement, cells are treated for 10 min with 100 ug/ml of 
con A, and then washed for 1-I0 min in PBS, alone or 
containing 0.01-0. I M galactose or alpha-methyl manno- 
side. The cells are then fixed and relabeled as described 
above to assess the degree to which ~'earrangement has 
been reversed, or fixation is followed by hemocyanin 
only, to demonstrate how much con A has been removed. 

For cytochalasin experiments, cells are incubated with 
1-10 ~g of cytochalasin B per milliliter of MEM for at 
least 1 h. All subsequent incubations in labeling solutions 
before fixation include a like amount of cytochalasin B. 
Control experiments contain a like amount of dimethyl 
suifoxide, but cytochalasin B is omitted. 

Preparation for the Scanning 
Electron Microscope 

Ceils are postfixed for 30 rain at 0-4~ in 1% osmium 
tetroxide in 0. I M cacodylate buffer, pH 7.4. Dehydra- 
tion is accomplished by 2-min long, 10% steps from 40% 
to 100% ethanol, then three changes of 100% ethanol of 
15 rain each. The cells are dried from Freon 13 by the 
"critical point" method (1 I), shadowed at 10 -" torr with 
5 cm of gold wire (8 rail) at a distance of 8-10 cm from 
the sample on a rotary stage, and stored in a desiccator. 
They are examined in a scanning electron microscope. 
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RESULTS 

Distribution o f  Con A Binding Sites 

When LA-9 cells are treated sequentially with 
con A and hemocyanin, the hemocyanin label can 
be observed on their surfaces by scanning electron 
microscopy (8, 38, 41, 42, 58). This labeling is 
specific for con A binding sites, as it can be 
removed or prevented with alpha-methyl manno- 
side, a hapten inhibitor of con A binding (26). 

Cells are fixed before labeling to avoid altera- 
tions in the distribution of surface sites caused by 
the labeling procedure (7, 12, 42, 43). Under these 
conditions the hemocyanin is distributed evenly 
over the surface of all cells observed (Fig. 1 a), 
indicating that unlabeled con A binding sites have 
a random arrangement. These cells demonstrate 
the normal morphology of unlabeled LA-9 cells, 
including ruffling activity (1) at one or more 
locations on the cell (Fig. 1 a). 

Effect o f  Labeling on Distribution of  

Con A Binding Sites 

Labeling cells which have not been fixed before- 
hand causes alterations in the morphology of the 
cell and in the distribution of con A binding sites 
(Fig. 1 b). As shown by time-lapse cinematography 
as well as scanning electron microscopy, 1-2 min 
of incubation in con A before fixation results in a 
sizable reduction in the number of ruffles extended 
up at an angle to the substrate; instead, most cell 
extensions are parallel to the substrate, and appear 
stuck to it. (These processes resemble the first 
stage in ruffle formation, which is a horizontal 
extension of membrane. What would ordinarily 
occur next is the movement of this flat extension to 
a more vertical position [28].) Since it can be 
observed in these experiments that con A reacts 
with sites on the substrate as well as on the cell, it 
is possible that con A is crosslinking the ruffle to 
the substrate, preventing the usual upward move- 
ment. With exposure to con A for even as brief a 
period as 1 rain, the first signs of a rearrangement 
of con A binding sites can be seen. They clear 
preferentially from those processes which appear 
attached to the substrate. Ruffles extending up- 
wards from the cell body are mostly labeled. 

The ruffling activity has ceased on most of the 
cells by 4 min of incubation in con A. The 
periphery of the flattened processes has become 
irregular, as if they had retracted somewhat, 
leaving regions protruding. The areas of mem- 

brane cleared of label are better delineated, and 
microvilli as well as peripheral processes are now 
unlabeled. Some of the label has come together in 
clusters away from the cell periphery. 

Further incubation in corn A (up to l h) does not 
dramatically alter this picture, but heightens the 
pattern already described. After l0 rain of incuba- 
tion in con A (Fig. l b), the clusters of con A 
binding sites have become more closely packed. At 
times the label is now also absent in the central 
region of the cell and is concentrated in a perinu- 
clear ring. No ruffling activity can be recognized as 
such. The appearance of cells and distribution of 
label is the same whether cells are fixed immedi- 
ately after exposure to con A for l0 min or 
incubated for an additional l0 rain with hemocya- 
nin or PBS. 

Cells in control experiments in which PBS alone 
is substituted for the con A closely resemble the 
prefixed cells described in the previous section. 
Flattened processes and rearrangement of con A 
binding sites (upon labeling after fixation) are not 
seen, although the incubation in PBS before fixa- 
tion does result in some reduction in the size of the 
ruffles. 

Effect o f  Label Removal on Distribution 

oJ Con A Binding Sites 

Alpha-methyl mannoside is a hapten inhibitor of 
con A (26). It can be used to remove con A bound 
to the cell surface. The removal can be followed by 
the disappearance of hemocyanin labeling. Cells 
are labeled for 10 rain with con A, resulting in the 
rearrangements (Fig. 1 b) described in the previous 
section. They are then incubated for 1-10 min in 
0.01 M alpha-methyl mannoside, fixed, excess 
fixative neutralized (blocking, see Materials and 
Methods), and exposed to hemocyanin. Very little 
of the con A appears to have been removed in 1 
rain, whereas a significant amount has been re- 
moved in 2 rain. After 4 rain of treatment with 
alpha-methyl mannoside, most of the con A is 
removed, and after 10 rain, almost no hemocyanin 
binds to the cell surface. Alpha-methyl mannoside 
also removes con A from the substrate, although 
not so efficiently. 

Removal of the con A allows a concomitant 
return of the binding sites to the original, random 
distribution described on cells fixed before expo- 
sure to label. This process is observed as follows: 
cells are treated for 10 rain with con A, then with 
alpha-methyl mannoside for the same time periods 
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FIGURE 1 Distribution of con A binding sites on LA-9 cells labeled with (1 a) or without (1 b) prefixation 
in glutaraldehyde, in both cases, cells were treated for 10 rain at 37~ with con A, followed by hemocyanin. 
The resulting patterns of label seen are quite different. In I a, where fixation prevents label-induced 
rearrangement of binding sites, the label is distributed homogeneously. Active ruffling can be seen at the 
periphery of this cell. In I b, which has not been prefixed, the label demonstrates a number of 
rearrangements. The label is absent from the microvilli and the periphery of the ceil, which ceases to ruffle, 
becomes flattened, and appears retracted. Label seen on the background is probably largely due to 
adsorption of serum to the glass cover slip on which the cells are grown. 1 a, • 7,200; I b, • 8,000. Bar = 1 
~m in all figures. 
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as above, and fixed. The distribution of binding 
sites after removal of con A is assessed by 
relabeling the preparation with con A after fixa- 
tion and blocking, when no further rearrangements 
can occur. Hemocyanin is then used to label con A 
at the cell surface, revealing both that applied after 
and that remaining from before fixation. Little 
evidence of a return to a homogeneous distribution 
is seen after 1 rain of incubation in alpha-methyl 
mannoside, an exposure which does not remove 
much of the con A from the cell surface. After 2 
min of exposure to alpha-methyl mannoside, how- 
ever, when a fair amount of the con A has been 
removed, there is some return of labeling in the 
cleared periphery. There is also a variable amount 
of labeling on microvilli. By 4-10 min in alpha- 
methyl mannoside, when most of the original con 
A has been removed, the labeling appears homoge- 
neous, having completely returned to peripheral 
processes and microvilli (Fig. 2 a). The peripheral 
processes appear to be less retracted with increas- 
ing alpha-methyl mannoside incubation, implying 
that removal of con A allows a recovery of ruffling 
activity as well as a return of con A binding sites to 
a native arrangement. Any ruffling seen after 10 
min of incubation with alpha-methyl mannoside is 
of very small magnitude, however, the recovery 
process being slow compared to the rate at which 
sites become randomized. Since randomization 
goes on concurrently with con A removal, it cannot 
be timed precisely but takes less than 4 min and 
may take even less than I min. 

Controls demonstrate that the removal of con A 
is necessary for the changes described. If alpha- 
methyl mannoside is omitted from the 10-min 
wash, or replaced with galactose (conditions under 
which con A is not removed from the cell surface), 
a random distribution is not seen (Fig. 2 b). A 
much longer PBS wash (minimum of I h; reference 
8) is required for significant appearance of new, 
unlabeled sites in cleared areas (detected by label- 
ing after fixation). 

Effect o f  Cytochalasin B on Distribution 

o[ Con .4 Binding Sites 

Addition of 1 /zg/ml of cytochalasin B to the 
culture medium does not affect the normal distri- 
bution of con A binding sites (Fig. 3 a). This 
concentration also does not have gross morpholog- 
ical effects, although ruffling activity is reduced (as 
it is during incubation in PBS; see above), even 

before incubation with con A, which further re- 
duces ruffling. 

Treatment with 10/~g/ml of cytochalasin B, on 
the other hand, prevents clearing of label from the 
cell's edges; the label is found in large patches all 
over the cell (Fig. 3 b). The microvilli remain 
unlabeled for the most part. Typically the cell 
bodies round up, with cytoplasmic processes re- 
maining attached to the substrate (6, 23, 25, 41, 
49). All ruffling activity is abolished, and other 
distortions of LA-9 morphology are seen, such as 
clustering of microvilli and blebbing (6), some- 
times in the areas of former ruffling activity. Label 
is often associated with these clusters of microvilli. 

Controls without cytochalasin B but with corre- 
sponding concentrations of dimethyl sulfoxide 
(used to dissolve cytochalasin B) show no observa- 
ble effects on cell morphology or labeling pattern. 

Distribution of  Ricin Binding Sites 

Incubation of fixed LA-9 cells with a ricin- 
hemocyanin conjugate also results in a homogene- 
ous labeling pattern. This labeling is specific as it 
can be removed with galactose, the hapten inhibi- 
tor of ricin binding (17). Unlike con A, however, 
the ricin-hemocyanin conjugate does not cause 
morphological changes upon incubation with un- 
fixed cells. LA-9 cells still exhibit rut'fling activity 
after 10-30 rain of incubation with the ricin label. 
Furthermore, the distribution of ricin binding sites 
still appears homogeneous on all cells observed 
under these conditions (Fig. 4 a). If, however, la- 
beling is followed by a 10-min PBS wash, rear- 
rangements similar to those described for con A 
are seen (Fig. 4 b, c). Ruffles and microvilli are 
essentially unlabeled, and there is a patchiness 
of labeling in other regions of the cell. 

All of the areas which are unlabeled after 
washing can be immediately relabeled, either be- 
fore or after fixation (Fig. 4 d). This implies that 
the same sorts of rearrangements of labeled sites 
are going on in the presence of con A and 
ricin-hemocyanin, but that they are masked in the 
latter case by unlabeled sites appearing in areas 
from which labeled sites are becoming cleared. In 
the presence of ricin, these unlabeled sites them- 
selves become labeled, yielding a uniformly la- 
beled appearance. The source of these unlabeled 
sites is currently being investigated with the use of 
radioactive label. These studies suggest that a 
major class of ricin binding sites are saturated 
under the conditions we have used, but they do 
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FIGURE 2 Effect of label removal on the distribution of con A binding sites. Cells were treated for 10 min 
at 37~ with con A, followed by a 10-min wash at 370C in either 0.01 M alpha-methyl mannoside in PBS (2 
a), or PBS only (2 b). Cells were then fixed in 1% glutaraldehyde, blocked overnight in 0.1 M ammonium 
chloride, and then relabeled with con A and hemocyanin, under the same conditions as in Fig. 1. 
Alpha-methyl mannoside was included in the wash (2 a) to remove the con A which had already bound to 
the cell surface and caused a rearrangement of binding sites. The relabeling revealed that the binding sites 
were then present homogeneously, as in Fig. 1 a. In the control (2 b) which did not include alpha-methyl 
mannoside in the wash, the periphery remained essentially free of binding sites, as in Fig. 1 b. Con A has 
reduced the ruffling activity of both of these cells. There may be some recovery in 2 a upon removal of con 
A. 2 a, x 8,000; 2 b, x 7,500. 
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not rule out the possibility of a population of 
lower affinity binding sites (54). 

DISCUSSION 

This report confirms the findings of others that 
label can cause a rearrangement of surface sites 
from a homogeneous to a heterogeneous distribu- 
tion. Con A and ricin binding sites are initially 
homogeneously distributed on the surface of LA-9 
cells, which is demonstrated by fixing the cells 
before labeling to prevent rearrangements (7, 12, 
42, 43). The con A binding sites disappear quickly 
from peripheral processes and microvilli when 
unfixed cells are exposed to con A. The same 
rearrangements are caused by ricin, but are 
masked under some labeling conditions. Appar- 
ently, unlabeled sites continue to appear in areas 
which are clearing of label and then become 
labeled as long as ricin is present. It is necessary to 
pulse, i.e. to have a period without ricin before 
fixation, to demonstrate the rearrangements of the 
labeled portion of binding sites. 

We demonstrate that the rearrangement of con 
A binding sites is not only caused but also 
maintained by the interaction of the label with 
surface sites. Under conditions where con A is 
allowed to induce a rearrangement, but is then 
removed by alpha-methyl mannoside, the sites 
return to their original homogeneous arrangement 
as the con A is removed. Because control experi- 
ments in which alpha-methyl mannoside is omitted 
or replaced by galactose do not show a return to a 
homogeneous arrangement, we conclude that it is 
the removal of con A bound to the cell surface 
which causes the reversal of the heterogeneous 
pattern caused by con A. These control experi- 
ments demonstrate that the homogeneous pattern 
seen upon con A removal cannot be an artifact of 
labeling after fixation. The controls also demon- 
strate that the homogeneous pattern is not the 
result of insertion of new con A binding sites, 
unless removal of con A permits insertion that 
does not otherwise take place. A minimum of 1 h 
wash in PBS is required for noticeable label to 
reappear in cleared areas (7), whereas randomiza- 
tion upon removal of con A takes minutes or less. 
It is very difficult to imagine that new binding sites 
could reappear rapidly enough to account for this 
randomization. Thus, the data obtained suggest 
that removal of con A allows a return of the 
pre-existing, previously clumped sites to the unla- 

beled areas. This is consistent with the proposed 
"fluid mosaic" membrane model (47), in which 
membrane components are freely diffusible in the 
plane of the membrane. Measured diffusion rates 
of proteins in membranes (19) are quite rapid and 
adequate to account for the return of sites to a 
homogeneous distribution as con A is being re- 
moved during the alpha-methyl mannoside wash. 
A reservation which should be kept in mind, 
however, is that it has not been proven that the con 
A binding sites seen with cell surface labeling are 
integral to the membrane. Interference with rear- 
rangement by cytochalasin B might be taken to 
suggest that the con A binding,sites studied here 
are part of a membrane molecule, possibly one 
that might span the whole membrane. 

Our study extends the findings of others at the 
light microscope level. Studies of capping of con 
A-fluorescein on lymphocytes show that a pre- 
formed "cap" of label disperses in the presence of 
metabolic inhibitors (45) and cytochalasin B (14), 
agents which have previously been shown to inter- 
fere with capping (12, 20, 35, 53). Ukena et al. 
(55), on the other hand, find that cytochalasin B 
does not reverse the rearrangement of con A and 
hemocyanin on SV40-transformed 3T3 cells. This 
may be due to a greater degree of crosslinking 
between label molecules. Crosslinking can occur in 
this system not only by con A bridging surface 
molecules, but also by hemocyanin bridging con A 
molecules. 

In the instances described above, the cellular 
activity responsible for capping is turned off or 
interefered with. In our experiment, label is simply 
removed from the binding sites. This experiment 
eliminates the possibility that label binding acts as 
a trigger for a process which does not require label 
once it is set in motion. At least two possibilities 
remain for the mechanism of label-induced and 
maintained rearrangement of surface components. 
The first is that binding of label and perhaps the 
subsequent aggregation or crosslinking of surface 
sites "turns on" a cellular activity which causes 
rearrangement, and removal of label turns it off. 
Maintenance of the rearrangement by this mecha- 
nism would depend not on the binding or crosslink- 
ing by the label per se, but on the continued 
activity of the stimulated system, which metabolic 
inhibitors (45) and cytochalasin B (14) could turn 
off. For example, binding and aggregation of label 
could stimulate endocytosis and membrane turn- 
over, although de Petris and Raft (15) have shown 
that these activities in themselves are not adequate 
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to explain the observed rearrangement. It has been 
proposed that an intracellular network might be 
responsible for rearranging surface molecules (15, 
35, 50). Binding and aggregation of label could 
cause and maintain the interaction of the binding 
sites with this network. This network could then 
either transfer the message to other parts of the 
cell or itself direct the rearrangement, de Petris 
(14) has suggested that such a network could be 
provided by microfilaments because of the effects 
of cytochalasin B on label-induced rearrangement. 
He and others (44, 56) have found a cooperative 
inhibitory effect of cytochalasin B and colchicine 
on capping, indicating that a microtubule system 
may be involved as well. Networks of microfila- 
merits (49) and microtubules (40) are present below 
the cell surface, but there is no absolutely conclu- 
sive evidence for the direct involvement of such 
networks in the arrangement of surface molecules. 
The drugs cytochalasin B (9, 10, 21, 27, 31, 33, 35, 
46, 52) and colchicine (13, 24, 32, 37) used in some 
of the experiments above may exert effects inde- 
pendent of these networks. 

An alternative mechanism is that the activity 
responsible for rearrangement is not turned on by 
label, but is going on all the time. Ruffling (1) can 
be imagined to be part of this mechanism because 
clearing of label occurs in regions of ruffling 
activity. This is best illustrated with a pulse of 
ricin-hemocyanin, which does not affect ruffling 
activity. With con A the situation is more compli- 
cated to interpret, since con A interferes with 
ruffling activity. The ruffles which can still be seen 
after br ief ( l -  to 2-rain) con A incubations have not 
become cleared of label in the presence of con A. 
These ruffles may have formed before the start of 
the con A incubation, suggesting that clearing may 
be a function of ruffle formation, rather than of the 
structure itself. The flattened processes we have 
described have cleared, and may represent the fate 
of ruffles forming in the presence of con A. 

The distribution of labeled sites could be af- 
fected by ruffling activity in several different ways. 
Unlabeled sites might be able to diffuse freely in 
the plane of the membrane and flow into forming 
ruffles along with other membrane components, 
whereas diffusion of labeled sites would be hin- 
dered by the label attached to them and the 
interaction of labeled sites in the plane of the 
membrane. Increased crosslinking would then en- 
hance and stabilize the rearrangement, and re- 
moval of the label would free the binding sites to 
return to a random distribution. Alternatively, the 
anchoring of membrane components to a submem- 
branous network as a result of label binding could 
be responsible for preventing labeled sites from 
flowing into forming ruffles; it could simply re- 
strict the mobility of labeled binding sites attached 
to it, rather than actively directing rearrangement. 

Abercrombie et al. (2, 3) suggested that ruffles 
clear of label because they are formed from new, 
unlabeled membrane. This is consistent with the 
ricin-hemocyanin data, but does not explain rear- 
rangements with con A, since areas cleared of con 
A binding sites cannot be relabeled for at least I h. 
The inhibitory effect of con A on the ruffling 
process may contribute to the lack of immediate 
relabeling. Of  course, not all membrane compo- 
nents need to be replaced at the same rate. 

Our studies with cytochalasin B do not permit us 
to distinguish between the various mechanisms for 
label-induced rearrangement proposed above, but 
have allowed us to make the following observa- 
tions: both ruffling activity and exclusion of label 
from the front end of the cell are completely 
inhibited at 10 #g /ml  but not at 1 #g/ml .  Clusters 
of blebs and microvilli form at 10 #g /ml  of 
cytochalasin B and label is often associated with 
these areas, suggesting that a microfilament net- 
work has contracted, carrying along labeled sites 
and microvilli and forming blebs out of membrane 
in between. 

FIGURE 3 Effect of cytochalasin B on the distribution of con A binding sites. These cells have been treated 
with different concentrations of cytochalasin B. Fig. 3 a has been incubated in 1 ug of cytochalasin B per ml 
of MEM, then in con A and hemocyanin solutions in PBS also containing 1 ug/ml of cytochalasin B. The 
con A binding sites show the normal rearrangement, such as that seen in Fig. 1 b. The arrow indicates an 
area where there may be some ruffling activity. Fig. 3 b has been incubated in 10 ug/ml instead of I ug/ml 
of cytochalasin B. Both the morphology and the pattern of label have changed drastically. No ruffling 
activity is seen, and microviUi can be seen to be clustered in a region which also includes blebs and much 
label. The label can be present all the way to the edge of the cell (double arrows), but is not homogeneous. 
Instead, it is found in large clusters all over the cell. Pits (arrow) are presumed to be openings to pinocytotic 
vesicles, and are also seen on cells which have not been exposed to cytochalasin B. • 8,000. 
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FIGURE 4 Distribution of ricin binding sites under different labeling conditions. The cell in Fig. 4 a has 
been treated with ricin-hemocyanin conjugate for 20 rain at 37~ and rinsed only briefly (ca. 5 s) before 
fixation. This picture demonstrates that the front end of the cell is labeled homogeneously under these 
conditions. In (b) and (c) the 20-min period of labeling with ricin-hemocyanin is followed by a 10- (c) or 15- 
(b)min wash in PBS before fixation. The distribution seen after the wash is heterogeneous, resembling that 
demonstrated for con A in Fig. 1 b. Unlike con A, however, ricin does not affect ruffling activity, as can be 
especially well appreciated in Fig. 4 c. If the treatment described for (b) and (c) is followed by relabeling 
after fixation, the appearance illustrated in (d) is obtained. Those areas which are clear of label in (b) and (c) 
become relabeled with this treatment. (a) x 10,500; (b) x 8,400; (c) • 13,700; (d) • 15,300. 
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Clear ing of label from microvilli may operate by 
the same mechanism as clearing from ruffles. 
These structures,  like ruffles, have microf i laments  
associated with them,  and there is some evidence 
that  they, too, are dynamic  structures (22). 

We would like to thank Paul Bell, California Institute of 
Technology, for the cinematographic work he carried out 
in conjunction with this study. 

This work was supported by grants GM406-11, CM 
11380 and GM 06965. It was done by Susan Smith 
Brown in partial fulfillment of the requirements for the 
Ph.D. degree at Harvard University, 1974. 

Received for publication 3 April 1975, and in revised 
form 30 September 1975. 

R E F E R E N C E S  

1. ABERCROMBIE, M., J. E. M. HEAYSMAN, and S. M. 
PEGRUM. 1970. The locomotion of fibroblasts in 
culture. II. "'Ruffling.'" Exp. Cell Res. 60:437-444. 

2. ABERCROMBIE, M., J. E. M. HEAYSMAN, and S. M. 
PEGRUM. 1970. The locomotion of fibroblasts in 
culture. I11. Movements of particles on the dorsal 
surface of the leading lamella. Exp. Cell Res. 
62:389-398. 

3. ABERCROMBIE, M., J. E. M. HEAYSMAN, and S. M. 
PEGgUM. 1972. Locomotion of fibroblasts in culture. 
V. Surface marking with concanavalin A. Exp. Cell 
Res. 73:536-539. 

4. AGRAWAL, B. B. L., and I. J. GOLDSTEIN. 1967. 
Protein-carbohydrate interaction. VI. Isolation of 
concanavalin A by specifc adsorption on cross- 
linked dextran gels. Biochim. Biophys. Acta. 
147:262-271. 

5. AVrtAMEAS, S. 1969. Coupling of enzymes to proteins 
with glutaraldehyde. Use of the conjugates for the 
detection of antigens and antibodies, lmmunochem- 
istry 6:43-52. 

6. BOVDE, A., E. BAILEY, and P. VESELY. 1974. SEM 
studies of the surface of various rat cell lines treated 
with cytochalasin B, colcemide and vinblastine. 
SEM/I ITRI .  7:597-603. 

7. BRETTON, R., R. WICKER, and W. BERNHARD. 1972. 
Ultrastructural localization of concanavalin A recep- 
tors in normal and SV40-transformed hamster and 
rat cells. Int. J. Cancer. 10:397-410. 

8. BROWN, S. S. 1974. Distribution of label on the cell 
surface. Ph.D. Thesis, Harvard University, Cam- 
bridge, Mass. 

9. BURNSIDE, B., and F. J. MANASEK. 1972. Cyto- 
chalasin B: problems in interpreting its effects on 
cells. Dev. Biol. 27:443-444. 

10. CARTER, S. B. 1972. The cytochalasins as research 
tools in cytology. Endeavour (Engl. Ed.). 31:77-82. 

11. COHEN, A. L., D. P. MARLOW, and G. E. GARNER. 

1968. A rapid critical point method using fluorocar- 
bons ("Freons") as intermed|ate and transitional 
fluids. J. Microsc. (Paris). 7:331-342. 

12. COMOGUO, P. M., and R. GUGUELMONE. 1972. Two 
dimensional distribution of concanavalin A receptor 
molecules on fibroblast and lymphocyte plasma 
membranes. FEBS (Fed. Eur. Biochem. Soc.) Lett. 
27:256-258. 

13. DAHL, R., D. A. REDBURN, and F. E. SAMSON, JR. 
1970. Regional distribution of colchine-binding (mi- 
crotubular) protein in the rat brain. J. Neurochem. 
17:1215-1219. 

14. DE PETRIS, S. 1974. Inhibition and reversal of 
capping by cytochalasin B, vinblastine and colchi- 
cine. Nature (Lond.). 250:54-56. 

15. DE PETRIS, S., and M. C. RAFt. 1972. Distribution of 
immunoglobulin on the surface of mouse lymphoid 
cells as determined by immunoferritin electron mi- 
croscopy. Antibody induced, temperature dependent 
redistribution and its implications for membrane 
structure. Eur. J. lmmunol. 2:523 535. 

16. DE PETRIS, S., and M. C. RARE. 1973. Normal 
distribution, patching and capping of lymphocyte 
surface immunoglobulin studied by electron micros- 
copy. Nat. New Biol. 241:257-259. 

17. DRVSOALE, R. G., P. R. HERRICK, and D. FRANKS. 
1968. The specificity of the haemagglutinin of the 
castor bean Ricinus communis. Vox Sang. 
15:194-202. 

18. DULBECCO, R., and M. VOGT. 1954. Plaque forma- 
tion and isolation of pure lines with poliomyelitis 
viruses. J. Exp. Med. 99:167-182. 

19. EDIDIN, M. 1974. Two dimensional diffusion in 
membranes. Soc. Exp. Biol. Syrup. 28:1-14. 

20. EDIDIN, M., and A. WEISS. 1972. Antigen cap 
formation in cultured fibroblasts: a reflection of 
membrane fluidity and of cell motility. Proc. Natl. 
Acad. Sci. U. S. A. 69:2456-2459. 

21. ESTENSEN, R. D., M. ROSENnERG, and J. D. 
SnERIOAN. 1971. Cytochalasin B: microfilaments 
and "contractile" processes. Science (Wash. D.C.). 
173:356-358. 

22. EVANS, R. B., V. MORHENN, A. L. JONES, and G. M. 
TOMKfNS. 1974. Concomitant effects of insulin on 
surface membrane conformation and polysome pro- 
files of serum-starved Balb/c 3T3 fibroblasts. J. Cell 
Biol. 61:95-106. 

23. EVERHART, L. P., and R. W. RUBIN. 1974. Cyclic 
changes in the cell surface. I1. The effect of cyto- 
chalasin B on the surface morphology of synchro- 
nized Chinese hamster ovary cells. J. Cell Biol. 
60:442-447. 

24. FEn, H., and S. H. BARONDES. 1970. Colchicine 
binding activity in particulate fractions of mouse 
brain. J. Neurochem. 17:1355-1364. 

25. GOLDMAN, R. D. 1972. The effects of cytochalasin B 
on the microfilaments of baby hamster kidney 
(BHK-21) cells. J. Cell Biol. 52:246-254. 

BROWN AND REVEL Reversibility o f  Cell Surface Label Rearrangement 639 

 on A
ugust 22, 2006 

w
w

w
.jcb.org

D
ow

nloaded from
 

http://www.jcb.org


26. GOLDSTEIN, I. J., C. E. HOLLERMAN, and M. M. 
MERRICK. 1965. Protein-carbohydrate interaction. 1. 
The interaction of polysaccharides with concanavalin 
A. Biochim. Biophys. Aeta. 97:68-76. 

27. HOLTZER, H., and J. W. SANGER. 1972. Cyto- 
chalasin B: microfilaments, cell movement and what 
else? Dev. Biol. 27:444-446. 

28. INGRAM, V. M. 1969. A side view of moving 
fibroblasts. Nature ( Lond. ). 222:641-644. 

29. KARNOVSKY, i .  J., and E. R. UNANUE. 1973. 
Mapping and migration of lymphocyte surface mac- 
romolecules. Fed. Proc. 32:55-59. 

30. KOURILSKY, F. M., D. SILVESTRE, C. NEAUPORT- 
SAUTES, Y. LOOSFELT, and J. DAUSSET. 1972. Anti- 
body-induced redistribution of HL-A antigens at the 
cell surface. Eur. J. lmmunol. 2:249 257. 

31. KRISHAN, A. 1971. Fine structure of cytochalasin- 
induced multinucleated cells. J. UItrastruct. Res. 
36:191 204. 

32. LAGNADO, J. R., C. LYONS, and G. 
WICKREMASINGHE. 1971. The subcellular distribu- 
tion of colchicine-binding protein ("microtubule pro- 
tein" ) in rat brain. FEBS (Fed. Eur. Biochem. Soc.) 
Lett. 15:254-258. 

33. LIEBERMAN, M., e. J. MANASEK, T. SAWANOBORI, 
and E. A. JOHNSON. 1973. Cytochalasin B: its 
morphological and electrophysiological actions on 
synthetic strands of cardiac muscle. Dev. Biol. 
31:380-403. 

34. LITTLEFIELD, J. W. 1964. Three degrees of guanylic 
acid-inosinic acid pyrophosphorylase deficiency in 
mouse fibroblasts. Nature (Lond.). 203:1142-1144. 

35. LOOR, F., S. FORNI, and B. PERNIS. 1972. The 
dynamic state of the lymphocyte membrane. Factors 
affecting the distribution and turnover of surface 
immunoglobulins. Eur. J. Immunol. 2:203-212. 

36. LOWRY, O. H., N. J. ROSEBROUGH, A. L. FARR, and 
R. J. RANDALL. 1951. Protein measurement with the 
folin phenol reagent. J. Biol. Chem. 193:265-275. 

37. MIZEL, S. B., and L. WILSON. 1972. Nucleoside 
transport in mammalian cells. Inhibition by colchi- 
cine. Biochemistry. 11:2573 2578. 

38. NEMANIC, M. K., D. P. CARTER, D. R. PITELKA, and 
L. WOESY. 1975. Hapten-sandwich labeling, ii. 
Immunospecific attachment of cell surface markers 
suitable for scanning electron microscopy. J. Cell 
Biol. 64:311-321. 

39. NICOLSON, G. L., and J. BLAUSTEIN. 1972. The 
interaction of Ricinis communis agglutinin with 
normal and tumor cell surfaces. Biochim. Biophys. 
Acta. 266:543-547. 

40. PORTER, K. R. 1966. Cytoplasmic microtubules and 
their functions. In Principles o f  Biomolecular 
Organization. G. E. W. Wolstenholme and M. 
O'Conner, editors. J. & A. Churchill Ltd., London. 

41. REVEL, J. P. 1974. Contacts and junctions between 
cells. Society for Experimental Biology Symposium. 
28:447 -461. 

42. REVEL, J. P. 1974. Scanning electron microscope 
studies of cell surface morphology and labeling in 
situ and in vitro. SEM/I ITRI .  7:541-547. 

43. ROSENBLITH, J. Z., T. E. UKENA, H. H. YIN, R. D. 
BERLIN, and M. J. KARNOVSKY. 1973. A compara- 
tive evaluation of the distribution of concanavalin A 
binding sites on the surfaces of normal, virally 
transformed and protease-treated fibroblasts. Proc. 
Natl. Acad. Sci. U. S. A. 70:1625-1629. 

44. RYAN, G. B., J. Z. BORYSENKO, and M. J. 
KARNOVSKY. 1974. Factors affecting the redistribu- 
tion of surface-bound concanavalin A on human 
polymorphonuclear leukocytes. J. Cell Biol. 
62:351 365. 

45. SALLSTROM, J. F., and G. V. ALM. 1972. Binding of 
concanavalin A to thymic and bursal chicken lymph- 
oid cells. Exp. Cell Res. 75:63-72. 

46. SANGER, J., and H. HOL'rZER. 1972. Cytochalasin B: 
effects on cell morphology, cell adhesion and muco- 
polysaccharide synthesis. Proc. Natl. Aead. Sci. 
U. S. A. 69:253-257. 

47. SINGER, S. J., and G. L. NICOLSON. 1972. The fluid 
mosaic model of the structure of cell membranes. 
Science (Wash. D. C.). 175:720-731. 

48. SMITH, S. B., and J. P. REVEL. 1972. Mapping of 
concanavalin A binding sites on the surface of several 
cell types. Dev. Biol. 27:434-441. 

49. SPOONER, B. S., K. M. YAMADA, and N. K. 
WESSELLS. Microfilaments and cell locomotion. J. 
Cell Biol. 49:595-613. 

50. STACKPOLE, C. W., L. T. DE MILIO, U. 
HAMMERLING, J. B. JACOBSON, and M. P. LARDIS. 
1974. Hybrid antibody-induced topographical redis- 
tribution of surface immunoglobulins, alloantigens 
and concanavalin A receptors on mouse lymphoid 
cells. Proc. Natl. Acad. Sci. U. S. A. 71:932-936. 

51. SUNQVIST, K. G. 1972. Redistribution of surface 
antigens--a general property of animal cells? Nat. 
New Biol. 239:147-149. 

52. TAVERNA, R. D., and R. G. LANGDON. 1973. 
Reversible association of cytochalasin B with the 
human erythrocyte membrane. Inhibition of glucose 
transport and the stoichiometry of cytochalasin 
binding. Biochim. Biophys. Acta. 323:207-219. 

53. TAYLOR, R. B., W. P. H. DUFFUS, M. C. RAFF, and 
S. DE PETRIS. 1971. Redistribution and pinocytosis 
of lymphocyte surface immunoglobulin molecules 
induced by antiimmunoglobulin activity. Nat. New 
Biol. 233:225-229. 

54. TRICHE, T. J., T. W. TILLACK, and S. KORNFELD. 
1975. Localization of the binding site for the Ricinus 
communis, Agricus bisporus and wheat germ lectins 
on human erythrocyte membranes. Biochem. Bio- 
phys. Acta. 394:540-549. 

55. UKENA, T. E., J. Z. BORYSENKO, M. J. KARNOVSKY, 
and R. D. BERLIN. 1974. Effects of colchicine, 
cytochalasin B and 2-deoxyglucose on the topo- 
graphical organization of surface-bound con- 

640 THE JOURNAL OF CELL BIOLOGY �9 VOLUME 68, 1976 

 on A
ugust 22, 2006 

w
w

w
.jcb.org

D
ow

nloaded from
 

http://www.jcb.org


canavalin A in normal and transformed fibroblasts. 
J. Cell Biol. 61:70-82. 

56. UNANUE, E. R., and M. J. KAgNOVSKV. 1974. 
Ligand-induced movement of lymphocyte membrane 
macromolecules. V. Capping, cell movement and 
microtubular function in normal and lectin-treated 58. WELLER, N. K. 1974. Visualization of conca- 
lymphocytes. J. Exp. Med. 140:1207-1220. navalin A-binding sites with scanning electron 

57. UNANUE, E. R., M. J. KARNOVSKY, and H . D .  microscopy. J. Cell Biol. 63:699-707. 

ENGERS. 1973. Ligand-induced movement of lym- 
phocyte membrane macromolecules. Ill. Relation- 
ship between the formation and fate of anti-lg-sur- 
face lg complexes and cell metabolism. J. Exp. Med. 
137:675-689. 

BROWN AND REVEL Reversibility of Cell Surface Label Rearrangement 641 

 on A
ugust 22, 2006 

w
w

w
.jcb.org

D
ow

nloaded from
 

http://www.jcb.org

