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ABSTRACT 

The adhesive properties of Chinese hamster V79 cells were analyzed and charac- 

terized by various cell dissociation treatments.  The comparisons of aggregatability 

among cells dissociated with E D T A ,  trypsin + Ca z+, and trypsin + E D T A ,  

revealed that these cells have two adhesion mechanisms, a Ca2+-independent and 

a Ca2+-dependent one. The former did not depend on temperature,  whereas the 

latter occurred only at physiological temperatures.  Both mechanisms were trypsin 
sensitive, but the Ca2+-dependent one was protected by Ca ~+ against trypsiniza- 

tion. 

In morphological studies, the Ca2+-independent adhesion appeared to be a 

simple agglutination or flocculation of cells, whereas the Ca2+-dependent adhesion 

seemed to be more physiological, being accompanied by cell deformation resulting 

in the increase of contact area between adjacent cells. 

Lactoperoxidase-catalyzed iodination of cell surface proteins revealed that sev- 

eral proteins are more intensely labeled in cells with Ca2+-independent adhesive- 

ness than in cells without that property.  It was also found that a cell surface 

protein with a molecular weight of approximately 150,000 is present only in cells 

with Ca2§ adhesiveness. The iodination and trypsinization of this 

protein were protected by Ca z+, suggesting its reactivity to Ca 2+. Possible mecha- 

nisms for each adhesion property are discussed, taking into account the correla- 

tion of these proteins with cell adhesiveness. 
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Cellular adhesiveness is one of the fundamental 
properties of cells constituting tissues in multicel- 
lular organisms. Basic studies on cell adhesion will 
provide important information for understanding 
control mechanisms in cell behavior and morpho- 
genesis. Although there have been many studies 
of the adhesive properties of cells, the reports 
from different laboratories are often conflicting. 

For example, temperature independence of cell 
aggregation was found by several workers (3, 
16), whereas other authors obtained the opposite 
results (7, 17, 18, 28, 31,34). Divalent cation de- 
pendence of cell adhesion has often been reported 
(1, 2, 11, 29, 31, 34), whereas recent studies 
revealed that some cell types do not require diva- 
lent cations for aggregation under some conditions 
(4, 8, 32). Such apparently conflicting results 
could be due to a difference in adhesive properties 
among different cell types and/or to the existence 
of multiple cell adhesion mechanisms which could 
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be detected differentially depending  on experi- 

menta l  condit ions.  In the present  study, we have 

compared  the adhesiveness  of Chinese  hamste r  

V79 cells suspended from monolayer  cultures by a 

variety of methods .  Our  results show that  this 

single cell type can display different adhesion 

mechanisms depending  on the me thod  of prepara-  

tion of the cell suspension.  The molecules that  are 

possibly related to each mechanism were ex- 

plored,  using lactoperoxidase-catalyzed iodinat ion 

of cell surface proteins.  

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

Cell 

The Chinese hamster V79 lung cell line (9, 27) was 
used in this study. Ceils were grown on plastic tissue 
culture plates (Falcon Plastics, Div. of BioQuest, Ox- 
nard, Calif.) in Eagle's Minimal Essential Medium 

(MEM) supplemented with 15% fetal calf serum, Grand 
Island Biological Co., Grand Island, N.Y.), 0.2 % lactal- 
bumin hydrolysate (GIBCO), and 58.5 mg/l L-gluta- 
mine. 

Preparation of Single Cells 

Cell monolayers that had just attained a confluent 
state were used for preparing single cells. Such cultures 
were usually obtained by inoculating 1.2-1.4 • 10 ~ ceils/ 
cm 2 culture dish area, and by incubating for 2 days at 

37~ Overcrowded cultures were avoided because they 
failed to give well-dispersed single cells. Three different 
methods were used to dissociate the cell monolayers: the 
resulting cell suspensions are designated E-, TC-, or TE- 
cells, depending on the method of dissociation. (a) E- 
cells: A cell monolayer on a 14-cm diameter culture dish 
was rinsed three times with Puck's Ca ~+- and Mg2+-free 
saline (CMF, reference 25), and incubated with 10 ml of 
1 mM EDTA in 10 mM HEPES-buffered saline 
(HCMF; 8.0 g of NaCI, 0.4 g of KCI, 0.09 g of 
Na2HPO4.7H~O, 1 g of glucose, 2.38 g of HEPES (N-2- 

hydroxyethyl-piperazine-N'-2-ethanesulfonic acid), and 
4.8 ml of 1 N NaOH in 1,000 ml of H~O, pH 7.4) for 15 
min at 37~ (b) TC-cells: A cell monolayer on the 
same-size plate was rinsed three times with 1 mM CaCI~ 
in CMF and incubated with 10 ml of 0.01% crystalline 
trypsin (type I, Sigma Chemical Co., St. Louis, Mo.) in 
HCMF containing 0.1 mM CaCI2 for 15 min at 37~ (c) 
TE-cells: EDTA in method 1 was replaced by 0.01% 
crystalline trypsin in HCMF containing 1 mM EDTA. 
All these incubations were done on a gyratory shaker 
(model G-76, New Brunswick Scientific Co., Inc., New 
Brunswick, N.J.) at 100 rpm. Cells detached from the 
plate were centrifuged and resuspended in 5 ml of CMF. 
This CMF was supplemented with 0.01% soybean tryp- 
sin inhibitor (type l-S, Sigma Chemical) in cases where 
cells had been trypsinized. Cells were washed two more 
times with CMF and finally suspended in the medium to 

be used for the experiment. The above-described meth- 
ods were modified, when necessary, as described in the 
text. 

Measurement of Cell Aggregation 

Plastic wells (2.8 cm x 1.5 cm) were used for the assay 
of cell aggregation as previously described (31, 32). 1 x 
106 cells suspended in 3 ml of HCMF were put into each 
well, which had been previously coated with bovine 
serum albumin (BSA; Armour Fraction V, Armour 
Pharmaceutical Co., Chicago, I11.) to prevent attachment 
of cells to the plastic (29). After addition of a reagent the 
effect of which was to be tested, cells were incubated at 
37~ on a gyratory shaker at 80 rpm. The aggregation 
was stopped with a gentle swirling of the dish and subse- 
quent addition of 2 ml of 5% glutaraldehyde in HCMF. 
It was previously determined that this fixation procedure 
does not cause any artificial aggregation or dissociation 
of preformed aggregates (31). To measure cell aggrega- 
tion, the total particle number in cell suspension was 
counted with a Coulter counter (model ZB; Coulter Elec- 
tronics Inc., Hialeah, Fla.) with 100-/~m aperture. The 
extent of aggregation was represented by the ratio of the 
total particle number at time t of incubation (Nt) to the 
initial particle number (No), the latter being identical to 
the total number of cells added to the medium. The 
validity of this method has been previously established 
(6, 33). 

lodination o f  Cells 

Dissociated cells were suspended in cold HCMF with 
10 mM glucose at a cell concentration of 3 • 106 cells/ 
ml. 12~I-Na (5 mCi/0.1 ml, carrier free, New England 
Nuclear, Boston, Mass.) was added to a final concentra- 
tion of 200 or 400/zCi/ml, followed by lactoperoxidase 
(B grade, Calbiochem, San Diego, Calif.) and glucose 
oxidase (type V, Sigma Chemical) to final concentrations 
of 20/.~g/ml and 0.2 U/ml, respectively. The lactoperoxi- 
dase was previously dialyzed against HCMF to remove 
contaminating Ca 2+. The reaction mixture was incubated 
at 5~ for 7 min with occasional swirling, and the cells 
were sedimented and washed four to five times with 
Hanks' saline solution. Cell viability and aggregatability 
were not affected by iodination. 

Sodium Dodecyl Sulfate-Polyacrylamide 

Gel Electrophoresis 

Sodium dodecyl sulfate (SDS)-polyacrylamide gel 

electrophoresis was done by the method of Laemmli 
(15) with modifications. The separation gel solution 
consisted of 7.5% acrylamide, 0.375 M Tris-HCl (pH 
8.8), 0.2 % N,N'-methylene-bis-acrylamide, and 0.1% 
SDS. The gel was polymerized in a slab (1 mm x 17 cm) 
by the addition of 0.05 % N,N,N',N'-tetramethylethyl- 
enediamine (TEMED) and 0.05% ammonium persul- 
fate (final concentrations). The stacking gel, which 
contains 3.2% acrylamide, 0.125 M Tris-HCl (pH 
6.8), 0.36% N,N'-methylene-bis-acrylamide, and 
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0.1% SDS, was polymerized with 0.1% TEMED and 
0.16 % riboflavin. The electrode buffer contained 6 g of 
Tris, 28.8 g of glycine and 1 g of SDS in 1,000 ml. Cells 
were dissolved in 0.125 M Tris-HC1 (pH 6.8), 2% 
SDS, 10% glycerol, 2 mM phenylmethylsulfonylfluor- 
ide, and 0,001% bromphenol blue (sample buffer). 
After addition of 5-10% 2-mercaptoethanol, the sam- 
ples were incubated in boiling water for 2 rain. Electro- 
phoresis was carried out at 11 mA until the brom- 
phenol blue marker reached a distance of 13 cm from 
the top of the separation gel. The gels were stained with 
0.25% Coomassie Blue in 25% 2-propanol and 10% 
acetic acid. After destaining with 5% ethanol and 10% 
acetic acid, gels were dried under vacuum and autora- 
diographed with X-ray film (RP/R54 Eastman Kodak 
Co., Rochester, N.Y.). 

Other Reagents 

Other reagents used were obtained from the follow- 
ing sources: cycloheximide, dithiothreitol, /3-galacto- 
sidase, catalase, and ovalbumin from Sigma Chemical, 
colcemid from GIBCO, tetracaine from Schwarz/Mann 
Div., Becton, Dickson & Co. (Orangeburg, N.Y.), 
cytochalasin B from Imperial Chemical Industries Ltd. 
(Cheshire, England), and neuraminidase from Calbio- 
chem. A23187 was a gift from Eli Lilly and Co. (India- 
napolis, Indiana). Myosin was extracted from mouse leg 
by the method of Perry (21). 

R E S U L T S  

Aggregation of Cells after Different 

Treatments for Dissociation 

The reaggregative properties of cells disso- 

ciated with 1 mM E D T A ,  0 .01% trypsin + 0.1 

mM CaCI2, or 0 .01% trypsin + 1 mM E D T A  

were compared.  Cells dissociated with 1 mM 

E D T A  (E-cells) aggregated rapidly (Fig. l a ) .  

This aggregation was enhanced by the addition of 

1 mM Ca "+, but occurred even in the absence of 

divalent cations. Cells dissociated with 0 .01% 

trypsin + 0.1 mM Ca .'§ (TC-cells) did not aggre- 

gate in the absence of divalent cations, but rap- 

idly aggregated in the presence of Ca .-'§ (Fig. 

l b ) .  Cells dissociated with 0 .01% trypsin + 1 

mM E D T A  completely lost their aggregability 

and exhibited no Ca ̀ -'+ effect (Fig. l c ) .  

The effect of various concentrat ions (0 .01-10 

mM) of Ca ̀ -'+ and Mg 2+ on the aggregation of 

these three types of cells was studied. For  E- and 

TC-cells,  Ca .'+ was maximally effective at 1 mM. 

TE-cells did not aggregate at any concentrat ion 

of Ca z+. Mg 2+ enhanced the aggregation of all 

three cell types, but to a much lesser degree than 

did Ca ~+ for E- or  TC-cells,  suggesting different 

specificities for the two ions. 

E-cells were treated with 0 .01% trypsin (with 

or without Ca z+) to determine whether  such cells 

had an identical aggregation pathway to TC-cells. 

E-cells treated with trypsin + Ca .-'+ retained their 

ability to aggregate in the presence of Ca 2+, but 

lost the ability to aggregate in the absence of 

Ca ~'+ (Table I). This property is exactly the same 

as that of TC-cells.  E-cells treated with trypsin 

without Ca .'+ completely lost their aggregabil- 

ity, exactly like TE-cells.  These results show that 

E-cells possess the same Ca2+-dependent adhe- 

sive property found in TC-cells. 

The effect of temperature  on the aggregation 

of E- and TC-cells was studied (Fig. 2). E-cells 
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FIGURE 1 Aggregation of cells dissociated with 1 mM EDTA (a), 0.01% trypsin + 0.01 mM Ca z§ (b), 
and 0.01% trypsin + 1 mM EDTA (c). Medium for aggregation contains 1 mM Ca 2§ (tb----Q), or no 
divalent cation (0--(3). 
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TABLE I 

Aggregation of Trypsinized E-Cells 

Aggregation (Nt/No)* 

Trypsinization* In 1 mM Ca 2+ Without Ca z+ 

With 1 mM Ca 2+ 0.39 0.99 
Without Ca 2+ 0.97 0.96 

* E-cells (1 x 107 cells) washed once with HCMF or 1 
mM Ca 2§ in HCMF were incubated in 2 ml of 0.01% 
trypsin in the absence or presence of 1 mM Ca 2§ respec- 
tively, at 37~ for 10 min. 
~: Aggregation was assayed at 30 min of incubation. 
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Effect of temperature on cell aggregation. 
(a) E-cells in the presence (O--O) and absence (O-- �9 
of 1 mM Ca z+ at 2~ and in the absence of Ca 2+ at 37~ 
( x - - - x ) .  (b) TC-cells in the presence (O----O) and 
absence ( �9 of 1 mM Ca 2§ at 2~ 

aggregated  at a low t e m p e r a t u r e  (2~ however ,  

Ca 2+ did not  p r om o t e  this aggregat ion .  In teres t -  

ingly, the ra te  of aggregat ion  of E-cells at the  low 

t e m p e r a t u r e  was a lmost  the same as tha t  at  37~ 

in Ca2+-free med ium (Fig. 2 a ) .  The  aggregat ion 

of TC-cells  was totally inhib i ted  at low tempera -  

ture (Fig. 2 b ) .  

Ca2+-Protective Effect on Cell 

Adhesiveness against Trypsinization 

Th e  effect of var ious cat ions  as subst i tu tes  for  

Ga s+ to ob ta in  the  same aggregat ive proper t i es  of 

TC-cells  was examined .  In these  expe r imen t s ,  

the cell m o n o l a y e r  was r insed with C M F  supple-  

m e n t e d  with the  ion to be tes ted and  was subse- 

quent ly  t rypsinized (15 rain at 37~ in the  pres- 

ence  of tha t  ion. Cell aggregat ion was then  as- 

sayed in the presence  of 1 mM Ca 2+ af ter  30 min 

of incubat ion .  Mg 2+ ( 1 - 1 0  raM) and  Mn 2+ (0.1 

mM)  could not  subst i tu te  for Ca ~+. Aggrega t ive  

proper t ies  of ceils t rypsinized in the  p resence  of 

these ions were identical  to those  of TE-cel ls .  

To de t e rmine  w h e t h e r  or  not  the adhes ion  sites 

on the cell surface are directly p ro tec ted  by Ca 2+ 

from trypsin digest ion,  the aggregat ion of  cells in 

the presence  of trypsin was examined .  TC-cells  

were suspended  in H C M F  at room t e m p e r a t u r e  

in the dishes to be  used for the  aggregat ion  ex- 

per iment .  1 m M  Ca 2+ was then  added  to the  cell 

suspension,  fol lowed by trypsin ( 0 . 0 1 %  final 

concen t ra t ion)  1 or 5 min later.  The  cells were 

b rough t  to 37~ on a gyratory shake r  to examine  

thei r  aggregatabi l i ty .  The  results ,  shown in Table  

II ,  revealed that  aggregat ion was totally unaf- 

fected by the presence  of trypsin if Ca .'+ was 

added  5 min before  addi t ion of the enzyme.  Ad-  

dit ion of trypsin as early as 1 min af ter  Ca 2+ 

resul ted in small  numbe r s  of aggregat ing cells. As  

expected ,  when  trypsin was added  to the cells 

before  the  addi t ion of Ca 2§ no  cell aggregat ion  

occurred.  These  exper imen t s  show tha t  Ca 2§ di- 

rectly protects  the  adhesive p roper ty  of cells 

against  t rypsinizat ion.  

Effect o f  Preincubation o f  

TC-cells in Ca 2+ 

The quest ion of whe the r  TC-cells  acquire  ad- 

hesive capacity i rreversibly dur ing  incuba t ion  

with Ca 2+ was tes ted.  TC-cells were incuba ted  

with 1 mM Ca 2+ at 37~ for 60 min on a gyratory 

shaker  at high speed (180 rpm)  p reven t ing  the i r  

aggregat ion.  The  cells were col lected,  r insed with 

TABLE II 

Effect of Trypsin during Cell Aggregation 

Trypsin treatment '  Aggregation (Nt/No)* 

Trypsin added 
5 min before the 0.98 

addition of Ca 2§ 

1 min before the 1.03 
addition of Ca 2+ 

1 min after the ad- 0.77 
dition of Ca 2+ 

5 min after the ad- 0.34 
dition of Ca 2+ 

No trypsinw 0.32 

* Trypsin (0.01%) and Ca z§ (1 mM) were added from 
10- and 100-fold concentrated stock solutions, respec- 
tively. 

Aggregation was assayed at 30 min after the final 
addition of trypsin or Ca 2+. 
w Control contains 1 mM Ca 2+. 
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CMF,  and  re incuba ted  with or wi thout  1 mM 

Ca ~§ to assay thei r  aggregability. The  result  

showed that  cells p re incuba ted  with Ca 2§ still 

require  Ca 2§ for aggregat ion in the  med ium.  TC- 

cells, the re fore ,  need  the con t inuous  p resence  of 

Ca 2+ to display the i r  adhe ren t  proper ty .  

Recovery of Ca2+-Dependent 

Adhesiveness in TE-Cells 

The Ca"+-dependent  adhes iveness  which is ab- 

sent  in TE-cells should  be recovered  metabol -  

ically after  prote in  synthesis  if the  responsible  

sites were digested by trypsin.  This  was con- 

f i rmed as follows. TE-cel ls  were plated with nor-  

mal cell cul ture med ium conta in ing  serum (see 

Mater ia ls  and Methods )  on to  Falcon plastic tis- 

sue cul ture  dishes (Falcon Plastics).  Af te r  appro-  

priate  incuba t ion  per iods ,  they were harves ted  by 

the m e t h o d  for making  TC-cells,  and thei r  aggre- 

gatabil i ty was assayed. Cont ro l  plates  con ta ined  

100 /~g/ml cycloheximide to inhibi t  pro te in  syn- 

thesis.  Cycloheximide t e n d e d  to inhibi t  cell at- 

t a chmen t  to the  plate and  also cell spreading  on 

it; only cells a t t ached  on the  plate  were used for 

this exper imen t .  Fig. 3 shows that  cells start  to 

recover  thei r  Ca'- '+-dependent adhes iveness  be- 

tween abou t  1 and 2.5 h of incubat ion  and  ac- 

quire cons iderable  adhes ive  ability by 6 h. Cyclo- 

heximide  complete ly  inhib i ted  this recovery.  

Effect of Other Reagents on 

Aggregation of TC-Cells 

As summarized in Table  III, colcemid,  tetra- 

caine,  neu ramin idase ,  or the Ca2+-ionophore 
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FIGURE 3 Recovery of Ca2+-dependent adhesiveness 
in TE-cells. Cells were cultured for the indicated periods 
with (O--O) or without (~---Q) 100 /xg/ml cyclohexi- 
mide. The aggregation was assayed at 30 rain of incuba- 

tion. 

TABLE III 

Effect of Miscellaneous Reagents on TC-Cell 
Aggregation 

Aggregation 
Reagents (Nt/No)* 

A Control 
1 mM Ca 2+ 0.22 
0.1 mM Ca 2+ 0.99 
0.01 mM Ca 2+ 1.00 

B 1 gM A23187 + 1 mM Ca 2+ 0.21 
+ 0.1 mM Ca 2+ 1.00 
+ 0.01 mM Ca 2+ 1.01 

C:~ 100 U/ml neuraminidase 0.23 
Dw 1 mM tetraeaine 0.19 

10 ~g/ml colcemid 0.22 

10 /~g/ml cytochalasin B 0.38 
100 /~g/ml cycloheximide 0.32 

Eli 10 mM dithiothreitol 0.94 

(0.97) 

* Aggregation was assayed at 30 min of incubation in the 
presence of the indicated concentrations of Ca 2§ in A 
and B, and in the presence of 1 mM Ca 2+ in C, D. and E. 
:~ Cells pretreated with the enzyme in HCMF for 15 rain 
at 37~ were rinsed with CMF and allowed to aggregate. 
The value in parentheses shows the aggregability in 
Ca~+-free medium. 

w Cells were preincubated with each reagent in HCMF 
for 30 rain at room temperature. Then Ca 2§ was added. 
and the preparation was brought to 37~ 
II Cells were preincubated with dithiothreitol in HCMF 
at 37~ for 30 rain, washed, and allowed to aggregate. 

A 2 3 1 8 7  had no  effect on TC-cell  aggregat ion.  

Cytochalas in  B and  cycloheximide inhibi ted  ag- 

gregat ion only slightly. TC-cells  p re incuba ted  

with 10 mM di th io thre i to l  in H C M F  at 37~ for 

30 min lost their  aggregability without  a signifi- 

cant  reduct ion in cell viability. This  result  sug- 

gests tha t  sulfhydryl groups  may be  impor t an t  in 

the funct ion of adhes ion  sites. 

Morphological Studies of 

Cell Aggregation 

Cell aggregates formed after a 60-rain incuba- 

t ion at 37~ were sub jec ted  to fu r the r  morpho -  

logical studies.  E-cells in the presence  of Ca  .-'+ 

tightly adhe red  to one a n o t h e r  with large contact  

areas (Fig. 4 a ) ,  suggest ing tha t  the  de fo rmat ion  

of cells occurred to increase the contact  area  

be tween  the apposed  cells af ter  the  aggregat ion.  

TC-cells in the presence  of Ca 2+ also adhe red  to 

one  ano the r  over  large contact  areas (Fig. 4 c ). A 

pecul iar  feature  of TC-cell  aggregates  was that  

those  cells were associated with one  ano the r  of- 

ten as rodlike one-d imens iona l  chains  of cells, 

which b r a n c h e d  in several  direct ions.  
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Fmu~E 4 Photomicrographs of cell aggregates. E-cells in 1 mM Ca ~+ (a), in no divalent cations (b), and 
in 1 mM Mg 2+ (d); TC-cells in 1 mM Ca 2+ (c). Cells were incubated for 60 rain at 37~ x 360. 

Aggregates of E-cells in Ca2+-free medium 
showed a different morphology. Individual cells 
within an aggregate remained round like unag- 
gregated cells (Fig. 4b ) .  Mg 2+ had no effect on 
the morphology of E-cell aggregates (Fig. 4d  ). 

Correlations o f  Cell Adhesiveness 

to Cell Surface Proteins 

To further characterize the cell surface compo- 
nents associated with the cell adhesion properties 
observed above, the lactoperoxidase-catalyzed 
iodination of intact cells (12, 22, 23) was exam- 
ined, and the iodinatable protein species were 
compared among E-, TC-, and TE-cells by SDS- 

polyacrylamide gel electrophoresis. Those cells 
freshly prepared were iodinated in HCMF at 
5~ Fig. 5 (a, b, and c) shows autoradiographs 
of the SDS gel electrophoresis patterns obtained 
from the whole cell proteins extracted from iodi- 
hated E-, TC-, and TE-cells. A number of radio- 
active bands appeared in all three types of cells. 
Several bands, particularly two components 
whose molecular weight (mol wt) is approxi- 

mately 60,000, were, however, apparently more 
intensely labeled in E-cells than in trypsinized 
cells. When the radioactive bands of TC- (Fig. 
5 b ) and TE-cells (Fig. 5 c)  were compared, one 
clear difference was observed. A radioactive pro- 
tein with a molecular weight of approximately 
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FIGURE 5 Autoradiographs of SDS-polyacrylamide gels after electrophoresis of proteins from iodinated 
cells (left) and their densitometer traces (right). E-cells (a), TC-ceUs (b), and TE-cells (c) iodinated in the 
absence of divalent cations; TC-cells iodinated in the presence of 1 mM Ca 2+ (d). In the latter case, TC- 
cells were prewashed before iodination with 1 mM Ca 2§ in HCMF. 1.5 • 106 cells were dissolved in 100 
/~l of SDS-sample buffer, and 30/zl of this extract was applied to electrophoresis for each cell type. Two 
components with a tool wt of approximately 60,000 are shown by closed triangles (&). The positions of 
the molecular weight markers are indicated: myosin (210,000), M; /3-galactosidase (130,000), G; BSA 
(68,000), ,44 catalase (57,500), (?4 and ovalbumin (43,500), O. 

150,000 (abbreviated 150K protein) appeared 

predominantly in TC-cells. No other differences 

were observed between TC- and TE-cells, even 

when 15 % polyacrylamide gels were used to sep- 

arate lower molecular weight proteins. Interest- 

ingly, the iodination of the 150K protein was 

remarkably suppressed when the iodination me- 

dium contained 1 mM Ca 2§ (Fig. 5 d),  whereas 1 

mM Mg 2§ had no effect on the iodination pat- 

tern. Iodination of other components was not 

affected by Ca "+. No differences in the iodination 

pattern for TC- and TE-cells were observed after 

preincubation of the cells in the presence of 1 

mM Ca 2§ (30 min at 37~ except for the 150K 

protein. 

A correlation of the recovery of CaZ+-depend - 

ent adhesiveness in TE-cells with the appearance 

of the 150K protein species was suggested by the 

following iodination experiments. "Recovered" 

TE-cells were obtained as described in the pre- 

vious section, and subjected to 125I-labeling. As 

shown in Fig. 6, the 150K protein appeared in 
TE-cells after their recovery (6 h) in normal 

culture medium, but did not appear in the pres- 

ence of cycloheximide. Even though the 150K 

protein band shown here was not so intensely 

radiolabeled as that found on freshly prepared 

TC-cells, it is noteworthy that the recovery of 

Ca2+-dependent adhesiveness in TE-cells was 

also not complete. 

DISCUSSION 

The present studies suggest that V79 cells have at 

least two mechanisms for cell-to-cell adhesions: a 

Ca2+-independent and a Ca2+-dependent one. 

Ca2+-independent adhesion does not depend on 

temperature and is not accompanied by morpho- 

logical change of cells after aggregation. In con- 

trast, Ca2+-dependent adhesion requires physio- 

logical temperatures, and cells actively spread 

over one another after aggregation. Both mecha- 

nisms are trypsin-sensitive, but Ca~+-dependent 
adhesiveness was protected by Ca 2- against tryp- 

sinization. Ca2+-dependent adhesiveness was not 

made Ca2+-independent by preincubation of cells 

with Ca 2+. These observations demonstrate that 
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FIGURE 6 Autoradiographs of SDS-polyacrylamide 
gels after electrophoresis of proteins from iodinated TE- 
cells. Preincubated before iodination for 6 h in the ab- 
sence (a) and the presence (b) of 100 v,g/ml cyclohexi- 
mide as described in the text. 

the two adhesion mechanisms are totally inde- 

pendent. 

Recent studies have shown that some cell types 

do not necessarily require divalent cations for 

mutual adhesion under some conditions (4, 8, 

32), suggesting the wider generality of the Ca 2+- 

independent mechanism shown here. Our find- 

ings are also consistent with the results of Curtis 

and Greaves (3) that EDTA-dissociated cells 

(chick embryonic) are able to aggregate at low 

temperature. The temperature independence of 

the Ca2+-independent adhesion suggests that this 

adhesion does not involve any active cellular 

process but some direct chemical or physico- 

chemical interactions among cell surface compo- 

nents. Results of microscopic observations are 

consistent with this idea, because cells exhibited 

almost no morphological changes in aggregation, 

as seen in the agglutination or flocculation of 

nonliving particles. 

Inasmuch as Ca2§ adhesiveness of 

E-cells was abolished by the trypsin treatment, 

some proteins should be involved in the adhesion 

process. Iodination of intact cells demonstrated 

that several proteins are more intensely labeled 

in E-cells than in TC-cells, suggesting that one of 

those could be an important component for the 

adhesion. We have recently studied the adhesion 

of artificially generated phospholipid membrane 

vesicles to EDTA-dissociated ceils (20). It was 

shown that the adhesion of such lipid vesicles is 

mediated by the 60,000 mol wt cell surface pro- 

teins, which are found predominantly in E-ceils 

(Fig. 5a) .  Adhesion of the lipid vesicles to the 

cell surface does not require divalent cations and 

takes place at low temperature. These phenom- 

ena suggest that the 60,000 tool wt proteins may 

play some role in CaZ+-independent adhesion, 

perhaps involving lipid-protein interaction be- 

tween two cell surfaces (20). 

Ca2§ adhesion, which occurs only 

at a physiological temperature, might be related 

to other cellular processes such as enzymatic re- 

actions, changes in fluidity of the plasma mem- 

brane, cellular motility, or contractile activity. 

Morphological studies show that E-cells or TC- 

cells increase contact areas by spreading over 

onto adjacent cells during aggregation in the 

presence of Ca 2+, but not in the absence of Ca 2+. 

This phenomenon suggests the possibility that 

the primary role of Ca 2+ is to enhance the activity 

of pseudopodia or other cell motility machineries 

and to indirectly promote cell-cell adhesions by 

increasing the ability of cells to actively hold 

neighboring cells. This possibility, however, is 

unlikely for the following reasons. We observed 

that TC- and TE-cells exhibited a similar spread- 

ing activity with pseudopodia on a Falcon plastic 

culture dish (unpublished data), suggesting that 

the motility of those two cell types is similar. 

Furthermore, the drugs cytochalasin B, col- 

cemid, and tetracaine, which are known to affect 

cellular motility, hardly inhibited the TC-cell ag- 

gregation. It thus seems that the motility of cells 

is not importantly relevant to the role of Ca 2+ in 

rendering cells adhesive. Probably, the observed 

increase of contact area among adhered cells in 

TC- and E-cell aggregates in Ca 2§ rather repre- 

sents their high adhesiveness to one another, 

inasmuch as cells have the property of sponta- 

neously spreading over the very adhesive sub- 

strate, as seen in cells plated on clean glass or 

plastic. 

Studies of the mobility of membrane antigens 

or lectin receptors have revealed that these cell 
surface components can freely move laterally in 

the plasma membrane, the movement being tem- 

perature-dependent (5). It is reasonable to as- 

sume that the temperature dependence of Ca 2+- 
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dependent adhesion is associated with the mobil- 

ity of adhesion sites in plasma membranes. Pre- 

sumably, the components necessary for adhesion 

on one cell surface must move laterally to be 

coupled with complementary components on the 

surfaces of adjacent cells as discussed by several 

authors (8, 19, 28). In particular, if the adhesion 

requires a special arrangement of those compo- 

nents, such as cluster or patch formation, physio- 

logical temperatures would be absolutely neces- 

sary for that process, as shown in the case of 

lectin receptors or membrane antigens (5, 19). 

The fact that drugs known to interfere with the 

movement of such membrane components (cyto- 

chalasin B, colcemid, and tetracaine) hardly af- 

fected the Ca2§ adhesion does not 

seem to contradict the idea mentioned above, 

because these drugs do not necessarily inhibit the 
movement of membrane components (19). 

Therefore, it can be proposed that Ca 2+ is re- 

quired for maintaining a particular arrangement 

of junctional components or for activating these 

components to make them functional. The one- 

dimensional arrangement of cells in TC-cell ag- 

gregates can be elucidated by assuming that the 

adhesion sites are sparsely located on the cell 

surface, being regulated by the lateral movement 

of the components in the plasma membrane. The 

disordering of a unique arrangement of mem- 

brane particles in the tight junction by the re- 

moval of Ca 2+ from the medium has been re- 

cently reported (10). 

Iodination of intact cells revealed that cells 

with the Ca2+-dependent adhesiveness possess 

one radiolabeled component (150K protein), 

which was not found in nonadhesive TE-cells. 

Because it has been known that in the lactoper- 

oxidase-catalyzed iodination system only pro- 

teins located on the cell surface are labeled under 

proper conditions (13, 14, 30), this 150K protein 

is probably a cell surface component. This idea is 

consistent with the fact that the 150K protein can 

be removed from cells by trypsin. The origin of 

this protein appeared to be cell derived. When 
TE-cells were cultured in media containing se- 

rum with or without cycloheximide, the 150K 

protein was recovered only in the absence of this 

drug. If the 150K protein is serum or some other 

exogenous component adsorbed on the cell sur- 

face, both cells should have equally contained 

this protein, but this was not found. However, we 

can not rule out one possibility that the 150K 

protein is an exogenous material and that the 

protein synthesis inhibitor might have prevented 

the recovery of some cellular components which 

were required for the adsorption of this protein 

to the cell surface. 

An interesting property of the 150K protein is 

its ability to react to Ca2+; this protein was pro- 

tected by Ca 2+ against iodination as well as 

against trypsinization. This suggests that the 

150K protein undergoes conformational or posi- 
tional changes in the plasma membrane by react- 

ing to Ca .'+ , which lead to the modification of its 

susceptibility to both lactoperoxidase and tryp- 

sin. Thus, it can be assumed that this protein is 

involved in the Ca2+-dependent adhesion mecha- 

nism through such a property to react to Ca 2§ 

This idea is supported by the observation that the 

150K protein is the only component that distin- 

guishes between TC- and TE-cells, as far as stud- 

ied by the present technique, and is also consist- 

ent with the proposed role of Ca 2§ in the adhe- 

sion as discussed above. Rutishauser et al. (26) 

recently described a cell surface protein of a 

molecular weight of 150,000 which seems to be 

related to the adhesion activity of neural retina 

cells. Inasmuch as the adhesiveness of neural 

retina cells was protected by Ca 2§ against trypsin- 

ization (28) and because their aggregation de- 

pended on the presence of Ca 2§ (2, 31), both 

V79 and neural retina cells might have similar 

mechanisms for cell adhesion. Further studies, 

however, are necessary to confirm the impor- 

tance of the 150K protein and to test the possibil- 

ity of the existence of other components impor- 

tant for adhesion by using different techniques. 

In the present study, evidence has been pre- 

sented showing multiple adhesion mechanisms in 

one cell type. Presumably, each mechanism plays 

a different role in cell adhesion and contact. For 

example, the Ca2+-independent property may be 

important in preserving the cell's general adhe- 

siveness, whereas the Ca'~+-dependent adhesion 

sites might play a more dynamic role in cell 

behavior, such as regulation of contact inhibition 

of cell overlapping or of cell fusion which re- 

quires Ca 2+ (24). 
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