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ABSTRACT 

The binding of [125I]wheat germ agglutinin ([12zI]WGA) of high specific activity to 
Chinese hamster ovary (CHO) cells has been examined over a millionfold range 
of WGA concentrations and correlated with the phenomena of agglutination and 
capping by WGA. Analysis of the binding data by the method of Scatchard gives 
a complex curve indicative of positive cooperativity amongst high-affinity binding 
sites. Binding assays performed under conditions which inhibit capping and/or 
agglutination, such as low temperature or glutaraldehyde fixation, give similarly 
complex binding curves. Thus, the gross mobility of WGA receptors in the 
membrane does not appear to be responsible for the cooperative binding of WGA 
to C H O  cells. 
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The interaction of wheat germ agglutinin (WGA) 
with cell surfaces has been used extensively to 
follow structural changes in the plasma mem- 
branes of animal cells (see references 10 and 11). 
However, the interpretation of WGA-binding 
characteristics for intact cells is complex. Scat- 
chard analysis of the binding data for Chinese 
hamster ovary (CHO) cells over a millionfold 
range of WGA concentrations gives a curve indic- 
ative of a number of different WGA-binding sites 
and of positive cooperativity amongst the high- 
affinity sites (17, 18). These results are in general 
agreement with those of Cuatrecasas (6) who 
examined the binding of [125I]WGA to fat cells 
and suggest that simple descriptions of WGA 
binding to cells reported previously are due to the 
relatively small range of WGA concentrations 
investigated (1,4).  

The binding of WGA at the plasma membrane 
might be expected to be complicated, for a variety 
of reasons. First, sugars which are known to 
interact with WGA (7) are distributed amongst 
carbohydrate side chains of different sugar se- 
quences which, in turn, may be distributed 
amongst many different surface glycoprotein and 
glycolipid molecules (see references 8 and 15). 
Second, cells incubated with WGA become agglu- 
tinated and also exhibit "capping" of WGA recep- 
tors (see references 10 and 11). Both of these 
phenomena might be expected to contribute to 
interactions between different WGA-binding sites 
and/or to generate new binding sites. 

To define the various classes of WGA-binding 
sites on the cell membrane, it is important to 
determine the extent to which the mobility of 
membrane macromolecules contributes to the 
binding characteristics. Therefore, we have exam- 
ined WGA binding to CHO cells under conditions 
which inhibit agglutination between cells and/or 
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capping  of  W G A  recep to r s .  In this pape r ,  we  
p r e sen t  ev idence  tha t  the  m a j o r  b ind ing  charac ter -  
istics d i sp layed  by W G A  for  C H O  cells are  a 
ref lec t ion of  the  n u m b e r  and  types  of  dis t inct  
W G A - b i n d i n g  sites and  do no t  appea r  to arise 
f rom the  gross  mobil i ty  of  m e m b r a n e  c o m p o n e n t s .  

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

Materials 

WGA and bovine serum albumin (BSA) were ob- 
tained from Sigma Chemical Co. (St. Louis, Mo.); 
fluorescinated WGA (f l -WGA) from Miles Laborato- 
ries Inc., Miles Research Products (Elkhart, Ind.); ~zsI 
from Amersham (England); alpha medium from Kansas 
City Biological Co. (Kansas City, Mo.); fetal calf serum 
(FCS) from Flow Laboratories, Inc. (Rockville, Md.); 
Colcemid from Grand Island Biological Co. (Grand 
Island, N. Y.); and colchicine from Sigma Chemical Co. 
(GIcNAc)3 was a gift from Nicole Lacelle (University of 
Toronto, Toronto, Ontario, Canada); Traysylol (5) and 
phenylmethylsulfonylfluoride (PMSF) were gifts from 
Mark Pearson (University of Toronto). All other chem- 
icals were reagent grade. 

Methods 

CELL LINES; The CHO auxotrophic clones Pro-5 
(proline-requiring) and Gat-2 (glycine,adenosine,thy- 
midine-requiring) (16). Cells were cultured at 37~ in 
suspension in alpha medium containing 10% FCS as 
previously described (16, 18 ). 

PREPARATION OF [1251]WGA; WGA was dis- 
solved in phosphate-buffered saline (PBS), pH 7.2, at a 
concentration of 2-4 mg/ml determined from E2s0 a m  of 
15.0 (9) and stored at 4~ As described previously, 30 
p.g of WGA was iodinated via the chloramine-T method 
in the presence of dimethylsulfoxide to a sp act of - 1 2 -  
15 v.Ci/p.g (17, 18). 

BINDING ASSAY: Binding assays were performed 
as described previously in detail (17, 18). Briefly, cells 
from exponentially growing cultures were washed three 
times with PBS at 4~ counted, diluted, and incubated 
at room temperature for 1 h in an assay mixture contain- 
ing PBS, 2% BSA, unlabeled WGA, [~ I ]WGA 
(-3 ,000-50,000 cpm) and 5 x 105 cells in a final 
volume of 0.2 ml. Final WGA concentrations ranged 
from 103 to 109 pg/ml with each concentration being 
performed in duplicate. To ensure that [~2~I]WGA and 
unlabeled WGA possessed identical binding properties, 
tubes containing 104, I(P, 106, 10 r, and 10 s pg/ml final 
WGA concentrations were assayed at two different 
concentrations of [I~I]WGA. Unbound [~zsI]WGA was 
removed by filtration on GF/C glass fiber filters pre- 
soaked in 10% BSA for 2 h at room temperature. 
Reaction tubes before the addition of cells, washed 
filters, and washed tubes were counted on a Nuclear 
Chicago Autogamma counter (efficiency 41%; Nuclear- 

Chicago Corp., Des Plaines, I11.). The results were 
analyzed by the method of Scatchard (14) where r is the 
amount of WGA bound per cell (determined from the 
cpm bound per filter, the specific activity of the 
[lzsI]WGA, and the number of cells per assay tube) and 

A is the amount of free WGA (determined from the 
total cpm per assay tube, the cpm remaining per washed 
assay tube [which were assumed not to be available for 
the binding reaction], the cpm bound per filter and the 
specific activity of the [I~I]WGA). All of the WGA 
binding was taken to be specific because, over the entire 
concentration range, binding was at least 97% inhibited 
by 2 mM (GIcNAc)3. Also, binding to the filters was 
found to be 1-2% of the total cpm present over the 
entire W G A  concentration range and therefore consid- 
ered negligible. 

ANOMALOUS EFFECTS ON THE BINDING RE- 
SULTS: During the course of these studies, it became 
clear that the age of the [ ~ I ] W G A  preparation had a 
significant effect on the binding results. Not only were 
less cpm bound with older [1z~I]WGA preparations but 
also the characteristic shape of the binding curve was 
altered. It was shown that low molecular weight, lzsI- 
labeled material accumulated during storage at 4~ and 
that the released material did not bind to CHO cells. It 
seemed likely, therefore, that it consisted of either free 
~25I or inactive [~25I]WGA peptides. However, attempts 
to correct the binding data based on both of these 
models did not give rise to predicted values. Therefore, 
it seems probable that the [~z~I]WGA was itself partially 
inactivated and that an appropriate correction of the 
data would be complicated. These results indicate that it 
is preferable to use freshly prepared [~zq]WGA when 
quantitative comparisons are to be made. In some of the 
experiments reported here, where only qualitative com- 
parisons were to be made, older [~zsI]WGA preparations 
have been used. 

A second anomalous result concerns the finding that 
the Scatchard plots were altered when the number of 
cells used per assay tube was reduced. The predicted 
result in this situation (assuming simple equilibrium 
between cooperative sites) would be a shift in the 
calculated points for a given WGA concentration to 
higher r values with a concomitant change in the r/A 
values so that the points fell on a different part of the 
same curve. Instead, an entirely different curve was 
obtained when different numbers of cells were used. 
Various explanations of this phenomenon were investi- 
gated: (a) FCS (10% vol/vol) was shown not to be an 
inhibitor of the binding reaction; (b) binding was not 
stimulated by the presence of the protease inhibitors 
Traysylol (50 KIU/ml) or PMSF (10 -4 M); (c) the 
supernate from cells incubated under the conditions of 
the binding assay was shown to possess negligible inhibi- 
tory activity; and (d) it was shown by dilution that the 
filtration method used in the binding assay was accurate 
from 2.5 x 103 to 10 e cells per assay tube. Therefore, it 
would appear that while the cause of this cell number 
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affect remains unknown, binding comparisons between 
cell lines should always be performed using an identical 
number of cells per assay tube. 

G L U T A R A L D E H Y D E  F I X A T I O N :  Glutaraldehyde 
fixation of cells was performed similarly to the method 
described by Bornens et al. (3). Cells washed twice with 
cold PBS were resuspended at about 107 cells/ml in 
0.05% glutaraldehyde in PBS (in contrast to the 0.5% 
glutaraldehyde used in reference 3) and incubated at 4~ 
for 15 min. After centrifugation, the cell pellet was 
resuspended in 10 ml of 0.1 M lysine in PBS, re- 
centrifuged, and subsequently diluted with PBS for the 
binding assay. 

AGGLUTINATION: Agglutination was scored at 
each WGA concentration used in the binding assay by 
examining a 5-~.1 aliquot from each assay tube by phase- 
contrast microscopy. Samples were read "blind" and in 
random order to facilitate objective scoring of the degree 
of agglutination, which was taken from 0 (no cells in 
clumps) to 4 + (essentially all cells in large clumps). 

CAPPING: Capping experiments were performed 
as described by Aubin et al. (2). Briefly, cells growing as 
monolayers on glass cover slips were washed with cold 
PBS and incubated at 4~ with different concentrations 
of f l -WGA for 30 min. Unbound f l -WGA was subse- 
quently removed by washing with warm PBS, and the 
cells were incubated at 37~ After 30 min, the number 
of cells per field exhibiting fluorescent "caps" was scored 
using a fluorescence microscope and expressed as a 
percentage of the total cells per field. 
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R E S U L T S  

Scatchard plots for the binding of [12H]WGA to 
two C H O  auxotrophic  clones are shown in Fig. 1. 
In Fig. 1 A the binding data are plot ted using the 
convent ional  l inear scale for r as described previ- 
ously (17, 18). The  first part  of the curve shows 
highly positively cooperat ive binding occurring at 
low W G A  concentra t ions  while the latter part  of 
the curve is typical of e i ther  negatively cooperat ive 
binding or  the existence of several classes of sites 
with different binding affinities. We have previ- 
ously shown, by expanding the r scale at low r 
values, that  a plateau occurs in the binding curve 
at a round  1-2 fg W G A  bound  per  cell (18).  
However ,  this plateau is masked when the binding 
data for a millionfold range of W G A  concentra-  
t ions are plot ted against r on a l inear scale. A 
more adequa te  representa t ion  of all the binding 
data may be obta ined  on one graph by plott ing 
against logl0[r] as shown in Fig. 1 B.  This method  
clearly demonst ra tes  that  there are two maxima 
occurring in the positively cooperat ive region of 
the Scatchard,  a l though it deemphasizes  the data 
obta ined at high r values. However ,  the log plot 
provides a much bet ter  overall  description of the 
binding data.  

Agglut inat ion between cells and capping of 

WGA BINDING TO PARENTAL CELLS 
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FIGURE 1 Binding of [12H]WGA (--13 /zCi//xg; stored 3 days at 4~ to parental CHO cells Pro-5 (�9 
and Gat 2 ( I ) .  The data are plotted according to the method of Scatchard using the conventional linear 
scale for r (A) or plotting log10 [r] (B). Agglutination titers for Pro 5 (--)  and Gat-2 ( - - )  cells were 
determined at each WGA concentration and are also plotted against r (C) or log10 [r] (D). The upper 
nonlinear scales give the total amount of WGA present per reaction tube. 
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membrane macromolecules by WGA are welt- 
documented (see references 10 and 11). To deter- 
mine the WGA-binding parameters affected by 
these phenomena, it was necessary, first, to deter- 
mine how agglutination and capping correlate with 
the WGA-binding curve and secondly to examime 
WGA binding under conditions which inhibit ag- 
glutination and/or capping. The correlation be- 
tween WGA-induced agglutination and the bind- 
ing of WGA to CHO cells is shown in Fig. 1. 
Although there is some variability at low r values, 
agglutination between cells does not increase sig- 
nificantly above that observed for cells in PBS 
alone until - 0 . 5  pg of WGA is bound per cell 
(Fig. 1 D). Agglutination reaches a maximum at a 
WGA concentration of - 1 0  r pg/ml ( - 1 - 1 0  pg of 
WGA bound per cell) and subsequently declines 
at higher WGA concentrations. Maximum agglu- 
tination does not appear to correlate directly with 
the peak in positively cooperative binding but 
rather with the binding which occurs at higher 
WGA concentrations (Fig. 1 D). 

The correlation between capping by f l -WGA 
and WGA binding gave similar results. At concen- 
trations of f l -WGA below 106 pg/ml, cell-associ- 
ated fluorescence was not strong enough to clearly 
observe WGA binding or capping. Therefore, 
capping was investigated only over the concentra- 
tion range 106-108 pg/ml of f l -WGA. At 106 pg/ 
ml of f l -WGA, 50% CHO cells exhibited caps 
after 30 min at 37~ at 8 • 106 pg/ml of f l -WGA, 
99% of the cells were capped; and at 108 pg/ml of 
f l -WGA, the number of capped cells was reduced 
again to 50%. Thus, capping of WGA receptors 
in CHO cells shows a dependence on WGA 
concentration similar to that observed for aggluti- 
nation. Both phenomena are inhibited at high 
WGA concentrations. 

To define conditions under which either agglu- 
tination and/or capping are inhibited, the effects 
on these phenomena of temperature and brief 
glutaraldehyde fixation were examined. Capping 
of CHO cells by WGA was found to be maximal 
at 37~ and not to occur at 4~ In fact, at 4~ 
f l -WGA is seen as a ring around the cell and 
neither patches nor caps are observed. Glutaral- 
dehyde fixation also inhibited cap and patch for- 
mation (at 107 pg/ml of WGA). Cells under these 
assay conditions become brightly fluorescent over 
the entire surface. The effects of these assay 
conditions on agglutination are shown in Fig. 2. 
No significant effect was observed on agglutina- 
tion when the assays were performed at 37 ~ or 
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FIGURE 2 Agglutination titers of Pro-5 cells incubated 
with WGA (103 to 10 ~ pg/ml) at (A) room tempera- 
ture ( - )  and 37~ (--) ;  (B) room temperature ( - )  and 
4~ (--);  (C) room temperature, untreated control 
( - )  and room temperature, 0.05% glutaraldehyde- 
treated (- -). The data are plotted against log10 Jr] where 
r is the amount of [I~5I]WGA bound per cell at each 
WGA concentration examined. 

4~ However, agglutination was abolished by 
prior fixation of the cells with glutaraldehyde. 

Having established conditions under which (a) 
both agglutination and capping occur (37~ (b) 
both agglutination and capping are inhibited (glu- 
taraldehyde fixation), and (c) agglutination occurs 
while capping is inhibited (4~ it was possible to 
determine whether these phenomena contributed 
significantly to the complex binding parameters 
described in Fig. 1. The effects of temperature 
and glutaraldehyde on the binding of [~I ]WGA 
to CHO cells are shown in Fig. 3. At 37~ where 
both agglutination and capping occur, no signifi- 
cant alteration in the Scatchard plot was observed, 
compared with that obtained with cells incubated 
at room temperature. Also, at 4~ where capping 
is inhibited but agglutination occurs, the shape of 
the Scatchard plot was essentially identical to that 
obtained at room temperature. Thus, none of the 
major binding parameters are altered under con- 
ditions where capping of WGA receptors is in- 
hibited. Finally, when both agglutination and cap- 
ping were inhibited by glutaraldehyde fixation, 
the major features of the binding curve were 
preserved although increased WGA binding oc- 
curred over a small range of WGA concentrations 
(Fig. 3). Thus, it would appear that neither agglu- 
tination nor capping is responsible for the posi- 
tively cooperative binding of [~ I ]WGA to CHO 
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FIOURE 3 The effect o f  temperature and g]utaralde- 
hyde on the binding of WGA to CliO cells. (A) Binding 
of [~2q]WGA ( -5  /~Ci//Lg; stored 8 days at 4~ to 
Pro-5 cells incubated at 37~ (O) or room temperature 
(O); (B) binding of p2q]WGA (--3.2/xCi//xg; stored 30 
days at 4~ to Pro 5 cells incubated at 4~ (O) or room 
temperature (O); (C) binding of p2qJWGA ( -14  /~Ci/ 
/~g; stored 1 day at 4~ to untreated (O) and glutaral- 
dehyde-treated (O) Pro-5 cells at room temperature. 

cells. Secondly, the inhibition of gross receptor 
mobility does not appear to affect the latter part 
of the Scatchard p l o t - t h e  region which corre- 
sponds to W G A  concentrations which give rise to 
agglutination and capping. 

DISCUSSION 
The complex binding of W G A  to CHO cells has 

previously been reported from this laboratory (17, 
18). The binding curve is characterized by exten- 
sive positive cooperativity (concave downward 
Scatchard plot) at low degrees of saturation and 
concave upward behavior at high degrees of satu- 
ration. In the present study, we have investigated 
two phenomena in particular which might contrib- 
ute to the cooperative binding behavior: WGA-  
induced agglutination between cells and/or cap- 
ping of W G A  surface receptors. We have shown 
that, at 4~ when capping is inhibited but agglu- 
tination still occurs, the binding curve is not 
significantly altered, suggesting that none of the 
major binding characteristics arise from cap for- 
mation. Similarly, the inhibition of both cap for- 
mation and agglutination between cells in glutar- 
aldehyde-fixed cells did not result in changing the 
major features of the binding curve. Clearly, 
glutaraldehyde fixation does alter the binding 
curve over a certain W G A  concentration range 
(Fig. 3). However, this alteration does not appear 
to correspond to a loss in positive cooperativity. 
Thus, it would appear that the positive cooperativ- 
ity exhibited by W G A  in binding to CHO cells 
does not arise from the gross aggregation of 
membrane components which result in agglutina- 
tion and capping by WGA.  However, the positive 
cooperativity may arise from more localized clus- 
tering of W G A  receptors not observable by these 
assays and not inhibited by low temperature or 
glutaraldehyde fixation. 

Other factors which may account for certain of 
the WGA-binding characteristics are heterogene- 
ity amongst the lectin population and/or amongst 
the cell population. Isolectins of W G A  have been 
reported (13), and the preparation of W G A  used 
in these studies was a mixture of these isolectins. 
However, we have shown that purified isolectins 
WGA-I  and WGA-I I  exhibit essentially identical 
binding to CHO cells compared with the W G A  
preparation used here (Lacelle et al., manuscript 
in preparation). Heterogeneity amongst the cell 
population might be expected to arise due to the 
cells being in different stages of the cell cycle. 
W G A  has been shown to bind differentially to 
cells containing metaphase chromosomes if they 
are not derived by colchicine blockade (12). How- 
ever, since mitotic cells represent only 2% of the 
cells in exponential growth (P. Stanley, unpub- 
lished observation), the major characteristics of 
the binding curve probably reflect the binding 
properties of the majority of the cells in the 
population. 
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We conclude that the cooperativity in the bind- 
ing data presented in Fig. 1 is not generated from 
interactions between WGA-binding sites which 
require gross receptor aggregation. Thus, it is 
conceivable that the positive cooperativity ob- 
served may be an intrinsic property of the WGA- 
receptor interaction for particular classes of bind- 
ing sites. This possibility is currently being ex- 
plored via mathematical analysis of the binding 
properties of parental CHO cells and Wga a mu- 
tants which have lost certain WGA-binding sites 
(18). 
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