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ABSTRACT: We have previously shown that certain oligomannose and bisected hybrid type glycopeptides 
are  bivalent for binding to concanavalin A (Con A) [Bhattacharyya, L., Ceccarini, C., Lorenzoni, P., & 
Brewer, C. F. (1987) J. Biol. Chem. 262, 1288-12931. Each glycopeptide gives a quantitative precipitation 
profile with the protein which consists of a single peak that corresponds to the binding stoichiometry of 
glycopeptide to protein monomer (1:2). We  have shown that the affinities of the primary and secondary 
sites of the glycopeptides influence their extent of precipitation with the lectin [Bhattacharyya, L., & Brewer, 
C. F. (1988) Eur. J. Biochem. (in press)]. In the present study, we demonstrate that equimolar mixtures 
of any two of the glycopeptides result in a quantitative precipitation profile which shows two protein peaks. 
Using radiolabeled glycopeptides, the precipitation profiles of the individual glycopeptides were determined. 
The results show that each glycopeptide forms its own precipitation profile with the protein which is 
independent of the profile of the other glycopeptide. For mixtures containing an equimolar ratio of two 
glycopeptides, the glycopeptide with lower affinity shows a precipitation maximum at a lower concentration 
than the one with higher affinity. However, this can be reversed by increasing the ratio of the lower affinity 
glycopeptide in the mixture. Thus, the relative precipitation maxima of the glycopeptides are determined 
by mass-action equilibria involving competitive binding of the two carbohydrates to the protein. These 
equilibria, in turn, are  sensitive to the relative amounts and affinities of the carbohydrates a t  both their 
primary and secondary sites. These findings indicate that each glycopeptide forms a unique homogeneous 
cross-linked lattice with the lectin which excludes the lattice of another glycopeptide in a mixture. The 
results are discussed in terms of the structure-function properties of asparagine-linked carbohydrates and 
lectins, as well as other multivalent binding systems. 

%e oligosaccharide chains of glycoproteins and glycolipids 
have been implicated as receptors in cellular recognition 
processes (Lennarz, 1980; Monsigny, 1984; Brandley & 
Schnaar, 1986). Asparagine-linked (N-linked) oligo- 
saccharides constitute one class of oligosaccharide chains 
associated with glycoproteins (Kobata, 1984; Kornfeld & 
Kornfeld, 1985). Recently, we have shown that many of the 
N-linked oligosaccharides possess multivalent binding activities. 
For example, bi-, tri-, and tetraantennary complex type N- 
linked carbohydrates are bi-, tri-, and tetravalent for binding 
a variety of D-galactose- and L-fucose-specific lectins (Bhat- 
tacharyya et al., 1988a,b). We have also demonstrated that 
certain N-linked oligomannose and bisected hybrid type gly- 
copeptides are bivalent for the glucose/mannose-specific lectin 
concanavalin A (Con A)' and that they can bind and pre- 
cipitate the protein (Bhattacharyya et al., 1987a,b). The two 
Con A binding sites in the glycopeptides were located on the 
a( 1-6) and a( 1-3) arms of the core @-mannose residue, re- 
spectively. The site on the a( 1-6) arm was identified as the 
high-affinity or primary site and the site on the a( 1-3) arm 
as the low-affinity or secondary site (Bhattacharyya et al., 
1987a). 

Recently, we have shown that the affinities of the primary 
and secondary sites of certain oligomannose and bisected 
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hybrid type glycopeptides influence their extent of precipitation 
of Con A (Bhattacharyya & Brewer, 1988). In the present 
paper, we show that in the presence of two such glycopeptides 
Con A forms homogeneous aggregates with each carbohydrate. 
These findings are discussed in terms of the structurefunction 
properties of N-linked carbohydrates and lectins, as well as 
other multivalent systems. 

MATERIALS AND METHODS 
Materials. Con A was purchased from Miles-Yeda. The 

concentration of Con A was determined spectrophotometrically 
at pH 5.6 with an absorbance A1%*lg" = 12.4 at 280 nm (Yariv 
et al., 1968) and expressed in terms of the monomer, M, 26 OOO 
(Wang et al., 1971). Glycopeptide 2 was obtained as a gift 
from Dr. Annette Herscovics, and 3, 4, and 5 were kindly 
provided by Dr. William Chaney. Soybean lectin was purified 
as described previously (Bhattacharyya et al., 1988a). Oli- 
gomannose-type glycopeptide 1 was prepared from soybean 
lectin by Pronase digestion of the lectin (Lis & Sharon, 1978). 
The purity of each glycopeptide was checked by high-resolution 
'H NMR at 500 MHz (Vliegenthart et al., 1983). Concen- 
trations of glycopeptides were measured by the phenolsulfuric 
acid method (Dubois et al., 1956) using D-mannose as 
standard. Monosaccharides were obtained from Sigma 
Chemical Co. 

Radiolabeling of Glycopeptides. The glycopeptides were 
radiolabeled with 3H or 14C by reductive methylation by 
modification of a previously described procedure (Means & 
Feeney, 1968). About 3-4 mg of each glycopeptide was 

' Abbreviations: Con A, concanavalin A with unspecified metal ion 
content; NMR, nuclear magnetic resonance. 
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Table I: Estimated Affinities (Kd) of the Primary and Secondary 
Binding Sites of the Glycopeptideso 

Kd values 
glycopeptides primary sites secondary sites 

1' 50 nM 5 PM 
2' 150 nM 5 PM 
3b 1.5 pM 30 pM 
46 1.5 pM 150 pM 
S b  1.5 pM 15 pM 

O From Bhattacharyya and Brewer (1988). From Bhattacharyya et 
al. (1987a). 

dissolved in 200 pL of 0.1 M sodium borate (pH 9.3) con- 
taining sodium borohydride (5 mg/mL), and 20 pL of ra- 
diolabeled (3H or 14C) formaldehyde (2% v/v in water) was 
added at 10-min intervals over a total period of 1 h. The 
glycopeptides were desalted on a 0.9 X 90 cm Sephadex G-25 
column equilibrated in 10 mM acetic acid (pH 3.2) and lyo- 
philized before use. [3H]- and [I4C]formaldehydes were ob- 
tained from New England Nuclear (25 mCi/mmol) and Sigma 
Chemical Co. (10 mCi/mmol), respectively, and were diluted 
1 00-fold with cold formaldehyde solutions. 

Quantitative Precipitation Assays. The assays were per- 
formed in 0.1 M Tris-HC1 buffer, pH 7.2, containing 0.9 M 
KCl, 1 mM Mn2+, and 1 mM Ca2+. Increasing amounts of 
a mixture of two glycopeptides in the appropriate ratio were 
taken in a series of tubes, and buffer was added to make a final 
volume of 200 wL. Two hundred microliters of Con A solution 
(approximately 4 mg/mL) was added in each tube, and the 
precipitation was allowed to continue for about 20 h at 22 OC, 
after which time equilibrium was attained. The supernatant 
was centrifuged off. The precipitates were washed twice with 
100 pL of cold buffer and dissolved in 0.1 M methyl a - ~ -  
mannopyranoside to a final volume of 1 mL. The resulting 
solutions were analyzed for protein concentration as well as 
for radioactivity. 

Hemagglutination Inhibition Assays. The assays were done 
at  room temperature by the 2-fold serial dilution technique 
(Osawa & Matsumoto, 1972) in 10 mM Tris-HC1 buffer, pH 
7.2, containing 0.15 M NaCl, 1 mM MnC12, and 1 mM CaC12, 
using a 3% (v/v) suspension of rabbit erythrocytes. 

RESULTS 
Hemagglutination Inhibition Assays. The results of in- 

hibition studies show that the N-dimethylated glycopeptides 
are essentially as inhibitory as the respective parent glyco- 
peptides (Bhattacharyya et al., 1987a; Bhattacharyya & 
Brewer, 1988). 

The inhibitory concentrations of the carbohydrates show a 
linear relationship with their affinity constant values (Kd)  for 
Con A [cf. Loontiens et al. (1975)l. Thus, Kd values of the 
glycopeptides were calculated from the hemagglutination in- 
hibition data and are listed in Table I (Bhattacharyya et al., 
1987a; Bhattacharyya & Brewer, 1988). 

Properties of Radiolabeled Glycopeptides. In order to 
follow the precipitation profiles of individual glycopeptides with 
Con A in a solution containing two glycopeptides, individual 
carbohydrates were radiolabeled with [3H]- or [I4C]form- 
aldehyde by reductive alkylation (Means & Feeney, 1968). 
'H NMR analysis at 500 MHz showed that the procedure 
leads to dimethylation of the free amino group of the aspar- 
agine residue of the glycopeptides. 

Quantitative precipitation assays with Con A and an 
equimolar mixture of any one of the glycopeptides in Figure 
1 and the corresponding radiolabeled N-dimethylated deriv- 
ative give a single peak in each case. The results for glyco- 
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FIGURE 1: Structures of the oligomannose-type glycopeptides 1-4 and 
bisected hybrid type glycopeptide 5. 
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FIGURE 2: Precipitation profile of Con A (0) in the presence of a 
50:50 mixture of glycopeptide 5 and the corresponding I4C-di- 
methylated glycopeptide and cpm of the radiolabeled glycopeptide 
(a) in the precipitate. The protein concentration was 76 pM. 

peptide 5 and the corresponding radiolabeled 14C-dimethylated 
derivative are shown in Figure 2. The profiles of percent Con 
A precipitated and cpm of the glycopeptide in the precipitates 
are similar in each case. The ratios of the total glycopeptide 
concentration to the concentration of Con A monomer at  the 
maxima of the precipitation profiles [which gives the stoi- 
chiometry of the reaction (Kabat, 1976)] are 1:2.0, 1:1.8, 1:2.0, 
and 1:1.8 for 1, 3, 4, and 5, at protein concentrations of 74, 
76, 176, and 76 pM, respectively, which agree with the results 
for the underivatized glycopeptides (Bhattacharyya et al., 
1987a; Bhattacharyya & Brewer, 1988). Similar results were 
found for glycopeptide 2 (Bhattacharyya & Brewer, 1988). 
These results were also found for 70:30 ratios of the underi- 
vatized and radiolabeled glycopeptides. Under these condi- 
tions, the shapes of the profiles of percent Con A precipitated 
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FIGURE 3: Preci itation profile of Con A (0) in the presence of a 

glycopeptide 5. The cpm of 3 (0) and 5 (0) in the precipitates are 
also shown. The protein concentration was 77 pM. 
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FIGURE 4: cpm in the precipitation profile of Con A with (a) 80:20, 
(b) 5050, and (c) 30:70 mixtures of I4C-dimethylated glycopeptide 
5 (0) and 3H-dimethylated glycopeptide 3 (e), respectively. The 
protein concentrations were 70, 77, and 73 pM, respectively. 

were the same as those with the 5050 ratios. In addition, the 
affinity of each N-dimethylated glycopeptide is similar to that 
of the native glycopeptide (Table I). Thus, the affinities and 
precipitation activities of the N-dimethylated glycopeptides 
are essentially the same as those of the parent glycopeptides. 

Precipitation of Con A by Mixtures of Radiolabeled N- 
Dimethylated Glycopeptides. Figure 3 shows the quantitative 
precipitation profile of Con A in the presence of an equimolar 
mixture of radiolabeled glycopeptides 3 and 5 and the counts 
of each glycopeptide in the precipitate. The cpm values are 
corrected to reflect the relative amounts of both glycopeptides 
in the precipitate. Two protein peaks are observed, with ratios 
of the total concentration of the glycopeptides to protein of 
1 : 1.4 and 1: 1 .O at the first and second peaks, respectively. The 
radioactivity profiles show that the precipitation maximum 
for 5 corresponds with the first protein peak while that for 3 
corresponds with the second protein peak. Figure 4 shows the 
profiles of the counts of the two glycopeptides in the precip- 
itates with different ratios of the two carbohydrates. The 
concentrations of protein are similar in all three profiles. At 
a 5050 ratio (Figure 4b), maximum precipitation of 5 occurs 
at a concentration of 28 pM and that for 3 at 37 pM, with 
the former precipitating less protein than the latter. At a 30:70 

b l o l  Concentrot ion o f  Clycopept ide (p .Y  1 

FIGURE 5: Preci itation profile of Con A (0) in the presence of a 
50:50 mixture of k-dimethylated glycopeptide 4 and )H-dimethylated 
glycopeptide 1. The cpm of 4 (0) and 1 (0) in the precipitates are 
also shown. The protein concentration was 78 MM. 
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FIGURE 6:  cpm in the precipitation profile of Con A with (a) 80:20, 
(b) 70:30, and (c) 50:50 mixtures of I4C-dimethylated glycopeptide 
4 (0 )  and 3H-dimethylated glycopeptide 1 (O), respectively. The 
protein concentrations were 68, 75, and 78 pM, respectively. 

ratio of 5 to 3 (Figure 4c), the precipitation maximum of 5 
occurs at a glycopeptide concentration of 12 pM and that for 
3 at 37 pM, with the amount of precipitate formed by 5 much 
less than that formed by 3. However, at 80:20 ratio of 5 to 
3 (Figure 4a), the precipitation maximum of 3 occurs at a 
glycopeptide concentration of 11 pM and that for 5 at 40 pM, 
with the former precipitating much less protein than the latter. 

Figure 5 shows the quantitative precipitation profile of Con 
A in the presence of an equimolar mixture of radiolabeled 
glycopeptides 1 and 4 and the counts of each glycopeptide in 
the precipitate. The cpm values are corrected to reflect the 
relative amounts of both glycopeptides in the precipitate. Two 
protein peaks are observed, with ratios of the total concen- 
trations of the glycopeptides to protein of 1: 1.5 and 1 : 1 at the 
first and second peaks, respectively. The radioactivity profiles 
show that the precipitation maximum of 4 corresponds with 
the first peak of Con A and that of 1 corresponds with the 
second protein peak. Figure 6 shows the precipitation profiles 
of the two glycopeptides with different ratios of the two car- 
bohydrates. The concentrations of protein are similar in all 
three profiles. At a 50:50 ratio (Figure 6c), maximum pre- 
cipitation of 4 occurs at a concentration of the glycopeptide 
of 27 pM, while maximum precipitation of 1 occurs at 40 pM. 
Under these conditions, 4 precipitates less protein than 1. 
However, at a 70:30 ratio of 4 to 1 (Figure 6b), glycopeptide 
1 exhibits maximum precipitation at 27 pM and 4 shows 
maximum precipitation at  38 pM, with both glycopeptides 
precipitating about the same amount of protein. At an 80:20 
ratio of 4 to 1 (Figure 6a), the point of maximum precipitation 
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FIGURE 7: Preci itation profile of Con A (0) in the presence of a 

glycopeptide 5. The cpm of 4 (0) and 5 (0) in the precipitates are 
also shown. The protein concentration was 127 pM. 

of 1 occurs at a glycopeptide concentration of 15 pM and that 
for 4 occurs at  33 pM, with 1 precipitating much less protein 
than 4. 

Figure 7 shows the quantitative precipitation profile of Con 
A in the presence of an equimolar mixture of radiolabeled 
glycopeptides 4 and 5 and the counts of each glycopeptide in 
the precipitate. The cpm values are corrected to reflect the 
relative amounts of both glycopeptides in the precipitate. Two 
closely spaced protein peaks are observed, with ratios of the 
total concentration of the two glycopeptides to protein of 1:1.8 
and 1:1.5 at  the first and second peaks, respectively. The 
radioactivity profiles show that the precipitation maximum 
of 4 corresponds to the first protein peak while that for 5 
corresponds to the second protein peak. 

The quantitative precipitation profile of Con A (71 pM) in 
the presence of an equimolar mixture of glycopeptides 1 and 
2 shows two closely spaced protein peaks (similar to that in 
Figure 7) with the ratios of the total concentration of the two 
glycopeptides to protein of 1:2.1 and 1:1.5 at  the first and 
second peaks, respectively (profiles not shown). The radio- 
activity profiles show that the precipitation maximum for 2 
corresponds to the first protein peak, while that for 1 corre- 
sponds to the second protein peak. 

Quantitative precipitation studies with 80:20, 50:50, and 
30:70 mixtures of 4 and 5 and of 2 and 1 show radioactivity 
precipitation profiles similar to those in panels a-c of Figure 
4, respectively (data not shown). 

The quantitative precipitation profile of Con A (77 pM) in 
the presence of an equimolar mixture of glycopeptides 1 and 
5 shows two well-separated protein peaks (as in Figure 5). The 
radioactivity profiles show that the precipitation maximum 
for 5 occurs at a total glycopeptide concentration of 56 pLM 
which corresponds with the first protein peak and that the 
precipitation maximum for 1 occurs at  90 pM, which corre- 
sponds with the second protein peak (profiles not shown). 

DISCUSSION 
Glycopeptides 1-5 have previously been shown to be. bivalent 

for Con A binding, and each gives a quantitative precipitation 
profile with the protein that consists of a single peak (equiv- 
alence point) corresponding to the binding stoichiometry of 
glycopeptide to protein monomer (1:2) (Bhattacharyya et al., 
1987a; Bhattacharyya & Brewer, 1988). (In each case, the 
profile is similar to the protein profile in Figure 2.) The present 
results provide evidence that each glycopeptide forms a unique 
homogeneous cross-linked lattice with the protein in the pre- 
cipitates. 

Quantitative Precipitation Profiles of Con A in the Presence 
of Equimolar Concentrations of Two Glycopeptides. The 
quantiative precipitation profile of Con A in the presence of 
an equimolar mixture of any two of the glycopeptides in Figure 
1 shows two peaks for the percent protein precipitated. The 
presence of two distinct protein peaks indicates that each 

5050 mixture of P %-dimethylated glycopeptide 4 and 3H-dimethylated 

glycopeptide forms a homogeneous cross-linked lattice with 
the lectin. However, in order to gain further insight into the 
precipitation profiles, radiolabeled glycopeptides were used in 
order to monitor the precipitation activities of the individual 
glycopeptides. 

Radiolabeled glycopeptides 3 (3H) and 5 (14C) bind nearly 
equally well to the protein (Table I) due to their common 
primary binding sites [the trimannosyl moiety on the core 
a(l-6) arm (Brewer & Bhattacharyya, 1986)l. However, the 
precipitation profile of the protein in the presence of an 
equimolar mixture of the two radiolabeled glycopeptides shows 
two peaks (Figure 3), as observed with the unlabeled glyco- 
peptides (data not shown). In addition, the ratio of total 
glycopeptide (obtained from their respective specific activities) 
to protein monomer in the precipitates across the entire profile 
is close to 1:2, as found in the individual precipitation profiles 
of the glycopeptides (Bhattacharyya et al., 1987a; Bhatta- 
charyya & Brewer, 1988). The presence of different precip- 
itation maxima for the two glycopeptides, which correspond 
to the two protein peaks, and different precipitation profiles 
is consistent with the formation of an independent homoge- 
neous lattice for each carbohydrate. Similar results were 
obtained with equimolar mixtures of glycopeptides 1 and 4, 
4 and 5,  1 and 5, and 1 and 2. The results also show that, in 
every case, the weaker binding glycopeptide displays a pre- 
cipitation maximum at a lower glycopeptide concentration than 
that of the higher affinity glycopeptide. In order to determine 
the factors that influence the concentration dependence of the 
precipitation maxima of the glycopeptides, the precipitation 
reactions were performed with altered ratios of the carbohy- 
drates. 

Effects of Altered Ratios of the Glycopeptides on Their 
Precipitation Profiles. When an equimolar ratio of glyco- 
peptides 3 and 5 is used in a precipitation profile (Figure 4b), 
the precipitation maximum of 5 occurs at a lower concentration 
than that of 3. However, when the ratio of 5 to 3 is 80:20, 
the precipitation maximum of 3 shifts to a lower glycopeptide 
concentration, while that for 5 shifts to higher concentration 
(Figure 4a). When the ratio of 5 to 3 is 30:70, the precipitation 
maximum of glycopeptide 5 shifts to a lower concentration, 
while that for 3 shifts to a higher relative concentration (Figure 
4c). The amount of the glycopeptides precipitated at their 
respective precipitation maxima also changes in relation to the 
relative ratios of the two carbohydrates. Thus, although the 
two exhibit separate precipitation profiles, the precipitation 
maximum of each glycopeptide is sensitive to the relative ratio 
of the two carbohydrates. 

These results suggest that the relative positions of the 
precipitation maxima of the glycopeptides are determined by 
mass-action equilibria which arise from competitive binding 
of the two carbohydrates to the protein. Competitive binding 
of one glycopeptide effectively lowers the concentration of 
protein available to bind to the other glycopeptide. Since the 
intrinsic ratio of carbohydrate to protein in the precipitate of 
an individual glycopeptide is always 1:2 (or close) (Bhatta- 
charyya et al., 1987a; Bhattacharyya & Brewer, 1988), low- 
ering the available protein concentration shifts the position 
of the precipitation maximum of a glycopeptide to lower 
concentration. Thus, by raising the concentration of glyco- 
peptide 5 relative to 3 in each sample, 5 binds to more protein 
than 3. Hence, the precipitation maximum of 3 shifts to a 
lower concentration (Figure 4a), and the apparent equivalence 
ratio of 3 to total protein concentration (1 :6.4) reflects the loss 
of protein available to bind to the glycopeptide. (If the 
available protein concentration drops, then the carbohydrate 
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lectin (Table I) (Bhattacharyya et al., 1987a). The difference 
in the behavior of mixtures of 1 and 4 is due to the relatively 
weak binding of 4 compared to 1, which requires a much 
greater proportion of 4 in the mixture to reverse the order of 
the precipitation maxima of the two glycopeptides. 

These results demonstrate that differences in the affinities 
of the glycopeptides at their primary and secondary binding 
sites, as well as differences in the ratios of the glycopeptides, 
determine the order of the precipitation maxima in the pre- 
cipitation profiles. 

Analysis of the Precipitation Profile of the Protein: Evi- 
dence for  the Formation of Homogeneous Precipitates. The 
precipitation profile of Con A with a glycopeptide mixture is 
a result of titrating the binding sites of the protein with in- 
creasing concentrations of two glycopeptides. Consider, for 
example, the precipitation profile of Con A (78 pM) in the 
presence of an equimolar mixture of 1 and 4 (Figure 5). At 
low concentrations of the two carbohydrates, an excess of 
protein binding sites exists which essentially allows an equal 
number of complexes to be formed between both glycopeptides 
and the lectin. This continues until all of the protein sites are 
occupied by the primary and secondary binding sites of the 
carbohydrates (54 pM), with both glycopeptides showing 
nearly equal amounts of precipitate due to the formation of 
2:4 glycopeptide/protein (monomer) complexes (the protein 
is a tetramer under these conditions). Furthermore, under 
these conditions, most of the protein is precipitated (85%). The 
presence of homogeneous or heterogeneous lattices between 
the glycopeptides and protein cannot be distinguished up to 
this point in the profile. However, beyond this point, the two 
possibilities can be distinguished. Further increase in the 
concentration of both glycopeptides leads to their competitive 
binding, with the higher affinity carbohydrate displacing the 
lower affinity one, which may be represented by the equilib- 
rium 

concentration must drop to maintain the fixed 1:2 ratio in the 
precipitate.) When the ratio of the two glycopeptides is re- 
versed, the opposite occurs, as is shown in Figure 4c. Similar 
results are observed for mixtures of 1 and 4, 4 and 5, and 1 
and 2. 

Effect of the Affinities of the Glycopeptides on Their 
Relative Precipitation Maxima. The observation of mass- 
action effects on the relative positions of the precipitation 
maxima of the glycopeptides suggest that the relative affinities 
of the glycopeptides are important in this regard. The order 
of the precipitation maxima of the glycopeptides in equimolar 
mixtures can thus be explained by their relative affinities for 
the protein. For example, in the equimolar mixture of 1 and 
4, the precipitation maximum of 4 corresponds to the first 
protein peak while that for 1 corresponds to the second peak 
(Figure 5). Bhattacharyya and Brewer (1988) have shown 
that the primary site of 1, the pentamannosyl moiety on the 
core a( 1-6) arm, has higher affinity for the protein by a factor 
of 30 compared to the primary site of 4, the trimannosyl moiety 
(Table I). Glycopeptide 1 also has higher affinity at its sec- 
ondary site [the trimannosyl moiety on the core a(1-3) arm] 
by a factor of approximately 20 compared to the a-mannosyl 
moiety at the same position of 4 (Table I) (Bhattacharyya & 
Brewer, 1988). Thus, glycopeptide 1 binds to more protein 
in solution than 4, which reduces the effective concentration 
of Con A available to bind to the latter. Hence, the precip- 
itation maximum of 4 occurs at a lower carbohydrate con- 
centration than that of 1 (details discussed below). The large 
difference in affinities of the two glycopeptides results in a 
large separation of the precipitation maxima of the two car- 
bohydrates (Figure 5). This is also true for 1 and 5. However, 
when differences in affinities of the primary and secondary 
sites are smaller, such as for 1 and 2 [a factor of 3 higher 
affinity of the primary site of 1 (Table I)], the separation of 
the precipitation maxima of the glycopeptides is smaller. 

These findings also suggest why the precipitation maximum 
of 5 occurs at  a lower concentration than that of 3 in the 
presence of an equimolar mixture of the glycopeptides (Figure 
4b). Although the primary high-affinity sites of the two 
glycopeptides are the same [the trimannosyl moiety on the 
a( 1-6) arms], the secondary binding site of 3 [the mannobiosyl 
moiety on the a( 1-3) arm] possesses a factor of approximately 
3 higher affinity than the secondary site of 5 [the N-acetyl- 
glucosaminylmannosyl moiety on the a( 1-3) arm] (Bhatta- 
charyya et al., 1987a; Bhattacharyya & Brewer, 1988). Thus, 
the precipitation maximum of 5 occurs at a lower concentration 
than that of 3, because of the lower affinity of the secondary 
site of the former. The lower affinity of the secondary site 
of 4 [the a-mannosyl residue on the a(1-3) arm] compared 
to 5 (Bhattacharyya et al., 1987a; Bhattacharyya & Brewer, 
1988) also explains the occurrence of the precipitation max- 
imum of 4 at a lower concentration in an equimolar mixture 
(Figure 7). 

Differences in the affinities of the glycopeptides also in- 
fluence their relative precipitation maxima in altered ratio 
experiments. For example, in the precipitation profiles of 
mixtures of glycopeptides 1 and 4, which have large differences 
in the affinities of their primary and secondary sites (factors 
of 30 and 20, respectively) (Bhattacharyya & Brewer, 1988), 
increasing the ratio of 4 to 1 to 70:30 (Figure 6b) and 80:20 
(Figure 6a) reverses the order of the precipitation maxima of 
the two glycopeptides from that in the 50:50 mixture (Figure 
6c). However, the extent of separation is not as dramatic as 
similar changes between pairs of glycopeptides such as 3 and 
5 (Figure 4) and 4 and 5, which have close affinities for the 

where H, L, and P represent high- and low-affinity glyco- 
peptides and the lectin monomer, respectively. Previous results 
indicate that both L2P4 and H2P4 (2:4 homogeneous complexes 
between the glycopeptides and the lectin) form precipitates 
(Bhattacharyya et al., 1987a; Bhattacharyya & Brewer, 1988). 
Thus, with increasing concentration of total glycopeptide 
beyond 54 pM, the proportion of heterogeneous complexes of 
1 and 4 (HLP,) increases. If HLP, also precipitates, then its 
formation would not decrease the total amount of precipitated 
protein. However, as observed, the amount of precipitated 
protein declines at this point in the profile. This indicates that 
the formation of heterogeneous complexes in a 2:4 ratio of the 
two glycopeptides and the protein (HLP,) leads to soluble 
complexes. The precipitates themselves, therefore, must be 
exclusively composed of homogeneous complexes with the 
glycopeptides. 

The decrease in percent protein precipitated above 54 pM 
total glycopeptide in Figure 5 is thus due, in part, to conversion 
of the homogeneous precipitates of 4 to soluble heterogeneous 
complexes of 1 and 4. A second mechanism involving for- 
mation of soluble 3:4 and 4:4 complexes between 4 and the 
protein also contributes to the decrease in the precipitation 
of 4. A combination of these two pathways, which decreases 
the amount of protein precipitated by 4, offsets the increase 
by 1. At a total glycopeptide concentration of approximately 
67 WM, however, the percent protein precipitated increases as 
the extent of precipitate formed by 1 offsets the decrease due 
to 4. Precipitation by glycopeptide 1 rises until it forms a 
maximum of 2:4 complexes with the protein, after which 
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soluble complexes of 1 are formed in 3:4 and 4:4 ratios. 

CONCLUSIONS 
The present results demonstrate that a variety of bivalent 

oligomannose and bisected hybrid type glycopeptides form 
homogeneous aggregates with the lectin. The homogeneous 
nature of the precipitates appears to be due to the unique 
cross-linked lattice of each complex, which can be compared 
to selective crystallization of solutes from solutions. In any 
case, in the presence of mixtures of the glycopeptides, the 
specificity of binding of the oligomannose and the bisected 
hybrid type glycopeptides to Con A is far greater in their 
cross-linked complexes than in the corresponding soluble 
complexes. Since we have recently demonstrated that D- 
galactose- (Bhattacharyya et al., 1988a) and L-fucose-specific 
lectins (Bhattacharyya et al., 1988b) also undergo cross-linking 
with multivalent N-linked glycopeptides and related oligo- 
saccharides containing terminal D-galactose and L-fucose 
residues, respectively, the present results suggest that homo- 
geneous aggregates may occur in these systems as well. 

The implications of this study are far reaching. If these 
interactions occur with multivalent glycoproteins, whether via 
the multivalency of an individual carbohydrate chain or the 
presence of multiple carbohydrate chains on a protein, then 
the above observations may explain one possibility for the 
specificity of N-linked-type carbohydrates as receptors on the 
surface of cells. The ability of such multivalent molecules to 
form homogeneous cross-linked complexes with multivalent 
proteins may be required for biological signal transduction 
effects. Furthermore, by varying the concentration of com- 
peting carbohydrate structures in the mileau, the precipitation 
(cross-linking) maximum of a given multivalent carbohydrate 
(glycoprotein) can be altered. Thus, microheterogeneity in 
glycosylation could serve as a regulatory mechanism controlling 
signal transduction events. 

The results of the present study may also serve as a general 
model for a variety of multivalent ligand-receptor systems. 
These would include antibody-antigen, glycolipid-protein, and 
hormone-protein interactions. Evidence, in fact, has been 
obtained in many biological receptor systems that aggregation 
of specific receptors following ligand binding is required for 
signal transduction effects (DeLisi & Blumenthal, 1979). The 
present finding may provide insight into the physical mecha- 
nism involved in these aggregation processes. 

ACKNOWLEDGMENTS 
We thank Dr. William Chaney of Albert Einstein College 

of Medicine for generous gifts of ovalbumin glycopeptides 3, 

4, and 5 and Dr. Annette Herscovics of the McGill Cancer 
Center, Montreal, Canada, for glycopeptide 2. 

REFERENCES 

Bhattacharyya, L., & Brewer, C. F. (1988) Eur. J .  Biochem. 
(in press). 

Bhattacharyya, L., Ceccarini, C., Lorenzoni, P., & Brewer, 
C. F. (1987a) J .  Biol. Chem. 262, 1288-1293. 

Bhattacharyya, L., Haraldsson, M., & Brewer, C. F. (198713) 
J.  Biol. Chem. 262, 1294-1299. 

Bhattacharyya, L., Haraldsson, M., & Brewer, C. F. (1988a) 
Biochemistry 27, 1034-1041. 

Bhattacharyya, L., Lonn, H., Haraldsson, H., & Brewer, C. 
F. (1988b) J .  Mol. Biol. (submitted for publication). 

Brandley, B. K., & Schnaar, R. L. (1986) J .  Leukocyte Biol. 

Brewer, C. F., & Bhattacharyya, L. (1986) J.  Biol. Chem. 261, 

DeLisi, C., & Blumenthal, R., Eds. (1979) Developments in 
Cell Biology, Vol. 4, Elsevier, New York. 

Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A,, & 
Smith, F. (1956) Anal. Chem. 28, 350-356. 

Kabat, E. A. (1976) Structural Concepts in Immunology and 
Immunochemistry, 2nd ed., Holt, Rinehart, and Winston, 
New York. 

Kobata, A. (1984) in Biology of Carbohydrates (Ginsburg, 
V., & Robbins, P. W., Eds.) Vol. 2, pp 87-161, Wiley, New 
York. 

Kornfeld, R., & Kornfeld, S .  (1985) Annu. Rev. Biochem. 54, 

Lennarz, W. J., Ed. (1980) The Biochemistry of Glycoprotein 

Lis, H., & Sharon, N.  (1978) J.  Biol. Chem. 253,3468-3476. 
Lootiens, F. G., Van Wauwe, J. P., & De Bruyne, C. K. (1975) 

Means, G. E., & Feeney, R. E. (1968) Biochemistry 7, 

Monsigny, M., Ed. (1984) Biol. Cell (1981) 51, 113-294 

Osawa, T., & Matsumoto, I. (1972) Methods Enzymol. 28, 

Vliegenthart, J. F. G., Dorland, L., & Van Halbeek, H. (1 983) 

Wang, J. L., Cunningham, B. A., & Edelman, G. M. (1971) 

Yariv, J., Kalb, A. J., & Levitzki, A. (1968) Biochim. Biophys. 

40, 97-1 11. 

7306-7310. 

63 1-664. 

and Proteoglycans, Plenum, New York. 

Carbohydr. Res. 44, 150-153. 

21 92-2201. 

(special issue). 

323-327. 

Adv. Carbohydr. Chem. Biochem. 41, 209-374. 

Proc. Natl. Acad. Sci. U.S.A. 68, 1130-1134. 

Acta 165, 303-305. 


