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p-Nitrophenyl2-O-a-D-galactopyranosyl-a-D-mannopyranoside and pnitrophenyl2-O- 
a-D-glucopyranosyl-a-D-mannopyranoside were synthesized and the interactions of these 
disaccharides with concanavalin A (con A) were characterized. The kinetics of binding 
of the galactopyranosyl-containing disaccharide to con A were found to be similar to 
those observed with monosaccharides in that monophasic time dependencies for binding 
were observed. The glucopyranosyl-containing disaccharide, however, exhibited biphasic 
time dependencies which were similar to those previously observed for the binding of p 
nitrophenyl2-O-a-D-mannopyranosyl-a-D-mannopyranoside to con A. These results sup- 
port a model wherein the a-(l-2)-linked disaccharides which exhibit biphasic binding 
kinetics must be able to bind to con A in two different and mutually exclusive orientations. 
The ability to bind to con A in two orientations is shared by a-(l-+2)-linked disaccharides 
in which both glycosyl residues can interact separately with the primary glycosyl binding 
site of con A. According to the model, the initial fast phase of the biphasic reaction 
reflects binding of the ligand in two orientations so that two complexes are formed in 
amounts determined by the relative values of the rate constants for formation of each 
complex. The subsequent slow phase is proposed to reflect a slow equilibration of the less 
stable complex to the thermodynamically more stable one. In the more stable complex, 
the glycosyl residue at the reducing end of the disaccharide occupies the primary glycosyl 
binding site. The added stability of this complex is attributed to extended interactions 
between con A and groups on the second glycosyl residue. An axial orientation of 
OH-2 of the second glycopyranosyl residue appears to be the most important determinant 
for the extended interaction. 

It has recently been reported (1,Z) that 
concanavalin A (con A) binds the pnitro- 
phenyl and the I-methylumbelliferyl gly- 
cosides of 2-O-cr-D-mannopyranosyl-cu-D- 
mannopyranoside via a biphasic time-de- 
pendent process. This contrasts sharply 
with the monophasic process observed for 
the binding of monosaccharides to con A. 

The simplest scheme that can account for 
the biphasic association reaction is one in 
which the cu-(l-+2)-linked disaccharides 
are proposed (1) to bind to con A in two 
different and mutually exclusive orienta- 
tions as shown in Figs. 1A and B. Accord- 
ing to the proposed reaction scheme 
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the initial rapid phase reflects formation 
of two complexes in amounts determined 
by the relative values of the rate constants 
for formation of each complex. The sub- 
sequent slow phase is postulated to reflect 
equilibration of the two complexes ac- 
cording to their relative thermodynamic 
stabilities. The greater stability of one 
binding mode over the other is proposed 
to arise from the ability of con A to in- 
teract simultaneously with groups on both 
glycosidic residues of the disaccharide (1). 

Biphasic, time-dependent interactions 
resulting in complex formation between 
protein and ligand are generally ascribed 
to the reaction scheme of Eq. [2] rather 
than that of Eq. [l] 

P+L e PL 2 PL*. 121 
The two reaction schemes are conceptually 
different in that the slow phase of reaction 
[2] is attributed to some type of change in 
the conformation of the protein-ligand 
complex, whereas the slow phase of re- 
action [l] is attributed to equilibration of 
the two binding modes via a pathway 
which involves dissociation of the bound 
ligand. For this con A system, Eqs. [l] and 
[2] are mathematically indistinguishable 
and it is not possible to select either re- 
action schemes of Eqs. [l] or [2] solely on 
the basis of the time-dependent changes 
in the spectral properties which accom- 
pany ligand binding. In this work, studies 
are reported of the interaction of con 
A with a-D-Glc~-(l-2)-cu-D-Man~(l-o)- 
PNP: a-D-Galp(l-2)-cu-D-Manp-(l-o)- 

e Abbreviations used: a-D-Galp(l+2)-a-D-Manp 
(l-+0)-PNP, pnitrophenyl 2O-cY-D-galactopyranosyl- 

a-D-mannopyranoside; a-D-Glcp-(l-4)-a-D-Glcp- 
(l-+0)-PNP, pnitrophenyl 4-O-a-D-ghIcopyranosyl- 

a-D-glucopyranoside; a-D-Glcp-(l-2)-a-D-Manp- 
(l-O)-PNP, pnitrophenyl 2-O-a-D-glUCOpyranOSyl- 

Lu-D-mannopyranoside; a-D-Glcp(l-O)-PNP, pni- 
trophenyl a-D-glucopyranoside; a-D-Manp(l-O)- 
PNP, p-nitrophenyl cY-D-mannopyranoside; 2-O-Me- 
a-D-Manp-(l-O)-PNP, pnitrophenyl e-o-methyl- 

a-D-mannopyranoside; a-D-Manp(l+2)-a-D-Manp 

PNP, and a-D-Glcp-(l-4)-a-D-Glcp-(l- 
0)-PNP which provide strong evidence for 
the existence of two binding modes for 
disaccharides as depicted in Eq. [l] and in 
Figs. 1A and B. Furthermore, some of the 
specificity requirements for the interac- 
tion of con A with the glycosyl group at 
the nonreducing glycosyl group of a-(1+2)- 
linked disaccharides are also character- 
ized in this work. 

MATERIALSANDMETHODS 

Kinetic and thermodynamic measurements. Ki- 
netic and equilibrium studies were performed using 

con A consisting of 100% intact subunits (3) in a 0.5 
M acetate buffer at pH 5.0, containing 0.1 mM MnCls 

and 0.1 mM CaCls and adjusted to I’/2 0.5 with NaCI. 
The concentration of the ligands was determined 

using a measured molar absorptivity of 10,000 cm-’ 
M-’ at 305 nm for the nitrophenyl glycosides (3). An 

absorptivity of 23,770 cm-’ M-’ at 230 nm was used 

to calculate concentrations of con A protomers (4). 
All concentrations of con A refer to concentration of 

protomeric units, 
Equilibrium measurements were made on an 

Amine0 DW-2 spectrophotometer thermostated at 

25’C. Equilibrium constants were determined by 
nonlinear least-squares fits of 

131 

where [b] and [Lb] are the free and bound ligand 

concentrations, [P,] is the total concentration of pro- 
tein, n is the number of binding sites, and K, the 

equilibrium constant for association of ligand and 

con A. 
Reaction rates and activation parameters were 

determined using an Aminco-Morrow stopped-flow 
apparatus interfaced with a Digital PDP-11/34 com- 

puter. All of the monophasic reactions and some of 
the biphasic association reactions were run under 

pseudo-first-order conditions ([P,] > lo[L,]), and rate 

(l-+0)-PNP, pnitrophenyl 2-O-a-D-mannopyrano- 
syl-a-D-mannopyranoside; a-D-Manp(l+O)-MeUmb, 
4-methylumbelliferyl a-D-mannopyranoside; a-D- 
Manp-(l-2)-a-D-Manp-(l-0)-MeUmb, I-methyl- 

umbelliferyl 2-O-cu-D-mannopyranosyl-cY-D-manno- 
pyranoside; a-D-Manp-(l-2)-a-D-Manp-(1+2)-a-D- 
Manp(l-O)-MeUmb, I-methylumbelliferyl 2-O-a- 

D-mannopyranosyl-2-O- (Y -D-mannopyranosyl-&D- 
mannopyranoside; a-D-Manp(l-+O)-Me, methyl cu-D- 
mannopyranoside; glc, gas-liquid chromatography; 

ms, mass spectrometry. 
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constants were evaluated as described previously (1). 
Dissociation reactions were run by displacing chro- 

mogenic ligand from con A using 0.1 M a-D-Manp 

(l-O)-Me. In these experiments, the con A and li- 
gand both were present at equal concentrations of 

50-160 pM. The biphasic association reactions were 
also run under conditions wherein [P,] 2 4Lt]. Rate 

constants were obtained from the best fit of the data 
to Runge-Kutta numerical integrations (using a com- 
puter) of the general differential rate equations 

which did not assume pseudo-first-order conditions 

([P,] + [L,]). The fit of the observed biphasic associ- 
ation reactions to the scheme in Eq. [l] was con- 

strained by the requirements that K,, = Kp,. + KP,.., 
and korr = ks2, where K, is the value of the apparent 

equilibrium constant for association determined from 
an independent spectrophotometric titration and k,,fr 
is the value of the rate constant observed for the 
first-order displacement of chromogenic ligand by 0.1 

M a-D-Manp(l--.O)-Me. The rate constants reported 
here are the average values obtained from at least 

three association reactions run at different concen- 
trations of con A (125-150 FM) and ligand (25-85 PM). 

The standard deviations of the rate constants as de- 
termined in different kinetic runs was less than 10%. 

Also there was no significant difference in the rate 
constants for the biphasic reactions as determined 
by the method in Ref. (1) and those determined by 

Runge-Kutta integration. The rate constants for the 

biphasic reactions reported in this work are those 
obtained from Runge-Kutta integration of the dif- 

ferential rate equations. The computer program us- 
ing the Runge-Kutta integration of the differential 

equations varied rate constants and molar absorp- 
tivities until the least-square deviation was obtained 

between the observed time dependence of absorbance 
and that calculated from the integrated differential 

rate equations. 

Synthesis of pnitrophenyl2-0-a-D-galactopyrano- 
syl-a-D-mannmranoside and pnitrophenyl2-O-CI-D- 
glucopyranosyl-a-o-mannqpyranosdde. Melting points 

are corrected and solutions were concentrated at re- 

duced pressure below 40°C. Optical rotations were 
measured at 2022°C with a Perkin-Elmer 241 in- 
strument. Separations were performed using silica 

gel (Merck) and Bio-Gel P2 columns. Gas-liquid chro- 
matography/mass spectrometry was performed us- 
ing a Varian MAT 311 instrument. i3C and ‘H NMR 

spectra were recorded for all new compounds on a 
JEOL FXlOO spectrometer, and were in agreement 

with the postulated structures. 

pNitropheny1 S-O-benzoyl-4,6-O-benenzylidene-u-D 
mannqpyranoside (1). A solution of pnitrophenyl 
4,6-0-benzylidene-a-D-mannopyranoside (5) (7.0 g, 18 
mmol) in pyridine (210 ml) was cooled to -45°C. Ben- 

zoyl chloride (2.1 ml, 18.1 mmol) in pyridine (28 ml) 
was added dropwise, with stirring. The temperature 
was then allowed to rise to room temperature during 

6 h (6). The reaction mixture was diluted with di- 

chloromethane, washed with water, dried over so- 

dium sulfate, and concentrated. Crystallization from 

ethanol yielded pure 1 (6.9 g, 78% ), mp 132-133”C, 
[a]n + 140” (c 1, CHClz). Found: C 63.3; H 4.87; N 2.71. 
CZHaN09 requires: C 63.3; H 4.70; N 2.84. 

pNitropheny1 3-O-benzoyl-4,6-O-benzylidene-2-0- 
(2,3,4,6-tetra-0-ace&l-a-D-galactopyran-a-D- 
mannopyranoside (3). A mixture of 1 (1.0 g, 2 mmol), 
2,3,4,6-tetra-G-acetyl-a-D-galactopyranosyl bromide 

(2.5g, 6 mmol), and mercuric cyanide (1.6 g, 6.3 mmol) 
was dissolved in dry acetonitrile (10 ml) and stirred 

at room temperature for 48 h. The reaction mixture 
was diluted with dichloromethane and washed with 

saturated aqueous sodium hydrogen carbonate, water, 

and finally concentrated to a syrup. Column chro- 
matography on silica gel with toluene-ethyl acetate 

(4:l) yielded chromatographically homogeneous 2 

(610 mg, 37% ). The material crystallized from ethanol, 
mp 112-114”C, [alo + 115” (c 3, CHClz). Found C 58.2; 
H 5.08; N 1.68. C40HllN018 requires: C 58.3; H 5.02; 

N 1.70. 

Gal-ftz2)-Man-(120)~PNP. A solution of 2 (250 

mg, 0.3 mmol) in aqueous acetic acid (15 ml, 80%) 
was kept at 95-160°C for 15 min. The solution was 

concentrated and evaporated twice with toluene (20 
ml) to remove acetic acid. The resulting residue was 

catalytically deacylated with methanol containing 
sodium methoxide and purified by chromatography 

on a Bio-Gel P2 column to yield Gal-(122)-Man- 

(l:O)-PNP (120 mg, 80%) as a chromatographically 
homogeneous syrup, [a]o + 129” (c 1, HzO). 

An aliquot of the product was hydrolyzed with 0.25 
M aqueous sulfuric acid at 100°C for 16 h. The re- 

sulting material was reduced with sodium borohy- 
dride and acetylated (7), to yield two hexaacetates 

in a ratio of 1:l which were indistinguishable from 
galactitol hexaacetate and mannitol hexaacetate 
standards on glc. 

Another aliquot of Gal-(122)-Man-(120)-PNP 

was methylated (8), hydrolyzed, reduced with sodium 
borohydride, and acetylated (9). The two O-meth- 

ylalditol acetates thus obtained were indistinguish- 

able from 1,5-di-O-acetyl-2,3,4,6-tetra-o-methyl-p- 
galactitol and 1,2,5-tri-O-acetyl-3,4,6-tri-o-methyl- 
D-mannitol, respectively, on glc and ms. 

pNitropheny1 S-0-benzoyl-4,6-O-benzylidene-2-0- 
(2,3,4,6 - tetra - 0 - ace&l- a - D - glucapya?u&) -a - D - 
mannopgranoside (3). A mixture of 1 (1.0 g, 2 mmol), 
2,3,4,6-tetra-G-acetyl-a-D-glucopyranosyl bromide (2.5 
g, 6 mmol), and 1.6 g, (6.3 mmol) mercuric cyanide 
in dry acetonitrile (10 ml) was reacted and the prod- 
uct worked up and separated as described for the 

preparation of 2 to afford 3 (310 mg, 18%) which 
crystallized from ethanol, mp 107-110°C. [alo + llO” 
(c 1, CHClz). Found: C 58.2; H 5.00; N 1.85. C&LiNOiz 

requires: C 58.3; H 5.02; N 1.70. 
Glc-(122)-Man-(l:O)-PNP. Deprotection was 
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carried out as described above for the preparation 
of Gal-(1:2)-Man-(l:O)-PNP. Debenzylidenation of 
(3) (130 mg, 0.16 mmol) followed by chromatography 
on silica gel with chloroform-acetone (31) as eluant 
afforded pnitrophenyl3-O-benzoyl-2-G-(2,3,4,6-tetra- 
O-acetyl a-D-glucopyranosyl)-a-D-mannopyranoside 
(109 mg, 36%), [(~]o + 108’ (c 2. CHCls). Deacylation 
(of 166 mg) and purification on Bio-Gel P2 afforded 
Glc-(1:2)-Man-(l:O)-PNP (96 mg, SS%)), [a],, 
+ 135’ (c 2, HzO). 

Sugar and methylation analysis as described above 
for Gal-(122)-Man-(l:O)-PNP yielded, respec- 
tively, glucitol and mannitol hexaacetates in a 1:l 
ratio and 1,5-di-O-acetyl-2,3,4,6-0-methyl-D-glucitol 
and 1,2,5-tri-0-acetyl-3,4,6-tri-0-methyl-D-mannitol 
as judged from their behavior on glc and ms which 
was indistinguishable from authentic materials. 

pNitropheny1 a-maltoside was purchased from 
Calbiochem-Behring Corporation, La Jolla, Cali- 
fornia. 

RESULTS AND DISCUSSION 

The binding modes depicted in Figs. 1A 
and B and the reaction scheme of Eq. [l] 
predict that only glycosides containing 
two or more a-(l-2)-linked glycosyl res- 
idues that are capable of interaction with 
the primary glycosyl binding site on con 
A should yield a multiphasic time depen- 
dence of binding.4 In order to test this hy- 
pothesis, we have determined kinetics for 
binding of a-D-Glcp-(l-2)-a-D-Ma&l+ 
0)-PNP and cr-D-Galp-(l-2)-c+D-Manp- 
(l-O)-PNP to con A. The time-dependent 
changes in absorbance illustrated in Fig. 
2 show that the binding of a-D-Glcp(l+2)- 
a-D-Ma&l-O)-PNP to con A is a bi- 
phasic process as one might expect from 
the orientations of the ligand in the con 
A binding site shown in Figs. 1A and B, 
inasmuch as both the glucopyranosyl and 
mannopyranosyl residues can interact with 
the primary glycosyl binding site of con 
A (Figs. 3A and B) (10). In contrast to this 

’ Substitution at oxygen atoms other than O-l and 
O-2 of a glycosyl residue results in a loss of the ability 
of the glycosyl residue to occupy the primary glycosyl 
binding site of con A. The interactions between gly- 
cosyl groups and the primary glycosyl binding site 
of con A depicted in Figs. 1. 3, and 5 are based on 
the results of several studies of the specificity of con 
A. See Ref. (10) for a discussion of some of this work. 

FIG. 1. Pictorial representation of the PL and PL* 
complexes for binding of Man-(122)-Man-(l:O)- 
PNP to con A. (A) PL binding mode; (B) PL* binding 
mode. 

biphasic binding process, the time depen- 
dence of binding of cY-D-Galp-(1-2)-a-D- 
Manp(l-0)-PNP is in agreement with a 
monophasic process (Fig. 4). This result 
is consistent with our hypothesis for the 
interaction of disaccharides with con A as 
put forth in Figs. 1A and B and in Eq. [l]. 
Galactopyranosyl residues do not interact 
with the primary carbohydrate binding 
site of con A (11). Therefore, the pathway 
depicted in Eq. [l] requires that cY-D-Galp 

(l-2)-cw-D-Man&l-O)-PNP binds to con 
A solely in the PL mode (Fig. 5) with 
monophasic kinetics in a manner analo- 
gous to a-D-Manp(l-0)-PNP. 

Our results indicate that if binding of 
disaccharides occurs via Eq. [2], the PL to 
PL* transition would represent a reori- 
entation of oligosaccharide ligand wherein 
an interchange of the glycosyl residue oc- 
cupying the primary glycosyl binding site 
occurs without dissociation of the ligand. 
Although such a pathway cannot be ruled 
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FIG. 2. Time dependence of absorbance (317 nm) for reaction of con A (359 pM) with Glc- 
(1:2)-Man-(lzO)-PNP (42 PM). The semi-log plot in the inset illustrates the biphasic nature of 

the reaction. 

out, analysis of the binding of cu-D-Manp- 

(l-2)-cu-D-Ma& l-O)-PNP in terms of 
the pathway depicted in Eq. [2] results in 

FIG. 3. Pictorial representation of the PL and PL* 
complexes for binding of Glc-(1:2)-Man-(lzO)-PNP 
to con A. (A) PL binding mode; (B) PL* binding mode. 

unusual spectral properties for PL and 
PL* (1). According to the pathway of Eq. 
[2] (but not that of Eq. [l]), PL and PL* 
would have identically shaped spectra and 
identical wavelengths of maximal absor- 
bance, but PL and PL* would have molar 
absorptivities which differ by the same 
constant factor at each wavelength. Such 
a difference in the spectral properties of 
the chromogenic reporter group is not 
characteristic of a simple change in en- 
vironment of the chromogenic group. 
Changes in environment of the chromo- 
genic group usually result in spectral 
shifts in position of maximal absorbance, 
or in changes in the spectral bandwidth 
which result in changes in the shape of the 
spectrum of the chromogenic group. 

Thus, we have chosen to analyze our 
kinetic data in terms of the pathway de- 
picted in Eq. [l], which provides the sim- 
plest explanation of our observations. Val- 
ues for rate and equilibrium constants 
obtained by analyzing the time depen- 
dence of absorbance according to the re- 
action scheme in Eq. [l] are listed in Table 
I. Analysis of the time dependence of ab- 
sorbance at several wavelengths indicates 
that the spectrum of the pnitrophenyl 
group in a-D-Glcp-(l-,2)-cy-D-Manp- 
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FIG. 4. Time dependence of absorbance (317 nm) obtained for reaction of con A (217 CIM) with 
Gal-(1:2)-Man-(l:O)-PNP (20 &. The semi-log plot in the inset illustrates the monophasic 
nature of the reaction. 

(l-O)-PNP is blue shifted in PL and is 
essentially unaltered in PL*. These obser- 
vations, which are similar to those pre- 
viously made with a-D-Manp-(l-2)-a-D- 
Manp-( l-O)-PNP, indicate that the 
nitrophenyl group occupies an apolar en- 
vironment in PL (Fig. 1A) and an aqueous- 
like environment in PL* (Fig. 1B). 

The orientations of the nitrophenyl 
group in PL and PL* as depicted in Figs. 
1A and B, respectively, indicate that the 
polarity in the environment of the nitro- 
phenyl reporter group of a bound glycoside 
is a function of its disposition relative to 

FIG. 5. Pictorial representation of the PL com- 
plex for binding of Gal-(1:2)-Man-(l:O)-PNP to 
con A. 

the primary glycosyl binding site. In order 
to further characterize the environment 
in the vicinity of the glycosyl binding site, 
the interaction of con A with at-D-Glcp 
(l-+4)-(II-D-Glcp-(l-O)-PNP was investi- 
gated. Only the glycosyl residue at the 
nonreducing terminus of this a-(1-4)-linked 
disaccharide can interact with the pri- 
mary binding site of con A (Fig. 6).4 Thus, 
the nitrophenyl reporter group in this di- 
saccharide cannot occupy the same site 
that accepts the nitrophenyl group in PL 
and in con A complexes of nitrophenyl 
glycosides of monosaccharides. As shown 
in Fig. 7, no difference spectrum is gen- 
erated upon mixing con A with mu-D-Glcp- 
(l-4)-CV-D-Glcp-(l-O)-PNP. This result 
contrasts with that of the difference spec- 
trum obtained upon mixing con A with 
nitrophenyl glycosides such as cu-D-Manp 
(l-O)-PNP and a-D-Glcp-(l-O)-PNP 
(12). The ability of cu-~-Gl~p-(l+4)-+~- 
Glcp-(l-O)-PNP to reduce the magnitude 
of the difference spectrum seen upon mix- 
ing a-D-ManP-(l-+0)-PNP with con A 
(Fig. 7) indicates that the disaccharide 
does indeed bind to con A as expected. In- 
terestingly, the nitrophenyl group in bound 
cr-D-G~c~-(~+~)-cY-D-G~c~-(~~O)-PNP ap- 
pears to be situated entirely in an aqueous- 
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TABLE I 

KINETIC AND EQUILIBRIUM CONSTANTS FOR THE BINDING OF LIGANDS TO eon A 

2-O-Me-Man(1 1: 0)-PNP’ 
Gal-(1 : 2)-Man-(1 2 0)-PNP 

Glc-( 1 2 2)-Man-(1 2 0)-PNPd 

Man-(1 2 2)-Man-(1 2 0)-PNP’ 

1o-4 ll& k 
(See-’ M-‘) (Se:]) 

1O-4 KpLo 1o-4 k2, ku 10m4 KpL.b 
(M-‘1 (set-’ Me’) (ser.-‘) (M-l) 

6.6 3.2 0.8 

2.4 1.3 1.8 (2.1)’ 

3.0 1.1 2.7 2.9 7.9 0.37 

3.2 0.22 14.5 2.3 1.1 2.1 

a Determined using the relationship KpL = k&ks2. 
b Determined using the relationship KPL. = kJk12. 
‘Constants obtained from Ref. (1). 
d Rate constants and errors were derived from the dependence of the fast and slow phases on [P], the off 

rate constant, and measured equilibrium constants as discussed in the experimental section. Standard de- 

viations for the rate constants were less than 10%. 
’ Determined from an independent spectrophotometric titration. 

like environment as suggested by the ab- methylumbelliferyl-labeled trisaccharide, 
sence of a difference in the spectrum of a-D-Man$+(1+2)-cY-D-Manp-(1-2)-a-D- 
the reporter group in the free and bound Manp-(l-O)-MeUmb (2). 
ligand. This result is consistent with the The equilibrium constants for PL com- 
model which m-edicts that the nitronhensl nlexes listed in Table I nrovide informa- 
group in c~-D~Glcp-(1+4)-cu-D-Glc~~l~~)- - 

& 

PNP is unable to occupy the same hydro- 
phobic site on con A which accepts the - -~~-__ 
nitrophenyl group in PL complexes. 

The proposed binding orientations of 
the ligand in the con A binding site further 
predicts that complex oligosaccharides ’ 
having more than one glycosyl residue $ 
which can interact with the primary gly- i .z 30. 

1, 

cosyl binding site of con A, might exhibit 
multiphasic binding kinetics wherein the 

g 
1, 

maximum number of observable phases 
; 

-340- \ / 
would correspond to the number of gly- \ .,’ 
cosyl residues. This expectation is borne 
out by the recent observation of the tri- 
phasic time dependence reported for 4- 

FIG. 7. Competition of Glc-(1:4)-Glc-(l:O)-PNP 

and Man-(l:O)-PNP for con A. The plotted differ- 
ence spectra are differences between spectra of mixed 

NO2 and unmixed components corrected for concentration 

differences. The spectra were taken in O.&cm path- 
length split compartment cells. The concentrations 

(after mixing) of con A and each specified ligand 
were 40 JLM and 100 NM, respectively. (. . . -) 
Con A and Glc-(1:4)-Glc-(l:O)-PNP. This differ- 
ence spectra could not be increased by increasing the 
con A concentration to 600 PM and the ligand con- 

FIG. 6. Pictorial representation of the PL* complex centration to 200 PM. (- - -) Con A and Man-(lAO)- 
for binding of pnitrophenyl o-maltoside (Glc- 
(124)-Glc-(l:O)-PNP) to con A. 

PNP; (---) con A, Man-(l:O)-PNP, and Glc- 
(1:4)-Gle-(l:O)-PNP. 
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tion about the specificity of interactions 
between con A and complex carbohydrates 
with more than one glycosyl residue. The 
affinity of con A for p-nitrophenyl 2-O- 
methyl-a-D-mannopyranoside, the refer- 
ence monosaccharide listed in Table I, is 
essentially the same as that for pnitro- 
phenyl a-D-mannopyranoside, which is 
unsubstituted at O-2 (1). Introduction of 
an cY-D-galactopyranosyl residue at the O- 
2 position of the mannopyranosyl results 
in a 2.2-fold increase in the affinity of the 
ligand for con A. With a glucopyranosyl 
residue at the same O-2 position, the equi- 
librium constant for formation of PL is 
3.4-fold larger than for formation of a 
complex with the 2-O-methyl mannopyr- 
anosyl derivative. Substitution of a man- 
nopyranosyl group at O-2, however, leads 
to an l&fold increase in the equilibrium 
constant for formation of PL. These re- 
sults indicate that at least one hydroxyl 
group on the nonreducing end of the di- 
saccharides can interact with the protein 
in the extended site, and that an axial 
orientation of the hydroxyl group at C-2 of 
the nonreducing glycopyranosyl group is 
probably the most important determinant 
for enhancing binding to con A. The two 
binding modes PL and PL* depicted in 
Figs. 1A and B indicate that in the PL* 
complex the glycosyl residue at the non- 
reducing terminus of the disaccharide oc- 
cupies the main glycosyl binding site on 
con A, whereas in the PL complex, the 
glycosyl residue at the reducing end of the 
disaccharide occupies the principal gly- 
cosyl binding site. The lowered equilib- 
rium constant for formation of the PL* 
complex with a-D-Manp(l-2)-cu-D-Manp 
(l-O)-PNP in comparison to that for for- 
mation of the PL complex is consistent 
with the view that in the PL* complex, 
extended interactions are much less im- 
portant with this disaccharide. 

Recent work (14) has attributed the in- 
creased affinity of certain cr-(l-+2)-linked 
disaccharides toward con A to a purely 
statistical enhancement of binding rather 
than being due to contributions from si- 
multaneous interactions with groups on 
both glycosyl moieties. This view fails to 

account for our observations. If the en- 
hanced affinity of con A for certain disac- 
charides were only statistical in nature, 
one would expect a-D-Manp(l-2)-a-D- 
Manp(l+O)-PNP with two mannopyra- 
nosy1 residues to bind to con A at twice 
the rate and with twice the affinity as the 
monosaccharide pnitrophenyl2-O-methyl- 
cu-D-mannopyranoside. Instead, the di- 
saccharide forms the PL complex at half 
the rate and with 18 times the affinity of 
the monosaccharide. Another indication 
that the statistical argument is incorrect 
and that con A is capable of interactions 
with groups in both glycosyl residues of 
certain disaccharides is indicated by the 
different activation enthalpies listed in 
Table II for the formation and dissociation 
of complexes of con A and disaccharides. 
If the differences in the way disaccharides 
bind to con A were due entirely to statis- 
tical effects, differences in the activation 
parameters for the binding of a-D-&Ian- 
p-(1-2)-a-D-Manp(l-O)-PNP and o-D- 
Galp(l+2)-cr-D-Manp(l+O)-PNP should 
be confined to the entropies of activation 
since these disaccharides differ only in the 
number of glycosyl residues capable of in- 
teracting with the primary glycosyl bind- 
ing site of con A. Instead, substantial dif- 
ferences in both enthalpies and entropies 
of activation which cannot be attributed 
to statistical effects are observed for for- 
mation and dissociation of complexes be- 
tween con A and these disaccharides. 

It should be noted that the observations 
presented here indicating the existence of 
extended interactions between con A and 
oligosaccharides don’t require the pres- 
ence of individual subsites for each gly- 
cosyl residue as exist in wheat germ ag- 
glutinin (16). Our results do indicate, 
however, that con A can interact simul- 
taneously with groups on both glycosyl 
residues of certain disaccharides. The 
structural determinants for the specific 
interactions between con A and a glycosyl 
residue bound to the primary glycosyl 
binding site have been established by pre- 
vious studies4 Results presented in this 
work indicate the existence of at least one 
extended interaction between con A and 
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TABLE II 

ACTIVATION PARAMETERS FOR FORMATION (a) AND BREAKDOWN (-a) OF COMPLEXES OF con A” 

AK* 
(kcal/mol) 

AIL* 
(kcal/mol) 

%A 
(eu) 

AS-A 
(eu) 

Glc-(1 -?+ 2)-Man-(1 2 0)-PNP 13.8 * 0.7 13.0 f  0.3 17.3 ? 2.4 -15.0 * 1.0 
Man-(1 : 2)-Man-(1 z 0)-PNP6 13.8 * 0.3 9.4 f  0.1 16.6 + 1.1 3.3 * 0.3 
Gal-(1 z 2)-Man-(1 2 O)-PNP 9.6 + 0.03 16.0 + 0.03 4.7 f  0.1 -5.0 + 0.1 
Man-(1 2 0)-PNP’ 9.5 k 0.3 16.8 f  0.2 2.8 + 1.1 1.3 * 0.7 

n Activation parameters were determined as described in Ref. (4) (for disaccharides which form two com- 
plexes, the parameters are for formation and breakdown of PL). The entropies of activation are unitary 
values and do not contain the entropy lost upon bringing two molecules together in a 1 M solution. They 
were obtained using the relationship of Ref. (15), A&$ = A.‘%# + 7.98, where AS$ is the observed entropy of 
activation when concentrations of reactants are expressed in molar units. 

b Activation parameters were obtained from data of Ref. (1). 
’ Activation parameters were obtained from Ref. (4). 

an axial hydroxyl group at C-2 of the non- 
reducing glycosyl group of certain disac- 
charides. This interaction accounts for the 
5- to l&fold greater affinity of con A for 
cu-D-Manp( l-2) - cy - D-Manp(l-0)-PNP 
over the monosaccharide and disaccha- 
rides listed in Table I, which are not ca- 
pable of the extended interaction. In a 
study similar to our study (1) of the bind- 
ing of cr-D-Man&l-O)-PNP and a-D- 
Man&l+2)-a-D-Manp(l+O)-PNP to con 
A, Van Landschoot et al. (2) determined 
the kinetics of binding of a-D-Manp(l+O)- 
MeUmb, cY-D-Manp-( l-2)-a-D-Manp- 
(l-0)-MeUmb, and cu-D-Manp(1+2)-cr-D- 
Ma&l-2)-cu-D-Man&l-0)-MeUmb, to 
con A using the change in fluorescence and 
absorbance of the 4-methylumbelliferyl 
reporter group to monitor binding. In con- 
trast to our observations with the nitro- 
phenyl glycosides, Van Landschoot et cd. 
only observed a 3.3-fold greater affinity of 
con A for the methylumbelliferyl disac- 
charide relative to the monosaccharide. 
Furthermore, it was observed that con A 
bound the methylumbelliferyl trisaccha- 
ride less tightly than the disaccharide, and 
only 1.9 times more tightly than the mono- 
saccharide. Van Landschoot et al. also ob- 
served that the environment of the flu- 
orescent methylumbelliferyl reporter 
group in each of the two binding modes 
for the con A-bound disaccharide was dif- 

ferent than the environment of the meth- 
ylumbelliferyl group in the con A-bound 
monosaccharide. These conclusions which 
are based on the different spectral prop- 
erties determined for the bound reporter 
group suggest that in both binding modes 
observed for a-D-Manp(l-2)-ar-D-Man$+ 
(l-0)-MeUmb, the interactions between 
con A and this disaccharide may be sub- 
stantially different than those observed 
for cY-D-Manp(l+O)-MeUmb. Since it ap- 
pears that these mono- and disaccharides 
may well bind to con A in different ori- 
entations, it is difficult to reach any con- 
clusions regarding the existence or nonex- 
istence of extended interactions from a 
single comparison of the affinity of con A 
for the mono- and disaccharide. 

It should be noted, however, that al- 
though con A only shows a modest 3.3-fold 
increase in its affinity for the methylum- 
belliferyl-labeled disaccharide over the 
monosaccharide, essentially none of this 
modest increase in affinity can be ascribed 
to a statistical effect arising from the 
presence of two mannopyranosyl units and 
two binding modes for the disaccharide. 
The maximum statistical enhancement of 
2 for the binding of the disaccharide rel- 
ative to the monosaccharide would be 
achieved only if both binding modes were 
equally stable. However, one binding mode 
was observed to be favored by 68-fold over 
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the other binding mode. With one binding 
mode 68-fold more stable than the other, 
the maximum statistical enhancement for 
binding the disaccharide would be 1.015 
(i.e., 1 + l/68). 

Our observations of similar spectral 
properties for the bound nitrophenyl group 
in the monosaccharide and in one of the 
binding modes of the disaccharide sug- 
gests similar orientations for the con A- 
bound ligand. Thus, it appears reasonable 
to compare the free energy for binding the 
nitrophenyl monosaccharide with that for 
binding the nitrophenyl disaccharide in 
the corresponding binding mode. 

The reason for the apparent difference 
in ligand binding seen with the methyl- 
umbelliferyl and nitrophenyl glycosides is 
not clear at this time. The apparent per- 
turbations in binding observed with the 
methylumbelliferyl derivatives might well 
arise, however, from interactions between 
the con A and the methylumbelliferyl re- 
porter group which don’t exist with the 
nitrophenyl group. This contention is sup- 
ported by the observation that con A binds 
cY-D-Man&l-0)-MeUmb over fivefold 
better than that a-D-Manp(l-@-Me, 
whereas con A binds cY-D-Man$+(l-O)- 
PNP less than twofold better than cr-D- 

Manp-(l-0)-Me. 
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