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Carbohydrate-derivatized self-assembled monolayers (SAMs) are
used as a model system to address issues involving cell-surface
carbohydrate-protein interactions. Here we examine the influence
of carbohydrate surface density on protein-binding avidity. We
show that the binding selectivity of Bauhinia purpurea lectin
switches from one carbohydrate ligand to another as the surface
density of the carbohydrate ligands increases from values of
Xsugar ~ 0.1-1.0. Polyvalent binding is possible at all surface
densities investigated; hence, the switch in selectivity is not due
simply to the achievement of a critical density that permits poly-
valent contacts. Instead, secondary interactions at high surface
densities promote a switch in carbohydrate-binding selectivity.
These findings may have implications for how changes in the
composition and the density of cell-surface carbohydrates influ-
ence biological recognition processes and regulatory pathways.

he patterns of expression of cell-surface carbohydrates

change during development and differentiation (1-3).
Changes in the composition of cell-surface carbohydrates also
occur during oncogenesis and metastasis (4, 5). Although the
biological functions of cell-surface carbohydrates are still incom-
pletely defined, it is believed that they are somehow involved in
signaling pathways that determine the temporal and spatial
identity of cells. How changing patterns of cell-surface carbo-
hydrates are linked to cell growth and differentiation is not
understood.

The early steps in cell-surface carbohydrate-mediated cellular
processes are presumed to involve binding events between
carbohydrates and receptors in the plasma or on the surface of
other cells. Because these binding events are linked to specific
cellular responses, one might expect them to be highly specific.
However, studies in solution have shown that carbohydrate—
protein binding interactions have dissociation constants that are
typically in the mM range and that different carbohydrate ligands
have similar affinities for the same protein receptor. If carbo-
hydrates bind weakly and with poor selectivity, how can they
mediate specific cellular processes?

This paradox has been partially explained by the phenomenon
of polyvalency. Carbohydrate—protein binding events usually
involve several simultaneous contacts between carbohydrates
that are clustered on cell surfaces and protein receptors that
contain multiple carbohydrate-binding sites. Numerous studies
on model systems have demonstrated that polyvalent displays of
carbohydrates can lead to remarkably high binding avidities
(6-16). Because avidity and specificity are not necessarily cor-
related (6, 7), however, polyvalency does not completely resolve
the paradox of how marginally selective carbohydrate-binding
interactions can produce highly specific responses.

Two mechanisms have been proposed to explain how speci-
ficity can be achieved in cell-surface carbohydrate-binding in-
teractions. In one mechanism, polyvalent carbohydrate—protein
interactions facilitate the adhesion of cells. The proximity en-
forced by these carbohydrate—protein interactions permits more
specific protein—protein interactions to be established between
the cells. The protein—protein interactions actually determine
the specific biological response (17). This mechanism circum-
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vents the question of whether the carbohydrate—protein inter-
actions are themselves specific. It has alternatively been sug-
gested that polyvalency can amplify binding specificity as well as
binding affinity. According to this hypothesis, protein specificity
is achieved because the small energetic differences of individual
carbohydrate—protein interactions are greatly magnified in a
polyvalent presentation (18).

Because of the complexity of cell surfaces, it has been difficult
to evaluate carbohydrate—protein binding events in their native
context. Simplified model systems are usually used to study
polyvalent carbohydrate—protein interactions (6-16). We re-
cently demonstrated that carbohydrates presented on TentaGel
beads exhibit polyvalent binding and may therefore be useful as
model systems to investigate the interactions of carbohydrates on
surfaces (6, 7). We then synthesized and screened a library of
carbohydrate-derivatized TentaGel beads for binding to Bau-
hinia purpurea (BP) lectin, a carbohydrate-binding protein con-
taining multiple carbohydrate-binding sites. The lectin prefer-
entially bound the unnatural ligand 2 in a library containing
1,300 different di- and trisaccharides, including the natural
ligand 1 (Fig. 1). This result showed that polyvalent carbohy-
drate—protein interactions are remarkably specific. One impli-
cation of these model studies is that cell-surface carbohydrates
might, in fact, bind selectively enough to proteins to mediate
specific biological events.

In further studies, we found that the solution affinities of
selected carbohydrate ligands for BP lectin did not correlate with
their polyvalent avidities. For example, in solution, BP lectin
binds slightly better to disaccharide 1 than to disaccharide 2;
however, when disaccharides 1 and 2 are presented on TentaGel
beads, BP lectin adheres preferentially to beads presenting
disaccharide 2. Therefore, the polyvalent presentation of these
carbohydrate ligands does not merely amplify the intrinsic
binding selectivities observed in solution. Instead, the binding
selectivity switches on going from solution to a polyvalent
format.

In this paper, we address whether the observed change in
selectivity is caused simply by tethering the carbohydrate ligands
to the surface (an orientation effect) or by clustering the
tethered carbohydrates (a density-dependent polyvalent effect).
To distinguish these effects, we monitored protein binding to
surfaces presenting the tethered carbohydrate ligands 1¢, 2¢, and
3c (Fig. 1) at increasing ligand densities. Self-assembled mono-
layers (SAMs) of alkanethiolates on gold provide a convenient
way to display carbohydrates on surfaces with control over the
average, in-plane density of the carbohydrate ligand. Protein
binding to monolayers can be readily evaluated by using surface
plasmon resonance (SPR) (19-24). Remarkably, we found that

Abbreviations: SAMs, self-assembled monolayers; SPR, surface plasmon resonance; BP
lectin, Bauhinia purpurea lectin; RU, resonance units, DMF, N,N-dimethylformamide; TEA,
triethylamine; TFA, trifluoroacetic acid; RT, room temperature.
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Fig. 1.  Structures of natural ligand (1), hit ligand (2), control ligand (3), and
tri(ethylene glycol)-terminated alkanethiol (4).

the same protein binds preferentially to one carbohydrate ligand
at low surface densities, but to a different carbohydrate ligand at
high surface densities. These results may have implications for
how changes in the composition and the density of cell-surface
carbohydrates influence biological recognition processes.

Materials and Methods

Materials. Dichloromethane (CH,Cl,), N,N-dimethylformamide
(DMF), tetrahydrofuran (THF), N,N-diisopropylethylamine, tri-
ethylamine (TEA), and trifluoroacetic acid (TFA) were pur-
chased from Aldrich. 1-Hydroxybenzotriazole and 2-(1H-
benzotriazol-1yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate were from Applied Biosystems. Absolute ethanol was
purchased from Pharmco Products (Brookfield, CT). Bovine
carbonic anhydrase II was obtained from Worthington. PBS,
BSA, BP lectin, carbonic anhydrase, and concanavalin A were
purchased from Sigma. Electrophoresis-grade SDS (Bio-Rad)
was used. PBS (10 mM phosphate/138 mM NaCl/2.7 mM KCl)
was prepared in distilled, deionized water. PBST is 0.05%
Tween-20 (Fluka) in PBS. Protein solutions were prepared in
PBST containing 1% BSA. All solutions were degassed under
vacuum and filtered through 0.45-um filters before use. Tita-
nium (99.99%, Aldrich) and gold (99.999% as machined pellets,
Materials Research Corp., Orangeburg, NY) were used as
received. Glass cover slips (0.20 mm, no. 2) were from Corning.

Synthesis of Compound 4. Compound 4 was synthesized with use
of a published procedure (25).

Synthesis of Compound 5. Compound 5 was synthesized in three
steps from CH,CHO(CH,CH,0)¢H: (i) NaH, CICH,C(O)NH-
(CH;)sNHBoc, THF, 0°C to room temperature (RT), 10 h; (i)
thiolacetic acid, 2,2’-azobisisobutyronitrile (AIBN), benzene,
80°C, 48 h; and (iit) 20% TFA/CH,Cl,, RT, 4.5 h.

Synthesis of Compounds 1c and 3c. Trifluoromethanesulfonic an-
hydride (Tf,O, 1.5 equivalents) was added dropwise to a solution
of sulfoxide (1.5 equivalents) in CH,Cl, at —78°C. A solution of
glycosyl acceptor (one equivalent) and 2,6-di-fert-butyl-4-
methylpyridine (DTBMP; three equivalents) in CH,Cl, was then
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added and the reaction mixture was warmed to 0°C over 2 h. The
disaccharide was deprotected in two steps: (i) 20% TFA/
CH,Cl,, RT, 45 min; and (i) lithium hydroxide, methanol
(MeOH), RT, 12 h. After acetylation of the alcohols [catalytic
4-dimethylaminopyridine (DMAP), TEA, acetic anhydride
(Ac0), CHCly, RT, 1 h], the azide was reduced and acetylated
(thiolacetic acid, RT, 48 h).

The allyl ether was oxidatively cleaved [tetra(kistri-
phenylphosphine)palladium, N-methylmorpholine, acetic acid,
and chloroform (1:2:5), RT, 12 h] and the resulting phenol was
alkylated (cesium carbonate, fert-butyl bromoacetate, DMF, RT,
30 min). The ester was removed (20% TFA/CH,CL, RT, 1 h)
and the disaccharide was coupled to H,N(CH;)sNHC(O)
CH,0(CH,CH,0)s(CH2)11SAc 5 [2-(1H-benzotriazol-lyl)-
1,1,3,3-tetramethyluronium hexafluorophosphate; 1-hydroxy-
benzotriazole; N,N-diisopropylethylamine; DMF; RT, 1 h], and
the coupled product was deprotected [sodium methoxide
(NaOMe), MeOH, RT, 12 h].

Synthesis of Compound 2c. Trifluoromethanesulfonic anhydride (1
equivalent) was added dropwise to a solution of sulfoxide and
2,6-di-tert-butyl-4-methylpyridine (2 equivalents) in CH,Cl, at
—78°C. A solution of glycosyl acceptor (1.1 equivalents) in
CH,Cl, was added and then the reaction mixture was warmed to
0°C over 2 h. The disaccharide was deprotected and acetylated
in four steps: (i) sodium methoxide, THF, and methanol (2:3),
RT, 5 h; (ii) 4-dimethylaminopyridine, TEA, Ac,O, CH,Cl,, RT,
1 h; (iii) 20% TFA/CH,Cl, RT, 1 h; and (iv) 4-dimethylamin-
opyridine, TEA, Ac,O, CH,Cl,, RT, 1 h. The azide was reduced
(trimethylphosphine, THF, RT, 30 min; drop of water, 45°C,
24 h) and acylated (isovaleryl chloride, TEA, CH,Cl,, RT, 2 h).
Allyl ether cleavage and subsequent synthetic steps followed the
same procedures as those in the synthesis of carbohydrate ligands
1c and 3c.

Preparation of Gold Substrates. Gold substrates were prepared by
evaporating an adhesion layer of titanium (1.5 nm) and gold (38
nm) onto glass cover slips. Stock solutions (1-2 mM in absolute
ethanol) of tri(ethylene glycol)-terminated alkanethiol 4 and
disaccharide ligand 1c¢, 2¢, or 3¢ were combined in different
ratios in glass scintillation vials. The gold-coated slides were cut
into squares 1 cm? in size, rinsed with ethanol, and dried with a
stream of nitrogen. Two gold substrates were simultaneously
immersed in the adsorption solutions for 8—12 h, rinsed with
ethanol, and dried with nitrogen. The gold chips were glued
into BIAcore cassettes by using 5-Minute Epoxy (Devcon,
Danvers, MA).

X-Ray Photoelectron Spectroscopy. X-ray photoelectron spectros-
copy (XPS) spectra were obtained on an SSX-100 spectrometer
(Surface Science Instruments, Mountain View, CA) by using an
AL Ka source, a quartz monochromator, a concentric hemi-
spherical analyzer in transmission mode, and a multichannel
detector. The spectra were accumulated at a takeoff angle of 35°
relative to the surface and a pressure of (2-8) X 10~° Torr.
Spectra were fitted by using software from Surface Science
Instruments. N(1s) peaks were modeled as a Gaussian function.
The mole fractions of 1¢, 2¢, or 3¢ in each mixed SAM were
calculated by comparing the area under the N(1s) photoelectron
peak of the mixed SAM with the area under the N(1s) peak of
the pure carbohydrate SAM.

SPR Measurement of Protein Binding. A BIAcore 1000 (Pharmacia)
instrument was used to measure protein binding to the carbo-
hydrate-derivatized surfaces. The BIAcore instrument reports
0m in resonance units (RU, 1° = 10,000 RU). The resolution of
the instrument is ~0.0001°.

Protein solutions of carbonic anhydrase (33 mM), concanava-
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methylpyridine, CH,Cl,, —78°C to —30°C; 20% TFA/CH,Cl,, RT, 30 min; LiOH, MeOH, RT, 8 h; Ac;O, TEA, DMAP, CH,Cl,, RT, 1 h; thiolacetic acid, RT, 48 h; (B)
Pd(Phs)s, N-methylmorpholine, AcOH, CHCl3, RT, 8 h; Cs,COs3, t-butyl bromoacetate, DMF, RT, 1 h; 30% TFA/CHCl,, RT, 30 min; 1-hydroxybenzotriazole/2-(1H-
benzotriazol-lyl)-1,1,3,3-tetramethyluronium hexafluorophosphate; N,N-diisopropylethylamine, DMF, RT, 3 h; and sodium methoxide, MeOH, RT, 8 h. Condi-
tions for ligand 2c were as follows: (C) trifluoroethanesulfonic anhydride, 2,6-di-tert-butyl-4-methylpyridine, CH,Cl,, —78°C to —30°C; sodium methoxide, THF,
MeOH, RT, 30 min; 20% TFA/CHCl, RT, 30 min; Ac;0, TEA, 4-dimethylaminopyridine, CH,Cl,, RT, 1 h; MesP, THF, H,0, RT, 48 h; isovaleryl chloride, TEA, CH,Cl,

0°Cto RT, 1 h; and B.

lin A (513 nM), and BP lectin (513 nM) were prepared in PBST
containing 1% BSA. In the BIAcore instrument, the carbohy-
drate-derivatized surface was cleaned with a solution of deter-
gent (SDS, 10 mg/ml in PBST containing 1% BSA) at a constant
flow rate of 5 ul/min for 2 min. A solution of PBST buffer
containing 1% BSA was allowed to flow through the cell for 3
min, followed by a flow of protein in the same buffer for 3 min,
and then by a flow of buffer for another 3 min.

Determination of ICys Values. BP lectin (5 mg) was dissolved in 5
ml of PBST buffer containing 1% BSA. Inhibitor solutions of
seven different concentrations were made from a stock solution
of GalB1,3GalNAcp-thiophenyl glycoside 1b (1 mg/ml in PBST
buffer containing 1% BSA). A solution of lectin (100 ul) was
added to each inhibitor solution to afford a final lectin concen-
tration of 100 ug/ml (513 nM). The seven lectin-inhibitor
solutions were separately injected over individual flow cells.
Protein adsorption to carbohydrate-derivatized SAMs was mea-
sured by allowing a solution of PBST buffer containing 1% BSA
to flow through the cell at a constant flow rate of 5 ul/min for
3 min followed by a flow of lectin-inhibitor solution for 10 min,
and then reintroducing the buffer to initiate dissociation. Du-
plicate experiments were performed on a second set of SAMs
prepared from the original adsorbent solution. From the SPR
response curves, the response values (RU) at r = 633.5 s were
determined for each concentration of the inhibitor 1b and
normalized as RU/RU .y, Wwhere RU . is the RU value in the
absence of 1b. RU/RUp,y values in duplicate were plotted
against the concentration of 1b for each ligand density. I1Cys
values were determined as the concentration of 1b required to
decrease the RU/RUpay value by 25% from its maximum value.
ICys values were obtained for the three carbohydrate ligands
with values of xsug.r ranging from 0.1-1.0. Protein avidity is
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reported in terms of ICys values rather than ICs values because
the change in protein binding is not a linear function of soluble
ligand concentration, and the concentrations can be determined
more accurately at lower inhibition levels.

Determination of Kinetic Constants. The SPR response curves were
analyzed by using BIACORE EVALUATIONS software version 2.1.
The region of the curve corresponding to the dissociation phase
was fitted to a nonlinear exponential decay function to determine
the apparent dissociation constant (kg;s). The validity of the
binding model was evaluated through examination of the resid-
ual plots. Residual plots show the differences between the
experimental data and the calculated fit for each point in the fit.
If the model is appropriate, the residual values will be of low
magnitude and randomly scattered. Comparison of different
binding models provided dissociation rate constants of similar
magnitude.

Results

Preparation of Mixed SAMs Containing Disaccharides 1c, 2¢, and 3c.
We first synthesized the specific disaccharides 1c¢ and 2¢ as well
as the nonspecific control disaccharide 3¢ with an appropriate
alkanethiol linker at the anomeric position (Fig. 2). Sets of mixed
SAMs presenting different mole fractions of disaccharide 1c, 2¢,
or 3¢ (xsugar) Were then prepared by immersing gold substrates
in solutions containing mixtures of disaccharide and tri(ethylene
glycol)-terminated alkanethiol 4. The component 4 was used in
the mixed SAMs because it resists the nonspecific adsorption of
protein (25, 26). The mole fractions of disaccharide in each
surface were determined by using x-ray photoelectron spectros-
copy as described in Materials and Methods.

Mixed SAMs as Model Systems for Assessing Protein Binding to

Surface-Bound Carbohydrates. Initial experiments addressed
whether the mixed SAMs were an appropriate model system to

Horan et al.
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Fig. 3. SPR curves for protein binding to mixed SAMs containing 1c. Solid

line, BP lectin; dashed lines, concanavalin A and carbonic anhydrase, respec-
tively.

investigate specific interactions between surface-bound carbo-
hydrates and proteins. Previous studies on TentaGel beads had
shown that BP lectin recognizes ligands 1a and 2a in the presence
of other structurally similar ligands, suggesting a high degree of
specificity in the polyvalent interactions (6, 7). Mixed SAMs
presenting 1c¢ (Fig. 3) or 2¢ (results not shown) were found to
adsorb BP lectin (27, 28), with protein binding initially increasing
as a function of surface density and then decreasing again.
Decreased protein binding at high ligand densities is character-
istic of interactions involving SAMs. This decrease has been
attributed to steric effects that alter access of individual carbo-
hydrate ligands to the protein binding pockets, or to changes in
the character and packing of the surface of the SAM as a result
of lateral interactions between ligands (29). In contrast to the
results with BP lectin, the mixed SAMs did not adsorb the
enzyme carbonic anhydrase or the mannose-binding protein
concanavalin A at low or high surface densities (Fig. 3); hence,
the mixed SAMs displayed protein-specific binding and had the
required characteristics to serve as models for investigating the
relationship between carbohydrate surface density and binding
of BP lectin.

Measurement of Protein Binding at Increasing Ligand Densities. We
determined the relative avidities of BP lectin for mixed SAMs
containing carbohydrates 1c, 2¢, or 3c at different surface
densities by estimating the concentration of soluble competitor
ligand 1b required to reduce the maximum SPR response by 25%
(the ICys). BP lectin was mixed with increasing concentrations of
1b and the solutions were allowed to flow over mixed SAMs with
values of ysugar ranging from 0.1 to 1.0. The flow was continued

Buffer Lectin + 1b Buffer
30004 " r

Concentration
of 1b

ouM

12.5 M

50 uM

Response | 200 uM
(RU) 400 pM

0 225 450 675
Time (s)

Fig. 4. A typical set of SPR response curves for the binding of BP lectin to
SAMs presenting carbohydrate ligands. The amount of bound lectin decreases
in the presence of the soluble competitor ligand 1b.
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for 10 min and then the protein-inhibitor solution was replaced
with buffer. Fig. 4 shows a representative set of SPR response
curves obtained for a mixed SAM presenting ligand 2¢ with a
value of xsugar =~ 0.1.

Plots of protein binding as a function of inhibitor concentra-
tion for 1¢, 2¢, or 3¢ at low and high surface densities (xsugar =
0.1 and 0.6, respectively) are shown in Fig. 5. At low surface
densities, the protein binds better to mixed SAMs containing
disaccharide 1c¢ than to mixed SAMs containing 2¢ or 3c, as
indicated by the higher concentrations of soluble inhibitor
required to block binding. As the surface density increases, the
avidity of BP lectin for monolayers containing disaccharide 1c
decreases. At the same time, the avidity for monolayers con-
taining 2c¢ increases. At surface densities above xsugar =~ 0.4, 2¢
becomes the preferred ligand, with the maximum differential in
binding avidity occurring at xsugr =~ 0.6; hence, the relative
avidity of BP lectin for ligands 1c and 2¢ switches as the surface
density of the carbohydrate ligands increases above a critical
value.

Evidence for Polyvalent Binding at All Surface Densities. The SPR
results verified our previous findings that the selectivity of BP
lectin for ligands 1 and 2 depends on the context of the
carbohydrate ligands (6, 7). The SPR experiments further sug-
gested that the observed change in binding selectivity on going
from solution to a TentaGel bead was not caused by a simple
orientation effect. If tethering the carbohydrate ligand to a
surface had caused the switch in selectivity, 2¢ should have
shown higher binding avidity for BP lectin at all surface densities.
Instead, the better ligand in solution, 1, remained the preferred
ligand until the surface density reached a critical value. At that
critical value, the binding selectivity switched.

One plausible explanation for the switch in selectivity is that
the critical density reflects the point at which polyvalent inter-
actions begin to dominate the protein binding events. Calcula-
tions suggest, however, that even at xjigana = 0.01, the ligands in
mixed SAMs should be close enough on average to permit
polyvalent interactions (20, 22). The calculations are based on a
model in which a monolayer of protein is adsorbed onto the
SAM. From the size of the protein, it is possible to determine the
surface density of carbohydrate ligands that would provide for

Xsugar = 0.1 Xsugar = 0.6
1.0 f 1.0
Natural _= k_, :é H
Ligand & c
1c z 2
\
0 0
0 [1b] 400 uM 0 [1b] 400 uM
1.0 1.0q4,
Hit M S t %H—%ﬂ
Ligand & . T
2c z 2
o 1T 0 A
0 [1b] 400 uM 0 [1b] 400 uM
1.0 1.0qe
Control Dé : Dé
Ligand & 1S
3¢ 2 2
L]
0 0
0 [1b] 400 uM 0 [1b] 400 uM
Fig.5. Relative binding avidities of BP lectin for mixed SAMs derivatized with

carbohydrate ligands 1c, 2¢, or 3c at low and high densities (values of xsugar =~

0.1 and 0.6) as judged by ICy5 values.
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one binding interaction per protein (i.e., monovalent binding).
The lowest carbohydrate surface densities used in these exper-
iments are approximately ten times higher than the surface
density that would support monovalent binding; therefore, as-
suming a uniform distribution of carbohydrate ligands, polyva-
lent binding is possible for virtually all protein binding events.

Kinetic measurements support the idea that polyvalent bind-
ing between BP lectin and the mixed SAMs occurs at all surface
densities. Slow dissociation rates are a hallmark of multivalent
interactions. All the carbohydrate-derivatized surfaces, even at
the lowest densities, exhibited slow off-rates for the binding of
BP lectin. For example, the off-rate for BP lectin binding to
mixed SAMs of 2¢ with xsygar =~ 0.1 was found to be 2 X103 s~ L
The off-rate did not change when a soluble competitor ligand
was included in the buffer during the dissociation phase. The
similarity in the off-rates in the absence and presence of soluble
inhibitor indicates that the binding is interaction controlled
rather than mass transport controlled. We have concluded,
therefore, that the slow calculated off-rates support the hypoth-
esis that polyvalent interactions predominate even at the lowest
surface densities.

Discussion

Model systems presenting polyvalent carbohydrate ligands have
been used to address questions related to binding events involv-
ing cell-surface carbohydrates and proteins (6-8, 11-13, 15, 16).
Most of these studies focus on the role of polyvalency in
determining protein-binding avidity. It has been amply demon-
strated that polyvalency increases protein-binding avidities dra-
matically; however, the influence of carbohydrate surface den-
sity on protein-binding selectivity has not been examined. The
investigations reported above grew out of a previous study
showing that the selectivity of BP lectin for two different
carbohydrate ligands switched on going from solution to a
polyvalent format. We have now found that the binding selec-
tivity of BP lectin for the carbohydrate ligands depends on the
surface density of the ligands in the mixed SAMs, even though
binding is polyvalent at all densities investigated. The fact that
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the carbohydrate-derivatized SAMs exhibit nonstatistical bind-
ing suggests that secondary interactions contribute significantly
to protein avidity. As the density of the carbohydrate ligands
increases, interactions between the carbohydrates may affect the
individual binding interactions with the protein. Alternatively,
protein—protein interactions may be established at high carbo-
hydrate surface densities. These protein—protein interactions
may well differ for different carbohydrate ligands. Regardless of
their precise nature, secondary interactions could have a signif-
icant effect on protein binding, with the result that the binding
selectivity switches at high surface densities.

Our findings raise the possibility that cell-surface carbohy-
drates may be involved in the regulation of biological pathways
in a more complex manner than has been considered previously.
Because avid protein binding requires polyvalent interactions, it
has been speculated that nature uses carbohydrate surface
density as an “on-off” switch to regulate biological events. At low
ligand density, carbohydrate ligands are not close enough to
permit polyvalent protein binding so a biological pathway is in
the off state. As the surface density of a particular carbohydrate
ligand increases, protein binding occurs and the pathway is
switched on. Our results suggest that the carbohydrate expres-
sion levels can modulate far more complicated response pat-
terns. For example, the observation that the binding selectivity
of a protein depends on both the carbohydrate ligand and its
surface density suggests that the same protein could trigger at
least two different types of responses by binding differentially to
two different carbohydrate ligands. A protein that is bound to
one carbohydrate ligand could be recruited to a different ligand
on the same cell surface as expression levels of the second ligand
increase, with the concomitant activation of a different biolog-
ical pathway. It is even conceivable that different proteins may
bind to the same carbohydrate ligand, albeit at different surface
densities. We propose that changes in the expression levels of
cell-surface carbohydrates may permit switching not just from an
off state to an on state, but from one on state to another on state.
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