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ABSTRACT: The glycan epitopes of natural and synthetic glycoconjugates exist
as covalent attachments of well-defined inner structures or scaffolds. Macro-
molecules such as proteins, peptides, lipids, and saccharides and synthetic
structures serve as scaffolds of glycoconjugates. It is generally perceived that the
biological activities of glycoconjugates are determined mainly by the attached
glycans, while the seemingly inert inner scaffolds play a passive role by providing
physical support to the attached glycan epitopes. However, our data show that
scaffolds actively influence lectin recognition and can potentially modulate lectin-
mediated signaling properties of glycoconjugates. Through in vitro experiments,
we found that the scaffolds significantly altered the thermodynamic binding
properties of the covalently attached glycan epitopes. When a free glycan was
attached to a scaffold, its lectin binding entropy became more positive. The level
of positive entropic gain was dependent on the types of scaffolds tested. For
example, protein scaffolds of glycoproteins were found to generate more positive
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entropy of binding than synthetic scaffolds. Certain scaffolds were found to have limiting effects on glycoconjugate affinity. We
also found that scaffold-bearing glycans with a similar affinity or an identical valence demonstrated different kinetics of lattice
formation with lectins, when the scaffold structures were different. Our data support the view that scaffolds of glycoconjugates (i)
help the covalently attached glycans become more spontaneous in lectin binding and (ii) help diversify the lattice forming or

cross-linking properties of glycoconjugates.

A glycoconjugate is composed of glycan epitopes and a
covalently linked core structure called a scaffold. Proteins,
peptides, lipids, and saccharides can serve as scaffolds (Figure
1). Glycoproteins, proteoglycans, glycopeptides, and peptido-
glycans are glycoconjugates that contain protein or peptide
scaffolds, whereas glycolipids and lipopolysaccharides possess
lipid scaffolds. Synthetic glycoconjugates bear a vast array of
synthetic scaffolds."” Saccharides have been used as scaffolds of
many synthetic glycoconjugates.’™>

Binding of lectins to the glycan epitopes of glycoconjugates is
essential for numerous biological functions, such as cell—cell
communication, cell adhesion, cell recruitment, intracellular
trafficking, and immune recognition.é_8 Multivalent lectin—
glycoconjugate interactions have been studied thoroughly over
the years.””"* The current paradigm is that the lectin-mediated
biological functions of glycoconjugates are controlled primarily
by the structures of the attached glycan epitopes and by the
extent of their clustering,m_18 while the inner scaffolds, which
do not participate in lectin binding, provide physical support to
the covalently linked glycan epitopes. Our thermodynamic and
spectroscopic data, however, strongly suggest that the role of
scaffolds in lectin—glycoconjugate interactions is not at all
passive as perceived. Rather, scaffolds profoundly affect the
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thermodynamics of lectin binding by glycoconjugates and the
kinetics of lectin—glycoconjugate cross-linking or lattice
formation.

Multivalent glycoconjugates often form lattice structures
upon their interaction with lectins. Lattice formation with
lectins is a prerequisite for many biological functions of
glycoconjugates, including their signaling properties.'” >
Synthetic glycoconjugates with different scaffolds that con-
tained different numbers of glycan epitopes have been tested
for their lectin binding properties. Affinity and cross-linking
properties of those glycoconjugates varied on the basis of their
valence.

However, in this study, synthetic glycoconjugates possessing
identical valence and similar affinities showed different lattice
formation kinetics. Differential kinetics of lattice formation,
which is independent of the affinity and valence of the
glycoconjugates, suggest that scaffolds can potentially diversify
lectin-mediated biological functions of glycoconjugates. Glyco-
conjugates with equal valence and comparable affinities can
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Figure 1. (I) Scaffolds are integral parts of natural and synthetic glycoconjugates. Glycoconjugates are glycans (blue lines) covalently attached to (A)
protein (as in glycoproteins and proteoglycans) or peptide scaffolds (as in glycopeptides and peptidoglycans), (B) lipid scaffolds (as in glycolipids
and lipopolysaccharides), (C) saccharide scaffolds (as in polysaccharides), and (D) synthetic scaffolds (as in synthetic analogues). Apart from
glycoconjugates, a variety of non-glycan epitopes, functional groups, and/or pharmacophores in the natural and synthetic world need to be attached
to scaffolds for their activities.**~*’ (II) Free glycans gain positive binding entropy when they are covalently attached with protein scaffolds. ConA
binds to free MansGIcNAc,. ConA also binds to MansGlcNAc, when it is a part of a protein scaffold, as in ovalbumin and RNase B. The binding
entropy (TAS) of ConA for Man;GlcNAc, becomes more positive when the glycan is attached to a protein scaffold (Table 1). (III) Compared to
synthetic scaffolds, protein scaffolds appear to help glycoconjugates gain more positive binding entropy. ConA binds to the “core” trimannoside
region (green circles of structure A) of all N-linked glycans, including all hybrid-type and high-mannose oligosaccharides such as Man,GlcNAc, (B)
and Man,GIcNAc, (C). This trimannoside structure is the complementary binding epitope of ConA. As a result, structures A—C and hybrid-type
oligosaccharides have similar binding affinities for ConA, although the numbers of constituent monosaccharide residues are different in structures A—
C and hybrid-type oligosaccharides. Avidin (D) is a tetrameric natural glycoprotein in which a protein scaffold (four fused circles) is linked to four
high-mannose (Man,GlcNAc,)/hybrid-type oligosaccharides. Soybean agglutinin (SBA) (E) is another tetrameric natural glycoprotein in which a
protein scaffold (four fused circles) is attached to four high-mannose (ManyGlcNAc,) oligosaccharides. Analogue 6 (F) contains four trimannoside
residues on a synthetic scaffold (yellow). As the binding epitope of ConA is the trimannoside structure, SBA (E), avidin (D), and analogue 6 (F) can
be viewed as structural analogues because each contains four similar binding epitopes for ConA. ConA binds to SBA and analogue 6 with similar
affinity (K,), but the binding entropy (TAS) of ConA for SBA is significantly more positive than that of analogue 6 (Table 1). When compared with
analogue 6, avidin also showed a similar trend. (IV) Structures of protein scaffolds may limit the glycan density-dependent affinity effect. SBA has
four accessible high-mannose glycans on its protein scaffold, whereas invertase contains 14 accessible high-mannose glycans. However, affinities (K,)
of both glycoproteins for ConA are comparable.

potentially show different levels of efficacy in lectin clustering, if glycans produce an “n” value of 1 or very close to 1 when the
the scaffold structures of the glycoconjugates are different. We glycan concentration is correctly determined. We have
also found that scaffolds modulated the thermodynamic determined this via numerous ITC experiments over the
binding properties of glycoconjugates. More specifically, years. In the study presented here, n values of all the ITC
scaffolds were found to regulate the positive binding entropy experiments with monovalent ligands are very close to 1 (Table
and thus the spontaneity of lectin binding by glycoconjugates. 1). This indicates the accuracy of ligand concentration. The n
An increasing positive entropy is a hallmark of increasing values of multivalent interactions are fractional (Table 1), and
spontaneity of interaction. the valence of a multivalent ligand is determined from the n
value (valence = 1/n)."
B EXPERIMENTAL PROCEDURES Glycoproteins were purchased from Sigma. Whenever

necessary, they were further fractionated on ConA—agarose
columns. ConA was purchased from Sigma and/or prepared
from jack bean (Canavalia ensiformis) seeds. The concentration
of ConA was determined spectrophotometrically at 280 nm
using Ay o Vvalues of 13.7 and 12.4 at pH 7.2 and 5.2,
respectively,®® and expressed in terms of monomer (M, =

The strategies leading to the synthesis of glycoconjugate
analogues (%lycodendrimers) 1-5 (Figure 2) have been
described.”>™*> The synthesis of analogue 6 (Figure 2) has
been previously mentioned.'’ “Core” trimannoside and
mannopentaose (Man;) (Figure 3) were purchased from
Sigma Chemical Co. and Dextra Laboratories Ltd., respectively.
Following a previously described procedure,*® the Man, 25600). o . . )

glycopeptide was prepared from the Pronase digest of soybean Isothermal Titration Microcalorimetry. ITC experiments
agglutinin (SBA). Man, glycopeptides were isolated from the were performed with MCS-ITC and VP-ITC instruments from

Pronase digest of quail ovalbumin as described previously.”” GE (Microcal, Inc,, Northampton, MA). Injections of 4 uL of a
Mannooligosaccharide structures are shown in Figure 3. The carbohydrate solution were added from a computer-controlled
concentrations of carbohydrates were determined by mod- microsyringe at an interval of 4 min into the sample solution of
ification of the Dubois phenol sulfuric acid method**** using lectin (cell volume of 1.34 mL) with 350 rpm stirring. Control
appropriate monosaccharides as standards. Estimation of the experiments performed by making identical injections of
carbohydrate concentration is a challenging task. An accurate saccharide/glycoconjugate into a cell, containing buffer without
carbohydrate concentration is required to generate unambi§- protein, showed insignificant heats of dilution. The concen-
uous ITC data. We have employed two different methods®**’ trations of lectins were from 10 to 100 uM and those of the
to minimize the error in carbohydrate concentration. ITC glycans and glycoconjugates from 0.1—4.0 mM. A representa-
experiments with accurately estimated protein and monovalent tive ITC profile is shown in Figure 4.
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Figure 2. Structures of the synthetic glycoconjugates used in this study. Analogues 1 and 2 each contain three mannose residues on structurally
different synthetic scaffolds. Analogues 3—35 each contain nine mannose residues on synthetic scaffolds, which are structurally dissimilar. Analogue 6

contains four trimannoside residues on a synthetic scaffold.

Titrations were conducted at pH 5.0—-5.2 and NaCl
concentrations ranging from 0.05 to 0.15 M (100 mM sodium
acetate buffer containing S mM CaCl, and S mM MnCl,).
Titrations were also repeated at pH 7.2 (100 mM HEPES with
150 mM NaCl, S mM CaCl,, and § mM MnCl,) to check if
binding parameters change with pH. The experimental data
were fit to a theoretical titration curve using software supplied
by Microcal, with AH (enthalpy change in kilocalories per

mole), K, (association constant in inverse molar), and n
(number of binding sites per monomer) as adjustable
parameters. The quantity ¢ = KMt(0), where Mt(0) is the
initial macromolecule concentration, is important in titration
microcalorimetry.®” All experiments were performed with ¢
values between 1 and 200. The instrument was calibrated using
the calibration kit containing ribonuclease A (RNase A) and
cytidine 2’-monophosphate (2'-CMP) supplied by the

dx.doi.org/10.1021/bi5001307 | Biochemistry 2014, 53, 4445—4454



Biochemistry

a1,6

1,3

Figure 3. Structures of mannooligosaccharides. Structures of
trimannoside (7), Mans (8), Man,GIcNAc, (9), and ManyGlcNAc,
(10) are shown (the circles represent mannose residues and the
squares GIcNAc). ConA binds to the internal “core” trimannoside
(shown within the boxes with dashed sides) of the oligosaccharides.

manufacturer. Thermodynamic parameters were calculated
from the equation AG = AH — TAS = RT In K,, where AG,
AH, and AS are the changes in free energy, enthalpy, and
entropy of binding, respectively, T is the absolute temperature,
and R = 1.98 cal mol™ K™".

Under proper stoichiometric conditions, multivalent ligands
and lectins form insoluble cross-linked complexes. Such
complex formation during ITC measurement was prevented
by using a low lectin concentration, a buffer with a low pH (pH
5.0), and a low salt concentration. Under such conditions,
ConA exists as a dimeric protein, and thus, insoluble complex
formation is significantly prevented. In a previous study, we
obtained unambiguous ITC data using this approach.'’ We
have also found that just by using a lower concentration of
ConA (10—25 uM), multivalent interactions could be
measured by ITC even at pH 7.2. Thus, the ITC experiments
reported in this study were performed under conditions under
which the formation of insoluble cross-linked complexes was
arrested or significantly slowed. As a result, the quality of the
ITC-driven thermodynamic data was not compromised.
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Figure 4. Calorimetric titration profile of ConA (30 uM) with RNase
B (1250 uM) at 27 °C and pH S.2. The top panel shows data obtained
for automatic injections (4 L each) of RNase B. The integrated curve
showing experimental points and the best fit are shown in the bottom
panel. The calorimetric profile of the ConA—RNase B interaction at
pH 7.2 is shown in the Supporting Information.

Kinetics of Noncovalent Cross-Linking or Lattice
Formation. Measured volumes of lectin and saccharide
solutions were mixed in a 1 mL quartz cuvette, and the time-
dependent development of turbidity was measured at 420 nm
with a Shimadzu UV-2450 spectrophotometer.”> The buffer
was HEPES [100 mM HEPES, 0.15 M NaCl, § mM CaCl,, and
S mM MnCl, (pH 7.2)]. The same experiments were repeated
in 100 mM sodium acetate buffer containing S mM CaCl, and

Table 1. Thermodynamic Binding Parameters of ConA Obtained with Free Mannooligosaccharides, Mannooligosaccharide-
Containing Glycoproteins, and a Mannooligosaccharide-Containing Synthetic Analogue at pH 5.2 and 27 °C“

—AH (kcal/mol) —TAS (kcal/mol)

n (sites/monomer)

ligand K, (x107* M) ¢ value —AG (kcal/mol)
trimannoside 38 + 2.03 14 + 09 7.6 + 0.03
Mang 432 £ 233 15 + 1.7 7.7 + 0.04
Man,Gn, 314 + 3.02 12+ 06 7.5 + 0.05
ManyGn, S1.0 + 3.41 17+ 12 7.8 + 0.02
RNase B 64.6 + 3.17 19 +£ 0.5 7.9 + 0.04
ovalbumin 29.6 + 2.93 16 £ 0.2 7.5 + 0.05
analogue 6 1378 + 34 150 £ 5.8 9.7 £ 0.02
SBA 1606 + 23 160 + 6.9 9.8 + 0.02
avidin 1050 + 32 140 + 3.0 9.6 + 0.03
invertase 1750 + 29 150 £ 7.2 9.9 + 0.01

14.6 + 0.18 7.0 £ 021 1.01 + 0.03
15.6 £ 0.23 8.0 £0.23 1.02 + 0.02
17.6 £ 042 10.7 = 0.33 0.99 + 0.03
17.9 £ 0.31 102 £ 041 1.03 + 0.02
10.2 + 0.33 2.2 + 027 0.98 + 0.02
8.9 + 0.24 1.5 £0.19 1.03 + 0.03
S54.1 + 0.62 444 + 0.54 0.25 + 0.00S
38.2 + 049 284 + 0.43 0.26 + 0.008
42.0 + 0.24 32.5 + 0.37 0.26 + 0.003
913 + 0.75 81.5 + 091 0.08 + 0.002

“Each value represents a mean value of a particular parameter obtained from three different experiments. K,, —AH, ¢, and n values are mean values of
from three experiments. Values of —AG and —TAS were calculated separately for each experiment, and then the mean values of —AG (from three
experiments) and TAS (from three experiments) were determined. The table shows those mean values and standard errors. A hybrid-type
oligosaccharide showed an inhibitory potency, comparable to that of trimannoside.
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S mM MnCl, (pH 5.2). All experiments were conducted at
room temperature. The absorbance was monitored continu-
ously until the OD became constant. After each experiment, a
portion of the precipitate was treated with 200 mM Me-a-
mannose to determine whether the precipitation was due to the
binding of the saccharides.

The invertase/ConA stoichiometry was determined by
incubating invertase with different amounts of ConA. The
amount of cross-linked complex formation was measured at 420
nm with a Shimadzu UV-2450 spectrophotometer.

B RESULTS AND DISCUSSION

Well-characterized lectin concanavalin A (ConA), glycoproteins
with known glycan profiles, and strategically designed synthetic
glycan analogues have been used in this study to ensure
unambiguous quantitative analysis.

Rationale behind the Selection of Glycoconjugates.
To test the role of scaffolds (protein and synthetic) of
glycoconjugates in lectin binding and postbinding events, we
have selected three different groups of ligands: (a) glycans
without scaffolds [free oligomannose/high-mannose oligosac-
charides without scaffolds, such as “core” trimannoside,
mannopentaose (Mans), Man;/Mang, Man, (Figures 1 and
3), and a hybrid glycan], (b) glycans with natural protein
scaffolds (i.e.,, glycoproteins) [high-mannose oligosaccharides
bearing glycoproteins RNase B, chicken ovalbumin, avidin,
invertase, and soybean agglutinin (SBA) (Figure 1)], and (c)
glycans with synthetic scaffolds [mannose-containing analogues
(1—6) with synthetic scaffolds (Figure 2)].

Synthetic glycoconjugates with identical valences and
comparable affinities but different scaffold structures were
chosen to determine if the influence of scaffolds is independent
of affinity and valence. For example, analogues 1 and 2 are
trivalent, their affinity for ConA is comparable, but their
scaffold structures are different. Similarly, 3—5 are nonavalent
analogues possessing identical affinity for ConA. Analogues 1
and 2 are mannopyranoside trimers differing by the linker
length between the mannoside anomeric carbons and the
aromatic carbon. They are 10 and 9 atoms in length,
respectively. Glycodendrimers 3—S have nine mannopyrano-
side residues each attached to the central benzene ring. They
differ by the linker distance between the anomeric carbon and
the first focal point of attachment and by the number of atoms
between the focal point and the aromatic carbon. The different
numbers of atoms in the linkers were strategically designed to
present better flexibility and accessibility. Despite the subtle
differences in the scaffold structures within the groups (1 and 2
and 3—5), individual group members showed similar binding
affinities. However, the cross-linking (lattice formation) kinetics
of 1 was different from that of 2. A similar trend was observed
in the other group (3—5) (described below). Synthetic
analogue 6 was chosen because its valence and affinity were
similar to those of two glycoproteins [soybean agglutinin
(SBA) and avidin]. The only difference between 6 and the
glycoproteins lies in their scaffold structures: analogue 6
contains a synthetic scaffold, whereas SBA and avidin possess
protein scaffolds. 6, SBA, and avidin were selected to examine
how synthetic and protein scaffolds differentially influence
lectin binding properties. Invertase and SBA have similar
affinities for ConA; however, the former has a valence higher
than that of SBA. Invertase was used to show that a higher
valence (higher level of epitope clustering) may not necessarily
yield a higher affinity. RNase B and ovalbumin were chosen

4449

because they contain one copy of MansGlcNAc,, covalently
attached to their respective protein core (scaffold). Binding
data obtained with a scaffold-free Man;GlcNAc, and scaffold-
linked Man GIcNAc, (as in RNase B and ovalbumin) would
show how binding properties change when a free glycan is
covalently attached to a protein scaffold (as in a glycoprotein).

Glycoprotein Heterogeneity. We used ConA and a
carefully selected panel of ligands to avoid the glycan/
glycoprotein heterogeneity problem. We chose ConA for its
exceptional ability to bind high-mannose (oligomannose) and
hybrid—r);pe glycans through their internal “core” trimannoside
residues.”® The “core” trimannoside is the binding epitope of
ConA because the lectin’s binding site is complementary to this
trimannoside structure. This “core” structure is present in all N-
linked glycans, including high-mannose and hybrid-type
glycans. RNase B and ovalbumin are monomeric glycoproteins
with a single glycosylation site that contains either
oligomannose oligosaccharides (in RNase B) or oligomannose
and/or hybrid-type oligosaccharides (in ovalbumin)*3*
(Figure 1). Our studies show that oligomannose, hybrid-type
chain, and trimannoside possess similar affinities for ConA
(Table 1) as the internal trimannoside “core” of all N-linked
oligosaccharides (including high-mannose and hybrid-type
oligosaccharides) is the binding epitope of ConA and the
trimannoside epitope is present in both high-mannose and
hybrid-type chains. Therefore, oligosaccharide heterogeneity in
RNase B and ovalbumin did not alter the binding data as the
binding epitope for ConA is a common structure of all N-linked
oligosaccharides. The same is applicable to avidin®® (that
possesses four oligomannose, hybrid-type glycans) and
invertase that contains 14 accessible high-mannose glycan
chains.>” Soybean agglutinin (SBA) is a naturally homogeneous
plant glycoprotein with four high-mannose glycans.*® Thus,
oligosaccharide heterogeneity did not influence the data
presented here. Whenever necessary, glycoproteins used in
this study were chromatographed on a lectin affinity column
(such as a ConA—agarose column).

Binding of ConA to Oligomannose and Oligoman-
nose-Containing Glycoproteins Is pH-Independent.
Binding of ConA to trimannoside, Mans;, RNase B, and
ovalbumin was studied by ITC at pH 5.2 and 7.2 [Figure 4,
Figure S5 (RNase B), Figure S2 (Mang), Figure S6
(ovalbumin), and Figure S1 of the Supporting Information,
and ref 10 (trimannoside)]. The thermodynamic binding
parameters did not change with pH (Table S1 of the
Supporting Information).

The Lectin Binding Entropy of a Glycan Becomes
More Positive When It Contains a Covalently Linked
Protein Scaffold. Thermodynamic binding data of intact
RNase B were compared with those obtained with its
constituent oligosaccharides in free form (trimannoside,
Mang, Man,, and Mang). The K, and AG values were found
to be comparable, whereas the binding entropy was more
positive for intact RNase B. Similar results were also found in
experiments with intact ovalbumin and its constituent
oligosaccharides. The binding entropy (TAS) of ConA for
free Mang was —8.0 kcal/mol, whereas the TAS values for Mang
attached to protein scaffolds, as in ovalbumin and RNase B,
were —1.5 and —2.2 kcal/mol, respectively (Table 1). It is
interesting to note that the K, values (affinities), and thus the
AG values, of free Mang and the glycoproteins (RNase B and
ovalbumin) were similar but the relative contributions of
enthalpies and entropies differed because of the presence of

dx.doi.org/10.1021/bi5001307 | Biochemistry 2014, 53, 4445—4454
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protein scaffolds. In the presence of protein scaffolds (as in
ovalbumin and RNase B), the entropy of binding becomes
more positive. At the same time, the enthalpy of the system
becomes less negative as a compensatory measure (Table 1).
Enthalpy—entropy compensation is an integral part of binding
thermodynamics. The spontaneity of a binding interaction
increases either with an increase in positive binding entropy or
with an increase in negative binding enthalpy. Our data strongly
suggest that the positive entropy-driven binding spontaneity of
a glycan increases when it is covalently attached to a protein
scaffold.

ConA binds to a ManyGlcNAc, oligosaccharide and a
trimannoside with comparable affinities (Table 1) because
ConA recognizes only the core trimannoside structure of this
oligosaccharide. SBA contains four ManyGlcNAc, oligosacchar-
ides (Figures 1 and 3) and is a tetravalent ligand of ConA.
ConA would bind to the trimannoside epitope of each
ManyGlcNAc, of SBA. The synthetic analogue 6 has four
trimannoside epitopes (Figures 1 and 2) and is a tetravalent
ligand of ConA. Therefore, it is a structural analogue of SBA.
Indeed, the affinity (K,) and AG values of ConA for analogue 6
and SBA are comparable, but their TAS values are significantly
different (—44.4 kcal/mol for analogue 6 and —28.4 kcal/mol
for SBA) (Table 1). In other words, the relative contribution of
enthalpy and entropy to the binding free energy is very
different for these two ligands. For SBA, the entropy of binding
is significantly more positive than that of analogue 6. The data
suggest that the thermodynamic binding mechanism changes
with the structures of the scaffolds of the ligands. Analogue 6
and SBA have similar glycan epitopes and similar valences for
ConA. While analogue 6 contains a synthetic scaffold, SBA
possesses a protein scaffold. Therefore, the difference in the
entropic values could be attributed to the structural differences
of the scaffolds. The data suggest that the thermodynamic
binding mechanism changes with the structures of the scaffolds
of the ligands. Data obtained with ConA and another
tetravalent glycoprotein avidin (Table 1) further support this
view. It is difficult to draw a general conclusion on the basis of
data obtained from three ligands (analogue 6, SBA, and avidin),
but it is tempting to speculate form our limited data that
compared to synthetic scaffolds, protein scaffolds provide more
an entropic advantage.

Overall, these findings support the notion that compared to
their free states, glycans and possibly glycosaminoglycans would
bind to their receptors more spontaneously when they are
covalently linked with protein scaffolds (as in glycoproteins and
proteoglycans, respectively). This explains, at least partially,
why structural glycans in nature almost always need to be
attached to scaffolds (for example, glycoproteins and
proteoglycans). Protein glycosylation is a natural way of
attaching glycans to protein scaffolds. It seems that one of
many objectives of glycosylation is to make glycans functionally
more spontaneous. Addition of a scaffold (protein or
otherwise) to a glycan increases its hydrodynamic radius and
changes its rotational and tumbling properties. This, in turn,
may influence the chance of a lectin molecule to “find” and
bind to the glycan epitopes. Addition of a scaffold to a glycan
may also alter glycan conformation and flexibility. It remains to
be seen how these scaffold-dependent physical changes
contribute to favorable lectin binding entropy (studies are
underway in our lab). One could speculate that in a system with
favorable entropy, breaking of hydrogen bonds may result in

4450

smaller numbers of overall hydrogen bonds. The reduced
negative enthalpy values support this speculation.

Structures of Protein Scaffolds May Limit Glycan
Density-Dependent Affinity Effects. Invertase is a high-
mannose glycan-containing glycoprotein with 14 accessible
high-mannose glycans, whereas SBA possesses four high-
mannose glycans (Figure 1). Thermodynamic binding data
and precipitation studies show that, compared to SBA, invertase
has a higher valence for ConA (Table 1 and Figure S11 of the
Supporting Information). [Valence is 1/n (ref 13). The valence
of SBA for ConA is 1/0.25 = 4; the valence of invertase for
ConA is 1/0.08 = 12.5.] However, the affinities of invertase and
SBA for ConA are comparable (Table 1). The glycan density
on invertase is higher than that of SBA, but that does not
translate into a higher affinity. The structures of the protein
scaffolds may play a role in limiting the affinity. We have seen
similar effects with other globular glycoproteins (data not
shown).

The Scaffold Structure of a Relatively Low-Affinity
Multivalent Ligand Can Turn It into a Very Potent
Lattice-Forming (cross-linking) Agent of Lectins. De-
pending on their scaffold structures, some synthetic multivalent
ligands with relatively weak affinity for lectins can cross-link the
same lectins with surprising efficiency. In other words, ligand
scaffolds can make cross-linking kinetics (or the rate of lattice
formation) independent of ligand affinity. For example,
synthetic glycoconjugate 1 possesses an affinity (62 uM)
much weaker than that of invertase (0.07 uM), but the lattice
forming efficiency of the former is comparable to that of
invertase (Figure S). This result indicates that even lower-
affinity multivalent ligands with proper scaffolds have the
potential to form a lattice with cell surface receptors.

0.75

0.38!

Absorbance at 420 nm

350.00

175.00
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Figure S. Scaffolds can make lattice formation kinetics independent of
ligand affinity. Lattice formation kinetics of ConA with low-affinity
[analogue 1 (A)] and high-affinity [invertase (B)] ligands.

Scaffold Structures Influence the Lattice Formation
(cross-linking) Kinetics. Receptor clustering (lattice for-
mation) by multivalent ligands often leads to receptor-mediated
signaling events. Such signaling processes are sensitive to the
kinetics of clustering.zz’3 ~* Hence, factors that influence this
kinetics can potentially modulate signaling events. An in vitro
turbidometric assay is a reliable way to measure the kinetics of
cross-linking."**** Turbidometric assays performed at pH 5.2
and 7.2 showed a similar trend of cross-linking kinetics (Figure
6). The kinetics of complex formation at pH 5.2 was
comparatively slower because ConA is a dimer at pH 5.2
(ConA is a tetramer at pH 7.2).

Trivalent mannose analogues (1 and 2 in Figure 2) that differ
only in linker length (i.e., 10 atoms for 1 and 9 atoms for 2)
(Figure 2) showed very different lattice formation kinetics with
ConA (Figure 6, top) at pH 5.2 and 7.2. The affinity (0.2 mM)
and valence (trivalent) of these analogues were similar.
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Figure 6. Scaffolds of synthetic glycoconjugates modulate their lattice forming kinetics. Cross-linking or lattice forming kinetics of ConA with (top)
trivalent analogues 1 (A) and 2 (B) at pH 7.2 (I) and pH 5.2 (II) and (bottom) nonavalent analogues 3 (A), 4 (B), and § (C) at pH 7.2 (III) and

pH 5.2 (IV).

Therefore, these differences in lattice formation kinetics were
independent of binding affinity and valence but dependent on
the structures of the scaffolds. Similar observations were made
with three nonavalent analogues (3—5 in Figure 2) with
identical valences (nonavalent) and affinities (0.03 mM).
Differential lattice formation kinetics of 3—5 at two different
pH values (5.2 and 7.2) (Figure 6, bottom) were due to the
subtle structural differences in their scaffolds. In addition to
these synthetic glycoconjugates, natural glycoproteins possess-
ing similar affinities for ConA demonstrated different lattice
formation kinetics with ConA. For example, SBA and avidin
possess similar affinities and valences for ConA (Table 1), but
their cross-linking kinetics are different (Figure S12 of the
Supporting Information). On the surface of cells, glycoconju-
gate-mediated lattice formation kinetics may be a determining
factor of lectin—glycoconjugate lattice structures and subse-
quent signal initiation. If scaffold structures of glycoconjugates
can differentially influence lattice formation kinetics, scaffolds
can potentially modulate lectin-mediated signal initiation and
diversify the signaling properties of glycoconjugates.

Bl CONCLUSIONS AND IMPLICATIONS

Scaffolds of glycoconjugates do not directly interact with lectins
and are perceived as mere support structures that help the
multivalent display of glycans, but our data show that scaffolds
play a much more critical role in lectin—ligand interactions. The
following points summarize the potential roles of scaffolds as
well as the implications of the findings presented here.
Thermodynamic Advantage of Glycosylation. We
found that the binding entropy of a glycan became more
positive when a glycan contained a scaffold. The degree of
entropic change was found to depend on the nature of the
scaffolds. Protein scaffolds were responsible for an entropy
change that was more positive than that of synthetic scaffolds.
An increasing positive entropy is a hallmark of an increasing
spontaneity of interaction. It seems that one of many purposes
of glycosylation (which is a natural process of adding a scaffold
to glycans) is to provide glycoconjugates with an entropic
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Figure 7. Schematic presentation of the proposed scaffold-mediated
functional diversity of glycoconjugates. Interactions of a group of
homologous lectins (lectin-1 to lectin-n) possessing similar carbohy-
drate binding specificities with a particular glycan [free (a) and on
different scaffolds (b—e), Y axis, first column] are shown with circles.
Different colors represent differences in binding and postbinding
properties (binding thermodynamics, lattice formation properties, and
signaling properties). The binding specificities of all the homologous
lectins for the free glycan (a) will be comparable (denoted as blue
circles). The same glycan (2) on different scaffolds (b—e) will show
different properties with a single lectin. Each scaffold-containing
glycoconjugate (b—e) will show different properties with individual
members of the homologous lectin family. LacNAc specific lectins
galectins form such a family of homologous lectins.

advantage, so that they can interact with lectins more
spontaneously.

Functional Diversity of Glycans and Their Receptors
(lectins). The huge arrays of functionally diverse glycoconju-
gates in nature are basically made with a limited number of
structurally different monosaccharides. In addition to other
factors (linkages, modifications, arrangements, and clustering),

dx.doi.org/10.1021/bi5001307 | Biochemistry 2014, 53, 4445—4454
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we believe that scaffolds make significant contributions to this
functional diversity. Glycoconjugates with similar or over-
lapping glycan structures can potentially show different lectin-
mediated functions if the glycoconjugates contain structurally
different scaffolds (Figure 7). Our data strongly suggest that
even a subtle difference in the structures of scaffolds could
significantly influence the kinetics of lattice formation and thus
can potentially diversify the signaling properties of glycoconju-
gates. The functional ability of multitasking lectins and the
ability of lectins to respond differently to self-glycoconjugates
and non-self-glycoconjugates might be dependent, at least in
part, on the structures of the scaffolds of the glycoconjugates
with which they interact. On the basis of our data, we propose
that glycoconjugates with similar glycan epitopes, comparable
affinities, and identical valences but different scaffold structures
will bind to the same lectin with different binding
thermodynamics and display differential kinetics of lattice
formation with the lectin. Via the modulation of lectin binding
thermodynamics and lectin—glycoconjugate lattice formation
kinetics, scaffolds can potentially diversify lectin-mediated
cellular functions (Figure 8).

Beyond Affinity and Valence Effects. Affinity and
valence are the major determinants of ligand—receptor
interactions. Our data showed that the influence of scaffolds
on lectin—glycoconjugate interaction could be independent of
the affinity and valence of the glycoconjugates involved. Along
with affinity and valence, the scaffold of a ligand could be
another factor that determines the outcome of ligand—receptor
interaction.

The observations made in this study are based on
thermodynamic data. Therefore, it is very likely that they will
be relevant to other lectin—glycoconjugate systems and even to
non-glycan macromolecules that possess scaffolds.**~*
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