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ABSTRACT. Multivalency is a key, ubiquitous phenomenon in nature
characterized by a complex combination of binding mechanisms, with
special relevance in carbohydrate-lectin recognition. Herein we intro-
duce an original surface plasmon resonance (SPR) kinetic approach to
analyze multivalent interactions that has been validated with den-
drimers as monodisperse multivalent analytes binding to lectin clusters.
The method, based on the analysis of early association and late dissoci-
ation phases of the sensorgrams provides robust information of the
glycoconjugate binding efficiency and real-time structural data of the
binding events under the complex scenario of the glycocluster effect.
Notably, it reveals the dynamic nature of the interaction and offers
experimental evidence on the contribution of binding mechanisms.

Multivalent interactions play a fundamental role in a plethora of
physiological and pathological processes. The multivalent presentation
of ligands and receptors results in higher relative binding affinities and
specificities than monovalent interactions."?* This strategy encoun-
tered by nature to modulate biorecognition events has also served as
source of inspiration for the design of multivalent synthetic conjugates
with therapeutic properties.>* Carbohydrate—protein (lectin) recogni-
tion is by far the most studied multivalent interaction because of its
relevance in key processes such as, cell-cell recognition, fertilization,
pathogen invasion, and toxin and hormone mediation.’ In this context,
a vast number of multivalent synthetic glycoconjugates has been pre-
pared over the last decades including dendritic scaffolds, linear poly-
mers, micelles, nanoparticles, and nanotubes.5”® In contrast to the
progress achieved in the competent synthesis of these conjugates, the
precise evaluation of their binding properties is still limited by the
complexity of the binding mechanisms associated to multivalent inter-
actions. While the enhanced binding affinity through the so called
glyco-cluster effect has been attributed to a combination of binding
mechanisms (intermolecular cross-linking, chelation, and statistical

rebinding or bind and slide mechanism),”#?

no experimental proce-
dures have been described so far to deconvolute their contributions to
the overall binding.” As a consequence, binding data is frequently ex-
tracted from indirect competitive methods where only relative affinities

are obtained.!?

Aware of these limitations, we have recently reported a series of
model surface plasmon resonance (SPR) binding experiments between
mannosylated GATG (gallic acid-triethylene glycol) dendrimers and
the lectin Concavalin A (ConA) that reveal the importance of perform-

ing direct, real time analysis of multivalent interactions.!!. A complex
binding profile was disclosed and two limiting binding modes were
described: a low affinity binding mode associated to dendrimers bind-
ing a ConA surface monovalently, and a high affinity mode associated
to dendrimers with higher functional valency. These results, together

with theoretical investigations,'>!3

point to multivalent carbohydrate—
lectin interactions as driven by a dynamic binding heterogeneity where
the contribution of the different mechanisms depends not only on the
glycoconjugate multivalency and lectin cluster density, but also on the
local concentration of glycoconjugates in the proximity of the lectin
cluster, which is a time-dependent factor. Accordingly, only by paying
greater attention to the kinetic aspects of these interactions, a deeper
understanding of the glycocluster effect would be achieved. Herein, we
report an original SPR-based protocol designed to gather rich kinetic
information on the interaction between multivalent analytes (gly-
coconjugates) and clustered receptors on a surface (lectins). The ma-
jor pillar of the method consists in the real time monitoring and analy-
sis of the interaction at low analyte local concentration nearby the
receptor surface (early association and late dissociation phases of the
sensorgrams), an experimental environment where the binding modes
of higher affinity prevail. Application of this protocol is presented to
the analysis of the interaction between GATG glycodendrimers'#!3
decorated with o-D-mannose and a-D-glucose ([Gn]-Man and [Gn]-
Glc; being n the dendrimer generation) and ConA immobilized to
sensor-chips as a model system for a clustered arrangement of lectins
(Figure 1).
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Figure 1. Schematic representation of the model multivalent system
selected for this study: GATG glycodendrimers containing o-D-

mannose or o.-D-glucose and ConA clustered on SPR sensor chips.
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Figure 2. SPR separate kinetic analysis of the interaction of [ G3]-Man and [G2]-Man (1000-7.8 nM) with ConA-HD. Step I (late dissociation phase
kinetic analysis): (a) Sensorgrams (black) and global fitting (red) to pseudo-first order kinetics. Step II (early association phase kinetic analysis): (b)

Plots of kebs vs dendrimer concentration (Ca); and (c) sensorgrams (black) and global fitting of the early association phase (yellow and red) to the

integrated rate equation for pseudo-first order kinetics.

To this end, ConA was covalently attached to a polycarboxylated
SPR sensor chip to generate a high-density lectin surface (ConA-HD,
with a SPR response of the immobilization of 10000 pRiU, 1 uRiU ~ 1
pg/mm?). A titration with methyl-a-D-mannopyranoside (Me-
Man) was first carried out to determine the binding activity of the
surface by means of the maximum Me-Man binding capacity, which
resulted in a SPR response of 20 pRiU (Figure Sla in the Supporting
Information). Then, SPR titrations with [G2]-Man, [G3]-Man, and
[G4]-Man (containing 9, 27, and 81 mannose residues) were per-
formed towards ConA-HD by sequentially injecting increasing concen-
trations of the dendrimers (Ca) over the lectin surface (Figures 2 and
S3). These experiments were conducted at low Ca (below 1 uM) to
attain the circumstance of low local concentration that minimizes
competition between glycodendrimers for binding to ConA. Binding
tests at different flow rates were performed prior to the titrations to
confirm the absence of mass transport effects influencing the shape of
the sensorgrams (Figure 52).!¢ As expected, the registered sensorgrams
showed complex binding profiles consistent with the multivalent na-
ture of the glycodendrimer-ConA interaction that failed to globally fit
to conventional binding models.!! Instead, a detailed kinetic analysis of
the sensorgrams was carried out at the early association and late disso-
ciation phases of the sensorgrams (Figure 2).

The first step of the method is the evaluation of the dissociation
phase, shown in Figures 2a ([G2]-Man and [G3]-Man) and S3a
([G4]-Man). While a high degree of binding heterogeneity was found
at early dissociation times (t = 120-245 s), late dissociation data (t >
245 s) showed good fitting to the classical equation for pseudo first
order kinetics:

Re = Ro exp(-kofehigh (t-to)) (1)
where R is the SPR response at time t, Ro is the response at the begin-
ning of late dissociation (to = 245 s), and Kfthigh is the apparent dissoci-
ation rate constant that accounts for the release of glycodendrimers

from the ConA surface stabilized by a multivalent effect. For [Gn]-
Man, kofehigh values were found to be four orders of magnitude lower
than the calculated dissociation rate constant for the monovalent
ConA-Me-Man complex (Koftmono ~ 6 s1)!7 (Table 1). Coherent dif-
ferences in Kofenigh resulted when comparing different dendrimer gener-
ations, with [G4]-Man showing 2.2- and 3.9-fold slower dissociation
than [G3]-Man and [G2]-Man. The same trend was observed when
comparing the rate of dissociation at early dissociation times, provided
as the percentage of SPR signal decay from 120 s to 245 s (for [G4]-
Man was 1.6- and 2.8-fold times lower than [G3]-Man and [G2]-Man,
Table S1). Overall, the remarkable slow dissociation of the gly-
codendrimers from the ConA-HD surface represents the main contri-
bution to their enhanced binding affinity compared to the monosac-
charide, and serves as a valuable analytical tool for comparing binding
efficiencies. To complement this information with structural data, we
moved to the second step of this method: a kinetic evaluation of the
association phase of the sensorgrams.

The evaluation of early association (t < 50 s) was initially performed
by linear analysis of the equations described for pseudo first-order

kinetics (Figures 2b and S3b):
dR/dt = kon Cd Rmax - kobs R (2)

Kkobs = kon Ca + Kofthigh (3)
where Rumax is the SPR response matching to the maximum analyte
binding capacity of the surface, and kon and kobs are association and
observable rate constants, respectively. Since plotting of kobs vs Ca gives
a straight line with slope equal to kon (see eq 3), binding heterogeneity
might be explored based on deviations from this linear behavior.!8 The
binding of [G3]-Man and [G4]-Man with ConA-HD yielded plots of
kobs vs Ca with two well defined slopes (Figures 2b and S3b). In both
examples, the largest slope (faster association) was observed at low Ca.
Knowing that multivalency typically increases the kinetic activity of

interactions,'3 this result points towards the presence of higher order



Table 1. Binding data from separate kinetic analysis of [Gn]-Man and [Gn]-Glc dendrimers binding to ConA surfaces of high (HD)

and low density (LD): kon (10* M's ™), Kottnigh (10*s™), Kp (nM).

ConA-HD ConA-LD

Kon-1 Kon2 Kofthigh (Kphigh) Kon-1 Kon-2 Koft-high (Kb,high)
[G2]-Man 7.1+£0.2 7.0£0.01 (9.9)
[G3]-Man 232+0.1 5.8+0.1 3.9+0.1(1.7) 8.5+ 0.1 11.7£0.2 (13.8)
[G4]-Man 44.1+09 12.8+0.1 1.8 £0.02 (0.4) 24.0+0.5 14.7 £0.9 5.0%0.1(2.1)
[G2]-Glc 15.0£0.4 18.3+0.3 (12.2)
[G3]-Glc 27.7+0.6 92+0.3 10.5£0.1 (3.8) 11.7£0.4 18.5+0.5 (15.8)
[G4]-Glc 29.1+1.3 6.7+0.1 4.4+0.1(1.5) 385+19 6.8+0.3 82+0.2(2.8)

complexes in the low Ca range. Oppositely, for [G2]-Man, a single
slope was displayed of magnitude comparable to those for [G3]-Man
and [G4]-Man at high C4 (Figure 2b). As only estimates of kon could be
provided by the above linearization method, more precise values were
pursued by global fitting the early association phase of the sensorgrams
to the integrated rate equation for pseudo first-order kinetics (Figures
2c and S3c):

Re = Req (1-exp(-(kon Ca + Koihigh) t)) (4)

Global fitting of early association for [G3]-Man sensorgrams at Cq >
62.5 nM vyielded a kon2 value typical of a monovalent Me-Man-ConA
interaction (Konmono ~ 5-10* Ms),!1” while fitting at Ca < 62.5 nM
afforded a kon1 value ~ 4 times higher than that (Table 1). Noteworthy,
it has been stated that binding of a divalent analyte with a divalent
ligand occurs more readily by a factor of 4 compared to its monomeric
counterpart.'>!® This result suggests [G3]-Man is able to simultane-
ously bind two ConA sites on the ConA-HD surface. A similar behav-
ior was exhibited by [ G4]-Man although with kon1 and kon2 values ex-
ceeding those of [G3]-Man. A possible explanation to this observation
is that [ G4]-Man, with 3-fold more Man per dendrimer, benefits from a
stronger rebinding effect that contributes to a subtle increase of the
association rate. Finally, the fitting of [G2]-Man sensorgrams yielded a
single kon comparable to kon-mono, which implies this dendrimer as not
able to span two ConA sites in ConA-HD. Notably, this proposed early
association phase analysis provides novel real-time structural infor-
mation of the glycodendrimer-lectin cluster interaction and confirms
that the contribution of binding mechanisms is a dynamic parameter
that varies with the local concentration of glycoconjugates nearby the
lectin surface, as schematically depicted in Figure S7. Thus, this meth-
od determines the ability of the glycoconjugate to span two sites of the
lectin cluster and so, it identifies the stabilization mechanisms of the
high affinity binding modes (chelation+ rebinding for [G3]-Man and
[G4]-Man, rebinding for [G2]-Man). Last but not least, from the early
association and late dissociation kinetic data shown in Table 1, esti-
mates of the dissociation constants for the high affinity binding modes
(Kpnigh) can be extracted. This results in affinities higher than 2 nM for
[G3]-Man and [G4]-Man which agree with the proposed chelation
mechanism [Ky? < (K™°)N = (83 uM)? = 6.9 nM].! Importantly,
[G2]-Man, unable to span two ConA sites on ConA-HD, displays a
Kppigh of only 9.9 nM, demonstrating the relevance of rebinding as
stabilization mechanism under conditions of low local concentration.

To further validate this kinetic analysis, we decided to explore the
GATG glycodendrimer—ConA interaction under two additional sce-
narios, which involved modification of intrinsic binding properties of
the ConA cluster or the glycodendrimer. In the search of differences in
the binding mode of the largest dendrimers, the interaction of [G4]-

Man and [G3]-Man was studied towards a second ConA surface with a
functional lectin coverage half of that achieved in ConA-HD (ConA-
LD, with a SPR response of the immobilization of 7500 uRiU and a
maximum Me-Man binding capacity of 10 uRiU, Figure S1b). Accord-
ing to the dissociation phase analysis, the binding efficiency of both
glycodendrimers decreased by 3-fold in ConA-LD as a result of the
lower lectin density. The relative efficiency between generations is
maintained, with kofthign for [G4]-Man being again 2.3-fold lower than
[G3]-Man, and the signal decay at early dissociation 1.6 times lower for
[G4]-Man than for [G3]-Man (Figure S4 and Tables land S1). On the
basis of the early association rate constant analysis, the high affinity
binding mode for [G4]-Man still corresponds to a chelate while [G3]-
Man benefits only from rebinding as source of stabilization in ConA-
LD. The decrease in lectin density impedes [G3]-Man to simultane-
ously bind two ConA sites (Figure S4). Overall, lowering the lectin
density results in reduced affinities and altered high affinity binding
modes, as a response to variations in the relative size between the gly-
codendrimer and the interlectin distance.

In a second case study, the intrinsic binding properties of the gly-
codendrimers were modified by decoration with a-D-glucose (Glc)
instead of a-D-mannose. The selection of Glc was done because it
presents well-defined kinetic differences compared to Man. While both
monosaccharides bind ConA with analogous konmono but the Glc-
ConA complex dissociates ~ 4 times faster than Man-ConA.">?° First,
a SPR titration of methyl-a-D-glucopyranoside (Me-Glc) vs ConA-
HD was performed to confirm that glucose binds ConA with four times
lower affinity than mannose (Figure Slc). [G2]-Glc, [G3]-Glc, and
[G4]-Glc were then prepared (see details in the SI) and their binding
efficiency was evaluated towards ConA-HD and ConA-LD following
the above protocol (Figures SS and S6). As expected, [Gn]-Glc den-
drimers dissociate faster from the ConA surfaces as compared with
[Gn]-Man. Notably, the relative dissociation rate among [Gn]-Glc
series towards ConA-HD was analogous to that found for [Gn]-Man:
i) kofenigh of [G4]-Glc is 2.4 and 4.2 times lower than [G3]-Man and
[G2]-Man, and ii) the signal decay at early dissociation times for [ G4]-
Glcis 1.8 and 2.6 times lower than [G3]-Glc and [G2]-Glc, respective-
ly (Table S1). Similar information was extracted from the late dissocia-
tion phase analysis of [Gn]-Glc towards ConA-LD. These results can
be interpreted as a proof of the usefulness of dissociation rate data to
estimate the relative binding efficiency of multivalent scaffolds, inde-
pendently on the nature of the carbohydrate. It was interesting to see
that [Gn]-Glc dissociates only 2.6-fold faster than [Gn]-Man from
ConA-HD, while a variation of at least 4-fold would be expected ac-
cording to differences in the dissociation rate of mannose vs glucose.?’
A reasonable explanation to this behavior is that the intrinsic faster



dissociation of glucose results in a decreased number of dendrimers
nearby the surface and a concomitant increased number of uncom-
plexed ConA sites, which facilitate an enhanced stabilization of [Gn]-
Glc by rebinding?! In agreement with this scenario, an even more
pronounced effect was observed when analyzing [ Gn]-Glc-ConA-LD,
which late dissociation rate differs only 1.6-fold from [Gn]-Man. This
interesting effect stresses the dynamic nature of multivalent interac-
tions at surfaces and reveals the concentration of glycoconjugate in the
proximities of the lectin cluster as a relevant factor to consider, together
with the lectin density or the size of the glycoconjugate, when deter-
mining the binding efficiency of these interacting systems. Finally, the
analysis of the early association phase of the sensorgrams of [Gn]-Glc
demonstrated again the robustness and fidelity of the method by af-
fording: i) biphasic representations for [ G4]-Glc and [ G3]-Glc binding
to ConA-HD, and [G4]-Glc to ConA-LD, and ii) kon values in the
range of [Gn]-Man (Figures SSb and S6b).

This study constitutes the first example of a detailed evaluation of
multivalent carbohydrate-lectin interactions based on a SPR kinetic
analysis of the early association and late dissociation phases of the sen-
sorgrams. This protocol provides robust information of the glycocon-
jugate binding efficiency, rich real-time structural data, and experi-
mental evidence on the dynamic contribution of chelate and rebinding
mechanisms under the complex scenario of the glycocluster effect. We
believe the information extracted from this analysis will conduct to a
more successful evaluation and selection of optimal glycoconjugate
architectures for particular purposes.
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