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ARTICLE INFO ABSTRACT

Keywords: Quartz crystal microbalance (QCM) methodology has been adopted to unravel important factors contributing to
QCM the “cluster glycoside effect” observed in carbohydrate-lectin interactions. Well-defined, glycosylated nanos-

Carb_OhydratES tructures of precise sizes, geometries and functionalization patterns were designed and synthesized, and applied

Lecltlfls ) to analysis of the interaction kinetics and thermodynamics with immobilized lectins. The nanostructures were

I\N/[u t“’f sfncy based on Borromean rings, dodecaamine cages, and fullerenes, each of which carrying a defined number of
anoplatrorms

carbohydrate ligands at precise locations. The synthesis of the Borromeates and dodecaamine cages was easily
adjustable due to the modular assembly of the structures, resulting in variations in presentation mode. The
binding properties of the glycosylated nanoplatforms were evaluated using flow-through QCM technology, as
well as hemagglutination inhibition assays, and compared with dodecaglycosylated fullerenes and a monovalent
reference. With the QCM setup, the association and dissociation rate constants and the associated equilibrium
constants of the interactions could be estimated, and the results used to delineate the multivalency effects of the
lectin-nanostructure interactions.

1. Introduction

Cell surface glycans, presented as part of the “glycocalyx” of the cell
envelope, play essential roles in the communication between individual
cells and their surroundings. Depending on the affinities and selectiv-
ities of interactions with different proteins and other carbohydrates, the
glycans influence a variety of important processes, such as regulation,
modulation, adhesion and infection (Hudak and Bertozzi, 2014; Tarbell
and Cancel, 2016; Varki et al., 2009). The carbohydrates also enable the
cells to distinguish between native entities and foreign substances,
thereby participating in the defense against viruses and bacterial cells.
Although the binding selectivities of the various glycan structures are
generally high, the efficiencies of these processes also rely on the in-
teraction strengths, where higher binding affinities result in
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enhancement of the associated processes. Since interactions between
monovalent saccharides and their cognate receptors are generally
weak, the required affinities can be obtained through the presentation
of multiple copies of the participating carbohydrates. This results in
multivalent interactions between the glycans and the binding partners,
often leading to dramatically enhanced affinities (Badji¢ et al., 2005;
Fasting et al., 2012; Hunter and Anderson, 2009; Mammen et al., 1998).
This avidity effect is sometimes referred to as the ‘cluster glycoside
effect’ (Cecioni et al., 2015; Chabre and Roy, 2010; Lee and Lee, 2000;
Lundquist and Toone, 2002), effective on both the overall binding and
the per mole carbohydrate basis.

To more efficiently control the many processes in which carbohy-
drates are involved, it is essential to understand this avidity effect. A
wide variety of glycosylated architectures has for this reason been
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developed, e.g., glycodendrimers, glycopolymers, glyconanoparticles
and glycoclusters (Bernardi et al., 2013; Chabre and Roy, 2010; Chen
et al., 2014; Miiller et al., 2016; Ramstrém and Yan, 2015; Wang et al.,
2010; Wittmann and Pieters, 2013). However, for most of these plat-
forms it has been challenging to control the local carbohydrate density
and ligand flexibility, and in many cases the asymmetric presentation
allows for different modes of interaction. To gain better insight in the
important factors contributing to the observed multivalent effects, it is
therefore crucial to design well-defined nanoplatforms. In addition, the
evaluation of the carbohydrate-presenting entities with equally well-
defined binding partners is required to elucidate the different factors
determining the binding efficiencies.

These challenges have been addressed in the present study, where
we report the synthesis of a range of well-defined glycosylated nano-
platforms and their biological evaluation toward lectins and bacteria
using two different methods: real-time quartz crystal microbalance
(QCM) methodology (Cheng et al., 2012; Pei et al., 2005), and he-
magglutination inhibition assays (HIA) (Durka et al., 2011). The main
hypothesis was that precise variations in nanoplatform size, geometry,
and residual charge, combined with the carbohydrate structure and
presentation, can be used to extract valuable information regarding
multivalency effects. By using select lectins with distinct features
matching the nanoplatforms, we aimed to draw conclusions regarding
the interplay between the different parameters governing the carbo-
hydrate-lectin interactions in these complexes. We thus describe gly-
cosylated nanoplatforms derived from Borromean rings, dodecaamide
cages, and fullerenes (Durka et al., 2012; Timmer et al., 2016), for
which the binding kinetics and thermodynamics were assessed using
QCM against the agglutinins from Canavalia ensiformis (ConA) and
Galanthus nivalis (GNA). We also targeted Escherichia coli in order to
assess the effect of the glycoclusters directly on the FimH lectin within a
cellular context.

2. Materials and methods
2.1. General

All chemicals used for the synthesis of the new compounds were
purchased from commercial suppliers (Sigma-Aldrich; NEt; and MgSO,
from Alfa Aesar) and used as received. Lectins were purchased from
Sigma-Aldrich. All chemicals used for coupling of lectins to the QCM
sensor chips were supplied by Attana AB, Sweden. Solid-supported
copper catalyst Cu@A21 was prepared according to a literature pro-
cedure (Wu et al., 2014). Hexaalkyne Borromeate BR:(RY)¢, dodecaa-
mine cage C:(R®);,, azido-functionalized mannoside 1 and all glyco-
sylated nanoplatforms not described below were synthesized according
to previously described procedures (Timmer et al., 2016; Abellan Flos
et al., 2016; Culshaw et al., 2013; Nierengarten et al., 2010; Tozawa
et al., 2009; Chichak et al., 2004, 2005). Anhydrous solvents were
obtained by passing them through alumina columns in a Glass Contour
solvent dispensing system, or using manual distillation over CaH,
(CH,Cl,, NEt3). Solvents used during workup, extraction and flash
column chromatography were of analytical grade and used as supplied.
Flash column chromatography was carried out using Merck silica gel 60
(particle size 0.040-0.063 mm). ATR-IR spectroscopy was performed
using a Thermo Scientific Nicolet iS10 spectrophotometer. Mass spec-
trometry was performed at the Institute of Chemistry at University of
Tartu (Estonia). NMR spectra (*H, '°F and *3C) were recorded on either
Bruker Avance DMX 500 or Ascend 400 spectrometers. Chemical shifts
are reported as 8-values (ppm) relative to tetramethylsilane with (re-
sidual) solvent as internal reference.

2.2. Synthesis of glyconanoplatforms

Hexamannoside Borromeate (BR:(R%)¢/BR-‘6M). Azide functio-
nalized mannoside 1 (7.5 equiv., 75.0 umol, 22.0 mg) was placed in an
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oven-dried vial containing a stir bar, Cu@A21 (25.3 mg, 50 wt% with
respect to hexaalkyne BR-(R")s), and DMSO (500 pL). Hexaalkyne
BR:(RY)¢ (1.0 equiv., 10.0 umol, 50.6 mg) was added to the solution and
the mixture was vortexed, placed under an N, atmosphere and stirred at
room temperature. After 48 h, the catalyst was removed by filtration
over a plug of cotton with the aid of a minimal amount of extra DMSO
to minimize product loss. The mixture was concentrated by lyophili-
zation and the product was precipitated by addition of acetone (5 mL).
The supernatant was removed and the residue was washed with acetone
(5mL) followed by isopropanol (2 X 5mL). The residual solids were
dried under high vacuum to obtain compound BR:6M as a light brown
powder (54.5mg, 7.99 umol, 80%). 'H NMR (500 MHz, DMSO-d,
25°C) 8 = 8.94 (br s, 12H), 8.42-8.09 (m, 24H), 7.42 (br s, 6H),
6.73-6.44 (m, 60H), 5.57 (s, 12 H), 4.84-4.61 (m, 78H), 3.83-3.36 (m,
72H); 13C NMR (126 MHz, DMSO-de, 25 °C) 8 = 169.7, 167.4, 160.5,
151.3, 149.6, 149.0, 147.9, 140.6, 133.5, 129.5, 125.9, 120.7, 115.9,
111.4,110.3, 99.9, 73.9, 70.9, 70.2, 69.2, 68.6, 67.0, 65.5, 63.0, 61.2,
60.8, 49.5; 'F NMR (377 MHz, DMSO-ds, 25 °C) 8 73.5; HRMS (NSI-
FTMS, m/Z) calc. for C280H264N48zn6076F244+ [M-4TFA]4 *:
1590.8394, found 1590.8444; calc. for CoygH264N4gZng074F21°" [M-
5TFAI*: 1250.0744, found  1250.0773;  calc. for
C276H264N4szn6072F186+ [M-GTFA]6+: 1022.8977, found 1022.9002.

Dodecaalkyne Cage (C-(R*);5). 3-(Prop-2-yn-1-yloxy)propanoic
acid (18 equiv., 2.7 mmol, 346 mg) was placed in an oven-dried flask
containing a stir bar and dissolved in dry toluene (15mL). Thionyl
chloride (54 equiv., 8.1 mmol, 964 mg, 588 uL) was added to the so-
lution and the mixture was heated to 90 °C. After stirring for 6 h, the
mixture was cooled down to room temperature and concentrated in
vacuo to afford compound 2. In parallel, dodecaamine C(R%);,
(122 mg, 0.15mmol) was suspended in dry CH5Cl, (8 mL), to which
NEt; (24 equiv., 3.6 mmol, 364 mg, 500 uL) was added. The freshly
prepared acid chloride 2 was dissolved in dry CH,Cl, (7 mL) and added
dropwise to the mixture containing dodecaamine C(R3);2. The re-
sulting mixture was stirred at r.t. for 16 h, after which it was transferred
to a separation funnel containing 5% aqueous NaOH (20 mL) and ex-
tracted with CH,Cl, (3 x 30 mL). The combined organic layers were
washed with water (10 mL) and dried over MgSO,4. The drying agent
was removed by filtration and the filtrate was concentrated in vacuo.
Purification by flash column chromatography using 3.5% MeOH in
CH,Cl, to 5% MeOH in CHCl, as eluent afforded compound C(RY12 as
a clear oily residue (191.2 mg, 0.089 mmol, 60%). 'H NMR (400 MHz,
DMSO-dg, 25°C) 8 = 6.77 (br s, 12H), 4.56-4.11 (m, 48H), 3.70-3.63
(m, 36H), 3.61 (br s, 24H), 2.65 (br s, 24H); '3C NMR (101 MHz,
CD50D, 25°C) 6 = 173.3, 140.5, 126.6, 80.8, 76.2, 67.3, 59.2, 53.4,
46.5, 34.5; HRMS (NSI-FTMS, m/z) calc. for Ciz0H144N15024Na,2 " [M
+2Na]?*:1092.0117, found 1092.0143.

Dodecamannoside Cage (C(R®);5/CS12M). Dodecaalkyne
C(R%12 (1.0 equiv., 15.8 mg, 7.4 umol) and azido-functionalized car-
bohydrate 1 (28 mg, 96 pmol) were placed in a small vial and dissolved
in DMSO-dg (200 pL). CuSO45H50 (3.0 equiv., 20 umol, 5mg) and so-
dium ascorbate (7.0 equiv., 50 pmol, 10 mg) were added, the vial was
capped, and the mixture was stirred at r.t. for 20 h. Addition of MeOH
(3mL) led to precipitation of the product, which was recovered by
centrifugation (6000 rpm, 5min) and removal of the supernatant. The
solid was washed by resuspension in MeOH (3mlL), centrifugation
(6000 rpm, 5min) and removal of the supernatant, after which the
remainder was dissolved in a minimal amount of water and applied on a
column of Sephadex G-25. The product was eluted with water and the
fractions containing the product were pooled and treated with
Quadrasil® MP (70 mg). After 2 h the solids were removed by filtration
and the filtrate was lyophilized to afford the product as a pale yellow
sticky oil (7.8mg, 1.37 umol, 19%). 'H NMR (500 MHz, DMSO-dg,
25°C) 6 = 8.03 (br s, 12H), 6.85 (br s, 12H), 4.73-4.49 (m, 84H),
3.80-3.43 (m, 192H), 2.63 (br s, 24H); '*C NMR (126 MHz, DMSO-dg,
25°C) 6 = 170.6, 143.8, 138.0, 124.2, 99.9, 73.1, 72.0, 70.9, 70.8,
70.2, 70.1, 69.2, 68.6, 66.9, 66.9, 65.9, 65.5, 63.3, 61.2, 61.1, 60.1,
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60.0, 49.2, 32.6; HRMS (NSI-FTMS, m/z) calc. for Ca40H376N450108" *
[M+4H]**: 1415.1363, found 1415.1391.

2.3. Hemagglutination inhibition assays

The assays were performed in 96-well round-bottom microtiter
plates. Guinea pig erythrocytes (red blood cells, RBCs, Harlan
Laboratories) were used as received and diluted to 5% with cold
phosphate-buffered saline (PBS, 17 mM K/NaH,PO,, 150 mM NaCl).
This PBS was used for all further dilutions. Uropathogenic E. coli
UTI89 cells (clinical isolate engineered for continuous type-1 fimbria-
tion) were grown at 37 °C for 24 h in lysogeny broth (LB, 10 mL). The
cells were isolated by centrifugation and washed with cold PBS
(3 x 3000 rpm). The hemagglutination unit (HU), ie. the minimum
bacteria concentration required to agglutinate RBCs, was first de-
termined by addition of the 5% RBC solution (50 puL) to aliquots (50 pL)
of sequential 2-fold dilutions of E. coli, and incubation at 4 °C for 1 h. A
bacterial concentration of 2 X HU was used for the inhibition assays,
performed by adding aliquots (25 puL) of a 2-fold dilution series of the
tested compounds (highest concentration: 500 uM) to fixed amounts of
bacteria (25uL) and 5% RBC solution (50 pL). The microtiter plates
were then incubated at 4 °C for 1 h, and the hemagglutination titer (HA
titer), defined as the lowest concentration resulting in observable he-
magglutination, was determined in triplicate for each compound. The
obtained results are shown in Fig. S11 and Table S1.

2.4. Quartz crystal microbalance protocols

General Immobilization Protocol. All QCM experiments were
performed using a dual-channel Attana Cell 200™ biosensor equipped
with an LNB-carboxyl sensor chip in both channels with the flow rate
set to 10 uL/min. Depending on the binding affinity, quantity of im-
mobilized ligand and quantity of injected analyte, this instrumentation
can detect molecules > 450 Da. Functionalization of the chip surface
was performed with 1X HBS-T (10 mM HEPES, 150 mM NaCl and
0.005% Tween) as running buffer. Manual injection of a freshly pre-
pared activation solution containing 1-Ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC, 0.2M) with N-hydroxysulfosuccinimide
(sulfo-NHS, 0.05M) over both channels for 5min was followed by
manual injection of the lectin over channel 1 only for 5min. Any un-
reacted groups were subsequently blocked by treatment of the surfaces
with ethanolamine'HCI (1 M) for 5 min on both channels to give lectin
functionalized channel 1 and reference channel 2.

General Protocol Binding Experiments. For the binding experi-
ments, the running buffer was changed to a 1X PBS buffer with added
Ca®* (0.9mM CaCl,) and Mg>* (0.49 mM MgCl,) adjusted to pH 7.4
using 1M HCI. The flow rate was adjusted to a rate of 25 uL/min. The
samples were prepared by making a two-fold dilution series of the re-
spective compound in the running buffer. For every compound, seven
different concentrations were injected with a concentration ranging
from 500 to 1.43 pg/mL. The different concentrations of the samples
were injected for 84 s in duplicate in random order. All sample injec-
tions were followed by a regeneration of the surface with glycine
(10 mM glycine, pH 1.5-2.5, 30s injection). A blank sample was re-
corded by injection of running buffer at a minimum interval of one per
every three sample injections.

General Protocol Kinetic Fitting. The obtained sensorgrams for
the functionalized channel 1 were corrected for nonspecific binding by
subtraction of the responses obtained from control channel 2. In addi-
tion, blank injections were subtracted to correct for background noise.
Sensorgrams showing no spikes after correction were generally selected
to ensure optimal fitting of the binding models. For fullerene F-12M
injected over the GNA surface, most sensorgrams showed spikes during
the recorded dissociation time, for which reason these were cropped
from the data. The data was imported in the Tracedrawer software and
the data set was cut after a dissociation time of 350 s. Fitting of a 1:2
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binding model using a local B,,,x with no correction for mass transfer
effects gave the best fit and provided binding kinetics to differentiate
between the monovalent and multivalent binding event.

Interaction Analysis: Concanavalin A. ConA was injected at a
concentration of 50 ug/mL in acetate buffer (10 mM, pH 4). A single
injection of the lectin at this concentration resulted in a satisfactory
functionalization of the sensor chips’ surfaces with a response of ap-
proximately 50 Hz (cf. Fig. S1). For the regeneration, a 10 mM glycine
solution at pH 2.5 proved to be highly efficient to restore the surface
treated with the Borromeates (BR:12M and BR:6M). For the cages
CAr-12M and CS-12M, the surfaces were nearly completely regenerated
already after the assigned dissociation time; nevertheless, the re-
generation was still performed. Regeneration of the surfaces treated
with fullerene F-12M was less efficient due to a higher degree of non-
specific binding. As all data is corrected for non-specific binding using
the unfunctionalized control channel 2, the data obtained for fullerene
F-12M could still be used to obtain the desired information on binding
kinetics. As a result of this non-specific binding on the functionalized
chip surface, a lower response was obtained for later injections at the
same concentration. The obtained sensorgrams and the fitted kinetic
models are shown in Figs. S2-S4.

The sensorgrams obtained for monovalent control MR-1M clearly
showed saturation binding on the surfaces functionalized with con-
canavalin A. The low molecular weight of the material resulted in a low
frequency shift response of the QCM, for which reason the data was not
appropriate for fitting to a binding model in Tracedrawer. Instead the
dissociation constant was determined by extracting this value from the
saturation isotherm (Fig. S4).

Interaction Analysis: Galanthus nivalis Agglutinin. GNA was in-
itially injected at a concentration of 50 pg/mL in acetate buffer (10 mM,
pH 4). As unsatisfactory immobilization was obtained after the first
injection, due to the similar pH of the immobilization buffer and the pI
of the protein, the concentration was increased to 100 pg/mL. Multiple
injections of GNA at this concentration provided the desired functio-
nalization of the sensor chips’ surfaces with a response of approximately
50 Hz. The obtained sensorgrams for both channel 1 and 2 are provided
in Fig. S5.

Similar to concanavalin A, a 10 mM glycine solution was used for
regeneration, although a slightly lower pH of 1.5 was proven to be more
efficient for the GNA functionalized surface. At this pH, efficient re-
generation of the surfaces treated with Borromeates BR-12M and
BR:6M, as well as cage CAr-12M was achieved. Cage CS-12M and
compound MR-1M showed no affinity towards the GNA functionalized
chip surface under these conditions, but the surface was nevertheless
regenerated after injection of these samples. Fullerene F-12M again
showed a higher degree of nonspecific binding, as apparent from the
responses observed for the control channel. The obtained sensorgrams
and the fitted kinetic models are shown in Figs. S6-S8.

3. Results and discussion

In a recent study (Timmer et al., 2016), we developed two novel,
well-defined carbohydrate nanoplatforms: mannosylated Borromeates
and dodecaamide cages (Chichak et al., 2004, 2005; Yates et al., 2007),
respectively, using the toolbox provided by constitutional dynamic
chemistry (CDC) (Azcune and Odriozola, 2016; Barboiu, 2012;
Brachvogel and Delius, 2016; Herrmann, 2014; Hu and Ramstrom,
2014; Jin et al., 2013; Lehn, 2015; Miller, 2009; Misuraca et al., 2014;
Reek and Otto, 2010; Wilson et al., 2014; Zhang and Jin, 2017). To-
gether with mannosylated fullerenes (Cecioni et al., 2011; Durka et al.,
2012; Nierengarten et al., 2010; Sanchez-Navarro et al., 2011), these
platforms were evaluated with respect to binding behavior, with a main
focus placed on the distinctive carbohydrate presentation pattern.
These platforms were used as basis in the present study, complemented
with additional structures extending the platform range with a higher
diversity in ligand densities. The main characteristics of the platforms
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S,-symmetry

Octahedral presentation
6 x 1 or 2 ligands
24 A charged core

T -symmetry
Icosahedral presentation
12x 1 ligand
20 A polar core

T.-symmetry

Octahedral presentation
6 x 2 ligands
10 A apolar core

Fig. 1. Characteristics of nanoscaffolds.

are presented in Fig. 1. Each platform type possesses unique properties,
which in part overlap with one or both of the others. This enables the
distinction of what properties govern specific factors influencing the
overall binding to the receptors. The Borromeates and the fullerenes
display octahedral presentation of the carbohydrate ligands on their
surfaces, but vary in terms of symmetry, charge and size. The dode-
caamide cages, on the other hand, display a unique icosahedral ligand
presentation mode, have similar size as the Borromeates, and possess an
apolar core analogous to the fullerene platform.

Multivalent binding is dependent on both the availability and po-
sitioning of the ligands with respect to the receptor. It is therefore de-
sirable to not only study different nanoscaffolds, but also to vary the
receptor proteins. Different mannose-specific proteins have in this
context been reported to engage in multivalent binding to various ex-
tents, of which concanavalin A (ConA) and snowdrop lectin (Galanthus
nivalis agglutinin, GNA) are shown in Fig. 2 (Branderhorst et al., 2008;
Kojori et al., 2016). Both lectins are homotetramers, with GNA (52 kDa)
being approximately half the size of ConA (102kDa), and not being
metal-ion dependent (Diederich and Kiinzer, 1998). The largest differ-
ence between the two lectins is observable when comparing their
ability to bind mannosides. ConA, having three times less binding sites,
binds monovalent saccharides considerably stronger than GNA. This is
indicated by a dissociation constant for methyl a-p-mannopyranoside of
about 120 uM (Chmielewski et al., 2014; Corbell et al., 2000; Mandal
et al., 1994), versus 24 mM observed for GNA (Kaku and Goldstein,
1992). The distance between individual binding sites furthermore

19A
Quaternary structure:  Homotetramer Homotetramer
Molecular weight: M, =102kDa M, =52kDa

Binding sites:

HO— oH
HO Q
K,= H(&H

OMe

1 per subunit 3 per subunit

120 uM 24 mM

Fig. 2. Structure and characteristics of concanavalin A and snowdrop lectin.

varies between the proteins: 65 A for ConA and 19 A for GNA (Diederich
and Kiinzer, 1998), thereby enabling evaluation of potential binding
site chelation in the latter case. The isoelectric points of the proteins
also differ, where intact ConA displays a pI of ~8 (Bhattacharyya and
Brewer, 1990), whereas GNA has a lower plI of < 5, resulting in dif-
ferences in polyelectrolyte effects with the platforms. For the metallo-
protein ConA, isoelectric focusing bands often recorded at lower pH
have been attributed to demetalation and aggregation of the apoprotein
(Bhattacharyya and Brewer, 1990). Under neutral conditions, GNA is
thus expected to have a net negative charge, whereas ConA is expected
to have a slight net positive charge. Furthermore, whereas regular
binding site chelation with ConA is inaccessible for the studied nano-
platforms, the shorter distance between the binding sites in GNA should
allow for the observation of this binding effect.

The different carbohydrate nanoplatforms used in this study are
illustrated in Fig. 3. The synthesis of dodecamannosides BR:12M,
CAr-12M, F-12M and monovalent reference MR-1M was performed as
previously reported (Timmer et al., 2016), whereas hexamannosylated
Borromeate BR'6M was prepared by Cu'-catalyzed azide-alkyne cy-
cloaddition (CuAAC) of an initial hexaalkyne Borromeate with a
monovalent mannoside (Scheme S1). All glycocluster structures were
assessed by H/'3C NMR, IR, and MS, confirming the full functionali-
zation and resulting high symmetry of the obtained compounds. Hex-
amannoside BR-6M displayed the lowest local carbohydrate density of
all multivalent nanoplatforms in this study and also served as control
for the affinity differences originating from potential ionic effects by the
charged scaffold of the Borromean rings. The additional dodeca-
mannoside cage CS12M was prepared by acylation of the parent, un-
functionalized cage, followed by CuAAC with a monovalent mannoside
(Scheme S2). In comparison to CAr-12M, the carbohydrates in CS-12M
are linked using an aliphatic linker. This aliphatic linker was chosen for
its reduced rigidity providing the system with a higher degree of con-
formational freedom. Overall, these carbohydrate nanoplatforms were
intended to provide further insight in the importance of statistical and
polyelectrolyte effects for multivalent binding.

The obtained carbohydrate nanoplatforms (BR-12M, BR-6M,
CAr-12M, CS-12M, and F-12M), together with monovalent reference
MR-1M, were evaluated using quartz crystal microbalance in-
strumentation. This versatile technique offers label-free, real-time
analysis of the binding event based on acoustics, providing details with
respect to the binding kinetics and thermodynamics (Cheng et al.,
2012). The methodology has been used and compared in many studies
by us and others (Peiris et al., 2012, 2017; Clausen et al., 2016; Timmer
et al., 2016; Li et al., 2013, 2015; Pei et al., 2005), evaluating a wide
range of interactions involving small molecules, peptides, proteins,
viruses, bacteria, cells, and tissue specimens. Compared to other highly
useful techniques, such as SPR and ITC, certain QCM instrumentation
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HO— oH
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HO 0 | N
R ﬁ\@/\ H&A N
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N
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MR-1M HO OH N\
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Fig. 3. Structure of (A) glycoborromeate BR-12M and BR-6M, (B) glycocage
CAr-12M and CS-12M, (C) glycofullerene F-12M and (D) monovalent reference
MR1M.

can provide a more biologically relevant environment, which results in
added value when studying biological interactions.

QCM sensors, carrying a self-assembled monolayer presenting car-
boxyl end groups, were functionalized with either ConA or GNA
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through amine coupling. Unreacted groups were subsequently blocked
by treatment of the surface with ethanolamine. Conjugation with both
ConA (Fig. S1) and GNA (Fig. S5) proved successful, showing frequency
shifts (AF) of =50 Hz for both lectins. The binding events were mon-
itored by injection of eight different concentrations of the respective
samples, ranging from 1.43 to 500 ug/mL, over a period of 84s
(35uLat a 25 pL/min rate), after which the samples were allowed to
dissociate from the sensor surface for a minimum of 300 s. Parallel in-
jection of the samples over unfunctionalized QCM sensors allowed for
correction for nonspecific binding. After each sample evaluation, both
sensor surfaces were regenerated using a 10 mM solution of glycine at
pH 2.5 for the ConA experiments and pH 1.5 for the GNA experiments.
Regeneration proved highly successful for Borromeates BR-12M and
BR'6M due to instability of the assemblies at this pH, and cages
CAr-12M and CS-12M almost fully dissociated from the sensor surfaces
after the assigned dissociation time. Surfaces treated with fullerene
F-12M could only be partly regenerated even after treatment with
glycine, a result of hydrophobic interactions of the apolar fullerene core
with the self-assembled monolayer on the sensor surface. As all data is
corrected for nonspecific binding and no saturation of the sensor sur-
face was observed, the data obtained for F-12M could still be used to
obtain the desired information on binding kinetics. The obtained sen-
sorgrams were examined for spikes and other factors that could inter-
fere with proper fitting of the kinetic model. The selected sensorgrams
were subjected to kinetic fitting using a 1:2 interaction model to ac-
commodate for both monovalent and multivalent binding. The asso-
ciation rates (k,), dissociation rates (kq) and corresponding dissociation
constants (Kp) were subsequently extracted from the fitted models.

For the first part of the binding study, ConA-functionalized sensor
surfaces were employed. Since the mannose binding sites in this lectin
are separated by 65 A, simultaneous bridging of two binding pockets is
not possible for the nanoplatforms in this study, in which the distances
between the carbohydrate moieties are shorter. The degree of surface
functionalization of the proteins on the QCM chips was furthermore
low, thus reducing the possibility for binding of the nanoplatforms
between two separate ConA tetramers. Examples of sensorgrams ob-
tained for the glyconanoplatforms are displayed in Fig. 4A (cf. Figs.
S2-S4 for all recored and fitted curves). The estimated binding data
extracted from the fitted 1:2 binding model are shown in Table 1.

For all studied nanoplatforms, the extracted kinetic data showed
one event with higher association and dissociation rates, resulting in
weaker affinities, and one event with slower association and dissocia-
tion resulting in more stable binding. In our previous study, dissociation
constants of 147 nM, 1.21 uM and 1.02 uM were recorded for platforms
BR'12M, CAr12M and F-12M, respectively. When these values were
compared with the dissociation constant obtained for monovalent
control MR-1M (109 uM, Fig. S4), 62-, 8- and 9-fold increases in affinity
per carbohydrate (relative potencies, RPs) were obtained for these
platforms (cf. Table S1). Overall, the higher distribution of the ligands
in cage CAr-12M results in a lower local concentration of carbohydrates
at the binding site with this platform. This is suggested to weaken the
interactions between the platform and the protein, resulting in the
observed higher dissociation rate. In comparison, both octahedrally
substituted platforms BR-12M and F-12M have a less distributed pre-
sentation of the carbohydrates at the scaffold periphery, however still
displaying a clear difference in binding affinity to ConA. This indicates
that either the forced higher spatial distribution by the cyclopropane
functionalization in fullerene F-12M, combined with the size difference
of the core structures, affects the binding properties, or that secondary
interactions or polyelectrolyte effects contribute to the observed in-
crease in affinity.

To support these observations, the modified nanoplatforms BR-6M
and CS-12M were subjected to the same binding experiments. From the
kinetic data obtained for hexamannoside BR-6M, it can be seen that the
overall dissociation constant (152nM) is comparable to the value ob-
tained for dodecamannoside BR-12M (147 nM). Since nanoplatform
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Fig. 4. Example sensorgrams after subtraction of control
channel signal for binding of BR'12M (<), BR6M ([]),
CAr12M (A\), CS-12M (V) and F-12M (O) to sensor surfaces
functionalized with ConA (A) and GNA (B).
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BR:6M presents six mannose residues, a 120-fold increase in affinity per
carbohydrate could be obtained in comparison to monovalent control
MR-1M. However, even though similar overall dissociation constants
were estimated for both glycoborromeates, the obtained sensorgrams
indicate a clear difference in binding behavior. Platform BR:6M showed
a higher dissociation rate than Borromeate BR-12M and resulted in
equilibrium formation. This result was expected owing to the lower
degree of carbohydrate functionalization in this platform. The com-
parable dissociation constants of the platforms also originate from the
increase in association rate of the hexavalent Borromeate, which is
likely a result of the slightly different linker characteristics of this
platform compared to Borromeate BR'12M. Owing to the relatively
short linkers between the charged platform and the carbohydrates of
platform BR:6M, the increased association rate indicates that a poly-
electrolyte effect is not pronounced in this binding event. A higher
degree of electrostatic repulsion would otherwise have been expected
due to decreased distances between the charged platform and the car-
bohydrate.

For the cage with the aliphatic linker (CS-12M), rapid dissociation
from the surfaces was observed in analogy to cage CAr-12M carrying an
aromatic linker. Due to the increase in conformational freedom of the
linked carbohydrates, it is less probable that subsite interactions occur
after initial binding. As expected, the dissociation constant increased
from 1.21 pM for cage CAr-12M to 3.68 uM for CS-12M as a result of the
decreased association rate for the multivalent binding event. Overall,
this reduces the enhanced affinity per carbohydrate to 2.5-fold for cage
CS'12M in comparison to monovalent reference MR-1M.

To investigate if polyelectrolyte and statistical effects are important
for binding of the glycosylated nanoplatforms to other lectins, similar
binding experiments were performed with GNA-functionalized surfaces.
As mentioned earlier, the shorter distance (19 /0\) between the mannose
binding sites in GNA can allow for bridging of two binding pockets by
different mannose residues on the investigated glyconanoplatforms.
Since all studied nanoplatforms present carbohydrates within this dis-
tance, it was expected that the spatial presentation of the carbohydrates
would be of less importance. Examples of the resulting sensorgrams
obtained for every glyconanoplatform are shown in Fig. 4B (cf. Figs.
S6-S8 for all measured and fitted curves). The estimated rate and
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300

binding constants after fitting of the data to a 1:2 binding model are
shown in Table 2.

The results indicate that similar dissociation behavior was observed
for BR'12M, CAr12M and F12M when detaching from the GNA
functionalized QCM sensor. This is also reflected in the extracted ki-
netic data from the fitted sensorgrams, showing similar dissociation
rates for both the monovalent and multivalent events. As expected, a
main contribution to the observed multivalent effect for GNA likely
originates from the ability to bridge separate binding sites. However,
the estimated dissociation constant for dodecamannoside BR:12M
(77nM) was considerably lower than the values observed for cage
CAr-12M (1.12puM) and fullerene F-12M (1.49 uM), respectively. This
indicates that a large contribution to the affinity enhancement of
Borromeate BR-12M is likely to originate from the polyelectrolyte ef-
fect, providing this positively charged platform with a higher associa-
tion rate to the predominantly negatively charged GNA-functionalized
surface. As the monovalent reference MR-1M did not show any mea-
surable affinity to the GNA functionalized surface, the enhancement in
affinity per carbohydrate could not be accurately determined using the
QCM method. However, from the previously observed dissociation
constant for methyl a-p-mannopyranoside (24mM) (Kaku and
Goldstein, 1992), relative potencies of 1300-26000 per carbohydrate
unit can be deduced.

The binding features of hexavalent Borromeate BR-6M and dode-
cavalent cage CS-12M against GNA were furthermore evaluated.
Interestingly, cage CS-12M showed no quantifiable affinity to the sur-
faces, suggesting that an increase in rotational freedom due to the ali-
phatic linkers again led to a decrease in affinity. For the hexavalent
Borromeate BR'6M, a slight decrease in affinity (Kpy = 206 nM) was
observed in comparison to dodecavalent Borromeate BR-12M
(Kpz = 76.6 nM). Since the estimated dissociation rates were similar for
both nanoplatforms, the difference in dissociation constant is mainly
due to the decrease in the association rate for hexamannoside BR-6M, a
result likely due to the reduced availability of mannosides of this
platform. Overall, the affinity observed per carbohydrate unit was en-
hanced 19000-fold for Borromeate BR-6M, a value of the same order of
magnitude as that observed for dodecamannoside BR-12M.

The ability of the glycoclusters to directly bind bacterial adhesins

Table 1
Association rates, dissociation rates and dissociation constants obtained for binding of mannosylated structures to a ConA-functionalized QCM chip.
Glycosylated scaffold kay M~ 1s7h) ka1 (5™ Kpr (M) kaz M~ 1s7h) kaz (s™H) Kpz (M)
BR12M 4.72 x 10* 5.59 x 1072 1.19 x 107° 1.31 x 10° 1.93 x 107* 1.47 x 1077
+1.34 x 10° +1.19 x 107° +3.38x 1078 +3.92 x 102 +3.98 x 107° +8.17 x 1078
CAr12M 9.52 x 10° 1.01 x 1071 1.06 X 107° 1.67 x 10° 2.02x 1073 1.21 x 10°°
+6.82 x 10? +6.34 x 107° +822x10°8 +3.19 x 10° +523x10°° +8.86 x 1077
F12M 2.73 x 10* 8.70 x 1072 3.18 x 107° 6.50 x 102 6.63 x 10~* 1.02 x 10°°
+1.35 x 10° +7.75 % 107° +1.57 x 1077 +3.26 x 10? +8.28 x10°° +7.00 x 1077
BR-6M 1.15 x 10* 5.49 x 1072 4.76 x 10~° 6.87 x 10° 1.04 x 1072 1.52 x 1077
+ 4.35 x 10! +250 x 10~* +3.96 x 10~° +7.35 x 102 +3.18 x 107° +211 %1078
CcSs12M 6.86 x 10° 7.83 x 102 1.14 x 10°° 6.93 x 102 2.55 x 1073 3.68 x 10~ ¢
+4.12 x 10* +3.54 x 107* +1.20 x 1077 + 8.47 x 10! +1.12%x107* +6.21 x 1077
MR-1M? - - - - - 1.09 x 10~*

+0.19x 1074

2 Determined from saturation binding due to low response observed in the sensorgrams.
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Table 2
Association rates, dissociation rates and dissociation constants obtained for binding of the different samples to a GNA functionalized QCM chip.
Glycosylated scaffold ke M~ 17D ka1 ™1 Kp: (M) ke M~ 1s™D) kaz ™1 Kp2 (M)
BR12M 2.69 x 10* 1.13 x 107! 418 x107° 1.06 x 10* 8.14 x 1074 7.66 x 10~ 8
+2.16 x 10° +7.74 x10°° +3.39x 1077 +1.52 x 10° +3.20 x 10°° +1.15 x 10~ 8
CAr12M 1.93 x 10° 1.20 x 1071 6.12 x 107° 5.96 x 10? 6.68 x 10~* 1.12 x 10°°
+4.11 x 10? +1.86 x 10°° +1.39 x10°° +2.40 x 10? +253x10°° +5.44 x 1077
F12M 2.14 x 10* 1.52 x 107! 7.08 x 10°° 4.70 x 102 7.00 x 107* 1.49 x 10°°
+6.37 x 10° +3.71 x 107> +2.31%x10°° +7.24 x 10! +1.81x10°° +2.39x 1077
BR-6M 1.38 x 10* 8.62 x 1072 6.23 x 10°° 4.02 x 10° 8.30 x 10~* 2.06 x 107
+5.19 x 10° +1.81x10°° +272%x10°° +9.40 x 102 +1.91 x10°° +5.16 x 10~ 8
CS12M* - - - - - -
MR-1M* - - - - - -

2 Kinetic data not determined due to too weak binding to sensor surface.

was finally evaluated. In these studies, the a-p-mannoside-specific
FimH lectin expressed on type 1 pili of E. coli was targeted (Krogfelt
et al., 1990). This lectin enables the adhesion of uropathogenic E. coli to
the bladder epithelium, which is a critical factor in development of
urinary tract infections (Hartmann and Lindhorst, 2011). Initially, at-
tempts were made to evaluate the binding of the glyconanoplatforms to
bacteria immobilized on QCM chips. For this, the two E. coli strains
ORN178 (Pil*, fimH + (Russell and Orndorff, 1992), binds a-p-man-
nosides) and ORN208 (Pil*, fimH-mutant (fimH304::kan) (Harris et al.,
2001), does not bind a-p-mannosides) were immobilized on the two
different channels. Unfortunately, the immobilized quantity of bacteria
was either too low, or the binding of the studied nanoplatforms to the
bacteria was too weak to produce quantifiable responses. As expected,
Borromeate BR-12M showed high nonspecific affinity to both surfaces
due to charge-based interactions of the positively charged platform
with the negatively charged surface of the bacteria (Fig. S10), again
indicating the importance of matching polyelectrolyte effects in ob-
served binding effects. For these reasons, hemagglutination inhibition
assays were instead adopted, using Guinea pig erythrocytes and ur-
opathogenic E. coli strain UTI89 (Pil*, fimH*, binds a-p-mannosides)
(Chen et al., 2006; Durka et al., 2011). Platforms BR-12M, CAr-12M
and F-12M were compared to the monovalent probe MR:1M, and Cul
was furthermore tested as a control to exclude effects from potential
traces of Cu ions. The results showed that all three platforms displayed
moderate inhibitory enhancements (3 = 16-32), of which fullerene
F-12M had slightly lower hemagglutination titer ( X 2) and thereby
higher relative potency ( X 2) than Borromeate BR-12M and cage
CAr-12M (cf. Fig. S11,Table S1). These results could be expected, since
FimH is a monomeric adhesin that is more unlikely to produce large
multivalent effects.

4. Conclusions

In summary, we have shown that the toolbox provided by con-
stitutional dynamic chemistry and fullerene chemistry can give access
to symmetric scaffolds for the synthesis of well-defined, precisely
mannosylated nanoplatforms of various symmetry, charge and size.
Introduction of small alterations to the glycosylation procedure fur-
thermore enabled efficient access to customized structures and led to a
series of glyconanoplatforms that could be used to unravel important
factors underlying observed multivalent binding effects. Using quartz
crystal microbalance technology, the affinities of these nanoplatforms
for surface-immobilized mannose-binding lectins, possessing different
binding features, were evaluated and compared with monovalent re-
ferences. The results showed that the effects of an optimal carbohydrate
distribution pattern, leading to better adapted local densities, appeared
dominant in the absence of the possibility to bridge different binding
sites or matching polyelectrolyte effects. When such effects were fea-
sible, as recorded with the smaller Galanthus nivalis agglutinin, the
spatial distribution of carbohydrates showed limited influence and si-
milar dissociation rates were observed for all platforms. Overall, this

study underscores that the observed “cluster glycoside effect” is not
solely dependent on the type and quantity of carbohydrate units, but
that the exact distribution pattern, the flexibility of the structures, the
size and symmetry of the scaffold, as well as polyelectrolyte effects
provide important contributions to the affinity.
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