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ABSTRACT: Synthetic polymers with well-defined structures allow the development of
nanomaterials with additional functions beyond biopolymers. Herein, we demonstrate de novo
design of star-shaped glycoligands to interact with hemagglutinin (HA) using well-defined
synthetic polymers, with the aim of developing an effective inhibitor for the influenza virus.
Prior to the synthesis, the length of the star polymer chains was predicted using the Gaussian
model of synthetic polymers, and the degree of polymerization required to achieve multivalent
binding to three carbohydrate recognition domains (CRDs) of HA was estimated. The star
polymer with the predicted degree of polymerization was synthesized by reversible addition-
fragmentation chain transfer (RAFT) polymerization, and 6’-sialyllactose was conjugated as the
glycoepitope for HA. The designed glycoligand exhibited the strongest interaction with HA as a
result of the multivalent binding. This finding demonstrated that the biological function of the

synthetic polymer could be controlled by precisely defining the polymer structures.



Introduction

In the field of nanoscience, one key objective is to control molecular functions using molecular
structures. DNA and proteins (peptides) are natural biofunctional nanomaterials, and their well-
defined structures allow de novo design of the functions (e.g., self-assembly and molecular
recognition).!™* Synthetic polymers are a class of nanomaterials with advantages such as
chemical stability, easy synthesis, and the availability of a versatile range of appropriate
monomers. The industrial use of synthetic polymers is mainly for bulk materials; however,
individual synthetic polymer molecules can have sizes in the same range as the
biomacromolecules mentioned above. In contrast to the homogeneous structures of DNA and
peptides, the structures of synthetic polymers are heterogeneous in terms of their molecular
weight, monomer sequence, and conformation. As the versatility of the synthetic monomers
allows synthetic polymers to have additional functions beyond those of biomacromolecules,
improving the precision of the polymer structures is expected to lead to the development of novel

nanomaterials.>°

Controlled polymerization techniques have been developed to reduce the heterogeneity of
synthetic polymers.” Polymerization techniques including living radical polymerization have
provided synthetic polymers with well-defined primary structures in terms of molecular weight
and monomer sequence.®® Recently, polymerization techniques allowing further polymer

structure precision have been developed. The single unit monomer insertion technique enables
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the addition of monomers one-by-one, and iterative exponential growth polymerization

produces polymers by repeating the coupling reaction between the well-defined segments.'>!3
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Synthetic polymers with discrete structures can be used as storage of information or as



abiotic ligands,'® demonstrating that the homogeneity enhances the potential of synthetic

polymers as nanomaterials.

Intermolecular interaction is one of the functions of biomolecules. The carbohydrate—
protein interaction is an important interaction for biological phenomena, as is the protein—protein
interaction.!” Glycoconjugates on cells bind to the corresponding proteins (lectins) and induce
physiological phenomena such as immune responses and pathogen infections.'® Although the
monomeric interaction between a terminal carbohydrate and a carbohydrate recognition domain
(CRD) of a lectin is weak (binding constant K. = 10 M), multivalent binding between the
carbohydrates and CRDs of a lectin enhances the total interaction (K. > 10 M).!" This
enhancement is ubiquitous in biological systems, and in particular, is known as the cluster
glycoside effect in glycoscience.?’ Synthetic glycoligands with a high affinity for the target
lectins through the cluster glycoside effect are effective inhibitors against pathogens.?'* To
achieve the cluster glycoside effect with a synthetic glycoligand for a target lectin, the spatial
arrangement of the glycoepitopes of the ligand must be comparable to the distance between the
CRDs of the target lectin.>*?" Synthetic polymers with controlled structures are expected to

enable the precise design of glycoligands, leading to biofunctional nanomaterials.?®

The influenza virus is an important target in biomedical science owing to the threat of
pandemic.?’ Hemagglutinin (HA) is a membrane protein of the virus and has a homotrimeric
structure. Each subunit has one CRD (three CRDs per HA molecule), and the CRDs are located
at the vertices of the triangle formed on the HA surface.’® The virus enters a cell through the
multivalent interaction between HA molecules and sialyl oligosaccharides on the cell surface.
Thus, glycoligands that bind to HA are expected to inhibit viral infection. Ebara and co-workers

reported the design of glycoligands based on three-way junction DNA,*! and Meyer and co-



workers reported the in silico design of glycoligands using peptide linkers.*? In these reports, the
glycoligands were trivalent and were designed to have appropriate linker length to allow
multivalent binding to the three CRDs of HA. Our group reported the synthesis of well-defined
glycopolymers as polymer ligands against the influenza virus.>*~*® The structural factors such as
glycoepitope density, polymer length, and polymer topology, were controlled by living radical
polymerization to realize multivalent binding to HA. However, unlike DNA and peptides, de
novo design of glycoligands using synthetic polymers based on prior prediction of the
appropriate polymer structure against the target biomolecule has not been reported. For synthetic
polymers to be applied as useful nanomaterials, tailor-made synthesis of the synthetic polymers

with the precision possible for DNA and peptides, must be achieved.

Herein, we describe the de novo design of star-shaped glycoligands using synthetic
polymers, to control interactions with HA. The star-shaped glycoligand was designed with 6’-
sialyllactose (6’-SALac) at the terminals of the polymer arms as glycoepitopes (one 6’-SALac
per arm). Prior to the synthesis of the star polymers, the degree of polymerization required to
achieve multivalent binding to the three CRDs of HA was estimated using classical theoretical
polymer models. A well-defined star polymer with the predicted degree of polymerization was
then synthesized as a scaffold for the glycoepitopes by reversible addition-fragmentation chain
transfer (RAFT) polymerization. N,N-Dimethylacrylamide (DMA) was used as the hydrophilic
monomer owing to both of the inertness to biomolecular recognition and of the polymerization
property suitable for secondary R-group of the trifunctional RAFT agent. The interaction of the
glycoligand with the influenza virus was evaluated, and the validity of the molecular prediction

1s discussed.



Experimental Section

Materials. Triethylamine (TEA, 99%), trimethylolethane (98%), 1-ethyl-3-(3-dimethyl
aminopropyl)carbodiimide hydrochloride (EDC-HCI, 98%), 4-methoxyphenol (99%), acryloyl
chloride (95%), propargyl alcohol (98%), lithium bromide (LiBr, 99%) and N,N-
dimethylacrylamide (DMA, 99%) were purchased from Tokyo Chemical Industry (Tokyo,
Japan). 4-Dimethylaminopyridine (DMAP, 99%), 2,2’-azobis[2-(2-imidazolin-2-yl)propane]
dihydrochloride (AIPD, 98%) and formic acid (99%) were purchased from Wako Pure Chemical
Industries (Osaka, Japan). Diethylether (Et20), N,N-dimethylformamide (DMF), copper(Il)
sulfate (CuSOs4, 97.5%), and sodium L-ascorbate (98%) were purchased from Kanto Chemical
(Tokyo, Japan). Acetonitrile (MeCN) and fetuin from fetal bovine serum were purchased from
Sigma Aldrich (St. Louis, USA). Blood cell suspension from a chicken was purchased from
Nippon Bio-test Laboratory Inc (Saitama, Japan). 2-{[(Butylsulfanyl)carbonothioyl]sulfanyl}-
propanoic acid (BTPA),*® 6’-sialyllactose azide (6’-SALac azide),”” and trifunctional RAFT

t35

agent™ were prepared according to previous papers. Commercial monomers including the radical

inhibitor were purified by passing through an alumina column prior to use.

Characterizations. Proton and carbon nuclear resonance ('"H NMR and '*C NMR) spectra
were recorded on a JEOL-ECP400 spectrometer (JEOL, Tokyo, Japan) using CDCI3 or D20 as a
solvent. Size exclusion chromatography (SEC) analyses with water solvent was performed on a
JASCO DG-980-50 degasser equipped with a JASCO PU-980 pump (JASCO Co., Tokyo, Japan),
a Shodex OH pak SB-G guard column, a Shodex OH pak SB-803 HQ column (Showa Denko,
Tokyo, Japan), a JASCO RI-2031 Plus RI detector, and a Viscotek TDA (Malvern Instruments
Ltd., Worcestershire U.K.). The analysis was performed at a flow rate of 0.5 mL/min by

injecting 20 puL of a polymer solution (2 g/L) in 100 mM NaNO3 aqueous solution. The SEC



system was calibrated using a pullulan standard (Shodex). All the samples were previously
filtered through a 0.22 um filter. SEC with organic solvent was performed on a HLC-8320 GPC
Eco-SEC equipped with a TSKgel Super AW guard column and TSKgel Super AW (4000 and
2500) columns (TOSOH, Tokyo, Japan). The SEC analyses were performed at a flow rate of 0.5
mL/min by injecting 20 puL of a polymer solution (2 g/L) in DMF with 10 mM LiBr. The SEC
system was calibrated with a polystyrene standard (Shodex). All the samples for SEC were
previously filtered through a 0.45 pum filter. UV-vis spectra were recorded at 25 °C using an
Agilent 8453 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). Dynamic light
scattering (DLS) measurements were performed on a ZETASIZER NANO-ZS (Malvern, UK) by
using a 1 mL disposable cell of a polymer solution (I mg/mL) in the buffer solution. All the
samples for DLS were previously filtered through a 0.22 um filter. The water used in this
research was purified using a Direct-Q Ultrapure Water System (Merck, Ltd, Darmstadt,

Germany).

Synthesis of propargyl acrylate. To the mixture solution of propargyl alcohol (14.6 g, 260
mmol) and TEA (47.1 mL, 338 mmol) in Et20 (120 mL), acryloyl chloride (25.2 mL, 312 mmol)
in Et2O (120 mL) was added dropwise at 0 °C. The mixture solution was stirred at room
temperature overnight. The precipitation was removed by filtration, and the filtrate was purified
by silica gel chromatography (EtOAc: hexane = 1: 4). The fraction was concentrated with a small

amount of 4-methoxyphenol. The product was obtained as colourless oil (7.79 g, 27%).

'H NMR (400 MHz, CDCL3) § in ppm: 6.48 (dd, J = 17.2 Hz, trans CH,=CH, 1H), 6.15 (dd, J =
17.6 Hz, CH=CH, 1H), 5.89 (dd, J = 10.8 Hz, cis CH=CH, 1H), 4.76 (d, J = 2.4 Hz, -

COOCH2-, 2H), 2.49 (t, J = 2.0, 2.8 Hz CH2-C=CH, 1H).



3C NMR (100 MHz, CDCl3) § in ppm: 165.4 (carbonyl), 132.1 (vinyl), 127.7 (vinyl), 75.1

(alkynyl), 52.2 (-CH2-ester).

Synthesis of bifunctional RAFT agent. To the solution of BTPA (794 mg, 3.33 mmol),
trimethylolethane (200 mg, 1.66 mmol), and DMAP (49 mg, 0.4 mmol) in dry CH2Cl2 (30 mL),
EDC-HCI (660 mg, 3.44 mmol) was added at 0 °C (the color changed to red from yellow). After
being stirred for 10 min, the ice bath was removed. The solution was stirred at room temperature
for 16 h. The progress of the reaction was confirmed on TLC (EtOAc: Hexane = 1: 4). The
organic phase was washed with 1 wt% HCI (aq) (30 mL x 3), Milli-Q water (30 mL x 2), and
dried with Na>SOa. The filtrate was concentrated under reduced pressure, and purified by column
chromatography (EtOAc: Hexane = 1: 4, Rr= 0.25). The product was obtained as yellow oil (172

mg, 18%).

'"H NMR (400 MHz, CDCI3) & in ppm: 4.85 (q, 2H, ester—CH(CH3)-S), 4.05 (m, 4H, CH3—
(CHz—ester—)2), 3.40 (s, 2H, HO—CH2-), 3.35 (t, 4H, —S—CH>—C3H?7), 1.67 (quin, 4H, —SCH2—
CH>—C2Hs), 1.60 (d, 6H, ester—CH(CH3)-S), 1.42 (sext, 4H, —SC2Hs+—CH2>—CH3), 0.93 (t, 6H,

SC3sHe—CH3). 0.92 (s, 3H, CH3—(CHa2—ester—)3).

13C NMR (400 MHz, CDCls) & in ppm: 222.0 (C=S), 171.5 (C=0), 67.5 (C-O-C=0), 64.8 (HO—
C-), 47.7 (ester—(CH3)CH-S), 40.1 ((CH3)C—(ester—)3), 37.1 (-S—C—C3Hy), 30.0 (-SC—C—-C>Hs),

22.2 (-SC>—C—CHs), 16.8 ((CH3)CH—(ester—)3), 16.6 (ester—(CH3)CH-S), 13.7 (SC3—CH).

Synthesis of DMA polymers by RAFT polymerization. DMA, RAFT agents, and AIPD
were dissolved in the solvent (DMF: water = 90: 10). The monomer concentration and the ratio
of reactants are shown in Table S1 (The ratio of [Trithiocarbonate]: [Initiator] = 1: 0.02). The

solution was prepared in a glass tube and degassed by freeze-thaw cycles (three times). The glass



tube was sealed and put in an oil bath. The reaction proceeded at 70 °C for 3 h. The reaction was
stopped by exposing the solution to air. The monomer conversion was determined using 'H
NMR measurement. The polymer solutions were diluted with MeOH (1 mL) and precipitated in

Et20 (twice). The polymers were dried in vacuo and obtained as yellow solids.

Trivalent star polymer (SDx): '"H NMR (400 MHz, D20) § in ppm: 3.95 (brs, CH3—(CH2—ester—
)3), 3.34 (brs, —-S—CH>—C3H7), 3.10-2.70 (CON(CH3)z2), 2.70-2.30 (brs, -CH— main chain), 1.90—
1.20 (brd, -CH2— main chain and —SCH>—-C>H4—CH3), 1.03—0.90 (brd, ester—-CH(CH3)-S and

CH;3—-C—(CHz2—ester—)3), 0.80 (SCsHe—CH3).

Bivalent linear polymer (B-LDn): '"H NMR (400 MHz, D20) § in ppm: 3.95 (brs, HO—CH>—
CCH3—(CHz2—ester—)2), 3.50-3.30 (brd, HO—CH>—CCH3—(CHz2—ester—)2 and —S—CH2>—CsH»),
3.10-2.70 (CON(CHs)2), 2.70-2.30 (brs, -CH— main chain), 1.90—1.20 (brd, —CH>— main chain
and —SCH2>—C2Hs—CH3s), 1.05 (brs, ester—CH(CH3)-S), 0.95-0.80 (brd, HO—CH>—CCH3—(CH2—

ester—)2 and SC3He¢—CH3).

Monovalent linear polymer (M-LDs2): 'H NMR (400 MHz, D20) & in ppm: 3.60 (brs, CH3—

ester—), 3.34 (brs —S—CH>—C3H7), 3.10-2.70 (brd, CON(CHs)2), 2.70-2.30 (brs, -CH— main
chain), 1.75-1.20 (brd, -CH2— main chain and —-SCH>—C2H4—CH3), 1.03 (brs, ester—CH(CH3)-S),

0.81 (brs, SCsHe—CH3).

End-modification of alkyne groups on trithiocarbonate groups of polymers. The DMA
polymers (50 mg) were dissolved in dry THF (2 mL), and the polymer solution was bubbled with
nitrogen for 10 min. Propargyl acrylate (30 mg, 274 pmol) and n-butylamine (20 mg, 274 umol)

were added, and the mixture was stirred for 6 h at room temperature under nitrogen atmosphere.



The polymer solutions were precipitated in Et20 (twice). The polymers were dried in vacuo and

obtained as white solids.

Trivalent star polymer (SDnA): 'H NMR (400 MHz, D20) & in ppm: 3.95 (brs, CH3—(CH2—ester—
)3), 3.60 (brs, -C=CH), 3.10-2.70 (CON(CH3)2 and —S—-CH2—CH2z—ester), 2.70-2.30 (brs, -CH—
main chain), 1.90-1.20 (brd, -CH2— main chain), 1.03—0.96 (brd, ester—-CH(CH3)-S and CH3—-C—

(CH2—ester—)3).

Bivalent linear polymer (B-LDnA): 'H NMR (400 MHz, D20) § in ppm: 4.00 (brs, HO—CH>—
CCHs—(CHa—ester—)2), 3.65 (brd, -C=CH), 3.45 (brs, HO-CH>—CCH3—(CHz2—ester—)2), 3.10-
2.70 (CON(CH3)2 and —S—CH>—CH2>—ester), 2.70-2.30 (brs, -CH— main chain), 1.90—1.20 (brd,
—CH2— main chain and —SCH>—C>H4+—CH3), 1.05 (brs, ester—CH(CH3)-), 0.95 (brs, HO—CH2>—

CCH3—(CHa—ester—)2).

Monovalent linear polymer (M-LDs2A): 'H NMR (400 MHz, D20) § in ppm: 3.58 (brs, CH3—

ester— and —-C=CH), 3.10-2.70 (brd, CON(CH3)2 and —S—CH>—CHz—ester), 2.70-2.30 (brs, -CH—

main chain), 1.75-1.20 (brd, —CH2— main chain), 1.03 (brs, ester—CH(CH3)-).

Glycomodification on polymer terminals by copper-catalyzed azide-alkyne cycloaddition.
The DMA polymers with alkyne terminals (20 mg), 6’-SALac azide (10 mg, 15 pumol), CuSOs4
(0.8 mg, 5 umol) were dissolved in the mixture of H20O (800 puL) and MeCN (750 pL). Sodium L-
ascorbate (2 mg, 10 umol) in H20 (200 pL) was added, and the mixture was bubbled with
nitrogen for 15 min. The tip of needle was pulled above the liquid level, and the mixture was
stirred for 24 h at room temperature under nitrogen atmosphere. The objective was purified by

dialysis (MWCO = 3,500) against water, and was obtained after freeze-drying.
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Trivalent star glycoligand (SDnG): '"H NMR (400 MHz, D20) & in ppm: 8.22 (s, triazole), 5.70 (d,
H-1), 5.21 (s, O—CHzx—triazole), 4.38 (d, H-17), 4.05-3.42 (m, sugar-H and CH3—(CHz—ester—)3),
3.10-2.70 (CON(CHs)2, —S—CH>—CH2—ester and H-3"¢q), 2.70-2.30 (brs, -CH— main chain),
1.92 (s, NHCO—CH3), 1.72-1.16 (brd, H-3”ax and —CH2— main chain), 1.08-0.93 (brd, ester—

CH(CH3)- and CH3—C—(CHz—ester—)3).

Bivalent linear glycoligand (B-LDnG): 'H NMR (400 MHz, D20) § in ppm: 8.22 (s, triazole),
5.70 (d, H-1), 5.21 (s, O—CH>—triazole), 4.38 (d, H-1"), 4.05-3.42 (m, sugar-H and HO-CH2—
CCHs—(CHa2—ester—)2), 3.10-2.70 (CON(CH3)2, —S—CH2—CH2—ester and H-3"¢q), 2.70-2.30 (brs,
—CH- main chain), 1.92 (s, NHCO-CH3), 1.72—1.16 (brd, H-3"ax and —CH2— main chain), 1.08—

0.93 (brd, ester—CH(CH3)— and HO—-CH>—CCH3—(CH2—ester—)2).

Monovalent linear glycoligand (M-LDs2G): 'H NMR (400 MHz, D20) § in ppm: 8.22 (s,
triazole), 5.70 (d, H-1), 5.21 (s, O—CHz-triazole), 4.38 (d, H-1’), 4.05-3.42 (m, sugar-H and
CH3s—ester—), 3.10-2.70 (CON(CH3)2, —S—CH>—CH2—ester and H-3"¢q), 2.70-2.30 (brs, -CH—
main chain), 1.92 (s, NHCO—-CH3), 1.72-1.16 (brd, H-3”ax and —CH>— main chain), 1.02 (brs,

ester—CH(CH3)-).

Cleavage of polymer arms of glycoligands. SD41G and LD39G (2 mg) were dissolved in
NaOH aq (0.2 M, 1 mL), respectively. The solutions were incubated at 70 °C for 1 h, and then,
HCl aq (0.2 M, 1 mL) was added to neutralize the solutions. The samples were analysed by SEC

system without purification.

Hemagglutination inhibition (HI) assay. Phosphate-buffered saline (PBS) was added into a
96-well plate (25 pL/well) except the first lane. Glycoligand solution (4 mg/mL, 50 plL) was

injected in the first lane. The solution in the first lane were twofold serially diluted (25 pL/well).

11



Influenza virus solution [A/Panama/2007/99 (H3N2) or A/Puerto Rico/8/34 (HIN1), 4 HAU]
was injected in each well (25 pL/well). The 96-well plate was incubated for 1 h at 4 °C. Red
blood cells in the purchased blood cell suspension were washed by centrifugation with PBS three
times. The concentrated red blood cells were resuspended in PBS (0.5 v/v%) and was injected in
each well (50 puL). The 96-well plate was incubated for 1 h at 4 °C (n = 3). Precipitation of red

blood cells was determined by visual inspection.
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Results and Discussion

Prediction of Polymer Length using Theoretical Models. To predict the appropriate
polymer structure to enable the multivalent binding to the three CRDs of HA, the polymer length
of the star polymer arms (distance from the cross-linked point to the polymer terminals) was
calculated based on the Gaussian model. The theoretical models of synthetic polymers are based
on their ideal states, and conformation of the synthetic polymers in a solution does not
correspond to the theoretical conformation unless in the theta states. This indicates that the
conformation of the objective star polymers in an aqueous solution would not match that of the
theoretical models; however, the theoretical prediction based on the classical model is still useful
as a guideline for designing the polymer ligand. A linear polymer based on the Gaussian model
was initially considered.>® The distance between the polymer terminals in one polymer molecule

«R> was estimated using the following equation:
(R?) = CNb*>— (1)

where C is the characteristic ratio of monomer (N,N-dimethylacrylamide model (DMA): 9.2),%

N is the C—C bond number of the polymer backbone, and b is the C—C bond length (0.154 nm).

The gyroid radius of a linear polymer («S>ix) is calculated using the equation:
($*hin = (R)?/6——(2)
and that of a star polymer («$>swar) is obtained by multiplying the shrinking ratio (gs):

gs= Bf=2)/f*—0)

(Sz )star = Ys (52 )lin— 4)

13



where f'is number of polymer arms (for triarm star polymers, f = 3). The relationship between the
number of monomer units of the polymer arm and the gyroid radius is shown in Figure 1a. The
CRDs of HA are located at the vertices of a triangle, and the distance between two CRDs of HA
is 4.5 nm.?® The distance from the center of the triangle to the CRD (dr) is 2.6 nm (Figure 1b, c).
Thus, the theoretical prediction suggested that a star polymer with a degree of polymerization
(DP) of 40 would have a comparable gyroid radius to the arrangement of CRDs on the HA
surface. The designed star polymer was expected to display the glycoepitopes near the three

CRDs, resulting in effective multivalent binding.
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Figure 1. (a) Estimated gyroid radius of star glycoligands with different numbers of monomer
units per arm. (b) The structures of hemagglutinin (PDB: SHMG) and a surface illustration of the
influenza virus. The amino acids involved in the interaction with sialic acids are shown in red.
(c) Arrangement of the CRDs of HA as a triangle (left) and the star glycoligand with the
appropriate DP (right). The circles indicate the CRDs on HA. The distance between two pockets

1s 4.5 nm. The distance from the center to the CRD is 2.6 nm, and is defined as d:.
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Figure 2. (Top) Schematic illustration of the synthesis of glycoligands by RAFT polymerization
and functional modification onto the polymer terminals. (Bottom) Illustrations of the synthesized

glycoligands with different DP and topologies.

Synthesis of Well-Defined Glycoligands with the Predicted Structure. A schematic
illustration of the synthesis of the glycoligands is shown in Figure 2. The hydrophilic star
polymer with trivalent arms was synthesized by RAFT polymerization of DMA with a

trifunctional RAFT agent (the polymer is abbreviated to SD below). DMA was chosen as the

15



monomer owing to its inertness to biomolecular recognition.>* To obtain star polymers with a DP
of 40, the target DP was set at 50 based on the limited conversion rate of star polymers in RAFT
polymerization (conversion rate = 80% in a previous study).>> The ratio of [RAFT agent]:
[initiator (AIPD)] was fixed at 20: 1 to avoid the undesired termination reaction.”*® The
polymerization proceeded at 70 °C for 3 h in a mixture of DMF and water (the detailed
conditions are shown in Table S1). The conversion rate of SD polymer was 82% from the proton
nuclear magnetic resonance (‘H NMR) spectrum (Table 1). After purification, methyl protons
both at butyl groups of the RAFT terminals and at the cross-linked point of the star polymer
structure were observed at 0.81 and 0.96 ppm in the "H NMR spectrum, respectively (Figure S1-
6). This indicates that the RAFT terminals and the cross-linked structure in the SD polymer were
maintained. The DP of the SD polymer was calculated to be 41 from the integral values of the
main chain peaks in the '"H NMR spectrum. This value corresponds with the theoretical DP (the
target DP x conversion rate: 50 x 0.82 = 41). Size exclusion chromatographs of the SD polymer
showed a narrow unimodal peak (Figure 3a, Mw/Mn = 1.14). These results indicate that a well-
defined star DMA polymer with a DP of 41 was obtained (abbreviated to SD41). As control
samples, trivalent star DMA polymers with different DP (SD22 and SDs4), bivalent linear DMA
polymers (B-LD 22 and B-LD39), and monovalent linear DMA polymer (M-LDs;) were prepared

in the same procedure (Table 1, Figure 3a, S1 and S2a).
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Table 1. Properties of RAFT polymerization of DMA.

o Conv. DP* onldki}fl'lIz:eat Moxwr® | Masec® | Mysec®
Polymer? [M]::E[éghm] ion® ’ ‘ ‘ Mo/M.E
(%) (mer) (%) (g/mol) (g/mol) (g/mol)
SD2. 30:1: 0.02 71 22 - 7,300 4,500 5,000 1.12
SD2A - - 84 - 3,700 5,400 1.45
SDa1 50: 1: 0.02 82 41 - 13,000 9,200 10,500 1.14
SDsa1A - - 93 - 7,700 10,600 1.37
SDs4 100: 1: 0.02 85 84 - 25,800 | 21,100 | 23,400 1.11
SDssA - - 88 - 18,100 | 22,900 1.26
B-LD2. 25:1:0.02 86 35 - 4,900 3,300 3,700 1.11
B-LD2A - - 94 - 3,600 4,000 1.11
B-LD39y 50:1: 0.02 80 56 - 8,300 5,900 6,700 1.14
B-LD3A - - 88 - 5,700 7,100 1.24
M-LDs2 50: 1: 0.02 >99 52 - 5,200 3,600 4,900 1.14
M-LDs2A - - 89 - 4,100 4,700 1.14

(a) The star DMA polymer with DP of 22 is abbreviated to SD2,. The bivalent linear DMA polymer with DP
of 22 is abbreviated to B-LD2,. The monovalent linear DMA polymer with DP of 52 is abbreviated to M-
LDs,. (b) The conversion rate was determined from 'H NMR. (c) The DP of each polymer arm and the
percentage of alkyne group on the polymer terminals were determined from 'H NMR spectra. (d) The
molecular weight was calculated using the equation: Mynmr = f X (MWppma X DPpma) + MWearr. f= 3, 2,
and 1 for SD, B-LD, and M-LD, respectively. (¢) The molecular weights were determined by size exclusion
chromatography (SEC) analysis. The eluent was DMF with 10 mM LiBr. The calibration was performed
with polystyrene standards. M.,/M, was calculated using the values from SEC analysis.
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Figure 3. Size exclusion chromatographs of (a) star DMA polymers (SD22, SD41, and SDs4), (b)
star DMA polymers with alkyne terminal (SD22A, SD41A, and SDs4A), and (c) star glycoligands
(SD22G, SD41G, and SDs4G). The eluents were DMF with 10 mM LiBr for (a) and (b), and water
with 100 mM NaNOs for (c). The analyses were calibrated by polystyrene standards for (a) and

(b), and by pullulan standards for (c).

The terminal trithiocarbonate groups of the synthesized polymers were converted to alkyne
groups in a one-pot procedure.*' The polymers were dissolved in dry THF with an excess of n-
butylamine and propargyl acrylate, and were stirred for 6 h under an atmosphere of nitrogen. The
trithiocarbonate groups were decomposed to thiol groups, and then the thiol-ene reaction with
propargyl acrylate proceeded (Figure 2). The removal of trithiocarbonate was confirmed by the
disappearance of its absorbance peak (A = 310 nm) in the UV spectra (Figure S3). The addition
of alkyne groups at the polymer terminals was supported by '"H NMR. The peak of methylene
protons adjacent to the alkyne group was identified using CDClI3 as the solvent (Figure S1). The
calculated yields of alkyne modification using the integral values for the proton peaks were
around 90% for all polymers (Table 1). The yield was slightly lower than 100% owing to the

formation of disulfide linkages between the polymer arms during the one-pot reaction. The
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intermolecular formation of disulfide linkage was suggested by the shoulder peaks of higher
molecular weight in the SEC curves (Figure 3b).*! These results indicate that DMA polymers
with alkyne terminals (SD2:A, SD4#1A, SDssA, B-LD2A, B-LD3A, and M-LDs;A) were

obtained.

The 6’-SALac epitope for influenza hemagglutinin was used in this study. 6’-SALac is a
trisaccharide with the Neu5Ac-a(2,6)-Gal structure that is recognized by influenza
hemagglutinins of human-types.*> The anomeric hydroxyl group of 6’-SALac was converted to
an azide group using a method described in a previous report,”> and 6’-SALac azide was
conjugated to the alkyne terminals of the polymer arms using the copper-catalyzed azide-alkyne
cycloaddition (Figure 2). The appearance of the peak of the triazole ring in the 'TH NMR spectra

of the obtained glycoligands indicated the successful introduction of 6’-SALac (Figure S1 and

Table 2. Properties of synthesized glycoligands.

b Glycoepitope c c d e

Ligand® DP modification® | Mnsec My, sEc M Ry PDI

(mer) (%) (g/mol) (g/mol) (nm) )

SD2.G 22 90 5,600 7,500 1.35 2.0£0.02 0.31

SDaG 41 90 9,800 12,900 1.32 2.8+0.09 0.41

SDssG 84 88 21,000 26,800 1.28 3.9+0.07 0.39

B-LD2G 35 93 3,600 4,800 1.34 1.9+0.05 0.45

B-LD39G 56 92 5,900 7,900 1.35 24+0.13 0.41

M-LDs:G 52 83 3,600 4,900 1.36 2.0£0.09 0.44
(a) The star glycoligand with DP of 22 is abbreviated to SD2,G. The bivalent linear glycoligand with DP of 22 is
abbreviated to B-LD,,G. The monovalent linear glycoligand with DP of 52 is abbreviated to M-LDs,G. (b) The
DP of each polymer arm and the percentage of 6’-SALac on the polymer terminals were determined by 'H
NMR. (¢) The molecular weights were determined by size exclusion chromatography (SEC) analysis. The
eluent was water with 100 mM NaNOs. The calibration was performed with pullulan standards. M./M, was
calculated using the values from SEC analysis. (d) The hydrodynamic radius (R,) was estimated by dynamic
light scattering (DLS) measurement in PBS (-) buffer (3 g/L). The temperature was 25 °C. (e) Polydispersity

index of DLS measurement.
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Table 2). Although the yields of the glycoepitope modification are summarized in Table 2, it
should be noted that NMR integration of the proton peaks involves an error in quantification due
to their low content in the polymers. SEC analysis showed the unimodal peaks for all the
glycoligands with relatively narrow dispersity (Table 2, Figure 3¢ and S2). These results
demonstrate that glycoligands with one glycoepitope on each polymer arm were obtained

(SD22G, SD41G, SDssG, B-LD2:G, B-LD39G, and M-LDs:G).

Confirmation of the Cross-linked Structures of the Glycopolymers. To confirm the
presence of cross-linked points in the synthesized glycoligands, the ester bonds adjacent to the
center of the glycoligand structures were hydrolyzed in basic conditions. SD41G and B-LD39G
were dissolved in 0.2 M NaOH(aq) at 2.0 g/ and were incubated at 70 °C for 2 h. After the
treatment, the hydrolyzed glycoligands were analyzed by SEC (Figure 4). The hydrolyzed
samples showed narrow unimodal peaks with smaller molecular weight than before hydrolysis,
indicating that SD41G and B-LD39G originally had cross-linked structures. Furthermore, both
hydrolyzed samples showed the same molecular weights (Mn = 3,200 g/mol), which corresponds
with the finding that the DP of the polymer arms of SD41G and B-LD39G was almost the same
(DP =41 and 39, respectively). These results indicate that the synthesized glycoligands had the

cross-linked structures anticipated for the chosen multivalent RAFT agents.
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Figure 4. Size exclusion chromatographs of (a) SD41G and (b) B-LD39G glycoligands before

(black dashed lines) and after (red lines) hydrolysis. The eluent was water with 100 mM NaNOs,
and the system was calibrated by pullulan standards.

Characterization of the Glycoligands by Dynamic Light Scattering. To evaluate the
precision of the molecular design of the synthesized glycoligands, their hydrodynamic radii (Rn)
in phosphate buffer saline (PBS) solution were measured using dynamic light scattering (DLS).
The Rn of the star glycoligands were 2.0, 2.8, and 3.9 nm for SD2G, SD41G, and SDs4G,
respectively (Table 2 and Figure S4-1). The Rn of the linear glycoligands were 1.9, 2.4, and 2.0
nm for B-LD2:G, B-LD39G, and M-LDs>G, respectively (Table 2 and Figure S4-2). These
results indicate that the Rn of the synthesized glycoligands increased with the DP of the polymer

arms, and that the Rn of SD41G and B-LD39G were close to the distance from the center of the

triangle to the CRD of HA (dr = 2.6 nm) as expected in the Gaussian model calculated before the

synthesis (Figure 5). This demonstrated that the structures of the glycoligands were well-

controlled on the nano-meter scale by living radical polymerization.
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Figure 5. The hydrodynamic radius (Rn) of star (red circles) and linear (blue rhombus)
glycoligands with different number of monomer units per polymer arm with illustrations of the

glycoligands and HA.

Evaluation of the Interaction with the Influenza Virus by hemagglutination Inhibition
Assay. The interactions of the synthesized glycoligands with the influenza virus were evaluated
using a hemagglutination inhibition (HI) assay. Fetuin, a natural glycoprotein, and SD41, which
has no glycoepitopes, were used as the positive and negative controls, respectively. SD2G,
SD41G, SDs4G, B-LD2:G, and fetuin inhibited the aggregation of red blood cells (RBCs) caused
by the virus (A/Panama/2007/99, H3N2), demonstrating their interactions with HA on the virus
(Figure S5A). B-LD39G and M-LDs;G did not show HI in the concentration range of this work.
SD41 did not inhibit the RBC aggregation, indicating the absence of non-specific interaction
between the DMA segment and HA. The selectivity of the glycoligands for the virus type based
on the glycoepitopes was confirmed by an HI assay using the other influenza virus strain

(A/Puerto Rico/8/34, HIN1). A/Puerto Rico/8/34, HINI1 has selectivity for the Neu5Ac-a-(2,3)-
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Gal structure, not the NeuS5Ac-a-(2,6)-Gal structure.** Thus, the glycoligands displaying 6’-
SALac (Neu5Ac-0-(2,6)-Gal structure) were not expected to interact with this different virus
strain. As anticipated, the glycoligands did not inhibit the aggregation of RBCs, while fetuin did
because both types of carbohydrate structure are displayed on fetuin. These results demonstrate
that the selectivity of the glycoepitopes in the glycoligands was maintained, and that the

glycoligands would act as inhibitors against the influenza virus.

The minimum ligand concentration for HI with the virus strain (A/Panama/2007/99, H3N2)
was defined as the inhibition constant (Ki), and the Ki was calculated in terms of glycoepitope
concentration (Figure 6a). The average values of Ki for SD2.G, SD41G, SDssG, B-LD2,G and
fetuin were 112, 35, 163, 91 and 19 uM, respectively (Table 3). The interaction of the
monovalent glycoepitopes with HA was evaluated using 6’-SALac (Ki = 20 mM, Figure S5). The
lower Ki values of the glycoligands indicate that their interactions with HA were stronger than
that of 6’-SALac. The order of the strength of the interaction was SD41G > B-LD22G = SD2,G >
SDsg4G. The interaction of the glycoligands with HA was enhanced by the cluster glycoside
effect. The strongest interaction with HA, which was observed for SD41G, is attributed to the
multivalent binding to more CRDs of HA than the other glycoligands owing to the polymer
length of SD41G being designed for the dr on HA (= 2.6 nm, Figure 1c and 6b). The smaller-
than-2,6 nm Rn of SD22G led to insufficient valency in binding to the three CRDs of HA,
resulting in bivalent binding. Conversely, SDs4G had a larger Rn than 2.6 nm and the
arrangement of the glycoepitopes did not correspond to that of the CRDs. Since the DMA
polymer arms were flexible and the polymer length was longer than 2.6 nm, SDg4G was expected
to be able to achieve trivalent binding. However, trivalent binding of SDs4G was unfavorable in

terms of entropic loss and was rarely achieved, resulting in a weaker interaction. B-LD22G had
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the same Rn as SD22G, and the interaction with HA was to the same extent as for SD»G
suggesting bivalent binding. The Rn of B-LD39G was close to 2.6 nm as well as to the Rn of
SD41G; however, the interaction of B-LD39G was weaker than that of B-LD2:G (Ki of B-LD3¢G
was not determined in this work). This is attributed to the difference in molecular mobility of the
polymer arms between the star structure (SD41G) and the linear structure (B-LD3oG).
Furthermore, B-LD22G exhibited a stronger interaction than SDsgsG even though the
glycoepitope valency of B-LD22G (= 2) was lower than that of the star glycoligands (= 3),
indicating that the glycoepitope valency was not only factor in determining the interactions with
HA, and that both of the glycoepitope arrangement and the molecular mobility are important. M-
LDs.G, with the monovalent glycoepitope, did not enable multivalent interaction and the Ki
value was not sufficient to be determined. These results indicate that the designed star
glycoligand SD41G, which had a comparable hydrodynamic radius to dr, showed the strongest
interaction with HA. This demonstrated that the de novo design of the synthetic polymer
structures enabled control of the biomolecular functions of the glycoligand, and that the precision
level of synthetic polymer structures as nanomaterials can be comparable to those of DNA and

peptides.
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Figure 6. (a) Ki of the glycoligands and fetuin against influenza viruses [A/Panama/2007/99
(H3N2)] from the HI assay (n = 3). The values were calculated in the glycoepitope concentration.
(b) Ki against hydrodynamic radius (Rn). For (b), the red circles and blue square represent the star

and linear glycoligands, respectively.

The binding modes between the glycoligands and HA were estimated using the following

formula suggested by Whitesides and co-workers.*
KNPOIJ’ — (KmonO)aN (5)

Where K3*°Y and K™™ indicate the association constants of polyvalent interaction and
monovalent interaction, respectively. N is the number of binding sites in the interaction between
a polyvalent ligand and a receptor, and « is the degree of cooperativity. Although the K; from the
HI assay is not the association constant (Ka), correlation between Ka and Ki in the interaction of
glycoligands with lectins has previously been suggested.*® Thus, assuming that the K; reflects Ka

between the glycoligands and HA, the number of binding sites was estimated. The constants of
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the star glycoligands and 6’-SALac in the interactions with HA (K»™Y and K™™) were
calculated as the inverse of the Ki. For example, Ki of 6’-SALac was 20 mM, and K™ was
calculated as 50 M™'. N for the glycoligands was calculated from formula (5) assuming o = 1
(Table 3). A rationale is provided in the Supporting Information. N for SD22G, SD41G, SDssG
and B-LD1G was estimated to be 2.3, 2.6, 2.2, and 2.4, respectively. As one HA molecule has
three CRDs, these values are reasonable. The suggested binding modes are summarized in Figure
7. Although the glycoepitope valency of B-LD2,G was two, N of B-LD2.G was 2.4. It is thought
that the degree of cooperativity (o) would be different for the trivalent star and the bivalent linear
structures owing to their molecular mobilities, and that N of B-LD2G was therefore
overestimated. This estimation of binding modes supported the interactions of the glycoligands
being based on multivalent binding, and the binding modes being controlled by the molecular

design of the synthetic polymers.
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Figure 7. Illustration of the expected binding modes between the glycoligands and HA. Rn and N

indicate the hydrodynamic radius and the number of binding sites for each ligand, respectively.
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Table 3. Summary of the constants calculated with K; for HA.

. Ki KyPY N
Ligand —
M) M) )
SD»:G 1.12x 10 8930 23
SDuG 3.49 %107 28680 2.6
SDs.G 1.63 x 107" 6150 2.2
B-LD::G 9.11 %107 10980 24
B-LD3G n.d. n.d. n.d.
M-LDs,G n.d. n.d. n.d.
Fetuin 1.93 x 107 51870 2.8
The association constant was calculated using the formula
KoY = l/K (a) N was determined using the formula Kol =
(K™m)N " assuming o = 1 and K™ = 50 M from K; of 6’-
SALac (20 mM).

Conclusions

We designed star-shaped glycoligands as effective inhibitors for hemagglutinin of the influenza
virus. Prior to the synthesis, the Gaussian model of synthetic polymers provided a prediction of
the appropriate polymer length, and a degree of polymerization of 40 was expected to achieve a
polymer length that would match the arrangement of the carbohydrate recognition domains of
hemagglutinin. Based on the prediction, a hydrophilic star polymer was synthesized by RAFT
polymerization, and subsequent modification with 6’-sialyllactose at the polymer terminals
provided the star-shaped glycoligands. The structures of the star-shaped glycoligands were well-
controlled on the nano-meter scale, and the hydrodynamic radius of the star glycoligand with the
predicted polymer length (SD41G) was close to the distance from the center of the triangle to the

CRD of HA. In the hemagglutination inhibition assay, the interaction of the glycoligand with the
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predicted structure was the strongest among the synthesized glycoligands, suggesting effective
multivalent binding to HA. The results in this work demonstrated that the structures of the
synthetic polymers were well-controlled by living radical polymerization, and that their
biological function (intermolecular recognition) was also controlled by the defined polymer
structures. This work is expected to contribute to the development of novel nanomaterials using
synthetic polymers that are comparable to or exceed the capabilities of natural biopolymers such
as DNA and peptides. In particular, facile access to the preparation of synthetic polymers on a
large scale would provide significant advantages in terms of pandemic threat, where immediate
response is required. We hope that synthetic polymers will open up new opportunities in nano-

and biotechnology.
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