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ABSTRACT: The precise modulation of protein-carbohydrate interactions is critical in glycobiology, where multivalent binding
governs key cellular processes. As such, synthetic glycopolymers are useful for probing these interactions. Herein, we developed
precision glycopolymers (PGPs) with unambiguous local chemical composition and well-defined global structure and systematically
evaluated the effect of polymer length, hydrophobicity, and backbone hybridization as well as glycan density and identity on the
binding to both mammalian and plant lectins. Our studies identified glycan density as a critical factor, with PGPs below 50% grafting
density showing significantly weaker lectin interactions. Coarse-grained molecular dynamics simulations suggest that the observed
phenomena may be due to a decrease in carbohydrate-carbohydrate interactions in fully grafted PGPs, leading to improved solvent
accessibility. In functional assays, these PGPs reduced the cell viability and migration in 4T1 breast cancer cells. Our findings
establish a structure—activity relationship in glycopolymers, providing new strategies for designing synthetic glycomacromolecules
for a myriad of applications.

Bl INTRODUCTION

Nature has evolved carbohydrates as effectors of key biological

weak individual carbohydrate—protein binding affinities (Ky ~
107°) — a well-documented phenomenon termed the “glyco-
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processes, including molecular recognition, intercellular
communication, cellular adhesion, and signal transduction.”
As such, there is broad interest in the fields of chemistry,
materials science, and chemical biology in understanding the
molecular basis for this complex communication.”* Moreover,
synthetic glycomaterials that can probe and manipulate
biological processes hold significant importance in both
biotechnologicals_10 and biomedical''~'* contexts.

Strikingly, the entire mammalian glycome is comprised of
only ~10 different monosaccharides.'”*’ Thus, the complex,
multifunctional role of carbohydrates relies not only on their
chemical composition but also on their macromolecular
presentation on scaffold proteins and lipids, coupled with
their supramolecular assembly and structural ensemble with
other glycoconjugates.'””" In the body, carbohydrates are
presented as dense side chains on polypeptide backbones,
forming natural “bottlebrush” polymers on proteins and cell
surfaces.””** This high density display leads to tight binding to
their protein (lectin) binding partners (Ky ~ 107°), despite
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side cluster effect”.”” In this way, nature leverages the power of
polymer chemistry to generate selective and specific molecular
recognition motifs that are physiologically dynamic.

A fundamental understanding of the macromolecular basis
of carbohydrate recognition is essential for deepening our
understanding of the natural world,”*% as well as to enable
the development of new probes and therapeutics. Over the
past ~40 years, a significant body of research has been built up
on understanding how carbohydrate multivalency influences
function.””*’*° Many of these analyses utilize ring opening
metathesis polymerization (ROMP) to synthesize glycopol-
ymers for elucidating key structure—function relationships.
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Figure 1. Precision glycopolymer components analyzed herein.
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However, the majority of glycopolymers comprise statistical
copolymers, utilize graft-to techniques, and/or employ
protecting groups that need to be removed post polymer-
ization.”’ > This results in materials with stochastic local
compositions, which restrict batch-to-batch reproducibility and
complicate systematic analyses. Indeed, recent developments in
discrete glycomacromolecules with absolute sequence con-
trol”* underscore the necessity for well-defined glycomaterials
to analyze these complex interactions in a systematic manner.

Motivated by these facts, we sought to understand how the
glycan macromolecular conformation dictates glycopolymer
properties and lectin recognition. Toward this end, we
developed glycopolymer probes with unambiguous local
chemical composition and well-defined global macromolecular
structure, herein termed precision glycopolymers (PGPs). We
reasoned that the graft-through ROMP of unprotected
carbohydrates would afford well-defined glycopolymers with
maximal grafting density and defined local chemical structure
(i.e., each side chain is functionalized, and no postpolymeriza-
tion manipulations are required). ROMP is ideal in this regard,
as it is a controlled polymerization method®” that allows for the
generation of polymers with low dispersity and high
reproducibility.®® Its initiators display excellent functional
group tolerance, which permits the incorporation of a diverse
array of functionalized monomers, such as the dense
concentration of hydroxyl moieties on carbohydrates.”"*"~*
Moreover, the rigid, sp*-hybridized backbones of poly-
(norbornene) are akin to the polypeptide backbones on
which oligosaccharides are natively displayed.

We used galectin-3 (Gal-3) and peanut agglutinin (PNA) as
model systems to analyze the binding of multivalent f-
galactosides, representing animal and plant lectins due to their
biomedical significance. Gal-3 is involved in myriad physio-
logical processes”’ and in the progression of multiple
diseases, " including cancer. PNA is involved in the
recognition and symbiosis of nitrogen-fixing bacteria in
peanuts’”*® and has been shown to promote cancer metastasis
by mimicking Gal-3 and differentiating human lympho-
cytes."”*” The natural binding motif of Gal-3 is N-acetyllactos-
amine (Gal-$(1,4)-GIcNAc),”' while that of PNA is the
Thomsen-Friedenreich antigen (Gal-$(1,3)-GalNAc).”> As
such, the similarity in their binding motifs could offer
fundamental insights into the carbohydrate recognition and
lectin specificity across species.

Herein, we synthesized PGPs via the direct, graft-through
polymerization of galactose and lactose, two p-galactoside
ligands (Gal-PGPs and Lac-PGPs, respectively). We used
these materials to evaluate how carbohydrate multivalency and
density influence lectin recognition (Figure 1). We found that
the multivalent display of carbohydrates drastically overrides
differences in individual ligand affinities. Moreover, complete
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grafting density is required for maximal binding to both Gal-3
and PNA. Coarse-grained (CG) molecular dynamics (MD)
simulation analyses provide mechanistic insights into the
nature of these interactions, indicating that fully grafted PGPs
outperformed others due to decreased carbohydrate-carbohy-
drate interactions (CCIs), which lead to higher solvent
accessible surface area and favorable interactions of carbohy-
drates with water. This knowledge can be used to guide the
design of multivalent lectin-targeting materials for applications
in biomaterials and beyond.

B EXPERIMENTAL SECTION

General Methods. All materials and reagents, unless otherwise
noted, were purchased from either Sigma-Aldrich or Fisher
Chemicals. Reagent and their purities are listed as follows: cis-5-
Norbornene-exo-2,3-dicarboxylic anhydride (Oakwood, 98%), Trie-
thylamine (Sigma, >99.5%), 3-amino-1-propanol (Sigma, 99%), 6-
aminohexanoic acid (Alfa Aesar, 99%), f-alanine (Sigma, 99%), tert-
butyldimethylsilyl chloride (Oakwood, 99%), imidazole (Sigma,
>99%), 4-dimethylaminopyridine (Acros Organics, 99%), N,N'-
dicyclohexlcarbodiimide (Sigma, 99%), Acetyl chloride (TCI,
>98%), f-p-galactose pentaacetate (Sigma, 98%), lactose octaacetate
(Sigma, 95%), boron trifluoride diethyl etherate (Sigma, 46—51%
BF;), sodium methoxide (Alfa Aesar, 98%), and ethyl vinyl ether
(Sigma, 99%). Dry solvents, dimethylformamide (DMF), dichloro-
methane (DCM), and methanol (MeOH) were prepared by drying
via a VAC solvent purification system (SPS), distillation, and sieves,
respectively. Galectin-3 was sourced from Biotechne (Cat# 8259-GA).
Peanut agglutinin was sourced from Sigma (Cat# L0881).

Nuclear magnetic resonance spectra were recorded at ambient
temperature unless stated otherwise with an Agilent MR 400 (400
MHz), Varian MR-400 (400 MHz), Bruker NEO400 (400 MHz),
Bruker AVIII 3 M 500 (500 MHz), or Bruker Avance III HD
instrument fitted with a Prodigy cryoprobe (500 MHz). Solvent
resonances were referenced for 'H and *C NMR chemical shifts and
reported in ppm. Multiplicity data are reported as s = singlet, d =
doublet, t = triplet, q = quartet, p = pentet, and m = multiplet. High
resolution ESI-MS was obtained using an Agilent Technologies 6530
Accurate-Mass Q-TOF. Polymer characterization was completed
using a Tosoh Bioscience EcoSEC Elite HLC-8420GPC fitted with a
TSKgel a-M (0018344) column and a Wyatt DAWN 8 (WD3-03)
light scattering detector. The GPC-LS system was run in 10 mM LiBr
in DMF at 60 °C. Dynamic light scattering (DLS) measurements
were taken by using a Zetasizer Nano ZS.

4T1 cell line was obtained from ATCC. Cells were incubated at 37
°C at 5% CO, using RPMI-1640 (Fisher Scientific, Cat: 11875093)
supplemented with 10% fetal bovine serum (Fisher Scientific, Cat:
35010CV), and 1% penicillin/streptomycin (Fisher Scientific, Cat:
SV30010). Cell cultures were maintained by subculturing in flasks
every 2—5 days as necessary per cell growth using trypsin-EDTA,
0.05% (Fisher Scientific, Cat: MT25052Cl).

General Glycopolymer Synthesis. Prior to polymerization, each
monomer was dried under high vacuum overnight, then dissolved in
freshly dried DMF via a VAC solvent purification system in an oven-
dried, N,-backfilled collection flask. All polymerizations were
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Scheme 1. (a) Structure of Galactose-Based Monomers (Left) and Lactose-Based Monomers (Right); (b) General Ring
Opening Metathesis Polymerization Scheme of Glycomonomers to Afford PGPs in a Single Step; and (c) "H-NMR Analysis of
the Polymerization of Mono-Gal,”
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“Disappearance of the monomer alkene peak (orange) and appearance of two nonequivalent polymer alkene peaks (blue) indicate complete
conversion.

completed in a nitrogen atmosphere in a PLAS-LABORATORIES NaOH solution and for Galectin-3 using 100 mM NaOH with 0.01%
810-series glovebox. The monomer (or both monomers for Co-PGP Tween 20 surfactant. A buffer sample was included between each
generation) was dissolved in DMF in a microcentrifuge tube at the polymer sample during the run. Kinetic data were evaluated using a
target monomer-to-catalyst ratio and the polymerization was initiated single set of sites (1:1 Langmuir binding) model in BIAevaluation 3.1
using the Grubbs M300 catalyst (Sigma: 682330) solution (in DMF) software.
such that the final catalyst concentration was 1.5 mM. The centrifuge Galectin-3 Western Blot Analysis. Cells (4T1) were washed
tube was then removed from the glovebox and sealed using PTFE with PBS and lysed using RIPA buffer with Halt phosphatase and
tape and parafilm. The reaction was heated at 60 °C while shaking at protease inhibitor cocktail (Thermo Fisher: 78440). The protein
~1200 rpm using a Benchmark Scientific Heating and Cooling Shaker concentration of the cell lysate was determined using the Pierce BCA
(HS000-HC) for 2—4 h depending on the target polymer length. assay (Thermo Fisher: 23225, 30 min, 37 °C protocol). Fifteen g of
Polymer termination was accomplished via the addition of ethyl vinyl protein was incubated at 60 °C for 15 min with Laemmli loading dye
ether. Polymers were then precipitated from solution using cold and 100 mM DTT. Samples were separated in 4—20% SDS-PAGE gel
diethyl ether and dried under a vacuum. All polymers were then and transferred to a low-fluorescence PVDF membrane. The
analyzed using SEC-MALS (see SI). See SI for the full experimental membrane was blocked with Licor Intercept blocking buffer and
details and analysis of P1-P16. then washed with PBST. The membrane was incubated with a 1:500
Polymerization Kinetics by 'H NMR. Polymerization kinetics dilution of antigalectin-3 (Thermo Fisher: 14-5301-82) and 1:2000
were analyzed at 60 °C in DMF-d, using a variable temperature dilution of antibeta tubulin (Thermo Fisher: MAS16308) in Licor
NMR. The dissolved monomer was added to an NMR tube fitted Intercept blocking buffer at 4 °C overnight. Following incubation, the
with a J. Young valve in a glovebox. The tube was then removed from membrane was washed with PBST and then was incubated with

the box, and an NMR spectrum (£ = 0) was obtained in an NMR 1:1000 dilution of goat antirat 647 (Thermo Fisher: A21247) and
instrument preheated to 60 °C. The tube was then returned to the 1:1,000 of goat-anti mouse 488 (Thermo Fisher: A28175) in Licor

glovebox, and the catalyst in DMF-d, was added to the tube. '"H NMR gntirceILt blOijEg buffer for ;1281 mu}‘] at roorrfl I’;emp;riture in th;
spectra were then recorded every 120 or 180 s until complete ark. The membrane was washed with PBST followed by PBS an

. then imaged with a ChemiDoc Imaging Station.
conversion was observed.

Dynamic Light Scattering (DLS) Analysis. Each polymer was Cell Viability. Cells were seeded in a 96-well plate at 2500 cells
dissolved in 18.2 MQ water (milli-Q water) and placed on a rocker per well. Following growth overnight, cells were treated with PBS,

. . lactose (1 mM), or experimental treatment polymers at final
for at least 8 h. The sample was then transferred to a disposable plastic &l ) ’ Xp p / o
cuvette and was analyzi d using a Zetasizer Nano Zg (Disp ep; sant: concentrations of 10 uM. At 24 h, the CCK-8 assay (Fisher Scientific:

H,O RI = 1.330, Viscosity = 0.8872; Material: RI = 1.45, Absorption NC9864731) was performed per the manufacturer’s instructions. The

_ o oco . plate was analyzed by using a BioTek Synergy H1 microplate reader.
= 0.001; T = 25 °C) with three runs per measurement, 10 s per run, Scratch Assay. Cells were seeded in a 24-well plate and allowed to
and at least 3 measurements averaged together.

Surface Plasmon Resonance (SPR) Analysis. Surface Plasmon gro‘g until Cinﬂuent' iollowing ilonﬂulfnce}’la ong microp iI})let tip dwas
) t t i . T i t
Resonance (SPR) was used for interaction analysis for all of the used to make Sralches In €ach we ¢ fnedia was changed o

lectins. Th £ ion b he of | 4 remove upended cells, and the wells were imaged using a Nikon
ectins. The extent of interaction between the glycopolymers an SMZ800N Stereoscope fitted with a Nikon DS-Ri2 color camera.
lectins was analyzed on a BlAcore T200 system (Cytiva Life

Well then treated with PBS, galact 1 mM i tal
Sciences). The lectins (0.005 mg/mL) were immobilized via a ¢ S were then freated Wi galactose (1 mM) or experimenta

) _ - treatment polymers at final concentrations of 1, 2.5, 5, or 10 uM.
star.ldard ammno c9uphng prot9c01 onto a CMS sensor chip tba.t was Following treatment for 24 h, cells were imaged, then fixed in 4% PFA
activated by flowing a 1:1 mixture of 0.1 M N-hydroxysuccinimide

o ; A and stained with crystal violet. Cells were then imaged again. Analysis
an.d 0.05 M N—ethyl—N (d1methylam1nopropyl)carlfodumlde over the of the scratches was completed using Image]. The width of each
Chlp_ for 5 min at 25 C at a flow rate of S yL/min a.fter the system scratch was determined by drawing 10 individual horizontal lines
equilibration with PBS filtered buffer (10 mM sodium phosphate across the scratch, making sure to measure the width along the
dibasic heptahydrate and 2 mM sodium phosphate monobasic

entirety of the scratched area. All measurements were then averaged
monohydrate, pH 7.4). Subsequently, channels 1 (blank), 2, 3, and together and compared to the average of 10 individual horizontal lines

4 were blocked by flowing a solution of ethanolamine (1 M pH 8.5) across each scratch over 24 h.

for 10 min at S #L/min to block the remaining reactive groups on the

channels. Sample solutions were prepared at varying concentrations B RESULTS AND DISCUSSION

(64—4 puM based on the polymer) in the same PBS buffer to calculate . )

the binding kinetics. Sensorgrams for each glycopolymer concen- Glycomonomer Design. To probe the effect of multi-

tration were recorded with a 300 s injection of polymer solution (on Valency on the binding of galaCtosideS to Gal-3 and PNA, we

period), followed by 200 s of buffer alone (off period). Regeneration chose f-galactose and lactose as model ligands, as thezf are

of the sensor chip surface for PNA was performed using SO mM simple naturally occurring glycans recognized by Gal-3>" and
7987 https://doi.org/10.1021/acs.biomac.4c01245
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Table 1. SEC-MALS Data for the Polymers Used in SPR

entry class glycan linker length  target DP M, theo. (kDa) M, GPC (kDa) M, GPC (kDa) DP“ b
P1 Homo-Gal, galactose 7 10 4.5 7.85 8.44 17 1.08
P2 Homo-Gal, galactose 7 S0 22.7 25.9 26.7 57 1.03
P3 Homo-Gal, galactose 7 100 45.4 48.7 S1.7 107 1.06
P4 Homo-Gal, galactose 7 250 113.6 101.5 128.7 223 1.27
PS Homo-Gal,, galactose 10 10 4.97 4.50 5.06 9 1.14
P6 Homo-Gal,, galactose 10 Nu 24.8 16.5 17.9 33 1.08
P7 Homo-Gal,, galactose 10 100 49.7 49.0 52.6 99 1.07
P8 Homo-Lac, lactose 7 10 6.17 7.65 8.44 12 1.07
P9 Homo-Lac, lactose 7 S0 30.8 29.2 30.9 47 1.06
P10 Homo-Lac, lactose 7 100 61.7 60.2 66.0 98 1.10
P11 Copoly-Gal:OH  Gal (90), OH (10) 7,7 100 - 37.1 59.0 - 159
P12 Copoly-Gal:OH  Gal (70), OH (30) 7,7 100 - 48.8 718 ~ 145
P13 Copoly-Gal:OH  Gal (50), OH (50) 7,7 100 - 68.9 102.7 - 149
P14  Copoly-Gal:OH  Gal (30), OH (70) 7,7 100 - 82.6 122.0 ~ 148
P15 Copoly-Gal:OH  Gal (10), OH (90) 7,7 100 - 67.3 98.8 - 147
P16 Gal, sp® galactose 7 107
“DP calculated as M,/ MW, .0
(a) 2000 Homo-Gal, Homo-Gal,, Homo-Lac, Copoly - Gal:OH  Gal, (b) 3.4 Homo-Gal, Homo-Gal,;, Homo-Lac, Copoly - Gal:OH g Gal,
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Figure 2. Data visualization for SPR analyses of PNA and Gal-3 binding to polymers P1—P16. (a) Analysis of SPR response units for binding to
PNA. (b) Analysis of dissociation constants (K;) of polymer binding to PNA. (c) Analysis of SPR response units for binding to Gal-3. (d) Analysis

of dissociation constants (K3) of polymer binding to Gal-3.

PNA.” f-galactose and lactose have vastly different affinities
for Gal-3 (10 mM for galactose, 200 uM for lactose, using
isothermal titration calorimetry)®* and PNA (1 mM for
methyl-f-p-Gal, and 769 uM for lactose, using ultraviolet
difference spectroscopy).” Moreover, previous reports have
found that longer linkers on polymer side chains increase self-
aggregation from intramolecular hydrophobic and hydrogen
bonding.SG Therefore, we hypothesized that p-galactosides
bound by a shorter linker would exhibit improved binding
potency compared to those with longer linkers. Thus, we
derivatized both galactose and lactose with norbornenyl
handles with variations in the spacing between the
carbohydrate ligand and polymerizable moiety.

7988

With these design considerations in mind, we synthesized
two glycomonomers from galactose (mono-Gal, and mono-
Gal,) and one glycomonomer from lactose (mono-Lac,) with
7 or 10 atoms between glycan epitope and norbornenyl handle,
(Scheme 1a). Briefly, we reacted cis-S-Norbornene-exo-2,3-
dicarboxylic anhydride with an amino acid to afford a
norbornenyl dicarboximide, followed by the addition of an
amino alcohol using standard amidation conditions. We
formed the linker using two components so that we could
incorporate an amide, as we hypothesized that a purely
hydrocarbon-based linker may overwhelm the hydrophilicity of
the carbohydrate and reduce solubility. Moreover, an amide
linker provides hydrogen-bonding capability and a way to
rapidly change the linker length. Lastly, we conjugated the
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norbornenyl-linker conjugate with a commercially available
acetylated sugar to generate a protected glycomonomer that,
following deprotection, yields the final glycomonomer with a
native glycosidic bond, which we hypothesized may play a role
in the recognition of the carbohydrate by Gal-3 and PNA.

Precision Glycopolymer (PGP) Synthesis and Anal-
ysis. We subjected each glycomonomer to ROMP using
Grubb’s third-generation catalyst in dry DMF at 60 °C to
afford PGPs (Scheme 1b). Altogether, we synthesized a suite
of 16 PGPs from galactose and lactose with variations in linker
length (7 or 10 atoms), target degree of polymerization (10,
50, 100, or 250), carbohydrate density (100—10%), and
backbone hybridization (sp* and sp®). We attempted to
monitor the polymerization progress of mono-Gal, by 'H
NMR, but complete conversion occurred in less than S min
(Scheme 1c). Likewise, all other glycomonomers were also
efficiently converted to PGPs within the same time frame
(Figures S1—S3). Following polymerization, we characterized
all PGPs using size exclusion chromatography with multiangle
light scattering (SEC-MALS) to determine the degree of
polymerization (DP) and dispersity (D) (Tables 1 and S1—
S4).

Effect of Polymer Scaffold on Lectin Binding. Next, we
investigated the binding of all PGPs by Gal-3 and PNA using
surface plasmon resonance (SPR). From these analyses, we
evaluated the binding interaction between the PGPs and
lectins (Figures 2, S4—S7, and Tables S5—S7). Gal-3 and PNA
were both conjugated to the chip via standard NHS coupling
(RU 13,120 and 9030, respectively, Figures S6 and S7).
Following conjugation, the chip was blocked with ethanol-
amine, and analysis proceeded with the PGPs. We separated
the analyses of the PGPs based on polymer scaffold
characteristics (polymer length, linker hydrophobicity, and
backbone hybridization).

Through these analyses, we found that both the maximum
SPR response (R,,,,) and dissociation constant (K;) between
PGPs and Gal-3 increases as a function of polymer length
(P1-P4, P5—P7, and P8—P10) for both Gal-PGPs and Lac-
PGPs (Figures 2, SS, and Table S6). This indicates that
increasing the degree of polymerization generally increases the
binding affinity between glycopolymer and lectin due to the
multivalent effect, matching previous literature reports.””>*
This is primarily the result of a faster association rate (k,) with
an initial rapid binding event as the polymers increase in
length, which may be due to the increased number of
carbohydrates presented to Gal-3 on longer polymers.

All polymers exhibited significantly higher binding affinity to
Gal-3 compared to PNA, with approximately 10°-fold greater
values. Notably, all polymers, except for those based on lactose,
displayed a saturated binding profile during the association
phase, indicating that some lectin binding sites remained
unoccupied on the chip. This could be attributed to the limited
accessibility and flexibility of the lactose carbohydrates on the
polymer chain due to their bulky nature in solution.

When the interactions between PGPs and PNA are
evaluated, the same trends in R, and Kj hold for Lac-PGPs
(P8—P10). When analyzing Gal-PGPs (P1—P7), we find that
R« increases with polymer length as expected, but the Ky
differences remain within the same order of magnitude until
reaching significantly longer lengths (P4). This can be
explained by comparing the dissociation rate (kg) to the
association rate (k,) for each polymer (Table SS): the
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statistical rebinding of ligands (k,) does not override the
polymer release (ky) until longer polymer lengths are achieved.

When comparing the effect of linker hydrophobicity on PGP
binding to both Gal-3 and PNA, R, is decreased for polymers
with more hydrophobic linkers (comparing P1:PS, P2:P6, and
P3:P7), indicating decreased polymer association with lectins
as the hydrophobicity increases. Additionally, as the linker
length increases, the entropic penalty for binding also
increases, which could be contributing to the lower R,
values. However, this does not significantly impact the
calculated Kj values for either lectin.

Finally, we compared the effects of polymer backbone
hybridization on lectin recognition. A substantial set of
literature exists for glycopolymers based on acrylate and
acrylamide polymers, which possess sp*-hybridized back-
bones.’” ™% As such, we were interested in this study to
determine whether the hybridization and rigidity imparted by
the alkenes in ROMP based polymers played a critical role in
their ability to bind to PNA and Gal-3. To accomplish this, we
hydrogenated the backbone of a fully grafted Gal-PGP (P3)
following literature protocols” (see SI Section $4) to afford a
fully sp3-hybridized polymer (P16) and evaluated its
interaction with both lectins. The calculated K; was lower
for the hydrogenated polymer compared to its alkenyl
counterpart for both Gal-3 and PNA, with minimal impact
on R... This difference arises from a significantly slower
dissociation rate (kg) in P16 compared to P3, suggesting that
more flexible, sp>-hybridized polymers associate with lectins for
longer. Further investigation revealed that the hydrodynamic
radius of P16 was substantially larger than that of P3 (43.36 vs
9.53 nm, Table S8 and Figure S8). This indicates that the
hydrogenated polymer tends to form multichain aggregates in
solution, complicating direct comparisons. However, this
aggregation may also account for the rapid association and
slow dissociation kinetics observed, as the multichain
aggregates present a higher density of binding moieties
compared with a fully solvated polymer. Overall, the polymers
demonstrated low dissociation rate constants (k; s™'),
indicating that strong interactions with the galactose units on
the side chains are persistent or that rebinding of released
galactose units occurs more quickly than the dissociation of the
complex during the buffer wash period.

Effect of Glycan Epitope Density and Identity on
Lectin Binding. In addition to probing the effect of polymer
scaffold on lectin binding, we also investigated how changing
characteristics of the glycan epitope (identity and density)
impact recognition. These variables were selected based on
prior findings highlighting the importance of both density and
valency in lectin binding.”* Toward this end, we synthesized a
“diluent” monomer, which contained a single hydroxyl moiety
(mono—OH) in place of the glycan epitope (see Scheme S1).
We then synthesized copolymers together with mono-Gal,
using ROMP at a target degree of polymerization of 100 and a
feed ratio of 9:1, 7:3, 1:1, 3:7, and 1:9 feed ratios of
galactose:diluent, respectively, to mimic polymers at 90, 70, S0,
30 and 10% overall grafting density (P11—P1S5, Table 1). We
note that these polymers, possessing greater inherent
dispersity, are not considered “PGPs” and instead are referred
to as copolymers throughout the text.

In all cases, decreasing the density of the polymers has
minimal impact on the binding affinity for both Gal-3 and PNA
until the overall glycan density drops below 50% (P3 vs P11—
P15, Figure 2). However, the R, decreases steadily as
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Figure 3. Coarse-grained molecular dynamics analyses. (a) Representative schematic for the collapse of PGPs during the initial S0 ns of the
simulation trajectory and a conformation at the end of 500 ns of CG MD simulations. The hydrophobic norbornene backbone is colored red,
whereas the carbohydrate functional groups are colored cyan. (b) Radial distribution function (RDF) between centers-of-mass (COMs) of attached
monosaccharide groups on the PGPs, calculated for the last 150 ns of the simulation run. (c) Evolution of the nonbonded interaction energy

between monosaccharide groups and water throughout the simulation run.

polymer density decreases for both lectins, indicating that
increasing the grafting density increases the overall association
with lectins. This is reflected in decreased association rates (k,)
for polymers with decreased glycan densities for both lectins.
Taken together, these data indicate that 50% glycan density is a
critical point for lectin binding affinity. Additionally, the
increased association rates of fully grafted polymers suggest
that higher grafting densities may be advantageous for
applications where glycopolymers are in complex, dynamic
environments (e.g., the extracellular matrix). When comparing
polymers with similar sugar content but differing densities and
lengths (P1 vs P15, P2 vs P13, and P3 vs P11, Figure 2) a
similar trend is also observed. For Gal-3, the R, decreases
and the Kj increases once the polymer density drops below
50%. This trend continues for PNA but extends above 50%
density, where a density reduction at all leads to a lower R,
and higher K.

Regarding glycan epitope identity, R, is higher in Lac-
PGPs as compared to Gal-PGPs at each degree of polymer-
ization (P1 vs P8, P2 vs P9, P3 vs P10) for both Gal-3 and
PNA. This suggests that Lac-PGPs interact more with these
lectins than their galactose-based counterparts. In addition, the
overall degree of polymerization has a greater impact on
lactose-based PGPs than on galactose-based PGPs for both
Gal-3 and PNA. For both lectins, a sharp decrease in Ky is
observed when increasing the degree of polymerization of
lactose-based PGPs from 10 to 50 (P8—P9) and from 50 to
100 (P9—P10). Conversely, these differences are attenuated
for galactose-based PGPs (P1—P4) until high degrees of
polymerization (ca. 250) are achieved. Lastly, a clear trend is
observed when considering the overall binding of PGPs to Gal-
3 compared to PNA, where PGPs bind better to Gal-3 than
PNA in every instance. This is largely the result of slower
disassociation rates (k;) of PGPs from Gal-3, indicating that
much tighter and longer-lasting interactions are occurring with
this lectin-glycopolymer pair.

Based on the data, it is evident that protein-glycopolymer
interactions are highly complex and are influenced by a
multitude of variables. For these systems, the epitope density
and polymer length are the most critical for strong binding to
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both PNA and Gal-3. Both of these parameters will change the
overall rigidity and hydrophobicity of the polymer structure
and thus likely influence solution morphology. As such, we
sought to investigate the solution behavior of these materials
by using computational models to more fully elucidate the
basis for these differences.

Coarse-Grained Molecular Dynamics Simulations. To
investigate PGP conformations in solution, we employed
coarse-grained (CG) molecular dynamics (MD) simulations,
which enable studying large molecular systems like bottlebrush
polymers (BBPs) for several microseconds.””*® To probe the
effect of grafting density on PGP conformation, we simulated
three types of PGPs with grafting densities similar to those
used in our experiments. Here, we utilized transferable CG
models of peptides,””*® hydrocarbons,”””® and carbohydrates
to model and simulate PGPs in explicit water. CG MD
simulations were carried out for three initial configurations for
each system, on the Nanoscale Molecular Dynamics (NAMD)
simulation package using the NPT (T = 298 K) ensemble for
500 ns.”' More details regarding the mapping schemes, CG
models, and simulation details can be found in the SI (Figures
$9—S20 and Tables S9—S11).

Visual inspection of CG MD simulation trajectories revealed
that all PGPs collapsed into globular aggregates within the
initial 100 ns (Figure 3a) and that this aggregation was driven
by carbohydrate-carbohydrate interactions. In all cases, the first
aggregation event is between monosaccharide functional
groups. This was then followed by the collapse of the
hydrophobic PGP backbones to reduce backbone interactions
with water. This collapse of the PGP backbone was
simultaneously stabilized through the increased carbohydrate
aggregation, which resulted in equilibrated globular structures
with aspect ratios of 0.68 + 0.12, 0.71 + 0.10, and 0.69 + 0.10
for Lac-PGP, Gal-PGP, and Co-PGP-50% systems, respec-
tively. Additionally, following equilibration, radius of gyration
(R,) values for Lac-PGP systems fluctuated around a mean
value of 2.18 + 0.4 nm compared to 1.77 & 0.1 and 1.77 & 0.2
nm of Gal-PGP and Co-PGP-50% systems, which were much
lower than the R, values of stretched PGPs (Figure S17).
Based on aspect ratios and R, values for these globule-like
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Figure 4. (a) Effect of treatment on cancer cell viability following 24 h incubation. Gal-PGPs effectively effectively suppress cancer cell proliferation
in Gal-3-positive 4T1 cells. (b) Antimigration activities of Gal-PGPs. Cells were stained with crystal violet to enhance contrast and facilitate
analysis. Representative images of scratched 4T1 cells before treatment (left) and after 24 h incubation with various constructs (right). All polymers
show dose-dependent inhibition of 4T1 cell migration. (c) Comparison of antimigration efficacy of polymers at 10 sM. At this dose, all constructs
are able to suppress the migration of 4T1 cells; however, Gal-PGPs significantly outperform all other treatment groups. (d) Comparison of
antimigration efficacy of PGPs at S yM. (e) Comparison of antimigration efficacy of PGPs at 2.5 yM. Statistical analysis was performed using an
ordinary one-way ANOVA, where “*” represents a P value of <0.05, “**” represents a P value of <0.01, “***” represents a P value of <0.001, and

“HAAE? represents a P value of <0.0001.

structures, we utilized the relation R,/R;, &~ 0.78 to estimate the
hydrodynamic radii (R,) of our PGPs.”””* These values for the
Lac-PGP, Gal-PGP, and Co-PGP-50% systems were 2.79, 2.27,
and 2.27 nm, respectively. These data were in good agreement
with our experimental R values, measured via dynamic light
scattering (DLS, Table S8), for Lac-PGPs (R, = 3.4 nm), Gal-
PGPs (R, = 2.6 nm), and the statistical copolymer (R, = 2.5
nm).

To examine microscopic structural correlations in the
system, we calculated the radial distribution functions
(RDFs) between different bead types (Figure S18). RDFs
between the PGP backbone and water showed greater
hydration of the Lac-PGP system, followed by the Gal-PGP
and Co-PGP-50% systems. Similarly, RDFs between mono-
saccharide groups in the PGPs with water showed similar
structural correlations, with slightly greater hydration for the
monosaccharide groups in the Lac-PGP system. RDFs between
monosaccharide groups that are known to be important for
binding to Gal-3 showed that the structural correlation
between monosaccharide groups was highest for Co-PGP-
50% systems compared to homopolymers Lac-PGP and Gal-
PGP (Figure 3b). These data indicate that the homopolymer
systems show more exposure of monosaccharide groups to the
solvent, whereas for the Co-PGP-50% system, monosaccharide
groups are more strongly aggregated, indicating increased
CClIs in the copolymer system.

Given the role of water in carbohydrate-lectin recognition,
we evaluated the interaction of each system with water.
Structural correlations between water and monosaccharide
groups follow the order: Lac-PGP > Gal-PGP > Co-PGP-50%.
Similarly, the solvent accessible surface area (SASA) values for
all systems were calculated, showing the highest values for the
Lac-PGP system followed by Gal-PGP and Co-PGP-50%
systems (Figure S19). This arises from stronger aggregation
between monosaccharide groups in Co-PGP-50% as compared
to the rest, thus further validating the RDF data. Additionally,
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the nonbonded energies between different groups in the
systems were isolated and obtained for the entire trajectory
(Figure S20). While the nonbonded energies between
backbone-water and between monosaccharide groups showed
similar values in all PGP systems, a clear difference was
observed for energies between monosaccharide groups and
water (Figure 3c). The interaction energy with water was
found to be the lowest with monosaccharide groups in the Gal-
PGP system, indicating the most favorable interactions. This
was followed by the monosaccharide groups in the Lac-PGP
system, whereas the Co-PGP-50% system exhibited the most
unfavorable interactions with water. These data complement
our prior observations, indicating that monosaccharide groups
in Gal-PGP and Lac-PGP systems show more favorable
interactions with water, thus making them available for binding
to Gal-3 and PNA.

Biological Activity of Gal-PGPs. To evaluate whether
differences in protein binding and solution behavior translate
to meaningful differences in biological activity, we assessed the
effect of a fully grafted Gal-PGP (DP = 100, P23, Table S3) on
cellular viability and cellular migration in 4T1 triple negative
breast cancer (TNBC) cells, as compared to a galactose-based
copolymer at 50% density (Co-PGP-50%, P24, Table S3). 4T1
cells express a multitude of galectins,””~"" including Gal-3
(Figure S21) and mimic human Stage IV breast cancer. After
24 h of incubation, both Gal-PGP and Co-PGP-50%
significantly reduced cellular viability as compared to saline
(Figure 4a). Conversely, the monosaccharide galactose did not
inhibit cell viability at the same overall galactose concentration
and in fact appears to promote cell growth, potentially as a
result of galactose metabolism.”® In addition, both Gal-PGP
and Co-PGP-50% significantly impeded cell migration at 24 h
(Figure 4b,c), while monosaccharide galactose had no effect.
Together, this indicates that multivalent presentation can be
used to turn innocuous sugars into functional materials that
inhibit cancer growth. In evaluating the effect of grafting
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density on biological performance, Gal-PGPs were able to
significantly suppress cell migration at all concentrations tested
(Figure 4), whereas Co-PGP-50% was effective only at high
concentrations. This suggests that full grafting density is
required for maximum biological response.

B CONCLUSIONS

The complex, multifunctional role of carbohydrates in biology
relies, not solely on their molecular composition, but also on
their broader macro- and supramolecular architecture.
Motivated by this, we designed PGPs as a tool to systematically
investigate how variations in polymer architecture influence the
binding interactions of glycopolymers with PNA and Gal-3.
Our investigations have found that while all polymer
parameters play a role in forming high avidity interactions,
polymer length and epitope density are critical factors for
developing effective glycopolymers against PNA and Gal-3.
This finding is consistent with other reports on multivalent
glycan-lectin interactions, which shows that increased sugar
density enhances the binding affinity between lectins and
glycopolymers’” or dendrimers.*” Notably, both our work and
previous reports differ from observations in nanoscale
multivalent architectures,”’ where higher sugar density reduces
protein binding. This discrepancy may be due to the distinct
3D conformations on the nanoscale, emphasizing the need for
further investigation. When analyzing these interactions on a
per-glycan basis, we observe trends consistent with the
literature, where the contribution of each glycan to both R,
and the Kj is reduced as polymer length increases (Table S7).
Coarse-grained molecular dynamics simulations reveal that
reduced CClIs in the fully grafted PGPs increase the solvent
accessible surface area and carbohydrate-water interactions
become more favorable, offering valuable insights into the
hierarchical organization of glycans and their mode of
interaction with PNA and Gal-3. Thus, these materials not
only advance our fundamental understanding of macro-
molecular glycans in biology but also offer a potential pathway
to the development of new functional biomaterials from readily
available simple fS-galactosides.
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