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CHAPTER 1

The Application of Ring-Opening Metathesis Polymerization for the Preparation of

Biomimetic Glycopolymers

Introduction

Glycans encompass a highly structurally diverse class of biomacromolecules that perform
critical functions such as providing structural integrity to membranes, aiding in protein folding,
and mediating cell-to-cell communication and trafficking.! Defining the functions and delineating
structure-activity relationships of glycans is a herculean task in part due to the sheer abundance
and diversity of glycans in biological systems. Furthermore, the same glycan can perform different
roles in different cellular environments. Notably, the recognition of glycans in many processes is
often dependent on the multi-valent presentation of carbohydrate residues to their binding partner.?
A strategy to characterize these interactions has been the preparation of synthetic carbohydrate
decorated polymers (glycopolymers) which are designed to mimic the multi-valent display of
carbohydrate residues found in polysaccharides and glycoproteins alike.

These glycopolymers have proven useful to identify molecular determinants for glycan function.

There are several useful polymerization methods that have been applied to the preparation
of these molecules such as reversible-addition-fragmentation chain-transfer (RAFT)?, ring-
opening polymerization of N-carboxy anhydrides?, and ring-opening metathesis polymerization
(ROMP). The focus of this review is to provide a chronological overview of the development and

application of ROMP to the synthesis of biomimetic glycopolymers.



ROMP is a polymerization method wherein a monomer containing a ring-strained olefin is
polymerized through use of an appropriate catalyst. The most employed catalysts are Grubbs
ruthenium alkylidene based catalysts (Figure 1.1) which were first developed in the 1990s.
However, novel catalyst designs have enabled the preparation of increasingly active catalysts

through the years.>”’
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Figure 1.1. Structure of Grubbs ruthenium-based catalysts.

Mechanistically, the transformation is closely related to olefin metathesis.® Initiation occurs
through coordination of the monomer olefin to the metal center of the catalyst which then
undergoes [2 + 2] cycloaddition with the ruthenium-alkylidene to form an intermediate
metallocyclobutane (Scheme 1.1). The metallocyclobutane then collapses via a retro-[2+2]
cycloaddition to generate a new metal alkylidene species with a ring-opened monomer. This
process is thermodynamically driven by strain release of the cyclic olefin. Propagation occurs
through the coordination of another olefin monomer to the newly formed metal alkylidene species,
which undergoes another [24+2] and retro [2+2] sequence to install another monomer to the
growing chain. This reaction proceeds until all monomer has been consumed or the reaction is

terminated by the addition of an appropriate reagent that serves to cleave the polymer chain from



the metal center and inactivates the catalyst. One of the most employed termination reagents is

ethyl vinyl ether which forms a Fischer-type carbene that is no longer polymerization active.
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Scheme 1.1 Mechanism of Ru-mediated ring-opening metathesis polymerization.

ROMP is an attractive method for the synthesis of biomimetic polymers due to the living
nature of the polymerization when an appropriate catalyst is used. This means that the polymer
grows linearly by sequential addition of monomers to the growing chain, resulting in polymers
with narrow molecular weight distributions (polydispersity index, PDI). Additionally, the degree
of polymerization (DP, n) can be controlled through the ratio of monomer to catalyst. Precise

control over these structural features is critical for the preparation of well-defined mimetics.



Furthermore, Grubbs type catalysts are highly functional group-tolerant and moisture-insensitive

which lends itself to the preparation of highly functionalized, carbohydrate-modified polymers.’

Synthesis of Biomimetic Glycopolymers

In a foundational study, the Kiessling group reported the first application of ROMP to
prepare biomimetic glycopolymers in 1994.!° Notably, this study preceded the development of
well-defined ruthenium catalysts for ROMP. The authors were interested in developing designer
molecules to regulate cellular interactions. Specifically, there were interested in whether they could
prepare a substrate that would bind to concanavalin A, a carbohydrate-binding protein that
regulates cell agglutination. Thus, they rationally designed a 7-oxanorbornene monomer 1.1
modified by two unprotected, a-C-glucosides in an effort to mimic the preferential binding of o-
glucose residues to ConA (Scheme 1.2). Since ConA does not bind fucose residues, a divalent
fucose monomer 1.3 was prepared and predicted to have low affinity. The monomers were
polymerized using RuCl; under aqueous conditions which yielded Glc- and Fuc-modified
polymers 1.2 and 1.4 with a relative My, of 10° in good yield. To investigate the glycopolymers
avidity for ConA, they compared their ability to inhibit erythrocyte agglutination caused by
binding of ConA. They demonstrated that the Glc-modified polymer 1.2 inhibited ConA-mediated
agglutination at a glucose residue concentration 2000x-fold lower than compared to methyl a-D-
glucopyranoside. In contrast, the Fuc-modified polymer 1.4 did not inhibit ConA-mediated cell
agglutination as expected, demonstrating the carbohydrate specificity of ConA binding. This study
demonstrated the ability of ROMP-based glycopolymers to approximate the multi-valent display

of carbohydrates ligands to carbohydrate-binding proteins. In an extension of this study, the



authors also demonstrated that mannose-modified glycopolymers demonstrated an even higher

potency for ConA binding.!!
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Scheme 1.2. Kiessling’s 1994 synthesis of Glc- and Fuc- glycopolymers.

In 1997 the Kiessling group prepared glycopolymers featuring a sulfation motif to
recapitulate sulfated saccharides on the surface of glycoproteins.!? Importantly, this class of
glycoproteins modulates a variety of physiological processes through recognition by selectins-
carbohydrate-binding proteins that recognize the sulfated carbohydrate motif. Mono- and di-
sulfated galactose-containing norbornene-derived monomers 1.5 and 1.6 were prepared and
polymerized using Grubbs 1% generation catalyst under emulsion conditions in DCE and H>O with
the addition of phase-transfer catalyst DTAB. Here, the use of emulsion conditions was necessary
due to the stark difference in polarity between the catalyst and monomer. Furthermore, this study

demonstrated the first ROMP of anionic, sulfated carbohydrate monomers. Glycopolymers 1.7 and



1.8 were obtained in moderate yields. Next, the influence of glycopolymer sulfation pattern on the
binding affinity to P-selectin was evaluated. The 3-,6-di-sulfated glycopolymer 1.8 exhibited
potent binding to P-selectin by inhibiting P-selectin mediated cell adhesion with an approximate
ICso of 7 uM. The 3-mono-sulfated glycopolymer 1.7 did not inhibit P-selectin mediated cell
adhesion (up to 20 mM) demonstrating the importance of sulfation motif on recognition. Taken
together, these results indicate that the 3-,6-di-sulfated glycopolymer 1.8 was able to approximate
the sulfation pattern of native glycoproteins that bind P-selectin. This work provided a foundation
to support the hypothesis that ROMP-based glycopolymers could mimic the molecular
determinants of carbohydrate-protein interactions, with potential applications in complex

biological systems.
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Scheme 1.3. Kiessling’s 1997 synthesis of sulfated neoglyopolymers.

Continuing in this area, Kiessling and co-workers sought to delineate the structural features
required for L-selectin inhibition under physiological conditions.!? L-selectin plays a critical role
in trafficking of leukocytes to sites of inflammation and represents a potential therapeutic target.
Prior binding assays under static conditions indicated that L-selectins bind to disulfated Le*

derivatives. Thus they designed a set of Le*-derived glycopolymers featuring either 6-sulfation or

6'-sulfation with the aim to evaluate their inhibitory abilities under shear flow conditions analogous



to physiological conditions of leukocyte trafficking. Sulfated trisaccharide containing norbornene
monomers 1.9 and 1.10 were prepared as triethylammonium salts to enhance solubility in organic
solution and polymerized by Grubbs 1% generation catalyst under emulsion conditions using DCE
and bis-Tris buffer (pH = 6) and DTAB (Scheme 1.4). Glycopolymers 1.11 and 1.12 with a DP =
15 were prepared using a 15:1 ratio of monomer to catalyst. The authors noted that the slightly
acidic conditions were important for the reaction to reach completion and for preservation of the
sulfation motif. Notably, this example demonstrates the polymerization of monomers featuring
significantly more complex carbohydrates than previously demonstrated monosaccharide
monomers. To evaluate the synthetic mimetics, the inhibition of L-selectin mediated leukocyte
rolling was evaluated under conditions of shear stress. The authors found that the C-6 sulfated Le*-
derived glycopolymer 1.10, but not the C-6" glycopolymer 1.9, inhibited leukocyte rolling.
Furthermore, a mono-valent C-6 sulfated Le* compound did not inhibit leukocyte rolling. These
findings indicated that L-selectin binding requires presentation of a specific anion motif in a multi-

valent display, providing useful insight into the biomechanics of leukocyte rolling.
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Scheme 1.4. Kiessling’s 1999 synthesis of sulfated glycoprotein mimetics.



In the same year, the Kiessling group introduced a post-polymerization method to
functionalize ROMP-based polymers with carbohydrate residues.!* Norbornene monomers
featuring a N-hydroxysuccinimide ester 1.13 were polymerized using Grubbs 1% generation
catalyst in DCE, then post-synthetic modified through an amide coupling with an amine-
functionalized monosaccharide 1.15 (Scheme 1.5). The advantage of this method is that several
different glycopolymers can be prepared using the same polymer backbone. Furthermore,
variations in polymerization due to the size and solubility of individual monomers is eliminated.

This development represents a novel method to efficiently access libraries of glycopolymers.
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Scheme 1.5. Kiessling’s post-modification method for glycopolymer preparation.

As mentioned in the outset of this review, the termination of a polymerization reaction is
achieved by addition of a terminating reagent that caps the polymer and thereby cleaves the chain
from the metal catalyst. Kiessling and co-workers leveraged this feature to generate end-
functionalized glycopolymers.'> This was achieved by the preparation of a novel termination
reagent 1.18 containing an enol ether to enable catalyst cleavage and a masked-carboxylic acid for
polymer end-capping. Previously described N- hydroxysuccinimide ester monomers 1.13 were
polymerized then terminated with the capping agent. The resultant polymer 1.19 was then modified

with amine-containing sulfated galactose residues 1.20 using the amide coupling strategy. The



masked-carboxylic acid of the end group was liberated under basic conditions, followed by amide
coupling with a fluorescein derivative to visualize glycopolymer 1.22 localization using
fluorescence microscopy. Based on their prior work, the authors postulated that the sulfated
glycopolymer bound to L-selectin expressed on the cell surface. Fluorescence microscopy
confirmed this through visualization of the labelled polymers bound to L-selectin at the cell
surface. This study illustrates how the end-capping reagent can be tailored to enable biological

evaluation of glycopolymers.
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Hsieh-Wilson and co-workers leveraged ROMP-based glycopolymers to delineate
structure-function relationships of chondroitin sulfate (CS) glycosaminoglycans, which mediate
cellular processes such as neurite growth.!® Due to the anionic nature of sulfation motifs in CS
residues, the authors sought ROMP due to its demonstrated functional group tolerance. The authors
aimed to prepare polymers with defined CS-E sulfation patterns thus they prepared a disaccharide
and tetrasaccharide cyclooctene-derived monomer for polymerizations. Initial attempts to
polymerize unprotected monomers suffered from poor conversion using either Grubbs 3™
generation catalyst or the water soluble (H2IMes-poly(ethyleneglycol))(Cl)2Ru=CH(0-iPrOCsHa).
However, polymerization of protected monomers proceeded smoothly affording polymers with DP
= 25-80 and relatively narrow PDIs (1.24-1.63). Notably, the polymerization of the tetrasaccharide
1.23 monomer (Scheme 1.7) demonstrated the most complex carbohydrate monomer polymerized
at the time, underscoring the utility of ROMP for preparation of complex carbohydrate materials.
The resultant polymers were deprotected to furnish the desired CS mimetics in excellent yields.
They analyzed the glycopolymers’ abilities to influence neurite growth and found that, remarkably,
the glycopolymers inhibited neurite growth similar to the native CS-E polysaccharide. Notably,
the longest valence polymer 1.25 (n = 80) had an inhibitory potency comparable to the native

polysaccharide (ICso values of 1.3 + 0.1 and 1.2 + 0.1 nM, respectively).
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Scheme 1.7. Hsieh-Wilson’s synthesis of CS mimetics.

In a follow-up study, Hsieh-Wilson and co-workers leveraged the end-capping strategy to
prepare CS glycopolymers that could be combined into a microarray to probe protein

interactions.!’

CS-E disaccharide norbornene-derived monomers 1.26 were prepared and
polymerized with Grubbs 3™ generation catalyst, then quenched with an alkene functionalized
biotinylating reagent 1.29 to end-cap the polymers (Scheme 1.8). After deprotection, the polymers
1.28 were attached to a microarray surface using streptavidin-coated slides and binding
of monoclonal antibodies 2D11 and 2D5, which are specific for CS-E and CS-C polysaccharides,
respectively, were evaluated. The CS-E glycopolymers demonstrated selective binding to antibody
2D11 and did not bind CS-C antibody 2D3, illustrating the glycopolymers adequately mimic CS-
E polysaccharides. Furthermore, growth factors such as glial cell-derived neurotrophic factor
(GDNF) are known to bind heterogenous CS-E saccharides. Binding of glycopolymer 1.28 to
GDNF was observed and end-functionalization enabled quantitative, real-time analysis of CS-E

polymer-protein interactions. These findings identified key sulfation motifs involved in CS-E-

protein interactions that were previously ambiguous.
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In a continued effort to understand the molecular determinants that guide the function of
glycosaminoglycans, the Hsieh-Wilson group took an interest in another GAG class called heparan
sulfate (HS).!® HS are known to modulate chemokines that control the migration of immune cells
to sites of inflammation, thus these polysaccharides represent a potential therapeutic strategy to
control inflammatory disorders. To explore how the sulfation pattern influences HS activity, the
group designed a set of well-defined HS glycopolymers with varied sulfation patterns. Through
judicious selection of orthogonal protecting groups, the authors synthesized four polymerizable
monomers exhibiting different sulfation patterns from a single monomer intermediate. The
monomers 1.30 were polymerized using Grubbs 3™ generation catalyst, then deprotected to afford
a small library of HS glycopolymers with narrow PDIs (1.02-1.22) (Scheme 1.9). Next, the
glycopolymers were evaluated for their binding affinities using ELISA for RANTES, a known
chemokine that recognizes trisulfated heparan. The trisulfated glycopolymer 1.32 demonstrated
greater affinity for binding RANTES than even natural haparan sulfate. Consistent with the known

preference of RANTES for tri-sulfated heparan, the disulfated and monosulfated glycopolymers

12



exhibited reduced affinity, while the non-sulfated glycopolymer did not exhibit any activity. These
findings indicate that the specific sulfation pattern and degree of substitution play an important
role in HS recognition by RANTES. Furthermore, the authors demonstrated that the trisulfated
glycopolymer 1.32 inhibits RANTES-induced chemotaxis via CCR3. Importantly, the synthetic
mimetics were able to mediate protein-receptor interactions that are therapeutically relevant for

known inflammatory pathways.
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Scheme 1.9. Hsieh-Wilson’s synthesis of HS mimetics.

In a follow-up study, Hsieh-Wilson and co-workers further explored the therapeutic
potential of HS mimetics.!” Heparin has been used clinically as an anti-coagulant drug for blood
clot disorders, however it has been associated with severe autoimmune responses. Based on their
previous work on HS glycomimetics, the authors wanted to evaluate their anti-coagulant properties
towards developing better HS therapeutics. To this end, the partially protected tetra-sulfated
disaccharide 1.33 was polymerized using Grubbs 3rd generation catalyst and deprotected to afford
a library of HS-polymers with varied degrees of polymerization up to n = 45. The authors were

able to demonstrate that the longer HS glycopolymers inhibit proteases FXa and FIla, which are
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involved in the blood co-agulation cascade. Notably, the longest polymer 1.35 (n = 45) displayed

100-fold greater potency than heparin demonstrating its robust anti-coagulative properties.
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Scheme 1.10. Hsieh-Wilson’s synthesis of anti-coagulant HS mimetics.

The Nguyen group has also studied heparan sulfate glycopolymers toward developing
novel heparanase inhibitors.?’ Heparinase cleaves HS polysaccharides on the surface of tissues and
has been associated with tumor growth and metastasis. While heparan is an inhibitor of heparanase,
it’s associated anti-coagulant properties limit its utility for cancer treatment. Thus, Hien and co-
workers sought to prepare HS glycopolymers designed to mimic the binding mode of natural HS
to heparanase, while minimizing the anti-coagulative properties. Thus, they designed a monomer
containing a disaccharide known for heparanase recognition in the heparan-binding domains
(HBD-1 and HBD-2), however a key feature of the monomer is that it lacks the idouronic acid
(IdoA) residue as it has been shown to be critical for anti-coagulation. The length of the monomer
linker was optimized based on the distance between the binding domains of heparanase using
crystal structure data. Furthermore, a set of glycopolymers containing disaccharide and a pendant

carboxylate group was designed based on the hypothesis that the carboxylate could interact with
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positively charged residues in the binding domain to enhance affinity. Molecular docking studies
confirmed the dual binding mode of the carboxylate containing monomer 1.36 (via saccharide
component and carboxylate appendage) to HBD-1 and HBD-2, meanwhile the non-carboxylated
monomer did not bind HBD-2. With in silico proof-of-concept for their heparanase inhibitors, the
authors polymerized the monomers using Grubbs 3™ generation catalyst using
DCE/trifluoroethanol co-solvent conditions which they noted were important for complete
polymerization (Scheme 1.11). They prepared glycopolymers 1.37-39 with three different DPs (n
=5,9, and 12). Deprotection yielded glycopolymers 1.40-42. They analyzed the in vitro heparinase
inhibition using Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET) assays
against fluorescent-labelled heparan sulfate. The results indicated that the carboxylated polymers
1.40-42 inhibited heparinase activity with nanomolar potency in a length- dependent manner.
Notably, the n = 12 polymer 1.42 had an I1Cso of 0.10 + 0.036 nM, compared to heparan’s ICso
of 0.54 =+ 0.028 nM. Furthermore, glycopolymer 1.42 (n =12) did not inhibit either FXa or FIla
indicating it does not demonstrate anti-coagulation properties. Clearly, the rationally designed
heparan mimetics proved successful. In a follow-up study, Hein and co-workers investigated the

protective properties of their synthetic HS mimetics in a model of upregulated heparanase.?!
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Scheme 1.11. Nguyen’s synthesis of heparanse inhibiting glycopolymers.
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In 2016, Olsen and co-workers developed synthetic glycopolymers designed to mimic
sialylated mucins on the surface of tissues as potential antiviral agents.?? Influenza viruses
recognize sialylated residues on the surface of host tissue through binding to hemagglutinin (HA)
trimers found on the surface of viruses, a key step for viral infection. However, other sialylated
biomolecules such as mucins can disrupt this viral recognition event, providing a protective barrier
for epithelial cells. Glycopolymers with varying linker side chains and varying degrees of
polymerization were prepared to understand how these elements influence antiviral properties,
with the hope that these parameters will shed light on the architecture of mucins that enable viral
disruption. Specifically, a monomer featuring a trisaccharide with a terminal sialic acid residue
was proposed to mimic the mucin glycosylation motif. Sialylated monomers were appended with
either a poly(ethylene glycol) (PEG, n = 80) linker 1.43 or a diethylene glycol linker 1.45 to explore
the influence of side chain length on polymer activity (Scheme 1.12). Additionally, a non-
saccharide modified PEG monomer 1.44 was prepared with the purpose of synthesizing
copolymers wherein saccharide substitution could be varied. Polymerization of these monomers
proceeded smoothly using Grubbs 3™ generation catalyst in DMF, generating very high molecular
weight brush polymers with previously unparalleled structural complexity (Scheme 1.12).
Antiviral properties of the resultant polymer library were analyzed using an hemagglutination
inhibition (HAI) assay using human influenza strain A/WSN/1933(HIN1) as a model virus.
Notably, the sialylated PEG homo-polymer 1.48 with the largest degree of polymerization (DP =
100) had the highest degree of inhibition in comparison to all other polymers tested. The authors

theorized that the longer PEG linker arms compensate for the entropic penalty of confirmational
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change upon binding to HA. Furthermore, this polymer contained the greatest number of sialyl

residues, which the authors propose best mimicked the dense sialylation pattern of mucins.
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Scheme 1.12. Olsen’s synthesis of antiviral mucin-mimetic glycopolymers.

In 2020, Yu and co-workers designed the synthesis of novel heparanase inhibitors to
suppress tumor cell proliferation.”> As mentioned previously, heparanase cleaves heparan
glycosaminoglycans resulting in a series of downstream signaling events that lead to uncontrolled
growth and metastasis of tumor cells. Thus, they postulated that glycopolymers containing sulfated
galactosamine residues could adequately mimic heparan and inhibit heparanase. They prepared a
series of six differentially sulfated galactosamine monosaccharides 1.57 carrying an amine-
functionalized linker (Scheme 1.13). Using the “post-polymerization” method they polymerized
N-hydroxysuccininimide ester monomers 1.53 using Grubbs 3™ generation catalyst to prepare

polymers 1.54 with a DP = 50, then performed an amide coupling to attach pendant
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monosaccharide residues (Scheme 1.13). The glycopolymers 1.56 were evaluated for heparanase
inhibition by TR-FRET assay. Notably, the 3,4,6-O-sulfated glycopolymer with the highest
sulfation motif showed the highest inhibition (ICso value at 5.39 nM). The authors also investigated
the inhibitory properties of the glycopolymers against two cancer cell lines, HeLa and K562. They
found that the 3,4,6-O-sulfated glycopolymer had impressive cytotoxicity against both cell lines.
To further probe the cytotoxicity of this glycopolymer, the authors prepared a novel end-capping
reagent 1.55 that features a cis-olefin for polymer end-capping and a reactive maleimide moiety to
facilitate bioconjugation. They used this reagent to end-cap the 3,4,6-O-sulfated glycopolymer,
then conjugated it with the peptide iRGD. iRGD binds specifically to tumor cells, therefore this
conjugation strategy should enable targeted delivery to tumor cells. Confocal microscopy of
fluorescently-labelled glycopeptide mimetic 1.56 showed that the glycopeptide localized to the
cytoplasm of HeLa cells, demonstrating the peptide successfully traffics the glycopolymer to the
tumor cell. Taken together, the authors rationally designed a heparanse inhibitor and, through usage
of end-capping reagents, prepared a glycopolymer-peptide conjugate that could target delivery of

the inhibitor.
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In 2021, the Kiessling group was interested in determining what structural features of
mucins, densely glycosylated proteins that coat the tissues of animals, contribute to their function
as a primary habitat for microbiomes.?* With the knowledge that glycosylation pattern is critical
to the linear confirmation and function of mucins, the authors sought to prepare synthetic
glycopolymers that mimic this extended confirmation. They postulated that the stereoselective
synthesis of glycopolymers containing either an all cis- or trans- alkene geometry would drastically
influence their extended confirmation, reasoning that the cis- polymer would result in a more linear
confirmation to minimize steric interactions of adjacent carbohydrate residues. In contrast, the
trans geometry would lead to polymers with a more flexible geometry. To test this hypothesis, they
polymerized N- hydroxysuccinimide ester monomers 1.13 using either Schrock’s tungsten
alkylidene catalyst 1.63 or Grubbs 3™ generation catalyst (Scheme 1.14) to generate cis- or trans-
poly(norbornene), respectively. Prepared polymers had a DP = 200 or 500 to mimic the large
molecular weight of mucins. The polymers were then modified with galactose residues with

varying degrees of substitution (25, 50, 75, or 100%), and any remaining monomer residues were
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modified with ethanolamine. The polymers were then evaluated for conformational differences
using atomic force microscopy (AFM) and small-angle neutron scattering. The findings were
consistent with their hypothesis wherein the cis-polymers 1.61 formed exclusively linear
conformations consistent with the observed conformation of mucins. The trans polymers 1.62
formed aggregated globules instead due to their flexibility. The polymers were evaluated for their
ability to mimic mucins through binding assays with cholera toxin (Ctx). Overall, the linear
polymers had ICso values 5- to 10- fold lower than their trans isomers. Interestingly, the cis
polymers with the lowest galactose substitution (25%) demonstrated enhanced potency. The
authors attributed this observation to steric interactions that can disrupt epitope binding. Taken
together, this study illustrates how new advances in ROMP catalysts have engendered this
polymerization method with stereochemical control, a feature not often found in other
polymerization methods. Importantly, this stereocontrol can facilitate the preparation of

biomimetic polymers with more refined macromolecular structures.
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Conclusion

Each of these examples illustrate how the properties of ROMP make it a particularly
attractive method for the synthesis of complex, carbohydrate biomimetics. This method enables
the rapid synthesis of well-defined carbohydrate-based materials which are otherwise effectively
synthetically intractable. In particular, these examples highlight a combination of major
advancements in ROMP-based glycopolymer synthesis and compelling biomimetic properties.
These mimetic polymers continue to be used to delineate specific structure-function relationships

for glycan containing biomolecules.
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CHAPTER 2

Synthesis and Adhesion Modulating Properties of Phosphoethanolamine Cellulose
Mimetics

Background and Significance

Glycans are ubiquitously expressed on the surface of cells and are responsible for
mediating a host of critical cellular interactions. For example, bacteria have evolved to produce a
diverse array of glycoconjugates, including lipopolysaccharides, capsular polysaccharides, and
cellulosic polysaccharides which are critical to bacterial survival and virulence.!:? A key gap in
glycobiology is characterizing how specific glycans contribute to pathogenesis. Our research
group has an interest in leveraging the synthetic toolbox to access complex bacterial
carbohydrates, particularly those featuring a zwitterionic motif, in an effort to unearth their
functional significance.

We took note of recent work from the Cegelski lab wherein they disclosed the discovery
of a chemically-modified cellulose called phosphoethanolamine cellulose (pEtN cellulose)
secreted by E. coli.> Through a combination of solid-state NMR and mass spectrometry analysis,
Cegelski and co-workers determined pEtN cellulose is composed of -1,4-linked glucose
residues with approximately half of the residues modified with a pEtN group at the C-6 alcohol
(Figure 2.1). This modified cellulose is produced by uropathogenic E. coli (UPEC) and other

gram-negative bacteria and secreted into the extracellular matrix. Consequently, a connective
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matrix forms through association of cellulose with curli fibrils — amyloid fibrils that facilitate

bacterial adhesion to surfaces and biofilm formation.’
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Figure 2.1. Representative structure of pEtN cellulose.

Biofilms are coordinative cellular communities encapsulated in a rigid, yet dynamic
polysaccharide and protein rich extracellular matrix.! The biofilm offers several advantages for
bacterial survival including protection from environmental stressors such as desiccation and
osmotic changes.® Biofilms are an important virulence factor for pathogenic bacterial species as
they facilitate adhesion to abiotic and biotic surfaces, aid in evasion of immune cell recognition
and phagocytosis, and confer protection from antimicrobial agents and chemotherapies.’
Notably, many of the protective properties of biofilms have been specifically attributed to the
polysaccharide component.®

Prior to the structural elucidation of pEtN cellulose as a biofilm matrix component, it was
thought that the cellulose produced by E. coli and other gram-negative bacteria was unmodified.
Consequently, there has been an interest in determining which bacterial species are capable of
producing this newly identified cellulose derivative and what biosynthetic machinery is
required.’

In recent studies, the genetic basis of pEtN modification of cellulose has been disclosed.

Cegelski and co-workers established through a series of deletion mutants that the bcsEFG operon
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plays a definitive role in pEtN cellulose synthesis.’ In a AbcsG mutant, pEtN modification was
completely abolished, while AbcsE and AbesF mutants showed a strong reduction or abolition of
modification. Furthermore, they established that the BesE, BesF, and BesG proteins function
cooperatively and exist in proximity with the well-defined BcsA-BcesB cellulose synthase
complex using bacterial two-hybrid assays.

The C-terminal domain of BcsG was identified as a pEtN- transferase with specificity for
glucosyl oligosaccharides.!? BesG uses phosphoethanolamine as a substrate derived from L-
serine to transfer the pEtN modification.> The BesE protein is a ¢-di-GMP binding protein that
regulates cellulose production.!! BesF is a small polypeptide that associates to BesG and to the
N-terminal of BesE and is required for assembly of the Bes complex.! 13

Upon activation by the secondary messenger c-di-GMP (red star), bacterial cellulose is
produced through polymerization of UDP-glucose and translocation of the polymer chain by the
BesA-B complex (Figure 2.2).1% 15 Upon emergence of the polymer chain from BesA-B, BesG
modifies the polymer chain with pEtN. Association of BcsG with the BesF and ¢-di-GMP
binding protein BesE implies a regulatory role for these proteins in pEtN modification. Lastly,
BcesZ contains hydrolase activity for cleaving the polysaccharide and BesC is proposed to guide

export of polysaccharide from the periplasm to the outermembrane.!?
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Figure 2.2. Model of pEtN cellulose synthesis and translocation.

The discovery of a structurally distinct, modified cellulose prompted various studies into
the functional role of pEtN cellulose in the extracellular matrix of biofilms. Cegelski and co-
workers investigated how pEtN cellulose contributes to adhesion of UPEC strain UTI89 to
bladder epithelial cells. The polysaccharide was shown to act as a glue between bacterial cells
and curli fibers.!® Without pEtN cellulose, the adhesive curli fibers were prone to dissociation
from the bacterial cell under shear stress conditions designed to mimic the ecological niche of
urinary tract infections.

Using colorimetric assays, our group later discovered that synthetic pEtN-cellobiose (the
simplest repeating unit of pEtN-cellulose) increased cellular adhesion of E. coli to an abiotic
surface.!” Mechanistically, congo red binding assays showed that culturing E. coli in the
presence of pEtN cellobiose enhances binding to bacterial cells. Lastly, scanning electron
microscopy visually confirmed the disaccharide increased the production of cell-associated
fibers.

Delbianco and colleagues revealed that polysaccharide pEtN functionalization alters

biofilm architecture and characteristics in an artificial model system of biofilm assembly.!8

27



Using automated glycan synthesis, various glucan oligomers with different pEtN modifications

were prepared and co-assembled with a synthetic peptide mimetic for curli. The results indicated

that while short oligomers (2-3 residues) had little effect on fibrous structures, longer hexamers

induced fibrous growth.

While exciting, a key gap remains in our ability to characterize how functionalized

cellulose governs pathogenesis and virulence in a model of infection. Moreover, the correlation

between mimetic fiber interactions with pEtN-cellulose and interactions in a whole cell model

has yet to be evaluated. We hypothesized that the preparation of a synthetic, chemically defined

pEtN cellulose mimetic could delineate the functional roles of pEtN cellulose. Successful testing

of this hypothesis would provide a readily accessible tool to evaluate the properties of bacterial

cellulose materials.'®
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Synthetic analysis of pEtN glycopolymers.
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Based on previous studies in our lab, we hypothesized that the tertiary structure of the
polymer was less critical to its biological function than its pEtN modification. Thus, at the
planning stage, we envisioned the native polymer (simplified as structure 2.1) could be
adequately mimicked by structure 2.2 which contains a norbornene-derived alkyl backbone
modified by a smaller pEtN functionalized cellobiose (Scheme 2.1). To arrive at this structure,
we proposed the synthesis of a pEtN-modified disaccharide cellobiose based on the minimal
repeat unit of pEtN cellulose that incorporated a norbornene-based linker at the reducing end.
The goal of this modification is to enable ring-opening metathesis polymerization (ROMP)
which can be used to rapidly access glycopolymers with varying molecular weights. It is well-
established that ROMP generates polymers with controlled molecular weights and narrow
polydispersity. Our premise was based on work by the groups Kiessling and Hsieh-Wilson who
have both previously demonstrated the applied utility of ROMP to access tool-based
glycopolymers to probe the biological activity of glycans in a variety of settings.?*-2 Lastly, we
envisaged the pEtN modification could be incorporated through the electrophilic

phosphoramidite 2.5.%

First Generation Monomer Synthesis

Our synthesis commenced with commercially available D-(+)-cellobiose 2.6 which was
per-acetylated in refluxing Ac,O with NaOAc to afford 2.7 in 97% yield (Scheme 2.2).>* Using
BF3-Et;0 as a promoter, the glycosyl acetate was glycosylated with exo-norbornenimide 2.4
which was prepared in one step using a known protocol.?*> The reaction afforded 2.9 in 77% yield

with complete B-selectivity mediated by anchimeric assistance from the adjacent C-2 acetate.
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With the norbornene-linker to facilitate polymerization appended, a series of protecting group
manipulations was required to install the phosphoethanolamine moiety. To this end, we needed
to orthogonally protect one of the primary alcohols. Thus, the acetates were removed under
Zemplen conditions to afford 2.9 in quantitative yield. We only desired to install one
phosphoethanolamine group on either of the primary alcohols, thus we pursued a mono-silylation
using TBDPSCI. This reaction proceeds with excellent regioselectivity due to the bulky nature of
this protecting group. In the event, 2.9 was treated with TBDPSCI, pyridine, and DMAP to
afford a mixture of the C-6 silyl protected monomer 2.10 in 50% yield and the C-6’ protected
alcohol 2.11 in 15% yield. We moved forward with the C-6 TBDPS 2.10 monomer due to higher
material throughput. Thus 2.10 was per-acetylated to afford 2.12 in 78% yield. Next, the TBDPS
group was removed using TBAF in 92% yield to afford alcohol 2.13. To install the
phosphoethanolamine arm, a phosphoramidite coupling with reagent 2.5 in the presence of the
activator tetrazole was performed. Upon complete consumption of starting material, ~-BuOOH
was added to facilitate oxidation of the P (III) center to a P (V) center. The fully protected,

functionalized monomer 2.14 was isolated in an excellent 94% yield.
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Scheme 2.2. First generation synthetic route toward pEtN cellulose monomer.
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With all the desired functionality installed, our next maneuver was to remove the acetate
protecting groups to minimize post-polymerization global deprotection steps. Thus, we subjected
monomer 2.14 to Zemplen de-acetylation which yielded 2.15 in quantitative yield. Overall, we
achieved the synthesis of our desired pEtN modified monomer in 25% yield over 8 steps from
commercially available materials. While we were excited to have the polymerizable monomer in
hand, we knew the synthetic route was inefficient due to redundant protecting group

manipulations. Thus, we pursued a more efficient strategy.
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Scheme 2.3. De-acetylation of (2.14).

Second Generation Monomer Synthesis

We took note of commercially available 1,6-anhydrocellobiose disaccharide 2.16 when
re-analyzing our synthesis. (Scheme 2.4). We hypothesized that the cyclic anomeric acetal would
provide a convenient, inherent protecting group for the C-6 alcohol, negating the need for
excessive and redundant protecting group manipulations that would lengthen the monomer
synthesis. Cyclic anomeric acetals can be ring-opened through treatment with strong Lewis
acids, such as TiCly, and lead to formation of the corresponding glycosyl chloride which can be
used directly as a glycosyl donor toward glycosylation.?® 2.16 was treated with TiCls under

reflux which furnished the corresponding glycosyl chloride 2.17 in 76% yield. With this
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compound in hand, we next explored its reactivity in glycosylation reactions with the ROMP
handle exo-norbornenimide 2.4. Typical glycosylation conditions for glycosyl chlorides require
the use of promoters such as Fe or Ag salts. Thus, we explored Koenigs-Knorr conditions?” using
a combination of Ag>CO3 and AgOTTf, which resulted in isolation of the desired glycosylation
product 2.13 in 19% yield. Unsatisfied with this result, we explored FeCls as a promoter which
performed even poorer, leading to a 6% isolated yield of 2.13. Overall, we observed this glycosyl
donor performed poorly in glycosylation reactions, as we primarily re-isolated the starting
chloride. We attribute its unexpected stability to the disarming (electron withdrawing) effect of

the acetate protecting groups.

0Ac (81%) AcO ¢
2.16

o
OAc Ohc o
Y TiCl, AcO HO\/\ condmons A(/:\CC)O
AcAoCO O o0 OAc CHClj, reflux ACO ACO Ac (6 19%) AcO Ac )&b

Scheme 2.4. Synthesis of glycosyl chloride (2.16) and exploration in glycosylation reaction.

Glycosyl bromides are more reactive glycosyl donors in comparison to chlorides due to
their better leaving group ability.?® Based on this knowledge, we opted to use TiBr4 for the acetal
opening to produce glycosyl bromide 2.18. In the event, TiBrs -mediated acetal opening
proceeded to afford the glycosyl bromide 2.18 in 86% yield (Scheme 2.5). Subsequent
glycosylation of this donor with exo-norbornenimide 2.4 under Koenigs-Knorr conditions

proceeded smoothly to provide 2.13 in 91% yield.
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Scheme 2.5. Synthesis of glycosyl bromide (2.18) and exploration in glycosylation reaction.
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With this newly developed route, we were able to intercept intermediate 2.13 in just two
synthetic operations in comparison to the six steps required in our first-generation analysis.
Overall, the four-step synthetic sequence enabled rapid access to the desired ROMP precursor in

70% overall yield (Scheme 2.6).
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Scheme 2.6. Second generation synthetic route toward pEtN cellulose monomer.

Polymerization Studies of Norbornene-imide Monomer

Next, we explored the ring-opening metathesis polymerization of the partially protected
monomer. For the initial polymerization conditions, we took inspiration from the Kiessling group
who demonstrated the successful polymerization of un-protected galactose containing monomers
using Grubbs 2"¢ generation catalyst in a MeOH and DCE co-solvent system.?’ We anticipated
these conditions would be applicable to our desired polymerization due to the similar nature of
the unprotected substrates. Thus monomer 2.15 was dissolved in MeOH/DCE and added Grubbs
27 generation catalyst and heated to 55 °C (Scheme 2.7). During the reaction, we observed the

growing polymer formed an insoluble film which led to incomplete monomer consumption. We
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hypothesize that the growing polymer chain becomes progressively less soluble, thereby
removing the propagating species from the solution of solubilized monomer which stunts

polymerization.
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0 L GeEmo) @éﬁ 0
HOS o&o& o MeOH/DCE, 55 °C i HO O~y
on HOA—T O\ﬂgﬁb (incomplete) OH
2.15 o
Scheme 2.7. Polymerization attempts with Grubbs 2™ gen. catalyst and DCE/MeOH.

In an effort to address solubility issues of the growing polymer chain, we took note of
emulsion polymerization conditions reported by Yu and coworkers.?’ Under reported conditions,
unprotected monosaccharides appended with a norbornenimide linker are polymerized using
Hoveyda-Grubbs 2" generation catalyst (HG-II) in combination with a phase-transfer reagent
TBAB (tetra-butyl ammonium bromide) in a DCE/bis-Tris co-solvent system under microwave
irradiation. Additionally, polymerization occurred rapidly (< 5 min). They observed HG-II
demonstrated enhanced stability under emulsion conditions in comparison to Grubbs 2" gen. or
Grubbs 3™ gen. catalysts. Thus, we applied these specific conditions to our pEtN-modified
monomer using microwave irradiation (Scheme 2.8).
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0=p-0 OH
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Hﬂg&&o Q 0 bis-Tris buffer/DCE, 75 °C (uW) O HO O~y
A e >
OH
2.15 o
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Scheme 2.8. Polymerization of pEtN monomer under Yu’s polymerization conditions.
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Unfortunately, we once again observed incomplete consumption of the monomer even
after prolonged reaction times. GPC analysis of the resultant glycopolymers determined these
conditions yielded glycopolymers with a My, = 791,158, corresponding to a DP = 900 residues,
and a PDI = 1.509. Clearly, under these conditions the molecular weight of the polymer did not
correspond to the feed ratio, the ratio of monomer to catalyst loading. The authors also
demonstrated the method worked using conventional heating, however, we did not observe an
improvement in the polymerization.

A clear distinction between the reported substrates and our pEtN monomer was the use of
monosaccharides that were not functionalized. As a result, we wanted to explore whether a non-
modified cellobiose monomer would perform better. Thus, we subjected a non-pEtN modified
cellobiose monomer to the emulsion polymerization conditions (Scheme 2.9). We observed
incomplete monomer consumption again and isolated polymers with M, = 25,733, corresponding
to a DP = 48 residues, and a PDI = 3.70. While emulsion polymerization seemed to be a
promising solution to address solubility issues during polymerization, we found these conditions
did not yield well-defined glycopolymers. Taken together, our results demonstrate the difficulty
in polymerizing de-protected carbohydrates likely due to a combination of solubility issues and

catalyst deactivation.

bis-Tris buffer/DCE, 75 °C (uW)

2.20

on o oH
o ”ﬂ&&oéo& 0
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Scheme 2.9. Polymerization of unfunctionalized monomer under Yu’s polymerization conditions.
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Since the de-acetylated monomer 2.15 proved to be problematic under polymerization
conditions, we opted to focus our efforts on polymerizing the fully protected monomer 2.14
instead. We selected Grubbs 3™ generation catalyst for polymerization due to its rapid initiation
kinetics.’® Monomer 2.14 was treated with Grubbs 3™ gen. catalyst at 5 mol% loading in DCE
and heated to 55 °C (Scheme 2.10). Under these conditions, polymerization proceeded rapidly,
and complete consumption of the monomer was observed in approximately 15 minutes.
Gratifyingly, GPC analysis determined these conditions yielded polymers with a degree of
polymerization (DP) = 36 and a PDI = 1.11. We also conducted polymerizations using a 2.0
mol% loading and 1.0 mol% loading of Grubbs catalyst to determine if we could access larger
molecular weight glycopolymers. GPC analysis determined at a 2.0 mol% catalyst loading,
polymers had a DP = 75 and a PDI = 1.19. At 1.0 mol% loading, polymers had a DP = 328 and

PDI=1.55.
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Scheme 2.10. Polymerization of fully protected monomer with Grubbs 3™ gen. catalyst.

Our next maneuver was to perform a two-step global deprotection sequence to furnish
our pEtN cellulose glycopolymers. First, we performed a de-acetylation which proceeded
smoothly under Zemplen conditions (Scheme 2.11). The crude deacetylated polymer was used

directly in the hydrogenation reaction.

36



NHCbz NHCbz @
X NH,
BnO BnQ €]
b-0
Pd source, o

OAc o-g ° OH O’g ° oH =P
A?\Ooéo&oﬁ o NaOMe Ho/é&o,é& o H, (balloon) Hoé& ° o
O DA ACO SO DCM/MeOH, 23 °C HO= 4 o | Solvent HOAT=-0 ZH O~y
o] o o
221 2.22 223
n n n

Scheme 2.11. Global deprotection of norbornene imide glycopolymers.

We initially used Pd/C (1 mass equiv.) in MeOH with AcOH to ensure protonation of the
de-protected amines to mitigate catalyst de-activation. However, under prolonged reaction time
(5 d), we observed the persistence of Bn and Cbz groups by NMR analysis and low mass
recovery. We hypothesized that part of the mass recovery and reaction incompletion issue may
be due to solubility of intermediates in solution throughout the course of the hydrogenolysis.
Thus, we explored other solvent systems including combinations of alcoholic solvents (MeOH or
t~-BuOH) with THF and H>O or PBS (phosphate buffer solution). Ultimately, we found that a
combination of THF/MeOH/PBS led to the greatest mass recovery, however even at high
catalyst loading of Pd/C (up to 8 mass equiv.) we still observed incomplete reactions. We next
explored Pearlman’s catalyst (Pd(OH),/C) and observed that reaction completion required 5
mass equivalents of catalyst. Unsatisfied with this result, we took note of a report that indicated a
combination of Pd/C and Pearlman’s performed better for hydrogenolysis reactions than either
catalyst alone.®! The authors did not provide a mechanistic explanation for this phenomenon;
nonetheless, we were intrigued by these observations. We applied these co-catalyst conditions to
our deprotection and ultimately found that a combination of Pd/C and Pearlman’s catalyst led to
complete removal of Bn and Cbz groups and hydrogenation of backbone olefins in 4 days.
Generally, Pd on carbon mediated hydrogenolysis reactions are relatively poorly understood,

however, recent studies have shed light on the fine structures of Pd catalysts and their relative
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activities.*> 3 Hypothetically, a distinct Pd species could form from the combination of the two
catalysts, leading to the observed increase in reaction efficiency.

However, we observed partial hydrolysis of the imide functionality resulting in cleavage
of the disaccharide from the polymer backbone upon purification of our deprotected material by
size exclusion chromatography (Scheme 2.12). We attribute the hydrolysis to the prolonged
reaction time needed for complete hydrogenolysis (4 days) under aqueous conditions. Due to the
unexpected lability of the imide functionality, we decided to excise this functionality and re-
designed the glycopolymers to incorporate a norbornene backbone derived from exo-5-
norbornene-2-methanol. We felt this was the rational forward path as the hydrogenolysis reaction
had already required extensive optimization.
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Scheme 2.12. Hydrolysis of norbornene imide during global deprotection.

Third Generation Monomer Synthesis

Toward this end, we performed a glycosylation of glycosyl bromide 2.18 with exo-5-
norbornene-2-methanol 2.26 prepared in one step using reported conditions. Under Koenigs-
Knorr conditions, the glycosylation afforded alcohol 2.27 in 89% yield. Next the C-6 alcohol

was modified using the phosphoramidite coupling/oxidation sequence to afford 2.28 in 87%
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yield. With our newly designed, functionalized monomer in hand, we explored the ROMP with

Grubbs 3™ generations catalyst.
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Scheme 2.13. Synthesis of norbornene-2-methanol appended pEtN cellulose monomer (2.28).

To prepare a series of glycopolymers with varying molecular weights, monomer 2.28 was

treated with Grubbs 3™ generation catalyst using three different catalyst loadings in DCE and

heated to 55 °C (Scheme 2.14). Excitingly, polymerization reactions with this monomer also

proceeded rapidly, reaching completion in 15 to 60 minutes. Polymerization with Grubbs catalyst

at a loading of 10.0 mol% gave polymers 2.29 with a degree of polymerization (DP) = 8 and a

polydispersity index (PDI) = 1.16. Polymerization with Grubbs catalyst at a loading of 5.0 mol%

gave polymers 2.30 with a degree of polymerization (DP) = 34 and a polydispersity index (PDI)

= 1.49. Polymerization with Grubbs catalyst at a loading of 2.0 mol% gave polymers 2.31 with a

degree of polymerization (DP) = 82 and a polydispersity index (PDI) = 1.46. Lowering the

catalyst loading yielded polymers with longer chain lengths and slightly higher polydispersities.

We attribute this observation to the longer reaction times required for complete polymerization at

a lower catalyst loading.
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Scheme 2.14. Polymerization of monomer (2.28).

Subsequently, the polymers were subjected to the planned two-step global deprotection
sequence. Zemplen de-acetylation followed by hydrogenolysis with our Pd/C and Pd(OH),/C co-
catalyst system in THF/MeOH/PBS proceeded smoothly to afford the desired pEtN cellulose
glycopolymers 2.32-2.34 in 31-54% yield. Unsurprisingly, we observed that as the polymer
chain length increased, our global deprotection yields decreased. This phenomenon is well-

documented in carbohydrate oligomer synthesis.?*3¢
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Scheme 2.15. Global deprotection of pEtN cellulose glycopolymers.

We also wanted to prepare non-modified cellulose glycopolymers as a control to
investigate whether the pEtN modification specifically contributed to biofilm modulation. Thus,
we polymerized non-modified monomer 2.27 using the standard polymerization conditions using
a 5.0 mol% catalyst loading. The polymerization gave polymers 2.35 with a degree of

polymerization (DP) = 36 and a polydispersity index (PDI) = 1.34. Lastly, the global
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deprotection sequence afforded non-modified cellulose glycopolymer 2.36 in 69% yield. With

these glycopolymers in hand we began investigating their biofilm modulating properties.
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Scheme 2.16. Synthesis of non-modified cellulose glycopolymer.

PEtN Cellulose Glycopolymers Repress Biofilm Formation in E. coli

Based on previous work with the pEtN cellobiose disaccharide, we hypothesized that the
synthetic glycopolymers would influence the biofilm architecture of UPEC. We hypothesized
that different polymer lengths would induce phenotypic changes in virulence factor regulation. In
addition, we were interested in evaluating whether the phosphoethanolamine-modified
glycopolymers would perform differently than a non-modified cellulose glycopolymer control.

To interrogate strain differences in bacterial behaviors with the modified cellulose
polymers, we selected E. coli laboratory strain 11775T and UPEC strain 700415 for experiments.
The assays described in this section were performed by fellow lab mate Sabrina Spicer. Biofilm
production was expressed as the ratio of biofilm to biomass to account for any differences in cell
density upon addition of polymers. When grown under normal conditions 11775T formed a
robust biofilm. Due to limitations in synthetic glycopolymer 2.34, we focused on evaluating
glycopolymers 2.32 and 2.33 for these biofilm assays. Treatment of 11775T with pEtN cellulose
glycopolymer 2.33 (n = 34) resulted in an almost three-fold reduction in biofilm production

(p=0.0085, one-way ANOVA with Tukey’s multiple comparison) (Figure 2.3). The treatment
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with pEtN cellulose glycopolymer 2.32 (n =8) also resulted in statistically significant reduction
in biofilm formation (p=0.0071, students t test). There was no significant change in biofilm
production upon supplementation with non-modified cellulose glycopolymer 2.36 (n = 36)

compared to untreated controls.
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Figure 2.3. Effects of 2.5mg/mL of synthetic glycopolymers on E. coli 11775T biofilm formation. Biofilm
production was measured by crystal violet staining and spectrophotometric reading at OD_ . normalized to total cell

/OD_ ) for E. coli 11775T in

560 600
LB is shown. Data displayed represent the relative mean biofilm/biomass ratio + SEM of at least 3 independent
experiments, each with 2 technical replicates. Significant inhibition of biofilm formation was determined by one-
way ANOVA with post hoc Tukey’s test (****P<0.00001) and Student’s t test (####P<0.00001).

density as measured at OD()00 at 24 h post-inoculation. Biofilm to biomass ratio (OD

Biofilm production was also analyzed for 700415, a clinical isolate UPEC strain, upon
treatment with the synthetic glycopolymers. A similar trend was observed for 700415 where the
non-modified cellulose polymer 2.36 (n = 36) did not significantly influence biofilm production.
However, treatment with pEtN cellulose glycopolymer 2.33 (n = 34) resulted in a marked four-
fold reduction in biofilm production compared with medium alone controls (p=0.0038, one-way
ANOVA, with Tukey’s multiple comparison) (Figure 2.4). Treatment with glycopolymer 2.33
additionally resulted in significant decreases in biofilm formation compared with the non-

modified cellulose glycopolymer 2.36 and the n = 8 glycopolymer 2.32 (p=0.0175, one-way
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ANOVA with Tukey’s multiple comparison and p=0.0174, student’s t test). While treatment
with glycopolymer 2.32 (n = 8) did not produce a significant reduction in biofilm production,
compared to the no treatment control, a trending reduction was observed between conditions

featuring the two polymers.
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Figure 2.4. Effects of 2.5mg/mL of synthetic glycopolymers on E. coli 700415 biofilm formation. Biofilm

production was measured by crystal violet staining and spectrophotometric reading at OD_ . normalized to total cell

/OD_ ) for E. coli 700415 in

560 600
LB is shown. Data displayed represent the relative mean biofilm/biomass ratio + SEM of at least 3 independent
experiments, each with 2 technical replicates. Significant inhibition of biofilm formation was determined by one-
way ANOVA with post hoc Tukey’s test (****P<0.00001) and Student’s t test (####P<0.00001).

density as measured at OD600 at 24 h post-inoculation. Biofilm to biomass ratio (OD

Interestingly, both strains exhibit iterative decreases in biofilm production with
increasing pEtN glycopolymer length suggesting that, while virulence factor expression is
differentially regulated between strains, pEtN glycopolymers uniformly influence biofilm
formation. This result is somewhat surprising as our team previously demonstrated that pEtN

cellobiose enhanced biofilm formation.!” Taken together, these results suggest the biofilm
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modifying properties of synthetic pEtN cellulose glycopolymers are dependent upon polymer
length.
Scanning Electron Microscopy Analysis of Cell Morphology
upon Glycopolymer Treatment

To determine whether the observed decreases in biofilm production were a result of
alteration of cell morphology, we employed high-resolution field emission scanning electron
microscopy analyses. Cultures were performed by Sabrina Spicer and SEM was carried out by
Sabrina Spicer and C. Elizabeth Adams. E. coli strains were grown in LB media alone or
supplemented with glycopolymer 2.32 (n = 8) or glycopolymer 2.32 (n = 34) in static conditions
to promote biofilm formation. Electron microscopic analyses revealed not only decreases in
sessile life but also morphological changes in cell surface appendages upon treatment with the
synthetic glycopolymers. The occurrence of coordinated cellular communities significantly
diminished as cells were treated with increasingly larger pEtN glycopolymers (Figure 2.5),

which was observed across both strains.
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