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Abstract of the Dissertation
Understanding the effects of multivalent
glycopolymer structure on molecular recognition
by
Eunjung Lee
Doctor of Philosophy
in
Chemistry
Stony Brook University
2012

Carbohydrate-protein interactions are involved in a large number of important physiological
and pathological processes. The weak binding affinity of a monovalent carbohydrate is
compensated by multivalency in which multimeric recognition elements interact with a cell
surface display of two or more receptors. In order to study lectin-carbohydrate interactions and
find analytical and diagnostic applications, a large number of synthetic glycoconjugates have
been investigated in the last decade.
In order to explore the effects of structural features of glycopolymers on the binding events,
a series of polymers were synthesized. Multivalent ligands with pendant saccharide moieties
were prepared from two different types of backbones via ruthenium catalyzed ring-opening
metathesis polymerization (ROMP). Several functional groups and neutral and charged spacers
were introduced onto the backbone to explore binding of glycopolymers to cholera toxin B
subunit (CT B5)
The interactions of cholera toxin and the polymers were determined using the intrinsic
fluorescence of the Trp 88 residue in the cholera toxin binding site. As sugar epitopes in
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polymers bind to CT B5, a variable decrease in fluorescence was observed. The improvement in
inhibition over glycopolymers was also observed using competitive ELISA experiments.
The interesting insight we found was that self-assembly of glycopolymers was involved in
lectin binding events. Since glycopolymers have hydrophobic backbone and hydrophilic sugar
moieties, glycopolymers form micelles and aggregates which derive from hydrophobic
interactions of polymer backbone and inter- or/and intra-molecular hydrogen bonding of sugars.
Further studies to identify polymer behaviors in aqueous solution were carried out by
measuring their critical micelle concentration (CMC) and determining their size and morphology
by dynamic light scattering (DLS) and transmission electron microscopy (TEM). These studies
revealed that norbornene-based and cyclobutene-based polymers containing sugar moieties selfassemble into micelles and vesicles. The polymer particles were spherical and their size was
heterogeneous. Binding of the cholera toxin B5 protein did not induce further aggregation.
In glycopolymer particles, hydrophilic sugar moieties are located on the surface and
hydrophobic backbones which composed of backbones of polymers are inside. In the recognition
of lectin by synthetic glycopolymers, the binding affinity of glycopolymer was significantly
inversely correlated with the self-assembled polymeric structure.
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I. Glycopolymers

Carbohydrates are involved in numerous biological processes, especially cell-cell
interactions such as fertilization, immune defense, cell migration, viral infection,
inflammation and cancer metathesis.1-3 The specific mechanisms for numerous carbohydrate lectin interactions still need to be unraveled. Therefore synthetic polymers containing
carbohydrates, “glycomimics” have been developed as a promising tool in the biomedical and
pharmaceutical fields.4-8
Glycopolymers can be defined, in a broad sense, as natural and chemically modified
natural sugar–based polymers, and synthetic carbohydrate-containing polymers. In a narrow
sense, they are synthetic polymers containing sugar moieties, which act as specific biological
functional groups similar to those of naturally occurring glycoconjugates.9,10
There are two methodologies to synthesize glycopolymers. The first method is postpolymerization modification with the sugar moiety. This method is convenient, but results in
heterogeneous conjugation because of incomplete reaction of sugar molecules due to steric
hindrance. The other method is the polymerization of sugar-containing monomers. This is
more widely used method because it gives glycopolymers of controlled and defined structures.
Glycopolymers have been synthesized from popular polymer synthetic methods, radical
polymerization, ionic polymerization, ring opening metathesis polymerization (ROMP).
Free radical polymerization is a common method for the synthesis of glycopolymers. The
advantage of this method is that high purity of solvent and monomer are not always necessary.
In addition, the chemistry is tolerant of a variety of monomer functionalities and reaction
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conditions. However, control of molecular weight is difficult. High polydispersity (PDI)
values are observed (> 2.0). The high values are due to chain transfer reactions.
There are two ionic polymerization methods, cationic and anionic polymerization.
Ionic polymerization yields polymers with well-defined molecular weights and low
polydispersities. However, both techniques are very sensitive to reaction solvent and oxygen.
Generally, anionic polymerization should be reacted in aprotic solvents to prevent interaction
of the solvent with the growing polymer. In addition, polymerization methods require the
highest purity of monomers and reactants.
Atom

transfer

radical

polymerization

(ATRP)

and

ring

opening

metathesis

polymerization (ROMP) are popular methods in synthetic polymer chemistry because the
methods use living catalysts which allow the formation of polymers with controllable
molecular weights and narrow polydispersities.

Controlled/living radical polymerization (CRP)
Newly developed radical methods are controlled/living radical polymerization (CRP)
techniques such as atom transfer radical polymerization (ATRP),11-13 reversible additionfragmentation

chain

transfer

(RAFT)

polymerization,14,15

and

nitroxide-mediated

polymerization (NMP).16 ATRP is one of the most widely used CRP methods due to
convenient experiment setup and its compatibility with functional groups (Scheme 1-1).
M
z

Pn -X + Mt Lm

kp

kact
kdeact

Pn + X-Mtz+1Lm
kt
Pn-Pk + X-Mtz+1Lm
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Scheme 1-1. Transition-Metal-Catalyzed ATRP (PnX: alkyl halide initiators or dormant
species, MtzLm: low-oxidation-state metal complexes).17
Polymer brushes have been synthesized by controlled/living radical polymerization
(CRP) via one of three routes: grafting through,  grafting onto and  grafting from.18
Grafting through is mediated by polymerization of macromonomers. In this method,
control of side chain density is easier than with other routes. However, degree of
polymerization depends on the types of macromonomers. In grafting onto route, side chains
are attached to the polymer backbone via coupling reactions. It is advantageous that polymers
containing various functional groups are prepared. However, grafting density of side chain is
limited due to steric hindrance. In grafting from route, side chains are polymerized from
initiating sites in polymer backbones. This method allowed high grafting density and low
molecular weight distribution. However, radical-radical couplings result in cross-linked
polymers.
Grafting through is the most popular route to synthesize glycopolymers.
Homopolymers, poly[2-(β-D-glucosyloxy)ethyl acrylate] (PGEA) and copolymers, poly[2(β-D-(glucosyloxy)ethyl acrylate-co-stearyl acrylate] were synthesized by ATRP following
grafting through route. Molecular distributions of the polymers were relatively high (1.7 to
1.9). However, the polymers form micelle structures which exhibit favorable interactions with
their target protein, Concanavalin A (ConA).19
As an example of grafting onto route, a combination of click chemistry and ATRP was
used to synthesize glycopolymers.20 Polymers functionalized with alkyne side chains were
prepared from ATRP of trimethylsilyl methacrylate monomers. For both homopolymerization
and copolymerization with methyl methacrylate, this method resulted in low polydispersity
4

(<1.5) and high monomer conversion (>80%). The attachment of sugar molecules by click
reaction produced glycopolymers targeted to Con A. Coclicking of different sugar molecules
enables the production of polymers varying in density of sugar in the same polymer
backbones. Interactions of polymers with Con A increased with sugar density from 0% to
75%. At a higher sugar density than 75%, interactions remain constant due to steric hindrance
of side chains.
Grafting from method was developed to synthesize polymers functionalized with sugar
molecules.21-24 In addition, this method was applied to modify the surface of membrane,
nanoparticles and carbon nanotubes.25-28 The grafting from method via ATRP allows the
formation of polymers with high grafting density and lengths of polymer side chains are
easily controllable.

Ring opening metathesis polymerization (ROMP)
The synthesis of glycopolymers by ring opening metathesis polymerization (ROMP) has
gained attention as a promising polymerization method.29 The polymerization process is
living and affords polymers with low polydispersity. ROMP catalysts have been developed to
be tolerant of a wide range of monomer functionalities, which allows the polymerization
reaction to take place in water. (Figure 1-1)30-33 In addition, highly functionalized polymers
can be easily generated.34-40 The limitation of this method is that further purification may be
required to remove the transition metal catalyst.
ROMP converts cyclic olefins into linear polymers containing new olefins in the polymer
chain (Scheme 1-2).41 In the initiation step, a cyclic olefin coordinates with a metal alkylidene
complex. [2+2] cycloaddition generates a metallacyclobutane intermediate which undergoes
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cycloreversion to produce a new metal alkylidene. The propagation step is the repetition of
the cycloaddition-cycloreversion step until all monomers are consumed. The reaction is
commonly terminated by addition of ethylvinyl ether to release the catalyst from the polymer
terminus.
(a)

(b)
Mes N

N Mes
Cl

N Ru
N

Cy
Cl
Cl
Cy

Ph

Br

Cl

Cy
P
Ru
P
Cy

N
Ph
N

Br

Cl

Figure 1-1.Structure of Ru alkylidene ligated to a N-heterocyclic carbene (a) and water
soluble Ru alkylidenes.29

Initiation
LnM

R

[2+2]
cycloaddition

coordination

+

LnM

cycloreversion
LnM

R

LnM

R

metal alkylidine

R

Metallacyclobutane

Propagation
R

LnM

m-2

R

LnM

LnM

R
m

Termination

LnM

R
m

+

X Y

LnM Y

+

R

Y

m

Scheme 1-2. Mechanism of ROMP.41

ROMP monomers are generally strained cyclic olefins with no bulky groups around the
double bond (Figure 1-2).29,41 The most popular monomers for ROMP are cyclic olefins
which have considerable ring strain (>5 kcalmol-1) such as cyclobutene, cyclopentene, ciscyclooctene and norbornene.42
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Figure 1-2.Cyclic olefin ROMP monomers.41

The initial study of ROMP to synthesize glycopolymers was performed with norbornene
monomers containing glucose derivatives. (Figure 1-3 (a)) They were polymerized at 50°C,
which resulted in glycopolymers with narrow PDI (1.1-1.2).34

(a)

(b)

O
HN

O
H
H
O
O
OR1 OR2

R

Figure 1-3. (a) Norbornene monomers containing glucose derivatives (R=glucose) (b), 7oxonorbonene derivatives (R1,R2= glucose).

The ring opening metathesis polymerization (ROMP) of 7-oxonorbornene derivatives
(Figure 1-3(b), was carried out. The biological activities of the resulting polymers were tested
against Concanavalin A. The polymers were prepared from monomers with different linkages,
α-C-glycoside or α-O-glycoside and their inhibition potencies as function of sugar densities
was compared. Polymers with higher sugar densities showed higher inhibition than polymers
with lower sugar density.35 Another binding study of glycopolymers found that polymers
with low density of sugar molecules are more efficient than polymers presenting low density
of sugar molecules due to steric hindrance.43 The results revealed that the density is important
7

to enhance the interactions between protein and polymers. However, microstructures of
ligand-receptor complexes should be considered in designing multivalent ligands.

II. Synthetic multivalent ligands and their interactions with biological molecules

Detecting receptor complexes
Many methods to identify receptors involved in complex cellular processes have been
utilized and developed. In immunoprecipitation, a specific antibody is used to detect a specific
antigen. Föerster resonance energy transfer (FRET) is used to explore protein conformational
changes in multiprotein complexes. Fluorescence microscopy images can show interactions of
ligands with cell surface receptors. However, these techniques cannot explain molecular
details for signaling complexes. For example, the density and aggregation of receptor
complexes varies between cell types. The v3 integrin is upregulated on both cancer cells
and tumor-associated vessels, but it is absent or present at only low levels on normal tissues.44
Using synthetic multivalent ligands, we can identify the structure and function of molecules
involved in receptor signaling.45

Synthetic multivalent ligands as inhibitors, effectors and detectors
Multivalent ligands in cells are hard to characterize due to their heterogeneous features
and complex mechanisms. Mimics of natural multivalent ligands can be helpful in
understanding and exploring how the ligands function in biological systems. Synthetic
multivalent ligands act as inhibitors to block the attachment of the natural ligand to its target
8

receptor in cell-cell, cell-virus, and cell-toxin interactions. Additionally, synthetic multivalent
ligands act as effectors. Ligand binding initiates a particular signaling path, for example, it
can stimulate an immune response.46
A variety of synthetic scaffolds have been considered such as small molecules (sugars
and peptides), dendrimers, liposomes, and linear polymers. These various synthetic ligands
have different characteristics including size, shape, flexibility, and bioavailability that can
affect the binding affinity to cell-surface receptors. In the case of small molecules, the
architecture is very similar to the natural ligand. However, most small molecules form dimers,
which are too small to generate the multimeric effect. Liposomes are prepared by noncovalent
assemblies of various compositions and display multiple recognition elements. They are used
less frequently than other synthetic scaffolds because this is complicated by the difficulty in
regulating the arrangement of ligands. Liposomes are susceptible to changes in

the

orientation of ligands due to interactions with the cell membrane.47 Dendrimers are good
candidates for multivalent ligands due to the high density of ligand moieties and the valency
of the ligand can be controlled easily. However, in some dendrimers, accessibility to the target
molecule is reduced due to the steric bulk of high-density ligands. Linear polymers are more
attractive as synthetic ligands in comparison to dendrimers as linear polymers are more
accessible. Polymers of this type are prepared by several kinds of synthetic methods such as
radical, ionic or ROMP.48,49 Among these methods, ROMP is an attractive method to generate
well-defined synthetic multivalent ligands. The living polymerization by ruthenium catalyst
generates polymers having narrow PDI and allows control over the degree of polymerization.
The fast-initiation of ROMP facilitates making block copolymers with varying density and
length.50,51

9

Examples of various synthetic multivalent ligands are summarized in Table 1-1.

Table 1-1. Examples of synthetic multivalent ligands
Target

Natural
ligand

Description of
synthetic ligand

IC50

Enhance
ment in
Activity
observed

 Dimeric bridged
Pk trisaccharide

STARFISH
-SLT I ;
410-5 M

 40

STARFISH
-SLT II ;
610-9 M

 106

510-5 M

38

Assay

Ref.

*

Inhibitors
Shigalike
toxins

Pk trisaccharide

 decameric
saccharide
(STARFISH)

Bivalent trisaccharide
Anthrax
- toxin

PA63

Polyacrylamide

20 nM

7500

Poly-L-Glutamic acid

20 nM

4

Poly(N-acryloyl
succinimide)

2 M

a

52

b

53

c

54

c

55

c

56

-peptide derivatives

Con A

Mannose

ROMP

10

d,e,f

38,43

PAMAM dendrimer

~ 5000

g

57

113136

h

58

~ 60

e

20

I,j

59

10-12 M

Glycodendrimercyclodextrin
Neoglycopolymer
(combination of click
chemisty and living
radical olymerization)

Cholera-

GM1

0.058 mM
for 11%
sugar

Glutamic acid

10

640

toxin
based glycopolymer

0.05 mM
for 21%
sugar
6 nM

107

1 M

105
200

k

62

Protein-based
glycopolymer

350 M
68 mM for
galactose

Large cyclic peptide

1-2 M

105

i

63

Bivalent ligand

9 M

104

i

64

ROMP containing
oligopeptide

1.1 M by
peptide

500-1700

l

65

g

66

500-5000

g,m

67

3

n

68

o

45,69

p

70

q,r

71

Pentavalent ligand

Fertili-

fertilin 

zation

Influenz
a Virus

HA

polyacrylamide with
SA-containing

i

60

61

104 – 105

side chains prepared by
copolymerization
Linear –dendron and
dendrimer polymers

Effectors
L-selectin

trisaccharide

2mM

v3

RGD-based
peptidomimetic

0.55nM

integrin
Chemorecep
tor, MCP

ROMP

Anti-2GPI

Cyclic thioether
peptide

1001000

1-210-4 M
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*Assay method
a. Solid-phase inhibition assay; b. Competitive solid-phase assay; c. Cytotoxicity assay;
d.Turbidity assay; e. Quantitative precipitation; f. FRET; g. Hemmagglutination Inhibition
assay; h. Enzyme-linked lectin assay (ELLA); i. CT GD1b Enzyme-linked adhesion assay; j.
Fluorescence titration assay; k. Non-linear regression methods; l. Fertilization index via IVF
assay; m. ELISA infection assay; n. capture ELISA; o. Integrin binding assay; p. Motion
analysis (mean angular velocity); Fluorescence microscopy, q. ELISA assay for
anticardiolipin antibodies (ACA); r. in vivo assay
Multivalent ligands are used as tools to investigate complex cellular processes. They are
also designed with variable structural features, shape, valency, orientation of ligand,
flexibility and size of backbone. As multivalent ligands bind specific receptors, cellular
signaling can be altered depending on the structure of the multivalent ligand. From these
changes, how the receptors interact with each other spatially and how they regulate signaling
events can be predicted. For example, integrins are cell-cell adhesion receptors and mediate
intracellular signaling pathways. They can switch their binding abilities between low- and
high-affinity modes. To identify the ability of integrin clustering, a group of synthetic ligands
are used as chemical inducers of dimerization (CIDs).
In early work, FK506, a low-molecular weight drug that was converted a dimeric form,
FK1012, was tested for dimerization of FKBP. After addition of FK1012, drug-mediated
dimerization of target protein was observed.72
In the case of T-cells, T-cell receptors (TCRs) play an important role in recognizing
foreign antigens leading to activation of cellular signal cascades. However, it is not clear
whether they act monovalently or multivalently for antigen recognition. For this study, a
streptavidin- based tetravalent ligand was tested.73 Mono-, di-, tri-, or tetrameric ligands were
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prepared by changing the peptide which binds to the TCR. When the tetramer was treated, Tcell activation was significantly increased.
In addition, the relationship between function and structure of receptors involved in
signaling was investigated with respect to receptor orientation and composition of receptors.
Several results show that orientation is less important than receptor clustering. Additionally,
the affinity of receptor depends on the number of ligands. Nevertheless, it is unclear how
many ligands are needed for effective receptor-ligand interactions. This was studied by
preparing multivalent ligands that vary in the density and valency of ligands. The relationship
between binding affinity and stoichiometry of ligand-receptor complexes suggests there is an
improved binding affinities of L-selectin with increasing number of multivalent ligands.74

How synthetic multivalent ligands work
The major limitation of monovalent ligands is their weak binding affinity which comes
from single site recognition. In particular, most saccharides bind to their receptors with low
binding affinity in the µM to mM range. Many biological systems achieve tight binding
through multivalency - multimeric recognition elements that interact with the cell surface. In
human biology, multivalent events occur by interaction of a virus, bacterium, or cells to the
cell surface.75 Several mechanisms related with receptor binding of multivalent ligand have
been suggested (Figure 1-4) including chelate effect, clustering, subsite binding and statistical
rebinding.43,46
Chelate effect occurs when ligands bind to a specific receptor, its freedom to translate in
solution is lost. However, there is no additional entropic cost for subsequent binding.
Clustering is when the multivalent ligand causes receptors to cluster by altering the proximity
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or orientation of receptors. In case of subsite binding, once a primary receptor-ligand
interaction occurs, it facilitates the access of another ligand to the subsites and increases the
binding affinity on subsites.
Statistical rebinding is a result of multimeric ligands forming high local concentration around
binding sites. This allows more chances for ligands to interact with their receptors.

(a)

(b)

(c)

(d)

Figure 1-4. Possible mechanism of receptor-ligand interactions on cell surface. a) chelate
effect, b) clustering, c) subsite binding and d) statistical rebinding. Figure adapted from
Kiessling, et al.74,76
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III. Cholera toxin B subunit

The classes of AB5 bacterial toxins have been a threat to human health by causing mild
traveler’s diarrhea from infection by E .coli heat-labile enterotoxin (LT). Serious diarrhea can
be cuased by infection of Vibrio cholera and the equally serious hemolytic uremic syndrome
from infection by Shiga toxin family.

77,78

The cholera toxin (CT) family includes cholera

toxin (CT) and E.coli heat-labile enterotoxin (LT and LT-II). CT consists of a catalytic
activity in A subunit and a function of receptor binding and delivery of the toxin in
pentameric B subunit. The B subunits bind to the oligosaccharide of GMI on the surface of
epithelial cells. The toxin is then internalized into the cell and transported into the Golgi.79,80
The A subunit is separated from the B subunit by reduction of a disulfide bridge and the A
subunit translocates to the cytosol.81 Inside the intestinal cell, the A subunit modified Gsα by
irreversible ADP ribosylation which cause a continuous stimulation of adenylate cyclase,
resulting in a massive efflux of fluids from intestinal cells.82
The oligosaccharide portion of ganglioside GM1 is a branched pentasaccharide (Galβ13GalNAc β1-4[NeuAcα2-3]Gal β1-4Glcβ1).83 Ganglioside GM1 recognizes B subunits via
direct and solvent-mediated hydrogen bonding.84,85 Major contributions to toxin binding come
from the two terminal sugars, galactose and sialic acid, in GM1 pentasaccharide (Figure 1-5).
The O2, O3 and O4 in hydroxyl groups of galactose form hydrogen bonds with nitrogen in the
side chains of Asn 90 and Lys 91. They make additional direct and solvent-mediated
hydrogen bonds to residues Asn 14 and Glu 51. The sialic acid moiety interacts with the
backbone of residues of Glu 11 and His 13 through hydrogen bonds. However, the other
sugars, N-acetyl galactosylamine, central galactose and glucose residues are not involved in
15

toxin binding. When cholera toxin B:GM1 complexes are formed, their binding mode is
proposed that the Gal (1-3) GalNAc is inserted deeply into B-subunits as a “forefinger” and
the sialic acid occupies a shallower depression on the surface of the toxin. This conformation
allows the ceramide lipid tail attached to the glucose to be oriented far from the central pore
so that the A subunit is located on the opposite site of cell surface.

Figure 1-5. Structure GM1 pentasaccharide binding sites. Figure adapted from
Lecommandoux et al.90
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IV. Self-assembly of polymers

Formation of self-assembly
Lipids are biomolecules that form lamellar bilayer structures in nature. The extending
study of mimicking of cell membrane resulted in several types of self-assembled structures
such as “liposome”, “virosome”, “polymersome” and “peptosome”.
Several factors are involved in formation of polymer vesicles such as average MW of the
polymer, the mass or volume fraction of each block and the effective interaction energy
between monomers in the block.86 One rule for the shape of surfactant is determined by the
value of the surfactant packing parameter P=/a0l, where  and l are the volume and length of
the hydrophobic moiety (alkyl chain), and a0 is the optical surface area occupied by one
surfactant at the micelle-water interface. Surfactants with value of P<1/3 produce spherical
micelles. Whereas those with the value of 1/3<P<1/2 and 1/2<P<1 form elongated micelles
and disk-like micelle, respectively. Regarding the formation of polymer vesicles, a general
rule is followed a ratio of phospholipids-like ratio of hydrophilic to total mass (fhydrophilic).
Typical polymersomes form when fhydrophilic is 35% in water. Cylindrical shape and micelle
form for molecules with fhydrophilic<50 % and

fhydrophilic>45%, respectively. Other factors

involved in vesicle formation are free energy of amphiphilic polymers, interfacial energy of
the hydrophobic-hydrophilic area and the loss of entropy. Polymers with low conformational
energy, stiff polymer chains with low internal degrees of freedom, associate into structures to
minimize the interfacial energy. In addition, strong secondary interactions such as charge
interactions, hydrogen bonding, and dipolar interactions are involved in polymer vesicles.
17

Those effects are the driving force of lipid vesicle formation which restrict the intermolecular
conformation and lead to bilayer formation.

Self-assembly of glycopolymer
Glycopolymers have self-assembled structures comparable to those observed for
synthetic block polymers, which have attracted attention due to their potential in material and
pharmaceutical areas.87 It is known that polysaccharides form self-assemblies. For example,
rod-like or worm-like chains are expected for cellulose, chitosan and hyaluronan. The
conformation leads to the stiffness in asymmetry of

polysaccharide conjugated diblock

copolymers, which facilitate self-assembly in comparison to coil-coil block-copolymers.88,89
Hyaluronan-co-poly(-benzyl L-glutamate) (PBLG) was studied for its self-assembly into
vesicles.90 The rigid and hydrophobic α-helical PBLG and hydrophilic hyaluronan blocks
support formation of membranes. The resulting structures are copolymer bilayers having
interdigitated PBLG blocks stacked in antiparallel orientation.
Additionally, self-assembled structures were found in glycopolymers which were
synthesized via polymerization of sugar-containing monomers or addition of sugar molecules
onto preformed polymer chain. Photoaddition of 2,3,4,6-tetra-O-acetyl-1-thio-β-Dglucopyranose onto 1,2-polybutadieneblock-poly(ethylene oxide) forms polymer vesicles
spontaneously (“glycosome”).91,92
Glycopolymers are used as drug carriers.93 The glycopolymers were synthesized from
sugar containing cyclic carbonate monomers by ring-opening polymerization, which selfassemble into micelles. These micelles containing doxorubicin were utilized as carriers for
drug delivery.
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V. Specific aims
In recent years, multivalent ligands have attracted considerable attention due to their
increased activities compared to monovalent ligands. Thus, their potential as therapeutic
agents has been suggested for several diseases. In the field of synthetic multivalent ligands, an
important issue is to design multivalent ligands, which can act more efficiently in biological
systems to understand molecular biological mechanisms. Another issue which has been rarely
reported is the architecture of multivalent ligands in multivalent ligand-receptor systems. Here,
we explain how the structures of multivalent ligands enhance binding activities.

Design and synthesis of glycopolymers as multivalent ligands
Our new synthetic multivalent ligands present multimeric sugar moieties which can
span the cholera toxin B subunit and are designed to fit to the receptors based on the wellknown crystal structure of the cholera toxin. Knowledge of the protein structure aids in
structure-based design approaches.61,78
Glycopolymers were prepared with two types of polymers, homopolymer and block
copolymer via ruthenium catalyzed ring-opening metathesis polymerization (ROMP). The
living polymerization method facilitates making block copolymers, and the length of polymer
can be manipulated by varying the ratio of monomers to the catalyst.

A small set of

glycopolymers was evaluated for their binding activities and their structures in aqueous
solution in terms of length, valency and functional groups.
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Evaluation binding activities of glycopolymers
In order to assess the interactions between sugars in the glycopolymer and CTB, two
types of assay methods, fluorescence titration assay and competitive ELISA were applied.
The fluorescence spectrum of CTB shows a change in intensity and a shift in its wavelength
for maximum emission because the indole ring of tryptophan (W88) stacks against the
hydrophobic α-face of the galactosyl moiety. In competitive ELISA, the binding of
glycopolymers to CTB was evaluated over GM1 coated on the plate walls in a competitive
assay. The potency of a series of glycopolymers was observed to be inversely proportional to
the affinity of glycopolymer. Further support that glycopolymers bind to CTB was sought
through NMR analyses.

Identifying architectures of glycopolymers in the process of toxin binding
Multivalent ligands have been developed to provide a key to identify receptor
complexes. Polymer libraries as multivalent ligands are one of preferred tools for studying
cell surface receptor topology. Therefore characterization of polymer behavior is essential to
understand how polymers act in solution. However, polymer behavior in aqueous solution is
complicated even though we designed synthetic ligand based on crystal structure of target
receptor. The purpose of this study is to characterize the architectures of glycopolymers and
elucidate how their structural features affect the binding efficiency of glycopolymers. Based
on the result of biological assays, the glycopolymers are proposed to form self-assembled
structures. This is not a common feature for homopolymers, but several groups have reported
that homopolymers form micelles or vesicles. The dependency of glycopolymers behaviors on
length, composition and valency was assessed.
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Chapter II
Synthesis of glycopolymers as multivalent ligands
targeting cholera toxin B subunits
I. Introduction
II. Results
III. Discussion
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I. Introduction
To study the interactions between GM1 and CT B5, numerous GM1 (Galβ13GalNAc

β1-4[NeuAcα2-3]

Gal

β1-4Glcβ1)

oligosaccharide

mimics

have

been

synthesized.94-99 The synthesis of ganglioside GM1 (Galβ1-3GalNAc β1-4[NeuAcα2-3] Gal
β1-4Glcβ1-ceramide) is very challenging. Thus one promising approach was synthesis of
galactose derivatives or GM1 oligosaccharide analogues.
An

example

of

potent

modified-galactose

inhibitors

is

m-nitrophenyl-α-D-

galaotopyranoside (MNPG) (Figure 2-1).94,95 Screening the ACD3D (Available Chemicals
Directory) database for potential ligands of cholera toxin resulted in 35 candidate galactose
derivatives. ELISA showed that m-nitrophenyl α-D-galactoside is the best ligand with 100
times higher potency (Kd= 0.5 mM) than galactose. Based on the crystal structure, one of the
oxygen atoms of the nitro group displaces water #2 from the binding site to make a hydrogen
bond with the backbone N-H of Gly 33 residing in a neighboring subunit of the pentamer. The
displacement of water into bulk solution increases the entropy of the system, which leads to
affinity.100
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Figure 2-1. Chemical structure of GM1 oligosaccharide (a) and MNPG (b). 101
Pseudo-oligosaccharide was synthesized as first generation of mimic of GM1 (Figure
2-2 (a)).102,103 Since crystal structures of complexes showed that the terminal galactose and
sialic acid (NeuAc) are essential for CT B5 binding, a synthetic sugar was designed to contain
the same core trisaccharide(Galβ1-3GalNAcβ1-4(NeuAcα2-3)) as GM1 and to replace the
other two sugars with conformationally locked cyclohexanediol (CHD). Binding of pseudooligosaccharide to CT was evaluated by ELISA inhibition assay. The results showed that the
inhibition profile of pseudo-oligosacchraride was clearly overlapped with that of GM1.
Second generation mimic of GM1 was designed to simplify the synthetic method by
replacing the sialic acid with α-hydroxyacids (Figure 2-2 (b)).104 In a direct binding assay,
these modified sugars did not bind cooperatively to CT B5. This loss might be due to missing
NeuAc. Among second generation mimics, an ((R)-lactic acid derivative displayed the
strongest affinity with a Kd of 190 µM.
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Figure 2-2. Structure of ganglioside GM1 mimics96,102 (a) Pseudo-oligosaccharide, (b)
Second generation mimic of GM 1 (R=Me, R′=H).
Another successful approach to targeting CT B5 with synthetic ligands is modular
structure-based design.105 In this report, pentavalent ligands composed of three parts, core,
linker and finger, fit into the five identical carbohydrate binding sites of CT B5 so that the
ligands form 1:1 complexes with CT B5. The finger containing 1-β-amidated D-galactose
which binds to CT B5. The effects of the linker length on pentavalent ligand affinity were
evaluated by incorporating different length carbon chains or peptides.63,105

The results

indicated that the ligand with lowest IC50 was detected when ligand effective dimension is
matched with LT’s binding site distribution.
Glycodendrimers have been developed as multivalent ligands displaying varieties of
building blocks with different properties.97,106,107 Lactose-functionalized dendrimers were
synthesized and tested for their ability to bind CT B5.106 Enhanced cooperative binding
efficiencies were observed as the generation of glycodendrimers became higher. In addition,
Hill cooperativity coefficients of glycodendrimers were similar even though the dendrimers
had different generations. It was suggested that multivalent effects were achieved by a model
in which glycodendrimers bridge binding sites rather bind a single toxin.
Polymer-based linear ligands were reported as macromolecular inhibitors.59,108,109 Poly
(L-glutamic acid)-based glycopolymers were synthesized with varying saccharide densities
and linker lengths to explore binding of the glycopolymers to CT B5.59 The highest inhibition
efficiencies were achieved when the calculated average distance between adjacent saccharides
in the glycopolymers matched the receptor spacing of CT B5 (35 Å ). Similar results were
obtained with glycopolypeptides in which galactose-bearing glycopolypeptides were prepared
via a combination of protein engineering and chemical strategies.108 In this study, three
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different polypeptides were prepared to identify the effects of saccharide spacing, backbone
composition and charge. Glycopolypeptides with different saccharide spacings were prepared
by varying the degree of substitution with saccharide. Inhibition results showed that
appropriate saccharide spacing is more important than sugar density by comparing polymers
with similar density of sugar molecules and different spacing between the sugar molecules.

II. Results
We undertook a rational approach to determine the interactions of glycopolymers and CT
B5. A series of glycopolymers was synthesized as multivalent ligands to fit the binding sites
of CT B5. The design of glycopolymers was based on the well-known crystal structure of the
cholera toxin.110 In order to characterize our multivalent systems, two types of glycopolymers,
homopolymer and triblock copolymer, were synthesized with different backbone flexibilities,
valences, polymer lengths and functional groups. For specific interactions of glycopolymers
with CT B5, galactose moieties are incorporated because it is a major component of GM1 in
CT B5 binding. Since the sugar binding pockets in CT B5 are narrow and hydrophobic ligands
show favorable interactions with the protein,111 the

B block of glyco-copolymers was

designed to contain different linkers and backbones based on hydrphobicity and rigidity
(Figure 2-3).

25

R2b
O

R2a
O

Ph

Ph
n

Hydrophobicity

R1

n

m

R1

O
n

O

R1

R1

R2c

R2b

O
O

Ph

Ph
n

R1

n

m

n

m

R1

O

n

n

m

O

R1

R1

Rigidity
R1 = HO OH

R2a=
O

HO
OH

H
N
O

OH

N
H

H
N

R2b=

N
H

OH

2

O

R2c=
N
H

N
H

OH
,

AcO AcO
O
AcO
AcO

O

H
N

Figure 2-3. Design for comparing hydrophobicity and rigidity of polymers. Hydrophobicity
was determined from ClogP values of polymers. Norbornene-based polymer backbone is
more rigid than cyclobutene-based polymer backbone.

Preparation of protected sugars
-Azido-2,3,4,6-tetraacetyl-D-galactose, 3 was synthesized following a procedure
reported in the literature.112 Pentaacetyl-D-galactose 1 was synthesized by peracetylation of
D-galactose with acetic anhydride in pyridine in the presence of a catalytic amount of DMAP.
Then the anomeric position of 1 was converted to bromide 2 with HBr/AcOH. 1--Azido-
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2,3,4,6-tetraacetyl-D-galactose 3, was obtained by treatment of 2 with NaN3 under phasetransfer catalysis conditions (Scheme 2-1).
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Scheme 2-1. Preparation of -azido-2,3,4,6-tetraacetyl-D-galactose.

D-mannose was treated with acetic anhydride in pyridine in the presence of catalytic
DMAP to afford pentaacteyl-D-mannose 4. Selective deprotection of the anomeric acetyl
group was carried out with hydrazine acetate in DMF.113 Addition of trichloroacetonitrile in
the presence of a catalytic amount of DBU resulted in formation of trichloroacetimidate 5.113
Treatment with 2-chloroethanol and a Lewis acid provided chloroethyl mannoside 6, which
was transformed into azide 7 (Scheme 2-2).114,115
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Scheme 2-2. Preparation of -azido-2,3,4,6-tetraacetyl-D-mannose.
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Preparation of monomers
Galactose monomers, 14 and 15 were synthesized from cyclobutene and norbornene
carboxylic acid, respectively, with a 5-aminovaleric acid linker. The amine and carboxylic
acid moieties of 5-aminovaleric acid were protected as the methyl ester and Cbz carbamate 8
and 9, respectively. Coupling of 8 to 9 yielded compound 10. After deprotection of the methyl
ester of compound 10, azido-2,3,4,6-tetraacetyl-D-galactose 3 was attached to compound 11
via Staudinger ligation.116 The Staudinger ligation was the most efficient method to prepare
amide-linked sugar derivatives. The traditional

method to synthesize compound 12 is

coupling of glycosylamines with an activated carboxylic group. The advantage of the
Staudinger ligation is that conversion of the azide into an amine occurs in situ. In addition,
glycosylamines are relatively unstable and were often obtained in low yield. Catalytic transfer
hydrogenation of 12 in the presence of 10% Pd/C and 5% formic acid provided complete
deprotection of the carbamates. Residual formic acid was removed on an ion-exchange
column. The coupling of compound 13 with 5-norbornene-exo-carboxylic acid or
cyclobutene-1-carboxylic acid afforded norbornene-based monomer, 14 or cyclobutene-based
monomer, 15 (Scheme 2-3).
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Scheme 2-3. Preparation of norbornene- and cyclobutene based monomers containing
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Preparation of B monomer for ABA tri-block copolymers
To synthesize monomers 17 and 18, 2-acetyloxyethylamine was synthesized from 2hydroxyethylamine hydrochloride as reported in the literature.117 Compound 16 was allowed
to react with 5-norbornene-exo-carboxylic acid and cyclobutene-1-carboxylic acid to afford
compounds 17 and 18 (Scheme. 2-5). Deacetylation was performed after polymerization
because free hydroxyl groups on the monomers reduced the efficiency of the polymerization
process (Scheme 2-4).
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Scheme 2-4. Synthesis of monomers, 17 and 18
For the preparation of monomer 20 (Scheme 2-5), compound 8 was coupled with 2acetyloxyethylamine 16, followed by deprotection of the carbamate in the presence of Pd/C
and H2. Then, compound 19 was coupled with 5-norbornene-exo-carboxylic acid to give
compound 20 (Scheme 2-5).
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To obtain norbornene derivatives containing negatively charged residues, glycine
methyl ester was coupled to 5-norbornene-exo-carboxylic acid to provide compound 21. After
polymerization, the methyl esters were deprotected (Scheme 2-6).
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Scheme 2-6. Synthesis of norbornene monomer containing glycine methyl ester 21.

Mannose monomer was synthesized via Staudinger ligation analogous to the preparation
of compound 13. Activation of azido-2,3,4,6-tetraacetyl-D-mannose 7 with tributylphosphine
and subsequent reaction with 5-norbornene-exo-carboxylate active ester afforded compound
22 (Scheme 2-7).

31

O

O
OH

AcO AcO
O
AcO
AcO

O
7

NH

N3
DIC,HOBt
(nBu)3P,THF
50%

AcO

AcO O

O

AcOAcO
22

Scheme 2-7. Synthesis of norbornene mannose monomer 22.

Preparation of homopolymers and triblock copolymers
The ring opening metathesis polymerization (ROMP) of monomers was conducted in
CH2Cl2 with Grubbs′ N-heterocycliccarbene, dipyridyl ruthenium catalyst (Schemes 2-8 and
2-9). Homopolymers were synthesized from NB-(ava)2-Acy-gal 14 and CB-(ava)2- Acy-gal 15.
To obtain optimal reaction conditions, the polymerizations were run with various
monomer/catalyst ratios, solvents, and reaction times. The conversion rate for each monomer,
the molecular weight and the PDI are reported in Table 2-1.
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n

Table 2-1. Preparation of homopolymers via ROMP with monomer 14 (a) and 15 (b).
(a)
Entrya

Solvent

1

[14]/[Ru]b

Conc. of
catalyst

% Conversion
yield c

(mM)

(time (h))

10

5

100% (3.5)

10

10

100% (1.5)

10

10

100% (1.5)

15

10

100% (1.5)

Mn,GPCd

Mw,GPCd

PDI

6553

8468

1.29

5432

6271

1.15

4809.60

5370

1.11

9985

6937

7660

1.10

Mn,calc

CD2Cl2/CD3OD
2

(3/1)

3

6657

CDCl3
4
5

CH2Cl2

50

0.57

100% (2.5)

33345

34716

36121

1.04

6

CH2Cl2

100

0.57

100% (2.5)

66604

77047

83760

1.09

Solvent

[15]/[Ru]b

Conc. of
catalyst

% Conversion

Mn,cald

Mn,GPCd

Mw,GPCd

PDI

(b)
Entrya

yield

(mM)
7

CD2Cl2/MeOD

c

( time (h))

10

5

20% (4)

6257

-

-

-

10

10

100% (0.5)

6257

4856

5732

1.18

10

5

30-50% (3)

-

-

-

4673

5243

1.12

(3/1)
8
9

CD2Cl2/CD3OD

6257

(2/1)/ 2M LiCl
10

10

10

100% (1.5)
6257

CDCl3
11
12
13

CH2Cl2

15

10

100% (2)

9485

-

-

-

50

0.57

50% (3)

31370

-

-

-

100

0.57

50% (4)

62634

-

-

-

a

Reaction temperature is 25°C.
[M]=concentration of monomer; [C]=concentration of Ru-catalyst.
c
Calculated based on 1H NMR spectra.
d
Determined by UV detector using a polystyrene standard.
b

Polymerization progress was monitored by 1H NMR spectroscopy. The reactions were
quenched by addition of ethylvinyl ether. For polymerization of norbornene-based monomers,
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it took 3.5 hours to reach complete polymerization in CD2Cl2/CD3OD (3/1) (run 1). With
higher concentrations of catalyst (0.01 M), the polymerization required a shorter reaction time
(1.5 hours) for completion (run 2). In CDCl3, the conversion yield was almost the same as in
CD2Cl2/CD3OD (3/1) and there was no significant difference in PDI between the two solvents.
Polymerization of 50 or 100 equivalents of monomer resulted in high molecular weight
polymers with low PDIs (run 5 and 6). Polymerization of cyclobutene monomers showed a
greater dependence on solvents. In CD2Cl2/CD3OD (3/1), only 20% of the monomer was
converted into polymer with 5 mM catalyst concentration (run 7). LiCl was added to improve
the solubility, but it only slightly improved reactivity (run 9). At a higher concentration of
catalyst (10 mM), it took 1.5 hours and 0.5 hours for complete conversion of monomer in two
solvents, CD2Cl2/CD3OD (3/1) and CDCl3. Initiation of polymerization in CDCl3 was much
faster than in CD2Cl2/CD3OD (3/1) (Figure 2-4). In the case of cyclobutene monomer at
monomer/catalyst ratio greater than 15, only 50% conversion of monomer occurred (runs 12
and 13).

Figure 2-4. Polymerization rate of monomer 15 in different solvents: CDCl3 (
CD2Cl2/CD3OD (3/1,v/v) ( ).
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) and

The molecular weight of polymers was determined by GPC using THF with polystyrene
standards. The obtained molecular weights were slightly different from the calculated
molecular weights. In addition, PDI of homopolymers was lower than copolymers.Molecular
weights of polymers also were analyzed by MALDI-TOF. Although MALDI-TOF is a
powerful tool for molar mass determination of polymers, it depends on the ionization
capability of molecules. Three different matrixes, CMBT (5-chloro-2-mercaptobenzothiazole),
DHB (2,5-dihydroxybenzoic acid) and DHCA (3,5-dimethoxy-4-hydroxycinnamic acid) were
used to measure molar masses of our polymers. The best result was obtained when the
polymers were mixed with DHB. Although molecular weight repeats in MALDI-TOF spectra
appear to correspond to the molecular weight of the monomer, we did not obtain spectra with
sufficient resolution for further analysis. For longer polymers, the resolution of spectra was
even lower.
The synthesis of triblock copolymer (ABA) was conducted by sequential addition of
monomers (Figure 2-5). After n equivalents of A monomer containing sugar was polymerized,
m equivalent of the second B monomer was added to establish B block (Schemes 2-8 and 2-9).
Then another n equivalent of the first A monomer was added to complete the synthesis of
triblock copolymer. Removal of protecting groups afforded free terminal alcohol and
carboxylic acid moieties. Three monomers (17, 18 and 20) were used to synthesize triblock
copolymer containing hydroxyl groups in B block. Copolymer-1 and Copolymer-2 are
triblock polymers of norbornene derivatives containing tetraacetyl galactose, 14 and glycine
methyl ester, 21. Copolymer 3 was synthesized from norbornene derivatives containing
tetraacetyl galactose, 14 and tetraacetyl mannose, 22. Cyclobutene-based triblock copolymers
were synthesized from cyclobutene derivatives containing tetraacetyl galactose, 15 and 2-
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acetyloxyethanolamine, 18. The triblock polymers were characterized by

1

H NMR

spectroscopy and GPC with polystyrene standards. The molecular weights of triblock
copolymers are summarized in Table 2-2.

Table 2-2. Preparation of Triblock copolymers via ROMP

Conversion yield (%)
(time(h))b

Mn,cald

Mn,GPCc

Mw,GPCc

PDI

Copolymer-1

100% (2h)

10615

3785.1

6615.2

1.75

Copolymer-2

100% (3h)

22077

9453.7

13300.5

1.4

Copolymer-3

100% (2h)

17274

9213.5

132351

1.43

Copolymer-4

100% (2h)

7690

3510.4

6006.5

1.71

Copolymer-5

100% (3h)

14749

8156.92

11114.6

1.36

Polymera

a

Reaction temperature is 25°C.
Calculated based on 1H NMR spectra.
c
Determined by UV detector using polystyrene standard.
b
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Homopolymer-1: R1 =a, n = 10
Homopolymer-2: R1 =a, n = 15
Homopolymer-3: R1 =a, n = 50
Homopolymer-4: R1 =a, n = 100
Homopolymer-5: R1 =a, n = 200
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Copolymer-5: R1 = a, R2 = d, n = 100
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Figure 2-5. Summary of norbornene-based and cyclobutene-based glycopolymers.

III. Discussion
Rational design of glycopolymers
Cholera toxin B subunit (CT B5) was chosen as a model protein to study the role of
polymer backbones in ligand-receptor interactions. The crystal structures of CT B5 and CT B5GM1 complexes enables the selection of small ligands to mimic GM1. Our glycopolymers
utilized galactose in a multivalent format to examine the correlation of polymeric structures
and binding efficiencies.
Several types of polymer structures have been used to investigate polymer behavior in
multiple receptor complexes (Figure 2-6). Homopolymers display sugar moieties in each
repeating unit to present multivalent ligands. Triblock copolymers (ABA) possess sugar
moieties in the terminal A block and present bivalent ligands. The B block is a spacer of
sufficient length and accessibility for favorable interactions of the ligands with CT B5.
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Triblock copolymer

Homopolymer having multiple
copies of ligand

bivalent with single ligand

bivalent with multiple copies of ligand

Figure 2-6. Triblock copolymers and homopolymer presenting sugar moieties.

Spacers of triblock copolymers were designed based on the crystal structure of cholera
toxin so that synthetic ligands have optimal spacial display.64,84,118 The distance between two
receptors in the B subunit is 35 Å for adjacent sites and 56 Å for non-adjacent sites. The
galactose moieties interact with the B5 subunit in a cleft approximately 16 Å deep (Figure. 27). To estimate the precise distance of polymers, the distances between sugar molecules of
triblock copolymers were calculated. The estimated effective length of linker and distance
between two sugars was calculated based on equation (1). In a random-coil polymer, the rootmean square distance between the ends of the polymer for a freely joined chain is given by
equation (1).119
(r 2)1/2 = l  n 1/2

(1)

Where n is the number of links or segments and l is the length of each segment.
Based on the calculation, distances between sugar molecules of norbornene-based triblock
copolymers, 1-48-1 and 1-98-1 are 37 Å and 53 Å , respectively. Sugar spacing of
cyclobutene-based triblock copolymers, 1-48-1 and 1-98-are estimated as 31 Å and 44 Å .
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1-48-1; n=1, m=48
1-98-1 ; n=1, m= 98

Figure 2-7. CT B5: glycopolymer complexes.

Even though multivalent ligands have advantages in protein-carbohydrate interactions,
numerous factors are involved in a binding event such as structures of polymers, number of
binding elements and the spacing of binding elements. Polymers with longer chain showed
better binding efficiency, but the potency of polymers does not increase linearly as the length
of polymers increase.37,38,59 In addition, homopolymers have a much higher number of sugar
molecules than block copolymers, but steric hindrance between sugar molecules needs to be
considered.

Synthesis of monomers
Initially monomers having unprotected sugar were used in the polymerization synthesis
as reported previously.34 However, it was technically difficult to produce the monomers in
high yield.

To produce norbornene monomer containing galactose, norbornene-exo-

carboxylic acid was allowed to react with galactosylamine derivatives. However,
glycosylamines are relatively unstable and gave unsatisfactory results. The choices of solvents
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for both reaction and purification are limited due to the high polarity of unprotected sugar.
The resulting yields were relatively low. The most important issue is ROMP of the monomers
with free sugars. Polymerization methods for monomers containing unprotected sugar have
been developed, but they are still challenging. Sugar monomers are soluble in polar or
aqueous solvent. However, the monomers are not soluble in solvents compatible with
ruthenium catalyst. In addition, it was reported that the polymerization process with 1st
generation grubbs catalyst is not efficient in mixture of CH2Cl2 and polar protic solvents.34
To overcome the difficulty with unprotected sugar monomers, the hydroxyl groups of
galactose and mannose were acetylated. Azido-2,3,4,6-tetraacetyl-D-galactose, 3 was then
conjugated to linkers to provide compound 13, followed by coupling with 5-norbornene-exocarboxylic acid and cyclobutene carboxylic acid to yield galactose-containing monomers 14
and 15. Likewise, other functional groups in monomers were protected before coupling to 5norbornene-exo-carboxylic acid. The functional groups on all monomers were retained during
polymerization to avoid unfavorable interactions with ruthenium catalyst.

Synthesis of homopolymers and block copolymers
Homopolymers and block copolymers were synthesized from a series of monomers via
ROMP. To determine optimal conditions of polymerization, several different conditions were
tested in the homo-glycopolymer syntheses. The studies revealed the polymerization
processes were slow in the solvent mixture CDCl2/CD3OD, perhaps because CD3OD might
coordinate with catalyst. The polymerization of cyclobutene-monomer, CDCl2/CD3OD was
incomplete at a low concentration of catalyst (0.005M) in the absence or presence of LiCl.
CDCl2 was found to be the best solvent for polymerization because monomer conversion is
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fast even at a low concentration of catalyst and PDIs were narrow. Norbornene-based
monomer was converted into high molecular weight polymer in CDCl2, up to 200 monomer
repeating units. However, long cyclobutene-based polymers were not obtained. Since the
monomer showed fast initiation, propagation might not proceed quantitatively due to activity
loss of catalyst.
Triblock copolymers with a spacer block having hydroxyl groups were designed in
order to compare polymer properties based on hydrophobicity and rigidity. Relative
hydrophobicity of monomers was compared based on ClogP of monomers. ClogP has been
used to determine structure-activity relationships.120-122 ClogP of cyclobutene-based monomer
18 is -0.643. ClogP of norbornene-based monomers, 17 and 20 are 0.417 and -0.297. For all
triblock copolymers, A block contained same residue, galactose, thus the designed polymers
were designed to compare how the hydrophobicity of linker involved in CT B5-polymer
interactions.
Cyclobutene-based monomers provided flexible linear polymers which have fewer
covalent constraints than norbornene-based polymers. The difference in backbones of the two
monomers comes from the repeating cyclopentene derived from norbornene monomers and
flexible alkyl carbon chains in cyclobutene monomers.
All glycopolymers were successfully synthesized, but block copolymers which were
polymerized from monomers 17 and 19 were not soluble in water after removal of their
protecting groups. Therefore those polymers were not available for binding assays.
Incorporation of a mannose derivative into B block resulted in Copolymer-3. A mannose
derivative was selected because mannose is not involved specific interactions with CT B5. In
addition, it provides polymers having high water solubility.
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Triblock copolymers with a negative charge in the spacer block were generated from
norbornene monomers containing galactose in A block and glycine in B block (Copolymer-1
and -2). It was reported that negative charged polymers exhibited enhanced binding
affinity.109 Those polymers are designed to study how charged molecule affects binding of
polymers to CT B5 as well as polymer structure.

44

Chapter III
Evaluation of interactions of glycopolymers with
cholera toxin B subunit
I. Introduction
II. Results
III. Discussion
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I. Introduction
Accompanying methods to evaluate carbohydrate-protein interactions have been studied
with the development of synthetic ligands. It is known that a single carbohydrate has weak
binding affinity for their receptors (association constant  106 M-1). In biological systems,
multimeric carbohydrates are involved in tight binding. Numerous synthetic ligands have
been reported as mimics of nature and the assay methods to measure multivalent interactions
are required.
The interactions between saccharide and cholera toxin B subunits (CT B5) have been
extensively studied with fluorescence titration assays.123 From the crystal structure, it was
found that galactose is the major sugar moiety in GM1-oligosaccharide (GM1-OS, Galβ13GalNAc β1-4[NeuAcα2-3]Gal β1-4Glcβ1) that binds to CT B5. Fluorescence studies
determined that galactose induces bathochromic shifts in the emission spectrum of W88 of
CTB like GM1, because the indole ring of tryptophan (W88) stacks against the hydrophobic
-face of the galactosyl residue. Dissociation constants were determined to be 50 nM for
GM1, 40 mM for galactose, and 81 mM for lactose. The binding of galactose is weaker than
GM1 and is not cooperative, suggesting that GM1 communicate with adjacent CTB
monomers to stabilize CTB structure and to facilitate cooperative binding. This method has
been employed to determine the binding of synthetic ligands.
Another popular assay method to determine carbohydrate-CT B5 interactions is enzymelinked lectin assay (ELLA) which is a modified method of well-known enzyme-linked
immunosorbent assay (ELISA).78,124 This method is a competitive binding assay in which
ligands compete for binding to lectin-enzyme conjugate with immobilized GM1 in microtiter
plate wells. The development of color to detect concentration of lectin bound is inversely
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proportional to the affinity of competitor ligands and is used to determine IC50. However, the
limitation of this method is that 100% of maximal inhibition is rarely observed. In addition,
IC50 measured by ELLA is used to estimate dissociation constant, which is not always
reasonable.125 In spite of the limitations, ELLA is widely used because it is a simple and
convenient assay.
Isothermal titration microcalorimetry (ITC) has been used to evaluate carbohydrate-CT
B5 interactions by measuring the heat caused by binding events as a function of ligand
concentration. Direct interactions between ligands and receptors in solution provide enthalpy
and free energy. Based on the thermodynamic parameters, binding constants are calculated,
which is the major advantage of this method compared to other assays. However, ITC
requires large amounts of materials and technically the assay method is quite sensitive to
environment of samples such as temperature, buffer and concentration.126-128
New assay methods to evaluate CT B5- multivalent ligands have been reported for better
understanding of multivalency effects. Saturation transfer difference (STD) NMR
spectroscopy measured the difference between a saturation transfer spectrum and a normal
NMR spectrum.129 This method is useful to monitor molecular mobility from ligand binding
by measuring difference in its relaxation behavior. STD NMR has been developed mostly for
small molecules. Recently, STD NMR studies were carried out to determine binding constants
of bivalent ligands for CT B5 and binding epitope mapping.130
High-performance liquid affinity chromatography (HPLAC) was developed based on
affinity chromatography in which differences in binding affinities of ligands were evaluated
over cholera toxin bound column.131 Retention time of synthetic ligands was used to calculate
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Kd. However, the results of Kd was contradictory because interactions between multivalent
ligands and CT B5 resulted in broad peaks.
Real-time monitoring of protein-lectin interactions was performed by microarrays.132
Glycodendrimers with different valencies were attached to porous aluminum oxide flow
through microarray chip. The fluorescent signals detected when fluorophore-labeled lectins
bind to their ligands. However, this method showed only specificity of lectins for certain
sugars and whether it is multivalent or not, rather than measuring binding constant.

II. Results
A series of glycopolymers as multivalent ligands for CT B5 was evaluated for their
binding efficiency by fluorescence titration assay, ELISA and 1D 1H NMR spectroscopy. CT
B5 was prepared following the procedure in literature.133
The interactions of glycopolymers with CT B5 were measured by monitoring the
intrinsic fluorescence of Trp 88, the only tryptophan residue in the B subunit. Emission
spectra of protein were recorded with excitation wavelength at 280 nm. The spectrum of the
protein in presence of short homo-glycopolymers exhibited a decrease in intensity as function
of polymer concentration. The differences of intensity at 350 nm were normalized and plotted
in Figure 3-1. The short homopolymers behave monovalently. Unfortunately, the
glycopolymers are associated with problems around 310 nm in spectrum of CT B5-polymer
solutions and around 360 nm in spectrum of polymer solutions. It was supposed there are
several reasons such as aggregations of polymers in buffer solution, absorbance of residual
catalyst or end phenyl group of polymer. In addition, absorbance of polymer in emission
spectrum increased as the molecular weight of the polymer increased. When cut-off filter (320
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nm) was applied, signal around 310 nm was significantly reduced. DMSO was added to make
the polymer solutions uniformly soluble (Figure 3-2). However, it was not effective to reduce
emission intensity even in the presence of 10% DMSO.

H-1

(a)

Co-6

(b)

(c)
Copolymer-1
Copolymer-2
Homopolymer-3
Homopolymer-4
Homopolymer-5

fluorescence emission
intensity at 350 nm

15

10

5

0
1

10

100

polymer conc.(M)

Figure 3-1. Fluorescence titration assay: (a) Homopolymer-1, (b) Homopolymer-6, (c)
fluorescence intensity of glycopolymers at 350 nm. Emission intensity is normalized to 10.
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Figure 3-2. Fluorescence spectra of Homopolymer-3 (166µM) in presence of cut-off filter
and DMSO. Polymer only ( ), polymer/cut-off filter ( ), polymer/cut-off filter/5% DMSO
( ), polymer/cut-off filter/10% DMSO (
)

In addition, we tested how residual catalyst affected fluorescence even though a very
small amount of catalyst was left from polymerization process. Since catalyst and polymer
showed similar λmax (246 nm) in UV spectra, catalyst may fluorescent. However, the emission
intensity of catalyst was relatively low (5%) compared to that of polymers.
Excitation and emission spectra of polymers were screened to find optimal wavelength in
which emission of polymer is reduced and protein can be excited at the edge of absorbance of
tryptophan. However, changing excitation wavelengths did not eliminate absorbance around
360 nm in emission spectrum (Figure 3-3 and 3-4). In addition, this phenomenon was more
problematic with longer polymers
a)

b)

50

Figure 3-3. Fluorescence spectra of Homopolymer-3 (166 µM). (a) Excitation spectra with
emission wavelength from wavelength 320 nm to 350 nm, (b) Emission spectra with
excitation wavelength from 280 nm- 295 nm.
(a)

(b)

Figure 3-4. Fluorescence spectra of Homopolymer-4. (a) Emission spectrum with excitation
at 280nm, (b) Emission spectrum with excitation at 295nm
Since fluorescence titration assay was not efficient even though conditions were changed
such as cut-off filters, buffer and addition of organic solvents, a higher concentration of
protein (2.5 µM) was employed to increase the protein signal relative to the polymer signal.
Fluorescence spectra of glycopolymers resulted in better signal for binding. (Figure 3-4). The
changes in emission at 350 nm in the presence of homopolymers (Homopolymer-3, 4- and -5)
and triblock copolymers (Copolymer-1 and -2) are summarized in Figure 3-5.
Copolymer-1
Copolymer-2
Homopolymer-3
Homopolymer-4
Homopolymer-5

fluorescence emission
intensity at 350nm

15
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5

0
1

10

100

polymer conc.(uM)

Figure 3-5. Fluorescence titration assay with glycopolymers in the presence of 2.5µM CT B5
excitation at 295 nm
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ELISA
ELISA was carried out for evaluation of interactions of glycopolymers with CT B5. For
this study, CT B5 was expressed in E.coli following procedures in literature.133 The wellknown method for screening inhibitors of CT B5 is enzyme-linked lectin assay (ELLA) in
which commercial CT B5-HRP was used. With CT B5 in hands, the assay method was
modified where rabbit anti-cholera toxin-HRP was used to detect CT B5.
Microtiter plates were coated with 2 µg/ml of GM1. Various concentrations of
glycopolymers were preincubated with 4 ng/ml of CT B5. The polymer-CT B5 solutions were
transferred to the GM1 coated plates and incubated for 30 min. In this step, free CT B5 –
which does not bind to the polymers was bound to GM1 in plate wells and GM1- CT B5
complexes were detected by adding antibody. The development of color by 3,3',5,5'tetramethylbenzidine (TMB) solution was inversely proportional to binding efficiency of
polymers. Homopolymers and Copolymer-3 showed similar behavior (Figure 3-6 (a)-(d)).
Generally, the binding efficiencies increased as a function of polymer concentration.
Interestingly, moderate binding efficiencies were observed at low concentration of polymers.
Copolymer-1 and -2 showed similar results like homopolymers (Figure 3-6 (e) and (f)). From
biphasic pattern of ELISA results, we supposed that different structures of glycopolymers
might involve in CT B5 binding. Cyclobutene-based polymers (Copolymer-4 and -5)
exhibited different behaviors than other glycopolymers. The binding of those glycopolymers
to CT B5 increased as polymer concentration increased. However, no significant binding was
detected at low polymer concentrations (Figure 3-5 (g) and (h)).
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Figure 3-6. ELISA results for glycopolymers. (a) Homopolymer-3, (b) Homopolymer-4,
(c) Homopolymer-5, (d) Copolymer-3, (e) Copolymer-1, (f) Copolymer-2, (g) Copolymer-4,
(h) Copolymer-5.
1D 1H NMR study of glycopolymers-CT B5 complexes
Since the binding of cholera toxin B subunits to oligosaccharides of GM1 happened
near the tryptophan residue, NMR experiment was performed to monitor the interactions of
CT B5 with glycopolymers, especially in the aromatic region of aromatic group.
Homopolymer-2 was mixed with CT B5 in D2O at 298K. Homopolymer has one terminal
phenyl group which normally appeared as a small peak in D2O, allowing resonances of
aromatic groups in CT B5 to be distinguished from that of polymers. The spectrum of the
protein in the presence of polymers showed changes of resonance as polymer bound to the
protein between 6.0 to 9.0 ppm (Figure 3-7). Signals for the indole ring of tryptophan reside
around to 6.8 ppm and 7.18 ppm. The peaks of the protein become broaden and shifted
between 6.5 and 8.0 ppm and a new peak appeared at 8.66 ppm. The NMR study confirmed
Homopolymer-4 bound to CT B5 which cause changes of environment of binding sites of CT
B5.
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Homopolymer-2/ CT B5

CT B5

Figure 3-7. 1H NMR of Homopolymer-4 / CT B5 complexes (top) and free CT B5 (bottom).

III. Discussion
The binding of glycopolymers was evaluated using fluorescence titration assay, ELISA
and 1D 1H NMR. In this study, the main goal was to identify how the differences in structural
features of glycopolymers affect the CT B5 binding efficiencies.

Fluorescence titration assay
Glycopolymers containing galactose bind to CT B5 which causes changes in the
fluorescence spectrum of Trp 88 in CT B5 binding sites. As galactose moieties stack around
the indole ring of Trp 88, the environment for the indole ring becomes more hydrophobic,
resulting in a decrease in intensity of the emission spectrum with a blue shift of emission
maximum.123,134 Fluorescence titration assay was monitored between 300 nm and 400 nm
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with an excitation of 280nm. The emission intensity of CT B5 decreased as a function of
polymer concentration. However, norborene-based glycopolymers showed UV absorbance
around 280 nm and high intensity in emission spectrum around 320 nm and 350 nm.
Several issues were considered to explain this phenomenon such as polymer aggregates,
terminal phenyl group of polymers and polymer-protein aggregates. Terminal phenyl group
was not likely to affect emission spectrum because intensity of emission spectrum of
polymers increased as molecular weight of polymers increase. The more likely explanation is
that polymeric aggregates were involved in this experiment. DMSO increased solubility of the
aggregates which lead to reduce emission intensity around 300-320 nm. However, DMSO
was not sufficient to reduce emission intensity around 350-360 nm. It is more likely that the
spectrum arise from * or n transition within backbone of polymers because the
backbones of glycopolymers are composed of repeating olefin groups and many copies of
carbonyl groups. In addition, the polymer structures also affected the transition because
cyclobutene-based polymers did not show any UV absorbance or fluorescence. Higher
concentrations of CT B5 gave better inhibition pattern in emission spectrum because relative
amount of protein signal increased. However, experimental difficulties resulted from high
emission intensity of polymers made titration assay inaccurate. Thus another method was
required to probe binding of polymers to CT B5.

ELISA
To pursue the main goals of exploring the effects of polymer structures in the process of
polymer-protein binding events, the binding efficiencies of glycopolymers were evaluated by
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ELISA. Glycopolymers containing structural diversity in the presence of CT B5 resulted in
variable differences in enhanced binding affinity.
Homopolymers, -3,-4 and -5 and Copolymer-3 showed similar binding patterns. Binding
affinities reached moderate values at low polymer concentration and dropped to a minimum
value. Then the binding of the polymers increased as function of polymer concentration. It
was suggested that polymeric aggregates were involved in polymer-CT B5 interactions. This
phenomenon is also comparable with the result of fluorescence titration assay. At low
polymer concentrations, polymers reside mainly as unimers in which a small portion of
polymer is bound to the protein. When the concentration of polymer is high enough to form a
micelle, the polymeric micelle interacts with CT B5, resulting that binding efficiencies of
polymers were achieved as polymer concentration increase.
The ELISA results of Copolymer 1- and -2 resulted in plots similar to those for
homopolymers. In a later study (Chapter 4), the structural features of those polymers are
discussed as they did not form micelles, which do not explain ELISA results of the polymers
to CT B5. It was suggested binding affinity at low polymer concentration was likely due to
favorable electrostatic interactions with CT B5. It was reported that the main amino acids
nearby receptor binding sites of CT B5 are positively charged and neutral residues.109
Copolymer-1 and -2 were composed of mainly negatively charged residues which lead more
favorable polymer-protein interactions.
The results of ELISA for Copolymer 4- and -5 were different from those of other
polymers. It was found that the binding efficiencies of the polymers increased depending on
polymer concentration. However, binding of the polymers at low concentration was not
detected. It was confirmed in fluorescence titration assay, the spectra of Copolymer-4 and 5
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were not the same as those of other polymers. In addition, CMC values of those polymers
(Chapter 4) are higher than for other polymers. This further supports the importance of
micelles. It is implied that Copolymer-4 and -5 behave differently in the binding events which
arise from difference structures in backbone and side chain structure.

1D 1H NMR study of glycopolymers-CT B5 complexes
The NMR study was carried out to measure differences in resonance of CT B5 in
presence of Homopolymer-4. The receptor binding sites of CT B5 have a tryptophan residue,
thus NMR spectrum of the protein in aromatic region exhibited resonance changes as polymer
bound to the protein. This method might be a direct method to monitor interactions between
polymers and protein. There are no significant peaks of polymers in aromatic region, thus
NMR spectrum of polymer-protein complexes was distinguishable from that of free CT B5.
The result of NMR study revealed that protein peaks appeared/disappeared obtained upon
addition of polymers. However, signals in NMR spectrum of the protein were broad and
aromatic residues other than Trp reside in the protein. Thus this experiment supported that
polymers bound CT B5, but cannot provide conformational detail or quantitative analysis for
the binding events of glycopolymers.
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Chapter IV
Characterization of glycopolymers: Self-assembly
I. Introduction
II. Results
III. Discussion
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I. Introduction

Numerous types of block polymers have been developed and applied in the biomedical
and biomaterial arenas. Natural molecules, lipids, proteins, amino acids, nucleic acids and
carbohydrates have been incorporated into synthetic blocks as hydrophilic components.135-137
The activity of synthetic block copolymers has been extensively investigated to generate selfassembled structures. Self-assembled block copolymers form various shapes in micelles,
ellipsoids, disks, cylinders, vesicles, or lamellae depending on the structure of
macromolecules, concentration, solvent environment and non-covalent interactions such as
hydrogen bonding and - interactions.86,138,139
The self-assembly of glycopolymers has been reported for block copolymers containing
hydrophobic alkyl chain block and a hydrophilic terminal sugar block.140-144 Rarely, has it
been reported that homo-glycopolymers can self-assemble into aggregated structures.145-147
Although homo-glycopolymers cannot phase separate like structures for block copolymers are,
hydrophilic saccharide moieties and hydrophobic backbones can associate through the
hydrophobic effect and hydrogen bonding to form aggregates.
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Figure 4-1. Examples of self-assembled glycopolymers: (a) Hydrophilically modified 1,2polybutadienes block copolymer (R=glucose)14 (b) Poly[2-- D-glucosyloxy]ethyl acrylate.13
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In addition, self-assembled structures of multivalent ligands showed enhanced
binding efficiency for their receptors. Glycodendrimers were self-assembled into noncovalent
nanoparticles in the presence of receptor.148 The dendrimer particles behave like polyvalent
ligands, which efficiently inhibit polyvalent processes both in vitro and in vivo. Multivalency
of two different structures of multivalent ligands were compared.149 Dendritic peptides and
micellar peptides resulted in enhanced binding efficiency. However, self-assembled structure
showed slightly higher affinities.
The formation of a micelle is a cooperative process.150 Micelles are thermodynamically
stable. The critical micelle concentration (CMC) is an important parameter for self-assembled
structures. Self-assembly into a micelle is driven by hydrophobic interactions between alkyl
chains of self-assembled molecules. When amphiphilic molecules are immersed into water,
energetically less favorable interactions between water and hydrophobic chain are eliminated
to minimize their free energy. Therefore, hydrophobic chains go into the micelle core, and
hydrophilic chains remain on the surface of micelle. Some surfactants form bilayer structures,
vesicles which are spherical and can be unilamellar or multilamellar. Unlike micelles, vesicles
may not be thermodynamically stable. Another difference between vesicles and micelles is
that vesicles have some aqueous phase inside.
There are several ways to measure CMC values such as tensiometry, conductivity
fluorimetery, and calorimetery. Spectral methods using dye molecules are also used to
determine CMC values. Pyrene is a widely used fluorescence probe because its emission
characteristics are sensitive to the local environment, which allows measurement of the CMC
of amphiphilic molecules. The solvent shifts of pyrene are observed in the emission spectrum
between 370 and 410 nm in which there are five emissions peaks at 373, 379, 383, 389 and
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392 nm. 151,152 Other fluorescence dyes to measure CMC are N-phenyl-1-napthylamine (PNA)
and 1, 6-diphenyl-1, 3, 5-hexatriene (DPH).153,154 PNA is a charged fluorescence dye. If
detergents or amphiphilic molecules have opposite charges, measurements of CMC do not
work.155 DPH is a neutral probe which can be avoid charge effects in CMC measurement
assays.154

II. Results
CMC value
Aqueous

solutions

of

glycopolymers

were

mixed

with

pyrene

(benzo[def]phenanthrene ) and incubated for 17 hours to reach equilibrium. Emission spectra
of pyrene were obtained between 350 and 450 nm with excitation at 335 nm. The intensity of
emission increased as a function of polymer concentration (Figure 4-2a). The change in
intensity of the first peak at 371 nm was plotted against polymer concentration (Figure 4-2b).
Homopolymers,-3, -4, -5 and Copolymer-3 showed sharp transitions in emission intensity as
concentration of polymer increased, consistent with the formation of micelles. This transition
reflects that the glycopolymers form a hydrophobic core in which pyrene resides. However,
the emission spectra of Copolymer-1 and -2 containing carboxyl groups and did not show
changes typical of micelle formation. CMC values were determined by plotting the change in
intensity of first peak (II) of pyrene against polymer concentration.156,157
To confirm self-assembly of glycopolymers, CMC measurements of Homopolymers and
Copolymer-1 and -2 were performed in phosphate buffer with a second probe, 1, 6-diphenyl-1,
3, 5-hexatriene (DPH). Emission intensity of DPH at 428 nm decreased as polymer
concentration increased (Figure 4-3). CMC values were determined by plotting the change in

62

emission maxima of florescence dye against polymer concentration. Copolymer-1 and -2 was
not able to measure CMC in water. However, CMC of Copolymer-1 and -2 in phosphate
buffer was determined with DPH, indicating that Copolymer-1 and -2 self-assemble into
polymeric aggregates in phosphate buffer.
Titration of pyrene with Copolymer -4 and -5 indicated that their behavior were different
than other polymers. Their aggregation behavior was tested with second probes, N-phenyl-1napthylamine (PNA) and 1, 6-diphenyl-1, 3, 5-hexatriene (DPH). PNA is a hydrophobic
probe which strongly emits in nonpolar solvents, while it is quenched in polar solvents.153,158
The change of environment of PNA was detected as the resulting intensity of emission
increased as a function of polymer concentration. In addition, the emission maximum of PNA
showed blueshift from 460 nm to 438 nm (Figure 4-4). 1, 6-diphenyl-1, 3, 5-hexatriene (DPH)
was used to confirm self-assembly of Copolymer-4 and -5. Emission intensity of DPH at 428
nm decreased as a function of polymer concentration (Figure 4-5). The CMC values for all
glycopolymers were determined from the transition point between the two lines of different
slopes and are summarized in Table 4-1.
Table 4-1. Characterization of a series of glycopolymers
CMC (mg/ml)

Diameter (nm)

Homopolymer-3

0.026a (0.039)c

311d (316)e

Homopolymer-4

0.033a (0.064)c

303d (236)e

Homopolymer-5

0.022a (0.094)c

322d (433)e

Copolymer-1

0.148c

394d (260)e

Copolymer-2

0.171c

894d (385)e

Copolymer-3

0.085a

205d

Copolymer-4

0.026b (0.13)c

221d (261)e

Copolymer-5

0.013b (0.0067)c

347d (370)e
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a

determined with fluorecence probe, pyrene
determined with fluorecence probe, PNA
c
determined with fluorecence probe, DPH
d
measured by DLS in water
e
measured by DLS in phosphate-buffered saline (pH 7.2) containing 150 mM NaCl
b
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Figure 4-2. Fluorescence intensity of pyrene in the presence of Homopolymer-3. (a) Emission
spectra with excitation 334nm wavelengthas function of polymer concentration (b) Emission
intensity at 371nm as a fucntion of polymer concentration to determine CMC. [pyrene]=110
-7
M, polymer solutions were preapered in water. All measurements were performed at 24°C.
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Figure 4-3. (a) Fluorescence intensity of DPH in the presence of Homopolymer-3. (a)
Emission spectra with excitation 358 nm wavelengthas function of polymer concentration (b)
Emission intensity at 428 nm as a fucntion of polymer concentration to determine CMC.
[DPH]= 0.510-6 M, polymer solutions were preapered in phosphate buffer (pH=7.2). All
measurements were performed at 24°C.
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Figure 4-4. (a) Fluorescence intensity of PNA in the presence of Copolymer-4. (a) Emission
spectra with excitation 340 nm wavelength as function of polymer concentration (b) Emission
intensity at 420 nm as a function of polymer concentration to determine CMC. [PNA]= 610-6
M, polymer solutions were prepaered in water. All measurements were performed at 24°C.
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Figure 4-5. (a) Fluorescence intensity of DPH in the presence of Copolymer-4. (a) Emission
spectra with excitation 358 nm wavelengthas function of polymer concentration (b) Emission
intensity at 430 nm as a fucntion of polymer concentration to determine CMC. [DPH]=
0.510-6 M, polymer solutions were preapered in phosphate buffer (pH=7.2). All
measurements were performed at 24°C.
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Size and morphology
The sizes of glycopolymers were measured by dynamic light scattering (DLS) and are
summarized in Table 4-1. For measuring diameters of glycopolymers, all polymer solutions
were prepared in water and phosphate buffer at 1 mg/ml. Particle size of glycopolymers did
not show big difference both in water and in phosphate buffer except for Copolymer -1 and -2.
Particle-size

displayed

multimodal

distributions

for

all

glycopolymers.

For

homopolymers (Homopolymer-3, -4 and -5), polymeric particles showed two discrete
distributions around 100 nm and 400-500 nm, suggesting that homopolymers form micelles
and aggregates of micelles. In intensity distribution, dominant peaks are large aggregates
around 300-400 nm because large aggregates exhibit stronger scattering than small particles
(Figure 4-6). To remove large aggregates, polymer solutions were filtered using a 0.45 µm
filter. The size of polymers after filtration resulted in small micelles and their aggregates,
suggesting that filtration breaks up or separates large particles (Figure 4-7).

(a)

(b)

Figure 4-6. Size distribution for Homopolymer-3 (a) and -5 (b) by DLS. Polymer solutions
were prepared in water (1 mg/ml).
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(a)

(b)

Figure 4-7. Size distribution for Homopolymer-4 by DLS before 0.45 µm filtration (a) and
after 0.45 µm filtration (b). Polymer solutions were prepared in water (1 mg/ml).
The particle size of Copolymer-3 was relatively smaller than homopolymers. It was found
that Copolymer-1 and -2 have the biggest diameter among the glycopolymers, 394 nm and
894 nm in water, respectively. However, diameter of Copolymer-1 and -2 in buffer was
smaller than in water, 260 nm and 385 nm, respectively. The average size distribution of
Copolymer-4 and -5 was 221 and 347 nm. A high amount of small particles less than 40 nm
were found in the polymer solutions (Figure 4-8).

(a)

(b)

Figure 4-8. Size distribution for Copolymer-4 (a) and Copolymer-5 (b) by DLS. Polymer
solutions were prepared in water (1 mg/ml).

70

Size determined by DLS correlated with the CMC value determined by fluorescence
intensity (Figure 4-9). Polymer aggregates were detected by DLS above the CMC, but no
significant particles existed in solution below the CMC.
In addition, a significant increase in diameter was not observed in polymer-protein
complexes compared to polymer alone, the protein did not induce further aggregation (Figure
4-8).
(a)

(b)
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Figure 4-9. (a) Diameter distribution of Homopolymer-4/ CT B5 complexes (b) Pyrene
fluorescence intensity as a function of polymer concentration was used to determine CMC
value. The particle diameter is measured by DLS concomitantly with the change of
fluorescence intensity change. Polymer solutions were prepared in water (1 mg/ml). ( )
Fluorescence intensity ( ) Diameter measured by DLS.

TEM
Glycopolymers morphology was determined by transmission electron microscopy (TEM).
Homopolymer-3 and -4 and Copolymer-1, -4, -5 were used for TEM analyses. The spherical
polymeric aggregates of Homopolymer -3, -4 and Copolymer-4, -5 were observed in the TEM
images (Figure 4-10). Negative staining with uranyl acetate was used to detect polymer
samples. The hydrophilic periphery of the micelle stains, whereas the hydrophobic interior is
unstained. The size of the glycopolymer particles was heterogeneous, but consistent with DLS
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results. The diameters of Homopolymer-4 and Copolymer-4 were similar. A higher density of
spherical shape of polymeric aggregates was observed in Homopolymer-4 than Copolymer-4.
However, the spherical polymeric aggregates were not found in TEM image of Copolymer-1.

(a)

(b)

Figure 4-10. Self-assembled structures of Homopolymer-4 (a) and Copolymer-4 (b). TEM
image shows the spherical polymeric aggregates in aqueous solution (5 mg/ml). Scale bar is
100 nm. Samples were deposited onto Formvar coated 400 mesh copper grids and were
counter stained with aqueous 2% uranyl acetate. TEM was performed at a 120 kV
accelerating voltage
2D-1H,1H- NOESY- NMR spectroscopy
Further study to confirm the self-assembled structure of glycopolymers was conducted
using 2D-1H,1H- NOESY-NMR spectroscopy (Figure 4-11). NMR study of Homopolymer-3
is representative of self-assembled polymeric structure. The polymer solution was prepared in
1 % (w/v) solution in DMSO-d6. The signals for galactose units reside at  4.78, 3.92-4.01
and 3.10-3.15. Olefin protons in the polymer backbone appeared at  5.2-5.4. Cross peaks
between galactose moieties and olefin protons in the polymer backbone appeared for the
linkers to the sugar moieties. There were no cross peaks between backbone protons and
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galactose protons. The galactose cross peaks only appeared in the region of galactose itself.
The results indicate that the hydrophobic backbone only interacted with backbone and linker
residues. The absence of cross peaks of sugar moieties with protons of backbones also
reflected that there is only hydrogen bonding interactions between hydrophilic segments.

Figure 4-11. 2D-1H,1H- NOESY- NMR of Homopolymer-3 (600MHz, mixing time : 600 ms
at room temperature). 1 % (w/v) Homopolymer-1 was prepared in DMSO-d6.
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III. Discussion

In order to identify morphology and behavior of synthetic glycopolymers in aqueous
solution, we performed characterization of glycopolymers by measuring CMC values,
diameter and morphology. Glycopolymers exhibited different structural features depending on
composition of polymer chains.
Comparing CMC values for homopolymers (Homopolymer-3, -4 and -5), no significant
difference was found between them for values determined with pyrene in water. However,
CMCs determined with DPH in phosphate buffer showed that glycopolymers with a higher
number of repeating units have higher CMC values. These polymers have the same molecular
structures with different numbers of repeating units. Diameters in both water and phosphate
buffer measured by DLS resulted in similar size for those polymers. It demonstrates that the
length of polymers did not influence the supramolecular structure of the polymeric micelles.
The effects of valency as well as composition of glycopolymers were critical for
polymeric micelle formation. Comparing the same length, Homopolymer-3 and Copolymer-3,
Homopolymer-3 has a lower CMC value. Homopolymer-3 has a galactose moiety as a
repeating unit. Copolymer-3 has mannose moieties as a spacer and shorter linkers to the sugar
than Homopolymer-3. The lower CMC results from different intra-/ inter-molecular
interactions of linker and sugar moieties in the polymers.
Regarding Copolymer-3 and Copolymer-4, the dependence of architecture on polymer
composition was revealed. Copolymer-3 and Copolymer-4 have the same length, but different
backbones, norbornene and cyclobutene, respectively. The monomer repeat of these polymers
have similar hydrophobicities (ClogP of copolymer-3: -0.498 and ClogP of copolymer-4:
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0.643). In addition, the size of those polymeric particles measured by DLS are similar, 205
nm for Copolymer-3 and 221 nm for Copolymer-4. However, we found that Copolymer-4 was
different from Copolymer-3 based on the results of CMC value. CMC value of Copolymer-4
and -5 was not determined by pyrene probe. Second fluorescence dyes, PNA and DPH
enabled to measure CMC of Copolymer -4 and -5. It was not explained the reason pyrene do
not work. However, it is supposed that the differences in polymer behavior in aqueous
solution are due to the cyclobutene backbone which is less rigid than the norbornene
backbone. Sugar molecules also affected the structure of the polymers because Copolymer-4
has many copies of hydroxyl groups instead of sugar molecules.
Homopolymer-3 and Copolymer-1 (or Homopolymer-4 and Copolymer-2) have same
length of polymer chain and similar monomer hydrphobicities (ClogP of monomer for
Homopolymer-3: -2.045 and ClogP of monomer for Copolymer-1: -2.183). However,
Copolymer-1 and -2 form polymeric aggregates in phosphate buffer, not in water. Those
copolymers possess negatively charged side chains. It is supposed that strong repulsion of
negative charged residues interfere with formation of polymeric aggregates in water, whereas
the electrostatic shielding of saltings allows polymers to aggregate.
The diameter and morphology of glycopolymers were measured by DLS and TEM.
Spherical aggregates of homo-glycopolymers were exhibited in TEM images. Negative
staining method using uranyl acetate clearly showed that spherical polymeric micelles have
hydrophobic interior and hydrophilic periphery. The sizes were consistent with the value
measured by DLS.
Triblock copolymer having mannose as a spacer (Copolymer-3) had a smaller diameter
(205 nm) than homopolymers. Copolymer-3 has shorter linkers between sugar and backbone
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than those in homopolymers, which might result in smaller size of polymeric aggregates.
Copolymer -1 and -2 exhibited bigger size in water. However, polymer solution of Copolymer
-1 and -2 in phosphate buffer showed diameters of those polymers were smaller than in water.
TEM image of Copolymer-4 and -5 exhibited spherical polymeric aggregates. Average
diameters of copolymers are similar to homopolymers.
CMC result is consistent with the diameters determined by DLS. From the study of
Homopolymer-3, the polymeric particles of were observed above CMC in which diameters
were constant around 300 nm. Polymeric unimers mainly reside below CMC, which were not
detected by DLS. Additionally, similar sizes of polymeric aggregates were found at a higher
concentration of CMC, indicating that polymeric aggregates are stable during dilution
processes.
In 2D-1H,1H- NOESY- NMR spectrum, a nuclear overhauser effect (NOE) was not
detected between galactose protons and olefin protons in polymer backbones. It indicated that
hydrophobic segment composed of backbones of polymers did not contact with hydrophilic
sugar segments.
Based on CMC results, DLS and TEM, the glycopolymers except for Copolymer-1 and -2
form spherical micelles. In their aggregates, hydrophilic sugar moieties are located on the
surface and hydrophobic backbones are inside of micelles (Figure 4-12a). It is supposed that
two different structure of glycopolymers, spherical polymeric aggregates and linear shape are
involved in the binding to CT B5 (Figure 4-12b).
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(a)

(b)

Figure 4-12. (a) Proposed structure of self-assembled glycopolymers and (b) Proposed
structure of glycopolymer/ CT B5( )complexes for self-assembled glycopolymers (top) and
linear glycopolymers (bottom).

Table 4-2. Summary of characterization of a series of glycopolymers
Polymer
name

Polymer
randomcoil
(Å )

Randomcoil
distances
between
spacers

IC501a

IC502a

mg/ml
(µM)

mg/ml
(µM)

1.6610-5

0.1458

(0.0007)

CMC
(mg/ml)

Diameter
(nm)

311e

(5.83)

0.026b
(0.039)d

(316)f

(Å )
Homopolymer-3

38.2

-

Homopolymer-4

54.0

-

<6.0210-5*
(0.0006)

0.011
(0.22)

0.033b
(0.064)d

303e
(236)f

Homopolymer-5

76.4

-

<0.0002*
(0.0017)

0.59
(5.9)

0.022b
(0.094)d

322e
(433)f

Copolymer-1

38.2

36.6

7.0410-6
(0.0007)

0.1
(9.4)

0.148d

394e
(260)f
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Copolymer-2

54

52.9

<1.5110-5*
(0.0007)

0.084
(3.8)

0.171d

894e
(385)f

Copolymer-3

38.2

37.4

<1.8810-5*
(0.0005)

0.4407
(12.53)

0.085b

205e

Copolymer-4

31.6

31

0.052
(6.75)

0.026c
(0.013)d

221e
(261)f

Copolymer-5

44.7

44.2

0.004
(0.27)

0.013c
(0.0067)d

347e
(370)f

a

determined by ELISA
determined with fluorecence probe, pyrene
c
determined with fluorecence probe, PNA
d
determined with fluorecence probe, DPH
e
measured by DLS in water
f
measured by DLS in phosphate-buffered saline (pH 7.2) containing 150 mM NaCl
* estimate value from ELISA
b
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Chapter V
Experimental Methods
I. Synthesis of monomers and polymers
II. Analysis of glycopolymer binding to cholera toxin B subunit
III. Characterization of self-assembled structures
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I. Synthesis of monomers and polymers

Materials and methods. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC•HCl) and N-hydroxybenzotriazole (HOBt) purchased from Advanced Chem Tech
(Louisville, KY). Solvent and reagents were purchased from Fisher Scientific, Inc (Sprinfield,
NJ). (H2IMes)(PCy)2Cl2Ru=CHPh was purchased from Sigma-Aldrich (Milwaukee, WI). 3rd
generation Grubbs Catalyst, (H2IMes)(BrPyr)2Cl2Ru=CHPh 23 was prepared according to the
literature.159 All solvents were dried under N2 before use. For analytical thin layer
chromatography (TLC), pre-coated silica gel plates (60F254) were used. TLC spots were
detected by UV light and by staining with phosphomolybdic acid (PMA) or ninhydrin.
Molecular weight was determined by gel permeation chromatography (Phenogel 5µM MXL)
eluting with THF using UV/VIS detector. Mass spectra were acquired on an Agilent 1100LC
(API-ES)/MSD-VL. NMR spectra were recorded on Varian 400, 500 and 600 MHz
spectrometers.

5-norbornene-exo-carboxylic acid.50 Dicyclopentadiene (6 g, 0.05 mol) was heated to
produce cyclopentadiene. The desired product was collected in an acetone-dry ice bath (5 g,
0.07 mol). Cyclopentadiene and methyl acrylate (7.2 g, 0.08 mol) were dissolved in dry
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CH2Cl2. The mixture was maintained at reflux for 10 h. After removing the solvent under
reduced pressure, the crude product was dissolved in NaOCH3/MeOH (3 g NaOCH3 in 20 mL
MeOH). The reaction mixture was maintained at reflux for 5 h, and then the solvent was
evaporated.

The crude product was dissolved in H2O (20 mL) and the solution was

maintained at reflux until the methyl ester was transformed into the acid (about 8 h). The
reaction mixture was cooled to rt, and then extracted with Et2O (320 mL). The aqueous
phases were acidified to pH 2 with 30% H2SO4, and extracted with Et2O (320 mL). The
combined ether phase was washed with cold H2O (320 mL), dried over Na2SO4, and then
evaporated. The resulting acid mixture was dissolved in a solution of NaHCO3 (8.2 g, 0.09
mol) in H2O (135 mL). A solution of I2 (8.2 g, 0.03 mol) and KI (16.2 g, 0.09 mol) in H2O
(125 mL) was added dropwise via an addition funnel until a dark brown color persisted. 10%
Na2S2O3 solution was added to the aqueous phase to decolorize the solution. The resulting
solution was acidified to pH 2 with 1N H2SO4, and then extracted with Et2O (4  30 mL). The
aqueous phase was readjusted to pH 2, extracted with Et2O (20 mL), and the combined ether
phases dried over anhydrous Na2SO4. The combined ether phases were evaporated to give pale
yellow oil. The resulting oil was precipitated form cold pentane (-78 C) to yield pure exo
acid (4.1 g, 40%) as pale yellow solid. 1H NMR (400 MHz, D2O)  6.11 (dd, J = 5.5 Hz, 3.0
Hz, 2H), 3.13 (br s, 1H), 2.90 (br s, 1H), 2.22 (dd, J = 9.5 Hz, 5.0 Hz, 1H), 1.92 (dt, J = 12.0
Hz, 4.0 Hz, 1H), 1.31-1.50 (m, 3H). All 1H NMR data were consistent with literature.50

Cyclobutene-1-carboxylic acid.160 KOH (6 g, 107 mmol) was dissolved in toluene (90 mL)
by heating to 130°C. After the mixture cooled to rt, ethyl 1-bromocyclobutanecarboxylate
(4.90 g, 23.7 mmol) was added dropwise to the solution. The reaction mixture was heated at
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reflux for 1 h. After it cooled to rt, cold H2O (60 mL) was added, and the aqueous phase was
washed with pentane (2 x 40 mL). After the pH of aqueous phase was adjusted to 2.5 with
30% aq H2SO4, the product was extracted with Et2O (4 x 40 mL). The combined ether
extracts were dried over anhydrous Na2SO4 and the Et2O was evaporated. The resulting
product was dissolved in pentane (50 mL). The upper phase was separated and was stirred for
20 min in an acetone-dry ice bath. The white precipitate was filtered and dried (1.1 g, 47%).
The final product was stored at -20 °C. 1H NMR (400 MHz, D2O)  6.94 (t, J = 1.2 Hz, 1H),
2.76 (t, J = 3.2 Hz, 2H), 2.51 (td, J = 3.2 Hz, 1.2 Hz, 2H). All 1H NMR data were consistent
with the literature.160

Pentaacetyl-D-galactose, 1.112 Acetic anhydride (31.5 mL, 333 mmol) was slowly added to
a solution of D-galactose (3 g, 16.65 mmol) in dry pyridine (33 mL) at 0 °C under N2. The
reaction mixture was stirred at 0 °C for 1 h before a catalytic amount of DMAP (200 mg, 1.67
mmol) was added. As the reaction mixture was allowed to reach rt, the reaction became
slightly exothermic. After 6 h, the clear yellow mixture was slowly poured into 500 mL of
fast stirring ice-water, giving a sticky solid. After EtOAc extraction (75 mL), evaporation of
the solvent, and coevaporations with dry toluene, 1 was obtained as an clear oil (5.77 g, 89 %).
1

H NMR (600 MHz, CDCl3) δ 6.39 (br s, 1H), 5.52 (br s, 1H), 5.35 (br s, 2H), 4.35 - 4.37 (m,

1H), 4.08 - 4.15 (m, 2H), 2.14 - 2.17 (br s, 6H), 2.02 - 2.11 (br s, 9H). All 1H NMR data were
consistent with literature.112

1--Bromo-2,3,4,6-tetraacetyl-D-galactose, 2.112

Compound 1 (5.77 g, 14.7 mmol) was

dissolved in 20 mL of a solution of HBr in acetic acid (30% w/w, 14.7 mmol). After 1 h, all
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the acetic acid was evaporated and coevaporated with dry toluene. 2 was obtained as a brown
oil (5.69 g, 94%). Due to instability, no further purification was undertaken. 1H NMR (500
MHz, CDCl3) δ 7.19 - 7.27 (m, 2H), 6.71 - 6.72 (br s, 1H), 5.54 (br s, 1H), 5.42 (dd, J = 7.0
Hz, 3.5 Hz, 1H), 5.01 (dd, J = 7.0 Hz, 3.5 Hz, 1H), 4.51 (t, J = 6.0 Hz, 1H), 4.11 - 4.23 (m,
2H), 2.17 (s, 3H), 2.13 (s, 3H), 2.08 (s, 3H), 2.03 (s, 3H). All 1H NMR data were consistent
with the literature.112

1--Azido-2,3,4,6-tetraacetyl-D-galactose,

3.112

NaN3

(4.5

g,

69.1

mmol),

tetrabutylammonium hydrogen sulfate (4.7 g, 13.8 mmol) and 57 mL of a saturated solution
of NaHCO3 was added to a solution of 2 (5.69 g, 13.8 mmol) in CH2Cl2 (57 mL) at rt. The
reaction mixture was stirred vigorously at rt for 3 h and diluted with EtOAc (500 mL). The
organic layer was washed with 200 mL of a saturated solution of NaHCO3 and evaporated
under reduced pressure. Crude 3 was obtained as a pale yellow solid (5.02 g, 97%).
Recrystallization from MeOH yielded 3 as white crystals.1H NMR (600 MHz, CDCl3) δ 5.44
(d, J = 3.0 Hz, 1H), 5.17 (m, 1H), 5.05 (dd, J = 8.1 Hz, 4.2 Hz, 1H), 4.61 (d, J = 10.2 Hz, 1H),
4.19 (m, 2H), 4.04 (m, 1H), 2.19 (s, 3H), 2.11 (s, 3H), 2.08 (s, 3H), 2.01 (s, 3H). All 1H NMR
data were consistent with the literature.112

Pentaacetyl-D-mannose, 4.113 Pentaacetyl-D-mannose was prepared according to the
procedure as Liptak et al with minor modification.113 Acetic anhydride (21 mL, 222 mmol)
was slowly added to a solution of D-mannose (2 g, 11.1 mmol) in dry pyridine (33 mL) at
0 °C under N2. The reaction mixture was stirred at 0 °C for 1 h before a catalytic amount of
DMAP (133mg, 1.1 mmol) was added. As the reaction mixture was allowed to reach rt, the
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reaction became slightly exothermic. After 6 h, the clear yellow mixture was slowly poured
into 500 mL of fast stirring ice-water, giving a sticky solid. After EtOAc extraction (75 mL),
evaporation of the solvent, and coevaporation with dry toluene, 4 was obtained as a clear oil
(3.89 g, 90%). 1H NMR (600 MHz, CDCl3) δ 6.06 (br s, 1H), 5.31 (br s, 1H), 5.24 (br s, 2H),
4.26 (m, 1H), 4.03 - 4.09 (m, 2H), 2.14 - 2.32 (br s, 6H), 2.06 (br s, 3H), 1.98 (br s, 3H), 1.69
(br s, 3H).

Pentaacetyl-D-mannose-Cl, 6.114 Pentaacetyl-D-mannose-Cl was prepared according to the
procedure as Kleinert et al with minor modification.114 Hydrazine acetate (0.37 g, 4.03 mmol)
was slowly added to a solution of 4 (1.31 g, 3.36 mmol) in dried DMF under N2. The reaction
mixture was stirred at 40 - 50 oC for 3 h. After pouring EtOAc (50 mL) to the reaction
mixture, the organic layer was washed with H2O and brine, dried over MgSO4, and
concentrated under vacuum to afford tetraacetyl-D-mannose-OH as an oil (1.11 g, 95%). To a
solution of the crude mannose-OH (1.11 g, 3.21 mmol) in dried CH2Cl2 (18 mL) was added
trichloroacetonitrile, CCl3CN (3.17 mL, 0.03 mol) and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) (48 mg, 0.32 mmol) at rt under N2. The reaction mixture became brown after 30 min,
and then was stirred a further 3.5 h. The reaction mixture was diluted with EtOAc. The
organic layer was washed with a saturated solution of NaHCO3, dried over MgSO4, filtered,
and evaporated under reduced pressure. Purification by flash chromatography (nhexane/EtOAc, 7/3) gave crude 5 as a pale yellow gel (0.92 g, 56% for 2 steps). To a solution
of 5 (0.92 g, 1.87 mmol) and 2-chloroethanol (751.6 mg, 9.34 mmol) in dried CH2Cl2 (18 mL)
was added BF3.OEt2 (42.5 mg, 0.37 mmol) at -78 oC under N2. The reaction mixture was
stirred for 3 h at -60 to -70 oC and then allowed to warm to rt. The reaction mixture was
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diluted with CH2Cl2 (85 mL) and then washed with 1N-HCl, 5% NaHCO3, and H2O. The
organic layer was dried over MgSO4 and concentrated under vacuum. Purification by flash
chromatography (n-hexane/EtOAc, 5/5) gave 6 (537 mg, 70%) as a pale yellow gel. 1H NMR
(600 MHz, CDCl3) δ 8.78 (s, 1H), 6.28 (br s, 1H), 5.47 (br s, 1H), 5.39 - 5.40 (m, 2H), 4.26 4.29 (m, 1H), 4.15 - 4.19 (m, 3H), 2.19 (s, 3H), 2.07 (s, 3H), 2.06 (, 3H), 2.00 (s, 3H).

-Azido-2,3,4,6-tetraacetyl-D-mannose, 7.115 -Azido-2,3,4,6-tetraacetyl-D-mannose was
prepared according to the procedure as Sun et al with minor modification.115 The mannose-Cl,
6 (0.75 g, 1.83 mmol) and NaN3 (1.19 g, 18.3 mmol) were dissolved in a mixture of DMSO
(25 mL) and H2O (5 mL). The reaction mixture was stirred for 3 days at 60 - 70 oC under N2.
The orange colored solution was diluted with EtOAc and then subsequently washed with 1NHCl, 5% NaHCO3, and H2O. The organic layer was dried over MgSO4 and concentrated
under vacuum to afford 7 (452 mg, 61%) as a pale yellow gel. 1H NMR (600 MHz, CDCl3) δ
5.27 - 5.37 (m, 3H), 4.86 (s, 1H), 4.27 - 4.30 (m, 1H), 4.11 - 4.14 (m, 2H), 3.80 (m, 1H), 3.48
(m, 1H), 3.46 - 3.48 (m, 2H), 2.61 (s, 1H), 2.15 (s, 3H), 2.14 (s, 3H), 2.08 (s, 3H), 1.99 (s,
3H).

5-Benzyloxycarbonyl-aminopentanoic acid, 8. 5-aminovaleric acid (0.5 g, 4.3 mmol) was
dissolved in a 2N aqueous sodium hydroxide solution (0.6 mL) and the solution was cooled in
an ice bath to 0 C. Under vigorous stirring, benzyl chloroformate (736 L, 5.2 mmol) and a
2N aqueous NaOH solution (0.6 mL) were simultaneously added within 2 min. The mixture
was stirred for 30 min at rt and washed with Et2O (20 mL). The aqueous phase was separated
and acidified with conc. HCl to pH 2. The resulting emulsion was extracted with EtOAc (5
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mL). The organic phases were combined, washed with brine, and dried over Na2SO4.
Concentration in vacuo gave 8 (1.1 g, 99%) as white needles. 1H NMR (400 MHz, CDCl3) 
7.28 - 7.36 (m, 5H), 7.22 (br s, 1H), 4.99 (s, 2H), 2.97 (dt, J = 6.6 Hz, 5.4 Hz, 2H), 2.17 (m,
2H), 1.39 - 1.47 (m, 4H).

Methyl 5-aminopentanoate, 9.161 Conc. HCl (2.1 mL) was added to a vigorously stirring a
solution of 5-aminovaleric acid (0.5 g, 4.3 mmol) in 2,2-dimethoxypropane (16 mL, 128
mmol). The mixture was stirred for 24 h at rt. The dark red solution was concentrated under
reduced pressure and the resulting brown solution was extracted with Et2O. The precipitated
solid was filtered, washed with Et2O and recrystallized from EtOH/EtOAc (10 mL, v/v 95/5)
to afford 9 (0.4 g, 70%) as white crystalline solid. All 1H NMR data were consistent with the
literature.161 1H NMR (400 MHz, CDCl3)  8.23 (s, 3H), 3.67 (s, 3H), 2.99 - 3.11 (m, 2H),
2.35 - 2.40 (m, 2H), 1.73- 1.86 (m, 4H).

Compound 11.
O
CbzHN

O
N
H

OH

A mixture of 8 (0.4 g, 3.1 mmol), HOBt (0.4 g, 3.1 mmol), and EDC (0.6 g, 3.1 mmol) were
dissolved in CH2Cl2 (20 mL), and 9 (0.3 g,2.6 mmol) and DIEA (513 L, 3.1mmol) was
added. The solution was stirred for 16 h at rt under N2. The reaction mixture was washed with
5% NaHCO3 and 1N HCl. The combined organic phases were dried over MgSO4, filtered, and
concentrated. Purification by flash chromatography (CH2Cl2/acetone, 7/3) gave 10 (0.95 g,
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85 %) as white solid. 1H NMR (400 MHz, CDCl3)  7.27 - 7.34 (m, 5H), 7.23 (br s, 1H), 5.05
(s, 2H), 3.61 (s, 3H), 3.15 - 3.23 (m, 4H), 2.13 (m, 2H), 2.16 (m, 2H), 1.45 - 1.67 (m, 8H). 10
(0.5 g, 1.4 mmol) was dissolved in 9 mL THF/H2O (1/3). The solution was cooled in an ice
bath to 0 C and NaOH (0.6 g, 14 mmol) was added. The reaction was monitored by TLC
analysis. After 5 h, the solvent was concentrated and the solution as diluted with H2O. Then
the aqueous phase was acidified with conc.HCl to pH 2. The resulting emulsion was extracted
with EtOAc. The combined organic phases were dried over MgSO4, filtered, and concentrated,
yielding 11 (0.4 g, 83%) as white solid. 1H NMR (400 MHz, DMSO-d6)  7.69 (br s, 1H),
7.25 - 7.31 (m, 5H), 7.17 (br s, 1H), 4.95 (s, 2H), 2.90 - 2.98 (m, 4H), 2.15 (m, 2H), 1.98 (m,
2H), 1.29 - 1.44 (m, 8H).

Compound 13.

O

O
H2N

N
H

O
N
H

CH2OAc
OAc
OAc
OAc

A solution of 11 (845 mg, 2.4 mmol), 1--azido-2,3,4,6-tetraacetyl-D-galactose, 3 (0.5 g,
1.34 mmol), and HOBt (344 mg, 2.5 mmol) in dry THF (66 mL) under nitrogen was cooled to
0 °C. Then DIC (397 L, 2.5 mmol) was added and the solution was stirred for 10 min,
followed by the addition of tri-n-butylphosphine (402 L, 1.6 mmol) and stirring for 1 h at
0 °C. Then the reaction mixture was stirred for 16 h at rt, diluted with H2O (50 mL) and
extracted with EtOAc. The combined organic phases were washed with brine, dried over
MgSO4 and the mixture was filtered and concentrated under reduced pressure. Purification by
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flash chromatography (CH2Cl2/acetone, 7/3) gave 12 (136 mg, 83%) as pale yellow oil. 1H
NMR (600 MHz, CDCl3)  7.26 - 7.33 (m, 5H), 6.51 - 6.53 (m, 1H), 5.95 (br s, 1H), 5.40 (s,
1H), 5.21 (br s, 1H), 5.06 - 5.11 (m, 4H), 4.07 (m, 2H), 3.98 (m, 1H), 3.18 - 3.22 (m, 4H),
1.97 - 2.22 (m, 16H), 1.38 - 1.60 (m, 8H). 12 (0.1 g, 0.15 mmol) was suspended in 6 mL
MeOH/HCO2H (v/v 95/5) in the presence of 10% Pd/C (80 mg, 0.75). After 3 h, Pd/C was
removed by filtration over Celite, and the filtrate was concentrated to afford 13 (25.5 mg,
90%) as pale yellow solid. 1H NMR (600 MHz, CDCl3)  6.60 (br s, 1H), 6.00 - 6.16 (m, 3H),
5.42 (s, 1H), 5.22 (m, 1H), 5.10 (m, 1H), 4.08 (d, J = 6.6 Hz, 2H), 4.01 (m, 1H), 3.21 - 3.25
(m, 4H), 2.94 (br s, 1H), 2.86 - 2.89 (m, 2H), 1.97 - 2.22 (m, 16H), 1.49 - 1.67 (m, 8H). ESI
mass spectrum: Calcd (MH+) 546.0, Found: 546.0.

Compound 14.
CH2OAc
O

O

O
N
H

N
H

OAc

O
N
H

OAc
OAc

5-norbornene-exo-carboxylic acid (37 mg, 0.27 mmol), EDC (52 mg, 0.27 mmol), and HOBt
(36 mmg, 0.27 mmol) were dissolved in CH2Cl2/DMF (2 mL, 1/1) and 13 (100 mg, 0.18
mmol) and DIEA (45 L, 0.27 mmol) were added. After stirring for 20 h at rt, the solvent was
concentrated and washed with 5% NaHCO3 and 1N HCl. The combined organic phases were
dried over MgSO4, filtered, and concentrated. Purification by flash chromatography
(CH2Cl2/acetone, 8/2) gave 14 (60 mg, 50%) as pale yellow solid. 1H NMR (600 MHz,
CDCl3)  6.50 (br s, 1H), 6.49 (m, 1H), 6.11-6.14 (m, 3H), 5.43 (br s, 1H), 5.07 (m, 2H), 5.15

88

(m, 1H), 4.00 - 4.10 (m, 3H), 3.19 - 3.31 (m, 4H), 2.92 (br s, 1H), 2.27 - 1.98 (m, 17H), 1.8 1.90 (m, 1H), 1.48 - 1.71 (m, 8H). ESI mass spectrum: Calcd (MH+) 666.4, Found: 666.0.
Compound 15.
CH2OAc
O

O

O
N
H

N
H

OAc

O
N
H

OAc
OAc

Cyclobutene-1-carboxylic acid (60 mg, 0.3 mmol), EDC (58 mg, 0.3 mmol), and HOBt (40.5
mg, 0.3 mmol) were dissolved in DMF/CH2Cl2 (4 mL, 1/1) and 13 (89 mg, 0.2 mmol) and
DIEA (49.7 L, 0.3 mmol) were added. After stirring for 20 h at rt, the solvent was
concentrated and washed with 5% NaHCO3 and 1N HCl. The combined organic phases were
dried over MgSO4, filtered, and concentrated. Purification by flash chromatography
(CH2Cl2/acetone, 7/3) gave 15 (60 mg, 48%) as a brown oil. 1H NMR (600 MHz, CDCl3) 
6.59 (br s, 1H), 6.10-6.53 (m, 1H), 5.94-6.02 (m, 2H), 5.43 (br s, 1H), 5.23 (t, J = 9.0 Hz, 1H),
5.09-5.12 (m, 2H), 4.10-4.09 (m, 3H), 3.23-3.32 (m, 4H), 2.67(t, J = 3.0 Hz, 2H), 2.43 (br s,
2H), 1.98-2.24 (m, 16H), 1.48-1.70 (m, 8H). ESI mass spectrum: Calcd (MH+) 626.4, Found:
626.3.

2-Acetyloxyethylamine hydrochloride, 16.117 To 2-hydroxyethylamine hydrochloride (1 g,
0.01 mmol) was added 0.75 mL of AcOH and 3 mL of acetyl chloride. The reaction mixture
was stirred in ice-water for 30 min, and then stirred for 20 h at rt. The excess acetyl chloride
and acetic acid were removed under vacuum. The product was crystallized from absolute
EtOH, and crystals were collected (1.2 g, yield 84%). 1H NMR (300 MHz, DMSO-d6)  8.34
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(s, 3H), 4.20 (t, J = 5.2 Hz, 2 H), 3.03 (t, J = 5.3 Hz, 2 H), 2.04 (s, 3H). All 1H NMR data
were consistent with the literature.117

Compound 17.
O
O

N
H

O

5-norbornene-exo-carboxylic acid (100 mg, 0.72 mmol), and EDC (138.6 mg, 0.72 mmol)
were dissolved in dry CH2Cl2. 2-acetyloxyethylamine hydrochloride (77.1 mg, 0.48 mmol)
and DIEA (318.1 L, 1.92 mmol) were added to the reaction mixture. After stirring for 20 h
at rt The reaction mixture was washed with 5% NaHCO3 and 1N HCl. The combined organic
phases were dried over MgSO4, filtered, and concentrated. Purification by flash
chromatography (CH2Cl2 / EtOAc, 7/3) gave 17 (51 mg, 47 %) as a clear gel. 1H NMR (600
MHz, CDCl3)  6.09 - 6.15 (m, 2H), 5.81 (br s, 1H), 4.17 (t, J = 5.1 Hz, 2H), 3.52 - 3.54 (m,
2H), 2.91 (br s, 2H), 2.07 (s, 3H), 1.89 - 2.01 (m, 2H), 1.53 -1.60 (m, 1H), 1.31 - 1.37 (m, 2H).

Compound 18.
O
N
H

O
O

Cyclobutene-1-carboxylic acid (70.9 mg, 0.72 mmol), and EDC (138.6 mg, 0.72 mmol) were
dissolved in dry CH2Cl2. 2-acetyloxyethylamine hydrochloride (77 mg, 0.48 mmol) and DIEA
(45 L, 0.27 mmol) were added to the reaction mixture. After stirring for 20 h at rt, he
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reaction mixture was washed with 5% NaHCO3 and 1N HCl. The combined organic phases
were dried over MgSO4, filtered, and concentrated. Purification by flash chromatography
(CH2Cl2/EtOAc, 7/3) gave 18 (73 mg, 55%) as a clear gel. 1H NMR (600 MHz, CDCl3)  6.14
(dd, J = 3.9 Hz, 2.4 Hz, 1H), 6.11 (dd, J = 4.2 Hz, 3.0 Hz, 1H), 6.1 (br s, 1H), 4.06 (dd, J =
6.9 Hz, 5.4 Hz, 2H), 3.76 (s, 3H), 2.97 (br s, 1H), 2.92 (br s, 1H), 2.07 - 2.09 (m, 1H), 1.91 1.94 (m, 1H), 1.64 - 1.69 (m, 2H), 1.32 - 1.36 (m, 2H). 13C NMR (100 MHz, CDCl3)  176.0,
170.9, 138.5, 133.2, 52.5, 47.3, 46.5, 41.5, 30.6.

Compound 19.
O
CbzHN

N
H

O
O

Compound 8 (532 mg, 2.2 mmol) and EDC (414 mg, 2.2 mmol) were dissolved in dry CH2Cl2
added under N2. 16 (200 mg, 1.4 mmol) and DIEA (953 µL, 5.7 mmol) were added to the
reaction mixture. After stirring for 20 h at rt, the solvent was concentrated and washed with
5% NaHCO3 and 1N HCl. The combined organic phases were dried over MgSO4, filtered, and
concentrated. Purification by flash chromatography (CH2Cl2 /EtOAc, 7/3) gave 19 (330 mg,
62%) as white solid. 1H NMR (600 MHz, CDCl3)  7.31 - 7.34 (m, 5H), 5.93 (br s, 1H), 5.08
(br s, 1H), 4.94 (br s, 1H), 4.14 (t, J = 5.4 Hz, 2H), 3.49 (m, 2H), 3.19 (br s, 2H), 2.19 - 2.22
(m, 2H), 2.05 (br s, 3H), 1.62 (dd, J = 11.1 Hz, 7.2 Hz, 2H), 1.52 - 1.54 (m, 2H).

Compound 20.
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O

O
N
H

N
H

O
O

To a solution of 19 (34.2 mg, 0.09 mmol) in 6 mL MeOH/HCO2H (v/v,95/5) was added 10%
Pd/C (1.9 mg, 0.018 mmol). After 3 h, 10% Pd/C was removed by filtration over Celite, and
the filtrate was concentrated to afford Cbz-deprotected 19 (17 mg, 90 %) as a pale yellow gel.
5-norbornene-exo-carboxylic acid (17 mg, 0.12 mmol), and EDC (23.0 mg, 0.12mmol) were
dissolved in dry CH2Cl2 and the deprotected 19 (16.8 mg, 0.08 mmol), and DIEA (33 L, 0.2
mmol) were added. After stirring for 20 h at rt, the reaction mixture was washed with 5%
NaHCO3 and 1N HCl.. The combined organic phases were dried over MgSO4, filtered, and
concentrated. Purification by flash chromatography (CH2Cl2/acetone, 7/3) gave 20 (12 mg,
48%) as clear gel. 1H NMR (600 MHz, CDCl3)  6.07-6.13 (m, 2H), 5.78 (br s, 1H), 5.75 (br s,
1H), 4.15 (t, J = 5.4 Hz, 2H), 3.50 - 3.52 (m, 2H), 3.28 (m, 2H), 2.91 (br s, 2H), 2.25 - 2.28
(m, 2H), 2.08 (br s, 3H), 1.89 - 2.01 (m, 2H), 1.51 - 1.73 (m, 5H), 1.31 - 1.37 (m, 2H).

Compound 21.
O
N
H

O
O

To a solution of 5-norbornene-exo-carboxylic acid (37 mg, 0.27 mmol) and EDC (52 mg,
0.27 mmol) in dry CH2Cl2 (2 mL) was added L-glycine•HCl (100 mg, 0.18 mmol) and DIEA
(44.7 L, 0.27 mmol). After stirring for 20 h at rt, The reaction mixture was washed with 5%
NaHCO3 and 1N HCl. The combined organic phases were dried over MgSO4, filtered, and
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concentrated. Purification by flash chromatography (CH2Cl2/acetone, 8/2) gave 21 (60 mg,
50 %) as a pale yellow solid. 1H NMR (600 MHz, CDCl3)  6.07 - 6.13 (m, 2H), 4.03 (m, 2H),
3.73 (br s, 3H), 2.89 - 2.95 (m, 2H), 2.07 (m, 1H), 1.89 (m, 1H), 1.65 (m, 1H), 1.30 (m, 2H).
Compound 22.
O
NH

AcO AcO

O

O

AcOAcO

To a solution of 5-norbornene-exo-carboxylic acid (37 mg, 0.27 mmol), EDC (52 mg, 0.27
mmol) in dry CH2Cl2 (2 mL) was added 1--Azido-2,3,4,6-tetraacetyl-D-mannose in
CH2Cl2/DMF. After stirring for 16 h at rt, the solvent was concentrated and washed with 5%
NaHCO3 and 1N HCl. The combined organic phases were dried over MgSO4, filtered, and
concentrated. Purification by flash chromatography (CH2Cl2/acetone, 8/2) gave 22 (60 mg,
50%) as a pale yellow gel. 1H NMR (600 MHz, CDCl3)  6.11 - 6.13 (m, 2H), 5.94 (br s, 1H),
4.81 (s, 1H), 4.22 - 4.23 (m, 1H), 4.10 (m, 1H), 3.96 (m, 1H), 3.78 (m, 1H), 3.53 - 3.55 (m,
3H), 2.91 (br s, 2H), 2.15 (s, 3H), 2.08 (s, 3H), 2.03 (s, 3H), 1.99 (s, 3H), 1.80-1.85 (m, 3H),
1.69 (m, 1H), 1.33 (m, 2H).

Ring opening metathesis polymerization (ROMP)
The general procedure for ROMP is described for Homopolymer-3. Details about scale,
yield, and spectroscopic characterization for each polymer are presented individually for each
polymer.
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Homopolymer-3.

Monomer 14 (96 mg, 0.14 mmol) was dissolved in dry CH2Cl2 (1.5 mL).

23 (2.8 mg, 0.0028 mmol) was dissolved in dry CH2Cl2 (0.5 mL). The catalyst solution was
added to a solution of 14 and stirred for 1 h at 25 °C. Ethyl vinyl ether (0.5 mL) was added to
the mixture and stirred for an additional 40 min to quench the reaction. After removing the
solvent, the residue was triturated in cold Et2O to yield a pale yellow solid. The solid product
was dissolved in MeOH (3 mL) and treated with 0.3M NaOMe in MeOH (0.4 mL). The
solution was stirred for 2 h. Amberlite IR-120 resin (H+ form) was added, filtered and the
filtrate was concentrated under vacuum. The product was dialyzed and lyophilized to afford
Homopolymer-3 (86 mg, 90%) as yellowish-white solid. 1H NMR (600 MHz, CDCl3)  5.10 5.39 (m), 4.80 - 4.81 (m), 4.64 - 4.65 (br s), 3.89 (br s), 3.54 -3.66 (m), 3.01 - 3.09 (br s), 2.25
- 2.35 (m), 1.43 - 1.52 (m).

Homopolymer-1.

Monomer 14 (100 mg, 0.15 mmol) and 23 (10 mg, 0.015 mmol) in dry

CH2Cl2 (1.5 mL) afforded Homopolymer-1 (80 mg, 80%) as a brownish gel. 1H NMR (600
MHz, CDCl3)  5.24 - 5.40 (m), 4.87 (br s), 4.64 - 4.65 (br s), 3.94 (br s), 3.55 -3.79 (m), 3.39
- 3.45 (br s), 3.17 - 3.35 (m), 2.16 -2.35 (m), 1.53 - 1.68 (m).

Homopolymer-2.

Monomer 14 (100 mg, 0.15 mmol) and 23 (5 mg, 0.003 mmol) in dry

CH2Cl2 (1.5 mL) afforded Homopolymer-2 (82 mg, 82%) as a brownish gel. 1H NMR (600
MHz, CDCl3)  5.20 - 5.36 (m), 4.83 (br s), 3.89 (br s), 3.52 -3.71 (m), 3.30 - 3.34 (br s), 3.17
(br s), 2.14 -2.39 (m), 1.48 - 1.63 (m).
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Homopolymer-4.

Monomer 14 (100 mg, 0.15 mmol) and 23 (2.5 mg, 0.0015 mmol) in

dry CH2Cl2 (1.5 mL) afforded Homopolymer-4 (84 mg, 84%) as a yellowish-white solid. 1H
NMR (600 MHz, CDCl3)  5.07 - 5.37 (m), 4.80 (m), 4.64 - 4.65 (br s), 3.89 (br s), 3.54-3.66
(m), 3.25 (br s), 2.97 - 3.12 (br s), 2.12 - 2.53 (m), 1.33 - 1.52 (m).
Homopolymer-5.

Monomer 14 (94 mg, 0.14 mmol) and 23 (0.63 mg, 0.007 mmol) in dry

CH2Cl2 (1.5 mL) afforded Homopolymer-5 (79 mg, 84%) as a yellowish-white solid. 1H NMR
(600 MHz, CDCl3)  7.63 -7.97 (m), 5.05 - 5.47 (m), 4.82 (m), 4.66 (br s), 3.91 (m), 3.57 3.64 (m), 3.09 (br s), 2.14 - 2.27 (m), 1.45 - 1.55 (m).

Homopolymer-6.

Monomer 14 (213 mg, 0.34 mmol) and 23 (30 mg, 0.034 mmol) in dry

CH2Cl2 (1.5 mL) afforded Homopolymer-6 (181 mg, 85%) as a brownish gel. 1H NMR (600
MHz, CDCl3)  6.08 - 6.12 (m), 4.82 (br s), 4.64 - 4.81 (br s), 3.89 (m), 3.62 - 3.66 (m), 3.08
(br s), 2.83 (br s), 2.62 (br s), 2.24 (br s), 1.28 - 1.53 (m).

Copolymer-1.

Monomer 15 (224 mg, 0.035 mmol) and 23 (9.18 mg, 0.01 mmol) in dry

CH2Cl2 (2 mL) was stirred for 30 min. Monomer 21 (100 mg, 0.47 mmol) in dry CH2Cl2 (6
mL) was added to the reaction mixture and stirred for 1 h. Monomer 15 (12.7 mg, 0.02 mmol)
in dry CH2Cl2 (2 mL) was added to the reaction mixture and was stirred for 30 min. Ethyl
vinyl ether (0.5 mL) was added to the mixture and stirred for an additional 40 min to quench
the reaction. After removing the solvent, the residue was triturated in cold Et2O to give pale
yellow solid. The solid product was dissolved in MeOH (0.3 mL) and treated with 0.3 M
NaOMe in MeOH (0.3 mL). The solution was stirred for 1 h. Amberlite IR-120 resin (H+
form) was added, filtered and the filtrate was concentrated under vacuum. The product was
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dialyzed against H2O and lyophilized to afford Copolymer-1 (112 mg, 90%) as a yellowishwhite solid. 1H NMR (600 MHz, CDCl3)  5.11 - 5.55 (m), 4.64 - 4.66 (m), 3.53 - 3.93 (m),
2.39 - 3.17 (m), 1.35 - 2.01 (m), 0.95 - 1.21 (m).

Copolymer-2 was synthesized following the same procedure as described for Copolymer-1
from monomer 15 and monomer 21: (90 mg, 90%, yellowish-white solid). 1H NMR (600
MHz, CDCl3)  5.20 - 5.38 (m), 4.62 - 4.69 (m), 3.51 - 3.87 (m), 2.41 - 3.15 (m), 1.40 - 2.10
(m), 0.98 - 1.24 (m).

Copolymer-3 was synthesized following the same procedure as described for Copolymer-1
from monomer 15 and monomer 22 (112 mg, 87%, yellowish-white solid). 1H NMR (600
MHz, CDCl3)  5.08 - 5.35 (m), 4.79 - 4.90 (br s), 3.82 -4.36 (m), 3.42 - 3.78 (m), 2.92 - 3.10
(br s), 2.53 - 2.72 (br s), 1.99 - 2.44 (m).

Copolymer-4 was synthesized following the same procedure as described for Copolymer-1
from monomer 15 and monomer 18 (64 mg, 85%, yellowish-white solid).1H NMR (600 MHz,
CDCl3)  6.03 - 6.10 (br s), 4.53 - 4.63 (br s), 2.96 - 3.76 (m), 1.44 - 2.61 (m).

Copolymer-4 was synthesized following the same procedure as described for Copolymer-1
from monomer 15 and monomer 18. (70 mg, 87%, yellowish-white solid) 1H NMR (600 MHz,
CDCl3)  6.06 - 6.13 (br s), 4.63 - 4.65 (br s), 2.98 - 3.80 (m), 1.48 - 2.45 (m).

II. Analysis of glycopolymer binding to Cholera toxin B subunit
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Materials and methods.

pAE-ctxB was kindly provided by Dr.Paulo Lee Ho (Centro de

Biotecnologia, Instituto Butantan). For the expression of protein recombinant CT B5, BL21AITM competent cells (Invitrogen) were used. Talon metal affinity resin was purchased from
Clontech Laboratories, Inc. Chemicals were purchased from Fisher Scientific, Inc (Springfield,
NJ). GM1 was obtained from Sigma-Aldrich (St. Louis, MO). Costar 3590 96-well plate was
purchased from Corning Inc. Centricon30 was purchased from Millipore (Billerica, MA).
SureBlue TMB was purchased from KPL, Inc. (Gaithersburg, Maryland). Rabbit anti-cholera
toxin-HRP was purchased from AbD Serotec (Raleigh, NC). Microplate reader (SynergyTM 2,
BioTek) was used for ELISA. Fluorescence spectra were taken on a PTI spectrofluorimeter
(QM-4/ 2005-SE) (Photon Technology International, Inc, Lawrenceceville, NJ).

Expression CT B5. CT B5 was expressed following the procedure in literature.133 Briefly,
BL21-AI competent cells were transformed with the pAE-ctxB plasmid and grown overnight
at 37 C. The colonies were inoculated in 10 mL LB-amp and grown overnight at 37 C.
BL21 AI carrying the plasmid from an overnight culture was diluted 20-fold in LB-amp broth.
When A600 =0.6, L-arabinose was added to the medium at a final concentration of 0.02 %
(w/v). After 17 h, cells were harvested by centrifugation (5000 rpm, 30 min). The
recombinant CT B5 was expressed in an insoluble form as inclusion bodies. The cells were
resuspended in 50 mL lysis buffer, pH 8.0 (300 mM NaCl, 100 mM Tris-Cl, 0.1 % Triton X100) and lysed by French press. Cellular lysates were centrifuged at 26,000 g for 15 min.
Inclusion bodies were washed twice with 10 mL of binding buffer (50 mM Tris-Cl, 500 mM
NaCl) containing 10 mM β-mercaptoethanol and 2 M urea. Then, the inclusion bodies were
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dissolved in 10 mL binding buffer containing 10 mM β-mercaptoethanol and 8 M urea. The
solubilized pellet was slowly diluted in 2 L of binding buffer containing 5 mM imidazole for
CTB refolding and incubated for 24 h at rt.

Purification of CT B5.

The refolded protein was centrifuged (5,000 rpm, 15 min) and the

supernatant was loaded onto a Talon resin column. The resin was washed with 5 bed volumes
of wash buffer (50 mM sodium phosphate, 300 mM NaCl, pH 8.0) containing 5 mM
imidazole. CT B5 was eluted with 10 bed volumes of elution buffer (50 mM sodium
phosphate, 300 mM NaCl, 150 mM imidazole, pH 8.0). After analyzing fractions by 15 %
SDS–PAGE, combined fractions were dialyzed in two steps. First, the equilibrium was
established using 2 L solution containing 2 mM Tris, 20 mM NaCl, 0.1% glycine, and 10 mM
EDTA, to eliminate imidazole. In the second step, the same buffer was used, without EDTA.
Then purified CT B5 was subject to an additional purification using Centricon30, to separate
the monomeric and active pentameric forms. The sample was centrifuged for 15 min at 3,000
g and retentate CT B5 was analyzed by 15 % SDS–PAGE.

Fluorescence titration assay.

All spectra were recorded between 300 - 400 nm, using an

excitation wavelength of 280 nm or 295 nm at 23 C. CT B5 was incubated with polymer
solutions for 10 min prior to recording each spectrum. For all spectra, a reference spectrum
with the same amount of sugar or polymer but no protein was acquired and subtracted from
the sample spectrum in which the CT B5 was present.
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ELISA.

Microtiter plates were incubated at rt for 16 h with 100 µL of 2 µg/mL GM1

dissolved per well in phosphate-buffered saline (pH 7.2) containing 150 mM NaCl and 10
mM potassium phosphate (PBS). Unattached ganglioside was removed by washing the wells
three times with 10 mM PBS (pH 7.4, 0.05% Tween 20). Additional binding sites on the plate
surface were blocked by incubating the wells with 200 µL of a 1% (w/v) bovine serum
albumin (BSA)-PBS solution for 30 min at 37 °C and then washing them 3 times with 10 mM
PBS (pH 7.4, 0.05% Tween 20). Various concentrations of polymer solutions were prepared
in 0.1% BSA-0.05% Tween 20-PBS and preincubated with CT B5 for 2 h. Preincubated
samples (100 μL) were added to each well and incubated for 30 min at rt. Unbound toxin was
removed by washing three times with 0.05 % Tween 20-PBS. Rabbit anti-cholera toxin-HRP
(100 μL, diluted 1:1000) was added to each well, and then incubated for 1 h at rt. Toxin
bound to GM1 was then revealed by addition of 100 µL of TMB solution for 15 min followed
by 100 µL of 0.5N M HCl and the absorbance recorded at 450 nm on a SynergyTM 2 (BioTek)
ELISA microtiter plate reader.

NMR analysis.

NMR analysis was performed at 298K in D2O with a Varian 600 MHz

spectrometer. Protein was exchanged into 50 mM sodium phosphate buffer (pH 7.6), then
subjected to freeze-drying. The samples were dissolved in D2O, and transferred to the NMR
tube to a final concentration of 85.4 M for protein and 1.3 mM for polymer.

III. Characterization of self-assembled structures
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Materials and methods.

Solvent and reagents were purchased from Fisher Scientific, Inc

(Springfield, NJ). Fluorescence spectra were acquired on a PTI spectrofluorimeter (QM-4/
2005-SE) (Photon Technology International, Inc, Lawrenceville, NJ). The mean diameter of
glycopolymer was determined on a 90Plus-MAS (Brookhaven Instruments Corporation).
TEM was performed with a FEI Tecnai12 BioTwinG2 transmission electron microscope at a
120 kV accelerating voltage and digital images were acquired with an AMT XR-60 CCD
Digital Camera System. 2D-1H,1H-NOESY- NMR spectra were recorded on a Varian 600
MHz spectrometer.

CMC values. CMC values were evaluated with fluorescence dyes, pyrene, N-phenyl-1naphthylamine (PNA) and 1,6-diphenyl-1,3,5-hexatriene (DPH). Fluorescence spectroscopy
using pyrene was used to determine the CMC of glycopolymers. 10 µL of pyrene acetone
solution (6  10-5 M) were added to vials and left for 1 h to evaporate the acetone. Various
concentrations of glycopolymers solutions in distilled H2O were added to the pyrene vials and
allow to equilibrate for 20 h. The final concentration of pyrene was 6 10-7 M. The emission
spectra of pyrene were measured from 350 nm to 450 nm at an excitation wavelength of 335
nm. The CMC was estimated from a plot of intensity of first peak at 371 nm against polymer
concentration.
For fluorescence measurements with PNA, 10 µL of PNA acetone stock solution (6  105

M) was added to each of a series of vials and the acetone was removed. Various

concentrations of glycopolymer solutions in distilled H2O were added to the PNA vials and
then heated at 45 °C for 3 h to equilibrate the PNA and the polymer solutions, and
subsequently allowed to cool to rt and kept at rt for 17h. The emission spectra were measured
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from 360 nm to 500 nm at an excitation wavelength of 340 nm. The CMC was estimated from
plot of log (I/I0) against polymer concentration.
For fluorescence measurements with DPH, DPH was dissolved in THF to produce a 0.5
mM DPH solution. Various concentrations of glycopolymer solutions were prepared in
phosphate-buffered saline (pH 7.2) containing 150 mM NaCl and 10 mM potassium
phosphate. 10 µL of DPH solution was added to polymer solutions and allowed to equilibrate
for 10 min. The emission spectra were measured from 386 nm to 525 nm at an excitation
wavelength of 358 nm. The CMC was estimated from a plot of intensity at 430 nm against
polymer concentration.
Dynamic Light Scattering. Polymer solutions (1 mg/mL) were prepared in distilled H2O and
phosphate-buffered saline (pH 7.2) containing 150 mM NaCl and 10 mM potassium
phosphate. Size was measured with or without 0.45 µM filtration. Measurements were
performed at 25 °C with 90° scattering angle. Average diameters were obtained for 5 runs of
size measurement.

TEM. Solutions of glycopolymers were prepared in distilled H2O (5 mg/mL). Samples were
deposited onto Formvar coated 400 mesh copper grids and were counter stained with aqueous
2% uranyl acetate.

NMR analysis. 2D-1H,1H- NOESY- NMR analyses were performed at 24°C with a Varian
600 MHz spectrometer. 1% (w/v) Homopolymer-1 was prepared in DMSO-d6. NMR spectra
were recorded with scans and mixing times of 600 ms.
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A-1: 1H NMR spectrum of pentaacetyl-D-galactose, 1
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A-2: 1H NMR spectrum of 1-β-bromo-2,3,4,6-tetraacetyl-D-galactose, 2
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A-3: 1H NMR spectrum of 1--azido-2,3,4,6-tetraacetyl-D-galactose, 3
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A-4: 1H NMR spectrum of pentaacetyl-D-mannose, 4
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A-5: 1H NMR spectrum of pentaacetyl-D-mannose-Cl, 6
117

A-6: 1H NMR spectrum of β-azido-2,3,4,6-tetraacetyl-D-mannose, 7
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A-7: 1H NMR spectrum of Z-(ava)2-Acy-gal, 12
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A-8: 1H NMR spectrum of NB-(ava)2-Acy-Gal, 14
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A-9: 1H NMR spectrum of CB-(ava)2-Acy-Gal, 15
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A-10: 1H NMR spectrum of NB-(CH2)2-OAc, 17
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A-11: 1H NMR spectrum of CB-(CH2)2-OAc, 18
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A-12: 1H NMR spectrum of Z-ava-(CH2)2-OAc, 19
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A-13: 1H NMR spectrum of NB-ava-(CH2)2-OAc, 20
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A-14: 1H NMR spectrum of NB-Gly-OMe, 21
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A-15: 13C NMR spectrum of NB-Gly-OMe, 21
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A-16: 1H NMR spectrum of NB-ACy-mannose, 22
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A-17: 13C NMR spectrum of NB-ACy-mannose, 22
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A-18: 1H NMR spectrum of Homopolymer-1
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A-18: 1H NMR spectrum of Homopolymer-2
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A-19: 1H NMR spectrum of Homopolymer-3
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A-20: 1H NMR spectrum of Homopolymer-4
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A-21: 1H NMR spectrum of Homopolymer-5
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A-22: 1H NMR spectrum of Copolymer-1
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A-23: 1H NMR spectrum of Copolymer-2
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A-24: 1H NMR spectrum of Copolymer-3
137

A-25: 1H NMR spectrum of Copolymer-4
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A-26: 1H NMR spectrum of Copolymer-5
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A-27: 1H NMR spectrum of CT B5
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A-28: 1H NMR spectrum of CT B5 / Homopolymer-4
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A-29: 2D-1H,1H- NOESY- NMR spectrum of Homopolymer-3
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