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A variety of important biological events are mediated by the multivalent interaction between relevant
oligosaccharides and multiple saccharide receptors on lectins, toxins, and cell surfaces; a variety of glycopolymeric
materials have therefore been investigated in studies aimed at manipulating these events. The synthesis of protein-
and polypeptide-based glycopolymers via protein engineering and other methods offers opportunities to control
both the number and the spacing of saccharides on a scaffold, as well as the conformation of the polymer backbone,
and will therefore facilitate the structure-based design of polymers for inhibition of multivalent binding events.

In initial studies, we have synthesized a family of galactose-functionalized glycopolymers with e-gloigmic

acid) backbone, in which the density and linker length of the pendant carbohydrate moiety were varied. The
composition of the glycopolymers was determined¥aNMR spectroscopy, and the impact of saccharide density

and linker length, as well as the potential for these polypeptide-based glycopolymers to act as high-affinity inhibitors
of the cholera toxin, has been indicated via competitive enzyme-linked immunosorbent assay and fluorescence
titration experiments. The results of these studies suggest strategies for optimizing the binding of linear
glycopolymers to bacterial toxins and will aid in the design of additional protein-based materials for studying the
impact of multivalency, spacing, and backbone rigidity in a variety of biologically relevant binding events.

Introduction impact of architecture on the inhibitory or effector activity of a
variety of synthetic and protein-derived glycopolymers has been
Protein-carbohydrate interactions mediate a variety of critical shown in multiple investigations, further demonstrating that
biological recognition processes such as those involved in cell variations in macromolecular structure can have a marked impact
signaling, organogenesis, fertilization, and inflammation, as well on the activities displayed by a specific glycopolynieté-18
as the adhesion of various viral and bacterial tokifisIherapies Accordingly, of particular interest in our investigations is the
aimed at disrupting carbohydrate-mediated adhesion can targetlevelopment of protein-based glycopolymeric materials that can
the oligosaccharidetoxin recognition event, but the low be used to study and manipulate interactions between saccha-
intrinsic affinity of carbohydrate protein interactions hampers  rides and their receptors. The use of polypeptides facilitates
the development of low-molecular-weight inhibitors. Nature studies aimed at the effect of backbone conformation (e.g.,
circumvents this weak affinity by displaying multiple copies random coil versus helical) on the binding event; in addition, it
of both the carbohydrate ligands and their protein receptors onmay also be possible to enhance the binding event through
the surfaces of interacting moieties; enhanced activities resultprotein—protein as well as saccharidgrotein interactions.
from the resulting cluster glycoside efféctarious factors that  Furthermore, the design of artificial protein polymers will afford
are known to influence the affinity and specificity of multivalent  additional opportunities to precisely specify the number and
binding events include the structure of the individual saccharide placement of saccharides on the polymer chain. Such polypep-
residues, the structural features of the template upon which thetide and protein-based glycopolymers could be used to modulate
saccharide residues are displayed, and the relative spatiaimultiple types of proteir-carbohydrate interactions.

orientation of the saccharide recognition eleménts. One active area of research in which such polymeric materials
There has been a great deal of attention directed toward thecould be useful includes the development of antagonists aimed
development of polymer-derived multivalent ligands as both at disrupting the adhesion of bacterial toxins to cellular surfaces.
inhibitors and effectors of various biological proces%és For For example, several groups have taken advantage of the
example, polymers decorated with varying degrees of sulfated receptor-binding process as a target for the structure-based
galactose residues have been shown to induce shedding of celjjesign of multivalent antagonists against infection by various
surfacet-selectin from neutrophil%; while a tailored template  AB. toxins, including the cholera toxin (CT), shiga-like toxins
synthesis approach has been applied to design glycopolymergSLT-| and SLT-Il), and the heat-labile enterotoxin (L'#)3
that bind the mannose-binding proteins concanavalin A (ConA) The ABs bacterial toxins consist of an enzymatically active A
and lens culinaris agglutinin (LCA}.Glycopolymers decorated  sypunit and five identical B subunits that organize into a regular
with sialyloligosaccharides have been produced for the inhibition pentamer and mediate adhesion to the host cell. Infection by
of infection by the influenza virusé$;'> and dendrimeric  CT s initiated when the B subunit, with five identical
materials have also been functionalized with a variety of gaccharide-binding sites, interacts with the receptor ganglioside
saccharides to mediate multivalent binding evéit$:17The GM1 (Ga1-3GalNA@B1L-4(NeusAm2-3)GalB1-4Glc-ceram-
ide) that is present on the surface of human intestinal epithelial
* Corresponding author: email kiick@udel.edu. cells. Once the toxin is bound, it becomes internalized via
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receptor-mediated endocytosis, upon which the toxic A subunit
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Preparation of PGA. The PGA was precipitated according to the

is cleaved and initiates a series of events that results in hostmethod of Zeng? Briefly, 1 g of thepoly(L-glutamic acid) sodium

dehydration and diarrhé&a.

A variety of small-molecule pentameric inhibitors with
submicromolar AB toxin binding have resulted from these
investigationg-30-32and linear scaffolds with low micromolar
inhibitory activity for CT and SLT have also been reported.
Specifically, a series of short linear bivalent ligands have been
produced as inhibitors of the CTsBubunit®® whereas mono-
and difunctionalized C-linked glycopeptides have been inves-
tigated as ligands for SLT-18.Although these linear molecules
have not demonstrated as efficient inhibition of CT as the

pentameric small-molecule structures, the successful application

of a linear architecture may offer opportunities for producing a

broader range of inhibitors for a greater number of targets than

a small molecule approach.
In this work, we have produced linear multivalent inhibitors
based on a polyfglutamic acid) (PGA) backbone, in which

salt was dissolved in 20 mL of ice-cold water, and 5.2 mL of 1 N
hydrochloric acid solution was added dropwise to the solution with
stirring for 2 h. The precipitate was collected via centrifugatiofi@4
4000 x g, 5 min) and washed three times with cold water. Finally, the
suspension was lyophilized, affording protonated PGA in approximately
65% yield.'H NMR of PGA (DMSO, 25°C, 400 MHz): 6 3.96 (113H,
peptide a-methine NHCGHCO), ¢ 2.27 (226H, peptide/-methylene
CHCH,CHy), 6 1.93 (226H, peptidg-methylene CHEI,CH,).

Synthesis ofN-(e-aminocaproyl)-f-p-galactosylamine Fmoc-Ahx-
OH (100 mg, 28@mol) was dissolved in DMSO (5Q@L). Then, DIEA
(243uL, 1.4 mmol) and HBTU (106 mg, 28@mol) were added to the
solution, and the mixture was allowed to preactivate for approximately
5 min. In a separate vigh-b-galactosylamine (50 mg, 280mol) was
dissolved in DMSO (1 mL). The solution was heated slightly to
completely dissolve the saccharide. After the solution cooled to room
temperature, the saccharide solution was added to the activated solution.
The mixture was allowed to react at room temperature with constant

the density and linker length of the pendant carbohydrate moiety stirring for 5 h. The final mixture was diluted with methylene chloride

were varied. The cholera toxin was chosen for inhibition in these
studies because of its ability to bind to multivalent displays of

(DCM, 10 mL), and the desired product was extracted via treatment
with water (3x, 25 mL). Analysis of the extracted product via HPLC

simple monosaccharides, coupled with the lack of reported linear and electrosprayionization MS indicated the presence of the desired

macromolecular antagonists for the inhibition of A®xins.

product and the absence of any starting materials. The aqueous phase

There has been little use of polypeptidic-based backbones aswas then freeze-dried to yield the Fmoc-protected saccharide. Depro-

scaffolds for the inhibition of CT B although glycosylated
poly(L-glutamic acid) has been shown to inhibit the binding of
various plant lectif$37 and has been used as a scaffold in the
synthesis of multivalent inhibitors of the influenza vifts®
The carboxylic acid functionality of PGA allows the coupling
of various types of amine-functionalized saccharides, which
provides a facile way to explore the role of density and length
of the linker arm in the binding of linear glycopolymers to CT.
Accordingly, a series of PGA-based glycopolymers were syn-
thesized, with varying saccharide density and linker arm length.
The potential for these random-coil polypeptide-based glyco-
polymers as high-affinity inhibitors of the cholera toxin has been
indicated via both competitive enzyme-linked immunosorbent

assay and fluorescence titration experiments. The results from
these studies will act as a guide in the design of other linear

artificial protein-based glycopolymers, in which both the spacing

tection of the Fmoc group was carried out by treatment with 20%

piperidine in DMF (10 mL) fo 2 h atroom temperature with constant

stirring. The deprotected saccharide was then precipitated via addition

of cold ethyl ether and collected via centrifugation (400@, 4°C, 5

min). The precipitate was then washed with ethyl ether,(35 mL)

and again freeze-dried to yield the title compound in 80% yigtt.

NMR (D20, 25°C, 400 MHz): 6 4.81 (1H, anomeric protony, 3.87

(1H, Gal H-2 proton),0 3.49-3.68 (5H, Gal ring protons from Gal

unit), 6 2.75 (2H, methylene group NHC®GCH,CH,CH,CH,NH,),

0 2.32 (2H, methylene group NHCOGEH,CH,CH,CH,NHy), o

1.25-1.65 (6H, methylene groups NHCOG@EH,CH,CH,CH,;NH,).
General Procedure for the Preparation of Glycopolymers 1-6.

The compounds of varying saccharide density were synthesized by

varying the molar ratio of the desired amino-functionalized saccharide

with respect to the number of carboxylic acid residues along the PGA

backbone. The estimated number of moles of carboxylic acid residues

in a given sample of PGA was based on the manufacturer’s reported

and the number of saccharides on a polymer chain can begeg ee of polymerization of 113. The general synthetic procedure was

controlled.

Experimental Section

Materials and Methods. 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (HBTU) and Fmoc-6-amino-
hexanoic acid (Fmoc-Ahx-OH) were obtained from EMD Biosciences
Inc. (San Diego, CA). The cholera toxirs Bubunit (CT B) and cholera
toxin Bs subunit horseradish peroxidase conjugate (GTHRP) were
obtained from List Biological Laboratories (Campbell, CA). Ganglioside
GD1b was obtained from Matreya (Pleasant Gap, PA). C96 Maxisorp
microtiter plates were obtained from Fisher Scientific (Pittsburgh, PA).

The deionized water was generated from a Barnstead Diamond water

purification system (Barnstead, Dubuque, IA, 18.Q2Mcm resistivity).
Poly(L-glutamic acid) (PGA, DR= 113, MW= 15 000-50 000),5-D-
galactosylamine N-(e-aminocaproyl)8-p-galactosylamine, dimethyl
sulfoxide (DMSO), diisopropylethylamine (DIPEA), and all other
reagents were obtained from Sigma-Aldrich Co. (St. Louis, MO) and
used as received without any further purificatitd.NMR spectra were

as follows (with details specific for compou 5-p-galactosylamine
was used for compounds-3 andN-(e-aminocaproyl)s-p-galactosyl-
amine for compoundé—6): N-(e-Aminocaproyl)$-p-galactosylamine
(7.8 mg, 26.7umol) was dissolved in 1 mL of DMSO. The solution
was heated slightly to help dissolve the saccharide. The solution was
cooled to room temperature, and precipitated PGA (20 mg,26dle
COOH) was added. The solution was stirred at room temperature until
the PGA was completely dissolved. Then, DIEA (4615 267 umol)

and HBTU (10.12 mg, 26.zmol) were added, and the reaction was
stirred at room temperature overnight. The solution was then diluted
with water and placed into dialysis tubing (1000 MWCO) and dialyzed
agaings 1 M NaCl (48 h, four changesl L each time) to remove
impurities from the coupling reaction, followed by dialysis against
MilliQ water (48 h, four water change4 L each time) to remove the
sodium chloride. The solution was then lyophilized to yiglds a white
solid. Glycopolymerd—6 were all synthesized in duplicatéd NMR

data for compound&—6 are given below.

IH NMR data of 1 (D,O, 25 °C, 400 MHz): 6 4.38 (113H,
polypeptidea-methine NHEGHCO), 6 4.02 (13H, Gal H-2 proton))

acquired on a Bruker DRX-400 NMR spectrometer. The samples were 3.60-3.90 (65H, ring protons from Gal unit),2.38 (226H, polypeptide

prepared by dissolving 5 mg of sample into 360 of dimethyl
sulfoxideds (DMSO-ds) or deuterium oxide. The resulting solutions

were placed in 5 mm NMR tubes, and the spectra were recorded under

standard quantitative conditions at ambient temperature.

y-methylene CHCHCH,), 6 2.06 (226H, polypeptid¢gs-methylene
CHCH,CH,).
1H NMR data of 2 (D,O, 25 °C, 400 MHz): 6 4.31 (113H,

polypeptideo-methine NHGHCO), 6 3.96 (23H, Gal H-2 proton)y CDV
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3.60-3.88 (115H, ring protons from Gal unit)y 2.37 (226H,
polypeptide y-methylene CHCHKCH,), ¢ 2.07 (226H, polypeptide
p-methylene CHEIL,CH,).

H NMR data of 3 (DO, 25 °C, 400 MHz): 6 4.32 (113H,
polypeptidea-methine NHGHCO), ¢ 3.97 (56H, Gal H-2 proton))
3.51-3.91 (280H, ring protons from Gal unit)) 2.39 (226H,
polypeptide y-methylene CHCHCH,), 6 2.07 (226H, polypeptide
p-methylene CHEILCHy,).

IH NMR data of 4 (D;O, 25 °C, 400 MHz): 6 4.29 (113H,
polypeptideo-methine NHGHCO), 6 3.95 (11H, Gal H-2 proton))
3.59-3.90 (55H, ring protons from Gal unit),3.14 (22H, methylene
NHCOCH,CH,CH,CH,CH;NH,), § 1.32-1.65 (88H, methylene groups
—NHCOCH,CH,CH,CH,CH,NH,), 6 2.36 (226H, polypeptidey-
methylene CHCHCH,), 6 2.05 (226H, polypeptides-methylene
CHCH,CHy,).

IH NMR data of 5 (DO, 25 °C, 400 MHz): 6 4.35 (113H,
polypeptide o-methine NHGHICO), 4.01 (25H, Gal H-2 proton),
0 3.61-3.92 (125H, ring protons from Gal unity 3.18 (50H,
methylen&NHCOO"chchchchzNHz), 0 1.35-1.65 (ZOOH,
methylene groups-NHCOCHCH,CH,CH,CH:NH,), 6 2.36 (226H,
polypeptide y-methylene CHCECH,), 6 2.05 (226H, polypeptide
p-methylene CHEIL,CH,).

IH NMR data of6 (DMSO, 25°C, 400 MHz): ¢ 4.23 (113H,
polypeptidea-methine NHGHCO), 6 4.79 (113H, Gal H-2 proton))
3.68-4.70 (565H, ring protons from Gal unit)y 3.01 (226H,
methylene-NHCOCH,CH,CH,CH,CH,NH,), 6 1.23-1.48 (904H,
methylene groups-NHCOCHCH,CH,CH,CH,NH,), 6 2.09 (226H,
polypeptide y-methylene CHCEHCH,), 6 1.88 (226H, polypeptide
f-methylene CHEIL,CHy,).

CT GD1b Direct Enzyme-Linked Assay.A direct-linked enzyme
assay based on the assay reported by Minke &tvaas employed to
assess the binding of the glycopolymers to CT. Microtiter plates were
incubated at 37C for 16 h with 10QuL of 2 ug/mL ganglioside GD1b
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from those in which the CT Bwas present. This was done to correct
for low levels of inherent ligand fluorescence. The samples were left
to incubate for 10 min after each addition before the measurement was
started.

The fluorescence spectra were quantified via use of the center of
spectral mas&r[(COSM) according to eq*l

Z(Fiyi)
D: -

>

where F; is the fluorescence emission at wavenumbgrand the
summation is carried out over the range cited above. A plot of the
change in the center of spectral mass as a function of the log of the
inhibitor concentration provided the desired desesponse curve. The
data were normalized to a maximum COSM shift of 10 to aid in data
comparison. The effective concentration of inhibitor that resulted in
50% of the total change in the COSM (RCwas determined via
nonlinear regression analysis as described for the DELA studies. Errors
are reported as the standard deviation of the average of multiple
measurements (duplicate or triplicate) for a given ligand.

]

Results

Synthesis and Characterization of N-Glycopolypeptides.
The glycopolypeptides were synthesized via amide bond forma-
tion between the amine functionality of the desired saccharide
and the carboxylic group of PGA in the presence of HBTU as
the condensation reagent. The reaction mixture was dialyzed
again$ 1 M NaCl to remove impurities from the coupling
reaction followed by dialysis with deionized water to remove

dissolved per well in phosphate-buffered saline (pH 7.2) containing S&!t- NMR experiments were conducted to determine the degree
150 mM NaCl and 10 mM potassium phosphate (PBS). Unattached Of substitution as well as the stereochemistry at the anomeric
ganglioside was removed by washing the wells three times with PBS. Center. The'H spectra of the glycopolymers were recorded in

Additional binding sites on the plate surface were blocked by incubating
the wells with 200uL of a 1% (w/v) bovine serum albumin (BSA)
PBS solution for 30 min at 37C and then washing them three times
with 0.05% Tween 26PBS. Test samples (see below), diluted in 0.1%
BSA—0.05% Tween 26PBS, were added in 1Q6. volumes per well

and incubated for 30 min at room temperature. Unbound toxin was
removed by washing three times with 0.05% Tweer-P8S. Toxin
bound to GD1b was then revealed by addition of Z0®f Ultra TMB
solution (Pierce) for 15 min followed by 106L of 2 M H,SO, and

either DMSO#ds or D,O under standard quantitative conditions

at ambient temperature. A typical NMR spectrum is shown in
Figure 1; the lack of sharp resonances indicates the absence of
starting materials in the isolated product and the successful
coupling of the saccharide to the PGA.

The degrees of substitution (DS), listed in Table 1, are
reported as the average fraction of substituted residues. The DS
was estimated by integrating the peak areas of the saccharide
H-2 proton (c, 1H), Gal ring protons (d, 5H), and the methylene

recording of the absorbance at 450 nm on a Molecular Devices V-max protons from the caproyl-linker region (e, 10H) with respect to

ELISA microtiter plate reader (Molecular Devices Corp., Sunnyvale,
CA).

Test samples consisted of 6 ng/mL CE-BIRP conjugate pre-
incubated with various concentrations of potential ligand Zoh at
room temperature. All experiments were carried out in triplicate for a

given glycopolymer and validated against concentration gradients of

0, 3, 6, 15, 20, and 25 ng/mL CTBHRP conjugate. |6 values were
calculated from at least five different concentrations of competitive
ligand via nonlinear regression, as described previotislyith the
statistical package Microcal Origin.

Fluorescence Titration Assay.The fluorescence titration assay used
was a variation of the one described by Vrasidas ét All spectra
were recorded on a FluoroMax-3 Fluorometer (JY Horiba, Edison, NJ)

between 300 and 400 nm, using an irradiation wavelength of 282 nm.
All spectra were recorded as the average of three scans at 50 nm/min

A typical experiment was as follows: To a cuvette X11 cn?) was
added a solution of 0.6M CT Bs (100xL) dissolved in 10 mM PBS,

pH 7.2, 150 mM NacCl. To this was added incremental quantities of a
solution containing the glycopolymer and Q&1 CT Bs (500 uL).

For all compounds, an additional spectrum of a reference cuvette with

the same amount of ligand but no CT ®as taken and subtracted

the polypeptides- and y-methylene protons (g/f, 4H). The
average mole fraction of substituted residues was then calculated
by using the manufacturer’s reported degree of polymerization
for the PGA (DP= 113). Glycopolymers with different degrees
of substitution, ranging from approximately 10% to 100%, were
obtained. A maximum DS of approximately 50% was obtained
for the series of glycopolymeis—3, while a maximum DS of
100% was possible for the series of glycopolymérs, likely
resulting from the improved nucleophilicity of th&l-(e-
aminocaproyl)3-p-galactosylamine over thg-p-galactosyl-
amine. Thef- stereochemistry of the-carboxamide of the
modified glutamic acid was confirmed from the chemical shift
(4.81 ppm) and thely_y coupling constant (8.5 Hz) of the
anomeric proton, in agreement with previously reported results
for N-p-linked poly(.-glutamic acid)-modified neoglycoconju-
gates®® 38 These results were reproducibly obtained from
multiple syntheses of glycopolymers with the targeted degrees
of substitution listed in Table 1.

Select functionalized polymers were also characterized via
gel permeation chromatography (GPC, Waters Corp., Milf%'BV
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Figure 1. H NMR spectrum of glycopolymer 5 (D20, 25 °C, 400 MHz).
Table 1. Compositions of Synthesized Glycopolymers? 120 T T T
v 1
Sample DS (mol %) Type of Saccharide o 2
4 3
galactose N/A galactose S god © 4 |
1 12.0+ 1.6 pB-p-galactosylamine °\cf o 5
2 20.6 + 4.3  f-p-galactosylamine 2 ﬁ galacmse
3 52.7+5.2 S-p-galactosylamine 2 40 © PGABackbone
4 11.1+£2.2  N-(e-aminocaproyl)-5-p-galactosylamine § i i
5 21.3+3.0 N-(e-aminocaproyl)-S-p-galactosylamine 9
6 100 + 24.3  N-(e-aminocaproyl)-S-p-galactosylamine e
PGA N/A none 01 l 1

aThe error associated with the DS was estimated via the integration
of multiple peaks in the spectrum, as delineated in the text.

Log [Inhibitor] uM

MA) and anionic exchange chromatography (AEC, GE Health- Figure 2. Inhibition of CT Bs binding by glycopolymers 1—6 as
care, Piscataway, NJ) to further confirm saccharide attachment.determined via d_wect-hnked enzyme assay. The solid line represents
GPC results confirmed that the glycopolymers had a larger 1€ Pest curve fit obtained by fitting the data to a dose—response
. . . - curve via nonlinear regression analysis. No curve was fit to the PGA
molecular weight relative to the unfunctionalized PGA (dat_a data, as it showed no inhibition. All experiments were run in triplicate;
not shown). AEC results showed a reduced overall net negativetne error bars represent the standard deviation among the three trials.
charge for the glycosylated PGA relative to the unfunctionalized o
PGA, also indicating successful coupling between PGA and the Table 2. DELA and Fluorescence Titration Results for

pendant saccharide. The random coil character of even the fully &Ycopolymer-Cholera Toxin Binding Assays®

glycosylated polypeptide glycopolymérin the binding assay ICs0 (DELA) ECso (fluorescence)
buffer at room temperature was confirmed via circular dichroism Sample (mM) (mM)
measurements (data not shown). galactose 32 4+ 6.20 234+ 7.1
CT GD1b Direct Enzyme-Linked Assay.The potential of 1 0.158 + 0.027 0.354 +£0.11
these glycopolypeptides to inhibit the cholera toxin was tested 2 0.214 + 0.008 N.D.
using a direct-enzyme linked assay (DELA) developed by Minke 3 14.0 + 8.40 >3.00
et al?> Inhibition curves from the DELA experiment for 4 0.058 + 0.051 0.077 + 0.024
glycopolymers1—6, galactose, and the PGA backbone are 5 0.050 + 0.015 0.04240.025
shown in Figure 2. 6 2.1+ 0.840 0.520 + 0.16
The concentrations of samples of glycopolymkrs$ ranged PGA none none

from O uM to 8 mM (saccharide concentration), PGA from 0
uM to 1 mM (protein concentration), and galactose fropd

to 500 mM. As is indicated in Figure 2, compourids6 showed
increased inhibitory activity relative to the monovalent galactose,

agrrors are reported as the standard deviations of the average value
obtained from multiple assays of a given inhibitor.

Also, it should be noted that the reportedsdGvalues were

whereas the PGA backbone was shown to have no significantconsistent between multiple batches of glycopolymers with

inhibitory activity below a protein concentration of 1 mM. More
specifically, nonlinear regression analysis provideghMalues
(see Table 2) of approximately 158, 214, and 14 @60 for
glycopolymersl—3 and 58, 50, and 21Q@M for glycopolymers
4—6. Monovalent galactose exhibited ans$@©f 32 mM in these
assays, which is consistent with previously reported valdies.

similar degrees of substitution.

Fluorescence Titration Assay.The inhibitory activity of the
glycopolymers was also determined via fluorescence spectros-
copy according to Vrasidas et &l.for comparison to the DELA
assays. The concentrations of glycopolym&m@nd 3 used in

these experiments ranged from 0 to 300M (saccharideCDV
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Figure 3. Fluorescence titration results for (a) galactose and (b) glycopolymer 5. The arrow indicates the direction of increasing inhibitor
concentration. (c) ECs plots for glycopolymers, PGA, and galactose. Increasing the inhibitor concentration results in a blue shift in fluorescence
emission as well as a decrease in fluorescence intensity. Glycopolymer 3 exhibited no inhibition at all at concentrations up to 3 mM; ICs values
for this compound are therefore simply specified as >3 mM.

concentration)4—6 from 0 to 5000uM (saccharide concentra-  were produced in order to probe this effect. The first 4et3)
tion), galactose from 0 to 220 mM, and the PGA backbone from was modified withS-p-galactosylamine, while the second set
0 to 2600 uM (protein concentration). The fluorescence (4—6) was modified withN-(e-aminocaproyl)3-p-galactosyl-
spectrum for the titration with galactose is shown in Figure 3a. amine. The ability of these glycopolymers to inhibit the adhesion
As is shown in the figure, an increase in inhibitor concentration of CT Bs to GD1b was tested via DELA and fluorescence
results in a blue shift in the emission spectrum, in addition to spectroscopy. A closer examination of thed@alues obtained

a decrease in the fluorescence intensity, as has also beefrom the DELA experiments, as illustrated in Figure 4a and b,
observed for other ligands of C'F.A similar trend was seen jngjcates that an increase in saccharide density is accompanied
for all glycopolymers (representative data shown in Figure 3b). by a decrease in toxin inhibition (or an increase in the)@r
The difference in the center of spectral mass, relative to the |11 sets of glycopolymers. Specifically, glycopolyniehad
peak maximum for the CT Bwithout any added inhibitor, was 55 of~120% and an I, of 1584M, whereas3 had a DS of
plotted as a function of the log of inhibitor concentration as ~50% and an I of over 14 mM: sir,nilarly, the DS fo#t was

shown in Figure 3c. The data were fit to a desesponse curve . .
. ; i . ~11% with an IGo of 58 uM compared to6 with a DS of
as described for the DELA, which provided the desirecEC ~100% and an Ig, of over 2 mM.

values shown in Table 2. Inspection of Figure 3c clearly shows wo ) )
that all glycopolymers tested bind more efficiently to CT than  Improvements in inhibition as a result of potential electrostatic
galactose, consistent with the DELA results. As shown in Table interactions between the negatively charged PGA backbone (at
2, glycopolymerd., 3, and4—6 had EG values of 3543000, low saccharide densities) and the CF &e not indicated to
77, 42, and 52QuM, respectively, compared to 23 mM for  play a role in the inhibition of CT by these glycopolypeptides,
galactose. The PGA backbone was shown to have no effect onas unmodified PGA showed no sign of inhibition (Figures 2
the fluorescence to concentrations of 1/ (with respect to and 3c). Therefore, improvement in inhibition with decreasing
the PGA backbone), which is twice the maximum concentration saccharide density likely reflects improvements in the acces-
of PGA (on a protein concentration basis) employed in the sibility of the saccharide moieties in the binding event. Although
assays for the glycopolymers. the exact positions of the saccharide moieties on these PGA-
based glycopolymers cannot be determined, a qualitative
estimate of saccharide spacing may be deduced if the pendant
carbohydrate moieties are assumed to be evenly spaced along
Effect of Saccharide Density on Toxin Inhibition. With the PGA backbone, and if the PGA backbone is approximated,
ultimate goals toward the design of protein-based glycopoly- under the most flexible and least flexible conditions, as a freely
mers, one of the goals of this work was to determine the effects, jointed and an extended chain, respectively. Applying the freely
on toxin inhibition, of altering the saccharide density along the jointed chairi? (Supporting Information) and the extended
polymer backbone. Two different sets of glycopolypeptides, in chairf® (Supporting Information) as limiting cases provides
which the number of saccharides along the backbone was variedapproximate average distances between adjacent sacch&rﬂ')({?s

Discussion



488 Biomacromolecules, Vol. 7, No. 2, 2006
(a) . , :
200004 DELA Data |

PGA functionalized with p-D-galactosylamine

10000 4 | 22 # Saccharides i
CIC,, (uM)

= =

2004 I i

0 A Vi,

1 2 3
Glycopolymer

Polizzotti and Kiick

(b) T T T
DELA Data
PGA functionalized with
N-(e-aminocaproyl)-B-D-galactosylamine|

P27 # Saccharides

CIC,, (M)

4 5
Glycopolymer

Figure 4. Plot of ICsp values as a function of increasing saccharide density: (a) glycopolymers 1—3, (b) glycopolymers 4—6. Note that the
y-axis in this figure represents the average total number of saccharides on the glycopolymer, rather than the percent substitution. The data in

this figure were obtained from the DELA experiments.

between 12 and 36 A fot and 4, between 8 and 18 A fo2
and5, between 5 ah 7 A for 3, and approximatgl4 A for 6.

That inhibition is increased as the approximate distance

which 4 (ECso of 77 uM) was approximately 5 times more
effective asl (ECsp of 354 uM).

Analysis of the interaction between the Bubunit and the

between saccharide units is increased likely reflects the fact thatnatural CT B ligand GML1 reveals that the oligosaccharide

adjacent binding sites on thesBubunit are separated by a
distance of approximately 35 & At low saccharide densities,

resides in a cleft approximately 16 A deep (Supporting
Information). Estimations of the length of the respective linker

therefore, it is plausible that the saccharides are presented aarms in an extended chain conformation (Supporting Informa-
distances more consistent with the receptor spacing of €T B tion) yields approximate distances, between ¢hearbon on
and bind more efficiently on a per-saccharide basis. This the poly{-glutamic acid) backbone and the C4 carbon of the

phenomenon results in a decrease in thg l@lue, relative to
the more densely functionalized glycopolymers in which the

pendant galactose, of 9.6 A and 18.7 A for glycopolynier8
and4—6, respectively. These results strongly suggest that the

saccharides are less effectively utilized in binding. Indeed, resultsincreased inhibition by glycopolyme#—6 results from im-

relating minimum distances required for optimal (maximum)

provements in the accessibility of the terminal galactopyranoside

binding of linear molecules to CT have been reported in the provided by the 6-aminohexanoic acid linker arm. Similar

study of bivalent inhibitors of C¥ and SLT%2 The small or
negligible differences in inhibition values observed farersus
2 and4 versusb, respectively, may reflect their compositional

improvements in inhibition by the monovalehk(e-amino-
caproyl)f-p-galactosylamine versus-galactose (35-fold im-
provement) also suggests that hydrophobic interactions be-

heterogeneity, which results in similarities between the saccha-tween the aliphatic region of the linker arm with residues Tyr12
ride densities of the relevant glycopolypeptides but is unavoid- and Trp88, located in the binding pocket, may provide favorable
able upon chemical modification of the already polydisperse interactions apart from improved accessibifftylhis supposition
PGA. Nevertheless, the results demonstrate the increasigg IC is further supported by reports of CT inhibition by a series of
values with increasing saccharide density. That the more densely3,5-substituted phenyl galactosidédn particular, functional-
functionalized glycopolymers exhibit higher d@©values likely ization of m-nitrophenyle-p-galactopyranoside (MNPG) with
also reflects steric interference of saccharide binding by other 1,4-bis(3-aminopropyl)piperazine (APP-MNPG) yielded a MNPG
nearby saccharides. A similar interpretation has been previouslyderivative (1Go of 200 «M) with a sixfold improvement over
suggested, on the basis of molecular modeling investigations, MNPG (ICso of 1.4 mM). The gain in avidity was attributed to
for the reduction in inhibition of erythrocyte agglutinating the hydrophobic interactions of the propylpiperazine with
activity by 7-oxanorbornene-based neoglycopolymers containing residues in the binding pocket.
glucose or mannose of increasing densitfeadditionally, in Possible Mechanism of Inhibition.Multivalent ligands can
studies of the clustering of Con A by similar neoglycopolymers cause improvements in binding over monovalent ligands via
of varying mannose density, glycopolymers with a relatively many possible mechanisms including aggregation, subsite
low binding epitope density exhibited the most efficient binding binding, receptor clustering, chelate effects, and/or steric
on a binding epitope basfs. stabilization!® As no aggregation was observed during the assays
Effect of Saccharide Linker Arm Length on Toxin and as the receptor sites on the surface of the €8ubunit
Inhibition. An additional goal of this work was to determine are well-defined and unable to cluster, the contributions from
the effect of the saccharide linker arm length on the inhibition aggregation, subsite binding, and receptor clustering are likely
of CT Bs by the poly(-glutamic acid)-based glycopolymers. to be negligible. The observed inhibition of CTs By glyco-
As mentioned above, two sets of glycopolymers, derivatized polymersl—6 in the DELA assays therefore likely results from
with either -p-galactosylamine oiN-(e-aminocaproyl)3-p- the chelate effect and/or steric stabilization, which would prevent
galactosylamine, were synthesized for these studies. As il- interaction of the toxin with the GD1b. Steric stabilization effects
lustrated in Table 2 and Figure 4, glycopolyméts6 exhibited have been invoked previously for the inhibition of CT by
greater inhibitory power that—3 at all saccharide densities.  bivalent inhibitorg® and the inhibition of the influenza virus
A comparison of the two most effective inhibitors é&nd 4) via linear glycopolymer§.One possible approach to distinguish
revealed tha# (ICsp of 58 uM) was approximately three times  between the two mechanisms would be to demonstrate a
as effective asl (ICso of 158 uM) at preventing bacterial  significant degree of binding between the inhibitor and the toxin
adhesion of the cholera toxinsBubunit in the DELA experi- in solution, thus ruling out steric stabilization as a major mode
ments. A similar trend was seen in the fluorescence assay inof inhibition. CDV
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In these investigations, a fluorescence titration assay was usedinding pocket and linker arm length of the pendent saccharides.

to monitor the binding of inhibitor to CT 8in solution, via the

This information is available free of charge via the Internet at

shift in the center of spectral mass of the characteristic http://pubs.acs.org.

fluorescence emission from the single Trp residue in each of
the five subunits. The shift in the COSM ranged from 6 to 16
nm for glycopolymerd—6 upon association with thesBubunit
(see Figure 3), in agreement with the previously reported 12
nm bathochromic shift in the Trp88 emission spectra upon CT
Bs association with GM2! In addition, the EGp values obtained
from fluorescence measurements fbr6 are in excellent
agreement with the 163 values determined via the DELA (Table
2). If steric stabilization were the primary mode of inhibition,
ICso values obtained via DELA experiments would be expected
to be lower than those obtained from the solution-phase
fluorescence assay. The agreement of the results from the two
assays therefore suggests that improvements in glycopolymer
binding versus the monovalent saccharide reflect increased
binding avidity under equilibrium conditions via a chelate effect,
in contrast to the steric mechanisms proposed for bivalent
inhibitors. These results may also suggest a potentially greater
impact of variations in glycopolymer architecture on inhibition
of CT by these types of linear glycopolymers, as the inhibition
appears to occur via solution-phase binding rather than as a
result of aggregation or steric stabilization. Such effects need
to be verified on a glycopolymer-to-glycopolymer basis to
determine if this trend holds for an expanded set of linear
polypeptide-based glycopolymers.

Conclusions

A series of glycopolymers with a polyglutamic acid-based
backbone have been produced with variations in the density
and linker length of the pendant carbohydrate moiety. Results
obtained from competitive enzyme-linked immunosorbent assays
and fluorescence titration experiments suggest an optimal
saccharide density for CT inhibition by the linear glycopolymers.
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