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ABSTRACT: A variety of binding events in biological systems are mediated by multivalent interactions between
oligosaccharides and saccharide receptors present on pathogens and cell surfaces. In particular, given the important
role of multivalent interaction between proteins and carbohydrates in the initial step of pathogen recognition,
many glycosylated molecules and polymers have been synthesized in order to mimic the carbohydrate ligands
and to inhibit the binding of the pathogen to its target. In this work, we extend our evaluation of the impact of
the architecture of well-defined glycopolypeptides on the inhibition of binding of the cholera toxin B pentamer
(CT B5) subunit. Here we report the production of two families ofR-helical glycopolypeptides which were
synthesized via a combination of protein engineering and chemical methods. The presentation of pendant saccharides
on the polypeptide backbones, as well as their valencies, can be well controlled via these methods. Control of the
backbone conformation, introduced in this report, is also possible via these strategies. The polypeptides and
glycopolypeptides were characterized via SDS-PAGE analysis,1H NMR, and MALDI-TOF mass spectrometry.
Their conformation and hydrodynamic volume were characterized by circular dichroic (CD) spectroscopy and
gel permeation chromatography (GPC), respectively. The binding of CT B5 by these glycopolypeptides was
evaluated via direct enzyme-linked immunosorbent assay (DELA). The effects of spacing and conformation were
elucidated by comparison of the binding exhibited by helical glycopolypeptides with that of random-coil
glycopolypeptides.

Introduction

In biological systems, multivalent interactions play unique
roles owing to their greater avidity and specificity versus
monovalent interactions. Moreover, multivalent interactions can
also induce reorganization of receptors on cell surfaces, which
can enhance receptor binding selectivity.1-4 Such multivalent
interactions, especially those between proteins and carbohy-
drates, occur in a broad range of biological contexts, involving
cell surface receptors, enzymes, G-protein-coupled receptors,
ion channels, lectins, and toxins found in cells and pathogens.5-13

The study of multivalent interactions is therefore very important
for producing effective inhibitors of surface-surface interactions
as well as effectors of biological processes that could be
important inthedevelopmentofvaccinesorvaccineadjuvants.9,14-16

A more detailed understanding of specific cellular activities,
such as cell communication,8 inflammation,13 cell signaling,17

fertilization,6,18 and selective recognition of antigens by antibod-
ies,19,20 has been elucidated by the studies of multivalent
interactions.

Protein-carbohydrate multivalent interactions also occur in
the initial step of host infection by a variety of pathogens, such
as the AB5 family of bacterial toxins (including heat labile
enterotoxin, cholera toxin, shiga-like toxins, and pertussis toxin),
which contain one enzymatic A subunit as a lethal factor and
five B subunits that mediate binding of the toxin to the cell
membrane.10,21 The specific multivalent interactions between
the B pentamer and specific gangliosides expressed on the host
cell surface, which enable toxin entry into the host cells, have
been mimicked in high-affinity multivalent inhibitors and offer
potential therapeutic strategies.14,15,22,23Moreover, the binding

of synthetic inhibitors with CT B5 can be achieved with simple
monosaccharides and does not require the penetration of cell
membranes, which allows saccharide ligands of a variety of
identities and/or electrostatic charge to be easily appended on
the multivalent backbone for investigations of inhibition en-
hancement.24 Therefore, CT B5 has been used as a model lectin
for studies of multivalent interactions.

Many types of scaffolds have been used for multivalent
displays of ligands, including one-dimensional linear small
molecule scaffolds, rigid or flexible linear polymeric scaffolds,25

dendrimers,26 nanoparticle surfaces,27 monolayer surfaces,28 and
liposomes.29 These and other previous reports have illustrated
that various architectural features such as scaffold conformation,
valency, linker arm, and ligand density can all significantly
affect binding.2,28,30 For example, multivalent enhancement
factors ranging from 10 to 106 have been reported for the binding
of multivalent sialic acid-functionalized macromolecules to the
hemagglutinin receptors on the surface of the influenza virus,
depending on the degree of valency and the type of scaffold.31

In contrast, a series of sialosides with chemically defined
divalent to tetravalent structures have been synthesized, and their
relative binding affinities for sialoadhesin (Siglec 1) have shown
poor correlation with valency; the tetrasialoside with the highest
valency exhibits the poorest binding perhaps due to the steric
restriction caused by the close spacing of the ligands.32 It has
been reported by Cloninger and co-workers that the binding
activities and the degree of protein clustering induced by
dendrimeric glycopolymers can be attenuated by the ligand types
and densities.30 More recently, Sampson and co-workers have
reported multivalent fertilinâ oligopeptides, which exhibit
variations in the inhibition of fertilization depending on differ-
ences in scaffold length and ligand density.6 The nature of the
linker arm between scaffolds and saccharide ligands can also
have an impact on multivalent binding. Two bivalent Pk
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trisaccharide ligands reported by Toone and co-workers have
been suggested to bind shiga-like toxin in different modes and
with different enhancements based on differences in the phys-
icochemical nature of the linkers.33 It has been shown that the
increasing of length and hydrophobicity of linkers of pendant
ligands can improve the CT B5 inhibition of a series of poly-
(glutamic acid)-based glycopolymers,34 as had been previously
suggested in investigations of small molecule35 and dendrimeric
inhibitors.36

Very useful information has been obtained from these studies
to guide the design of new multivalent ligands. An increased
level of detail to guide ligand design, however, could be
facilitated via the production of increasingly well-defined
scaffolds. Most of the previously reported scaffolds are hetero-
geneous with respect to valencies, spacing, ligand densities, or
scaffold length and have not offered opportunities to alter
polymer conformation, which have been barriers to the detailed
interpretation of the factors that affect multivalent interactions.
Moreover, some of the scaffolds, such as liposomes and
monolayers, can be difficult to stabilize, so in many cases only
the average densities of the functional groups can be con-
trolled.28 Protein engineering methods with subsequent chemical
coupling of ligands provide significant advantages for the
manipulation of polypeptide backbone conformation and func-
tional group placement. We have previously reported a family
of random-coil glycopolypeptides synthesized via such strategies
as potential inhibitors of CT B5.34,37The scaffolds were equipped
with modified galactopyranosides, as the natural CT B5 ligand
on the cell surface (the GM1 ganglioside (Galâ1-3GalNAcâ1-
4(Neu5AcR2-3)Galâ1-4Glc-ceramide)) binds through its ter-
minal galactose. Modification of scaffolds with simple monosac-
charides has thus provided a facile and useful strategy for
production of multivalent inhibitors.38

In the work reported here, we report the synthesis and
characterization of two families ofR-helical glycopolypeptides
designed to display galactopyranosides at nominally 35 and 17
Å between two adjacent pendant saccharide ligands. The crystal
structure of the complex of CT B5 and GM1 reveals that the
distance between two adjacent sugar-recognizing binding sites
on CT B5 is ∼35 Å, so the production of these scaffolds has
afforded additional opportunities to probe the sensitivity of
inhibition to the presentation of saccharides at these distances.24

The polypeptides and glycopolypeptides were characterized via
multiple methods, including1H NMR, circular dichroic spec-
troscopy (CD), gel permeation chromatography (GPC), and
DELA. Comparison of the CT B5 inhibition of theseR-helical
glycopolypeptides with those of previously reported random-
coil glycopolypeptides37 has also provided assessment of the
contribution of backbone conformation on the binding event.
Opportunities for the design of additional glycopolypeptides with
tunable inhibition are suggested on the basis of these investiga-
tions.

Materials and Methods

Materials. 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) and Fmoc-6-aminohexanoic acid
(Fmoc-Ahx-OH) were purchased from EMD Biosciences Inc. (San
Diego, CA). 3,3′,5,5′-Tetramethylbenzidine (TMB) was purchased
from Pierce (Rockford, IL). Isopropylâ-D-thiogalactopyranoside
(IPTG) and C96 Maxisorp microtiter plates were purchased from
Fisher Scientific (Pittsburgh, PA). Ganglioside GD1b, cholera toxin
B subunit horseradish peroxidase conjugate (CT B5-HRP), â-D-
galactosylamine,â-D-galactose, dimethyl sulfoxide (DMSO), di-
isopropylethylamine (DIEA), and all other reagents were obtained
from Sigma-Aldrich (St. Louis, MO) and used without any further
purification.

Protein Expression and Purification. The plasmids pET28b-
JS1-A3, pET28b-JS1-A6, and pET19b-RF1-B6 were used to
transform chemically competent cells ofE. coli strain BL21(DE3)-
pLysS for expression of polypeptides 17-H-3, 17-H-6, and 35-H-
6, respectively.39 The sequences and expected molecular weights
(which were confirmed via MALDI-TOF analysis of the purified
polypeptides) of these three polypeptides are listed in Table 1. The
expression was conducted via standard methods employing chemical
induction (final concentration of IPTG of 0.4 mM) of cultures of
the appropriate expression host, grown in 500 mL 2× YT media
with ampicillin (100µg/mL) and chloramphenicol (34µg/mL) for
35-H-6 or kanamycin (25µg/mL) and chloramphenicol (34µg/
mL) for 17-H-3 and 17-H-6.39,40Cells were harvested 4 h later via
centrifugation (10 000 rpm, 20 min), and the cell pellets were
resuspended in buffer B (8 M urea, 100 mM NaH2PO4, 10 mM
Tris‚Cl, pH ) 8.0), with 4 mL of buffer B for 1 g of cell pellet,
and frozen at-20 °C.

The cell suspensions then were lysed via sonication, and the cell
lysates were collected via centrifugation (15 000 rpm, 20 min). The
target polypeptides were purified from the cell lysate via im-
mobilized Ni-NTA affinity chromatography with stepwise pH
gradient elution under denaturing conditions. Eluted polypeptides
were dialyzed against deionized water at 4°C for 3 days (3 changes
of water per day), and the dialysates were lyophilized to yield 15-
20 mg of the purified target polypeptides per liter of culture. The
protein purification was monitored with sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and visualized via
Coomassie blue staining.

Synthesis of N-(ε-Aminocaproyl)-â-D-galactosylamine.The
N-(ε-caproyl)-â-D-galactosylamine was prepared using previously
described methods.34 Fmoc-Ahx-OH (1.4 mmol, 500 mg), HBTU
(1.4 mmol, 550 mg), and DIEA (7 mmol, 1.3 mL) were dissolved
in 2.5 mL of DMSO and preactivated for 5 min, and the
predissolvedâ-D-galactosylamine solution (1.4 mmol, 250 mg in
5 mL of DMSO) was added into the reaction and stirred at room
temperature overnight. The reaction solution was mixed with∼200
mL of H2O and then washed with DCM three times to remove the
byproducts and DMSO. The aqueous phase was collected and
lyophilized. For deprotection of the Fmoc group, the obtained
yellow powder was dissolved in piperidine/DMF (20:80) and stirred
at room temperature for 2 h, followed by precipitation into cold
ethyl ether. After centrifugation, the precipitate was dissolved in
H2O and lyophilized (∼340 mg of product,∼83% yield).

Table 1. Polypeptides Employed in These Studies

polypeptide sequences MW (Da) approx spacing (Å)

17-H-3a [AAAQ EAAAAQAAAQA EAAQAAQ] 3 8875b 17
Cap 17-H-3c 17-H-3 17
17-H-6 [AAAQEAAAAQAAAQA EAAQAAQ] 6 14770 17
Cap17-H-6 17-H-6 17
35-H-6 [AAAQAAQAQAAA EAAAQAAQAQ] 6 14159 35
Cap 35-H-6 35-H-6 35

a x-H-y: x represents the approximate distance between the adjacent glutamic acids, H represents helical conformation, andy represents the number of
repeats of the monomeric peptide sequence.b The given molecular weight of polypeptides are theoretical; purified polypeptides show these expected masses
in MALDI-TOF analysis.c Capx-H-y represents theN-(ε-aminocaproyl)-â-D-galactosylamine-functionalized glutamic acid residues in the glycopolypeptides.
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Glycosylation of Polypeptides.The polypeptides were dissolved
in DMSO at a concentration of 1 mg/mL. A 5-fold excess (based
on moles of carboxylic acid groups in the polypeptides) ofN-(ε-
aminocaproyl)-â-D-galactosylamine, a 2-fold excess of HBTU, and
a 5-fold excess of DIEA were added into the reaction solution every
3 h (3 times) to ensure completion of the reaction. The reaction
solutions were stirred at room temperature for 9 h. The reaction
mixtures were dialyzed against 1 M NaCl (4 changes) for 1 day,
then against H2O (4 changes) for another day, and then lyophilized.

General Characterization. Electrospray mass spectrometry and
NMR were used to characterize theN-(ε-aminocaproyl)-â-D-
galactosylamine. The purity of the polypeptides and glycopolypep-
tides was monitored via SDS-PAGE, the composition was con-
firmed via NMR and amino acid analysis, and the molecular weight
of the polypeptide and glycopolypeptides was confirmed via
MALDI-TOF mass spectrometry. The secondary structure of the
polypeptides and glycopolypeptides was characterized via circular
dichroic (CD) spectroscopy. Concentrations of the samples of
polypeptides and glycopolypeptides were determined via amino acid
analysis (University of Iowa, Iowa City, IA).

Circular Dichroic Spectroscopy (CD).Circular dichroic spectra
were recorded on a Jasco J-810 spectropolarimeter (Jasco Inc,
Easton, MD) equipped with a Jasco PTC-424S temperature control-
ler. Background scans of buffers (PBS pH 7.4) were recorded and
subtracted automatically from the sample scans. Samples were made
at a concentration of approximately 1-2 µM via dilution. The stock
concentrations were confirmed via amino acid analysis. The samples
(400µL) were loaded into a 1 mmpath length quartz cuvette. Data
points for the wavelength-dependent CD spectra were recorded at
every nanometer with a 1 nmbandwidth and a 10 s averaging time
for each data point. Data points for the temperature scans were
recorded at 222 nm, at 1°C intervals with an equilibration time of
1 min. The molar ellipticity, [θ]MRE (deg cm2/dmol), was calculated
via use of the concentration, molecular weight of the samples, and
cell path length.

Gel Permeation Chromatography (GPC).The relative hydro-
dynamic volumes of this family of polypeptides and glycopolypep-
tides were examined via gel permeation chromatography employing
a Waters GPC (Milford, MA). 50µL of filtered 1 mg/mL samples
in PBS buffer (pH 7.4) or PBS with 20% acetonitrile was injected
and separated on a Waters Ultrahydrogel linear column (7.8× 300
mm) followed by a Ultrahydrogel 250 column (7.8× 300 mm).
The absorbance at 214 nm was detected with a Waters 2996
photodiode array detector.

Direct Enzyme-Linked Assay (DELA).A direct enzyme-linked
immunosorbent assay was carried out in 96-well microplates as
previously reported.41 Microplates were incubated at 37°C for 16
h with 100 µL of 2 µg/mL ganglioside GD1b PBS solution (pH
7.4) in each well and then blocked with 1% BSA-PBS solution

for 30 min. The plates were washed with 0.05% Tween 20 in PBS
and then used for the inhibition assays. For the inhibition assay, a
series of glycopolypeptide samples of various concentrations
(determined by amino acid analysis) were prepared and mixed with
the cholera toxin B subunit horseradish peroxidase conjugate (CT
B5-HRP) in sample buffer (0.1% BSA, 0.05% Tween 20, PBS) to
obtain a final concentration of CT B5-HRP of 6 ng/mL. The
glycopolypeptides (or monovalent galactose as a control) were
incubated with the CT B5-HRP at room temperature for 2 h; 100
µL of the sample mixture was then added into wells of the prepared
plates and incubated for 30 min at room temperature. Unbound
toxin was removed via washing with 0.05% Tween 20 in PBS,
and the remaining CT B5-HRP bound to GD1b was developed with
TMB solution. The reaction was quenched with 2 M H2SO4, and
the amounts of CT B5-HRP were monitored with absorbance
measurements at 450 nm. IC50 values were calculated via fitting
of the data by nonlinear regression.42

Results

Synthesis of Glycopolypeptides.The coupling reaction of
N-(ε-aminocaproyl)-â-D-galactosylamine to the polypeptides is
shown in Figure 1. The six-carbon linker arm of the galacto-
pyranoside ligands was chosen on the basis of previous studies
of the contribution of the hydrophobic linker arms to the binding
of CT B5 as well as studies ofN-(ε-aminocaproyl)-â-D-
galactosylamine-modified PGA glycopolypeptides that indicated
improved inhibition of CT B5 in a DELA format.34,35 The
nominal distance between adjacent saccharide ligands in these
helical glycopolypeptides was estimated on the basis of energy
minimization calculations, as previously described.43 The polypep-
tide sequences, their molecular weights, and the approximate
distance between glutamic acid residues are listed in Table 1.
Amide bond formation was carried out under basic condition
with HBTU activation. To approach full substitution of the
glycopolypeptide, fresh saccharide ligands, HBTU, and DIEA
were added in three cycles. The excess caproyl-functionalized
galactosylamine and other small molecules were removed from
the reaction mixture via dialysis against 1 M NaCl and then
H2O, yielding pure glycopolypeptides with high yield. The purity
of polypeptides and glycopolypeptides was determined with
HPLC and SDS-PAGE (Supporting Information, Figure S1).
The composition, molecular mass, and degree of substitution
were characterized via1H NMR and MALDI-TOF (Supporting
Information, Figures S2-S4); the tabulated results of these
experiments are shown in Table 2.

Figure 1. Glycosylation ofR-helical polypeptides withN-(ε-aminocaproyl)-â-D-galactosylamine.

Table 2. Estimated Degrees of Substitution of Synthesized Glycopolypeptides

glyco-
polypeptide

no. of reactive
-COOH (including

C-termini)

no. of saccharides
determined from

NMR

mol mass (Da)
determined from

MALDI

no. of saccharides
calcd from
MALDI av no.

degree of
substitution (%)

Cap 17-H-3 7 6.7 10673 6.5 6.6( 0.1 94( 2
Cap 17-H-6 13 11.5 17808 11.7 11.6( 0.1 90( 1
Cap 35-H-6 7 7.3 16017 6.3 6.8( 0.7 97( 10
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Secondary Structure Characterization. CD experiments
were conducted to study any potential changes in polypeptide
conformation upon glycosylation; the studies were conducted
in PBS buffer at pH 7.4 to mimic the buffer conditions employed
for the DELA. The spectra of all polypeptides and glyco-
polypeptides at 4°C are shown in Figure 2. As shown in the
figure, each polypeptide and glycopolypeptide exhibits a
spectrum with two minima at 208 and 222 nm and a maximum
at∼195 nm, consistent with the expected spectrum of a helical
polypeptide. The mean residue ellipticity ([θ]MRE) values of
samples were calculated on the basis of concentrations deter-
mined via amino acid analysis and according to standard
equations. Because theR-helical polypeptide chains contain non-
alanine-rich N- and C-tags, which have lower helical propensi-
ties than the alanine-rich sequences, the helicities of the repeated
alanine-rich region are predicted to be higher than the overall
apparent fractional helicities. As shown in Figure 2, the
intensities of the spectra of the glycopolypeptides are generally
slightly lower than those of the corresponding polypeptides,
indicating that the glycopolypeptides have slightly lower he-
licities than the corresponding polypeptides. Standard methods
and equations for correlating [θ]MRE and the helicity of the
macromolecules have been reported previously43,44(Supporting
Information) and were used to calculate the maximum fractional
helicities of the polypeptides and glycopolypeptides. Polypep-
tides 17-H-3, 17-H-6, and 35-H-6 show fractional helicities of
71%, 78%, and 68%, while glycopolypeptides Cap 17-H-3, Cap
17-H-6, and Cap 35-H-6 exhibit fractional helicities of 57%,
71%, and 52%, respectively. Variations in the helicities of the

polypeptides have been observed with differences in sample
preparation, with errors generally less than 15% (although near
25% in isolated cases). The greater loss in helicity of the Cap
17-H-3 after glycosylation, relative to that observed for the Cap
17-H-6, may be due to the shorter chain length. The greater
loss of helicity for the Cap 35-H-6 compared with Cap 17-H-6
may result from interruption of stabilizing salt bridges, between
glutamic acid and glutamine ati and i + 4 positions, after
glycosylation45,46

Thermal Stability. The thermal stability of polypeptides and
glycopolypeptides with increasing temperature was studied via
CD to examine the effect of glycosylation. Upon heating from
4 to 80°C, the minima at 208 and 222 nm decrease in absolute
intensity, with the appearance of a single minimum near 198
nm at elevated temperature for all samples (Supporting Informa-
tion, Figure S5). The observed results are consistent with the
adoption of a nonhelical conformation by the macromolecules
upon heating. The thermal transition is fully reversible upon
heating and cooling for both the polypeptides and glycopolypep-
tides (Supporting Information, Figure S6).

The existence of an isodichroic point (at∼203 nm) in the
CD spectra of all polypeptides and glycopolypeptides suggests
the existence of a two-state transition.47,48 The [θ]222 values as
a function of temperature, for the polypeptides and glyco-
polypeptides, and the fitted curves (fits based on a two-state
function) are shown in Figure 3. As shown in the figure, both
polypeptides and glycopolypeptides undergo a thermal transition
over a reasonably broad temperature range, consistent with data
reported for other alanine-rich peptides.49-51 Given the apparent

Figure 2. CD spectra of polypeptides and glycopolypeptides PBS buffer (pH 7.4) at 4°C: (A) 17-H-3 and Cap 17-H-3; (B) 17-H-6 and Cap
17-H-6; (C) 35-H-6 and Cap 35-H-6.

Figure 3. Plots of [θ]222 vs temperature and fitting curves based on a two-state function for polypeptides and glycopolypeptides: (A) 17-H-3 and
Cap 17-H-3; (B) 17-H-6 and Cap 17-H-6; (C) 35-H-6 and Cap 35-H-6.

Table 3. van’t Hoff Enthalpy ( ∆Hm) and Melting Temperature (Tm) for the Polypeptides and Glycopolypeptides

17-H-3 Cap 17-H-3 17-H-6 Cap 17-H-6 35-H-6 Cap 35-H-6

∆Hm (kcal/mol)a,b 20.3( 1.9 19.4( 1.8 22.2( 1.0 29.2( 4.8 18.5( 1.8 20.0( 2.0
Tm (°C)c 33.6( 2.3 38.4( 0.7 34.9( 0.1 47.8( 3.1 35.2( 1.4 38.4( 1.5

a Reported errors are based on the calculated error from duplicate measurements.b The∆Hm values for all the polypeptides and the relative glycopolypeptides
are not statistically different based on the results of ANOVA, Turkey’s test (p > 0.05). cThe statistical comparison ofTm values using ANOVA (Turkey’s
test) showed that the Cap 17-H-3 and Cap 35-H-6 do not have significantly differentTm values than their corresponding polypeptides backbones, while the
Tm of Cap 17-H-6 is statistically different than that of 17-H-6 (p < 0.05) with unknown origins.
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two-state nature of the transition, assessment of the reduction
in helicity (via measurement of the [θ]222) as a function of
temperature can provide a measure of the melting temperature
and enthalpy of the transition (Supporting Information). By
fitting these data to the standard two-state equation,52,53 the
transition temperature (Tm) and van’t Hoff enthalpy values
(∆Hm) of the polypeptides and glycopolypeptides can be
obtained; these values are listed in Table 3. The glycopolypep-
tides show transitions that are broader than those of the
unmodified polypeptides, suggesting that the transition is less
cooperative. In addition, the glycopolypeptides show higher
transition temperatures than the corresponding polypeptides,
suggesting that they may be more thermally stable despite their
lower fractional helicities, although these differences may result
from the increased breadth of the transition. The∆Hm values
are only slightly greater in the glycopolypeptides versus the
polypeptides, which may support this speculation; on the whole,
the thermal properties of the polypeptides and glycopolypeptides
are not widely dissimilar, indicating that the helical polypeptides
can be employed as templates for the multivalent display of
these and potentially other ligands.

Gel Permeation Chromatography (GPC).In our investiga-
tions of random-coil glycopolypeptides, a correlation of hydro-
dynamic volume and inhibition was observed.37 GPC experi-
ments were therefore conducted to study the hydrodynamic
volume of theR-helical polypeptides and glycopolypeptides,
for comparison with the glycosylated random-coil polypeptides
of chemical and recombinant origins reported in our previous
studies.37 In these experiments, the absorbance at 214 nm was
monitored as a function of elution time for the polypeptides
and glycopolypeptides in PBS buffer or PBS buffer containing
20% acetonitrile; representative GPC traces for the helical
polypeptides and glycopolypeptides in PBS are shown in Figure
4. All helical glycopolypeptides have a slightly longer elution
time than their corresponding polypeptides, suggesting that the
glycopolypeptides have smaller hydrodynamic volumes. The
GPC traces of 35-H-6 and Cap 35-H-6 are shown in Figure 4
as an example. In the unmodified polypeptides, the chains may
be more extended due to the negatively charged glutamic acid
residues, despite the fact that the Debye length under these
conditions (7.8 Å)54 is shorter than the expected distance
between glutamic acid residues in chains of 100% helicity.
Neutralization of charge by coupling with saccharide ligands
yields smaller hydrodynamic volumes for the glycopolypeptides
although they are of higher molecular mass. These results are
similar to the GPC results for PGA and random-coil polypep-
tides;37 this similarity may result from the incomplete helicity
of the helical polypeptides. In addition, a comparison of the
elution times for the random-coil and helical glycopolypeptides

in PBS is shown in Figure 5. As illustrated in the figure, the
Cap 35-H-6 shows longer elution times than Cap PGA 86 and
Cap 35-RC-6, indicating the relatively small hydrodynamic
volume of the helical polypeptides. Given the similarity of the
molecular masses of the Cap 35-RC-6 and Cap 35-H-6, if these
R-helical polypeptides were rigid, they should exhibit a greater
radius of gyration (RG) value than the random-coil polypep-
tides.37 The fact that theseR-helical polypeptides show an
apparently lower hydrodynamic volume than random-coil
polypeptides may be due to their flexibility, despite their
significant helicity.55 Nevertheless, comparisons of hydrody-
namic volume and inhibition enhancement of helical glyco-
polypeptides with those of the glycosylated random-coil gly-
copolypeptides permit the effects of backbone conformation on
inhibition to be evaluated.

CT B5 Binding Assay. The CT B5 inhibition of these
glycopolypeptides were examined via the DELA protocol
reported by Minke et al.41 The inhibition curves for all the
glycopolypeptides are shown in Figure 6. The concentration of
samples of glycopolypeptides in the DELA assay ranged from
0 to 350µM on polypeptide basis (0 to 3 mM on saccharide
basis), whereas the concentration of monovalent galactose was
varied from 0 to 150 mM. The data were fit via nonlinear
regression42 with the corresponding results shown in Table 4.
The IC50 value obtained for monovalent galactose in these assays
was 54 mM, while the IC50 values (given insaccharide
concentration) for the glycopolypeptides were 3.34 mM (Cap
17-H-3), 725µM (Cap 17-H-6), and 160µM (Cap 35-H-6).
The inhibition enhancements for the glycopolypeptides over the
monovalent galactose are 16-fold, 74-fold, and 340-fold,
respectively. In control experiments of the unmodified polypep-
tides, some nonspecific inhibition was observed at high con-
centrations for the 17-H-3 and 17-H-6 (greater than 250µM
polypeptide (1.75 mM saccharide) for 17-H-3, and 100µM

Figure 4. Elution times for polypeptides 17-H-3, 17-H-6, and 35-H-6
and glycopolypeptide Cap 35-H-6 in PBS. Plots are shown as
normalized absorbance at 214 nm vs elution time.

Figure 5. Elution times of Cap PGA 86, Cap 35-RC-6, and Cap 35-
H-6 in PBS. Plots are shown as normalized absorbance at 214 nm vs
elution time.

Figure 6. DELA inhibition data for inhibition of CT B5 by glyco-
polypeptides and galactose. Curves shown are fits to the data by a
nonlinear regression method.
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polypeptide (1.3 mM saccharide) for 17-H-6); 35-H-6 showed
no nonspecific inhibition at these concentrations.

Discussion

Design of Glycopolypeptides.Protein engineering strategies
were applied to produce a family ofR-helical polypeptides as
the backbones of multivalent saccharide ligands with well-
defined spacing and conformation. Alanine- and glutamine-rich
polypeptides were chosen owing to their high helicity and
reduced tendency for aggregation,39,43 while the glutamic acid
residues were employed for specified placement of saccharide
residues in the chain through standard amide bond formation
strategies. The inclusion of the glutamic acid residues at various
positions and in various numbers permitted the manipulation
of spacing and valency of these glycopolypeptides. The produc-
tion of these scaffolds was targeted so that the inhibition of CT
B5 by this family of R-helical glycopolypeptides could be
compared with that of previously studied random-coil glyco-
polypeptides and so that backbone effects on multivalent binding
could be estimated.37

This distance between adjacent carbohydrate binding sites
of CT B5 is estimated to be 35 Å from the crystal structure of
the complex of CT B5 and its native receptor GM1 ganglioside-
Galâ1-3GalNAcâ1-4(Neu5AcR2-3)Gal-â1-4Glc-ceramide.24 Ad-
ditionally, between the carbohydrate binding sites on the
adjacent subunits, there is no significant steric hindrance, which
allows the saccharide ligands presented on the scaffolds access
to those carbohydrate binding sites.56 As shown in Table 1, 35-
H-6 was designed with an adjacent functional group spacing of
35 Å, while 17-H-3 and 17-H-6 were designed with a spacing
of 17 Å; these values were estimated on the basis of energy
minimization calculations.39,43They are commensurate with the
distances between saccharide receptors in the CT B5 and
therefore permit study of the influence of saccharide spacing
on the binding for these helical glycopolypeptides.

The distance between the C4 carbon of the terminal galactose
and the C4 carbon of the glucose of the GM1 has been estimated
to be∼16 Å, which provides an estimate of the optimal length
of a linker arm required to permit unimpeded interaction of the
pendant saccharides in the binding pocket of CT B5.34 Favorable
hydrophobic interaction between an alkyl linker arm and
hydrophobic amino acids in the binding pocket of CT B5 has
also been indicated to improve the binding affinity of saccharide
ligands, based on comparison of the inhibition by a series of
3,5-substituted phenyl galactosides.35 The favorable effect of
the alkyl linker arm has also been indicated in studies of CT
B5 inhibition by our previously reported PGA-derived glyco-
polypeptides and recombinant glycopolypeptides; glycopolypep-
tides with caproyl-linked galactopyranosides showed higher
inhibition enhancement than those without the six-carbon
linker.34,37The caproyl-linked galactopyranoside was therefore
applied in this family of glycopolypeptides; the distance between

the R-carbon on the glutamic acid residue and the C4 carbon
of the pendant galactose is∼18.7 Å when this linker is used,
which is commensurate with the measured distance between
relevant atoms in the GM1 ligand.

Conformational Properties and Effects of Glycosylation.
Both unmodified polypeptides and glycopolypeptides show
R-helical secondary structures, as illustrated in the CD results
(Figure 2). The fractional helicities of these macromolecules
range from approximately 50% to 80% at 4°C; the helicity of
the alanine-rich segments of these sequences would be cor-
respondingly greater (60% to nearly 100%). At room temper-
ature (the conditions of the DELA experiment), the alanine-
rich segments of these macromolecules retain fractional helicities
ranging from approximately 45% to 80%. Glycopolypeptides
exhibited lower maximum helicities than the corresponding
polypeptides, with losses in helicity ranging from 4% to 24%.
Such a loss in secondary structure upon glycosylation is
consistent with previously reported conformation changes upon
glycosylation as reported by de Jongh et al.57 In these studies,
fructosylatedâ-lactoglobulin exhibited a 5% reduction inâ-sheet
character upon comparison to unmodifiedâ-lactoglobulin, as
assessed via CD.57 The change in secondary structure observed
for the helical glycopolypeptides may result from the influence
of molecular weight, hydrogen bonding, and steric factors in
the folding of these glycopolypeptides.58,59 The retention of
greater helicity of the Cap 17-H-6 relative to that of Cap 17-
H-3 may due to the longer chain length of the 17-H-6, which
may stabilize the helical conformation and decrease the effect
of glycosylation on the secondary structure.59 Compared with
35-H-6, Cap 35-H-6 has∼24% lower helicity, which may result
from the reduction of favorable Glu-Gln interactions that have
been shown to stabilize the helical conformation of alanine-
rich peptides.45,46

The melting temperatures observed here for theR-helical
glycopolypeptides are greater than those reported for other
shorter alanine-rich peptides,50 which is expected given their
greater length, as mentioned above. TheTm values for the
glycopolypeptides, obtained from the CD melting curves, are
greater than the values for the corresponding polypeptides, which
may suggest that the secondary structure of the glycopolypep-
tides is stabilized against thermal denaturation via glycosylation.
The apparent increase in thermal stabilization observed as an
increasedTm may also simply result from lower cooperativity
during the folding and unfolding process, which may be caused
by the steric effects of bulky saccharide groups on the side chain
of glycopolypeptides and that complicates estimates ofTm.
Specifically, theTm values of Cap 17-H-3 and Cap 35-H-6 (each
carrying 6-7 saccharides) increased by 4.8 and 3.2°C relative
to those of the unmodified polypeptides, respectively. The
increase in theTm of the Cap 17-H-6 (with 12-13 saccharides),
in contrast, was significantly higher (∼12.9 °C), despite the
similarity in its length to that of Cap 35-H-6. The observed
increase inTm values is also comparable with what has been
reported for glycosylatedâ-lactoglobulin. Although theâ-sheet
content ofâ-lactoglobulin was reduced upon glycosylation, the
glycosylated protein showed slightly increased thermal stability
thanâ-lactoglobulin based on CD and DSC studies; theTm was
observed to increase from 68 to 77°C for â-lactoglobulin
containing seven fructose residues.57 Similar effects of glyco-
sylation on protein thermal stability have been reported for
R-chymotrypsin glycosylated with lactose or dextran, with the
glycosylatedR-chymotrypsin (with 7-8 lactose per chain)
showing an increase inTm of 7 °C (from 46 to 53°C).60

Although no specific molecular mechanisms have been deter-

Table 4. IC50 Values for Glycopolypeptides and Galactose As
Determined via DELA and Inhibition Enhancement of

Glycopolypeptides over Galactose

sample IC50 (µM)
inhibition enhancement

over galactosea

Cap 17-H-3 3340( 650 16( 3
Cap 17-H-6 725( 50 74( 3
Cap 35-H-6 160( 26 340( 30
galactose 53900( 8920

a The statistical comparison of the IC50 values using ANOVA (Turkey’s
test) showed that the inhibition enhancement of Cap 35-H-6 was statistically
significant as compared with the other two glycopolypeptides (p < 0.05).
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mined for the improved thermal stability in these cases,
glycosylation has been widely shown to increase protein thermal
stability61,62and has therefore become an often-explored method
for modulating protein thermal stabilities as well as other
properties such as the kinetics of protein unfolding and the
formation of insoluble protein aggeragates.60,63,64Similarly, we
cannot assign any molecular mechanisms to the origins of
apparently increased thermal stability in the glycopolypeptides
or assess if this change in folding reflects any significant change
in chain rigidity at room temperature. Evaluation of the chain
rigidity at room temperature via small-angle scattering methods
is currently underway.

The ∆Hm values obtained from the CD melting curves are
similar for this family of alanine-rich polypeptides and glyco-
polypeptides, suggesting a similar enthalpy of unfolding for the
cooperative unit.65 The ∆Hm values measured for the confor-
mational transition of these alanine-rich polypeptides and
glycopolypeptides are slightly higher than those reported for
shorter alanine-rich peptides (∼11 kcal/mol),66 which may be
expected owing the higher molecular weight of the polypeptides
here. In contrast, the measured values are smaller than that of
collagen-like polypeptides in which folding involves multiple
polypeptide chains,67 consistent with the monomeric nature of
the transition and the low cooperativity indicated by the breadth
of the transition for the helical macromolecules.

Although there are slight differences between the helicities
of the polypeptides and glycopolypeptides, both sets of mac-
romolecules exhibit helical conformations of reasonably com-
parable stability, suggesting that the glutamic acid residues do
not play a significant role in stabilizing theR-helical structure
and that glycosylation does not disrupt the polypeptide backbone
conformation. This type of scaffold, designed on the basis of
secondary structure preferences of natural amino acids, therefore
represents a useful approach in the production of more
complicated, yet defined, multivalent ligands with desired
backbone conformation.

Effects of Saccharide Spacing on CT B5 Inhibition. An
important goal of this work was to determine the effects, on
CT B5 inhibition, of varying the distance between adjacent
saccharide ligands along a helical polypeptide backbone. As
shown in Table 4, Cap 17-H-3 and Cap 17-H-6 exhibit 16- and
74-fold enhancement in inhibition, while Cap 35-H-6 shows a
340-fold enhancement in binding, clearly indicating that higher
inhibition enhancement can be obtained if the distance between
the adjacent saccharide ligands along the backbone better
matches the spacing between carbohydrate binding sites of the
lectin target. The significant reduction in inhibition enhancement
for the Cap 17-H-3 and Cap 17-H-6 relative to Cap 35-H-6 (p
< 0.05), despite the fact that Cap 17-H-6 displays the same
number of saccharides at an approximate 35 Å spacing as does
Cap 35-H-6, likely results from unfavorable steric hindrance
that reduces the avidity of multisite binding. The origins of the
binding avidity of the 17-H-X scaffolds are not fully clear but
may reflect a combination of multivalent binding and some
statistical effects, given the higher density of saccharide ligands
relative to the receptors and the flexibility of the glycopolypep-
tide chain. Statistical effects, which increase the local concentra-
tion of the saccharide ligands in the vicinity of the receptors,
have been commonly observed in synthetic glycopolymer
inhibitors and effectors.26,30,68As the structure of the Cap 17-
H-X glycopolypeptides in solution is yet unknown, it is possible
that the observed binding results from multivalent binding
between alternating saccharides (with minimal statistical effects)
and that this binding is attenuated by the steric hindrance of

the additional saccharides. Synthesis of glycopolypeptides with
saccharide spacing that is fully mismatched (e.g., 25 Å) would
provide additional insight into the origins of the binding avidity
and is being explored. Compared with Cap 17-H-3 and Cap
17-H-6, the higher-avidity Cap 35-H-6 has a lower saccharide
density (and a lower valency compared with Cap 17-H-6) but
an adjacent saccharide spacing designed to match the distance
between two adjacent carbohydrate binding domains on CT B5.
In this case, the multivalent effect almost certainly dominates
the binding event and is suggested by these data to result in
greater inhibitory potency.

In addition to saccharide spacing, other factors, such as
valency, scaffold length, and molecular weight, may also affect
the multivalent binding. The difference in inhibition enhance-
ments for the Cap 17-H-3 and Cap 17-H-6 (16-fold and 74-
fold, respectively), albeit small, likely reflects the higher valency
of the Cap 17-H-6 which would improve binding on the basis
of statistical effects and may also reflect the higher molecular
mass and scaffold length of the 17-H-6, effects that have been
previously indicated to be favorable for multivalent binding.26

A detailed comparison of the relative importance of valency,
scaffold length, and molecular mass will require comparisons
with additional glycopolypeptides. In addition, more detailed
characterization of the binding event via isothermal titration
calorimetry will permit a quantitative evaluation of the number
of binding sites occupied and the enthalpic and entropic
contributions to the binding event. These results provide initial
evidence that the binding avidity can be manipulated in helical
scaffolds via structural modulation of architecture, which has
not been previously accessible synthetically.26

Backbone Conformation Effects on CT B5 Inhibition. As
illustrated above, the presentation of saccharide residues on the
helical scaffold improves inhibition enhancement, with the Cap
35-H-6 showing a 340-fold improvement in inhibition in
comparison to the 162-fold improvement of the Cap 35-RC-6.
Taken alone, these data suggest that improvements in inhibition
are to be gained by altering polymer conformation, perhaps as
a result of entropic effects, despite the less than 100% helicity
of the helical glycopolypeptides. In our previous studies,
random-coil glycopolypeptide-based inhibitors with smaller
hydrodynamic volume consistently exhibited poorer inhibition
than those with greater hydrodynamic volume, independent of
molecular mass.34,37On the basis of the GPC data of Figure 5,
we therefore would have predicted that Cap 35-H-6 should show
the lowest inhibition of the glycopolypeptides produced to date;
expected trends are highlighted by the trend line for the data in
Figure 7. As shown in the figure, the observed improvements
in inhibition for the Cap 35-H-6 are markedly greater than

Figure 7. Correlation of inhibition improvement and hydrodynamic
volume in PBS (as assessed via elution time in GPC) for random-coil
glycopolypeptides (open)37 andR-helical glycopolypeptides (solid).
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anticipated on the basis of its size; such improvements are not
observed for either of the helical glycopolypeptides with the
higher saccharide densities, suggesting the need for optimized
spacing of adjacent saccharides along with optimization of chain
conformation/flexibility. Additional GPC experiments conducted
in PBS containing 20% acetonitrile showed much more similar
elution times for the Cap 35-H-6 and Cap 35-RC-6, suggesting
the possibility of complicating enthalpic effects in the GPC
experiment, although inhibition data could not be collected under
these alternate solution conditions. Nevertheless, the combina-
tion of the inhibition and GPC data suggest opportunities for
substantial improvements in inhibition by these glycopolypep-
tides with the production of helical scaffolds of greater
hydrodynamic volume.

This inhibition improvement in theR-helical glycopolypep-
tides could be due to multiple factors. The accessibility of the
saccharide ligands to the CT B5 binding sites may simply be
improved, owing to the higher rigidity of the helical polypeptides
that could improve control over the placement and accessibility
of multiple saccharide ligands to the CT B5 binding pocket. In
addition, conformational entropy effects may play a role in these
observed improvements in inhibition, as the helical chains may
be expected to experience a lower loss in conformational entropy
upon binding, when compared to the highly flexible glycine-
rich random-coil glycopolypeptides.37 The impact of the con-
formational entropy differences in these glycopolypeptides is
likely to be small, however, given the<100% helicity of the
helical scaffolds at room temperature (45-80%) and the only
2-fold difference of inhibition enhancements of the helical versus
random-coil glycopolypeptides. Isothermal titration calorimetry
experiments will help elucidate the origins of avidity differences
in these macromolecules.

It is notable that the inhibition improvements of this family
of helical glycopolypeptides is comparable with that of most
synthetic multivalent glycopolymers (101-103-fold improve-
ments), such as linear synthetic glycopolymers or dendrimers
with high valency,36,70-77 despite the relatively small size of
the glycopolypeptides. Moreover, compared with globular
proteins and linear glycopolymers with similar valencies (100-
101-fold improvements),72,73 these helical glycopolypeptides
show substantially improved inhibitory potency. Although the
inhibition enhancements of these helical glycopolypeptides are
not comparable with those of the best pentavalent multivalent
molecules reported with architectures specific for pentameric
lectin receptors,15,16,22the modulation of inhibition by manipula-
tion of polymer architecture offers opportunities to describe
multivalent interactions on the basis of macromolecular struc-
ture, which will serve as the basis for designing new architec-
tures with improved binding avidity. The expansion of these
glycopolymeric design principles will also be of significant
importance in the manipulation of binding events over larger
length scales for which small molecule inhibitors may not be
as well-suited.78

Conclusions

The combination of protein engineering and chemical cou-
pling methods was applied to synthesize two families of alanine-
rich R-helical glycopolypeptides with well-defined spacing,
valency, and conformation. CD experiments were used to
monitor the conformation change after glycosylation and showed
that glycosylation did not change helical conformation or
thermal stabilities significantly. The inhibition of CT B5 by these
glycopolypeptides was examined via DELA assay. All three
multivalent R-helical glycopolypeptides showed inhibition

enhancements over that of monovalent galactose, which likely
arise from both multivalent effects and statistical effects. In this
binding process, the importance of controlling spacing between
adjacent saccharides was suggested by the improved inhibition
of Cap 35-H-6 relative to that of Cap 17-H-6 and Cap 17-H-3.
The fact that the helical glycopolypeptides exhibit greater
enhancements in CT B5 inhibition relative to comparably sized
random-coil glycopolypeptides suggests that theR-helical
conformation can exert favorable effects on multivalent binding,
although the relative contribution of entropic and enthalpic
effects is currently unknown. Protein engineering strategies for
the production for glycopolymers of improved and specified
interactions with multivalent targets show significant promise;
accordingly, the design of new inhibitors of controlled archi-
tecture, employing the insights of these studies, is underway.
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