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Abbreviations
Amino acids
A
C
D
E
F
G
H
I
K
L
M
N
P
Q
R
S
T
V
W
Y

Ala
Cys
Cha
Asp
Glu
Phe
Gly
His
Hyp
Ile
Lys
Leu
Met
Asn
Pro
Gln
Arg
Ser
Thr
Val
Trp
Tyr

L-alanine
L-cysteine
L-cyclohexylalanine
L-aspartic

acid
acid
L-phenylalanine
L-glycine
L-histidine
L-hydroxyproline
L-isoleucine
L-lysine
L-leucine
L-methionine
L-asparagine
L-proline
L-glutamine
L-arginine
L-serine
L-threonine
L-valine
L-tryptophan
L-tyrosine
L-glutamic

General
Ac
Ac2O
AOP
aq
Ar
b
BCIP
Boc
BOP
BSA
Bz
CBP
α-CHC
CIDNP
CRD
δ
2D
d
DCC
dd
Dhbt-OH

acetyl
acetic anhydride
(7-azabenzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate
aqueous
aryl
broad
5-bromo-4-chloro-3-indolyl phosphate p-toluidine salt
tert-butyloxycarbonyl
benaztriazole-1-yl-oxy-tris-(dimethylamino)-phosphoniumhexafluorophosphate
bovine serum albumin
benzoyl
carbohydrate-binding protein
α-cyano-4-hydroxycinnamic acid
chemically induced dynamic nuclear polarization
carbohydrate recognition domain
chemical shift
two dimensional
doublet
N,N’-dicyclohexyl carbodiimide
double doublet
3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine
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DIPEA
DMF
DTBP
DTT
EDC
EDT
EDTA
EGF
ELISA
Equiv
ESI-MS
EtOAc
EtOH
FAC
FITC
Fmoc
Fuc
Gal
GalNAc
Glc
GlcNAc
HATU
HBTU
HEPES
HIV
HMBA
h-Gal-1
h-Gal-3
HOAc
HOBt
HSQC
Hz
IMP
ITC
iPrOH
J
Lac
LOD
m
MAGs
MALDI-TOF
Man
Me
MeIm
MeOH
3-MPOH
MS
MSNT
11-MUA
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N,N-diisopropylethylamine
N,N-dimethylformamide
2,6-di-tert-butylpyridine
1,4-dithiothreitol
N-ethyl-N'-(dimethylaminopropyl)carbodiimide hydrochloride
ethanedithiol
ethylenediaminetetraacetic acid
epidermic growth factor
enzyme-linked immunosorbent assay
equivalent
electrospray ionization mass spectrometry
ethyl acetate
ethanol
frontal affinity chromatography
fluorescein isothiocyanate
9-fluorenylmethoxycarbonyl
fucose
galactose
N-acetylgalactosamine
glucose
N-acetylglucosamine
N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridin-1-ylmethylene]-Nmethylmethanaminium hexafluorophosphate N-oxide
N-[(1H-benzotriazol-1-yl)(dimethylamino)-methylene]-N-methylmethanammonium
hexafluorophosphate N-oxide
2-[4-(2-hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid
human immunodeficiency virus
4-hydroxymethylbenzoic acid
human galectin-1
human galectin-3
acetic acid
N-hydroxybenzotriazole.H2O
heteronuclear single quantum correlation
Hertz
Ionization-Mass-Peptide
isothermal titration calorimetry
isopropanol
coupling constant
lactose
limit of detection
multiplet
multiple antigenic glycopeptides
matrix-assisted laser desorption ionization time-of-flight
mannose
methyl
1-methylimidazole
methanol
3-mercapto-1-propanol
mass spectrometry
1-(mesitylene-2-sulfonyl)-3-nitro-1H-1,2,4-triazole
11-mercaptoundecanoic acid

MUC
11-MUOH
NBT
NEM
NHS
NMR
p20
PAM
PBS
PEGA
Pfp
PfpOTFA
POEPOP
POEPS
ppm
PyAOP
PyBOP
RCA120
Rf
RNAse B
RU
s
SAM
SDS
sLeX
SPOCC
SPPS
SPR
STD
t
TBTU
tBu
TFA
TIS
TLC
TMS
TMSCl
TMSI
TOCSY
Tris
Trt
UEA-I
UV
WGA

mucin
11-mercapto-1-undecanol
nitro-blue tetrazolium chloride
N-ethyl morpholine
N-hydroxysuccinimide
nuclear magnetic resonance
polyoxyethylenesorbitan
phenylacetamidomethyl
phosphate-buffered saline
poly(ethylene glycol) dimethylacrylamide copolymer
pentafluorophenyl
pentafluorophenyl trifluoroacetic anhydride
polyoxyethylene-polyoxypropylene
polyoxyethylene-polystyrene
parts per million
(7-azabenzotriazol-1-yloxy)tris(pyrrolidino)phosphonium hexafluorophosphate
benzotriazol-1-yloxy-tris-pyrrolidino-phosphonium hexafluorophosphate
Ricinus communis agglutinin
retardation factor
ribonuclease B
resonance units
singlet
self-assembled monolayer
sodium dodecyl sulfate
sialyl Lewis X
superpermeable organic combinatorial chemistry
solid-phase peptide synthesis
surface plasmon resonance
saturation transfer difference
triplet
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate
tert-butyl
trifluoroacetic acid
triisopropylsilane
thin layer chromatography
trimethylsilyl
trimethylsilyl chloride
trimethylsilyl iodide
total correlation spectroscopy
tris(hydroxymethyl)aminomethane
trityl
Ulex europaeus agglutinin-I
ultraviolet
wheat germ agglutinin
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Introduction
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1.1 General
Carbohydrates constitute one of the four major classes of biomolecules, the other three being
proteins, nucleic acids and lipids. They are the most prevalent source of organic matter in
nature, and as such play various roles in all forms of life. They function, for example, as
energy-yielding molecules such as starch, and as structural elements (e.g. cellulose and chitin).
Moreover, carbohydrates are key elements in several biological recognition processes that take
place through protein-carbohydrate or carbohydrate-carbohydrate interactions.1 Their binding
partners can be enzymes,2 hormones,3 pathogens,4-7 or other glycans.8,9 As such, carbohydrates
are involved in, for example, intercellular communication, immune defence,10 viral and
parasitical infections,11,12 signal transduction,12-14 and development.15 The participation of
carbohydrates in these medically relevant recognition processes has stimulated the
development of synthetic carbohydrates and carbohydrate mimetics for interaction studies and
therapeutics.16-18
1.2 Synthetic mimics of complex glycans
The mechanisms underlying the above-mentioned carbohydrate-mediated interaction
processes are very complex. Nevertheless, synthetic carbohydrate-based compounds have
contributed significantly to the understanding of these interaction processes, and the
modulation of, and intervention in, these recognition events.19-21 Often, these compounds are
mimics of natural oligosaccharides with an enhanced biological stability, and an affinity that is
similar to, or higher than the original ligand.22-25 Although synthetic oligosaccharides have
proven to be useful,22-25 their chemical complexity makes their synthesis challenging. The
stereo- and regioselective introduction of monosaccharide units requires many orthogonal
protection and deprotection steps, and involves difficult glycosyl coupling reactions.
Previously, it has been shown that not the complete glycan structure is involved in the
interaction with its receptor.26,27 In most cases, the residues at the non-reducing end of the
glycans that are in close contact with the external environment are most important for the
interaction.28 This allows the use of simplified structures, such as a (relatively simple)
carbohydrate epitope attached to a scaffold, as mimics of complex glycans in interaction
studies. Examples of these templates are peptides,29-31 proteins,32,33 polymers,26 dendrimers,34,35
and gold nanoparticles.36,37 Advantages of these templates are the relative ease of synthesis,
and the access to multivalent structures, which may have an enhanced affinity for the receptor.
In view of the contents of this thesis, the next section will cover the synthesis of
glycopeptides, with a focus on solid-phase glycopeptide synthesis, and the preparation of
combinatorial glycopeptide libraries.
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1.3 Glycopeptide synthesis
The applicability of glycopeptides as mimics of complex glycans has been established by
Christensen et al.,29,38 who demonstrated that glycopeptides containing 6’-O-phosphorylated
(α1-2)- and (α1-3)-mannose disaccharides were 600 – 1500-fold more potent inhibitors for the
mannose 6-phosphate receptor than mannose-6-phosphate itself. Similar results were later
obtained with glycopeptides designed for selectin binding,39,40 and glycosidase inhibitors.41,42
When glycopeptides were introduced as oligosaccharide mimics, it was hypothesized that the
carbohydrate would provide the specificity of the interaction by directing the ligand to the
carbohydrate binding site, while the peptide would function as the scaffold to provide the
correct orientation for binding.43 In addition, the peptide backbone may actively participate in
binding by, for example, hydrogen bonding or hydrophobic interactions.
Although glycopeptides can be prepared or modified by using techniques such as
recombinant expression, chemical synthesis, enzymatic transformation, and chemoselective
ligation (reviewed by Grogan et al.44), there are two common synthetic strategies for the
incorporation of a carbohydrate into a peptide. The first approach relies on the glycosylation of
a properly protected, full-length peptide (convergent approach; Figure 1a).45-50 This method
provides a fast access to glycopeptides bearing a variety of glycan structures. However, there
are a number of drawbacks.51 The low reactivity of the side-chain hydroxyl groups may result
in low glycosylation yields. Moreover, there may be a low solubility of the peptide under the
conditions that are generally used for glycosylation reactions. Furthermore, the access to Nglycopeptides may be limited due to the formation of intramolecular aspartimides. In the
second, currently most common approach, a preformed properly protected glycosylated amino
acid building block is used for the stepwise solid-phase synthesis of the glycopeptide (Figure
1b),38,52 which will be outlined in the next section.
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Figure 1. (a) Glycosylation of a preformed full-length glycopeptide
(convergent approach). (b) Stepwise solid-phase glycopeptide synthesis.

1.3.1 Solid-phase glycopeptide synthesis
Solid phase synthesis offers a convenient way to prepare pure, well-defined products, since
reactions can be driven to completion by using an excess of reagents. Moreover, the excess of
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reagents and soluble byproducts can be washed away. Solid-phase peptide synthesis (SPPS)
was first developed by Merrifield in 1963.53 In 1971, Fréchet and Schuerch54 were the first to
extend this approach to the solid-phase synthesis of oligosaccharides. Although this method is
nowadays regularly applied,55-60 an efficient solid-phase synthesis of oligosaccharides is very
complex. The first example of the solid-phase synthesis of glycopeptides was described in the
early 1980s by Lavielle et al.,61,62 who prepared glycopeptides related to somatostatin. Since
then, glycopeptides have also been used as mimics of complex glycans,29,38 and they are
nowadays widely used as glycomimetics.43,51,63
Figure 2. Schematic representation of a glycopeptide.

O
PpO

The iterative removal of the temporary protecting group

PtHN-Aa6-Aa5-Aa4-Aa3-Aa2-Aa1
Pp

Pp

Linker

(Pt) on the N-terminus enables peptide elongation. The
carbohydrate hydroxyl functions, and the amino acid
side-chains are protected with permanent protecting
groups (Pp).

In solid-phase (glyco)peptide synthesis, the Cα-carboxyl function of the target
glycopeptide is attached to an insoluble support via an appropriate linker (Figure 2). Any
functional groups in the amino acid side-chains, and on the carbohydrate in a glycosylated
amino acid building block must be properly protected with permanent protecting groups that
are not affected by the reaction conditions employed during the assembly of the target
structure. The α-amino group of the solid-phase linked (glycosylated) amino acid is protected
with a temporary protecting group, which is removed prior to the coupling of the next residue.
This illustrates that the solid-phase synthesis of (glyco)peptides involves a number of
considerations (e.g. the choice of solid support and linker, protecting groups, and coupling
chemistry), which will each be discussed below.
The choice of solid support is very important, since it should be compatible with the
applied synthetic conditions (e.g. alkaline, acidic, reducing, oxidizing), mechanically robust,
and stable to variations in temperature.64 For applications in libraries and solid-phase assays,
the resin is also required to be biocompatible and to swell in aqueous buffers to allow the
biomolecules to access the interior of the bead. Furthermore, the resin should show little nonspecific binding to biomolecules.43,64 The most commonly used solid supports in solid-phase
glycopeptide synthesis43 (see Figure 3 for some examples) are based on polystyrene (e.g.
Merrifield,53 Wang,65 TentaGel66/ArgoGel) or polyethylene glycol (e.g. PEGA,67 POEPOP,68
POEPS-3,69 SPOCC70). Polystyrene-based resins are mainly composed of divinylbenzene and
styrene, and can be substituted with various forms of functionalities, mostly starting from
chloromethylation and aminomethylation.64 These resins are generally unsuitable for direct,
on-bead screenings,43 since their hydrophobicity gives rise to non-specific protein binding and
poor swelling in aqueous media. Furthermore, the polymer can absorb light, and thus may
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interfere in fluorescence assays. Polyethylene glycol-based resins, on the other hand, are
compatible with both organic and aqueous media,43,64 allow biomolecules to access the entire
bead,71,72 and are suitable for on-bead screenings for, for example, enzymatic activity73-79 or
receptor binding.30,31,80,81 Furthermore, POEPOP68 and SPOCC70 are chemically inert, and allow
harsh organic reactions; for PEGA it has been shown that non-specific protein binding during
the screening is absent.31
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Figure 3. Resins for solid-phase (glyco)peptide synthesis. (a) Polystyrene resin. (b) TentaGel resin. (c)
PEGA resin. (d) POEPS-3 resin.

The linker that is used to link the peptide to the solid support must be stable towards all
chemical manipulations that are used during synthesis and deprotection, whereas it should be
selectively cleaved in high yields under well-defined conditions (e.g. acidic, photolytic,
alkaline, reductive, or oxidative conditions). Several types of linkers and their respective
cleavage conditions have been reviewed previously.82-88 The choice for a specific linker depends
on the desired lability/stability of the peptide-linker bond with respect to the applied synthetic
conditions. Acid-labile linkers (Figure 4a) such as Rink,89 trityl,90-92 or Wang,65 are widely used
in combination with the commonly applied Fmoc-based synthesis protocol. In this protocol,
alkaline conditions are used for the iterative removal of the Nα-Fmoc group prior to peptide
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elongation, without affecting the acid-labile peptide-linker bond. The Boc-strategy, on the other
hand, requires acidic treatment for the repetitive cleavage of the Nα-Boc group prior to the
coupling of the next residue. This method requires other types of linkers, such as base-labile
linkers (e.g. HMBA93 or PAM;94 Figure 4b). Linkers that can be photolytically cleaved (e.g. onitrobenzyl-based linkers;95-97 Figure 4c) by irradiation with light of a specific wavelength are
commonly used for the on-bead screening of libraries.30,31,80 Although it is a disadvantage to
perform the synthesis and screening in subdued light to prevent cleavage of the linker, this is
outweighed by its stability towards the acidic and alkaline conditions that are used for the
synthesis and deprotection of a glycopeptide.
a

OR

H3CO

OCH3

RO

O

H2
C

O

R

Wang

Rink
Trityl

b

c

NHR

O
NH

NO2

O
NH

O

MeO
HMBA

RO

RO

PAM

O

N
H

Holmes photolinker

Figure 4. Several types of linkers. (a) Acid-cleavable linkers. (b) Base-labile linkers. (c) Photocleavable
linker.

As mentioned above, the stepwise solid-phase synthesis using glycosylated amino acid
building blocks is currently the most widely used approach for glycopeptide synthesis.
Although this strategy resembles SPPS, many methods and reaction conditions that are used in
SPPS are not suitable for the solid-phase synthesis of glycopeptides, due to the additional
complexity and lability of the carbohydrate groups.44,98,99 O-Glycosidic linkages, and the α-Lfucose linkage in particular, may be acid labile,100-102 whereas strong bases may induce βelimination of O-linked glycopeptides, or racemize the stereogenic centers of peptides.103,104
Therefore, the linker and the carbohydrate- and amino acid side-chain protecting groups must
be selectively (orthogonally) cleavable under conditions that do not affect the integrity of the
product. For this reason, glycopeptides are mainly prepared according to the Fmoc-strategy,
using acetyl protecting groups on the carbohydrate.105 The iterative removal of the Nα-Fmoc
protecting group106 needed for peptide elongation is achieved under mild alkaline conditions
(usually piperidine),107,108 which does not affect the carbohydrate O-acetyl groups, or induce βelimination of the carbohydrate moiety. The Boc-strategy, on the other hand, is incompatible
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with the presence of acid-labile glycosidic bonds, since it requires acidic treatment for the
repetitive cleavage of the Nα-Boc group prior to peptide elongation.
Peptide bonds are established by activation of the carboxyl group of an amino acid with
carbodiimides (DCC, EDC) and phosphonium (BOP, PyBOP, AOP, PyAOP), or uronium
(HBTU, TBTU, HATU) salts (see Figure 5 for some examples).109 Carbodiimide110,111 couplings
probably proceed through an O-acylisourea intermediate, which may react further to a
symmetric anhydride, or to an active ester, if HOBt112 or Dhbt-OH112 are present. Although all
three species react with the amine, the presence of HOBt and Dhbt-OH reduces racemization of
the activated amino acid.109 Phosphonium and uronium salts react with the acid to form -OBt
active esters in the presence of a tertiairy base (e.g. NEM, DIPEA), which subsequently react
with the amine.113 Alternatively, preformed activated species may be used,109 such as acid
fluorides, urethane protected α-amino acid N-carboxy anhydrides, or more commonly, active
esters112,114,115 (OBt, OAt, OPfp, ODhbt).

NME2

N
N
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N

N

N
OH
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HOBt

PF6

O

P

NME2

NME2

N
N
N
BOP

BF4
Me2N

NMe2
N
N
N
O

TBTU

Figure 5. Some examples of commonly used coupling reagents.

Most of the glycosylated amino acid building blocks that are used for solid-phase
glycopeptide synthesis are O- or N-linked glycosylated amino acids (reviewed by Arsequell et
al.116 and Taylor117), but S- and C-linked glycosylated amino acids have also been prepared (see
Figure 6 for some examples).118-126 Although the synthetic routes to these building blocks, and
the complexity of the carbohydrate part vary greatly, the carbohydrate protecting groups of the
completed building blocks often are acetates. The electron withdrawing acyl groups stabilize
the glycosidic linkage during the acidic conditions that are required for the cleavage of the
acid-labile amino acid side-chain protecting groups. Since benzoates require strong alkaline
conditions for their cleavage, they are less suitable for glycopeptide synthesis,103,127 and acetates
are generally chosen instead, although acyl migration to the amine-terminus has been observed
during slow coupling reactions.128 Acetates can be cleaved under mild alkaline conditions (e.g.
dilute sodium methoxide in methanol, hydrazine hydrate in methanol,129 or saturated ammonia
in methanol127), generally without affecting the glycopeptide structure. However, it has been
observed that these conditions may affect the side-chains of cysteine and asparagine.102,108 Since
a review of all different kinds of glycosylated amino acid building blocks, and their use in
solid-phase glycopeptide synthesis is out of the scope of this introduction, some examples will
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be given on the application of glycosylated amino acid building blocks in the stepwise solidphase assembly of glycopeptides to highlight the potential of this method for the synthesis of
glycopeptides for biological investigations.
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Figure 6. (a) S-linked glycosylated amino acid building blocks.122 (b) N-linked glycosylated amino acid
building block.121 (c) C-linked glycosylated amino acid building block.124 (d) α-Mannosylated serine
building block. (e) Glycosylated serine/threonine derivative corresponding to the Tn antigen.128

In addition to the examples described above by Christensen et al.29,38 and Lin et al.,40
Kurokawa et al.130 have prepared β-turn mimetics of Sialyl Lewis X (sLeX) using an α-Omannosylated serine building block (Figure 6d). These mimics were found to be ~500 fold more
potent inhibitors for P- and L-selectin binding than sLeX itself. Elofsson et al.128 have prepared
glycosylated serine and threonine derivatives corresponding to the Tn (GalNAc(α1-O)Ser/Thr;
Figure 6e) and sialyl Tn epitopes, and incorporated them in glycopeptide fragments from HIV
gp120. To investigate the role of O-glucose on EGF-repeats of the bovine blood coagulation
factor IX, Takemura et al.131 used an O-glucosylated serine building block without carbohydrate
protecting groups to prepare an EGF-like glycopeptide. In addition, T- (Gal(β1-3)GalNAc(α1O)Ser/Thr), Tn-, sialyl T-, and sialyl Tn-containing glycopeptides have been applied in the
development of anti-cancer vaccines, since cancerous cells often are characterized by abnormal
glycosylation (T- and Tn-antigens), which is related to tumour progression and poor survival
rates. Lo-Man et al.132-134 prepared dendrimeric multiple antigenic glycopeptides (MAGs),
which have Tn-containing glycopeptides attached to a nonimmunogenic core (Figure 7a).
These MAGs were shown to induce strong tumour-specific anti-Tn antibodies in mice and nonhuman primates, which recognized and mediated antibody-dependent cell cytotoxicity against
human tumour cells. Dziadek et al.135 prepared a synthetic vaccine consisting of a tumourassociated sialyl-Tn glycopeptide antigen from MUC1 and a T-cell epitope from ovalbumin
(Figure 7b). This vaccine candidate elicited a strong and highly specific humoral immune
response directed against the tumour-associated glycopeptide. Buskas et al.136 prepared a
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lipidated glycopeptide containing GalNAc(α1-O)Thr (Figure 7c), and demonstrated that these
structures were able to elicit specific IgG antibodies against the tumour antigen.
The obvious potential of glycopeptides as mimics of oligosaccharides has also led to their
synthesis in a library format to obtain rapid access to large numbers of different structures. The
screening of these libraries with a receptor allows the identification of distinct mimics, which
may serve as leads in the development of carbohydrate-based therapeutics. The following
section will focus on the preparation and screening of glycopeptide libraries.
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Figure 7. (a) Multiple antigenic O-linked glycopeptide (MAG), described by Lo-Man et al.132-134 (b) Tumourassociated glycopeptide antigens for tumour-selective vaccines (Dziadek et al.).135 (c) Lipidated
glycopeptide Tn antigen-containing anticancer vaccine prepared by Buskas et al.136

1.3.2 Combinatorial synthesis of solid-phase glycopeptide libraries
Combinatorial chemistry provides an efficient way to simultaneously prepare a large number
of different compounds. Subsequent (high-throughput) screening of such libraries of
compounds with a receptor allows the detection of active compounds from a large number of
possible ligands. For the preparation of polymer-supported peptide libraries, a number of
different strategies are commonly applied.137 The reagent mixture synthesis138 can be applied to
generate mixtures of compounds on each bead by using a mixture of amino acid building
blocks in each coupling step. In the parallel approach (Figure 8a),139 peptides are synthesized in
individual reaction chambers, giving rise to a small library with a limited number of different
peptides. The split-and-mix strategy (Figure 8b),140-143 on the other hand, provides easy access
to large and random peptide libraries. However, in contrast to the reagent mixture approach,
one-bead-one-compound libraries are obtained,144 where each bead only displays one peptide
sequence. Analogously, glycopeptide libraries are commonly prepared by the stepwise
assembly of (glycosylated) amino acid building blocks using the parallel approach43,145-153 or the
split-and-mix strategy.30,31,80,81,154,155 In addition, some glycopeptide libraries were prepared by
the glycosylation of combinatorially prepared peptide libraries.47,156-159
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Figure 8. (a) Parallel synthesis. Compounds are prepared in parallel by using different reagents in each
reaction chamber, which results in a number of products that is limited to the number of reaction chambers
used. (b) Split-and-mix synthesis. Repeated pooling of the resin for combinatorial solid-phase library
synthesis, and subsequent coupling of a different amino acid to each portion, leads to exponentially
increasing numbers of products relative to the number of reagents used.

Since combinatorial synthesis enables the simultaneous preparation of thousands of
different compounds, an unambiguous structure elucidation of each individual library member
is crucial. Solid-phase peptide libraries can be analyzed by, for example, solid-phase ladder
sequencing160 or Edman degradation.161 However, these methods are not suitable for
glycopeptides due to the instability of the glycosidic bond under the acidic and alkaline
conditions employed, which complicates the identification of the position of the glycosylated
amino acid. Although glycopeptide libraries can be directly analyzed by methods based on
mass spectrometry or NMR spectroscopy,162 these methods are time-consuming, and
unsuitable for high-throughput screening. Alternatively, the glycopeptides can be analyzed
indirectly by applying encoding strategies162 using chemical, chemoluminescent, or other ways
of encoding. The method that is commonly applied30,31,80,154,155 for the chemical encoding of onebead-one-compound glycopeptide libraries is the ladder synthesis strategy, developed by
Youngquist et al. (Figure 9).163 In each coupling step, a small portion of the growing
glycopeptide chain is capped. For this purpose, Boc-protected amino acids can be used as
capping agents in an Fmoc-based synthesis protocol. Subsequent MALDI-TOF mass
spectrometry analysis shows a spectrum containing the full-length product and all capped
intermediates. The identity of each building block in the sequence can be calculated from the
mass difference between two adjacent peaks. Although this method is accurate and reliable, a
drawback is that the terminated intermediates that are present on the bead (Figure 9) may
interfere with the screening results. Recently, a new ladder synthesis method has been
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established by Wang et al.,164 which may overcome this problem. This method uses a
topologically segregated bilayer-bead concept, in which the full-length library compound is
presented on the exterior of the bead. The terminated intermediates (or encoding tags) reside in
the interior of the bead, which prevents their interference in the screening of the library. The
terminated intermediates can be selectively cleaved to determine the sequence of the library
compound.
Rel. Int. (%)
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Figure 9. Example of a MALDI-TOF mass spectrum of a member of a library that was synthesized
according to the 'split-and-mix' method, combined with the ladder synthesis strategy. Each marked peak in
the spectrum represents the mass of a terminated intermediate. The offset in the spectrum corresponds to
an Ionization-Mass-Peptide-spacer (m/z 682.3, [M + Na]+). The mass difference between the peaks at m/z
1352.6 and 1492.7 corresponds to the mass of nonanoic acid, the capping agent for glycosylated amino acid
Gal(β1-O)Thr.

Since (combinatorial) libraries often contain a large number of different compounds, it is
important for their applicability to be compatible with high-throughput screening methods for
a rapid and feasible identification of several lead compounds. The following paragraph
summarizes the parallel and combinatorial glycopeptide libraries, and the methods that have
been applied to date for the screening of combinatorial glycopeptide libraries.
Parallel libraries of mucin-derived glycopeptides were prepared using glycosylated
serine/threonine building blocks of varying complexity, and were used to study their
conformational organization with NMR spectroscopy,150 and in the design of anti-cancer
vaccines.148 In addition, this type of library was used to detect antibodies that are biomarkers of
multiple sclerosis,152,153 to prepare antibiotics,147 and as substrates for enzymes.149,151 All
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combinatorial glycopeptide libraries were one-bead-one-compound libraries, and were
prepared by the split-and-mix method.30,31,80,81,154,155 St. Hilaire et al.31 were the first to describe
the preparation and screening of this type of glycopeptide library. The 300 000-member library
contained different carbohydrates; screening with the fluorescently labelled lectin from
Lathyrus odoratus yielded peptides and glycopeptides containing Man and/or GlcNAc. Later,
this method has been applied for the screening of sialopeptide libraries with fluorescently
labelled sialoadhesin; all identified sialopeptide hits showed a high consensus for a WG
dipeptide motif, and were up to 10-fold better ligands than 3'-sialyllactose.30 Xian et al.154
prepared galactosylated glycopeptide libraries to identify mimics of the Gal(α1-3)Gal epitope
to neutralize the anti-Gal antibodies (IgG, IgM, and IgA) that would cause the rejection of an
organ after xenotransplantation. After the library screening with human anti-Gal antibodies,
the lead structures were identified by adding anti-human IgG alkaline phosphatase conjugate
(or anti-IgM, -IgA), followed by staining with BCIP/NBT. Some lead structures were
demonstrated to have a higher affinity than known peptide mimics. Ying et al.81 prepared a
glycopeptide library using glycosylated asparagine building blocks with a different
carbohydrate content. The glycosylated amino acids were restricted to the central position of
the pentaglycopeptides to evaluate the influence of the peptide backbone on the recognition by
several FITC-labeled plant lectins. The screening results suggested that the peptide backbone
mainly served to give the carbohydrate the proper orientation for binding, rather than
contributing to the overall affinity. In addition, a neomycin-dipeptide library was prepared to
develop inhibitors against pathogenic RNA.155 The screening was performed with fluoresceinlabelled RNA.
1.4 Carbohydrate-protein interaction studies
1.4.1 Carbohydrate-protein interactions
Complex oligosaccharides serve as ligands for protein receptors, or lectins. Lectins are defined
as carbohydrate-binding proteins, excluding enzymes and immunoglobulins. Many plant and
animal lectins have similar sequences and tertiairy structures.165 All lectins contain one or more
carbohydrate recognition domains (CRDs), which tend to be rather shallow clefts located on
the surface of the protein. In the interaction process,166 the sugar hydroxyl groups are involved
in direct, and water-mediated hydrogen bonding. The direct hydrogen bonding with certain
acidic side-chains, and main-chain and side-chain amide groups in the CRD is required for
specific recognition of, and discrimination between carbohydrate ligands. Furthermore, van
der Waals contacts are involved in interactions between aromatic amino acid side-chains and
the aliphatic protons of the sugar ring, or the methyl group of the acetamido moiety of some
sugars. For some lectins, Ca2+ and Mg2+ are required for binding, either directly coordinating to
the ligand, or stabilizing the binding site.167-171
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Carbohydrate-protein binding is usually a rather weak interaction, with KD’s often in the 1
– 0.1 mM range.166,172 However, if the carbohydrate ligands are multivalently displayed, or if
there are additional protein-protein interactions, the binding affinity can be enhanced.166,173,174
Multivalency can be obtained by the clustering of binding sites and/or carbohydrate ligands,
thereby enhancing the affinity constants to the μM, or even nM level.175
1.4.2 Analytical methods to study carbohydrate-protein interactions
In view of the contents of this thesis, this section aims to give a concise overview over the
various techniques that are used for carbohydrate-protein interaction studies, and will discuss
surface plasmon resonance (SPR) in more detail.
The classical tool to study the strength and specificity of lectin-carbohydrate interactions
was the haemagglutination assay.176,177 Nowadays, a number of techniques is available for
studying the interaction of a carbohydrate with its receptor, including frontal affinity
chromatography (FAC),178-181 fluorescence polarization,182,183 isothermal titration calorimetry
(ITC),172,184,185 ELISA-type or solid-phase inhibition assays,186-188 and SPR.189,190 Alternatively,
techniques such as X-ray crystallography,191 ESI-MS,192 and NMR spectroscopy (i.e. STD- or
CIDNP-)193-195 allow the monitoring of the interaction process at the atomic level, and provide
structural information about the residues that are directly involved in binding. However, the
latter techniques do not readily provide the affinity of the interaction. Each of the abovementioned techniques has its own advantages and disadvantages. Fluorescent labels, for
example, may interfere in the binding, and sometimes the fluorescence may be quenched upon
binding of the ligand.182 Furthermore, some techniques require relatively large amounts of
material (e.g. ITC). Others require the immobilization of one of both binding partners (i.e. FAC,
SPR), which may result in a reduced activity of the immobilized compound.
SPR is nowadays a widely used technique to study carbohydrate-protein interactions, as
well as antibody-antigen, protein-protein, protein-peptide, and other interactions.196-198 The
principle of SPR detection is based on the properties of polarized light interacting with the gold
film on a sensor chip (Figure 10a).190,199-201 Briefly, plane-polarized light passes through a high
refractive index prism and is totally reflected at the prism-gold interface. Under these
circumstances, the energy of incoming light of a specific angle can excite the free electrons in
the gold surface, thereby creating an electromagnetic wave. This so-called evanescent wave
penetrates the metal surface, and propagates typically 100 – 500 nm into the measuring
channel. This phenomenon can be observed as a decrease in intensity of the reflected light of
that specific angle, and is dependent on changes in refractive index in the measuring channel.
The refractive index, and thereby the resonance angle, will change if an analyte is binding to
the immobilized ligand on a sensor chip surface, resulting in a binding curve (Figure 10b). The
binding event is governed by ka and kd (Figure 10b); both parameters can be derived from these
measurements. KA and KD can either be calculated from these values, or derived from steady-
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state experiments that are displayed as a Scatchard plot of Req (the response of the curves at
equilibrium binding) against the ligand concentration (Figure 10c). These parameters can be
determined by direct detection,80,202-204 sandwich assays,205,206 or inhibition assays.34,207
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Figure 10. (a) Schematic representation of SPR detection. Plane-polarized light is totally reflected at the
prism-gold interface. Incoming light of a specific angle creates an evanescent wave, which is observed as a
decrease in intensity of the reflected light of that specific angle. If an analyte binds to the immobilized
ligand on the sensor chip surface, the subsequent change in refractive index affects the resonance angle,
which is transformed into a sensorgram. (b) Schematic representation of a sensorgram. In the association
phase, the introduction of the sample in the running buffer leads to an increasing signal due to
accumulation of mass on the sensor chip surface. The reversible interaction of analyte binding to the sensor
chip surface is governed by the association rate constant (ka), and the dissociation rate constant (kd). In the
dissociation step, the injection of running buffer alone allows the determination of kd. (c) The association
and dissociation constants (KA and KD) can be calculated from a Scatchard plot of Req (the response at
equilibrium) against the analyte concentration.

An advantage of SPR is its compatibility with a wide variety of analytes. Furthermore, it
requires low amounts of unlabelled analytes, and the binding event can be observed in realtime, which provides rapid analysis. Since SPR detection is based on mass dependent changes
in refractive index at the sensor chip surface, there are a few inherent drawbacks. (i) The direct
detection of analytes is restricted to compounds with a molecular mass above a few hundered
Da; (ii) the technique does not distinguish between a specific or a non-specific analyte-receptor
interaction; (iii) if the analyte is present in a mixture of compounds, the binding of non-target
molecules to the receptor may conceal the specific analyte-receptor interaction; (iv) a number of
interfering effects may produce refractive index changes, including temperature fluctuations,
or differences in composition between sample and running buffer (i.e. bulk effect); (v) the
analyte may bind non-specifically to the sensor chip surface, instead of specifically to the
immobilized receptor. Fortunately, these problems can be overcome by careful design of the
experiment, and by optimization of factors including the type of sensor chip used, the ligand
immobilization level, the reference compound/surface, the sample composition and purity, the
flow rate, and the running buffer.
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1.5 Galectins
Animal lectins are involved in many different recognition processes, ranging from fertilization
throughout all stages of development to apoptosis. Several classes of animal lectins have been
identified, including Selectins208,209 that are involved in leukocyte trafficking, collectins210 that
play a role in the innate immune system, and galectins.
Since their first discovery in electric eel, galectins were identified throughout the animal
kingdom, and to date 14 different mammalian galectins211 have been identified, which can be
divided in three different types (Figure 11).212 The prototype galectins form divalent
homodimers that have the ability to cross-link two very similar glycoconjugates. Tandemrepeat galectins are divalent, but their two binding sites do not necessarily have the same
specificity and binding strength. Therefore, they may bridge two different glycoconjugates.
Galectin-3 is the only chimera type galectin, and has one binding site and an N-terminal
domain that may be involved in interactions with biomolecules other than sugars. It can
therefore cross-link glycoconjugates with other biomolecules. Though all galectins share a
specificity for β-galactosides, the key ligand is N-acetyllactosamine,212 which is found in a
variety of glycoproteins and glycolipids, and serves as backbone for a range of potential
galectin ligands such as blood group determinants and Lewis antigens. Multiple Nacetyllactosamine units, i.e. polylactosamine chains are found in glycoproteins such as
fibronectin,213 laminin,214-217 GM1218,219, and lysozyme-associated membrane proteins,220,221 which
indeed have been identified as galectin ligands.
Figure 11. The 14 different mammalian galectins;
listed according to the proto-, chimera-, or tandemrepeat type.
Proto type
Gal-1, -2, -5,
-7, -10, -11, -13,
-14

Chimera type
Gal-3

Tandem-repeat type
Gal-4, -6, -8, -9, -12

The galectin CRD is highly conserved,222 and constitutes a beta-sandwich of about 135
amino acids, which forms a groove consisting of four subsites (A - D), and a fifth, less defined,
subsite E (Figure 12). In this model, a carbohydrate would occupy subsites A-D, where subsite
C is specific for β-galactosides. Subsite D contributes to the second part of the conserved core
disaccharide-binding site, and favours Glc or GlcNAc. Subsite E may interact with moieties
linked at the reducing end of the saccharide, such as (part of) a lipid or a protein.
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Figure 12. Schematic representation of the galectin
CRD, which forms a groove consisting of subsites A –

A-B-C-D-E

D, and a less defined subsite E. A carbohydrate would
occupy subsites A – D; C is specific for β-galactosides,
and D favours Glc or GlcNAc. Subsite E may interact
with moieties linked at the reducing end of the
saccharide.
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In vertebrates, galectins occur in several types of tissue, including skin, muscle, intestine,
nervous system, liver and kidney.211 Some galectins (e.g. Gal-1 and Gal-3) are expressed in
many different tissues and cell types, whereas others (e.g. Gal-2 and Gal-7) are restricted to
specific tissues. They are synthesized on free ribosomes, but are found both intra- and
extracellularly.223 A number of characteristics (i.e. an acetylated N-terminus, free SH-groups,
and lack of a signal sequence) suggests that they were initially destined to function
intracellularly, whereas their extracellular functions were acquired during the course of
evolution.212 Since no cytoplasmic or nuclear galactosides have been identified, the intracellular
galectin functions probably take place through a carbohydrate independent mechanism.
Indeed, some galectins have been reported to be involved in protein-protein interactions.223,224
Galectins are expressed in a tissue-specific or developmentally regulated fashion,223 and they
are assumed to be involved in cell growth and the cell cycle. It has, for example, been
demonstrated that the expression level of galectins is related to the proliferation state of the
cell;225-227 as such, they regulate cellular homeostasis,228 and are involved in various types of
cancer.227,229 In the immune system,11,13,230 galectins predominantly act extracellularly, and
thereby bind both via protein-protein interactions, and carbohydrate-dependently with ligands
such as laminin and bacterial lipopolysaccharides. Moreover, galectins may function both as
pro- and anti-inflammatory modulators.
It may be clear that the important roles of galectins in several processes related to disease
has driven the search for compounds that may serve as therapeutics or diagnostic tools. Since
galectins may have different functions in different cell types, the exact mechanisms of
interaction remain largely unknown. Therefore, the identification of the natural ligands of
galectins, and their interaction process is also investigated. 214,231-236 Synthetic mimics of complex
glycans may serve both research areas, as they may give more insight in the binding event, and
may be useful as drugs, provided that they fulfil certain criteria, such as specificity, high
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affinity, biostability, and high bioavailability. In addition, multivalent ligands may be
advantageous, because many of the biological functions of galectins, cross-linking in particular,
involve multivalent interactions.
Several types of mimics have been prepared, ranging from small, monovalent
carbohydrate mimics186,237-242 to multivalent structures such as BSA-conjugates243,244 or
glycoclusters.245-247 Their interactions with several galectins, but predominantly with galectin-1
and -3 have been studied by, for example, ELISA-type solid-phase assays, cell assays, SPR, or
fluorescence polarization. It has been observed that the type of matrix, i.e. the immobilized
binding partner, and the assay itself, can affect the outcome.188,245 André et al.188 tested the
inhibitory potency of wedgelike glycodendrimers in solid-phase inhibition assays using
different immobilized glycoproteins. This demonstrated that the inhibitory activity of the
dendrimers was not only dependent on the valency of the dendrimer, but also on the type of
matrix used. Moreover, additional cell assays indicated differences in the results from both
assays. The latter observation was confirmed by Vrasidas et al.,245 who used two different
assays to study the interaction of rigidified multivalent lactose molecules with some galectins.
These observations underline the importance of the incorporation of a suitable internal
reference, such as lactose or N-acetyllactosamine, and the results from different studies may
not be directly comparable. Table 1 summarizes the small molecule mimics that have been
developed to date, whereas the multivalent mimics are displayed in Table 2. Although some
mimics display similar affinities for different galectins (e.g. entries 6, 7, and 9 of Table 1),238,239,248
other mimics may differ in their fine specificity, since their affinities for different galectins vary
(e.g. entries 1, 2, and 6 of Table 2).188,238,249 Moreover, for multivalent galectin mimics, it has been
observed that the degree of multivalency affects the inhibitory potency, although this may be
different for each galectin, and it may be influenced by the type of matrix.188,245
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Lactulose amines
Aryl O- and S-galactosides
Aryl O- and S-lactosides

7

8

40 – 310
310 – 630
1300 – 5000

2500 – 10 000

330 - >10 000

Lac/800

Gal/50 000

Solid-phase inhibition, immobilized 90K
glycoprotein
Haemagglutination, inhibition of type O
red blood cells

Fluorescence polarization
Solution-phase, fluorescein-tagged ligand

Assay
ELISA, immobilized galectin

N-acetyllactosaminoside. c Methyl β-D-galactopyranoside. d Not reported.

Carbohydrate triazoles and
Gal/50 000
isoxazoles
10
Peptides
1/CG-14 4000 - 8000
Lac/200
SPR, immobilized ASF
ELISA, immobilized ASF
11
Peptides
3
0.017 – 0.08
-d
a Entries 1, 6, and 10 reported as IC50 values, entries 2 – 5, and 11 as KD values, and entries 7 – 9 as relative inhibitory properties. b Methyl β-

9

1
3
1/3

1/3

1/3

Me-LacNAcb/69

Me-Galc/4400

Me-LacNAcb/67

Reference/affinity (μM)a
Me-LacNAca/ ~220

β-D-galactopyranosyl
hydroxylamine/ 5500
20 000 – 40 000 -d

6

5

3

0.033 – 3

3

4

107 - >20 000

3

3-(1,2,3-triazol-1-yl)thiogalactosides
C2-symmetrical
thiodigalactosides
O-galactosyl aldoximes

3

0.32 – >100

Galectin Affinity (μM)
3
≥4.4
3

Inhibitor
LacNAc derivatives carrying
aromatic amides at 3’-C

2

Entry
1

Table 1. Small molecule galectin inhibitors
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248

242

240

237
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Cyclodextrin-based
glycoclusters

Rigidified multivalent lactose
molecules

4

5

9

7
8

Lac/300
Lac/300
Lac/618
Me-Lace/190
Me-Lace/220
Me-Lace/1400
Me-Lace/91
ASF/0.82
Lac/1000 or 1100c
Lac/1000 or 3000c
Lac/1100 or 4000c
Lac/500 or 1000c

Lac/400 – 1000c
Lac/800 – 6000c
Lac/4000

≥9b,c
≥181b,c
151 – 436b

3
7
1
0.07 – 21b
2.1 – 174.5b
14 – 50b
3.2 – 120b
17 – 86b
360 – 1700b
32 – 380b
0.52 – 1.13f
≥320b,c
≥440b,c
0.16 – 47.8b,c
0.90 – 396b,c

n.a.c
n.a.c
n.a.d
Lac/2000
n.a.d
Lac/1100 – 800 000c

1.7 – 260b,c
≥54b,c
n.a.d
40 – 4315b
n.a.d
≥30.5 b,c

3
7
1
3
7
1

244
253

Solid phase, immobilized BSA-conjugates
Solid phase, immobilized (neo)glycoprotein

254

249

Fluorescence titration
Fluorescence polarization

245

247

Immobilized (neo)glycoproteins

Immobilized ASF

246

188

Reference
238

Immobilized LacBSA

Assay
Haemagglutination, inhibition of type O red
blood cells
Solid-phase, immobilized
(neo)glycoproteins

Entry 1 reported as relative inhibitory property, entries 2 – 5, and 9 and 10 as IC50 values, and entries 6 and 7 as KD values. b Dependent on the valency of
the inhibitor. c Dependent on the immobilized (neo)glycoprotein. d The glycoclusters did not effectively influence galectin binding. e Methyl βlactopyranoside. f The affinity could not be determined due to oligomerization of the galectin.

a

Lactose glycoclusters

3

6

Wedgelike glycodendrimers

2

Reference/affinity (μM)a
Gal/50 000
Lac/800
n.a.c

Affinity (μM)
20
250
≥1.7b,c

Galectin
1
3
1

3
5
3
Multivalent lactose derivatives 1
3
4
7
BSA-conjugates
1
Mono – trivalent glycosides
1
3
Lac-starburst dendrimers
1
3

Inhibitor
Trivalent lactoside

Entry
1

Table 2. Multivalent galectin inhibitors.

Introduction

31

Chapter 1

1.6 Aims and outline of this thesis
As indicated in Section 1.2, glycopeptides can be used as efficient oligosaccharide mimics.
Moreover, they are readily prepared in a library format, providing rapid access to a variety of
potential high-affinity ligands for carbohydrate-binding proteins. This thesis aims to explore
the applicability of glycopeptides with a natural O-, or nonnatural S- or N-glycosidic linkages,
in studying and mediating carbohydrate-lectin interactions. To this end, combinatorial solidphase glycopeptide libraries are prepared, and used to identify glycopeptides that mimic
oligosaccharides in binding to a receptor.
In order to prepare S-,N-glycopeptides that may have an enhanced stability towards acidic
and enzymatic conditions, several glycosylated amino acid building blocks having a
nonnatural S- or N-glycosidic linkage were synthesized (Chapter 2). Chapter 3 describes the
preparation and screening of two combinatorial solid-phase glycopeptide libraries, containing
Gal(β1-O)Thr, or Gal(β1-S)Cys and Gal(β1-N)Asn, respectively, to study whether S-,Nglycopeptides could be recognized by the model lectin Ricinus communis agglutinin (RCA120).
The glycopeptide-RCA120 interaction was studied with surface plasmon resonance (SPR)
spectroscopy. In Chapter 4, the galactosylated glycopeptide libraries described in the previous
chapter, and an additionally prepared library containing Lac(β1-O)Thr, were screened with
fluorescently labelled h-Gal-1 and h-Gal-3 to identify lead structures that may have the
potential to inhibit malignant galectin-carbohydrate interactions. Their inhibitory activity was
assessed with SPR spectroscopy. In Chapter 5, some of the lead structures identified in the
previous chapter, were used to determine their inhibitory potency in solid-phase and cell
assays. Chapter 6 describes the preparation of a combinatorial solid-phase glycopeptide library
containing Fuc(β1-S)Cys and Fuc(β1-N)Asn. This library was screened with α-L-fucose specific
Ulex europaeus agglutinin-I to investigate the effect of the configuration of the S- or N-glycosidic
linkage on the strength and specificity of carbohydrate-protein interactions. In Chapter 7, some
lead glycopeptides were used to develop surface plasmon resonance-based biosensors for the
sensitive detection of RCA120 and h-Gal-1 in solution.
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Chapter 2

2.1 Abstract
A general route for the preparation of 1,2-trans-linked S-glycosylated amino acid building
blocks by a Lewis-acid-promoted condensation of peracetylated glycosyl donors and Nα-FmocCys-OH, in good overall yield, is described. Furthermore, a fucosylated amino acid building
block with a 1,2-cis-thioglycosidic linkage could be prepared in good overall yield, and with
excellent stereoselectivity, starting from per-O-trimethylsilyl-α-L-fucopyranosyl iodide and NαFmoc-Cys-OPfp. In addition, a short and time efficient route was applied for the synthesis of
N-glycosylated amino acid building blocks in good overall yields by coupling unprotected
glycosylamines and Nα-Fmoc-Asp(OH)-OtBu using TBTU activation.
2.2 Introduction
Interactions between membrane glycoconjugates and carbohydrate-binding proteins are highly
important in mediating intercellular recognition processes. Typical examples of these processes
are cell-cell recognition, cell growth regulation, cancer cell metastasis, and viral, bacterial, and
parasitical infections.1,2 Fundamental interaction studies to understand at a molecular level,
and possibly to intervene with these processes, are hampered by the low accessibility of
complex carbohydrates. It has been shown that the complete glycan is not involved in the
interaction with the receptor. Essentially, only the residues at the nonreducing end of the
glycan that are in close contact with the external environment are important for the interaction.
This allows the use of simplified structures containing a carbohydrate epitope attached to a
scaffold as mimics of complex glycans in interaction studies.
Previously, glycopeptides, built up from relatively small peptide backbones decorated
with one or more O-linked monosaccharides, have been successfully used as mimics of
complex oligosaccharides. These compounds can be generated in library format via a
combinatorial approach.3,4 However, a common disadvantage of O-glycopeptides is the low
stability of the O-glycosidic linkage towards glycan-degrading enzymes and acidic conditions.
Replacing the O-glycosidic linkage by an N- (amide) or S-glycosidic linkage greatly enhances
the stability of these compounds towards biodegradation and acidic conditions.
The most frequently implemented method for the generation of 'one-bead-one-compound'
(glyco)peptide libraries5,6 is the split-and-mix method.7,8 In this method, glycosylated amino
acids are used in the stepwise assembly of glycopeptides on the solid support. To facilitate the
synthesis of S- and N-glycopeptide libraries via this methodology, easy access to S- and Nglycosylated amino acid building blocks is a prerequisite. Different approaches for the
preparation of protected S-glycosylated amino acids have been reported, including KoenigsKnorr9 and Lewis-acid catalyzed glycosylation reactions,10 as well as the use of diverse glycosyl
donors, such as glycosyl fluorides,11 trichloroacetimidates12 and isothiouronium salts.13
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Furthermore, the synthesis of unprotected S-glycosylated amino acids on solid support has
been described.14 N-Glycosylated amino acids have been prepared by the coupling of a
glycosylamine to an array of aspartic acid derivatives and using a variety of coupling agents,
such as N,N’-dicyclohexyl carbodiimide (DCC), benzatriazole-1-yl-oxy-tris-(dimethylamino)phosphoniumhexafluorophosphate

(BOP),

tetramethyluronium tetrafluoroborate (TBTU).

and
15-18

2-(1H-benzotriazole-1-yl)-1,1,3,3-

In these protocols, the glycosylamine is

usually prepared by the catalytic reduction of a properly protected glycosyl azide7,16,19 or by the
treatment of unprotected monosaccharides with ammonium hydrogencarbonate.17,18,20
Additionally, N-glycosylated amino acids have been prepared via isothiocyanates or pentenyl
glycosides.21-25 All approaches described so far for the synthesis of S- and N-glycosylated amino
acids resulted in reasonable to good yields; however, in general the preparation of the used
glycosyl donors is time consuming and requires multiple steps.
In the context of our studies focused on an understanding of the interaction between
glycan mimics (synthetic glycopeptides) and plant and animal lectins, here, two short and
generally applicable routes are described for the preparation of galactosylated, mannosylated
and fucosylated amino acids with a 1,2-trans-thioglycosidic linkage or a β-N-glycosidic linkage
in overall yields, that are comparable to those reported in literature. Furthermore, a short and
highly stereoselective route, in good overall yield, is described for the synthesis of a
fucosylated amino acid with a 1,2-cis-thioglycosidic linkage.
2.3 Results and discussion
2.3.1 Synthesis of D-galactosylated, D-mannosylated and L-fucosylated L-cysteine
Nα-fluoren-9-ylmethoxycarbonyl-S-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-L-cysteine-Opentafluorophenyl ester (1), Nα-fluoren-9-ylmethoxycarbonyl-S-(2,3,4,6-tetra-O-acetyl-α-Dmannopyranosyl)-L-cysteine-O-pentafluorophenyl ester (2), and Nα-fluoren-9-ylmethoxycarbonyl-S-(2,3,4-tri-O-acetyl-β-L-fucopyranosyl)-L-cysteine-O-pentafluorophenyl

ester

(3)

(Scheme 1) were prepared in a two-step reaction sequence from the appropriate peracetylated
glycosyl donor and Nα-Fmoc-Cys-OH (11). Initial attempts to couple either peracetylated

D-

galactose or 2,3,4,6-tetra-O-acetyl-α/β-D-galactopyranosyl trichloroacetimidate to 11, using
trimethylsilyl triflate-activation (3 equiv. and 0.1 equiv., respectively) resulted in low yields.
Coupling of 2,3,4,6-tetra-O-acetyl-α-D-galactopyranosyl bromide to 11, using Hg(CN)2
activation, showed no product formation. Previously, the coupling of peracetylated D-galactose
to 11 (1.2 equiv.) using tin(IV) chloride as the activator yielded 59% of 12.10 This procedure was
slightly modified, and 2 equiv. of the appropriate peracetylated donors D-galactopyranose (8),
D-mannopyranose

(9), and L-fucopyranose (10) were each coupled with acceptor 11 in the

presence of tin(IV) chloride (2.6 equiv.) to afford 12, 13, and 14 in 75%, 63%, and 69% yield,
respectively. It may be clear that the use of an excess of donor, the least expensive starting
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compound, resulted in a higher yield than previously reported for glycosylated amino acid
building block 12. Compounds 12-14 could be converted into their corresponding
pentafluorophenyl ester derivatives by treatment with pentafluorophenyl trifluoroacetate and
pyridine in DMF26 to afford glycosylated amino acid building blocks 1 in 67% yield and 2 and 3
in quantitative yield.
OAc

OAc
O

S

AcO
OAc

O

FmocHN
b

AcO

OAc

+

O

FmocHN

a

S

OH
8 - 10

OR

OAc
OAc
O

AcO
AcO

HS
O

12: R = H
1: R = Pfp

O

FmocHN

11

OR
b

13: R = H
2: R = Pfp
O
S
OAc

O
OAc
OAc
b

OR
NHFmoc

14: R = H
3: R = Pfp

Scheme 1. (a) SnCl4, CH2Cl2. (b) PfpO(CO)CF3, pyridine, DMF.

For the preparation of a fucosylated cysteine with a 1,2-cis-thioglycosidic linkage, a fucosyl
donor with a non-participating protecting group at C-2, which can be removed under
conditions compatible with peptide chemistry, has to be chosen. Previously, trimethylsilyl
functions have successfully been used as non-participating protecting groups for the
stereoselective preparation of various 1,2-cis-linked O-fucosylated derivatives in good yields.27
The trimethylsilyl groups serve as temporary protecting groups, since they are readily
removed by treatment with MeOH under acidic conditions, and replaced by a protecting group
of choice. Generally, acetates are used as protecting groups on glycosylated amino acid
building blocks, because these groups can be removed on the solid phase under mild basic
conditions without any side-reactions affecting the glycopeptide. To obtain Nα-fluoren-9ylmethoxycarbonyl-S-(2,3,4-tri-O-acetyl-α-L-fucopyranosyl)-L-cysteine-O-pentafluorophenyl
ester, pertrimethylsilylated α-L-fucopyranosyl iodide 15 (3 equiv.) was prepared in situ and
coupled to Nα-Fmoc-Cys-OPfp (16) in the presence of 2,6-di-tert-butylpyridine (3 equiv.).27
However, the planned desilylation in methanol (→17; Scheme 2) failed as the
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pentafluorophenyl ester was converted into a methyl ester (18). This side-reaction could be
circumvented by using a mixture of acetonitrile/water or isopropanol/water (1:1 v/v) instead of
methanol (→17). Attempts to acylate 17 with acetic anhydride or benzoyl chloride in pyridine
were unsuccessful, probably due to the presence of an interfering contaminant. Pretreatment of
pentafluorophenyl ester 17 with active carbon in methanol yielded methyl ester 18, which
could be acetylated (→19) and benzoylated (→20). However, 19 could not be selectively
demethylated under the conditions used. Fortunately, 20 could be selectively demethylated
with 1 M aq. LiOH in a solution of 0.8 M CaCl2 in 70% aq. iPrOH, and glycosylated amino acid
building block 4 was obtained in 67% overall yield.
O
OPfp
S
O

O
OTMS
OTMS
15

OH

OH
OH

a, b
I

17

HS
OTMS

+

FmocHN

NHFmoc

d
O
OPfp

a, c, d

O
OR2

16
S
O

NHR3
OR1

OR1
OR1
e
g

18: R1 = H; R2 = Me; R3 = Fmoc
19: R1 = Ac; R2 = Me; R3 = Fmoc
20: R1 = Bz; R2 = Me; R3 = Fmoc
4: R1 = Bz; R2 = H; R3 = Fmoc
4b: R1 = R2 = R3 = H

f
h

Scheme 2. (a) 2,6-di-tert-butylpyridine, CH2Cl2. (b) acetonitrile/H2O or isopropanol/H2O. (c) MeOH. (d)
active carbon, MeOH. (e) Ac2O, pyridine. (f) benzoyl chloride, pyridine. (g) 1 M LiOH, 0.8 M CaCl2,
isopropanol/H2O. (h) NaOH, MeOH.

In contrast to the 1H NMR spectra of 18 and 4 (see Table 1 for the anomeric 1H- and 13Csignals), the 1H NMR spectrum of 20 showed a doubling of the carbohydrate and benzoyl
signals, although MALDI-TOF MS confirmed its purity and identity. According to the NMR
data, this can be explained by the presence of 20 as a mixture of the 1C4 (20) and 4C1 (20*)
conformation (Figure 1a). The two anomeric 1H-signals (H-1: δ 6.61, J1,2 = 3.9 Hz; and H-1*: δ
6.06, J1,2 = 4.9 Hz) could be correlated with two anomeric 13C-signals (C-1: δ 92.0, JC-1,H-1 = 185
Hz; and C-1*: δ 83.6, JC-1,H-1 = 169 Hz, respectively). In the 1D 1H NMR spectrum (Figure 1b), the
downfield anomeric signal corresponds to an equatorially orientated proton, whereas the
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upfield anomeric signal is indicative for an axial orientation.28 The 2D 1H-1H TOCSY spectrum
(Figure 1c) allowed the identification of H-2, H-3, and H-4; the J2,3-coupling pattern in the H-3
signal (δ 6.02, J2,3 = 10.5 Hz) indicated a di-axial orientation for H-2 and H-3, expected for a 1C4conformation. Because of overlapping signals, H-2* and H-3* could not unambiguously be
identified. Alternatively, the C-4*-signal (δ 71.5), which was found slightly downfield from the
C-4-signal (δ 70.9), could be assigned from the 13C HSQC spectrum. Comparison of the C-4 13C
chemical shift values of perbenzoylated α-D-galactopyranose (4C1 conformation; δ 68.5) and
perbenzoylated α-D-glucopyranose (4C1 conformation; δ 69.1) indicated that the axial
H/equatorial O-benzoyl group configuration yielded a

C-value downfield from that

13

corresponding to the equatorial H/axial O-benzoyl group configuration.29 Extrapolation of
these data to the findings for 20, in combination with the upfield shifts of H-1* and C-1*,
suggested that compound 20 is present as a mixture of the 1C4 (20) and 4C1 (20*) conformation.
To verify this conclusion, 20/20* was completely deprotected using 3 M aq NaOH in
methanol/water (5:1), followed by neutralization with Dowex 50 X 8 H+ resin (→4b, 40%). The
H NMR spectrum of 4b (δ 5.57, J1,2 = 5.7 Hz, JC-1,H-1 = 166 Hz) indicated the presence of a 1C4-

1

conformation only. Apparently, both the 1C4 conformation, which is commonly observed for Lfucose derivatives, and the 4C1 conformation are energetically favourable in the presence of the
bulky benzoyl and cysteine groups. Comparison of the various J1,2 and JC-1,H-1 values of 18, 20,
20*, 4, and 4b (Table 1) may suggest that in the case of 20 and 20* both chair conformations are
slightly distorted. Note that for the β-L-fucose derivative 14 the coupling constants are as
expected: J1,2 = 9.9 Hz, JC-1,H-1 = 156 Hz.
Table 1. Anomeric 1H- and 13C-chemical shifts and
coupling constants of 14, 18, 20, 20*, 4, and 4b.
δH (ppm)

J1,2 (Hz)

δC (ppm)

JC-1,H-1 (Hz)

14

4.15

9.9

85.0

156

18

5.38

5.7

87.8

165

20

6.61

3.9

92.0

185

20

6.06

4.9

83.6

169

4

6.07

5.4

82.6

171

4b

5.57

5.7

86.6

166

*
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Figure 1. (a) 20 (1C4 conformation) and 20* (4C1
conformation). (b) 1D 1H NMR spectrum of 20/20*. (c)
2D 1H-1H TOCSY spectrum of 20/20*.

2.3.2 Synthesis of D-galactosylated, D-mannosylated and L-fucosylated L-asparagine
Nα-fluoren-9-ylmethoxycarbonyl-Nγ-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-L-asparagineO-pentafluorophenyl ester (5), Nα-fluoren-9-ylmethoxycarbonyl-Nγ-(2,3,4,6-tetra-O-acetyl-β-Dmannopyranosyl)-L-asparagine (6) and Nα-fluoren-9-ylmethoxycarbonyl-Nγ-(2,3,4-tri-O-acetylβ-L-fucopyranosyl)-L-asparagine

(7)

(Scheme

3)

α

were

synthesized

glycosylamines and commercially available N -Fmoc-Asp-O Bu (24). The
(21),

D-mannopyranosyl

(22), and

L-fucopyranosyl

t

from

unprotected

D-galactopyranosyl

(23) amines were prepared from their

corresponding unprotected saccharides by treatment with ammonium hydrogencarbonate.30
Due to their labile nature, the glycosylamines were directly used for their coupling with 24,
using TBTU/N-hydroxybenzotriazole.H2O (HOBt) activation, to afford 25, 28, and 30,
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respectively. All three compounds were directly acetylated using acetic anhydride in pyridine,
yielding 26, 29, and 31, respectively. Subsequent removal of the tert-butyl groups under acidic
conditions afforded compounds 27, 6, and 7, respectively, in 56%, 35% and 73% overall yield.
Although the free acids 27, 6, and 7 are useful building blocks in itself, the pentafluorophenyl
derivatives may also be of interest, because these activated esters can be directly applied for
peptide couplings, using 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine (Dhbt-OH) as the
catalyst. To demonstrate this, 27 was treated with pentafluorophenyl trifluoroacetate and
pyridine26 to obtain building block 5 in 56% yield, however, together with a significant amount
of a byproduct. The MALDI-TOF mass spectrum indicated a mass of 689.375 [M + Na]+. The
disappearance of the anomeric NH-signal in the 1H NMR spectrum, and the change of the Jα,βcoupling pattern suggested the formation of a succinimide 5a. Nucleophilic attack of the amide
nitrogen on the β-carboxyl function of aspartic acid during the formation of the
pentafluorophenyl ester under alkaline conditions leads to succinimide formation. A similar
cyclization reaction has been reported previously.31,32 It could be of interest to explore
succinimides as possible glycosylated amino acid building blocks in glycopeptide synthesis.
It should be noted that pentafluorophenyl ester derivatives of glycosylated asparagine
building blocks have previously been prepared by coupling of a 2,3,4,6-tetra-O-acetyl-β-Dmannosylamine and acid chloride Nα-Fmoc-Asp(Cl)-OtBu in reasonable overall yield over six
reaction steps.20 This synthesis route avoids succinimide formation, however, more steps are
required to prepare the glycosylated amino acid. Recently, galactosylated amino acid 27 and
mannosylated amino acid 6 have been prepared in an eight-step reaction sequence using
2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl
pyranosyl azide as the key intermediates.

azide
16

and

2,3,4,6-tetra-O-acetyl-β-D-manno-

The protocol described in this paper for the

preparation of glycosylated asparagine derivatives turned out to be shorter and more time
efficient than the published methods.
In summary, 1,2-trans-S-linked glycosylated amino acid building blocks have been
synthesized in good overall yields. Furthermore, a fucosylated amino acid with a 1,2-cisthioglycosidic linkage was prepared in good overall yield and excellent stereoselectivity.
Finally, N-glycosylated amino acid building blocks could be obtained in good overall yields via
a short and time-efficient route. The prepared S- and N-glycosylated amino acid building
blocks 1-7 have been used for the preparation of in vivo stable glycopeptide libraries, as will be
published elsewhere.
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Scheme 3. (a) TBTU, HOBt, DiPEA, DMF. (b) Ac2O, pyridine. (c) 95% TFA/H2O. (d) PfpO(CO)CF3,
pyridine, DMF.

2.4 Experimental
General Methods. All solvents and reagents were of reagent grade, and were used without
further purification. The reactions were monitored by TLC on Silica Gel 60 F254 (Merck); after
examination under UV light, the compounds were visualized by heating with orcinol (2
mg/ml) in 20% (v/v) methanolic H2SO4. In the work-up procedures of reaction mixtures,
organic solutions were washed with appropriate amounts of the indicated aqueous solutions,
and then dried over Na2SO4, and concentrated under reduced pressure at 30 to 50 oC on a water
bath. Column chromatography was performed on Silica Gel 60 (Merck, 0.040-0.063 mm). 1H
and 13C NMR spectra were recorded at 300 K with a Bruker AC 300 (300 MHz) or a Bruker
AMX 500 (500 MHz) spectrometer; the values for δH are given in ppm relative to the signal for
internal Me4Si (δH = 0, CDCl3) or internal acetone (δH = 2.22, D2O and CD3OD), and the values
for δC are given in ppm relative to the signal for CDCl3 (δC = 77.1, CDCl3), CD3OD (δC = 49.0,
CD3OD), or internal acetone (δC = 30.9, D2O). Two-dimensional 1H-1H TOCSY (mixing times 7
and 100 ms) and 1H-13C correlated HSQC-spectra were recorded at 300 K with a Bruker AMX
500 spectrometer. Exact masses were measured by matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS) using a Voyager-DE Pro (Applied
Biosystems) instrument in the reflector mode at a resolution of 5000 FWHM. α-Cyano-4-
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hydroxycinnamic acid was used as a matrix. A mixture of peptides (Peptide calibration Mix4
[Proteomix] 500-3500 Da, LaserBio Labs) was added as the internal standard.
Nα-fluoren-9-ylmethoxycarbonyl-S-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-Lcysteine (12). Compound 11 was quantitatively obtained from commercially available NαFmoc-Cys(Trt)-OH via treatment with trifluoroacetic acid/CH2Cl2/H2O/triisopropylsilane
(6:4:0.5:0.5, v/v). A solution of peracetylated D-galactose (8; 262 mg, 0.67 mmol) and Nα-fluoren9-ylmethoxycarbonyl-L-cysteine (11; 115 mg, 0.34 mmol) in dry CH2Cl2 (10 ml) was stirred at rt,
then SnCl4 (102 μl, 0.87 mmol) was added, and the mixture was stirred overnight. After
dilution with CH2Cl2, the mixture was washed with 1 M aq. HCl and H2O, dried, filtered, and
concentrated. Column chromatography (8:2 CH2Cl2/acetone → 95:5 CH2Cl2/MeOH) of the
residue yielded 12, isolated as a white solid (131 mg, 75%). TLC: 9:1 CH2Cl2/MeOH, Rf = 0.50.
H NMR (500 MHz, CDCl3): δ = 1.99, 2.03, 2.07, and 2.15 (4 s, each 3H, 4 COCH3), 3.26 (m, 2H,

1

H-β1 and H-β2), 3.75 (t, 1H, H-5), 3.99 (dd, 1H, J5,6b = 6.6 Hz, J6a,6b = 11.6 Hz, H-6b), 4.24 (t, 1H,
JCH,CH2 = 6.7 Hz, Fmoc-CH), 4.29 (dd, 1H, J5,6a = 5.8 Hz, H-6a), 4.42 (bt, 1H, Fmoc-CHH), 4.50 (m,
2H, H-1 and Fmoc-CHH), 4.64 (m, 1H, H-α), 5.02 (dd, 1H, J2,3 = 10.1 Hz, J3,4 = 3.1 Hz, H-3), 5.19
(t, 1H, J1,2 = 10.1 Hz, H-2), 5.41 (d, 1H, H-4), 6.00 (d, 1H, JNH,α = 7.0 Hz, NH), 7.54 (m, 8H, FmocArH). 13C NMR (125.76 MHz, CDCl3): δ = 20.5 (COCH3), 34.0 (C-β), 46.9 (Fmoc-CH), 53.6 (C-α),
61.7 (C-6), 66.8 (C-2), 67.2 (Fmoc-CH2 and C-4), 71.6 (C-3), 74.6 (C-5), 85.8 (C-1), 120.0, 124.9,
127.0, and 127.8 (Fmoc ArC). High-resolution MS data of C32H35NO13S (M, 673.183): [M + Na]+
found 696.305; calcd 696.173.
Nα-fluoren-9-ylmethoxycarbonyl-S-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-Lcysteine-O-pentafluorophenyl ester (1). Pentafluorophenyl trifluoroacetate (154 μl, 0.90 mmol)
and pyridine (72.7 μl, 0.90 mmol) were added to a solution of 12 (575 mg, 0.85 mmol) in dry
DMF (5 ml). After 1.5 h, an additional portion of pentafluorophenyl trifluoroacetate (154 μl,
0.90 mmol) and pyridine (72.7 μl, 0.90 mmol) were added. After 0.5 h, TLC showed a complete
conversion of the starting compound into a higher moving spot. The solution was coconcentrated with toluene, and column chromatography (99:1 → 95:5 → 9:1 CH2Cl2/EtOAc) of
the residue afforded 1, isolated as a white foam (473 mg, 67%). TLC: 9:1 CH2Cl2/MeOH, Rf =
0.75. 1H NMR (500 MHz, CDCl3): δ = 1.89, 2.01, 2.08, and 2.11 (4 s, each 3H, 4 COCH3), 3.17 (dd,
1H, Jα,β2 = 7.6 Hz, Jβ1,β2 = 14.8 Hz, H-β2), 3.43 (dd, 1H, Jα,β1 = 3.4 Hz, H-β1), 3.75 (t, 1H, H-5), 4.03
(m, 2H, H-6a and H-6b), 4.26 (t, 1H, JCH,CH2 = 6.4 Hz, Fmoc-CH), 4.43 (d, 2H, J1,2 = 9.9 Hz, H-1
and Fmoc-CHH), 4.66 (dd, 1H, JCH2,CH2 = 10.9 Hz, Fmoc-CHH), 4.82 (m, 1H, H-α), 5.04 (dd, 1H,
J2,3 = 10.0 Hz, J3,4 = 2.6 Hz, H-3), 5.26 (t, 1H, H-2), 5.39 (d, 1H, H-4), 6.21 (d, 1H, JNH,α = 7.5 Hz,
NH), 7.54 (m, 8H, Fmoc-ArH). 13C NMR (125.76 MHz, CDCl3): δ = 20.5, 20.7, and 20.8 (COCH3),
31.4 (C-β), 47.1 (Fmoc-CH), 54.7 (C-α), 61.7 (C-6), 66.4 (C-2), 67.0 (Fmoc-CH2 and C-4), 71.7 (C-
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3), 75.2 (C-5), 83.4 (C-1), 120.4, 125.1, 127.4, and 128.0 (Fmoc-ArC). High-resolution MS data of
C38H34F5NO13S (M, 839.167): [M + Na]+ found 862.159; calcd 862.157.
Nα-fluoren-9-ylmethoxycarbonyl-S-(2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyl)-Lcysteine (13). Compound 13 was prepared from peracetylated D-mannopyranose (9; 151.9 mg,
0.39 mmol) and 11 (66.8 mg, 0.19 mmol) as described for 12. The product was purified by
column chromatography (8:2 CH2Cl2/acetone → 95:5 CH2Cl2/MeOH → 9:1 CH2Cl2/MeOH + 1%
HOAc) to yield 13, isolated as a white solid (81 mg, 63%). TLC: 9:1 CH2Cl2/MeOH, Rf = 0.35. 1H
NMR (500 MHz, CDCl3): δ = 2.00, 2.05, 2.06, and 2.15 (4 s, each 3H, 4 COCH3), 3.18 (dd, 1H, Jα,β1
= 2.1 Hz, Jβ1,β2 = 14.7 Hz, H-β1), 3.31 (dd, 1H, Jα,β2 = 4.5 Hz, H-β2), 4.22 (m, 4H, Fmoc-CH, FmocCHH, H-6a, and H-6b), 4.32 (m, 1H, H-5), 4.42 (m, 1H, Fmoc-CHH), 4.79 (m, 1H, H-α), 5.19
(dd, 1H, J2,3 = 2.6 Hz, J3,4 = 9.8 Hz, H-3), 5.30 (m, 2H, H-4 and H-1), 5.35 (bs, 1H, H-2), 6.10 (d,
1H, JNH,α = 8.1 Hz, NH), 7.54 (m, 8H, Fmoc-ArH). 13C NMR (125.76 MHz, CDCl3): δ = 20.8 and
21.1 (COCH3), 36.0 (C-β), 47.4 (Fmoc-CH), 54.0 (C-α), 62.6 (C-6), 66.6 (C-4), 67.7 (Fmoc-CH2),
69.7 (C-3), 70.1 (C-5), 71.6 (C-2), 84.6 (C-1, JC-1,H-1 = 169 Hz), 120.2, 125.3, 127.6, and 128.0 (FmocArC). High-resolution MS data of C32H35NO13S (M, 673.183): [M + Na]+ found 696.308; calcd
696.173.
Nα-fluoren-9-ylmethoxycarbonyl-S-(2,3,4,6-tetra-O-acetyl-α-D-mannopyranosyl)-Lcysteine-O-pentafluorophenyl ester (2). Compound 2 was prepared from 13 (81.2 mg, 0.12
mmol) as described for 1. Column chromatography (99:1 → 95:5 → 9:1 CH2Cl2/EtOAc) afforded
2, isolated as a white foam (99.3 mg, quantitative). TLC: 9:1 CH2Cl2/MeOH, Rf = 0.95. 1H NMR
(500 MHz, CDCl3): δ = 1.97, 2.01, 2.07, and 2.16 (4 s, each 3H, 4 COCH3), 3.24 (dd, 1H, Jα,β1 = 3.2
Hz, Jβ1,β2 = 15.0 Hz, H-β1), 3.51 (dd, 1H, Jα,β2 = 5.5 Hz, H-β2), 4.15 (dd, 1H, J5,6 = 7.2 Hz, J6a,6b =
12.4 Hz, H-6b), 4.24 (m, 2H, Fmoc-CH and H-6a), 4.32 (t, 1H, H-5), 4.46 (m, 2H, Fmoc-CH2), 5.16
(m, 2H, H-3 and H-α), 5.30 (m, 2H, H-1 and H-4), 5.43 (bs, 1H, H-2), 6.37 (d, 1H, JNH,α = 9.2 Hz,
NH), 7.54 (m, 8H, Fmoc-ArH). 13C NMR (125.76 MHz, CDCl3): δ = 20.8 and 21.1 (COCH3), 36.8
(C-β), 47.4 (Fmoc-CH), 54.4 (C-α), 62.6 (C-6), 66.2 (C-4), 67.7 (Fmoc-CH2), 69.3 (C-3), 70.5 (C-5),
71.6 (C-2), 85.3 (C-1), 120.6, 125.3, 127.2, and 128.0 (Fmoc-ArC). High-resolution MS data of
C38H34F5NO13S (M, 839.167): [M + Na]+ found 862.166; calcd 862.157.
Nα-fluoren-9-ylmethoxycarbonyl-S-(2,3,4-tri-O-acetyl-β-L-fucopyranosyl)-L-cysteine (14).
Compound 14 was prepared from peracetylated L-fucopyranose (10; 550.7 mg, 1.66 mmol) and
11 (474.2 mg, 1.38 mmol) according to the procedure described for 12. Column
chromatography (7:3 CH2Cl2/acetone → 95:5 CH2Cl2/MeOH → 9:1 CH2Cl2/MeOH + 1% HOAc)
afforded 14, isolated as an off-white foam (582 mg, 69%). TLC: 9:1 CH2Cl2/MeOH, Rf = 0.78. 1H
NMR (500 MHz, CDCl3): δ = 0.93 (d, 3H, J5,6 = 6.3 Hz, H-6), 2.00, 2.06, and 2.14 (3 s, each 3H, 3
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COCH3), 2.79 (dd, 1H, Jα,β1 = 3.8 Hz, Jβ1,β2 = 15.0 Hz, H-β1), 3.35 (m, 2H, H-5 and H-β2), 4.15 (d,
1H, J1,2 = 9.9 Hz, H-1), 4.21 (t, 1H, JCH,CH2 = 5.5 Hz, Fmoc-CH), 4.54 (dd, 1H, JCH2,CH2 = 11.0 Hz,
Fmoc-CHH), 4.66 (m, 1H, H-α), 4.77 (m, 1H, Fmoc-CHH), 4.98 (dd, 1H, J2,3 = 10.0 Hz, J3,4 = 2.8
Hz, H-3), 5.12 (m, 2H, H-2 and H-4), 6.17 (d, 1H, JNH,α = 7.3 Hz, NH), 7.54 (m, 8H, Fmoc-ArH).
C NMR (125.76 MHz, CDCl3): δ = 15.9 (C-6), 20.6 (COCH3), 34.1 (C-β), 47.5 (Fmoc-CH), 54.1

13

(C-α), 66.2 (Fmoc-CH2), 67.2 (C-4), 70.1 (C-2), 72.1 (C-3), 73.6 (C-5), 85.0 (C-1, JC-1,H-1 = 156 Hz),
120.2, 125.1, 127.2, and 128.0 (Fmoc-ArC). High-resolution MS data of C30H33NO11S (M, 613.198):
[M + Na]+ found 638.376 calcd 638.167.
Nα-fluoren-9-ylmethoxycarbonyl-S-(2,3,4-tri-O-acetyl-β-L-fucopyranosyl)-L-cysteine-Opentafluorophenyl ester (3). Compound 3 was prepared from 14 (80.6 mg, 0.13 mmol) as
described for 1. Column chromatography (99:1 → 95:5 → 9:1 CH2Cl2/EtOAc) afforded 3,
isolated as a white foam (102 mg, quantitative). TLC: 9:1 CH2Cl2/MeOH, Rf = 0.95. 1H NMR (500
MHz, CDCl3): δ = 0.88 (d, 3H, J5,6 = 6.4 Hz, H-6), 2.01, 2.07, and 2.13 (3 s, each 3H, 3 COCH3),
2.89 (dd, 1H, Jα,β1 = 3.8 Hz, Jβ1,β2 = 15.0 Hz, H-β1), 3.32 (q, 1H, H-5), 3.39 (dd, 1H, Jα,β2 = 5.7 Hz, Hβ2), 4.10 (d, 1H, J1,2 = 10.1 Hz, H-1), 4.21 (t, 1H, Fmoc-CH), 4.58 (dd, 1H, JCH,CH2 = 5.1 Hz, JCH2,CH2
= 11.0 Hz, Fmoc-CHH), 4.85 (dd, 1H, JCH,CH2 = 5.7 Hz, Fmoc-CHH), 4.97 (m, 2H, H-3 and H-α),
5.12 (m, 2H, H-2 and H-4), 6.37 (d, 1H, JNH,α = 8.4 Hz, NH), 7.54 (m, 8H, Fmoc-ArH). 13C NMR
(125.76 MHz, CDCl3): δ = 15.8 (C-6), 20.7 (COCH3), 34.6 (C-β), 47.7 (Fmoc-CH), 54.6 (C-α), 65.9
(Fmoc-CH2), 67.3 (C-4), 70.0 (C-2), 72.0 (C-3), 73.5 (C-5), 85.1 (C-1), 120.3, 125.2, 127.3, and 128.1
(Fmoc-ArC). High-resolution MS data of C36H32F5NO11S (M, 781.162): [M + Na]+ found 804.150;
calcd 804.151.
Nα-fluoren-9-ylmethoxycarbonyl-S-(2,3,4-tri-O-benzoyl-α-L-fucopyranosyl)-L-cysteine
(4). A mixture of Nα-fluoren-9-ylmethoxycarbonyl-L-cysteine-O-pentafluorophenyl ester (16;
508 mg, 1 mmol) and 2,6-di-tert-butylpyridine (685 μl, 3 mmol) in dry CH2Cl2 (10 ml) was
added to a freshly prepared solution of 2,3,4-tri-O-trimethylsilyl-α-L-fucopyranosyl iodide (15;
1.36 g, 3 mmol)27 in dry CH2Cl2 (5 ml), and the reaction mixture was stirred overnight. After the
addition of MeOH, the solution was stirred for 30 min, then neutralized with pyridine, and
concentrated in vacuo. Column chromatography (95:5 CH2Cl2/MeOH) of the residue afforded
desilylated 18.
Compound 18 was stirred in MeOH containing active carbon for 3 h. After filtration over
Celite, the reaction mixture was concentrated in vacuo. To a solution of the residue in pyridine
(10 ml), benzoyl chloride (692 μl, 6 mmol) was added, and the mixture was stirred overnight.
The solution was co-concentrated with toluene, and 20/20*, present as a mixture of the 1C4 and
C1 conformations (see Results and discussion), was obtained after column chromatography

4

(CH2Cl2 → 98:2 CH2Cl2/acetone) of the residue.
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The product was directly used in the next step. To a solution of 20/20* and 0.8 M CaCl2 in
70% aq. iPrOH (50 ml) was added 1 M aq. LiOH (3.2 ml), and the solution was stirred until TLC
showed a complete conversion of 20/20* into 4. The solution was concentrated, and column
chromatography (9:1 CH2Cl2/MeOH) of the residue afforded 4, isolated as an off-white solid
(529 mg, 67% overall yield).
18: TLC: 9:1 CH2Cl2/MeOH, Rf = 0.40. 1H NMR (500 MHz, CD3OD): δ = 1.24 (d, 3H, J5,6 = 6.6 Hz,
H-6), 2.85 (dd, 1H, Jα,β2 = 8.0 Hz, Jβ1,β2 = 16.8 Hz, H-β2), 3.05 (dd, 1H, Jα,β1 = 5.4 Hz, H-β1), 3.59
(dd, 1H, J2,3 = 9.9 Hz, J3,4 = 3.2 Hz, H-3), 3.65 (d, 1H, H-4), 3.74 (s, 3H, OCH3), 4.05 (dd, 1H, J1,2 =
5.7 Hz, H-2), 4.23 (m, 2H, Fmoc-CH, and H-5), 4.35 (bd, 2H, JCH,CH2 = 7.0 Hz, Fmoc-CH2), 4.80
(dd, 1H, H-α), 5.38 (d, 1H, H-1), 7.55 (m, 8H, Fmoc-ArH). 13C NMR (125.76 MHz, CD3OD): δ =
16.6 (C-6), 32.7 (C-β), 48.5 (Fmoc-CH), 53.0 (OCH3), 55.5 (C-α), 68.2 (Fmoc-CH2), 68.5 (C-5), 69.6
(C-2), 72.3 (C-3), 73.5 (C-4), 87.8 (C-1, JC-1,H-1 = 165 Hz), 121.0, 126.5, 128.3, and 129.1 (Fmoc-ArC).
High-resolution MS data of C25H29NO8S (M, 503.161): [M + Na]+ found 526.557; calcd 526.151.
20/20*: TLC: 98:2 CH2Cl2/acetone, Rf = 0.85. 1H NMR (500 MHz, CDCl3): δ = 1.31 (d, 3H, J5,6 = 6.4
Hz, H-6*), 1.34 (d, 3H, J5,6 = 6.6 Hz, H-6), 3.74 (s, 3H, OCH3*), 3.80 (s, 3H, OCH3), 4.19 (t, 1H,
JCH,CH2 = 6.9 Hz, Fmoc-CH), 4.29 (bd, 2H, Fmoc-CH2), 4.68 (m, 2H, H-α and H-5), 5.58 (d, 1H,
JNH,α = 8.7 Hz, NH), 5.76 (bs, 1H, H-4*), 5.80 (m, 3H, H-2, H-2*, and H-3*), 5.83 (dd, 1H, J3,4 = 3.5
Hz, J4,5 = 0.9 Hz, H-4), 6.02 (dd, J2,3 = 10.5 Hz, H-3), 6.06 (d, 1H, J1*,2* = 4.9 Hz, H-1*), 6.61 (d, 1H,
J1,2 = 3.9 Hz, H-1), 7.69 (m, 23H, Fmoc-ArH and C(O)C6H5). 13C NMR (125.76 MHz, CDCl3): δ =
15.8 (C-6), 16.0 (C-6*), 32.6 (C-β), 46.8 (Fmoc-CH), 52.5 (OCH3*), 52.7 (OCH3), 53.7 (C-α), 65.8 (C5), 67.2 (Fmoc-CH2), 68.4 (C-3), 68.8 (C-2, C-2*, and C-3*), 70.9 (C-4), 71.5 (C-4*), 83.6 (C-1*, JC-1*,H-1*
= 169 Hz), 92.0 (C-1, JC-1,H-1 = 185 Hz), 120.0, 125.1, 127.0, and 127.6 (Fmoc-ArC), 128.2, 128.4,
128.6, 129.6, 129.8, 130.0, 133.3, and 133.5 (C(O)C6H5). High-resolution MS data of C46H41NO11S
(M, 815.240): [M + Na]+ found 838.384; calcd 838.260.
4: TLC: 9:1 CH2Cl2/MeOH, Rf = 0.28. 1H NMR (500 MHz, CD3OD): δ = 1.26 (d, 3H, H-6), 2.93
(dd, 1H, Jα,β2 = 8.9 Hz, Jβ1,β2 = 13.6 Hz, H-β2), 3.29 (dd, 1H, Jα,β1 = 3.8 Hz, H-β1), 4.07 (m, 2H,
Fmoc-CH and Fmoc-CHH), 4.15 (m, 1H, Fmoc-CHH), 4.44 (dd, 1H, H-α), 4.79 (q, 1H, J5,6 = 6.3
Hz, H-5), 5.75 (bs, 1H, H-4), 5.82 (dd, 1H, J2,3 = 10.6 Hz, J3,4 = 2.5 Hz, H-3), 5.88 (dd, 1H, J1,2 = 5.4
Hz, H-2), 6.07 (d, 1H, H-1), 7.62 (m, 23H, Fmoc-ArH and C(O)C6H5). 13C NMR (125.76 MHz,
CD3OD): δ = 16.0 (C-6), 32.4 (C-β), 47.8 (Fmoc-CH), 54.9 (C-α), 66.6 (C-5), 67.8 (Fmoc-CH2), 69.7
(C-2), 70.5 (C-3), 73.1 (C-4), 82.6 (C-1, JC-1,H-1 = 171 Hz), 120.6, 126.0, 127.8, and 128.4 (Fmoc-ArC),
129.2, 129.6, 130.2, 130.4, 130.5, 134.3, and 134.5 (C(O)C6H5). High-resolution MS data of
C45H39NO11S (M, 801.224): [M + Na]+ found 824.319; calcd 824.214.
Nα-fluoren-9-ylmethoxycarbonyl-S-(α-L-fucopyranosyl)-L-cysteine-O-pentafluorophenyl
ester (17). To obtain 17, 15 (1.38 g, 3.05 mmol) and 16 (668 mg, 1.31 mmol) were coupled as
described above. After stirring overnight, the reaction mixture was concentrated, and the
residue was redissolved in 50% aq. acetonitrile, or 50% aq. iPrOH, and stirred for 30 min. The
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solution was neutralized with pyridine, and concentrated in vacuo. The residue was purified by
column chromatography (95:5 CH2Cl2/MeOH), yielding 17 (558 mg, 65%) as a white solid. TLC:
9:1 CH2Cl2/MeOH, Rf = 0.40. 1H NMR (300 MHz, CD3OD): δ = 1.24 (d, 3H, J5,6 = 6.3 Hz, H-6),
2.99 (dd, 1H, Jα,β2 = 8.0 Hz, Jβ1,β2 = 14.0 Hz, H-β2), 3.21 (dd, 1H, Jα,β1 = 6.1 Hz, H-β1), 3.62 (dd, 1H,
J2,3 = 9.6 Hz, J3,4 = 3.0 Hz, H-3), 3.67 (d, 1H, H-4), 4.08 (dd, 1H, J1,2 = 5.5 Hz, H-2), 5.46 (d, 1H, H1), 7.54 (m, 8H, Fmoc-ArH).
Nα-fluoren-9-ylmethoxycarbonyl-S-(2,3,4-tri-O-acetyl-α-L-fucopyranosyl)-L-cysteine-Omethyl (19). To afford 19, compound 18 (53 mg, 0.10 mmol) was treated with active carbon in
MeOH as described above, and dissolved in 1:1 pyridine/Ac2O (4 ml). The reaction mixture
was stirred overnight, and co-concentrated with toluene. Compound 19 was obtained after
column chromatography (95:5 → 9:1 CH2Cl2/acetone) of the residue, and isolated as a white
solid (63 mg, quantitative). TLC: 9:1 CH2Cl2/acetone, Rf = 0.74. 1H NMR (300 MHz, CDCl3): δ
=1.15 (d, 3H, J5,6 = 6.6 Hz, H-6), 1.99, 2.06, and 2.14 (3 s, each 3H, 3 COCH3), 2.94 (dd, 1H, Jα,β2 =
5.2 Hz, Jβ1,β2 = 13.7 Hz, H-β2), 3.15 (dd, 1H, Jα,β1 = 4.7 Hz, H-β1), 3.79 (s, 3H, OCH3), 4.25 (t,
JCH,CH2 = 7.1 Hz, Fmoc-CH), 4.37 (m, 3H, H-5 and Fmoc-CH2), 4.65 (m, 1H, H-α), 5.17 (dd, 1H, J2,3
= 10.7 Hz, J3,4 = 3.0 Hz, H-3), 5.24 (dd, 1H, J1,2 = 5.2 Hz, H-2), 5.28 (d, 1H, H-4), 5.59 (d, 1H, JNH,α =
7.7 Hz, NH), 5.79 (d, 1H, H-1), 7.54 (m, 8H, Fmoc-ArH).
S-(α-L-fucopyranosyl)-L-cysteine (4b). For a complete removal of the protecting groups, 20
(20 mg, 25 mmol) was dissolved in a 5:1 solution of MeOH/H2O (2 ml), and 3 M aq. NaOH (0.5
ml) was added at 0 oC. The mixture was stirred for 3 h at rt, neutralized with Dowex 50 X 8 H+
resin, and filtered. The resin was washed with MeOH and H2O, and 4b was eluted from the
resin with 10% aq. NH3. Pure 4b was obtained (2.7 mg, 40%) after lyophilization. 1H NMR (500
MHz, D2O): δ = 1.39 (d, 3H, J5,6 = 6.6 Hz, H-6), 2.95 (dd, 1H, Jα,β2 = 7.2 Hz, Jβ1,β2 = 13.1 Hz, H-β2),
3.12 (dd, 1H, Jα,β1 = 4.9 Hz, H-β1), 3.64 (dd, 1H, H-α), 3.91 (dd, 1H, J2,3 = 10.5 Hz, J3,4 = 3.5 Hz, H3), 3.96 (d, 1H, H-4), 4.23 (dd, 1H, J1,2 = 5.7 Hz, H-2), 4.52 (q, 1H, H-5), 5.57 (d, 1H, H-1). 13C
NMR (125.76 MHz, D2O): δ = 16.0 (C-6), 35.0 (C-β), 55.7 (C-α), 68.2 (C-5), 68.4 (C-2), 71.0 (C-3),
72.5 (C-4), 86.6 (C-1, JC-1,H-1 = 166 Hz). High-resolution MS data of C9H17NO6S (M, 267.078): [M +
Na]+ found 290.089; calcd 290.067.
Nα-fluoren-9-ylmethoxycarbonyl-Nγ-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-Lasparagine-O-tert-butyl ester (26). A solution of Nα-fluoren-9-ylmethoxycarbonyl-L-aspartic
acid-O-tert-butyl ester (24; 2.00 g, 4.86 mmol), TBTU (4.68 g, 14.6 mmol) and N,Ndiisopropylethylamine (0.64 ml, 3.65 mmol) in dry DMF (20 ml) was added to 1-amino-Dgalactopyranose (21; 3.48 g, 19.4 mmol)30, and the mixture was stirred overnight. After coconcentration with toluene, a solution of the residue in CH2Cl2 was washed with H2O, dried,
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and concentrated to obtain glycosylated amino acid intermediate 25 as a white foam (1.86 g,
67%). TLC: 9:1 CH2Cl2/MeOH, Rf = 0.28. A solution of 25 (1.86 g, 3.25 mmol) in 1:1
pyridine/Ac2O (30 ml) was stirred overnight, then co-concentrated with toluene. Column
chromatography (85:15 →75:25 CH2Cl2/EtOAc) of the residue afforded 26, isolated as a white
foam (2.04 g, 85%). TLC: 9:1 CH2Cl2/MeOH, Rf = 0.56. 1H NMR (500 MHz, CDCl3): δ = 1.45 (s,
9H, C(CH3)3), 2.00, 2.02, 2.08, and 2.13 (4 s, each 3H, 4 COCH3), 2.68 (dd, 1H, Jα,β1 = 3.8 Hz, Jβ1,β2 =
16.3 Hz, H-β1), 2.86 (dd, 1H, Jα,β2 = 4.1 Hz, H-β2), 4.01 (t, 1H, H-5), 4.09 (m, 2H, H-6a and H-6b),
4.23 (t, 1H, JCH,CH2 = 7.2 Hz, Fmoc-CH), 4.32 (t, 1H, Fmoc-CHH), 4.43 (dd, 1H, JCH2,CH2 = 10.1 Hz,
Fmoc-CHH), 4.51 (m, 1H, H-α), 5.13 (t, 1H, J2,3 = 10.1 Hz, H-2), 5.14 (dd, 1H, J3,4 = 2.3 Hz, H-3),
5.21 (t, 1H, J1,NH = J1,2 = 8.9 Hz, H-1), 5.43 (d, 1H, H-4), 5.92 (d, 1H, JNH,α = 8.6 Hz, NαH), 6.38 (d,
1H, NγH), 7.54 (m, 8H, Fmoc-ArH).

C NMR (125.76 MHz, CDCl3): δ = 20.5 (COCH3), 28.1
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(C(CH3)3), 38.1 (C-β), 47.4 (Fmoc-CH), 50.6 (C-α), 60.9 (C-6), 67.4 (Fmoc-CH2), 67.4 (C-4), 68.6
(C-2), 70.9 (C-3), 72.7 (C-5), 78.5 (C-1), 120.2, 125.5, 127.2, and 127.8 (Fmoc-ArC). Highresolution MS data of C37H44N2O14 (M, 740.279): [M + Na]+ found 763.263; calcd 763.269.
Nα-fluoren-9-ylmethoxycarbonyl-Nγ-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-Lasparagine (27). A solution of 26 (2.04 g, 2.75 mmol) in 95% aq. TFA (20 ml) was stirred for 1 h,
after which the mixture was co-concentrated with toluene, EtOH, and CH2Cl2. Column
chromatography (9:1 CH2Cl2/MeOH + 1% HOAc) of the residue yielded 27, isolated as a white
foam (1.85 g, 98%). TLC: 9:1 CH2Cl2/MeOH, Rf = 0.14. 1H NMR (500 MHz, CDCl3): δ = 2.00, 2.04,
2.05, and 2.15 (4 s, each 3H, 4 COCH3), 2.80 (dd, 1H, Jα,β2 = 4.4 Hz, Jβ1,β2 = 16.5 Hz, H-β2), 2.92
(dd, 1H, Jα,β1 = 2.5 Hz, H-β1), 4.12 (m, 4H, Fmoc-CH, H-5, H-6a, and H-6b), 4.22 (t, 1H, JCH,CH2 =
7.2 Hz, Fmoc-CHH), 4.39 (t, 1H, Fmoc-CHH), 4.59 (m, 1H, H-α), 5.13 (m, 2H, H-2 and H-3), 5.32
(t, 1H, J1,NH = J1,2 = 9.2 Hz, H-1), 5.50 (d, 1H, J3,4 = 2.5 Hz, H-4), 6.24 (bd, 1H, NαH), 6.51 (d, 1H,
NγH), 7.54 (m, 8H, Fmoc-ArH). 13C NMR (125.76 MHz, CDCl3): δ = 20.5 (COCH3), 37.5 (C-β),
46.9 (Fmoc-CH), 50.0 (C-α), 60.9 (C-6), 67.0 (C-4), 67.4 (Fmoc-CH2), 68.6 (C-2), 70.7 (C-3), 72.1 (C5), 78.3 (C-1), 120.0, 125.1 127.0, and 127.8 (Fmoc-ArC). High-resolution MS data of C33H36N2O14
(M, 684.217): [M + Na]+ found 707.199; calcd 707.206.
Nα-fluoren-9-ylmethoxycarbonyl-Nγ-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl)-Lasparagine-O-pentafluorophenyl ester (5). Compound 5 was prepared from 27 (101 mg, 0.15
mmol) as described for 1. Column chromatography (9:1 CH2Cl2/MeOH) of the residue yielded
5 (69.4 mg, 56%) and succinimide 5a, both isolated as a white solid. TLC: 9:1 CH2Cl2/MeOH, Rf
= 0.74. 1H NMR (500 MHz, CDCl3): δ = 2.00, 2.04, 2.15, and 2.20 (4 s, each 3H, 4 COCH3), 2.87
(dd, 1H, Jα,β1 = 3.8 Hz, Jβ1,β2 = 17.0 Hz, H-β1), 3.07 (dd, 1H, Jα,β2 = 4.2 Hz, H-β2), 4.03 (t, 1H, J5,6 =
6.6 Hz, H-5), 4.12 (m, 2H, H-6a and H-6b), 4.24 (t, 1H, JCH,CH2 = 7.0 Hz, Fmoc-CH), 4.38 (dd, 1H,
JCH2,CH2 = 10.5 Hz, Fmoc-CHH), 4.50 (dd, 1H, Fmoc-CHH), 5.01 (m, 1H, H-α), 5.10 (t, 1H, J1,2 = J2,3
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= 10.1 Hz, H-2), 5.15 (dd, 1H, J3,4 = 3.4 Hz, H-3), 5.24 (t, 1H, J1,NH = 9.0 Hz, H-1), 5.45 (d, 1H, H-4),
6.18 (d, 1H, JNH,α = 11.0 Hz, NαH), 6.45 (d, 1H, NγH), 7.54 (m, 8H, Fmoc-ArH). 13C NMR (125.76
MHz, CDCl3): δ = 20.5, 20.6, and 20.7 (COCH3), 37.7 (C-β), 47.1 (Fmoc-CH), 50.2 (C-α), 61.1 (C6), 67.1 (C-4), 67.6 (Fmoc-CH2), 68.3 (C-2), 70.6 (C-3), 72.5 (C-5), 78.6 (C-1, JC-1,H-1 = 153 Hz), 120.1,
125.1, 127.1, and 127.8 (Fmoc-ArC). High-resolution MS data of C39H35N2O14 (M, 850.201): [M +
Na]+ found 873.338; calcd 873.191.
Succinimide 5a: 1H NMR (500 MHz, CDCl3): δ = 2.00, 2.01, 2.04, and 2.20 (4 s, each 3H, 4
COCH3), 2.69 (dd, 1H, Jα,β1 = 4.6 Hz, Jβ1,β2 = 18.2 Hz, H-β1), 3.14 (dd, 1H, Jα,β2 = 9.2 Hz, H-β2),
4.01 (t, 1H, J5,6a = 6.1 Hz, H-5), 4.09 (dd, 1H, J6a,6b = 11.5 Hz, H-6a), 4.17 (dd, 1H, J5,6b = 6.3 Hz, H6b), 4.23 (m, 2H, Fmoc-CH and Fmoc-CHH), 4.38 (m, 2H, H-α and Fmoc-CHH), 5.09 (dd, 1H,
J2,3 = 10.1 Hz, J3,4 = 3.1 Hz, H-3), 5.31 (bd, 1H, H-1), 5.45 (d, 1H, H-4), 5.57 (bd, 1H, NαH), 6.04 (bt,
1H, H-2), 7.54 (m, 8H, Fmoc-ArH). 13C NMR (125.76 MHz, CDCl3): δ = 20.5 (COCH3), 35.7 (C-β),
46.9 (Fmoc-CH), 49.6 (C-α), 61.3 (C-6), 65.4 (C-2), 66.6 (C-4), 67.4 (Fmoc-CH2), 71.5 (C-3), 73.4 (C5), 78.5 (C-1, JC-1,H-1 = 156 Hz), 120.0, 124.9, 127.0, and 127.8 (Fmoc-ArC). High-resolution MS
data of C33H34N2O13 (M, 667.214): [M + Na]+ found 689.375; calcd 689.196.
Nα-fluoren-9-ylmethoxycarbonyl-Nγ-(2,3,4,6-tetra-O-acetyl-β-D-mannopyranosyl)-Lasparagine-O-tert-butyl ester (29). Glycosylated amino acid intermediate 28 was prepared in
35% yield (69.4 mg) from 1-amino-D-mannopyranose (22; 500 mg, 2.78 mmol) and 24 (143 mg,
0.35 mmol) as described for 25. TLC: 9:1 CH2Cl2/MeOH, Rf = 0.30. Compound 29 was prepared
from 28 (100 mg, 0.17 mmol) as described for 26. Column chromatography (9:1 CH2Cl2/acetone
→ 9:1 CH2Cl2/MeOH) yielded 29, isolated as a white foam (129.4 mg, quantitative). TLC: 9:1
CH2Cl2/MeOH, Rf = 0.75. 1H NMR (500 MHz, CDCl3): δ = 1.47 (s, 9H, C(CH3)3), 1.98, 2.03, 2.04,
and 2.24 (4 s, each 3H, 4 COCH3), 2.75 (dd, 1H, H-β1), 2.89 (dd, 1H, H-β2), 3.75 (m, 1H, H-5),
4.03 (d, 1H, H-6a), 4.22 (t, 1H, JCH,CH2 = 7.2 Hz, Fmoc-CH), 4.31 (dd, 1H, J5,6b = 5.1 Hz, J6a,6b = 12.5
Hz, H-6b), 4.39 (m, 3H, H-α and Fmoc-CH2), 5.10 (dd, 1H, J2,3 = 2.6 Hz, J3,4 = 10.1 Hz, H-3), 5.23
(t, 1H, J4,5 = 10.1 Hz, H-4), 5.37 (d, 1H, H-2), 5.53 (d, 1H, J1,NH = 8.9 Hz, H-1), 5.88 (d, 1H, JNH,α =
7.2 Hz, NαH), 6.48 (d, 1H, NγH), 7.54 (m, 8H, Fmoc-ArH). 13C NMR (125.76 MHz, CDCl3): δ =
20.8 and 21.1 (COCH3), 28.2 (C(CH3)3), 38.8 (C-β), 47.4 (Fmoc-CH), 51.5 (C-α), 62.6 (C-6), 65.6 (C4), 67.7 (Fmoc-CH2), 70.5 (C-2), 72.0 (C-3), 74.8 (C-5), 76.3 (C-1, JC-1,H-1 = 154 Hz), 120.6, 125.7,
128.0, and 128.4 (Fmoc-ArC). High-resolution MS data of C37H44N2O14 (M, 740.279): [M + Na]+
found 763.474; calcd 763.269.
Nα-fluoren-9-ylmethoxycarbonyl-Nγ-(2,3,4,6-tetra-O-acetyl-β-D-mannopyranosyl)-Lasparagine (6). Compound 6 was prepared from 29 (129.4 mg, 0.17 mmol) as described for 27.
Column chromatography (9:1 CH2Cl2/MeOH + 1% HOAc) afforded 6, isolated as a white foam
(119.6 mg, quantitative). TLC: 9:1 CH2Cl2/MeOH, Rf = 0.14. 1H NMR (500 MHz, CDCl3): δ = 1.98,
2.04, 2.07, and 2.22 (4 s, each 3H, 4 COCH3), 2.77 (dd, 1H, Jα,β2 = 5.4 Hz, Jβ1,β2 = 15.1 Hz, H-β2),
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2.95 (dd, 1H, Jα,β1 = 2.6 Hz, H-β1), 3.79 (m, 1H, H-5), 4.09 (d, 1H, H-6a), 4.22 (t, 1H, JCH,CH2 = 7.3
Hz, Fmoc-CH), 4.29 (dd, 1H, J5,6b = 5.1 Hz, J6a,6b = 12.5 Hz, H-6b), 4.38 (m, 2H, Fmoc-CH2), 4.59
(m, 1H, H-α), 5.14 (dd, 1H, J2,3 = 3.4 Hz, J3,4 = 10.1 Hz, H-3), 5.24 (t, 1H, J4,5 = 10.1 Hz, H-4), 5.39
(s, 1H, H-2), 5.55 (d, 1H, J1,NH = 8.6 Hz, H-1), 6.10 (d, 1H, JNH,α = 6.9 Hz, NαH), 6.69 (d, 1H, NγH),
7.54 (m, 8H, Fmoc-ArH). 13C NMR (125.76 MHz, CDCl3): δ = 20.7 and 20.9 (COCH3), 37.9 (C-β),
47.1 (Fmoc-CH), 50.6 (C-α), 62.2 (C-6), 65.3 (C-4), 67.7 (Fmoc-CH2), 70.0 (C-2), 71.6 (C-3), 74.5 (C5), 76.5 (C-1), 120.3, 125.4, 127.3, and 128.1 (Fmoc-ArC). High-resolution MS data of C33H36N2O14
(M, 684.217): [M + Na]+ found 707.200; calcd 707.206.
Nα-fluoren-9-ylmethoxycarbonyl-Nγ-(2,3,4-tri-O-acetyl-β-L-fucopyranosyl)-L-asparagineO-tert-butyl ester (31). Glycosylated amino acid intermediate 30 (434.5 mg, 78%) was obtained
from 1-amino-L-fucopyranose (23; 1.0 g, 6.1 mmol) and 24 (412 mg, 1.0 mmol) as described for
25. TLC: 9:1 CH2Cl2/MeOH, Rf = 0.33. Compound 31 was prepared from 30 (434.5 mg, 0.78
mmol) as described for 26. Column chromatography (97:3 CH2Cl2/MeOH) afforded 31, isolated
as a colorless glass (533 mg, quantitative). TLC: 9:1 CH2Cl2/MeOH, Rf = 0.80. 1H NMR (500
MHz, CDCl3): δ = 1.17 (d, 3H, J5,6 = 6.4 Hz, H-6), 1.47 (s, 9H, C(CH3)3), 1.58, 1.99, and 2.15 (3 s,
each 3H, 3 COCH3), 2.71 (dd, 1H, Jα,β1 = 3.7 Hz, Jβ1,β2 = 15.9 Hz, H-β1), 2.87 (dd, 1H, Jα,β2 = 4.1 Hz,
H-β2), 3.90 (q, 1H, H-5), 4.24 (m, 2H, Fmoc-CH and Fmoc-CHH), 4.47 (m, 2H, Fmoc-CHH and
H-α), 5.09 (m, 2H, H-2 and H-3), 5.18 (t, 1H, J1,NH = J1,2 = 8.9 Hz, H-1), 5.28 (d, 1H, J3,4 = 2.4 Hz, H4), 5.89 (d, 1H, JNH,α = 7.8 Hz, NαH), 6.35 (d, 1H, NγH), 7.54 (m, 8H, Fmoc-ArH).
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(125.76 MHz, CDCl3): δ = 16.1 (C-6), 20.6 (COCH3), 27.9 (C(CH3)3), 38.4 (C-β), 47.2 (Fmoc-CH),
51.1 (C-α), 67.4 (Fmoc-CH2), 68.5 (C-2), 70.5 (C-4), 70.9 (C-5), 71.3 (C-3), 78.3 (C-1, JC-1,H-1 = 159
Hz), 120.2, 125.2, 127.2, and 127.8 (Fmoc-ArC). High-resolution MS data of C35H42N2O12 (M,
682.274): [M + Na]+ found 705.388; calcd 705.264.
Nα-fluoren-9-ylmethoxycarbonyl-Nγ-(2,3,4-tri-O-acetyl-β-L-fucopyranosyl)-L-asparagine
(7). Compound 7 was prepared from 31 (568.6 mg, 0.78 mmol) as described for 27. Column
chromatography (9:1 CH2Cl2/acetone → 9:1 CH2Cl2/MeOH → 9:1 CH2Cl2/MeOH + 2% HOAc)
afforded 7, isolated as a white amorphous powder (452.5 mg, 93%). TLC: 9:1 CH2Cl2/MeOH, Rf
= 0.29. 1H NMR (500 MHz, CDCl3): δ = 1.19 (d, 1H, J5,6 = 6.5 Hz, H-6), 2.00 (s, 9H, 3 COCH3), 2.74
(dd, 1H, Jα,β2 = 6.4 Hz, Jβ1,β2 = 16.3 Hz, H-β2), 2.99 (dd, 1H, Jα,β1 = 2.5 Hz, H-β1), 3.95 (q, 1H, H-5),
4.22 (t, 1H, JCH,CH2 = 7.0 Hz, Fmoc-CH), 4.36 (t, 1H, Fmoc-CHH), 4.45 (dd, 1H, Fmoc-CHH), 4.60
(m, 1H, H-α), 5.14 (m, 3H, H-1, H-2, and H-3), 5.28 (d, 1H, J3,4 = 2.3 Hz, H-4), 6.06 (d, 1H, JNH,α =
6.6 Hz, NαH), 6.84 (d, 1H, J1,NH = 8.1 Hz, NγH), 7.54 (m, 8H, Fmoc-ArH). 13C NMR (125.76 MHz,
CDCl3): δ = 16.0 (C-6), 20.5 (COCH3), 37.9 (C-β), 47.1 (Fmoc-CH), 50.1 (C-α), 67.5 (Fmoc-CH2),
68.4 (C-2), 70.2 (C-4), 71.2 (C-3 and C-5), 78.6 (C-1), 120.1, 125.2, 127.1, and 127.9 (Fmoc-ArC).
High-resolution MS data of C31H34N2O12 (M, 626.211): [M + Na]+ found 649.217; calcd 649.201.
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Chapter 3

3.1 Abstract
Two combinatorial glycopeptide libraries were synthesized on solid support via the 'split-andmix' method combined with the ladder synthesis strategy. The O-glycopeptide library
contained Gal(β1-O)Thr, whereas the S-,N-glycopeptide library contained both Gal(β1-S)Cys
and Gal(β1-N)Asn. In this model study, the two libraries were screened against the
fluorescently labelled lectin Ricinus communis agglutinin (RCA120). The screening results
showed that both O- and S- or S-,N-glycopeptides were recognized by the lectin with similar
amino acid recognition patterns. Surface plasmon resonance interaction studies demonstrated
that the selected S- or S-,N-glycopeptide hits and the O-glycopeptides bound to the lectin with
a similar affinity. Structure 19, containing two glycosylated cysteine residues, bound to the
receptor with the highest affinity (KA = 3.81 x 104 M-1), which is comparable to Nacetyllactosamine. Competition assays, in which some selected glycopeptides and methyl β-Dgalactopyranoside competed for the binding site of immobilized RCA120, showed that the
glycopeptide-lectin interaction was carbohydrate specific. Incubation of the O- and S-,Nglycopeptides with β-galactosidase demonstrated the complete stability of S-,N-glycopeptides
towards enzymatic degradation, whereas O-glycopeptides were not completely stable.
3.2 Introduction
Interactions between membrane-bound glycoconjugate glycans and carbohydrate-binding
proteins are important in mediating intercellular recognition processes. Typical examples of
these processes are cell-cell recognition, cell growth regulation, cancer cell metastasis, and
viral, bacterial, and parasitical infections.1,2 Fundamental interaction studies to understand at a
molecular level, and possibly to intervene with these processes, are hampered by the low
availability of complex carbohydrates. Over the years, it has been shown that not the complete
glycan structure is involved in the interaction with its receptor.3,4 In most cases, only the
residues at the non-reducing end of the glycans that are in close contact with the external
environment are important for the interaction. This allows the use of simplified structures,
such as a carbohydrate epitope attached to a scaffold, as mimics of complex glycans in
interaction studies.2,5-7
Previously, simple O-glycopeptides have been successfully used as mimics of complex
glycans.8,9 These glycopeptides can be generated in a library format via a combinatorial
approach. The most frequently implemented method for the generation of 'one-bead-onecompound' (glyco)peptide libraries is the split-and-mix method.10,11 This method, combined
with the ladder synthesis strategy,12,13 offers facile synthesis and characterization of thousands
of potential ligands that can be used in interaction studies. O-Glycopeptide libraries, generated
via this strategy, have been screened with lectins,12,14 and effective mimics were identified.
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Some of these mimics were shown to have higher affinities towards their receptor as compared
to their natural carbohydrate ligands.
The in vivo stability of compounds is of great importance in the development of new
therapeutics. In the field of oligosaccharide synthesis, it has been shown that replacing an Oglycosidic linkage by an S-glycosidic linkage greatly enhances the stability of the product
towards acidic conditions and glycan-degrading enzymes.15-17 In an analogous way, it can be
expected that the stability of glycopeptides can be increased by replacing the carbohydratepeptide O-glycosidic linkage by an S- or N-glycosidic linkage. To our knowledge, the
preparation and screening of an S-glycopeptide library has not been described before. The
synthesis and screening of an N-glycopeptide library was reported recently,18 however, with
the glycosylated amino acid placed in one fixed position.
In this article, the preparation and evaluation of an O-glycopeptide library, containing
Gal(β1-O)Thr introduced via building block 1,19 and an S-,N-glycopeptide library, containing
Gal(β1-S)Cys and Gal(β1-N)Asn introduced via building blocks 2 and 3,20 respectively, is
presented (Figure 1). Both libraries were screened with the model lectin Ricinus communis
agglutinin. The strength and specificity of the interaction of some of the lead glycopeptides
from both libraries with RCA120 was determined by SPR. In addition, some glycopeptides were
incubated with β-galactosidase to assess the enzymatic stability of both the O- and S-,Nglycopeptides. The value of S- or S-,N-glycopeptides in comparison with O-glycopeptides in
molecular recognition studies will be discussed.
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Figure 1. Glycosylated amino acid building blocks 1 (for Library A), and 2 and 3 (for Library B). The
hexaglycopeptide libraries were generated on lysine-functionalized PEGA1900 resin, prefunctionalized with
general library construct 4, containing a photolabile linker and an Ionization-Mass-Peptide (IMP) spacer.
Lead glycopeptides were resynthesized on Wang-resin prefunctionalized with general solid phase
construct 5, containing an acid-labile Rink-linker and an IMP spacer.
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3.3 Results and Discussion
3.3.1 The general library construct
Two 'one-bead-one-compound' glycopeptide libraries were generated on general library
construct 4 (Figure 1), using the split-and-mix method, and chemically encoded using the
'ladder synthesis strategy'.10 General library construct 4 was prepared by the attachment of an
IMP spacer (GPPFPF) to lysine-functionalized PEGA1900 resin via a photolabile linker. All
couplings were performed using TBTU/NEM activation. Lysine was introduced to double the
loading of the resin, by using both amine functions of the amino acid for subsequent couplings.
The introduced photolabile linker allowed direct, solid-phase biological assays, and facilitated
the cleavage of the active glycopeptides from the solid support under relatively mild
conditions. As shown before, this linker is stable to the acidic and alkaline conditions that are
used for the deprotection of amino acid side chains and carbohydrate residues, respectively.21
The IMP spacer was included to facilitate the MALDI-TOF MS analysis of the glycopeptide
fragments generated during the ladder synthesis. It increases the mass of the glycopeptide
fragments in the library beyond 600 Da, out of the region containing the matrix adduct peaks.
In addition, the IMP spacer serves to improve MALDI-TOF MS sensitivity, and to ensure a
reasonably uniform response from the various intermediate structures.12,14
3.3.2 Combinatorial glycopeptide library synthesis
Two random hexaglycopeptide libraries were generated in a custom made, 20-well multiple
column peptide synthesizer.22 Library A (1 g, ~420 000 beads) contained the O-glycosylated
amino acid building block 1,19 whereas library B (0.8 g, ~330 000 beads) contained both the Sand N-glycosylated amino acid building blocks 2 and 320 (Figure 1). In both libraries, all natural
amino acids except Cys, Leu, Lys, Asp, and Glu were included. Furthermore, the non-natural
amino acid Cha was incorporated. In library A, glycosylated amino acid building block 1 was
duplicated to achieve a carbohydrate preponderance equal to library B.
To allow unambiguous identification of the sequence of each individual library member,
the ladder synthesis strategy was applied to generate a series of capped intermediates on each
bead during the synthesis of the library.13 Subsequent MALDI-TOF MS analysis of the peptide
ladder, formed by these terminated intermediates, allows facile sequence elucidation. To obtain
capped intermediates, a small portion of the growing peptide chain was terminated in each
reaction step by using Boc-protected amino acids that are stable under the basic deprotection
conditions used in an Fmoc-based synthesis protocol. Therefore, Fmoc- and Boc-protected
amino acids were incorporated in a 9:1 ratio, using TBTU/NEM activation. Simple
pentafluorophenyl derivatized carboxylic acids that differ in mass from all (glycosylated)
amino acid building blocks were used as capping agents for the glycosylated amino acid
building blocks (nonanoic acid-OPfp for 1 and 2; pentadecanoic acid-OPfp for 3). To ensure
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reproducible and detectable capping, the relative reactivities of the glycosylated amino acid
building blocks and their complementary capping agents towards the solid phase were
determined as reported previously.12 During library synthesis, the glycosylated amino acids
and their complementary capping agents were incorporated in the established ratios using
Dhbt-OH activation.
After the last amino acid coupling, all Boc- and amino acid side-chain protecting groups
were removed under acidic conditions, and the carbohydrate protecting groups were cleaved
under alkaline conditions. The efficiency of the library syntheses was evaluated by MALDITOF MS analysis of 25 randomly selected members of each library; all spectra clearly showed
the ladder of terminated intermediates, allowing correct sequence determination and complete
structure elucidation. In Figure 2, as a typical example, the MALDI-TOF mass spectrum of
(Gal-)TIIQChaY is depicted. In some spectra, monosaccharide elimination was observed by the
presence of a peak of 162 Da less than the product peak. Most likely, this elimination occurs
under MALDI-TOF MS conditions, because an increase of the laser power led to an increase in
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Figure 2. Example of a MALDI-TOF mass spectrum of a bead from library A. Each marked peak in the
spectrum represents the mass of a terminated intermediate. The base peak in the spectrum corresponds to
the IMP-spacer (m/z 682.3, [M + Na]+). The mass difference between the peaks at m/z 1352.6 and 1492.7
corresponds to the mass of the capping agent for glycosylated amino acid building block 1.
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3.3.3 Solid-phase screening of libraries A and B with Ricinus communis agglutinin.
To identify active (glyco)peptides, both libraries were screened with fluorescently labelled
Ricinus communis agglutinin. RCA120 was chosen as a model lectin because of its ability to
recognize a broad range of ligands that contain terminal galactose. RCA120 is a 120-kDa
tetramer, consisting of two As-sB dimers that are noncovalently linked to each other; the Bchain contains the lectin domain.
Portions of libraries A and B (50 mg, ~21 000 beads) were incubated with Alexa Fluor 488labelled RCA120 for either 2 h or overnight, and analyzed by fluorescence microscopy. After
each screening, ~2 - 3% of the beads were fluorescent, and the most fluorescent beads were
manually selected, and analyzed by MALDI-TOF MS. High quality mass spectra were obtained
for all selected hits, and from the ladder of peptide fragments and carboxylic acid labels, their
complete sequence could be determined (See Tables 1 and 2 for the sequences of all selected
hits). For both libraries, only glycopeptides were detected as active compounds, with up to five
glycosylated amino acid building blocks in one sequence. In general, small hydrophobic amino
acids (Val, Ala, Ile, Gly) were often found next to the glycosylated amino acids. After the 2 hscreening of both libraries, aromatic amino acids (Phe, Tyr and predominantly His) were often
found next to the glycosylated amino acid building blocks; however, this trend was less
obvious after the overnight screenings. Strikingly, all hits from library B contained at least one
glycosylated cysteine. Glycosylated asparagine, on the other hand, did not occur by itself, but
was only found in combination with glycosylated cysteine. This might suggest that the lectin
shows a preference for binding to the S-glycosylated amino acid.
3.3.4 Affinity determination by surface plasmon resonance.
To verify the results from the library screening, a series of representative active glycopeptides
was resynthesized (Tables 3 and 4). The selection was based on the presence of aromatic or
small hydrophobic amino acids next to the glycosylated amino acid, according to the observed
trends as described above. The affinity of the resynthesized glycopeptides for the lectin was
measured by SPR on a Biacore instrument. The glycopeptides were prepared on Wang-resin,
containing general solid-phase construct 5 (Figure 1). The acid-labile Rink-linker allows the
release of the glycopeptide from the resin under acidic conditions, with concomitant
deprotection of the amino acid side chains. The reported exact masses (Tables 3 and 4), which
were obtained with internal calibration, confirmed the identity of the HPLC-purified
compounds. The incorporation of Lys(Boc) into the IMP spacer allows the use of the
glycopeptides in other applications, such as their immobilization on a surface via the side chain
of Lys, after acetylation of the N-terminus of the glycopeptide.
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Table 1. All hits from the 2 h incubation of libraries A and B with RCA120.
Library A (O-linked galactose)a
(Gal-)T(Ga-l)T(Gal-)TA(Gal-)T(Gal-)T*
(Gal-)TH(Gal-)T(Gal-)TV(Gal-)T
(Gal-)T(Gal-)TF(Gal-)TA(Gal-)T
(Gal-)T(Gal-)TH(Gal-)T(Gal-)TS
(Gal-)T(Gal-)TY(Gal-)T(Gal-)TS
SGV(Gal-)T(Gal-)T(Gal-)T
(Gal-)T(Gal-)T(Gal-)TGTA
(Gal-)TAI(Gal-)TH(Gal-)T
(Gal-)TGTP(Gal-)T(Gal-)T
(Gal-)T(Gal-)T(Gal-)TQAR
(Gal-)T(Gal-)T(Gal-)TGPT
(Gal-)T(Gal-)TG(Gal-)TIT
A(Gal-)TV(Gal-)TTG*
Cha(Gal-)TVHS(Gal-)T
GS(Gal-)TA(Gal-)TS
P(Gal-)TTH(Gal-)TQ*
SIH(Gal-)TG(Gal-)T
(Gal-)TFQ(Gal-)TGR
(Gal-)TGS(Gal-)TAF
(Gal-)TMYTH(Gal-)T
(Gal-)TTGChaT(Gal-)T
(Gal-)TH(Gal-)TTAG
(Gal-)TGSGI(Gal-)T
AIYFA(Gal-)T
ASSPG(Gal-)T
G(Gal-)TFTVQ
G(Gal-)TTATS*
GAMTP(Gal-)T*
GSMPP(Gal-)T
IV(Gal-)TFVR
NTVSG(Gal-)T
P(Gal-)TAAChaQ
QIFQG(Gal-)T
(Gal-)TRSMPV
VHSAP(Gal-)T
YTQTY(Gal-)T
a

Library B (N-, S-linked galactose)a
ChaIChaPAC(Gal)
NWN(Gal-)N(Gal-)C(Gal-)C
PGTChaT(Gal-)C
(Gal-)CGYGI(Gal-)N*
H(Gal-)NV(Gal-)CSH
(Gal-)N(Gal-)CSFCha(Gal-)N
Cha(Gal-)CT(Gal-)CVCha
TIYAN(Gal-)C*
PH(Gal-)CHY(Gal-)C*
V(Gal-)C(Gal-)NMVP*
HP(Gal-)CHI(Gal-)N
AT(Gal-)CSIG
HGSH(Gal-)N(Gal-)C
VGH(Gal-)CYA
(Gal-)C(Gal-)CChaMPT
GGT(Gal-)CTI
QPHYM(Gal-)C
(Gal-)CChaPFH(Gal-)C
V(Gal-)CNTNF
A(Gal-)CYPY(Gal-)C*
P(Gal-)CSQQP
(Gal-)CF(Gal-)C(Gal-)NFS
MH(Gal-)CNV(Gal-)N

The structures marked with * were selected for resynthesis and affinity determination.
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Table 2. Hits from overnight incubation of libraries A and B with RCA120.
Library A (O-linked galactose)a
(Gal-)T(Gal-)TFAGS
(Gal-)TG(Gal-)TVG(Gal-)T
(Gal-)TWM(Gal-)TV(Gal-)T
(Gal-)T(Gal-)T(Gal-)TSYT
ChaG(Gal-)TQY(Gal-)T*
(Gal-)TQH(Gal-)TVA
V(Gal-)TMWN(Gal-)T
T(Gal-)TA(Gal-)TTMF
T(Gal-)TMST(Gal-)T*
(Gal-)TA(Gal-)TTMF
PGSY(Gal-)T(Gal-)T*
H(Gal-)TSFN(Gal-)T*
QAHAS(Gal-)T
(Gal-)TMVSHI
S(Gal-)TMSSQ
YRSYW(Gal-)T
PQYSI(Gal-)T
RA(Gal-)TGTR

a

Library B (N-, S-linked galactose)a
(Gal-)C(Gal-)NNFP(Gal-)C
NYChaN(Gal-)N(Gal-)C
NAG(Gal-)C(Gal-)CM
Cha(Gal-)N(Gal-)CMMP*
VS(Gal-)C(Gal-)CTCha
ATQHA(Gal-)C
T(Gal-)CASVS
(Gal-)NV(Gal-)CS(Gal-)CQ
N(Gal-)CSPI(Gal-)C
ChaVTAM(Gal-)C
G(Gal-)CQ(Gal-)CQCha
ChaH(Gal-)C(Gal-)CGG*
A(Gal-)CP(Gal-)CV(Gal-)C
A(Gal-)CVHS(Gal-)N*
TASNM(Gal-)C
IN(Gal-)CGVA
Y(Gal-)CA(Gal-)NV(Gal-)C
N(Gal-)CTN(Gal-)C(Gal-)C
(Gal-)CPHGY(Gal-)N
STMTI(Gal-)C*
QSIGS(Gal-)C
(Gal-)C(Gal-)C(Gal-)NVAN
G(Gal-)CHTPT
N(Gal-)CTGV(Gal-)N

The structures marked with * were selected for resynthesis and affinity determination.

Table 3. Exact masses and affinity constants for the selected O-glycopeptides
6
7
8
9
10
11
12
13
14
a

sequencea
(Gal-)T(Gal-)T(Gal-)TA(Gal-)T(Gal-)T
A(Gal-)TV(Gal-)TTG
P(Gal-)TTH(Gal-)TQ
G(Gal-)TTATS
GAMTP(Gal-)T
ChaG(Gal-)TQY(Gal-)T
T(Gal-)TMST(Gal-)T
PGSY(Gal-)T(Gal-)T
H(Gal-)TSFN(Gal-)T

yield (%)
21
9
16
16
20
19
15
19
20

M+Hcalc
2176.972
1643.805
1778.848
1509.729
1469.716
1735.798
1719.800
1816.889
1800.833

M+Hdet
2176.977
1643.800
1778.830
1509.727
1469.722
1735.786
1719.891
1816.880
1800.827

KA (104 M-1)
1.5 ± 0.12
2.24 ± 0.19
1.96 ± 0.15
0.264 ± 0.06
1.55 ± 0.09
1.85 ± 0.24
0.55 ± 0.001
1.07 ± 0.04
2.31 ± 0.13

All structures were synthesized on general solid-phase construct 5, and contain the IMP-spacer

(GPPFPFK).
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Table 4. Exact masses and affinity constants for the selected S- or S-,N-glycopeptides
Sequencea
(Gal-)CGYGI(Gal-)N
(Gal-)NGYGI(Gal-)N
TIYAN(Gal-)C
PH(Gal-)CHY(Gal-)C
V(Gal-)C(Gal-)NMVP
A(Gal-)CYPY(Gal-)C
Cha(Gal-)N(Gal-)CMMP
ChaH(Gal-)C(Gal-)CGG
A(Gal-)CVHS(Gal-)N
STMTI(Gal-)C

15
15b
16
17
18
19
20
21
22
23
a

yield (%)
23
24
40
15
19
22
15
17
18
18

M+Hcalc
1720.778
1731.726
1616.767
1854.790
1756.817
1813.770
1842.836
1723.771
1724.774
1587.743

M+Hdet
1720.778
1731.775
1616.763
1854.803
1756.800
1813.765
1842.836
1723.738
1724.767
1587.741

KA (104 M-1)
0.479 ± 0.01
0.13 ± 0.004
0.529 ± 0.06
1.55 ± 0.03
2.43 ± 0.27
3.81 ± 0.04
0.61 ± 0.07
2.05 ± 0.27
1.62 ± 0.14
0.229 ± 0.01

All structures were synthesized on general solid-phase construct 5, and contain the IMP-spacer

(GPPFPFK).

To obtain binding data of the various glycopeptides in solution towards immobilized
RCA120, the lectin was immobilized on two flow cells of a CM5-chip at 4000 RU. To create a
suitable reference surface, the lectin on one flow cell was denatured with guanidine
hydrochloride (6 M, pH 1) and 0.5% SDS. Binding data of different glycopeptide concentrations
(500 - 3.9 μM) were collected at a flow rate of 5 μl/min. In Figure 3a, a typical binding response
with increasing concentrations of glycopeptide 7 is shown. Affinity constants were obtained
from nonlinear fits of the data in plots of Req (response at equilibrium) versus the glycopeptide
concentration (Figure 3b)
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Figure 3. (a) Binding of glycopeptide 7 to immobilized RCA120 at eight different concentrations between 500
(top) and 3.9 μM (bottom), obtained by 2-fold dilution. (b) Plot of the equilibrium response versus the
glycopeptide concentration. The experimental data were fitted using the steady state model to obtain the
value for KA.

Previously, the binding constants of various small ligands towards RCA120 have been
determined by ITC; the values ranged from 2.2 x 103 M-1 for galactose to 4.84 x 104 M-1 for Nacetyllactosamine.23 As is evident from Tables 3 and 4, the affinity constants obtained for the
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glycopeptides are similar, or one order of magnitude higher than the value reported for
galactose, which may indicate a favourable interaction of the peptide scaffold with the receptor.
On average, the affinity constants of the S- or S-,N-glycopeptides are similar to those measured
for the O-glycopeptides, indicating that the S-,N-glycosidic linkages did not disturb the
biological interaction or influence the binding strength. Structure 19, containing two
glycosylated cysteine residues, bound to the receptor with the highest affinity, KA = 3.81 x 104
M-1, which is comparable to N-acetyllactosamine. Comparison of the lead compounds obtained
after the 2 h (6 – 10, Table 3; 15 – 19, Table 4) and the overnight screening (11 – 14, Table 3; 20 –
23, Table 4) did not indicate significant differences in their affinity for RCA120.
Since the N-glycosylated amino acid was only found in combination with the Sglycosylated amino acid, structure 15b, an analogue of structure 15, was prepared to verify
whether a glycopeptide containing only the N-glycosylated amino acid building block was also
recognized by the lectin. SPR interaction studies showed that structure 15b had a 4-fold lower
affinity for RCA120 than structure 15 (Table 4), indicating that a glycopeptide containing only
the N-glycosylated amino acid building block can still be recognized by the lectin, although
with a lower affinity than the original S-,N-glycopeptide that was identified during the library
screening.
To confirm the carbohydrate specificity of the interaction, some selected glycopeptides and
methyl β-D-galactopyranoside were allowed to compete for the binding site of immobilized
RCA120 in a competition assay. The selected glycopeptides 13, 15, 15b and 16 (Tables 3 and 4)
either contained one of the three different glycosylated amino acid building blocks, or a
combination of the glycosylated amino acid building blocks 2 and 3; therefore, they were
considered to be representative of the total series of lead glycopeptides. In Figure 4, a typical
binding response (glycopeptide 15) in the presence of increasing amounts of methyl β-Dgalactopyranoside is shown. The results of the competition assays showed that the binding of
all glycopeptides, containing the different glycosylated amino acid building blocks to RCA120,
was inhibited by methyl β-D-galactopyranoside. This proves that the lectin binds to O- and Sor S-,N-glycopeptides in a carbohydrate specific way.
Figure 4. Competition of glycopeptide 15 (250 μM)
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3.3.5 Investigation of the enzymatic stability of O-, and S-,N-glycopeptides
The stability of O- and S-,N-glycopeptides towards enzymatic degradation was verified by
treatment of glycopeptides 11 and 18 (Tables 3 and 4) with β-galactosidase. Glycopeptide 11
contained the O-glycosylated amino acid building block, and structure 18 contained both the Sand N-glycosylated amino acid building blocks. Lactose was used as a positive control to
confirm the activity of the enzyme. All substrates were incubated overnight at 37 oC, in the
presence and absence of β-galactosidase. GC-MS analysis of the lactose references indicated
efficient cleavage of the glycosidic linkage in the presence of the enzyme (data not shown). The
glycopeptide mixtures were analyzed by MALDI-TOF MS. In the reference spectrum of 11
without β-galactosidase (Figure 5a), a small peak at m/z = 1655.4 is observed, indicating
carbohydrate loss under MALDI-TOF MS conditions (Δm/z = 162.1). This peak is significantly
increased in the spectrum of β-galactosidase-treated 11 (Figure 5b), indicating that Oglycopeptides are not completely stable towards β-galactosidase, although they are far less
susceptible towards enzymatic degradation than lactose. A possible explanation for this could
be that these O-glycopeptides are structurally very different from the natural substrates of this
enzyme. Furthermore, steric hindrance around the glycosidic linkage may reduce its
accessibility for the enzyme. As can be seen from Figures 5c and 5d, both the reference
spectrum in the absence of enzyme, and the MALDI-TOF mass spectrum of β-galactosidasetreated 18, show a small peak at m/z 1595.8, which corresponds to traces of carbohydrate loss.
Since the extent of carbohydrate loss is similar in both cases, it probably occurs under MALDITOF MS conditions; therefore, S-,N-glycopeptides are concluded to be completely stable
towards β-galactosidase.
3.3.6 Conclusions
In summary, we can conclude that S- or S-,N-glycopeptides mimic carbohydrates with the same
efficiency as O-glycopeptides. They bound to the lectin in a carbohydrate specific way, and the
measured affinity constants were similar to those measured for the O-glycopeptides. Structure
19, containing two glycosylated cysteine residues had the highest affinity for the receptor, KA =
3.81 x 104 M-1, which is similar to the value reported for N-acetyllactosamine. In addition, the S,N-glycopeptides were shown to be stable towards β-galactosidase treatment. O-glycopeptides,
on the other hand, were not completely stable under these conditions.
Our finding that the affinity constants of the O- and S- or S-,N-glycopeptide mimics for
RCA120 are similar to those measured for a disaccharide ligand, is in agreement with very recent
findings on interactions between GlcNAc-containing glycopeptides and WGA.18 In contrast, the
affinity constants of glycopeptide mimics for Siglec-1, having a characteristic specificity for
both the type of sialic acid and the linkage to the penultimate sugar,14 were higher than monoto trisaccharides, but lower than complex oligosaccharides. In view of the foregoing, it is
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interesting to explore whether screening the O-, and S-,N-glycopeptide libraries with a more
specific lectin than RCA120 will result in the detection of high-affinity ligands. This work is
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Figure 5. (a) Reference MALDI-TOF mass spectrum of glycopeptide 11. (b) MALDI-TOF mass spectrum of
β-galactosidase-treated 11. (c) Reference MALDI-TOF mass spectrum of glycopeptide 18. (d) MALDI-TOF
mass spectrum of β-galactosidase-treated 18.

3.4 Experimental Section
Materials and general methods. PEGA1900-resin (0.2 mmol/g, 300-500 μm) and Wang-resin (0.68
mmol/g, 200-400 mesh, prefunctionalized with a Rink-linker) were obtained from
NovaBiochem (Läufelfingen, Switzerland). Suitably protected Nα-Fmoc and Nα-Boc amino
acids were purchased from Bachem (Bubendorf, Switzerland). RCA120 and BSA were obtained
from Sigma (Zwijndrecht, The Netherlands). The Alexa Fluor 488 labeling kit was purchased
from Molecular Probes (Leiden, The Netherlands). All solvents were of HPLC grade and were
used without further purification.
Preparative HPLC was performed on a Knauer HPLC system, using a reverse-phase
Polaris C18-A column (250 x 4.6 mm; Varian, Middelburg, The Netherlands) with UV detection
at 214 nm. Eluent A (0.1% TFA in 5% aq. acetonitrile) and eluent B (0.08% TFA in 90% aq.
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acetonitrile) were mixed using a linear gradient starting from 90% A to 60% A with a slope of
1.5%/min and a flow rate of 1 ml/min.
MALDI-TOF mass spectra were recorded using a Voyager-DE Pro (Applied Biosystems;
Nieuwerkerk aan de IJssel, The Netherlands) instrument in the reflector mode at a resolution of
5000 FWHM. Beads containing glycopeptides were placed on a stainless steel target and
irradiated with UV-light (254 nm, 30 min). The glycopeptides were extracted on the target from
the beads using 0.2 μl of a 50% aq. acetonitrile solution, and 0.2 μl of α-CHC (10 mg/mL) in 50%
aq. acetonitrile was added as a matrix. Exact masses of soluble lead glycopeptides were
measured by using α-CHC as a matrix, and a mixture of peptides (Peptide calibration Mix4
(Proteomix) 500-3500 Da, LaserBio Labs, Sophia-Antipolis, France) was added as the internal
standard.
General methods for solid-phase synthesis. All solid-phase washings were performed for 2
min, and an excess of solvent was used for all washing and deprotection protocols. All resins
were washed with DMF (6x) and CH2Cl2 (4x) and lyophilized for at least 24 h prior to use. All
manipulations (synthesis and screening) of the glycopeptides that are linked to the resin via a
photolabile linker were carried out in subdued light (protected from UV radiation). Solid-phase
(glyco)peptide couplings were performed in DMF overnight, and reaction progress was
monitored using the Kaiser test.24 After each coupling reaction, the resin was washed with
DMF (10x). The Fmoc-protecting groups were removed by treatment with 20% piperidine in
DMF (2 + 18 min), followed by washing the resin with DMF (10x). De-O-acetylation of the
monosaccharides was achieved by treating the resin with hydrazine monohydrate (55 μl) in
MeOH (1 ml) for 6 h, followed by washing with MeOH (3x), CH2Cl2 (2x), MeOH (3x), and H2O
(5x).
Ladder synthesis of libraries A and B. General library construct 4 was prepared in a syringe
fitted with a polypropylene filter. Fmoc-K(Fmoc)-OH (2 equiv) and the photolabile linker (4-[4(1-(Fmocamino)ethyl)-2-methoxy-5-nitrophenoxy)]butanoic acid (4 equiv) were sequentially
coupled to PEGA1900 resin (1.8 g, ~750 000 beads). Fmoc-amino acids were used to successively
introduce the first five amino acids (4 equiv; 3.9 equiv of TBTU, and 6 equiv of NEM) of the
IMP spacer (GPPFPF). The last amino acid of the IMP-spacer, Gly, was coupled as a mixture
(9:1 ratio, 4 equiv) of Fmoc and Boc amino acids to generate a base-peak in the MALDI-TOF MS
spectra of the glycopeptides.
General library construct 4 (0.4 mmol/g loading; Library A: 1.0 g, ~420 000 beads; Library
B: 0.8 g, ~330 000 beads) was equally distributed over the wells of a 20-well multiple-column
peptide synthesizer22 (2.0 ml capacity). To each well, one of the following amino acids was
coupled as a 9:1 mixture of Fmoc and Boc amino acids after 5 min preactivation (4 equiv; 3.9
equiv of TBTU, and 6 equiv of NEM): Val, Met, Arg, His(Boc), Ser(tBu), Cha, Ile, Pro, Asn, Ala,
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Thr(tBu), Gly, Gln, Trp, Phe (2x) and Tyr(tBu) (2x). The glycosylated Fmoc-amino acids and
their complementary capping agents were coupled to the two remaining wells, in the
appropriate ratios to achieve 10% capping (4 equiv of 1,19 0.17 equiv of nonanoic acid-OPfp; 4
equiv of 2,20 0.7 equiv of nonanoic acid-OPfp; 4 equiv of 3,20 0.7 equiv of pentadecanoic acidOPfp). All (glycosylated) amino acids and capping agents were coupled directly after activation
with Dhbt-OH (1 equiv). After each coupling, the resin was pooled, mixed, and distributed
again over all wells prior to Fmoc removal. The washing protocol (general methods) followed
each coupling and deprotection step. After six coupling steps, the Fmoc-protecting groups were
removed, and the resin was washed with DMF (10x) and CH2Cl2 (5x). Subsequently, the resin
was treated with a mixture of TFA/EDT/thioanisole/H2O/CH2Cl2 (82.5:2.5:5:5:5 v/v, 2 min + 2.5
h) to remove the Boc- and amino acid side-chain protecting groups. The resin was then washed
with 90% HOAc (4 x 5 min), 5% DIPEA/DMF (2 x 2 min), DMF (4x), CH2Cl2 (10x) and MeOH
(5x).12 After de-O-acetylation of the monosaccharides (general methods), the libraries were
lyophilized, protected from light, and stored at -20 oC. Taking into account that in each step,
10% of the incorporated amino acids were glycosylated, ~45% of all library members should be
glycopeptides.
Solid-phase library screening. Prior to library screening, RCA120 was labelled with the Alexa
Fluor 488 fluorescent dye, according to the manufacturer's protocol, with the exception that the
excess of dye was removed by centrifugal filtration using a 30K MWCO filter (Nalgene) and
repeated washings with a 10 mM PBS buffer, pH 7.4, containing 2.7 mM KCl and 137 mM NaCl
(10x). The library screening was carried out at room temperature. The beads (50 mg, ~21 000
beads) were swollen in PBS buffer, and the resin was blocked with a 1% BSA in PBS buffer
solution (1 ml, 30 min), to minimize non-specific binding. The beads were then incubated with
fluorescently labelled RCA120 (80 μg/ml) in PBS buffer containing 1% BSA (312 μl) for either 2 h
or overnight. The solution was removed by careful suction, and the resin was washed with PBS
buffer (2x) and water (1x). Small portions of beads were transferred to a glass plate, swollen in
water, and inspected under a fluorescence microscope. The most fluorescent beads were
manually collected, and analyzed by MALDI-TOF MS.
Synthesis of soluble lead glycopeptides. General solid-phase construct 5 was prepared in a
syringe fitted with a polypropylene filter. Fmoc-K(Boc)-OH (3 equiv) was activated with MSNT
(3 equiv) and MeIm (2.5 equiv), and coupled to Wang-resin (1.9 g), prefunctionalized with a
Rink-linker. The reaction was repeated to ensure complete reaction of all hydroxyl functions of
the linker, and subsequently, the Fmoc protecting group was removed. Then the IMP spacer,
GPPFPF, was synthesized as described previously (2 equiv of Fmoc-Aa-OH; 1.9 equiv TBTU; 3
equiv NEM).
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Soluble lead glycopeptides were synthesized on construct 5 (15 mg each) using 2 equiv of
Fmoc-Aa-OH, and 3 equiv of the glycosylated amino acid building blocks 1, 2, and 3, using
TBTU/NEM (1.9 equiv and 4 equiv) and Dhbt-OH (1 equiv), respectively. After the last
coupling step, the glycopeptides were de-O-acetylated as described in the general methods. In
a single step, using a mixture of TFA/H2O/TIS (95:2.5:2.5; 4 x 30 min), the amino acid side
chains were deprotected, and the glycopeptides were released from the resin. The cleaved
glycopeptides were extracted from the resin with 10% aq. acetonitrile (4x), then concentrated,
and purified by reverse-phase HPLC. After purification, the glycopeptides were lyophilized,
and analyzed by high-resolution MALDI-TOF MS, using a mixture of peptides as the internal
reference.
Surface plasmon resonance. SPR measurements were carried out on a BIAcore 2000
instrument, using a CM5 sensor chip. A 10 mM HEPES buffer, pH 7.5, augmented with 150 mM
NaCl, 0.005% p20 and 3 mM EDTA was used during the immobilization of the ligand. A 10
mM Tris-HCl buffer, pH 7.7, augmented with 150 mM NaCl, 2 mM CaCl2, and 2 mM MgCl2
was used as the running buffer in the binding and competition experiments. All buffers were
filtered and degassed before use. The data collected were deconvoluted using BIAevaluation
4.1 software. All experiments (surface preparation, affinity determination, and competition
assays) were carried out at a flow rate of 5 μl/min.
The carboxymethylated dextran layer in flow cell 2 was activated by injecting a 1:1 mixture
(35 μl) of 0.05 M NHS and 0.2 M EDC, and RCA120 was immobilized (20 μl, 50 μg/ml in 10 mM
NaOAc buffer, pH 5.0) to a level of 4000 RU. The remaining N-hydroxysuccinimide esters were
blocked by the injection of a 1.0 M ethanolamine hydrochloride solution (35 μl, pH 8.5). A
reference surface was created in flow cell 1 by applying the same activation and immobilization
procedure, followed by denaturation of the lectin with 6 M guanidine hydrochloride (2 x 20 μl,
pH 1.0) and 0.5% SDS (2 x 20 μl).
The competition assays and the experiments for measuring the affinity of lead
glycopeptides towards immobilized RCA120 were carried out in duplicate, and the average of
the two results is reported. For measuring the affinity of the glycopeptides, varying
concentrations of the glycopeptides (500 - 3.6 μM, obtained by 2-fold dilution) in Tris-HCl
buffer (pH 7.7) were injected, allowing 10 min for dissociation. The surfaces were not
regenerated because the glycopeptides dissociated completely. The data were double-referencesubtracted and KA was determined from nonlinear fitting of the plot of the response at
equilibrium (Req) versus the glycopeptide concentration using the average model with steady
state affinity in BIAevaluation 4.1.
For the competition experiments, the glycopeptides 13, 15, 15b, and 16 (250 μM) were
mixed with different concentrations of methyl β-D-galactopyranoside and injected over flow
cells 1 and 2 for 2 min, allowing 5 min for dissociation. The inhibitor concentrations ranged
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from 10 to 0.625 mM, obtained by 2-fold dilution from a 10 mM stock solution in Tris-HCl
buffer.
β-Galactosidase digestion of glycopeptides. Lactose and glycopeptides 11 and 18 (5.6 nmol
each) in Tris-HCl buffer (10 mM, pH 7.7) were kept overnight at 37 oC in the presence and
absence of β-galactosidase (50 mU per 20 μl digest; E. coli, Sigma). The samples were diluted
with H2O (300 μl), filtered through a 5-kDa cut-off centrifugal filter (Millipore), and the filter
was washed with H2O (2 x 300 μl). The digested lactose mixture was lyophilized,
trimethylsilylated with a mixture of pyridine/hexamethyldisilazane/TMSCl (5:1:1 v/v, 20 min),
and analyzed by GC-MS. The glycopeptide mixtures were analyzed by MALDI-TOF MS.
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4.1 Abstract
Galectins are involved in several biological processes, such as cell-cell and cell-matrix
adhesion, cell migration, and regulation of cell growth and apoptosis, with relevance to
inflammation and tumour spread. Since galectin-1 (h-Gal-1) and -3 (h-Gal-3) are considered to
be valuable diagnostic targets, it is of great interest to characterize their interaction mechanism.
To obtain synthetic mimics that can be used for interaction studies, glycopeptide ligands were
identified from the screening of three glycopeptide libraries. The screening of two
combinatorial solid-phase (glyco)peptide libraries, containing Gal(β1-O)Thr, and Gal(β1-S)Cys
and Gal(β1-N)Asn, respectively, with fluorescently labelled h-Gal-1 and h-Gal-3, mainly
yielded peptide lead structures, which predominantly contained Cha, Phe, and Ile in the
central part. In contrast, the screening of a library containing Lac(β1-O)Thr, predominantly
resulted in glycopeptide hits, mainly containing Arg and Lac(β1-O)Thr.
Surface plasmon resonance-based inhibition assays were performed to measure the ability
of some selected and resynthesized (glyco)peptide hits to inhibit galectin binding to
immobilized asialofetuin. The h-Gal-1-specific O-lactosylated glycopeptides were 1.2 - 27 fold
more potent than lactose, and all h-Gal-3-specific lead structures were 10 - 65.8-fold better than
lactose. Two out of 11 h-Gal-1-specific (O-/N-galactosylated glyco)peptides showed a higher
inhibitory activity than lactose, whereas the other structures showed an altered binding event,
which may be explained by aggregation of the galectin.
4.2 Introduction
Galectins are members of a family of cation-independent carbohydrate-binding proteins that
are found throughout the animal kingdom. They all share a jellyroll-like folding pattern, and
have a highly conserved binding site, which is specific for β-galactosides such as Nacetyllactosamine.1,2 Galectins are involved in several biological processes, for instance in cellcell and cell-matrix adhesion, cell migration, and regulation of cell growth and apoptosis, with
relevance to inflammation and tumour spread.3,4 Galectin-1 and -3 are the most extensively
studied galectins, and are considered to be valuable diagnostic targets. Therefore, the
characterization of galectin-ligand interactions is of great importance to obtain a better
understanding of the recognition process, which may lead to the development of well-defined
synthetic mimics. In addition, interference in the interaction processes by, for example, lowmolecular-mass inhibitors, affords a promising medical perspective.
Since galectins are involved in carbohydrate-protein, as well as protein-protein
interactions, (glyco)peptide ligands may provide versatile targets for the development of
synthetic inhibitors. Previously, solid-phase peptide libraries and phage display libraries have
been screened to identify high-affinity mimics.5 Although it is known that peptides are able to
bind specifically in the carbohydrate-recognition domain (CRD) of a galectin,6 these peptides
have to fulfill certain sequence requirements for specific binding in the CRD.7 Glycopeptides
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may be interesting targets to modulate galectin binding, since the carbohydrate part provides
the specificity of the interaction, whereas the peptide backbone may actively participate in
binding by, for example, hydrogen bonding or hydrophobic interactions. Glycopeptides can be
generated in a library format via a combinatorial approach.8,9 The most frequently implemented
method for the generation of 'one-bead-one-compound' (glyco)peptide libraries10,11 is the splitand-mix method.12,13 This method, combined with the ladder synthesis strategy, offers facile
synthesis and characterization of thousands of possible ligands that can be used for interaction
studies or the development of new therapeutic agents. Several glycopeptide libraries,
generated via this strategy, have been screened with lectins, and effective mimics could be
identified.12,14,15 Some of these mimics were shown to have a higher affinity towards a relevant
receptor as compared to their original ligands, emphasizing the potential of glycopeptides in
the development of pharmaceutically active compounds that are able to interfere with
undesired interactions.
Here, the screening of three glycopeptide libraries with human galectin-1 (h-Gal-1) and
human galectin-3 (h-Gal-3) is described, to identify galectin-binding compounds that are
synthetically readily accessible. The first (O-glyco)peptide library contained Gal(β1-O)Thr,
whereas the second (S-,N-glyco)peptide library included Gal(β1-S)Cys and Gal(β1-N)Asn. The
third (O-glyco)peptide library contained Lac(β1-O)Thr. The strength and specificity of the
interaction of some of the lead compounds with h-Gal-1 and h-Gal-3 was determined by
surface plasmon resonance spectroscopy (SPR).
4.3 Results and discussion
4.3.1 Affinity selection of glycopeptide libraries
Two solid-phase hexa(glyco)peptide libraries (A and B) that were previously synthesized,15
and library C, which was additionally prepared, were used to identify (glyco)peptide ligands
for h-Gal-1 and h-Gal-3. All libraries were prepared according to the split-and-mix method,
combined with the ladder synthesis strategy to facilitate lead structure identification. The
libraries were prepared on lysine-functionalized PEGA1900-resin, and linked to the solid
support via a photolabile linker and an IMP-spacer (GPPFPF; general library construct 1; Figure
1).12,13 Gal(β1-O)Thr was incorporated into library A via glycosylated amino acid building block
2,16 whereas Gal(β1-S)Cys and Gal(β1-N)Asn were incorporated in library B using glycosylated
amino acid building blocks 3 and 4,17 respectively (Figure 1). Library C contained Lac(β1O)Thr, introduced via glycosylated amino acid building block 5. All positions in the libraries
were randomized, and all libraries included the amino acids Ala, Phe, Gly, His, Ile, Met, Asn,
Pro, Gln, Arg, Ser, Thr, Val, Trp, Tyr, and cyclohexylalanine (Cha).
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Figure 1. General library construct 1, glycosylated amino acid building blocks 2 (Library A), 3 and 4
(Library B), 5 (Library C), and general solid-phase construct 6.

Libraries A – C were screened against Alexa Fluor 488-labelled h-Gal-1 and h-Gal-3. h-Gal1 is a prototype galectin, and forms a dimer in solution via hydrophobic interactions and
hydrogen bonds; it requires reducing conditions to preserve its activity.18 h-Gal-3, on the other
hand, is of the chimera type, and is monomeric in solution, although it may form functional
aggregates via its N-terminal domain.19 Both lectins are involved in carbohydrate-protein, as
well as in protein-protein interactions.4 The galectin CRD is highly conserved, and constitutes a
beta-sandwich of about 135 amino acids, which forms a groove consisting of four subsites (A D), and a fifth, less defined, subsite E.20 In this model, a carbohydrate would occupy subsites AD, where subsite C is specific for β-galactosides. Subsite D contributes to the second part of the
conserved core disaccharide-binding site, and favours Glc or GlcNAc. Subsite E may interact
with moieties linked at the reducing end of the saccharide, such as a lipid or a protein.
Portions of libraries A – C (25 mg each, ~10 500 beads) were each incubated overnight with
a 1.5 μM solution of the labelled galectins. The galectin solution was removed from the beads
by careful filtration, and the beads were compared to the non-fluorescent background, using a
fluorescence microscope. In libraries A and B, less than 1% of the beads was found to be
fluorescent, and in library C, 1 – 2% of the beads were fluorescent, which is indicative for a
good selectivity. The most fluorescent beads were manually selected, and analyzed by MALDITOF MS. Figure 2 shows a typical MALDI-TOF mass spectrum of a bead from library A. The
ladder of peptide fragments was obtained by termination of a small portion of the growing
peptide chain in each reaction step by using Boc-protected amino acids that are stable under
the basic deprotection conditions used in an Fmoc-based synthesis protocol. The glycosylated
amino acids were encoded with the appropriate pentafluorophenyl derivatized carboxylic
acids (nonanoic acid-OPfp for 2 and 3, and pentadecanoic acid-OPfp for 4 and 5). High quality
spectra were obtained from all hits, and their complete sequence could be determined.
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Figure 2. Example of a MALDI-TOF mass spectrum of a bead from library A. Each marked peak in the
spectrum represents the mass of a terminated intermediate. The offset is the peak that corresponds to the
mass of the IMP-spacer (m/z 682.5, [M + Na]+). The mass difference between the peaks at m/z 682.5 and
822.6 corresponds to the mass of nonanoic acid, the capping agent for glycosylated amino acid building
block 2.

Strikingly, both galectins did not show selectivity for galactose, since approximately 90%
of the active compounds identified after the screening of libraries A and B with h-Gal-1 and hGal-3 were peptides. The screening of both libraries with h-Gal-1 yielded 27 peptides and four
glycopeptides; from the h-Gal-3 screening, 33 peptides and three glycopeptides were identified
(Table 1). A similar pattern of peptide selection was observed for the two galectins. Both
galectins shared a specificity for peptides having Cha, Phe, and Ile, predominantly located in
the central part of the peptide. In addition, h-Gal-3 also showed some preference for Tyr. These
results suggest that hydrophobic interactions provide the primary recognition, rather than the
expected carbohydrate-protein interactions. For h-Gal-1, these findings are in agreement with
previous observations. It should be noted that both galectins are known to be involved in
protein-protein interactions.4
By contrast, almost 90% of the active compounds after the screening of library C with both
galectins were glycopeptides. From the screening with h-Gal-1, 16 glycopeptides and two
peptides were obtained; the screening with h-Gal-3 yielded 14 glycopeptides and two peptides
(Table 1). These results clearly indicate selectivity for the carbohydrate moiety, and again, both
galectins shared a similar recognition pattern. A strong preference was observed for Arg and
Lac(β1-O)Thr, whereas Phe was only found in the h-Gal-1 lead structures. Arg was
predominantly found at the C-terminal position (22/45), and next to Lac(β1-O)Thr (18/45),
suggesting an important role for Arg in the glycopeptide-galectin interaction. These results
may also suggest that the galactose residue in the glycopeptides of libraries A and B is unable
to reach subsite C of the galectin CRD, which makes it impossible for the glycopeptide to
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interact specifically with the binding site. In the lactosylated glycopeptides, on the other hand,
the galactose residue may be correctly positioned to reach subsite C for a specific interaction in
the CRD.
Table 1. Sequences of peptides derived from the screening of libraries A, B, and C with
fluorescently labelled human galectins-1 and –3.a
galectin-1
PFFISR*
PFIChaFQ*
IIAITCha*
ChaTFYRQ
FFIIYCha
PMWTIR
FVYChaAV
SMMChaYA
VIChaRTP
GFMQAR
MFVChaChaR*
AMYChaPCha
NChaFYVR
PTIFFF*
HVIVV(Gal-)T
(Gal-)TIIQChaY*
TChaFChaFT
GVFIChaA*
ChaFAChaIQ*
AChaIVFF
ITVFQCha
ITChaFFT
FSChaIYT
ChaSFHChaN
IChaHMFI
HTIChaFI
YChaHChaYT*
ChaVAAChaCha
PChaNChaVY*
GCha(Gal-)NFYF
ChaVI(Gal-)NYQ*
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galectin-3
Library A
HHVYYH*
ChaNChaYYCha
IQFHYCha
ChaVChaHChaS
ChaMFMQR
IFINFR
HFYFSV
MChaVAYH
VMYIGR
PYIIFCha
GChaFNFR
ChaIVIR(Gal-)T
PWINCha(Gal-)T

Library B
PFFFFF*
IVFFYQ
MChaAVYH
AFMFYI
IChaYChaYM
SIChaFYV
TChaTChaQCha
MIChaSYQ
ChaIChaHFM
HMIVVCha
ChaSChaTChaI
VVSFYA
HTChaChaQF
HQFAVF
PIAChaYV
SFChaFYQ
MFChaWYN
VChaNChaYS
FTFChaYCha
GVChaITF
ChaFIFVP
ChaFVIYS
YAHW(Gal-)CS
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IFRChaRY*
IVVFTR
PIF(Lac-)TRR*
MM(Lac-)TINR
FRPR(Lac-)TI*
R(Lac-)TFSRN
(Lac-)TRFRAQ
(Lac-)TQRFQV
(Lac-)TChaRRFI*
MFMQ(Lac-)TR
AYRR(Lac-)TI*
GT(Lac-)TFQR
IMAS(Lac-)TR
G(Lac-)TYChaVR
SASS(Lac-)TR*
FF(Lac-)THChaR
(Lac-)T(Lac-)TFChaIR
(Lac-)TMRA(Lac-)TCha*
a

Library C
ChaChaRPMR*
FIYFIR
N(Lac-)TFVRI*
P(Lac-)TVAPR*
NVFF(Lac-)TR
RVHY(Lac-)TR*
MTG(Lac-)THR
HNMF(Lac-)TR
SQ(Lac-)TAGR
WG(Lac-)TFSR
Y(Lac-)TRChaTN
(Lac-)TTRMIA
IMRS(Lac-)TQ
ChaH(Lac-)TCha(Lac-)TR
MR(Lac-)TR(Lac-)TR*
(Lac-)TANY(Lac-)TR*

all sequences marked with * were selected for resynthesis

4.3.2 Affinity determination of representative h-Gal-1- and h-Gal-3-specific (glyco)peptide
hits
To assess the inhibitory potency of the lead (glyco)peptides in solution, a series of
representative h-Gal-1-specific (glyco)peptides from each library (Library A: 7 – 13; library B:
14 – 16; library C: 17 – 23; Table 2) were resynthesized. The selection was based on the
preference of h-Gal-1 for (glyco)peptides containing Cha, Phe, and Ile from libraries A and B,
and Arg and Lac(β1-O)Thr from library C. The glycopeptides were prepared as described
previously,15 on Wang-resin containing general solid-phase construct 6 (Figure 1). The reported
exact masses (Table 2), which were obtained by high-resolution MALDI-TOF MS with internal
calibration, confirmed the purity and the identity of the compounds.
An SPR-based competition assay was set up to establish that the (glyco)peptides identified
from the library screenings are able to inhibit carbohydrate-dependent binding. To obtain
solution inhibition data, asialofetuin was immobilized on a flow cell of a CM5-chip (106 RU),
and an untreated flow cell was used as the reference surface for h-Gal-1. The IC50 values of the
(glyco)peptides and lactose were derived from the Ki values, which were determined by
analyzing the SPR data using the following equation21
f = [I]/([I] + Ki(1 + KD/Fim)]

(1)

where f is the fractional inhibition, I is the inhibitor concentration, Ki is the solution affinity of
the inhibitor for the galectin, KD is the dissociation constant of the galectin for the surface, and
Fim is the concentration of available binding sites. Prior to the inhibition experiments, the KD of
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h-Gal-1 for asialofetuin was determined by titration of the surface with various galectin
concentrations (20 - 0.16 μM; Figure 3a). The KD value was obtained from a nonlinear fit of the
data in a plot of Req (response at equilibrium) versus the galectin concentration (Figure 3b). The
value of Rmax was also obtained from this plot, and was used to calculate Fim
Rmax = (k'pMgalectin)Fim

(2)

where k'p is the proportionality constant of 60 000 response units per unit concentration (g/l) of
protein.22 Values of 7.1 μM and 8.17 nM were obtained for KD and Fim, respectively.
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Figure 3. (a) Binding of h-Gal-1 to immobilized asialofetuin at eight different concentrations between 20
(top) and 0.16 μM (bottom), obtained by 2-fold dilution. (b) Scatchard plot of Req versus the h-Gal-1
concentration. The experimental data were fitted using the steady state model to obtain values for KD and
Rmax. (c) Composite sensorgrams for h-Gal-3 as described at (a). (d) Scatchard plot for h-Gal-3 as described
at (b).

In competition assays, immobilized asialofetuin and soluble (glyco)peptides competed for
the binding to 5 μM h-Gal-1. A typical binding response in the presence of increasing inhibitor
concentrations (structure 20) is shown in Figure 4a. Fractional inhibition values were calculated
using the equilibrium response in the presence and absence of inhibitor. IC50 values (Table 2)
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were determined from nonlinear fits of the data in plots (Figure 4b) of fractional inhibition
versus the inhibitor concentration according to equation (1).
Table 2. Analytical data of the resynthesized h-Gal-1 lead structures.
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
a

Sequencea
PFFISR
PFIChaFQ
IIAITCha
MFVChaChaR
(Gal-)TIIQChaY
PTIFFF
GVFIChaA
ChaVI(Gal-)NYQ
YChaHChaYT
PChaNChaVY
PIF(Lac-)TRR
FRPR(Lac-)TI
IFRChaRY
(Lac-)TChaRRFI
AYRR(Lac-)TI
SASS(Lac-)TR
(Lac-)TMRA(Lac-)TCha
Lactose

M+Hcalcd
1535.853
1573.894
1452.898
1627.955
1721.952
1540.836
1428.841
1720.931
1658.910
1567.904
1883.007
1883.007
1676.979
1939.069
1872.986
1701.834
2150.047

M+Hdet
1535.986
1573.897
1452.896
1627.958
1721.964
1541.010
1428.871
1720.980
1658.925
1567.941
1883.013
1883.178
1676.974
1939.663
1873.012
1701.850
2150.371

yield (%)
57
38
54
64
36
70
69
90
51
62
67
81
77
83
99
93
70

IC50 (μM)
385 ± 5
-b
-b
-b
-b
-b
-b
580 ± 20
-b
-b
113.5 ± 13
25 ± 1
-b
59 ± 9
46 ± 4
234 ± 10
235 ± 15
675 ± 5

All lead structures were synthesized on general solid-phase construct 6, and

contain the IMP-spacer (GPPFPFK) on the C-terminal side.

b

Not inhibitory.

As can be seen from Table 2, only peptide 7 from library A, and glycopeptide 14 from
library B inhibited the binding of h-Gal-1 to asialofetuin slightly stronger than lactose. By
contrast, all Lac(β1-O)Thr-containing glycopeptides from library C (structures 17, 18, and 20 –
23) inhibited the binding 3 – 27-fold stronger than lactose. The (glyco)peptides that did not
show any inhibitory activity, affected the h-Gal-1 binding to asialofetuin in a different way.
Peptide 13, as a typical example, did not significantly influence the h-Gal-1 binding at
concentrations up to 200 μM (Figures 4c and 4d). At higher concentrations, the signal changed,
resulting in a response (probably non-specific binding) on the untreated flow cell that exceeded
the response on the asialofetuin surface (Figure 4e). Previously, a similar SPR signal
enhancement has been observed for galectins binding to asialofetuin in the presence of
peptides.5 It was hypothesized that the peptides induced aggregation of the galectins, maybe
due to conformational changes that were induced by ligand binding. Although this could also
explain the observations in this study, SPR by itself does not provide sufficient information to
confirm the nature of this interaction. Other techniques that provide structural information are
required to elucidate this interaction. Since there are no distinct differences between structures
7 and 14, and the other lead structures, there is no clear explanation why only these two
compounds inhibited the h-Gal-1 binding to asialofetuin.
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Figure 4. (a) Inhibition of 5 μM h-Gal-1 binding to asialofetuin in the presence of 0 (top), 10, 20, 40, 60, and
80 (bottom) μM of glycopeptide 20. (b) Fractional inhibition curve for the inhibition of h-Gal-1 binding to
asialofetuin with glycopeptide 20. (c) h-Gal-1 binding to asialofetuin in the presence of 200 (top), and 0
(bottom) μM peptide 13. (d) The response of h-Gal-1 binding to asialofetuin (top), and the reference surface
(bottom) in the presence of 200 μM peptide 13. (e) The response of h-Gal-1 binding to the reference surface
(top), and asialofetuin (bottom) in the presence of 400 μM peptide 13. (f) Inhibition of 5 μM h-Gal-3 binding
to asialofetuin in the presence of 0 (top), 10, 20, 40, 60, and 80 (bottom) μM of glycopeptide 25. (g)
Fractional inhibition curve for the inhibition of h-Gal-3 binding to asialofetuin with glycopeptide 25.
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Because only two (galactosylated glyco)peptides (compounds 7 and 14) with inhibitory
potency were obtained from the h-Gal-1 screening, only three representative h-Gal-3-specific
peptides were selected for resynthesis (compounds 28, 30, and 31; Table 3). In addition, five
representative glycopeptides containing Lac(β1-O)Thr (24 - 27 and 29) were prepared. Prior to
the inhibition assays, the values for KD (21.5 μM) and Fim (30 nM) of the binding of h-Gal-3 to
asialofetuin were determined as described for h-Gal-1 (Figures 3c and 3d). Because an
untreated reference surface did not give reproducible results, a flow cell containing
immobilized bovine serum albumin (BSA; 260 RU) was used as the reference surface. As can be
seen from Table 3, the subsequent inhibition assays showed that peptides 28 and 30 inhibited
the binding of h-Gal-3 to asialofetuin approximately 7- and 10-fold stronger than lactose; the
IC50 value of compound 31 could not be determined because of solubility problems. The
compounds containing Lac(β1-O)Thr inhibited the binding of h-Gal-3 10 – 65.8-fold stronger
than lactose (e.g. glycopeptide 25, Figure 4f and 4g; Table 3).
The results from the inhibition assays revealed differences in fine-specificity and affinity
for h-Gal-1 and h-Gal-3. Most of the lead structures from libraries A and B did not inhibit the
binding of h-Gal-1 to asialofetuin, whereas the h-Gal-3-specific peptides inhibited the h-Gal-3
binding as efficient as some of the glycopeptides containing Lac(β1-O)Thr. Moreover, h-Gal-3
generally displayed a higher affinity for its lead structures than h-Gal-1. In addition, the
finding that the lactosylated glycopeptides have a higher inhibitory potency than lactose may
indicate that the peptide backbone interacts favourably with the receptor.
Table 3. Analytical data of the resynthesized h-Gal-3 lead structures.
24
25
26
27
28
29
30
31
a

Sequencea
N(Lac-)TFVRI
P(Lac-)TVAPR
RVHY(Lac-)TR
MR(Lac-)TR(Lac-)TR
ChaChaRPMR
(Lac-)TANY(Lac-)TR
HHVYYH
PFFFFF
Lactose

M+Hcalcd
1842.964
1733.911b
1946.974
2238.096
1634.972
2142.997
1624.818
1620.841

M+Hdet
1843.131
1733.885
1947.157
2238.101
1635.006
2143.015
1624.793
1621.001

yield (%)
59
59
63
81
76
74
84
52

IC50 (μM)
50c
24.8 ± 3
11 ± 1
3.8 ± 0.8
25 ± 5
37 ± 3
34c
-d
253 ± 2

All lead structures were synthesized on general solid-phase construct 6, and

contain the IMP-spacer (GPPFPFK) on the C-terminal side.

b

Na+-form. c Not

measured in duplo. Not determined because of solubility problems.
d

4.3.3 Concluding remarks
Summarizing, we can conclude that effective galectin inhibitors could be obtained from the
screening of combinatorial solid-phase glycopeptide libraries, despite the difference in
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(glyco)peptide presentation during the screening (multivalent), and in the inhibition assays
(monovalent).
The screening results showed that h-Gal-1 and h-Gal-3 share a similar recognition pattern.
Both galectins favoured peptides containing Cha, Phe, and Ile in the screening of libraries A
and B, whereas lactosylated glycopeptides containing Arg were selectively recognized during
the screening of library C. Subsequent SPR-based inhibition assays indicated remarkable
differences in the actual binding event in terms of affinity, and the ability to specifically interact
with (galactosylated glyco)peptides in a carbohydrate-dependent way. Most of the h-Gal-1specific (galactosylated glyco)peptides altered the binding in a way that may suggest
aggregation of the galectin. However, all lead structures with inhibitory potency inhibited the
galectin binding to asialofetuin stronger than lactose, and the h-Gal-3-specific lead structures
were better inhibitors than the h-Gal-1-specific lead structures. The higher inhibitory potency
of the lactosylated glycopeptides when compared to lactose may be attributed to a favourable
interaction of the peptide backbone with the galectins. It should be noted that previous
observations,23,24 and comparison of the results described in this chapter, and in Chapter 5,
reveal that the type of assay can affect the outcome (i.e. compound 20 in Chapter 4, versus
compound 14 in Chapter 5).
4.4 Experimental
Materials and general methods. PEGA1900-resin (0.2 mmol/g loading, 300-500 μm) and Wangresin (0.68 mmol/g loading, 200-400 mesh, prefunctionalized with a Rink-amide linker) were
obtained from NovaBiochem (Läufelfingen, Switzerland). Suitably protected Nα-Fmoc and NαBoc amino acids were purchased from Bachem (Bubendorf, Switzerland). The galectins were
prepared in the laboratory of Prof. Dr. H.-J. Gabius (Munich, Germany), and BSA was obtained
from Sigma (Zwijndrecht, The Netherlands). The Alexa Fluor 488 labelling kit was purchased
from Molecular Probes (Leiden, The Netherlands). All solvents were of HPLC grade and were
used without further purification.
MALDI-TOF mass spectra were recorded using a Voyager-DE Pro (Applied Biosystems,
Nieuwerkerk aan de IJssel, The Netherlands) instrument in the reflector mode at a resolution of
5000 FWHM. Beads containing (glyco)peptides were placed on a stainless steel target and
irradiated with UV-light (254 nm, 30 min). The (glyco)peptides were extracted on the target
from the beads using 0.2 μl 50% aq. acetonitrile, and 0.2 μl α-cyano-4-hydroxycinnamic acid (αCHC) in 50% aq. acetonitrile (10 mg/ml) was added as a matrix. Exact masses of soluble lead
glycopeptides were measured by using α-CHC as a matrix, and a mixture of peptides (Peptide
calibration Mix4 (Proteomix) 500-3500 Da, LaserBio Labs, Sophia-Antipolis, France) was added
as the internal standard.

92

Assessing the inhibitory potency of galectin ligands using SPR

Solid-phase library synthesis. Solid-phase glycopeptide libraries A, containing Gal(β1-O)Thr
introduced via building block 2,16 and B, containing Gal(β1-S)Cys and Gal(β1-N)Asn using
building blocks 3 and 4,17 respectively, were previously synthesized according to the split-andmix method, combined with the ladder synthesis strategy.15 Library C, containing Lac(β1O)Thr introduced via building block 5, was synthesized according to the same procedure.
Briefly, 250 mg (~105 000 beads) of IMP-derivatized PEGA1900-resin (general library construct 1;
0.4 mmol/g loading) was equally distributed over the wells of a 20-well multiple-column
peptide synthesizer25 (2.0 ml capacity). To each well, one of the following amino acids was
coupled as a 9:1 mixture of Fmoc and Boc amino acids after 5 min of preactivation (4 equiv.; 3.9
equiv. of TBTU, and 6 equiv. of NEM): Val, Met, Arg, His(Boc), Ser(tBu), Cha, Ile, Pro, Asn, Ala,
Thr(tBu), Gly, Gln, Trp, Phe (2x), and Tyr(tBu) (2x). Glycosylated amino acid building block 5 (8
equiv.) and pentadecanoic acid-OPfp (11.2 equiv.) were coupled to the two remaining wells in
the appropriate ratios to obtain 10% capping, after activation with Dhbt-OH (6.4 equiv.). After
each coupling, the resin was pooled, mixed, and distributed again over all wells prior to Fmoc
removal. Each coupling and deprotection step was followed by washings with DMF (10x).
After six coupling steps, all Fmoc-, Boc-, and amino acid side-chain protecting groups were
removed as described previously, and the carbohydrates were de-O-acetylated.12,15
Solid-phase library screening. Prior to library screening, the galectins were labelled with the
Alexa Fluor 488 fluorescent dye, according to the manufacturer's protocol, with two
modifications. The excess of dye was removed by centrifugal filtration using a 30K MWCO
filter (Nalgene), and the repeated washings were performed with a 10 mM PBS buffer pH 7.4,
containing 2.7 mM KCl, and 137 mM NaCl (10x). The library screening was carried out at room
temperature. The beads (25 mg, ~10 500 beads) were swollen in PBS buffer, and the resin was
blocked with a 1% BSA in PBS buffer solution (1 ml, 30 min) to minimize non-specific binding.
The beads were then incubated with the fluorescently labelled galectin (1.5 μM) in PBS buffer
containing 1% BSA (300 μl) overnight. The solution was removed by careful suction, and the
resin was washed with PBS buffer (2x) and water (1x). Small portions of beads were transferred
to a glass plate, swollen in water, and inspected under a fluorescence microscope. The most
fluorescent beads were manually collected, and analyzed by MALDI-TOF MS.
Synthesis of soluble lead glycopeptides. The lead glycopeptides were synthesized as
described previously.15 Briefly, soluble lead glycopeptides were synthesized on IMPderivatized Wang-resin (general solid-phase construct 6) on a 12.2 μmol scale using
TBTU/NEM activation for the coupling of Fmoc-Aa-OH (2 equiv.) and Dhbt-OH activation for
the building blocks 2 - 5 (3 equiv.). After the last coupling step, the glycopeptides were de-Oacetylated, and in a single step, using a mixture of TFA/H2O/TIS (95:2.5:2.5; 4 x 30 min), the
amino acid side chains were deprotected, and the glycopeptides were released from the resin.
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The cleaved glycopeptides were extracted from the resin with 10% aq. acetonitrile (4x), then
concentrated, and purified by reverse-phase HPLC. Preparative HPLC was performed on a
Knauer HPLC system, using a reverse-phase Polaris C18-A column (250 x 4.6 mm; Varian,
Middelburg, The Netherlands) with UV detection at 214 nm. Eluent A (0.1% TFA in 5% aq.
acetonitrile) and eluent B (0.08% TFA in 90% aq. acetonitrile) were mixed using a linear
gradient starting from 90% A to 60% A with a slope of 1.5%/min and a flow rate of 1 ml/min.
After purification, the glycopeptides were lyophilized, and analyzed by MALDI-TOF MS.
Surface plasmon resonance. SPR measurements were carried out on a BIAcore 2000
instrument, using a CM5 sensor chip. A 10 mM HEPES buffer, pH 7.5, augmented with 150
mM NaCl, 0.005% p20, and 3 mM EDTA (HBS-EP) was used for all experiments (surface
preparation, affinity determination, and competition assays). For the experiments with soluble
h-Gal-1, an appropriate stock solution was prepared in HBS-EP, containing 100 μM DTT to
maintain the activity of the galectin. Subsequent dilutions were made with HBS-EP without
DTT. The data collected were deconvoluted using BIAevaluation 4.1 software. All experiments
were carried out at a flow rate of 5 μl/min. All assays were carried out in duplicate, and the
average of the two results is reported.
The carboxymethylated dextran layer in flow cell 2 was activated by injecting 35 μl of a 1:1
mixture of 0.05 M NHS and 0.2 M EDC, and asialofetuin was immobilized (2 μl, 12.5 μg/ml in
10 mM NaOAc buffer, pH 4.5) to a level of 106 RU. The remaining N-hydroxysuccinimide
esters were blocked by the injection of a 1.0 M ethanolamine hydrochloride solution (35 μl, pH
8.5). The untreated carboxymethylated dextran layer in flow cell 1 was used as the reference
surface for h-Gal-1. A reference surface for h-Gal-3 was created in flow cell 3 by applying the
activation procedure described above, followed by immobilization of BSA (5 μl, 25 μg/ml in 10
mM NaOAc buffer, pH 4.5) to a level of 260 RU. The remaining N-hydroxysuccinimide esters
were blocked as described above.
The surface was titrated with varying galectin concentrations (20 - 0.16 μM, obtained by 2fold dilution) in HBS-EP buffer, allowing 10 min for dissociation. The surfaces were not
regenerated because the galectins dissociated completely. The data were double-referencesubtracted, and KD and Fim were calculated by nonlinear fitting of the plot of Req versus the
galectin concentration using the average model with steady state affinity in BIAevaluation 4.1.
For the competition experiments, 5 μM galectin was mixed with the appropriate inhibitor,
and the mixture was injected over the sensor chip surface for 2 min, allowing 5 min for
dissociation. The surfaces were not regenerated because the galectins dissociated completely.
Inhibitor concentrations were: 800, 600, 400, 200, and 100 μM for 7, 22, and 23; 4000, 3000, 1500,
800, and 500 μM for 14 and Lac (h-Gal-1); 400, 300, 200, 100, and 50 μM for 17; 80, 60, 40, 20,
and 10 μM for 18, 20, 21, 24 - 26, and 28 - 30; 40, 30, 25, 20, and 10 μM for 27; 1000, 800, 500, 300,
and 100 μM for Lac (h-Gal-3). The equilibrium binding response values were taken at the
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average equilibrium binding between 50 and 100 s post-injection. The IC50 values were derived
from the Ki values, which were obtained by fitting the data to the fractional inhibition equation:
f = [I]/([I] + Ki(1 + Fim/KD)).21,22
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5.1 Abstract
The involvement of human lectins (galectins) in disease progression accounts for the interest to
design potent inhibitors. Three fully randomized hexa(glyco)peptide libraries were prepared
using the portion mixing method combined with ladder synthesis. On-bead screening with
fluorescently labelled galectins-1 and -3 yielded a series of lead structures, whose inhibitory
activity on carbohydrate-dependent galectin binding was tested in solution by solid-phase and
cell assays. The various data obtained define the library approach as a facile route for the
discovery of selective (glyco)peptide-based galectin inhibitors.
5.2 Introduction
Surface epitopes equip human cells with the versatility to interact with the environment. The
frequent occurrence of glycoconjugates at this site signifies that they genuinely meet essential
criteria to occupy this strategic position. Foremost, the glycoconjugate glycan chains have an
unsurpassed capacity to encode biological information, thereby playing salient roles as
molecular signals within the mentioned biochemical communication.1,2 The already discovered
effector/sensor functions raise numerous new opportunities for envisioning and establishing
carbohydrate-based therapeutics.3-6 Respective research in this area is given a clear direction,
when the receptors for distinct glycan epitopes (lectins), which translate the sugar-encoded
message into clinically relevant cellular responses, are known and available for testing.7-9 Such
a situation is now encountered in the case of the lectin family of galectins. Its members can
drive malignant properties such as tumour spread, resistance to apoptosis or tissue invasion.1013

Consequently, this knowledge highlights the importance of defining the adhesion/growth-

regulatory galectins as targets for drug design and, more specifically, to develop potent
inhibitors.
To this end, combinatorial library techniques have widely superseded traditional
screening approaches. If, for example, the one-bead-one-compound method for peptide
randomization is combined with the ladder synthesis for compound characterization, it offers
an attractive, not yet tested potential in this respect.14-16 Why peptide libraries are a promising
platform for testing becomes obvious when it is considered that galectins can specifically
interact both with carbohydrate and peptide ligands, making them unusually versatile targets
for the development of synthetic inhibitors.8 Equally important, the synthetic preparation of
peptides as glycomimetics still offers advantages over that of oligosaccharides. Moreover, since
the carbohydrate recognition domain is not confined to binding a single residue (the term
“galectin” implies galactose as key site), the library’s complexity can be instrumental in picking
up potent inhibitors, which match the topology of more than the monosaccharide’s docking
site. Substantial increases in inhibitory activity on galectin binding have already been detected
by adding a p-nitrophenyl group to a galactose residue17,18 or by extending the sequence of the
sugar structure.19-21 The ability of the WYKYW pentamer to interfere with carbohydrate
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binding of two avian galectins and galectin-1 supplies evidence for the possibility of peptides
serving as glycomimetics.22,23 Because structural analysis of the extended binding sites for
carbohydrate ligands more complex than lactose is at an early stage,24,25 experimental screening
is the current means of choice to discover new lead structures, regardless of their chemical
nature. Fully randomized one-bead-one-compound combinatorial libraries have so far not been
tested for this class of human lectins. Here, the first application of this approach for discovering
(glyco)peptides with reactivity to human galectins is reported.
5.3 Results and discussion
5.3.1 Screening of libraries A – C with galectin-1 and galectin-3
The solid support, i.e. lysine-functionalized poly(ethylene glycol)dimethylacrylamide
copolymer (PEGA1900 resin), was loaded with a fully randomized series of hexamer extensions
for on-bead screening. Using established spacer and photolabile linker chemistry, as well as
encoded ladder synthesis, an unambiguous sequence assignment for each library constituent
was feasible by MALDI-TOF mass spectrometry.16,26 The three prepared libraries were built up
of the 15 natural amino acids Ala, Arg, Asn, Gly, Gln, His, Ile, Met, Phe, Pro, Ser, Thr, Trp, Tyr,
and Val, and nonnatural cyclohexylalanine (Cha). To exploit the sugar’s capacity to direct the
compounds into the galectin’s carbohydrate recognition domain, both unsubstituted amino
acids and glycosylated amino acids were used. Library A contained the β-Gal derivative of Thr
[Gal(β1-O)Thr], library B the β-Gal derivatives of Asn and Cys [Gal(β1-N)Asn and Gal(β1S)Cys], and library C the β-lactose derivative of Thr [Lac(β1-O)Thr]. Accordingly, screening
then covered galectin reactivity towards hexa(glyco)peptides, which may or may not contain
an amino acid derivative carrying a sugar unit. While streptavidin-based screening would
involve indirect on-bead monitoring, the assays described here were performed in a direct way
with fluorescently labelled (Alexa Fluor 488) human galectin-1 and -3. These galectins were
selected because of their roles in tumour progression, and also cardiac dysfunction in the case
of galectin-3.10-13,27 Each screening step involved approximately 10 500 beads per library (25 mg)
and an overnight incubation with 45 μg/ml galectin. Following careful washing steps, the bead
populations were thoroughly inspected under the microscope. This process was successful,
and fluorescent beads were detected. The two galectins apparently had affinity for distinct
(glyco)peptides. As an inherent measure of selectivity, less than 1% of the beads in libraries A
and B, and about 1 – 2% of the beads in library C were significantly positive when evaluated by
fluorescence microscopy. It can be concluded that the two galectins are very selective in terms
of interactions to hexa(glyco)peptides, posing the question on the chemical nature of the
positive hexamers.
Manual selection of the most intensely stained beads, followed by sequence determination
of the coupled peptide products led to the characterization of a series of galectin-binding
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(glyco)peptides. A representative list is presented in Table 1 (for the complete panel, see
Chapter 4, Table 1). Each compound in this table is capable of mediating binding of the tested
galectin when presented in clustered

arrangement on a bead’s surface. In principle, the

interaction can take place either within the carbohydrate recognition domain or at other sites.
Even for the lectin site as the target, peptide sequences may not necessarily be similar, making
predictions problematic. Consequently, a close inspection of the determined sequences is
warranted. Reflecting homology and sequence divergence between the two galectin family
members, the structure profiles of the (glyco)peptides are different, but follow common themes.
Cha, Ile and Phe/Tyr moieties frequently show up in the two populations of 27 and 33 peptide
sequences from libraries A and B. As to the effect of the monosaccharide, galactose was
apparently not a major factor to convey high affinity to glycopeptides. Only few peptide
sequences were favourable. In these cases, the peptide backbone can apparently contribute to
the interaction. Such a phenomenon was observed for the p-nitrophenyl group in p-nitrophenyl
glycosides, especially as thioglycosides.17,18 When comparing the amino acid parts of the
glycosylated amino acids, Asn was represented twice in the list of galectin-1 hits, and Cys once
for galectin-3. To address the question on the effect of the presence of lactose in a library
composition, the identified active compounds from library C were inspected next.
In accord with the substantially increased reactivity of lactose relative to galactose for
galectin-1 and -3,17,18 lead compounds from library C predominantly contained the βlactosylated derivative of Thr. Sixteen out of 18 compounds for galectin-1, and 14 out of 16
compounds for galectin-3 were glycopeptides. A key factor for galectin binding in these
instances appeared to be the presence of a lactose unit, in five cases even two moieties.
Comparison of the hits from the three libraries suggests that an amino acid from the peptide
backbone cannot substitute for the glucose moiety in the case of the galactosylated
glycopeptide lead structures from libraries A and B. The lactosylated glycopeptides likely are
competitors of sugar binding. Looking at the peptide portion, Arg residues shared frequent
occurrence with lactose (Table 1; also see Chapter 4, Table 1). They may be involved in proper
sugar presentation and/or in direct contact(s). Otherwise, no consensus element could be
discerned. So far, the (glyco)peptides have proven their activity when presented on the beads.
To address the issues as to whether lead compounds maintain activity when assayed in
solution and whether these discovered structures for inhibitor design can indeed interfere with
sugar binding, 25 representative (glyco)peptide sequences shown in Table 1 were
resynthesized case-by-case and characterized (for complete analytical data, see Chapter 4,
Tables 2 and 3).
5.3.2 Solid-phase and cell assays
The prepared peptides were tested in an optimized solid-phase assay.28,29 In this assay, a
surface-immobilized glycoprotein (asialofetuin) presents its three galectin-reactive N-glycans
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with type I/II N-acetyllactosamine termini as docking sites.30 For the interpretation of the
results of these experiments, it is important to note that the (glyco)peptides are no longer
conjugated to the beads in the typically high density. The change of assay conditions not only
reduces the density, but also has an impact on secondary interactions described previously.31
The solid-phase assays were performed under constant conditions at an identical inhibitor
concentration of 10 mM. Galactose and lactose were included as internal standards to compare
relative inhibitory capacities. Invariably, these two cognate sugars reduced the extent of
carbohydrate-dependent binding, their efficacy showing the already noted difference (Figure 1).
Mannose as osmolarity control was negative. When tested in solution as inhibitor,
(glyco)peptide hits emerging from screening with the cross-linking galectin-1, a proto-type
homodimer, showed different levels of activity (Table 1, Figure 1a). There were even two cases
of peptides, which were more effective than lactose. The galectin-3 hits also showed activity
differences in solution (Table 1, Figure 1b). Library screening on beads thus yielded several
compounds with lectin-inhibitory capacity in solution.
Table 1. Sequences of (glyco)peptides identified by on-bead library screening with fluorescent
galectin-1 (1-17) and galectin-3 (18-25) and inhibitory capacity of the compounds in solid-phase
assay using a glycoprotein as matrix

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
a

Galectin-1
Sequencea
PFFISR
PFIChaFQ
IIAITCha
MFVChaChaR
PTIFFF
GVFIChaA
YChaHChaYT
PChaNChaVY
IFRChaRY
(Gal-)TIIQChaY
ChaVI(Gal-)NYQ
PIF(Lac-)TRR
FRPR(Lac-)TI
(Lac-)TChaRRFI
AYRR(Lac-)TI
SASS(Lac-)TR
(Lac-)TMRA(Lac-)TCha
Gal/Lac

% inhibition
9
14
n. t.b
22
n. i.c
n. i. c
9
67
70
n. i. c
n. i. c
n. i. c
3
n. i. c
n. i. c
22
38
17/54

18
19
20
21
22
23
24
25

Galectin-3
Sequencea
ChaChaRPMR
HHVYYH
PFFFFF
N(Lac-)TFVRI
P(Lac-)TVAPR
RVHY(Lac-)TR
MR(Lac-)TR(Lac-)TR
(Lac-)TANY(Lac-)TR
Gal/Lac

% inhibition
28
n. i. c
76
44
n. i. c
n. i. c
n. i. c
15
n. i. c /44

Cha: cyclohexylalanine; galactosylated (Gal) or lactosylated (Lac) derivatives of threonine or asparagine

are denoted by (Gal-/Lac-)T or (Gal-)N. b n. t. = not tested. c n. i. = not inhibitory at 10 mM
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To answer the question on selectivity among galectins, assays were completed with both
galectins and the full panel of resynthesized (glyco)peptides. Obviously, cross-reactivity of the
lead compounds was possible between galectin-1 and -3 (Figures 1a and 1b). To broaden the
data basis beyond these two family members, two tandem-repeat-type proteins, namely
galectin-4 and -9, were also added to the test panel established by the proto/chimera-type
proteins.32,33 Differences in activity were seen and were pronounced for certain peptides from
the galectin-1 hits, i.e. compounds 8 and 9 (Figure 1a). In contrast, the similar grading of
activity relative to free lactose intimated that the disaccharide appears to be the main and
commonly used contact of glycopeptides detected by galectin-3 during screening (Figure 1b).

b

% bound lectin

a

(glyco)peptide
Figure 1. Representative illustration of inhibitory potency of resynthesized glyco(peptides) detected by onbead library screening with fluorescently labelled galectin-1 (a) or galectin-3 (b) in a solid-phase assay. The
extent of carbohydrate-dependent binding of four human galectins and the plant toxin from Viscum album
L. (VAA) to a matrix of asialofetuin (0.25 μg/well for the plant lectin and 0.5 μg/well for the human lectins)
was assessed spectrophotometrically in the absence and presence of 10 mM inhibitor; the standard
deviation in each case does not exceed 12%. As internal controls, galactose (Gal) and lactose (Lac) were
used at the same concentration.

So far, four members of the galectin family were tested, and it could be concluded that
several lead compounds effectively reduced the extent of carbohydrate binding. When
implying specificity of interaction, it can then be predicted that a lectin without similarity to
galectins at the level of sequence and folding, should react differentially to the presence of
these compouds. To test this assumption, a plant agglutinin with β-trefoil folding, i.e.
toxin/agglutinin from Viscum album L. (VAA) was included in the assays.34,35 The peptides
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failed to interfere with carbohydrate-dependent binding (Figure 1a), whereas the glycopeptides
showed a variable degree of inhibitory potency (Figure 1b). On average, there is a clear trend
for reducing the disaccharide’s ligand activity by the peptide content. To proceed from the
solid-phase measurements with a rigid model matrix and a single glycoprotein to the
medically relevant situation of a native cell surface with natural complexity of glycan chains,
some of the resynthesized lead compounds were subsequently tested as inhibitors of galectin
binding to tumour cell surfaces.28,36
In detail, binding parameters (percentage of positive cells, staining intensity) were
determined after fluorescent staining. The cells were incubated with the lectin in the absence or
presence of inhibitors, special care being taken to test aliquots of the same cell batch to avoid
variations. Using lactose as a standard, control carbohydrate-inhibitable binding of galectin to
cells, and concentration dependence of the inhibitory activity were first ascertained (Figures 2a,
2c, and 2e). Differential activities among compounds was measured. The galectin-3 binding
could even be blocked by lead compounds with a higher efficiency than lactose (Figures 2a –
2d). The cell assays also revealed the efficacy of compounds 13 and 17 to interfere with the cell
surface binding of galectin-1 (Figures 2e and 2f). Differences in ligand display may preclude a
direct correlation between the solid-phase and the cell assays. Based on these results, on-bead
screening-derived lead compounds which reduce the association of galectin to tumour cell
surfaces with the potency of lactose or even better, have thus been discovered. This result may
suggest evidence for contacts between lectin and inhibitor beyond the sugar part of the
glycopeptides.
5.3.3 Concluding remarks
In summary, this study has demonstrated that the tested approach works for the detection of
(glyco)peptide ligands for human galectins. To pursue structural optimization with
glycopeptides it is important that the activity of the sugar is maintained when adding a
glycosylated amino acid. The case of 5-hydroxylysine, a common site of glycosylation in
collagen, reveals the occurrence of negative effects in this respect.37 In addition, two αmannose-specific plant lectins (concanavalin A, Lens culinaris agglutinin) lose their sugar
specificity when confronted with glycopeptides containing Man(β1-N)Asn.38 The feasibility of
the tested approach for this clinically relevant class of human lectins is thus proven. In
comparison to other screening techniques, the search for hits was more successful than with a
C7C phage-display library.23 The parallel screening with galectin-1 and -3 and the addition of
two other members of this lectin family furthermore revealed that products of the screening
can apparently distinguish between galectins, at least to a certain extent. Computational work
by modeling, using crystallographic information and homology-based calculations,39,40 can help
to attribute distinct sequence substitutions to differential (glyco)peptide reactivity. However,
structural dynamics in solution, detectable as carbohydrate-ligand-induced changes in gyration
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radius or as loop rearrangements for galectin-1 and -3, respectively,41,42 call for adequate
consideration of this structural mobility in computational procedures. Next, not only the
carbohydrate recognition domain matters for biological relevance, and thus as target for drug
design. Although intuitively restricted to carbohydrates as ligands, galectins are engaged in
protein-protein interactions besides their activity as carbohydrate receptors.8,43 A blocking
(glyco)peptide may well be derived from such a screening when occupying the site for
interaction between oncogenic H-Ras and galectin-1 or the bcl-2-like NWGR quartet in the
carbohydrate recognition domain with assumed relevance for anti-apoptotic potency of human
galectin-3.44,45
a

b
23 35% / 16.3
21 40% / 18.2

5 mM Lac 10% / 7.8
2 mM Lac 24% / 12.4
1 mM Lac 41% / 18.1
0.5 mM Lac 43% / 19.4

e

d
14 34% / 18.1
1 63% / 36.0
10 77% / 54.7

1 mM Lac 44% / 21.5

control 6.0
without inhibitor 49% / 17.6

galectin-3

control 9.5
without inhibitor 76% / 55.4

f

2 mM Lac 37% / 11.0

13 12% / 7.2
17 22% / 7.0

galectin-1

cell number

c

galectin-3

control 8.1
without inhibitor 77% / 55.4

fluorescence
Figure 2. Semilogarithmic representation of the fluorescent surface staining of cells of the human colon
adenocarcinoma line SW480 (a – d) and the human pancreatic carcinoma line Capan-1, reconstituted for
p16 expression (e and f), using 10 μg/ml labelled galectin-3 (a – d) and 40 μg/ml labelled galectin-1 (e and f).
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The control values representing 0% in the absence of lectin and 100% in the absence of inhibitor are given
as shaded area and grey line, respectively. Inhibition was tested at concentrations of 0.5 mM, 1 mM, 2 mM,
and 5 mM lactose and 1 mM of the resynthesized glycopeptides 21 and 23 (a and b), 1 mM lactose and 1
mM of the resynthesized (glyco)peptides 1, 10 and 14 (c and d); and 2 mM lactose and 2 mM of the
resynthesized glycopeptides 13 and 17 (e and f). Quantitative data on the percentage of positive cells (%)
and mean channel fluorescence are given in each panel.

In order to proceed from this proof-of-principle study, adding a new aspect of clinical
relevance to glycopeptide research,46 the following routes to drug design can be pursued:
a)

specificity can be enhanced by elaborating the sugar part, e. g. by exploiting differences to
natural ligands such as (α2-6)-sialylated N-acetyllactosamine dimers (DiLacNAc) or to 3’functionalized N-acetyllactosamine.25,47,48 Also, the peptide part of the lead compounds
may in contrast to wheat germ agglutinin38 and sialoadhesin,26,49 play a more active role
than simply acting as a scaffold for carbohydrate presentation. The example of selectin
ligands, derivatized with a branched hydrophobic anchor to gain intrafamily selectivity,
encourages respective efforts.50,51

b)

affinity can be enhanced by restricting the intramolecular flexibility of peptides, also a
conundrum for devising peptides as mini-lectins.52 Cyclization of lead compounds via
disulfide bridging or deliberate screening of libraries of cyclic (glyco)peptides53 will be
instrumental to explore the impact of this parameter change.

c)

affinity and intrafamily selectivity can be enhanced by exploiting the different crosslinking capacities of galectins and their avidity to multivalent ligand display.28,54,55
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Chapter 6

6.1 Abstract
Both the nature (i.e. O- versus S- or N-) and the configuration (i.e. α or β) of the glycosidic
linkage in a glycopeptide contribute to its stability towards glycan-degrading enzymes, as well
as to the strength and specificity of its interaction with a receptor. In order to investigate the
effect of the configuration of the S- or N-glycosidic linkage on the strength and specificity of
carbohydrate-protein interactions, a combinatorial glycopeptide library containing Fuc(β1S)Cys and Fuc(β1-N)Asn was prepared, and screened against fluorescently labelled Ulex
europaeus agglutinin-I. The screening mainly yielded glycopeptide lead structures, which
predominantly contained Fuc(β1-S)Cys and Lys, and to a lesser extent Fuc(β1-N)Asn. Some
lead structures were resynthesized for future surface plasmon resonance-based interaction
studies.
6.2 Introduction
L-Fucose

is a common component of many O- and N-linked glycans, and glycolipids present in

mammalian tissue, and occurs α-glycosidically linked to galactose and N-acetylglucosamine.
Fucosylated glycans play an important role in several recognition processes ranging from
fertilization and development to apoptosis, and pathological events such as cancer and
atherosclerosis.1-4 Characterization of the interaction processes, and the natural ligands
involved is under continuing investigation. Furthermore, it is attempted to reduce or inhibit
the receptor binding by modification of the carbohydrate ligand or by the construction of
mimics such as glycopeptides,5,6 which could lead to the development of anti-adhesion
therapeutics.
Glycopeptides may be interesting targets to modulate receptor binding, since the
carbohydrate part provides the specificity of the interaction, whereas the peptide backbone
may actively participate in binding by, for example, hydrogen bonding or hydrophobic
interactions. Glycopeptides can be generated in a library format via a combinatorial approach.7,8
The most frequently implemented method for the generation of 'one-bead-one-compound'
(glyco)peptide libraries is the split-and-mix method.9,10 This method, combined with the ladder
synthesis strategy,11,12 offers facile synthesis and characterization of thousands of possible
ligands that can be used for interaction studies, or the development of new therapeutic agents.
Several glycopeptide libraries, generated via this strategy, have been screened with lectins that
specifically recognized the carbohydrate part, and effective mimics have been identified.13,14
Some of these mimics were shown to have a higher affinity towards their receptor as compared
to the original ligands, emphasizing the potential of glycopeptides in the development of
pharmaceutically active compounds that are able to interfere with undesired interactions. In
addition, it has been demonstrated that lectins are able to recognize S- and N-linked
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glycopeptides.14,15 Both the nature (i.e. O- versus S- or N-) and the configuration of the
glycosidic linkage (i.e. α or β) may contribute to their stability towards glycan-degrading
enzymes, as well as to the strength and specificity of the interaction. In view of the acid lability
of the glycosidic linkage, and the presence of α-fucosidases in cells and tissues, the natural α-Lfucose linkage is an interesting target for replacement by a non-natural β-S-/N-glycosidic
linkage. If an α-L-fucose-specific lectin can recognize ligands in a β-linked S-,N-fucosylated
glycopeptide library, then these structures could be used as potential anti-adhesion
therapeutics that have a high biostability and specificity for the interaction under investigation.
Here, the preparation of an S-,N-glycopeptide library, containing Fuc(β1-S)Cys and
Fuc(β1-N)Asn introduced via building blocks 2 and 3,16 respectively, is described (Figure 1).
This library was screened against Ulex europaeus agglutinin-I (UEA-I), which demonstrated the
ability of the lectin to recognize nonnatural β-linked S-,N-fucosylated glycopeptides. In
addition, some lead structures were resynthesized for future surface plasmon resonance-based
interaction studies.
6.3 Results and discussion
6.3.1 Solid-phase glycopeptide library synthesis
A solid-phase hexaglycopeptide library was used to identify glycopeptide ligands for UEA-I.
The library was prepared according to the split-and-mix method,9,10 combined with the ladder
synthesis strategy to facilitate lead structure identification.11,12 The library was prepared on
lysine-functionalized PEGA1900-resin (250 mg, 105 000 beads), and linked to the solid support
via a photolabile linker and an IMP-spacer (GPPFPF; general library construct 1; Figure 1). All
positions in the library were randomized, and included glycosylated amino acid building
blocks 2 and 3,16 and the amino acids Val, Met, Asp(tBu), His(Boc), Tyr(tBu), Glu(tBu), Ser(tBu),
Cha, Ile, Pro, Asn, Ala, Thr(tBu), Gly, Phe, Lys(Boc), Hyp, and Trp. To allow facile sequence
elucidation, a ladder of terminated intermediates was created in each synthesis step, by
capping 10% of the growing peptide chain. To this end, the amino acids were coupled using a
9:1 mixture of Fmoc- and Boc-protected amino acids; compounds 2 and 3, and their capping
agents (tridecanoic acid and nonanoic acid, respectively) were coupled in the appropriate ratio
to obtain 10% capping. After completion of the library synthesis, MALDI-TOF MS analysis of
25 randomly selected beads showed that the synthesis was very efficient. All spectra clearly
showed the ladder of terminated intermediates, allowing correct sequence determination and
complete structure elucidation. A typical example of this analysis is presented in Figure 2.
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Figure 2. Example of a MALDI-TOF mass spectrum of a library member. Each marked peak in the
spectrum represents the mass of a terminated intermediate. The offset is the peak that corresponds to the
IMP-spacer (GPPFPF; m/z 682.5, [M + Na]+). The mass difference between the peaks at m/z 682.5 and 878.6,
and between the peaks at m/z 1002.4 and 1198.5 corresponds to the mass of tridecanoic acid, the capping
agent for glycosylated amino acid building block 2.

6.3.2 Library screening with Ulex europaeus agglutin-I
The solid-phase glycopeptide library was screened against Alexa Fluor 488-labelled UEA-I.
This lectin is a homodimeric metalloglycoprotein with a molecular mass of approximately 68
kDa. The protein specifically recognizes α-L-fucose; the 2-, 3-, and 4-OH groups of the
monosaccharide provide critical hydrogen bonds to the lectin, whereas the 5-CH3 function
participates in hydrophobic interactions.17
A portion of the library (25 mg; ~10 500 beads) was incubated overnight with a 1.5 μM
solution of the labelled lectin. The lectin solution was removed from the beads by careful
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filtration, and the beads were compared to the non-fluorescent background using a
fluorescence microscope. Approximately 1% of the beads was found to be fluorescent, which is
indicative for a good selectivity. Fourteen of the most fluorescent beads were selected, and
analyzed by MALDI-TOF MS. The three peptides and 11 glycopeptides that were detected as
active compounds are depicted in Table 1. Most frequently, Lys (24%) and Fuc(β1-S)Cys (11%)
were observed; Lys was predominantly located at the C-terminal part of the glycopeptide, or
next to a glycosylated amino acid. Since Fuc(β1-S)Cys was observed twice as often as Fuc(β1N)Asn, the lectin seems to show a preference for glycopeptides containing Fuc(β1-S)Cys,
although Fuc(β1-N)Asn could also be recognized. Furthermore, Fuc(β1-S)Cys was only
observed in the C-terminal part of the glycopeptides, whereas Fuc(β1-N)Asn was either
observed at the N- or the C-terminal part, but not in the central part of the glycopeptides. Since
Ile and Hyp have equal molecular masses, they could not be unambiguously distinguished.
Table 1. The identified hits from the overnight
screening with Ulex europaeus agglutinin-I.
Sequence
AKTPKK
GChaFPTK
YKChaKMT
AFAM(Fuc-)NK
K-I/Hyp-KT(Fuc-)NK
TGSG(Fuc-)CE
KTFP-I/Hyp-(Fuc-)C
ASFKK(Fuc-)C
EChaA(Fuc-)C-I/Hyp-K
(Fuc-)NHKDKK
KFWKK(Fuc-)N
PF-I/Hyp-K(Fuc-)C(Fuc-)C
ENY(Fuc-)CA(Fuc-)C
S(Fuc-)N-I/Hyp-ST(Fuc-)C
6.3.3 Resynthesis of lead glycopeptides
To verify the results from the screening of the library with UEA-I, five representative
glycopeptides, and one peptide were resynthesized (Table 2) as described previously, using
Wang-resin containing the general solid-phase construct 4 (Figure 1).14 The selection of
representative glycopeptides was based on the observed recognition pattern as described
above. In addition, one peptide was resynthesized to study whether the peptide-UEA-I
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interaction would be carbohydrate-dependent or non-specific. Structures 8 and 9 represent the
same hit, since Ile and Hyp could not be unambiguously distinguished.
Although initial SPR-based experiments indicated that the lead (glyco)peptides interacted
with UEA-I, these experiments require further optimization to obtain affinity constants of the
various (glyco)peptides towards UEA-I.
Table 2. Analytical data of the resynthesized UEA-I lead structures.
Sequencea

M+Nacalc

M+Nadet

yield (%)

5

AFAM(Fuc-)NK

1618.807

1618.792

36

6

AKTPKK

1441.868

1441.879

56

7

ENY(Fuc-)CA(Fuc-)C

1785.748

1785.961

42

8

S(Fuc-)NIST(Fuc-)C

1707.792

1707.793

45

9

S(Fuc-)NHypST(Fuc-)C

1707.755

1707.744

44

10

ASFKK(Fuc-)C

1620.822

1620.808

54

a

All lead structures were synthesized on general solid-phase construct 4,

and contain the IMP-spacer (GPPFPFK) on the C-terminal side.

6.3.4 Concluding remarks
In summary, a combinatorial solid-phase glycopeptide library containing Fuc(β1-S)Cys and
Fuc(β1-N)Asn was prepared, and screened against Ulex europaeus agglutinin-I. The screening
results indicated that although some peptides were recognized, the lectin mainly recognized βfucosylated glycopeptides. The glycopeptide hits predominantly contained Fuc(β1-S)Cys and
Lys, and to a lesser extent Fuc(β1-N)Asn. Some lead (glyco)peptides were resynthesized, and
used for initial SPR-based interaction studies. After optimization of the method, SPR-based
inhibition assays will be carried out to study the interaction of the lead (glyco)peptides with
UEA-I, and to determine their binding affinity. In addition, the preparation of analogues of the
lead glycopeptides by replacing Fuc(β1-S)Cys by Fuc(α1-S)Cys, would allow the comparison of
the influence of the configuration of the glycosidic linkage on the affinity of the glycopeptidelectin interaction
6.4 Experimental
Materials and general methods for solid-phase glycopeptide synthesis. PEGA1900-resin (0.2
mmol/g loading, 300-500 μm) and Wang-resin (0.68 mmol/g loading, 200-400 mesh,
prefunctionalized with a Rink-amide-linker) were obtained from NovaBiochem (Läufelfingen,
Switzerland). Suitably protected Nα-Fmoc and Nα-Boc amino acids were purchased from
Bachem (Bubendorf, Switzerland). UEA-I and bovine serum albumin (BSA) were obtained
from Sigma (Zwijndrecht, The Netherlands). The Alexa Fluor 488 labeling kit was purchased
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from Molecular Probes (Leiden, The Netherlands). All solvents were of HPLC grade and were
used without further purification.
MALDI-TOF mass spectra were recorded using a Voyager-DE Pro (Applied Biosystems,
Nieuwerkerk aan de IJssel, The Netherlands) instrument in the reflector mode at a resolution of
5000 FWHM. Beads containing glycopeptides were placed on a stainless steel target and
irradiated with UV-light (254 nm, 30 min). The glycopeptides were extracted on the target from
the beads using 0.2 μl 50% aq. acetonitrile, and 0.2 μl α-cyano-4-hydroxycinnamic acid (αCHC) in 50% aq. acetonitrile (10 mg/ml) was added as a matrix. Exact masses of soluble lead
glycopeptides were measured by using α-CHC as a matrix, and a mixture of peptides (Peptide
calibration Mix4 (Proteomix) 500-3500 Da, LaserBio Labs, Sophia-Antipolis, France) was added
as the internal standard.
Ladder synthesis of the glycopeptide library. The solid-phase glycopeptide library was
synthesized according to the split-and-mix method,9,10 combined with the ladder synthesis
strategy.11,12 For a detailed description, see reference 14. Briefly, 250 mg (105 000 beads) of IMPderivatized PEGA1900 (general library construct 1, 0.4 mmol/g loading) was equally distributed
over the wells of a 20-well multiple-column peptide synthesizer (2.0 ml capacity). To each well,
one of the following amino acids was coupled as a 9:1 mixture of Fmoc and Boc amino acids,
after 5 min of preactivation (4 equiv.; 3.9 equiv. of TBTU, and 6 equiv. of NEM): Val, Met,
Asp(tBu), His(Boc), Tyr(tBu), Glu(tBu), Ser(tBu), Cha, Ile, Pro, Asn, Ala, Thr(tBu), Gly, Phe,
Lys(Boc), Hyp, and Trp. The glycosylated Fmoc-amino acids and their complementary capping
agents were coupled to the two remaining portions, in the appropriate ratios to achieve 10%
capping (4 equiv. of 2,16 0.6 equiv. of tridecanoic acid; 4 equiv. of 3,16 0.5 equiv. of nonanoic
acid). After each coupling, the resin was pooled, mixed, and distributed again over all wells
prior to Fmoc removal. Each coupling and deprotection step was followed by washings with
DMF (10x). After six coupling steps, all Fmoc-, Boc-, and amino acid side-chain protecting
groups were removed as described previously, and the carbohydrates were de-O-acetylated.14
Solid-phase library screening. Prior to the library screening, UEA-I was labelled with the
Alexa Fluor 488 fluorescent dye, according to the manufacturer's protocol, with two exceptions.
The excess of dye was removed by centrifugal filtration using a 30K MWCO filter (Nalgene),
and the repeated washings were carried out with a 10 mM PBS buffer pH 7.4, containing 2 mM
CaCl2, 2.7 mM KCl, and 137 mM NaCl (10x). The library screening was carried out at room
temperature. The beads (25 mg, ~10 500 beads) were swollen in PBS buffer, and the resin was
blocked with a 1% BSA in PBS buffer solution (1 ml, 30 min), to minimize non-specific binding.
The beads were then incubated with fluorescently labelled UEA-I (1.5 μM) in PBS buffer
containing 1% BSA (300 μl) overnight. The solution was removed by careful suction, and the
resin was washed with PBS buffer (2x) and water (1x). Small portions of beads were transferred
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to a glass plate, swollen in water, and inspected under a fluorescence microscope. The most
fluorescent beads were manually collected, and analyzed by MALDI-TOF MS.
Synthesis of soluble lead glycopeptides. Lead glycopeptides 5 - 10 (summarized in Table 2)
were synthesized as described previously.14 Briefly, soluble lead glycopeptides were
synthesized on Wang resin prefunctionalized with a Rink-amide linker and an IMP-spacer
(GPPFPFK; general solid-phase construct 4). The resynthesis was performed on a 13.6 μmol
scale, using TBTU/NEM activation for the coupling of Fmoc-Aa-OH (2 equiv.) and the building
blocks 216 and 316 (3 equiv.). After the last coupling step, the glycopeptides were de-Oacetylated,14 and in a single step, using a mixture of TFA/H2O/TIS (95:2.5:2.5; 4 x 30 min, with
intermediate filtration), the amino acid side chains were deprotected, and the glycopeptides
were released from the resin. The cleaved glycopeptides were extracted from the resin with
10% aq. acetonitrile (4x), then concentrated, and purified by reverse-phase HPLC. Preparative
HPLC was performed on a Knauer HPLC system, using a reverse-phase Polaris C18-A column
(250 x 4.6 mm; Varian, Middelburg, The Netherlands) with UV detection at 214 nm. Eluent A
(0.1% TFA in 5% aq. acetonitrile) and eluent B (0.08% TFA in 90% aq. acetonitrile) were mixed
using a linear gradient starting from 90% A to 60% A with a slope of 1.5%/min and a flow rate
of 1 ml/min. After purification, the glycopeptides were lyophilized, and analyzed by MALDITOF MS. See Table 2 for the yields and exact masses of compounds 5 - 10.
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7.1 Abstract
The development of a biosensor based on surface plasmon resonance is described for the
detection of carbohydrate-binding proteins in solution on a Biacore instrument, using
immobilized glycopeptide hits that were obtained from previous screenings of solid-phase
glycopeptide libraries with Ricinus communis agglutinin (RCA120) and human Galectin-1 (h-Gal1). Glycopeptides were presented on different types of sensor chips using various methods: (i)
Direct immobilization on commercially available CM5 and C1 sensor chips; (ii) coupling of the
glycopeptide to bovine serum albumin (BSA), and subsequent immobilization of the BSAconjugate on a CM5 sensor chip; (iii) immobilization on Au sensor chips functionalized with
mixed self-assembled monolayers of different ratios of 11-mercapto-1-undecanol and 11mercaptoundecanoic acid (11-MUA), and of 3-mercaptopropanol and 11-MUA. The biosensors
were optimized for the detection of RCA120, and a detection limit of 0.13 was obtained.
Subsequent experiments with h-Gal-1 indicated a detection limit of 0.9 nM for this lectin.
Additionally, the effect of interfering compounds on the sensitivity of the optimized biosensor
was investigated, demonstrating remarkably different behavior of the respective analytes in the
presence of a model protein mixture.
7.2 Introduction
Since the development of the first biosensors in the early 1960s,1 this research area has seen an
enormous growth.2-8 Nowadays, biosensors are widely applied for the detection, identification,
and characterization of biological material, which is of great importance in industrial,9
medical,10-15 food,16-21 and environmental9 analysis. A wide range of analytical techniques is
currently available, including ELISA, PCR-based assays, flow-cytometry, and acoustic-waveand surface plasmon resonance (SPR)-based biosensors. The research on biosensors focuses on
the development of rapid, reliable, specific, and sensitive methods to detect a target analyte.
The detection of analytes in the low nM range is not uncommon anymore,10,12,14,15,20-22 which
minimizes sample requirement. Ideally, this would also allow the detection of analytes in
complex mixtures without pre-treatment of the sample. SPR matches these criteria, and is
nowadays widely used to monitor biological interactions.23-27
Biosensor assays mainly rely on the detection of an analyte by antibodies,10,13,15,17,19-23,28-30
although enzymes, DNA-probes,12,14,31 peptides,16,18 and carbohydrate-binding proteins (CBPs)11
are also used as detection molecules. There is a growing awareness of the importance of
carbohydrate-protein interactions in, for example, tissue growth, protein folding, and enzyme
targeting, as well as in bacterial and viral infections, and various diseases such as cancer.
Therefore, the development of carbohydrate-based biosensors has recently received increased
attention. They are predominantly used for the characterization of the kinetics and affinity of
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carbohydrate-protein interactions,32-34 or in an array-type setup35-38 to determine the specificity,
and possible cross-reactivity of a CBP. It would also be of interest to apply carbohydrate-based
biosensors to the sensitive detection and quantification of minute amounts of CBPs, which
could lead to the development of diagnostic tools.
The access to structurally well-defined carbohydrates is complicated, since both the
isolation from natural sources, and the synthesis are very challenging. Furthermore, the
immobilization of carbohydrates from natural sources on a suitable surface requires
modification of the reducing end with an appropriate linker.35,36,38 It has been demonstrated
that complex carbohydrates can be efficiently mimicked by glycopeptides;39-41 the carbohydrate
part provides the specificity to the interaction, whereas the peptide backbone serves as a
scaffold. In addition, glycopeptides are readily synthetically available,42-44 and can be prepared
in a library-format, allowing the identification of high-affinity lead structures from thousands
of possible ligands. Furthermore, they can be immobilized to different types of surfaces using
well-established coupling chemistries.45-48
Here, the development of an SPR-based biosensor using immobilized glycopeptides is
described for the detection of CBPs. The glycopeptides are lead structures that were obtained
from the previous screening of solid-phase glycopeptide libraries with Ricinus communis
agglutinin (RCA120)41 and human Galectin-1 (h-Gal-1).49 In the present study, these
glycopeptides are used for the setup of a biosensor system for the sensitive detection of RCA120
and h-Gal-1 in solution on a Biacore instrument. In addition, the performance of the optimized
biosensors was investigated in the detection of low amounts of RCA120 and h-Gal-1 in complex
protein mixtures.
7.3 Results and discussion
7.3.1 Modification of the glycopeptides
The glycopeptides used in this study (1 – 3; Table 1) were identified from previous screenings
of solid-phase glycopeptide libraries using fluorescently labeled RCA120 and h-Gal-1.41,49 These
glycopeptides were previously resynthesized on Wang resin, prefunctionalized with a Rinkamide linker, and an Ionization-Mass-Peptide (IMP)-spacer (GPPFPF-K).41,49 For the present
investigation, the N-termini of the resin-bound glycopeptides were acetylated prior to the
deprotection and cleavage from the resin. This allowed a homogeneous orientation of the
glycopeptides, by using the amine function in the side-chain of Lys, which is the C-terminal
residue in the IMP-spacer, for the coupling of the glycopeptides to the sensor chips, as will be
described below. It should be noted that glycopeptides 2 and 3 were the best hits for RCA120
and h-Gal-1, respectively, whereas glycopeptide 1 was used in our initial explorative work.
To develop an optimal biosensor for the detection of RCA120 and h-Gal-1 in solution,
glycopeptides 1 – 3 were immobilized on different sensor chip surfaces via a number of
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different methods: (i) Direct immobilization of glycopeptide 1 to commercially available CM5
and C1 sensor chips; (ii) conjugation of glycopeptide 1 to bovine serum albumin (BSA) via a
diethyl squarate linker, and immobilization of the BSA-conjugate on a CM5 sensor chip; (iii)
immobilization of glycopeptides 2 and 3 to self-assembled monolayers (SAMs) of different
ratios of 3-mercapto-1-propanol (3-MPOH) or 11-mercapto-1-undecanol (11-MUOH) and 11mercaptoundecanoic acid (11-MUA).
Table 1. Sequences and exact masses of the N-acetylated glycopeptides.
Peptide

Structure

M+Hcalcd

M+Hdet

1

AcChaG(Gal-)TQY(Gal-)T-GPPFPFK

1858.900

1858.949

2

AcA(Gal-)CYPY(Gal-)C-GPPFPFK

1854.797

1854.841

3

Ac(Lac-)TMRA(Lac-)TCha- GPPFPFK

2192.057

2192.424

7.3.2 Synthesis of neoglycoprotein 1-BSA
Glycopeptide 1 was conjugated via the amine function in the side-chain of Lys to periodatetreated BSA (Figure 1a) using diethyl squarate as a linker.50 MALDI-TOF MS analysis of 1-BSA
showed a distribution of peaks of single-charged molecular ions (Figure 1b) from m/z 68 kDa to
m/z 76 kDa. The mass difference between two adjacent peaks corresponds to the mass of the
diethyl squarate-derivatized glycopeptide. The distribution of the peaks indicated the
formation of BSA-conjugates with one to five incorporated glycopeptides. On average, two
glycopeptides were incorporated in 1-BSA (m/z 70569.1).
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Figure 1. MALDI-TOF MS spectra of (a) BSA and (b) neoglycoprotein 1-BSA (n = 2, c.e. 20%). n =
glycopeptide 1 loading, c.e. = coupling efficiency.

7.3.3 Evaluation of different immobilization strategies using RCA120
The different immobilization strategies were evaluated using RCA120 as a model lectin. RCA120
is a 120-kDa lectin in which two disulfide-linked As-sB heterodimers are noncovalently
associated to form a tetramer. The B-chain of each heterodimer contains the lectin domain.
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Glycopeptide 1 was immobilized on a flow cell of a CM5 chip (160 RU) using EDC/NHS
activation. An untreated carboxymethylated dextran surface of another flow cell was used as
the reference surface. Unfortunately, the injection of RCA120 (0.95 μM) gave an unexpectedly
low response of approximately 40 RU (Figure 2). Previously, it has been reported that other
protein analytes bound with a much higher response to glycopeptides immobilized to a CM5
sensor chip.46,47

Figure 2. Sensorgram illustrating the binding
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To investigate whether a different ligand presentation would improve the detection, 1BSA was immobilized on a flow cell of a CM5 chip (1200 RU). A flow cell coated with BSA
(1100 RU) was used as the reference surface. Binding data were collected at different
concentrations (9.5 - 0.074 μM) of RCA120 at a flow rate of 5 μl/min. The concentrationdependent overlay plot, depicted in Figure 3, shows a response of approximately 13 RU for the
injection of 74 nM RCA120. A higher sensitivity may be obtained by optimization of the
incorporation level of 1 in 1-BSA, and the immobilization level of 1-BSA on the CM5 sensor
chip. Since these conditions may vary for different glycopeptides, this method may not be
generally applicable, and was therefore not further explored.
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Figure 3. 1-BSA, immobilized on a CM5-chip (1200 RU). (a) Concentration-dependent overlay plot of
soluble RCA120 binding at eight different concentrations from 9.5 (top) to 0.074 μM (bottom), obtained by 2fold dilution. (b) Magnification of the curves resulting from the four lowest concentrations (0.59 - 0.074
μM).
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Since the sensitivity might improve if a ligand is displayed closer to the Au-surface,
glycopeptide 1 was immobilized on the carboxymethylated, matrix-free, surface of a C1 chip
(90 RU). Unfortunately, the injection of 0.95 μM RCA120 resulted in a low response only (Figure
4).
Figure 4. Sensorgram illustrating the binding
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Previously, it has been shown that sensitive biosensors can be prepared using selfassembled monolayers of alkanethiols on a gold surface, to which a ligand can be coupled.23,51-54
The authors demonstrated that SAMs containing a mixture of hydroxyl- and carboxylterminated alkanethiols provide a better sensitivity than SAMs containing acid thiols only. The
efficiency of ligand immobilization on the acid thiols, and thereby the sensitivity of detection,
is affected by a number of factors. First, hydroxyl-terminated SAMs have a lower level of nonspecific analyte binding than carboxyl-terminated SAMs.55 Second, the steric hindrance54,56 and
electrostatic repulsion of the acid thiols in mixed SAMs are lower than in SAMs consisting of
acid thiols only. This improves the accessibility of the carboxyl-terminated alkanethiols for the
activation and subsequent ligand coupling. Third, a mixture of short hydroxyl-terminated
alkanethiols and long carboxyl-terminated alkanethiols also enhances the accessibility of the
acid thiols. Therefore, the best sensitivity is achieved by optimization of the length and ratio of
the hydroxyl- and carboxyl-terminated alkanethiols.
Theoretically, the limit of detection (LOD) is defined as the concentration corresponding to
the response determined to be statistically different (3x standard deviation) from the mean
response of blank injections. However, since SPR-curves tend to overlap at very low
concentrations, it can be rather complicated to assign a correct concentration to the LOD.
Therefore, in this study, the practical detection limit was defined as the concentration, which is
clearly distinguishable from the overlapping curves at lower concentrations.
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Table 2. The different glycopeptide-derivatized SAMs and the observed detection limits.
SAM

Composition

Ligand

Analyte

Detection limit (nM)

SAM-1

8:2 11-MUOH/11-MUA

2

RCA120

0.65

SAM-2

9:1 11-MUOH/11-MUA

2

RCA120

0.65

SAM-3

95:5 11-MUOH/11-MUA 2

RCA120

2.6

SAM-4

9:1 3-MPOH/11-MUA

2

RCA120

0.13

SAM-5

9:1 3-MPOH/11-MUA

3

h-Gal-1

0.9

SAM-6

9:1 3-MPOH/11-MUA

2

RCA120

0.13

SAMs were created by immersing Au-surfaces in alkanethiol solutions containing different
molar ratios of 11-mercapto-1-undecanol (11-MUOH) and 11-mercaptoundecanoic acid (11MUA), or 3-mercapto-1-propanol (3-MPOH) and 11-MUA. Glycopeptide 2 was immobilized on
Au-chips decorated with 11-MUOH and 11-MUA in the molar ratios 8:2 (SAM-1), 9:1 (SAM-2),
and 95:5 (SAM-3) (Table 2). Binding data were collected at different concentrations (41.7 - 0.08
nM) at a flow rate of 5 μl/min. Since initial experiments did not indicate any non-specific
binding of RCA120 to a reference surface with underivatized 11-MUOH and 11-MUA on the
respective SAM, this surface was used as the reference surface. Examination of the
concentration-dependent overlay plots of RCA120 binding to glycopeptide 2-derivatized SAM-1
(Figures 5a and 5b) and SAM-2 (Figures 5c and 5d), indicated that 0.65 nM was the lowest
concentration that could be visually differentiated, and 2.6 nM for SAM-3 (Figures 5e and 5f).
The curves corresponding to the lowest distinguishable concentration, representing the
detection limit, are marked with *.
Glycopeptide 2 was also immobilized on SAM-4 (Table 2), containing a 9:1 molar ratio of
3-MPOH/11-MUA. Binding data were collected at different concentrations (4.2 - 0.008 nM),
following the same protocol as described for SAM-1 – SAM-3. As can be seen from Figures 5g
and 5h, 0.13 nM was the lowest distinguishable concentration, indicating that this SAM is the
most sensitive biosensor for the detection of RCA120.
The sensitivity of a biosensor can be improved by increasing the accessibility of the
carboxylic acids, which optimizes the capacity of the SAM for ligand immobilization and
analyte binding. The optimum accessibility, and sensitivity, is achieved by fine-tuning the
length and ratio of hydroxyl- and carboxyl-terminated alkanethiols, rather than by increasing
the absolute amount of acid thiols that are present on the SAM.23,54 Comparison of the SAMs
containing an 8:2, 9:1, and 95:5 11-MUOH/11-MUA molar ratio shows that a good sensitivity is
obtained using SAMs with a 9:1 11-MUOH/11-MUA ratio (Table 2). Reducing the spacer
length, i.e. using 3-MPOH instead of 11-MUOH, further increases the accessibility of the
carboxylic acids for ligand immobilization and analyte binding. This resulted in a 5-fold
improvement of the sensitivity for the detection of RCA120 (i.e. 0.65 nM on SAM-2 versus 0.13
nM on SAM-4). In addition, comparison of the shape of the curves in Figures 5c and 5g reveals
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that the length of the hydroxyl-terminated alkanethiol (11-MUOH versus 3-MPOH) affects the
kinetics of the binding of RCA120 to immobilized 2. Probably, the improved accessibility of 2 on
SAM-4 allows a more efficient analyte binding with a very slow dissociation rate, which
enhances the sensitivity of this biosensor.
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Figure 5. (a) Glycopeptide 2, immobilized on SAM-1 (700 RU). Concentration-dependent overlay plots of
soluble RCA120 binding at ten different concentrations from 41.7 (top) to 0.08 nM (bottom), obtained by 2fold dilution. (b) Magnification of the curves resulting from the five lowest RCA120-concentrations (1.3 0.08 nM) on SAM-1. (c) Glycopeptide 2, immobilized on SAM-2 (510 RU); concentration range as in (a). (d)
Magnification of the curves resulting from the five lowest RCA120-concentrations (1.3 - 0.08 nM) on SAM-2.
(e) Glycopeptide 2, immobilized on SAM-3 (300 RU); concentration range as in (a). (f) Magnification of the
curves resulting from the six lowest RCA120-concentrations (2.6 - 0.08 nM) on SAM-3. (g) Glycopeptide 2,
immobilized on SAM-4 (930 RU); ten different RCA120-concentrations from 4.2 nM (top) to 0.008 nM
(bottom). (h) Magnification of the curves resulting from the six lowest RCA120-concentrations (0.26 - 0.008
nM). The curves corresponding to the lowest distinguishable concentration, representing the detection
limit, are marked with *.

7.3.4 Detection of h-Gal-1 on a SAM containing a 9:1 ratio of 3-MPOH/11-MUA
Galectins are carbohydrate-binding proteins with a specificity for β-galactosides. They are
found throughout the animal kingdom, and are involved in several biological processes, such
as cell-cell and cell-matrix adhesion, cell migration, and regulation of cell growth and
apoptosis, with relevance to inflammation and tumour spread.57,58 Galectin-1 is one of the most
extensively studied galectins, and is considered to be a valuable diagnostic target. h-Gal-1 is a
prototype galectin, and forms a dimer in solution via hydrophobic interactions and hydrogen
bonds.59
To assess the performance of the SAM-based biosensors used for RCA120 in the detection of
a different lectin, the sensitivity of this type of biosensor was also evaluated with h-Gal-1. To
this end, glycopeptide 3 was immobilized on SAMs containing mixtures of hydroxyl- and
carboxyl-terminated alkanethiols, analogous to SAM 1 – 4. The significant non-specific binding
that was initially observed on the underivatized SAM of the reference surface could be
completely eliminated by immobilizing ethanolamine. The correlation between the sensitivity
of the biosensor and the composition of the SAM (i.e. the length and ratio of hydroxyl- and
carboxyl-terminated alkanethiols) was similar for RCA120 and h-Gal-1 (data not shown). Again,
the most sensitive biosensor was obtained with a SAM consisting of a 9:1 ratio of 3-MPOH/11MUA (SAM-5; Table 2). Binding data were obtained at different h-Gal-1 concentrations (500 –
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0.9 nM) at a flow rate of 5 μl/min (Figure 6a). Visual inspection of the curves in Figure 6b
indicated that the lowest distinguishable h-Gal-1-concentration (marked with *) was 0.9 nM on
this SAM.
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Figure 6. (a) Glycopeptide 3, immobilized on SAM-5 (1256 RU). Concentration-dependent overlay plots of
soluble h-Gal-1 binding at ten different concentrations from 500 (top) to 0.9 nM (bottom), obtained by 2fold dilution. (b) Magnification of the curves resulting from the four lowest h-Gal-1-concentrations (7.8 - 0.9
nM) on SAM-5. The curve corresponding to the lowest distinguishable concentration, representing the
detection limit, is marked with *.

As can be seen from Table 2, the best biosensor for the detection of RCA120 was more sensitive
for RCA120 (detection limit 0.13 nM) than a similar biosensor for the detection of h-Gal-1
(detection limit 0.9 nM). This can be attributed to the difference in molecular mass (120 kDa for
RCA120 versus 30 kDa for h-Gal-1), since SPR-detection is based on mass-dependent changes in
refractive index at the sensor chip surface. Therefore, the sensitivity of the detection also relies
on the molecular mass of the analyte, and to obtain the same response, it would require a lower
concentration of a protein with a high molecular mass, and a higher concentration of a protein
with a low molecular mass.
7.3.5 Detection of carbohydrate-binding proteins in protein mixtures
To assess the performance of the best biosensors described above in detecting low
concentrations of analyte in the presence of other proteins, a model protein mixture containing
ovalbumin, BSA, RNAse B, and trypsin inhibitor (1:1:1:1 molar ratio) spiked with RCA120 or hGal-1 was tested.
In the case of RCA120, stock solutions of 4.2 nM RCA120 were prepared containing a 10-, 50-,
100-, 1000-, and 10 000-fold excess, respectively, of each component of the protein mixture.
Dilution series were prepared (4.2 – 0.008 nM RCA120) from these stock solutions, and SPR
measurements were carried out at a flow rate of 5 μl/min on glycopeptide 2-derivatized SAM-6
(comparable to SAM-4; Table 2). As can be seen from Figures 7a – 7f, the detection limit of 0.13
nM (marked with *) was not influenced by protein concentrations up to 100-fold higher than
the RCA120 concentration. Additional experiments with a 1000 (Figures 7g and 7h) or a 10 000130

Surface plasmon resonance-based biosensors

fold (data not shown) excess of each component of the protein mixture showed a significant
disturbance of the association phase due to a major contribution of the protein mixture to the
bulk effect.
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Figure 7. (a) Glycopeptide 2, immobilized on SAM-6 (1032 RU). Concentration-dependent overlay plots of
soluble RCA120 binding at ten different concentrations from 4.2 nM (top) to 0.008 nM (bottom), obtained by
2-fold dilution, containing a 10-fold molar excess of each component of the protein mixture (1:1:1:1
BSA/Ovalbumin/ RNAseB/trypsin inhibitor). (b) Magnification of the curves resulting from the six lowest
RCA120-concentrations (0.26 - 0.008 nM). (c) The same concentration range of RCA120, containing a 50-fold
molar excess of each component of the protein mixture. (d) Magnification of the curves resulting from the
five lowest RCA120-concentrations (0.13 – 0.008 nM). (e) The same concentration range of RCA120,
containing a 100-fold molar excess of each component of the protein mixture. (f) Magnification of the
curves resulting from the six lowest RCA120-concentrations (0.26 - 0.008 nM). (g) The same concentration
range of RCA120, containing a 1000-fold molar excess of each component of the protein mixture. (h)
Magnification of the curves resulting from the six lowest RCA120-concentrations (0.26 - 0.008 nM). The
curves corresponding to the lowest distinguishable concentration, representing the detection limit, are
marked with *.

For h-Gal-1, stock solutions of 500 nM h-Gal-1 were prepared containing an equimolar
amount, as well as a 10-, 50-, and 100-fold excess of each component of the protein mixture.
Dilution series (500 – 0.9 nM h-Gal-1) were prepared from these stock solutions, and were
measured at a flow rate of 5 μl/min on glycopeptide 3-derivatized SAM-5. Comparison of
Figure 8a/8b with Figure 6g/6h, indicated that an equimolar amount of each component of the
protein mixture relative to h-Gal-1 did not influence the signal. As can be seen from the shift in
response at the end of the association phase, the bulk effect already interfered with the h-Gal-1
response at a 10-fold excess (Figures 8c and 8d), however, without affecting the detection limit
of 0.9 nM (marked with *). At a 50- and 100-fold excess of each component of the protein
mixture, the huge contribution of the protein mixture to the bulk effect (Figures 8e – 8h)
prohibited the determination of the detection limit. In the latter experiments, the absolute
amount of protein corresponds to that of the 1000- to 10 000-fold excess relative to RCA120,
where the same effect was observed. Again, the size of the analyte may be of influence, since
RCA120 has a higher molecular mass than all proteins used in the protein mixture, whereas the
molecular masses of h-Gal-1 and the components of the protein mixture are in the same range.
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Figure 8. (a) Glycopeptide 3, immobilized on SAM-5. Concentration-dependent overlay plots of soluble hGal-1 at ten different concentrations from 500 (top) to 0.9 nM (bottom) containing an equimolar amount of
each component of the protein mixture (1:1:1:1 BSA/Ovalbumin/RNAseB/trypsin inhibitor). (b)
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Magnification of the curves resulting from the four lowest h-Gal-1-concentrations (7.8 - 0.9 nM). (c) The
same concentration range of h-Gal-1, containing a 10-fold molar excess of each component of the protein
mixture. (d) Magnification of the curves resulting from the four lowest h-Gal-1-concentrations (7.8 - 0.9
nM). (e) The same concentration range of h-Gal-1, containing a 50-fold molar excess of each component of
the protein mixture. (f) Magnification of the curves resulting from the six lowest h-Gal-1-concentrations
(31.3 - 0.9 nM). (g) The same concentration range of h-Gal-1, containing a 100-fold molar excess of each
component of the protein mixture. (h) Magnification of the curves resulting from the seven lowest h-Gal-1concentrations (62.5 - 0.9 nM). The curves corresponding to the lowest distinguishable concentration,
representing the detection limit, are marked with *.

7.3.6 Concluding remarks
This work compares several SPR-based biosensors with respect to their performance in
detecting two different CBPs in solution on a Biacore instrument. In terms of sensitivity and
applicability, the mixed SAMs of alkanethiols were superior to all other methods tested, i.e. 1BSA immobilized on a CM5-chip, or glycopeptide 1 immobilized on CM5 or C1 sensor chips.
The results clearly demonstrated the potential of these types of biosensors for the sensitive
detection of CBPs in solution. The best sensitivity was obtained using glycopeptide-derivatized
SAMS with a 9:1 3-MPOH/11-MUA ratio, resulting in detection limits of 0.13 and 0.9 nM for the
detection of RCA120 and h-Gal-1, respectively.
The experiments with RCA120 and h-Gal-1 containing an excess of a protein mixture
indicated that the presence of interfering compounds at a certain concentration can affect the
sensitivity of the biosensor. Nevertheless, this method may be applied for the quantification of
CBPs in solution by transformation of a dilution series into a calibration curve. The biosensors
may, for example, be clinically applicable for the quantification or monitoring of animal lectin
levels in physiological samples. In the case of galectins, they are sufficiently sensitive to detect
the concentrations at which galectins usually function in cells or tissues in a carbohydratedependent way (10 nM60 to10 μM61,62). Moreover, the coupling of this method to, for example,
mass spectrometry may increase the applicability and versatility, which would allow the
determination of the presence of multiple analytes with the same specificity in a mixture of
proteins. Another setup, in which glycopeptides with a different carbohydrate are immobilized
in different flow cells, may allow the simultaneous detection of analytes that possess a different
carbohydrate specificity.
7.4 Experimental
General. BSA, RCA120, RNAse B, ovalbumin, trypsin inhibitor, 11-MUA, 11-MUOH, 3-MPOH,
EDC, and NHS were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands); h-Gal-1
was prepared in the laboratory of Prof. H.-J. Gabius (Munich, Germany). The CM5 and C1
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sensor chips, and the SIA-kit AU, were purchased from BIAcore AB (Uppsala, Sweden). All
solvents were of HPLC grade and were used without further purification.
Preparation of N-acetylated glycopeptides 1 – 3. Fmoc-protected glycopeptides 1 – 3 were
previously prepared on Wang-resin prefunctionalized with a Rink-amide linker and an IMPspacer (GPPFPFK).41,49 The resin-bound glycopeptides were treated with 20% piperidine in
DMF (2x, 2 + 18 min) to remove the Fmoc-protecting group, and the resin was washed with
DMF (10x). Subsequently, the N-termini were acetylated using 20% Ac2O in DMF (15 min). The
resin was washed with DMF (6x) and MeOH (4x), and the glycopeptides were de-O-acetylated
overnight with hydrazine monohydrate (55 μl) in MeOH (1 ml), followed by washings with
MeOH (6x) and H2O (4x). The amino acid side-chains were deprotected with concomitant
release of the glycopeptides from the resin by using a mixture of TFA/H2O/TIS (95:2.5:2.5; 4 x
30 min; TIS, triisopropylsilane). The cleaved glycopeptides were extracted from the resin with
10% aq. acetonitrile (4x), then concentrated, and purified by reverse-phase HPLC.
Preparative HPLC was performed on a Knauer HPLC system, using a reverse-phase
Polaris C18-A column (250 x 4.6 mm; Varian, Middelburg, The Netherlands) with UV detection
at 214 nm. Eluent A (0.1% TFA in 10% aq. acetonitrile) and eluent B (0.08% TFA in 90% aq.
acetonitrile) were mixed using a linear gradient starting from 90% A to 60% A with a slope of
1.5%/min and a flow rate of 1 ml/min. After purification, the glycopeptides were lyophilized,
and analyzed by MALDI-TOF MS.
MALDI-TOF mass spectra were recorded using a Voyager-DE Pro (Applied Biosystems,
Nieuwerkerk aan de IJssel, The Netherlands) instrument in the reflector mode at a resolution of
5000 FWHM. Exact masses of the glycopeptides were measured by using α-cyano-4hydroxycinnamic acid (10 mg α-CHC in 1 ml 50% aq. acetonitrile) as a matrix, and a mixture of
peptides (Peptide calibration Mix4 (Proteomix) 500-3500 Da; LaserBio Labs, Sophia-Antipolis,
France) was added as the internal standard.
Conjugation of glycopeptide 1 to BSA. A solution of diethyl squarate (0.18 μl, 0.17 μmol) in
EtOH (100 μl) was added to a solution of 1 (160 μg, 0.09 μmol) in 50 mM sodium phosphate
buffer pH 7.0 (100 μl), stirred for 16 h, then concentrated to evaporate EtOH. The glycopeptide
derivative, which was elongated with a diethyl squarate linker at the amine function in the
side-chain of the C-terminal Lys residue, was purified by reverse-phase HPLC, and directly
used for the preparation of BSA-conjugate 1-BSA.
To the elongated glycopeptide (128 μg, 0.06 μmol) was added a solution (2 mg/ml) of
periodate-treated BSA (0.43 mg, 6.5 nmol)50 in 0.1 M NaHCO3 buffer pH 9.0. After stirring for 3
days, the mixture was filtered over a 30 kDa centrifugal filter (Millipore, Etten-Leur, The
Netherlands), and the residue was washed with H2O (3x) to remove unreacted diethyl squarate
elongated glycopeptide. The residue was lyophilized from H2O, yielding 1-BSA. The degree of

135

Chapter 7

incorporation of glycopeptide 1 in 1-BSA was determined by MALDI-TOF MS analysis. The
sample (1 mg/ml H2O) was mixed on the target plate in a 1:1 ratio with the matrix sinapic acid
(20 mg/ml in 70% aq. acetonitrile containing 0.1% of TFA).
Surface plasmon resonance (surface preparation). All measurements were performed on a
Biacore instrument. All reagents for the surface preparations were injected at a flow rate of 5
μl/min, using a 10 mM HEPES buffer, pH 7.5, containing 150 mM NaCl, 0.005% p20, and 3 mM
EDTA (HBS-EP) as the running buffer. The flow cells were activated by the injection of 35 μl of
a 1:1 mixture of 0.05 M NHS and 0.2 M EDC. After coupling of the ligand, the remaining Nhydroxysuccinimide esters were blocked by injection of 1.0 M ethanolamine hydrochloride pH
8.5 (35 μl).
Glycopeptide-CM5 surface. For the preparation of a sensor chip containing immobilized
glycopeptide 1, the carboxymethylated dextran layer in flow cell 4 of a CM5 chip was
activated, and glycopeptide 1 (2 x 35 μl, 500 μg/ml in 10 mM NaOAc buffer, pH 4.5) was
immobilized (160 RU). The remaining N-hydroxysuccinimide esters were blocked. The
untreated carboxymethylated dextran layer of another flow cell was used as a reference
surface.
1-BSA-CM5

surface.

For

the

preparation

of

a

surface

containing

1-BSA,

the

carboxymethylated dextran layer in flow cell 4 of a CM5 chip was activated, and 1-BSA (3 μl
and 3 x 5 μl, 20 μg/ml in 10 mM NaOAc buffer, pH 4.5) was immobilized (1200 RU). The
remaining N-hydroxysuccinimide esters were blocked. A reference surface was created (1100
RU) in flow cell 3 by applying the same procedure using BSA (3 μl, 5 μl and 2 x 10 μl, 5 μg/ml
in 10 mM NaOAc buffer, pH 4.5).
Glycopeptide-C1 surface. For the preparation of a sensor chip containing immobilized
glycopeptide 1, the carboxymethylated matrix-free surface in flow cell 4 of a C1 chip was
activated. Glycopeptide 1 (35 μl, 500 μg/ml in 10 mM NaOAc buffer, pH 4.5, followed by 35 μl,
1 mg/ml) was immobilized (90 RU), and the remaining N-hydroxysuccinimide esters were
blocked.
Glycopeptide-derivatized SAMs.23,54 SAMs of alkanethiols were created on Au-surfaces from a
SIA-kit Au, in order to prepare SAMs derivatized with glycopeptides 2 and 3. To this end, 9
mM mixtures of 11-MUOH/11-MUA (molar ratios: 95:5, 9:1, and 8:2), and 3-MPOH/11-MUA
(molar ratio: 9:1) were prepared in absolute EtOH. The Au-surfaces were immersed in the
appropriate alkanethiol mixture for 24 h. Then, the Au-surfaces were washed with absolute
EtOH and deionized H2O, and dried with a stream of N2 prior to the assembly of the sensor
chips. The carboxyl-terminated alkanethiols on the surfaces of the appropriate flow cell of each
sensor chip were activated as described above, and the appropriate glycopeptide (3 x 35 μl, 500
μg/ml in 10 mM NaHCO3 buffer, pH 8.5) was injected. The remaining N-hydroxysuccinimide
esters were blocked. Using this protocol, six SAMs were prepared: SAM-1: 8:2 11-MUOH/11-
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MUA, 700 RU glycopeptide 2; SAM-2: 9:1 11-MUOH/11-MUA, 510 RU glycopeptide 2; SAM-3:
95:5 11-MUOH/11-MUA, 300 RU glycopeptide 2; SAM-4: 9:1 3-MPOH/11-MUA, 930 RU
glycopeptide 2; SAM-5: 9:1 3-MPOH/11-MUA, 1256 RU glycopeptide 3; SAM-6: 9:1 3MPOH/11-MUA, 1032 RU glycopeptide 2.
Surface plasmon resonance (detection measurements). The experiments with soluble RCA120
and h-Gal-1, and the immobilized glycopeptides were carried out in duplo using a 10 mM
HBS-EP running buffer, pH 7.5. RCA120 and h-Gal-1 were injected into the appropriate flow
cells for 3 min, allowing 3 min for dissociation, and using a flow rate of 5 μl/min.
Glycopeptide-CM5 surface. The performance of the CM5 sensorchip containing immobilized
1 was tested by injecting 0.95 μM RCA120. The surface was regenerated with a 2-min pulse of
100 mM lactose.
1-BSA-CM5 surface. The RCA120-concentration range covered for the experiments with
immobilized 1-BSA was 9.5 - 0.074 μM, obtained by 2-fold dilution. The surface was
regenerated by subsequent injections of 100 mM lactose and 3 M NaCl for 2 min.
Glycopeptide-C1 surface. The performance of the C1 sensorchip containing immobilized 1
was tested by injecting 0.95 μM RCA120. The surface was regenerated with a 2-min pulse of 100
mM lactose.
Glycopeptide-derivatized SAMs. For the experiments with glycopeptide 2 on the SAMs
containing 8:2, 9:1, and 95:5 11-MUOH/11-MUA, the RCA120 -concentration range covered was
41.7 - 0.08 nM, obtained by 2-fold dilution. For the SAMs containing 9:1 3-MPOH/11-MUA, an
RCA120-concentration range of 4.2 - 0.008 nM was used. For the experiments with immobilized
glycopeptide 3, the h-Gal-1-concentration range covered was 500 - 0.9 nM. The surfaces were
regenerated with a 2-min pulse of a solution containing a mixture of 200 mM lactose and
0.002% SDS. All data were double-reference-subtracted; thermodynamic parameters were not
determined. The detection limit of the assay was defined as the lowest concentration that could
be visually discerned from the overlapping lower concentrations.
Detection of analyte in a complex protein mixture. Two stock solutions of the protein mixture
were prepared in HBS-EP buffer, pH 7.5, by mixing equal volumes of 10 or 100 μM BSA,
ovalbumin, RNAse B, and trypsin inhibitor. These stock solutions were used in the appropriate
amounts to prepare a 4.2 nM RCA120 solution containing a 10-, 50-, 100-, 1000-, or 10 000-fold
molar excess of each component of the protein mixture. Subsequently, dilution series (4.2 0.008 nM) of RCA120 were prepared by 2-fold dilution. The above-described stock solutions of
the protein mixture were used in the appropriate amounts to prepare a 500 nM h-Gal-1
solution containing an equimolar, or a 10-, 50-, or 100-fold molar excess of each component of
the protein mixture. The dilution series of h-Gal-1 (500 - 0.9 nM) were prepared as described
for RCA120. The surfaces were regenerated with a 2-min pulse of a solution containing a
mixture of 200 mM lactose and 0.002% SDS, and all data were double-reference-subtracted.
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Summary
Carbohydrates play vital roles in all forms of life. Attached to proteins (glycoproteins) and
lipids (glycolipids) they serve as recognition elements in several biological interaction
processes, such as intercellular communication, immune response, viral and parasitical
infections, signal transduction, and development. Synthetic mimics of natural oligosaccharides
have contributed to a better understanding of these complex recognition events. In addition,
these mimics can be used to modulate, or intervene in undesired (pathological) interaction
processes. Glycopeptides have been demonstrated to be efficient oligosaccharide mimics.
Moreover, they are readily prepared in a library format, which provides rapid access to a
variety of potential high-affinity ligands for carbohydrate-binding proteins. This thesis
describes the preparation of combinatorial solid-phase glycopeptide libraries, and their use for
the identification of glycopeptides that mimic oligosaccharides in binding to a receptor.
Chapter 1 gives an overview of solid-phase glycopeptide (library) synthesis, and
summarizes the techniques that are used to study carbohydrate-protein interactions. In
addition, the biological functions of galectins, and the synthetic galectin inhibitors that have
been developed to date, are briefly reviewed.
In Chapter 2, the synthesis of several glycosylated amino acid building blocks having a
nonnatural S- or N-glycosidic linkage is described. These building blocks can be used to
prepare S-,N-glycopeptides that may have an enhanced stability towards acidic conditions and
enzymatic degradation. 1,2-Trans-linked S-glycosylated amino acid building blocks were
obtained in good overall yield by a Lewis-acid-promoted condensation of peracetylated
glycosyl donors and Nα-Fmoc-Cys-OH. In addition, a fucosylated amino acid building block
with a 1,2-cis-thioglycosidic linkage could be prepared in good overall yield, and with excellent
stereoselectivity, starting from per-O-trimethylsilyl-α-L-fucopyranosyl iodide and Nα-FmocCys-OPfp. Finally, N-glycosylated amino acid building blocks were prepared in good overall
yields by coupling unprotected glycosylamines and Nα-Fmoc-Asp(OH)-OtBu using TBTU
activation.
In Chapter 3, two combinatorial solid-phase glycopeptide libraries containing Gal(β1O)Thr, and Gal(β1-S)Cys and Gal(β1-N)Asn, respectively, were prepared according to the splitand-mix method, combined with the ladder synthesis strategy. Lead structures were found in
both libraries during their screening with fluorescently labelled Ricinus communis agglutinin
(RCA120), indicating that both O- and S- or S-,N-glycopeptides were recognized by the lectin
with similar amino acid recognition patterns. Subsequent surface plasmon resonance (SPR)
interaction studies demonstrated that the selected S- or S-,N-glycopeptides and the Oglycopeptides bound to the lectin with a similar affinity. In addition, incubation of the O- and
S-,N-glycopeptides with β-galactosidase demonstrated the complete stability of S-,N-
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glycopeptides towards enzymatic degradation, whereas O-glycopeptides were not completely
stable.
Chapter 4 describes the screening of the two galactosylated glycopeptide libraries
(Chapter 3), and an additionally prepared library containing Lac(β1-O)Thr, with fluorescently
labelled human galectin-1 (h-Gal-1) and human galectin-3 (h-Gal-3) to identify ligands that
may have the potential to inhibit malignant galectin-carbohydrate interactions. The screening
of the galactosylated glycopeptide libraries primarily yielded peptide hits, whereas the
lactosylated glycopeptide library predominantly yielded glycopeptide hits. Subsequent SPRbased inhibition assays indicated that the lactosylated glycopeptides were more potent galectin
inhibitors than lactose. The (galactosylated glyco)peptides were able to inhibit the binding of hGal-3, however, they displayed a different effect on the binding of h-Gal-1, which may be
attributed to aggregation or clustering of h-Gal-1.
Chapter 5 describes the application of the galectin-specific lead (glyco)peptides as
identified in Chapter 4 in solid-phase inhibition assays. These assays included h-Gal-1, -3, -4
and -9 to assess the intrafamily diversity in ligand identification. The results indicated that
some (glyco)peptides were more efficient galectin inhibitors than lactose, and intrafamily
cross-reactivity was observed. Moreover, cell assays with cells of human tumour lines were
performed, which indicated that some lead compounds could effectively inhibit the cell surface
binding of the galectins.
In Chapter 6, the synthesis of a combinatorial solid-phase glycopeptide library containing
Fuc(β1-S)Cys and Fuc(β1-N)Asn is described. This library was screened with fluorescently
labelled α-L-fucose-specific Ulex europaeus agglutinin-I to study the effect of the configuration
of the S- or N-glycosidic linkage on the strength and specificity of carbohydrate-protein
interactions. The results indicated that the lectin was able to recognize nonnatural β-linked S,N-fucosylated glycopeptides. In addition, some lead structures were resynthesized for future
surface plasmon resonance-based interaction studies.
In Chapter 7, some RCA120- and h-Gal-1-specific lead glycopeptides (identified in Chapters
3 and 4, respectively) were used to develop SPR-based biosensors for the sensitive detection of
carbohydrate-binding proteins in solution. To this end, the glycopeptides were immobilized on
various types of sensor chip surfaces to optimize the sensitivity of the biosensor. The best
sensitivity was obtained on glycopeptide-derivatized self-assembled monolayers consisting of
a 9:1 ratio of 3-mercapto-1-propanol/11-mercaptoundecanoic acid. Detection limits of 0.13 and
0.9 nM were obtained for RCA120 and h-Gal-1, respectively. Additionally, the effect of
interfering compounds on the sensitivity of the optimized biosensor was investigated,
demonstrating remarkably different behavior of the respective analytes in the presence of a
model protein mixture.
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Samenvatting
Koolhydraten spelen een essentiële rol in alle vormen van leven. Verankerd aan eiwitten
(glycoproteïnen) en lipiden (glycolipiden) fungeren ze als herkenningselementen in
verschillende

biologische

immuunrespons,

virale

en

interactieprocessen,
parasitaire

infecties,

zoals

intercellulaire

signaaloverdracht

en

communicatie,
ontwikkeling.

Synthetische mimetica van natuurlijke oligosachariden hebben bijgedragen aan een beter
begrip van deze complexe herkenningsmechanismen. Bovendien kunnen ze gebruikt worden
voor het moduleren van, of ingrijpen in, ongewenste (pathologische) processen. Van
glycopeptiden is aangetoond dat het efficiënte oligosacharide mimetica zijn. Daarnaast is het
relatief gemakkelijk om glycopeptide bibliotheken te maken, wat toegang geeft tot een groot
aantal mogelijke liganden die met een hoge affiniteit aan koolhydraat-herkennende eiwitten
(lectinen) kunnen binden. Dit proefschrift beschrijft de synthese van combinatoriële vaste fase
glycopeptide bibliotheken en hun toepassing in de identificatie van glycopeptiden die
fungeren als oligosacharide mimetica in het binden aan een receptor.
Hoofdstuk 1 geeft een overzicht over de vaste fase synthese van glycopeptiden en
glycopeptide bibliotheken en geeft een samenvatting van de technieken die gebruikt worden
om koolhydraat-eiwit interacties te bestuderen. Bovendien worden de biologische functies van
galectines en de synthetische galectine-inhibitoren die tot op heden ontwikkeld zijn kort
besproken.
In Hoofdstuk 2 wordt de synthese van diverse geglycosyleerde aminozuren met een
onnatuurlijke S- of N-glycosidische binding beschreven. Deze geglycosyleerde aminozuren
kunnen gebruikt worden voor het maken van S-,N-glycopeptiden die een verhoogde stabiliteit
kunnen hebben ten opzichte van zure condities en enzymatische degradatie. 1,2-Transgekoppelde S-geglycosyleerde aminozuren werden in een goede opbrengst verkregen door
middel van Lewis-zuur gekatalyseerde condensatie van geperacetyleerde glycosyl donoren en
Nα-Fmoc-Cys-OH. Ook kon een gefucosyleerd aminozuur met een 1,2-cis-thioglyosidische
binding gesynthetiseerd worden in een goede opbrengst, en met een zeer goede
stereoselectiviteit, door gebruik te maken van per-O-trimethylsilyl-α-L-fucopyranosyl jodide en
Nα-Fmoc-Cys-OPfp. Bovendien werden N-geglycosyleerde aminozuren gemaakt in een goede
opbrengst door middel van de koppeling van onbeschermde glycosylamines en Nα-FmocAsp(OH)-OtBu met TBTU activering.
In Hoofdstuk 3 werden twee combinatoriële vaste fase bibliotheken gemaakt volgens de
split-en-mix methode, gecombineerd met de ladder synthese. Deze bibliotheken bevatten
respectievelijk Gal(β1-O)Thr, en Gal(β1-S)Cys en Gal(β1-N)Asn. Uit de screening van deze
bibliotheken met fluorescent gelabeld Ricinus communis agglutinine (RCA120) bleek dat het
lectine in staat was zowel O- als S- of S-,N-glycopeptiden met een vergelijkbare aminozuur
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volgorde te herkennen. Vervolgens werd de RCA120-glycopeptide interactie bestudeerd met
behulp van "surface plasmon resonance" (SPR) spectroscopie, waaruit bleek dat de O-, S- en S,N-glycopeptiden aan het lectine bonden met een vergelijkbare affiniteit. Ook werden O- en S,N-glycopeptiden geïncubeerd met β-galactosidase, waarmee werd aangetoond dat S-,Nglycopeptiden volledig stabiel zijn ten opzichte van enzymatische degradatie, terwijl Oglycopeptiden niet geheel stabiel zijn.
Hoofdstuk 4 beschrijft de synthese van een combinatoriële vaste fase bibliotheek met
Lac(β1-O)Thr. Deze bibliotheek en de twee gegalactosyleerde glycopeptide bibliotheken
(Hoofdstuk 3) werden gescreend met fluorescent gelabeld humaan galectine-1 (h-Gal-1) en
humaan galectine-3 (h-Gal-3) om liganden te identificeren die in staat zijn kwaadaardige
galectine-koolhydraat interacties te inhiberen. De screening van de galactose bevattende
glycopeptide bibliotheken leverde voornamelijk peptide hits op, terwijl er voornamelijk
glycopeptide hits verkregen werden uit de lactose bevattende glycopeptide bibliotheek.
Inhibitie experimenten met behulp van SPR spectroscopie wezen uit dat de lactose bevattende
glycopeptiden sterkere galectine inhibitoren waren dan lactose. De (gegalactosyleerde
glyco)peptiden konden de binding van h-Gal-3 inhiberen, maar hadden een ander effect op de
binding van h-Gal-1, wat toegeschreven kan worden aan aggregatie of clustering van h-Gal-1.
In Hoofdstuk 5 werden de galectine-specifieke lead (glyco)peptiden, beschreven in
Hoofdstuk 4, toegepast in vaste fase inhibitie experimenten. In deze experimenten werden
galectine-1, -3, -4 en -9 gebruikt om het verschil in ligand herkenning binnen de galectine
familie te bestuderen. Uit de resultaten bleek dat sommige (glyco)peptiden efficiëntere
inhibitoren waren dan lactose. Daarnaast werd kruis-reactiviteit waargenomen. Bovendien
werd door middel van experimenten met humane tumorcellijnen aangetoond dat sommige
lead structuren in staat waren om de binding van galectinen aan het celoppervlak te inhiberen.
Hoofdstuk 6 beschrijft de synthese van een combinatoriële vaste fase bibliotheek die
Fuc(β1-S)Cys en Fuc(β1-N)Asn bevat. Deze bibliotheek werd gescreend met fluorescent
gelabeld Ulex europaeus agglutinine-I om het effect van de configuratie van de S- of Nglycosidische binding op de sterkte en specificiteit van koolhydraat-eiwit interacties te
bestuderen. Uit de resultaten bleek dat het lectine in staat was om onnatuurlijke β-gekoppelde
S-,N-gefucosyleerde

glycopeptiden

te

herkennen.

Enkele

(glyco)peptiden

werden

gehersynthetiseerd voor toekomstige interactiestudies met behulp van SPR spectroscopie.
In

Hoofdstuk

7

werden

enkele

RCA120-

en

h-Gal-1-specifieke

glycopeptiden

(respectievelijk beschreven in Hoofdstuk 3 en 4) gebruikt om gevoelige, op SPR spectroscopie
gebaseerde, biosensoren te ontwikkelen voor de detectie van lectinen in oplossing. Hiervoor
werden de glycopeptiden geïmmobiliseerd op verschillende soorten sensor chip oppervlakken,
om de gevoeligheid van de biosensor te optimaliseren. De gevoeligste biosensor werd
verkregen door glycopeptiden te immobiliseren op een monolaag bestaande uit een 9:1
verhouding
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van

3-mercapto-1-propanol/11-mercaptoundecaanzuur.

Dit

leverde

detectielimieten op van respectievelijk 0.13 en 0.9 nM voor RCA120 en h-Gal-1. Ook werd het
effect van verstorende additieven op de gevoeligheid van de geoptimaliseerde biosensor
bestudeerd, waaruit bleek dat het effect van het toegevoegde model eiwitmengsel op de
detectielimiet verschilde voor de beide lectinen.
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