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Abstract—A library of pentapeptides containing the sequence –Y–X–Y– based on rational design was screened with six different
lectins. Sequences were identified that modulate galectin binding to its natural carbohydrate ligand. SPR showed inhibition values
2–3 times stronger than galactose and NMR studies suggested real carbohydrate mimicry.
# 2004 Elsevier Ltd. All rights reserved.
Protein–carbohydrate interactions are increasingly
acknowledged for their role in various intra- and inter-
cellular recognition processes.1 Carbohydrate recogni-
tion is governed by stacking interactions and the more
directional hydrogen bonds.2 Protein–protein and pep-
tide–protein interactions are controlled by similar inter-
molecular interactions. For this reason it is likely that
specific peptide sequences should be able to bind to
proteins with a carbohydrate recognition domain, a
fundamental hypothesis with far-reaching basic and
applied consequences.

Peptides capable of having strong interactions with car-
bohydrate binding proteins may have several applica-
tions in medicinal chemistry.3 As enzyme inhibitors they
could be useful laboratory tools and lead compounds
for a new class of therapeutics that aim at modulating
glycosylation. As adhesion inhibitors they could inter-
fere with the initiation of bacterial and viral infections
or undesired leukocyte accumulation. Furthermore, in
cases where difficulty of immunologic protection by
carbohydrate antigens is observed, the use of peptides
that mimic carbohydrates may provide an alternative
route for improved T-cell dependent immunization.
Indeed, initial work in this area has supported the basic
validity of this concept and its significant potential, and
numerous examples of peptides with affinity to anti-
carbohydrate antibodies have been identified.3,4 How-
ever, only a few sequences with affinity for carbohydrate
processing enzymes or other carbohydrate binding
proteins, especially lectins, are known.3c,5

We report here on our search for short peptide sequen-
ces complementary to galactose-specific lectins. We
deliberately tested two classes of lectins with separate
folding patterns sharing specificity to d-galactose: the
mistletoe (Viscum album L.) lectin with its b-trefoil
motif and animal galectins.6 Members of the galectin
family of endogenous lectins are crucially involved in
various physiological and pathophysiological reaction
pathways such as immunomodulation, tumor growth
regulation, invasion and metastasis and they also
appear to interact with cytoplasmic/nuclear proteins
guided by presently unknown characteristics of target
site selection.7

A peptide library was used in search of glycomimetic
substances. Tyr–Xaa–Tyr was a consensus sequence
observed in a number of reports that showed these
peptides to mimic different types of saccharides.5,8
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Therefore this sequence was chosen as a basis for a
rational library design. The positions of variation were
chosen at aa-19 and aa-3,10 while keeping aa-2 and aa-4
constant as a tyrosine, and aa-5 as a phenylalanine.
With this approach, 20 mixtures of 5 peptides each were
synthesized that included non-proteinogenic residues
and many different classes of functional groups. Pep-
tides in each mixture were chosen to have different
molecular weights in order that electrospray mass spec-
trometry would indicate proper synthesis of the entire
set of peptides.

The peptide mixtures were screened in a solid phase
assay.11,12 It included five galectins, the Viscum album
agglutinin (VAA) and concanavalin A (ConA). The
different galectin subtypes were represented, that is,
three mammalian galectins from the prototype and
chimera-type groups (that is, galectins-1 and -5 vs
galectin-3) and the two known prototype chicken
galectins (CG-14, CG-16). Biotin-labeled lectins were
coincubated with the peptides (total concentration 5.6
mM) in order to test the peptides’ ability to interfere
with lectin binding to a glycoprotein matrix mimicking
a cell surface. For the galactose-specific lectins, the
matrix consisted of the glycoprotein asialofetuin (ASF),
a potent ligand for galactose specific lectins, while yeast
mannan was used for the ConA studies. Lectin binding
to the matrices was completely dependent on the glycan
but not the protein part of the glycoproteins used as
ligands. From the 20 mixtures that were screened, 12
showed no effect, 6 showed an inhibitory effect with
galactose specific lectin binding, and surprisingly, 2
mixtures showed an enhancement of the lectin-derived
signal, that is, a stronger signal than in the absence of
peptides. The strongest inhibitory mixtures brought the
signal down to 10–20% residual galectin binding to the
ASF coated plate. No inhibition of ConA (with yeast
mannan) was seen. The 40 peptides of the mixtures of
interest were resynthesized in order to evaluate their
individual binding properties.13 The results were visua-
lized by using the TreeView program v. 1.60 developed
by Eisen14 (Fig. 1). The degree of specificity of the indi-
vidual peptides for the different lectins can be easily
compared by this visualization method. For example,
peptide 7 binds to all the galactose-specific lectins but
peptide 16 shows a preference for galectin-3 and CG-14.

In order to confirm and extend the solid phase assay
results three representative sequences were tested by
surface plasmon resonance (SPR): a non-selective inhib-
itor peptide 7, a more selective inhibitor peptide 16, and
a signal enhancing peptide 34. They were synthesized15

in two forms: as the free peptide and also linked to a
solubility improving tail via the N-terminus (Fig. 2).
Indeed, solubility was enhanced from 0.4–0.9 mM for
the free peptides 7 and 16 to 7.5–10 mM for their
N-extended counterparts. For the SPR experiments, a
competition assay was developed. The lectins, which
showed good binding to an ASF-functionalized SPR
Figure 1. Summary of solid-phase screening showing mixtures of
peptides (library screening) or single peptides: the gradient from blue–
white–red indicates increasing lectin inhibition to ASF. Very dark blue
indicates enhanced lectin binding. Shown also are data for lactose and
galactose as a control for the galectins. R1 and R2 are given (lower
case indicates d-form amino acid).
Figure 2. Structures of peptide–ligands measured with SPR in a
competition assay versus Gal-1, CG-14, and VAA. Tyramine.HCl was
used as a control.
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chip, were exposed to different concentrations of the
peptide. Inhibition was apparent from the signal reduc-
tion due to the presence of the peptides. Plotting the
signal versus the concentration of peptide yielded the
inhibition curve of 16a for galectin-1 inhibition (see Fig.
3). Full inhibition was seen with peptides 7a and 16a.
The results correlate well with the data of solid phase
assay. Peptides 7 and 16 could not be subjected to SPR
analysis due to poor solubility. Peptide 7a was found to
have an IC50 for galectin-1 of 8.0 mM and for CG-14 of
6.9 mM. For peptide 16a these values were 5.2 and 7.5
mM, respectively. For comparison, the IC50 of lactose
and galactose for galectin-1 inhibition were 0.2 and 12
mM. Control experiments were run with tyramine (Fig.
2) at up to 90 mM and no inhibition was observed with
Gal-1. To infer binding of peptides in or near the car-
bohydrate-specific site, we employed the laser photo-
CIDNP (chemically induced dynamic nuclear polariza-
tion) technique. Lactose weakens or even abolishes the
signal of the tryptophan in the galectins’ binding site,
reflecting the known stacking/C-H/p-interactions.16

Using peptide 16a and galectin-3 the signal at 6.20 ppm
originating from H6 of the indolyl ring of Trp 194,
which was susceptible to lactose presence, was sig-
nificantly reduced at a peptide: galectin ratio of 10:1
(6 mM and 0.6 mM), arguing in favor of the given
assumption. The observation of enhancement of lectin
binding in the solid phase assay was also seen in the
SPR assay for peptides 34 and 34a. In the case of
galectin-1, maximum enhancement was observed in the
5 to 10 mM range for both peptides with the enhance-
ment being around 20% of the lectin equilibrium bind-
ing signal. Similar observations were made with CG-14.

In conclusion, short peptide sequences (that is, 5-mers)
that harbor the Tyr–Xaa–Tyr sequence were found to
inhibit protein–carbohydrate binding of various galac-
tose specific lectins with IC50 values in the 4–8 mM
range. This is �2–3 times stronger than galactose. A
solid phase assay was useful for initial routine screening
whereas SPR technology allowed extended analysis of
selected peptides.

Regarding active sequences especially the polar residues
Asp, Thr and Lys were often found. Considering the
abundance of aromatic residues already present in the
peptides, the polar residues likely complement the
aromatic ones through electrostatic interactions and
hydrogen bonds. The sequences appear to be true
glycomimetics, that is, they do not merely target the
vicinity of the galactose-specific site since binding was
observed to both plant and animal lectins whose bind-
ing sites are known to differ.2d,17 Furthermore specifi-
city for the different galectins was observed in some
cases and no significant inhibition was seen with the
mannose-specific ConA, another argument for inherent
selectivity. Besides inhibition we also observed signal
enhancement by certain peptides. This was observed
both in solid-phase inhibition and the SPR assay. The
phenomenon of signal enhancement had been seen
before with multivalent mannose ligands binding to
ConA.18 In this case it could be explained by the nature
of the multivalent ligand which can cross-link several
lectin molecules, a feature also implicated in galectin
signaling. The ensuing result is aggregation which
brings more lectin molecules to the chip than without a
multivalent ligand present, hence enhancing the signal.
Whether 5-mers might somehow act as cross-linkers or
act by a different mechanism will be subject of further
study. Efforts will also be directed towards the elucida-
tion of the target sites and the binding mode of the
defined 5-mer peptide sequences to the galactose-bind-
ing lectins using various techniques and also towards
further optimization of the structure of the non-carbo-
hydrate ligand. The finding that peptide sequences have
the capacity to associate with lectins will broaden our
insights into their functionality considerably, since pro-
teins that contain these sequences may be shown to
interact with mammalian lectins as well.19
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368. (b) Gabius, H.-J.; André, S.; Kaltner, H.; Siebert,
H.-C. Biochim. Biophys. Acta 2002, 1572, 165. (c) Rose-
man, S. J. Biol. Chem. 2002, 276, 41527.

2. (a) Quiocho, F. A. Pure Appl. Chem. 1989, 61, 1293. (b)
Rini, J. M. Annu. Rev. Biophys. Biomol. Struct. 1995, 24,
551. (c) Gabius, H.-J. Pharmaceut. Res. 1998, 15, 23. (d)
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S.; Valentini, P.; Böck, C.; Lensch, M.; Kaltner, H.;
Liskamp, R. M. J.; Gabius, H.-J.; Pieters, R. J. Org.
Biomol. Chem. 2003, 1, 803.

12. (a) Gabius, H.-J. Anal. Biochem. 1990, 189, 91. (b) André,
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