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Small peptides selected from a library of 62 000 chemically
synthesized peptides were able to recognize a mono-
saccharide specifically and efficiently using both sandwich-
ing and hydrogen bonding interactions, much like sugar-
binding proteins (lectins) with the appropriate orientation of
amino acid side chains.

Protein–oligosaccharide interactions play a key role in the
control of various normal and pathological processes.1,2

Because of their importance, there has been considerable drive
toward the better understanding of the saccharide (carbohy-
drate) binding specificity of proteins (lectins). Progress has
been made using X-ray crystallography, isothermal titration
microcalorimetry and site-directed mutagenesis experi-
ments.3–6 These numerous studies have found diverse mecha-
nisms for saccharide recognition by proteins that have evolved
independently but that share some key features. High selectivity
for a saccharide is achieved through a combination of hydrogen
bonding to the saccharide hydroxy groups and van der Waals
packing of the hydrophobic sugar face against aromatic amino
acid side chains forming what is called sandwiching inter-
action.7,8 Since the binding of saccharides by proteins involves
a variety of recognition processes and the proteins themselves
exhibit considerable structural diversity, it is difficult to obtain
detailed information using thermodynamic and kinetic parame-
ters resulting from the analysis of a large lectin–oligosaccharide
complex. Establishing a model system is one of the essential
methods to reveal function and mechanism of the specific
interactions quantitatively, but there is no good model system
that includes the two binding interactions found between
proteins and saccharides.

Here, a small oligopeptide–monosaccharide complex was
developed as a model system for wild type protein–saccharide
complexes which includes the hydrogen bonding and sandwich-
ing recognition mechanisms. Firstly, in order to investigate the
relationship between peptide conformation and sandwiching
interaction ability, we synthesized alanine-based oligopeptides
with one or two tryptophan residues to test the sandwiching
interaction between the monosaccharide and the two tryptophan
indole side chains, KW (S i+0), KWW (S i+1), KWAW (S i+2),
KWAAW (S i+3), KWAAAW (S i+4), KWAAAAW (S i+5)
and KWAAAAAW (S i+6).† Fig. 1 shows relative fluorescence
intensities (DF) of these peptides in the presence (F) and
absence (F0) of D-galactose, DF = (F 2 F0) 3 100/F0.‡
Because DF shows saccharide sandwiching ability of the
oligopeptide,8 these results indicate that the oligopeptide is able
to recognize the monosaccharide effectively with W residues at
i and i+4. Aoyama and co-workers showed only two residual
peptides, W–W, can recognize maltodextrin via sugar–bi-
sindole interaction,12 as the result of the (S i+1) peptide. Our
results show that the (S i+4) peptide is capable of recognizing a
monosaccharide more efficiently than the (S i+1) peptide and
that the aromatic residues at i and i+4 have a critical role in this
recognition. Previously, tryptophan and porphyrin binding

peptides were obtained using combinatorial chemistry and
phage display, respectively.9–11 These peptides also had two
aromatic residues and recognized each target molecule using
only the sandwiching interaction with these two aromatic
residues. Therefore, if both the hydrogen bonding and sand-
wiching interaction can be introduced suitably in one peptide,
more efficient and specific recognition of a monosaccharide
could be acquired, even in a small oligopeptide.

We have attempted to put both of the binding modes in the
appropriate orientation into a small peptide using combinatorial
chemistry. It was shown that the two aromatic residues at i and
i+4 had a critical role for the sandwiching interaction by the
fluorescence measurements of (S i+0 ~ 6) peptides. Therefore,
using a basic split and mix method on a solid phase,12 a biased
combinatorial peptide library with Aro-X-X-X-Aro, where Aro
is an L-aromatic amino acid and X is a natural L-amino acid
(except C), was synthesized to have sandwiching interaction
with i and i+4 aromatic residues. D-Erythrose (HOCH2-
[CH(OH)]2CHO, Sigma–Aldrich Co.) was chosen as a target
monosaccharide because D–erythrose is a light yellow syrup and
can be followed with visible light.13 The peptide library and D-
erythrose were mixed, gently shaken overnight in a buffer
containing 10 mM NaCl, 10 mM Na2HPO4, and 1 mM EDTA
(pH 7.0) at rt then washed with buffer solution to eliminate any
non-specific interactions. It was confirmed that the background
signal arising from the non-specific interaction between D-
erythrose and the beads in the selection procedure is low enough
to select specific colored beads. Using a microscope, 15 beads
were then selected from a library theoretically containing

Fig. 1 Ratio of fluorescence intensities (DF) of 5 mM peptides at 348 nm
and 1.0 °C. All experiments were carried out in a buffer of 10 mM NaCl,
1 mM Na2HPO4 and 1 mM EDTA (pH 7.0). The excitation wavelength for
Trp is 278 nm and detected at 348 nm.
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62 000 kinds of peptides. Ten of the 15 selected peptides had a
common motif: WNNNF/T where two of the three N residues
were negatively charged amino acids (D or E).

To confirm the highly selective monosaccharide binding by
motif peptides and to investigate the motif peptide–D-erythrose
interaction, association constants (Ka) of motif peptides for
monosaccharides were estimated from fluorescence intensity
change by a curve fitting procedure described previously,14

using the same buffer as the selection experiments. Table 1
shows the Ka of WGDEY and WADEF with D-erythrose and a
reference sugar (D-galactose), respectively, and the values of the
(S i+4) peptide with sugars as references. The difference
observed between motif peptides-D-erythrose and motif pep-
tide-D-galactose suggests that motif peptides can recognize a
target molecule selectively. Affinity of the lectin for a
monosaccharide is usually weak with association constants in
the millimolar range, yet it is often highly selective.2 On the
other hand, affinity constants for binding of a simple oligo-
saccharide to most lectins are estimated to be 103–106 M21).15

Therefore, the Ka value of the motif peptide-D-erythrose is large
enough for a monosaccharide recognition protein. The differ-
ence between DG° of motif peptides-D-erythrose (27.0 and
26.8 kcal mol21) and reference peptide-D-galactose (24.5
kcal mol21) is about 22.5 kcal mol21. The net contributions of
an intramolecular hydrogen bond between protein side chains
and an intermolecular hydrogen bond between protein and
water were estimated to be 22.3 and 21.2 kcal mol21,
respectively.16 Furthermore, hydrogen bonds in proteins and a-
helical peptides were estimated to be 21.3 and 21.0 kcal
mol21, respectively.17,18 Therefore, one or two appropriate
hydrogen bonding interactions were successfully introduced
into the selected peptides-D-erythrose interaction using combi-
natorial chemistry. Fig. 2 shows the minimized energy structure
of WGDEY–D-erythrose complex§ which suggests that the
peptide sandwiches D-erythrose with W and Y and that a
hydrogen bond is formed between the hydroxy group of D-
erythrose and a polar side chain of the peptide. Both
thermodynamic and molecular modelling results indicate that
the motif peptides can bind D-erythrose with the two binding
manners as observed in the wild-type saccharide binding

proteins. These results also show that all (i ~ i+4) residues have
critical roles for specific monosaccharide recognition. The i and
i+4 aromatic residues are necessary to form a sandwiching
interaction, and the acidic residues at i+1, i+2 and i+3 are well
suited for hydrogen-bonding interactions. Other selected small
residues such as A and G are also important to fit peptide
structure for the multi-point saccharide recognition. These
delicate residue arrangements were achieved with a combina-
tion of rational design studies and a biased combinatorial
library.

In summary, the smallest model system of saccharide-
binding protein with both hydrogen bonding and the sandwich-
ing interaction was developed using a combination of rational
design and combinatorial chemistry. This system is very useful
to obtain quantitative parameters of general saccharide–protein
interactions.
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Notes and references
† All peptides used in this study were synthesized by the Fmoc procedure on
a solid support of Fmoc-NH-SAL resin then purified by HPLC. These
peptides were named as S i+x (x = 0–6) by means of short oligopeptides
which have one or two Trp residues at i and i+x. The peptide sequences were
confirmed by peptide sequencing.
‡ All fluorescence spectra were measured from 250 to 350 nm and excited
at 278 nm in a 1 cm path length cuvette in the presence and absence of D-Gal
at 1.0 °C. All experiments were done in a buffer of 10 mM NaCl, 1 mM
Na2HPO4 and 1 mM EDTA4 (pH 7.0). Peptide and saccharide concentra-
tions were 5 mM and 50 mM, respectively.
§ The minimized energy structure was obtained after molecular calculation
using QUANTA 96/CHARMM 23.2 on a Silicon Graphics Indigo2

workstation running IRIX 5.3. The energy of the complex was minimized
by the parameter of Newton-Raphson and VERLET with an adopted basis
set. Dynamics simulation of the minimized energy structure was performed
to obtain various conformations as initial coordinates for the calculation.
The VERLET algorithm with a time step of 1 fs was used in the dynamics
simulation. The system was heated from 0 to 1000 K for the conformational
search in the MD simulation.
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Table 1 Binding constants and free energies of peptide–saccharide
complexes at 1 °C

Ka/104 Ma 2DG0/kcal mol21 b

Peptide
sequence D-Erythrose D-Galactose D-Erythrose D-Galactose

WGDEY 35.0 ± 2.9 5.22 ± 0.42 6.95 ± 0.05 5.91 ± 0.04
WADEF 26.5 ± 2.3 3.81 ± 0.27 6.80 ± 0.05 5.75 ± 0.04
KWAAAW 0.41 ± 0.06 3.89 ± 0.13 4.53 ± 0.06 5.76 ± 0.02
a Ka values were estimated by the curve fitting procedure described in the
text. b 2DG0 values were determined with the equation DG0 = 2RTln
Ka

Fig. 2 Minimized energy structure of WGDEY–D-erythrose. Lines and
dotted lines indicate CH-p and hydrogen-bonding interaction, respec-
tively.

2296 Chem. Commun., 2000, 2295–2296


