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Combinatorial chemistry has become indispensable for drug
discovery and biotechnological research with high-through-
put screening. Recently, glycoproteomics or glycomics has
become a major academic and clinical research priority.
Oligosaccharides on glycoconjugates, including glycoproteins
and glycolipids, play vital roles in biological processes by
influencing the stability of proteins, protein conformation,
intra- and intercell signaling, and binding specificity for other
biomolecules.[1] However, the functions of glycoconjugates
are little understood at the molecular level, mostly because of
a lack of sensitive and high-throughput methods for analyzing
the structure and interaction of oligosaccharides. To over-
come these problems, technologies such as an observational
multistage tandem mass-spectral (MSn) library[2] and arrays
for carbohydrate and lectin[3] have been developed. However,
a large variety of structurally defined oligosaccharides, that is,
an oligosaccharide library,[4] is prerequisite for these technol-
ogies. A convenient and effective method for the construction
of an oligosaccharide library is desired. Herein, we describe a
method for the efficient construction of a glycopeptide library
which can be easily converted to an oligosaccharide library by
using human recombinant glycosyltransferases.[5] Further-
more, applications for the screening of ligand specificity for
lectins by mass spectrometry are demonstrated.
We have developed a method for the construction of

molecular-weight-tagged libraries, in which the structure and
molecular weight of the components were designed to
correspond one-to-one by using glycosyltransferases. Our
general strategy for the construction of the libraries is shown
in Figure 1. To achieve a diversity of oligosaccharides, the
starting peptide or glycopeptide X, enzyme I, and the donor
substrate A were added to a reaction mixture, and the
reaction was stopped at around a 50% yield of the product

AX by monitoring the time course of the reaction using mass
spectrometry. The reaction mixture was kept at 0 8C during
monitoring to stop the enzymatic reaction from proceeding.
After enzyme I had been irreversibly denatured and inacti-
vated by heat, enzyme II and the donor substrate B were
added to the mixture ofX andAX, and the mixture was again
incubated. Then the transfer reaction of B was stopped at
around a 50% yield, and enzyme II was inactivated. Sequen-
tially, enzyme III and substrate C were added to the above
solution containing X, BX, AX, and BAX, and the reaction
was stopped at around a 50% yield. Finally, the glycopeptides
were easily purified using a solid-phase extraction device,
such as a reversed-phase microcolumn. After the three
reactions, a mixed library, which theoretically contains eight
different compounds (X, CX, BX, CBX, AX, CAX, BAX,
and CBAX), should be generated.
The major advantages of our method are as follows: First,

the formation of glycosidic linkages can be strictly controlled
because of the excellent regio- and stereoselectivity of
glycosyltransferases, which exhibit a clear specificity for
substrates.[5] Second, by terminating each enzyme reaction
halfway, it is possible to construct a library that has
theoretically 2n (n is the number of reaction steps) structures
of oligosaccharides in a single tube. Third, the structure of
each component in the library can be identified immediately
by mass spectrometry alone, because these libraries are
designed as molecular-weight-tagged libraries, that is, each
product has a different molecular weight.
Our strategy has the limitation of not allowing the

repetitive use of the same glycosyl donor or of diastereomeric
donors (e.g., mannose and galactose donors) to achieve
variation. Therefore, it is important for the systematic
construction of the libraries to design reaction protocols
that include the selection of enzymes, the reaction sequence,
and the structure of the starting materials.
To demonstrate this strategy, we attempted to construct a

library of O-linked glycopeptides, most of which are not
commercially available. Extensions of the carbohydrate chain
of glycopeptide 1 (b3Gal-Core 3-Muc1a) were achieved by
sequential addition of each enzyme (ST6GalNAcI, fucosyl-

Figure 1. Basic strategy for the construction of oligosaccharide and
glycopeptide libraries.
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transferase 2 (FUT2), and a3GalNAcT (A enzyme)) and its
donor substrate (cytidine 5’-monophospho-N-acetylneura-
minic acid (CMP-Neu5Ac), guanosine 5’-diphospho-b-L-
fucose (GDP-Fuc), and uridine 5’-diphospho-N-acetylgalac-
tosamine (UDP-GalNAc), respectively) in a single tube
(Figure 2a). The time course of each reaction was monitored

with a MALDI-TOF MS instrument (ReflexIV, Bruker-
Daltonik) by directly applying the reaction solution to the
target plate, and the reaction was stopped at around a 50%
yield by inactivating the enzyme at 100 8C for five minutes.
Figure 2b shows the mass spectrum of the final reaction
mixture. As a3GalNAcT transfers a GalNAc residue in the
a1–3 linkage to the terminal Fuca1–2Gal structure, this
library has six (over eight possible) compounds in this case. To

each peak, the structure could be instantly assigned from the
m/z value. In the same way, we synthesized a glycopeptide
library having various O-linked oligosaccharides, that is,
B antigen, LewisX and sialyl LewisX epitope, or LewisA and
sialyl LewisA epitope elongated on the Core 2 and Core 3
structures, respectively (data not shown).
Reductive b elimination[6] by incubating the library at

50 8C overnight in 20 mL of NaOH (50 mm) and NaBH4
(500 mm) afforded the corresponding oligosaccharide library
(Figure 3). Collision-induced dissociation (CID) spectra were
acquired with a MALDI-QIT-TOFMS instrument (AXIMA-
QIT, Shimadzu), and deposited in a CabosML database.[7]

The libraries described above have many uses. Herein, we
demonstrate the screening of ligand specificity for lectins by
using mass spectrometry. Ligand specificity for jacalin was
determined quite easily by using the prepared library
(Figure 4a). Jacalin covalently linked to agarose beads (0, 1,
2.5, and 5 mL) was added to library solutions. Bovine serum
albumin (BSA)-conjugated agarose beads were used as the
negative control. The solutions were incubated and centri-
fuged, and the glycopeptides remaining in the supernatants
were identified by directly applying the supernatants with the
matrix solution to the MS target plate. In this screening
system, if the immobilized lectin has binding affinity for a

Figure 2. Demonstration of our construction strategy. a) Synthesis of
an O-linked glycopeptide library including A antigen structures.
b) MALDI-TOF mass spectrum of the prepared library. The asterisks
indicate metastable ions from the sialylated compounds. Conditions
for the enzymatic reactions: 1) ST6GalNAcI (5 mL), N-(2-hydroxylethyl)-
piperazine-N’-2-ethanesulfonic acid (HEPES buffer) (25 mm, pH 7.0),
MnCl2 (10 mm), CMP-Neu5Ac (25 nmol), glycopeptide 1 (1 nmol),
37 8C, 12 h; 2) FUT2 (2 mL), GDP-Fuc (5 nmol), 37 8C, 2 h; 3) a3Gal-
NAcT (2 mL), UDP-GalNAc (2 nmol), 37 8C, 3 h. The recombinant
glycosyltransferases are bound to anti-Flag M1 affinity gel (Sigma).

Figure 3. Conversion of a glycopeptide library to an oligosaccharide library. a) Struc-
tures and observed signals before and after b-elimination. b) MALDI-TOF mass
spectrum of a glycopeptide library. c) MALDI-TOF mass spectrum of the released
glycan from this glycopeptide library. The glycopeptides were observed as [M+H]+

ions, the alditols as [M+Na]+ ions.

Zuschriften

4624 � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de Angew. Chem. 2005, 117, 4623 –4625

http://www.angewandte.de


component of the library solution, the corresponding peak of
this component becomes small or disappears on the mass
spectrum. The intensities of three peaks corresponding to Tn,
Core 1, and Core 3 structures in the mass spectra gradually
decreased as the amount of added jacalin increased, whereas
the intensity of two peaks, Core 2 and Core 4, did not
decrease (Figure 4b). These results are consistent with the
report that jacalin recognizes Tn and Core 1 residues,[8] and
also include some additional findings: 1) jacalin binds to O-
linked oligosaccharides, which are linearly elongated on the
Gal residue of Core 1 and the GlcNAc residue of Core 3;
2) jacalin does not bind toO-glycans in which the O6 position
of the GalNAc residue is occupied, that is, Core 2 and Core 4
structures.
In conclusion, we developed molecular-weight-tagged

libraries thar were rapidly and readily prepared as mixtures,
and the structure of each component in the libraries could be
identified immediately by mass spectrometry alone. The
libraries were useful for rapid and easy screening for ligand
specificity of carbohydrate-binding proteins, such as lectins
and antibodies. In the past few years, we have developedmore
than 160 human glycosyltransferases as recombinant
enzymes.[5] It is possible to prepare libraries containing a
large variety of natural oligosaccharide structures with these

glycosyltransferases. We are increasing the variety of libraries
as much as possible, based on different combinations of many
enzymes and acceptor substrates, by carefully designing the
reaction protocols, thus avoiding the complication attribut-
able to components with the same molecular weight. In
addition, this method will be applied to an automated system
as a synthesizer for glycan and glycopeptide libraries. The
libraries can also be used as carbohydrate microarrays in
various fields of research, such as functional glycomics and
drug discovery.
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Figure 4. Screening of ligand specificity for jacalin by mass spectrome-
try. a) Components of the library used for screening. b) MALDI-TOF
mass spectra of the library solution at various concentrations of jaca-
lin. BSA covalently linked to agarose beads (5 mL) was used as the
negative control (N.C.).
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