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Abstract

Extracellular�-N-acetylhexosaminidases from different fungal strains were screened for their ability to synthesize nucleotide-activated
oligosaccharides. In combination with GalNAc(�1-pNP) as donor the nucleotide sugar UDP-GlcNAc was found to be an effective
acceptor substrate for�-N-acetylhexosaminidases fromAspergillus parasiticus, Aspergillus flavus, Penicillium oxalicum, Trichoderma
harzianum, Aspergillus flavipes, Aspergillus tamarii, andAspergillus oryzae. �-N-acetylhexosaminidase fromTrichoderma harzianum
was selected for further studies on the synthesis of the UDP-disaccharide GalNAc(�1–4)GlcNAc(�1-UDP) (UDP-LacdiNAc). The addi-
tion of heptakis-(2,6-di-O-methyl)-�-cyclodextrin (HM-�-CD) was crucial for the synthesis of this compound by increasing the solubility
of the donor substrate GalNAc(�1-pNP) in aqueous solutions at room temperature. HM-�-CD also increased the maximum reaction velocity
(Vmax) of the enzyme, which was probably due to the elimination of enzyme inhibitors, e.g.,pNP and/or GalNAc, by the cyclodextrin deriva-
tive. Under optimized conditions GalNAc(�1–4)GlcNAc(�1-UDP) was formed stereo- and regioselectively with an overall yield of 3.5%
(17.7�mol, 15.1 mg). The chemical structure was characterized by1H and13C NMR spectroscopy and MALDI-TOF mass spectrometry.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Nucleotide-activated di- and oligosaccharides are known
to be present in higher animals and bacteria and represent
a class of glycoconjugates whose biosynthesis and biologi-
cal function are poorly characterized. Nucleotide-activated
oligosaccharides were first isolated from milk of different
mammals such as goat[1], man [2–4], pig [5] and sheep
[6]. Also hen oviduct was found to be a source of these gly-
coconjugates[7,8]. Structural analyses have revealed that
most of the nucleotide-activated oligosaccharides are based
on the nucleotide sugar UDP-N-acetyl-�-d-glucosamine
(UDP-GlcNAc) and that Gal(�1–4)GlcNAc(�1-UDP)
(UDP-LacNAc) is the most prominent compound.

∗ Corresponding author. Tel.:+49-241-80-28350;
fax: +49-241-80-22387.

E-mail address: l.elling@biotec.rwth-aachen.de (L. Elling).

In archaebacteria nucleotide-activated oligosaccharides
were identified as precursors in the biosynthesis of differ-
ent carbohydrate polymers. The biosynthesis of pseudo-
murein proceeds via GalNAc(�1–3)GlcNAc(�1-UDP) as
an intermediate[9]. The nucleotide-activated oligosaccha-
rides GlcA(1–3)GalNAc-UDP and GlcA(1–3)GalNAc(1–
4)GalNAc-UDP are involved in the biosynthesis of
methanochondroitin[10]. Nucleotide-activated oligosac-
charides based on UDP-GlcNAc, UDP-Gal, GDP-ManNAc,
and UDP-ManNAc were characterized as precursors in the
biosynthesis of the S-layer-glycoproteins[11]. The enzymes
synthesizing these compounds have not yet been identified.

In this context access to nucleotide-activated oligosac-
charides by chemical and/or enzymatic methods could help
to clarify the biosynthesis and elucidate the biological
function of these naturally occurring glycoconjugates. It
is assumed that Leloir glycosyltransferases are responsible
for the synthesis of nucleotide di- and oligosaccharides in
vivo by using nucleotide sugars as acceptor substrates. We
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Fig. 1. Synthesis of GalNAc(�1–4)GlcNAc(�1-UDP) with �-N-acetyl-
hexosaminidase fromT. harzianum.

could recently demonstrate that UDP-GlcNAc is indeed an
in vitro acceptor substrate for�-1,4-galactosyltransferase
1 (�4Gal-T1) from human and bovine milk synthesizing
UDP-LacNAc [12]. Thus, �4Gal-T1 may be responsible
for the synthesis of UDP-LacNAc found in both human and
bovine milk. In order to extend the synthetic approach to
these compounds we explored nucleotide sugars as accep-
tor substrates of glycosidases[13]. With �-galactosidase
from B. circulans we synthesized the UDP-disaccharides
UDP-LacNAc, Gal(�1–4)Glc(�1–UDP) (UDP-Lactose),
and Gal(�1–4)Gal(�1-UDP). The corresponding UDP-
trisaccharides Gal(�1–4)Gal(�1–4)GlcNAc(�1-UDP),
Gal(�1–4)Gal(�1–4)Glc(�1-UDP), and Gal(�1–4)Gal(�1–
4)Gal(�1-UDP) were also formed. The�-galactosidase
from B. adolescentis yielded Gal(�1–3)Glc(�1-UDP) and
Gal(�1–3)Gal(�1-UDP) [14]. In contrast to a previous re-
port by Jourdian and Distler[15] these glycosidases formed
the nucleotide di- and trisaccharides with an exclusive
stereo- and regioselectivity. In the course of our work we
have screened other glycosidases for their ability to use
nucleotide sugars as acceptor substrates.

Here we present our results on the screening of�-N-
acetylhexosaminidases (EC 3.2.1.30) from different mi-
crobial sources with the nucleotide sugars UDP-Glc,
UDP-GlcNAc, and UDP-Gal as acceptor substrate. The
�-N-acetylhexosaminidase fromT. harzianum was se-
lected for the synthesis of GalNAc(�1–4)GlcNAc(�1-UDP)
(UDP-LacdiNAc) (Fig. 1).

2. Materials and methods

2.1. Materials

GalNAc(�1-pNP), GlcNAc(�1-pNP), and nucleotide sug-
ars were obtained from Sigma (Deisenhofen, Germany). All
other chemicals were, if not otherwise stated, from Roth
(Karlsruhe, Germany). All media components were from
Oxoid (Basingstoke Hants, United Kingdom).

2.2. Production and purification of
β-N-acetylhexosaminidases

The fungal strains used for the production of the extra-
cellular �-N-acetylhexosaminidases[16,17] are deposited
in the culture collection of fungi (CCF, Department of
Botany, Charles University, Prague). The cultures were
maintained on the following medium (g/l): agar-agar (20);
bacto-peptone (5); malt extract (35). Conical flasks (500 ml)
with 100 ml medium were inoculated with the suspension
of the spores in 0.1% Tween 80. The flasks were culti-
vated on a rotary shaker at 28◦C. Medium composition
(g/l): mycological peptone (5); KH2PO4 (3); NH4H2PO4
(5); yeast extract (0.5); chitin hydrolysate (2)[18]. The
cultures were harvested after 12 days of cultivation when
extracellular �-N-acetylhexosaminidase activity reached
its maximum. Induction of�-N-acetylhexosaminidase[16]
with aminosugars from chitin hydrolysate ensured high
specific activity practically void of other glycosidases. The
enzymes were pre-purified from the culture filtrate by am-
monium sulfate fractionation (30–80% saturation cut) that
gave preparations of high specific activity directly used for
the respective reactions. The specific activity of the enzyme
preparations obtained were as follows (U/mg protein):As-
pergillus parasiticus CCF 3058 (21),A. flavus CCF 814
(34), A. flavipes CCF 554 (55),A. tamarii CCF 1665 (30),
A. oryzae CCF 147 (49),Penicillium oxalicum CCF 2430
(30), andT. harzianum CCF 2687 (44).

2.3. Screening of β-N-acetylhexosaminidases

The donor substrates GlcNAc(�1-pNP) (9�mol, 3.1 mg)
and GalNAc(�1-pNP) (6�mol, 2.1 mg), respectively, were
dissolved in 50 mM Na2HPO4 buffer (100�l), pH 6.5, con-
taining 200 mM heptakis-(2,6-di-O-methyl)-�-cyclodextrin
(HM-�-CD, 20�mol, 26.6 mg). The acceptor substrates
were added to obtain a final concentration of 100 mM:
UDP-Glc (10�mol, 6.1 mg), UDP-GlcNAc (10�mol,
6.5 mg) and UDP-Gal (10�mol, 6.1 mg), respectively.
The �-N-acetylhexosaminidases were tested using the fol-
lowing activities: A. parasiticus (0.6 U/ml), Aspergillus
flavus (0.3 U/ml), P. oxalicum (0.3 U/ml), T. harzianum
(0.2 U/ml), Aspergillus flavipes (0.4 U/ml), Aspergillus
tamarii (0.2 U/ml) andAspergillus oryzae (0.9 U/ml). The
reaction mixtures were incubated at 30◦C and the reaction
was stopped after 14 h by heating for 5 min at 95◦C. The
synthesis yields were determined by HPLC.

2.4. HPLC analysis

HPLC analysis of nucleosides, nucleotides and nucleotide-
activated mono-, di- and trisaccharides was conducted as
described previously[19]. Samples were fractionated by
ion-pair-reversed-phase HPLC on a Hypersil ODS-column
(C18, 5�m, 4.6 mm× 250 mm; Macherey & Nagel, Düren,
Germany) using 0.1 M potassium acetate, containing 5%
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(v/v) methanol and 0.013% (v/v)n-octylamine, adjusted
with acetic acid to pH 5.6, as eluent at a flow rate of
1 ml/min with UV-detection at 260 nm.

2.5. Influence of cyclodextrins on the solubility of
GalNAc(β1-pNP) and GlcNAc(β1-pNP)

The influence of cyclodextrin on the solubility of
GalNAc(�1-pNP) and GlcNAc(�1-pNP) was assessed us-
ing solutions of 0, 50, 100 and 200 mM cyclodextrin in
50 mM Na2HPO4 buffer (pH 6.5). Samples of�-, �-,
�-hydroxypropyl-�- and heptakis-(2,6-di-O-methyl)-�-
cyclodextrin, respectively, were tested. The cyclodextrin
solutions were added to a defined (5 mg) amount of the
pNP-glycoside substrate at room temperature until they were
dissolved completely. The solubility was determined by cal-
culating the concentration of thepNP-glycoside substrates
in the different volumes of buffer needed for solubilization.

2.6. Activity assay of β-N-acetylhexosaminidases

The activity of the�-N-acetylhexosaminidases was de-
termined with GlcNAc(�1-pNP) as substrate. The reaction
mixture contained 45 mM GlcNAc(�1-pNP) (2.25�mol,
0.77 mg) and 200 mM HM-�-CD (10�mol, 13.3 mg) in
50 mM Na2HPO4 (pH 6.5, 50�l). The reaction was started
by the addition of an aliquot of enzyme solution. The
length of the reaction time at 30◦C allowed a conversion
rate between 2 and 5%. The reaction was terminated by a
pH shift, adding 950�l glycine/NaOH buffer (250 mM, pH
10.0). The amount ofp-nitrophenol liberated in 200�l of
the mixture was determined by measuring the absorbance
at 405 nm in a microplate reader (MWG Biotech, Ebers-
berg, Germany). After quantification with a calibration
curve (A405 nm = 8.99 [pNP] + 0.05) one enzyme unit
was defined as the amount of enzyme which hydrolyses
1�mol of GlcNAc(�1-pNP) per minute under the described
conditions.

2.7. Kinetic analysis

The kinetic parameters of the�-N-acetylhexosaminidase
fromT. harzianum were determined by variation of the donor
substrate concentration. GalNAc(�1-pNP) was varied be-
tween 1 and 50 mM in 50 mM Na2HPO4 (pH 6.5, 50�l) con-
taining 200 mM HM-�-CD (10�mol, 13.3 mg) and 0.6 U/ml
�-N-acetylhexosaminidase. The same reaction series was
conducted without addition of HM-�-CD varying the con-
centration of GalNAc(�1-pNP) between 1 and 10 mM. After
incubation (10 min at 30◦C) the reaction was terminated by
a pH shift, adding 950�l glycine/NaOH buffer (250 mM, pH
10.0). The amount ofp-nitrophenol formed by the enzyme
was determined as described above. One enzyme unit was
defined as the amount of enzyme which hydrolyses 1�mol
of GalNAc(�1-pNP) per minute under conditions described
above.

2.8. Inhibition of β-N-acetylhexosaminidase by GalNAc

The inhibition of �-N-acetylhexosaminidase fromT.
harzianum was determined in the absence and presence
of HM-�-CD. The enzyme activity was determined with
GalNAc(�1-pNP) (0.1�mol, 0.2 mg) dissolved in 50 mM
Na2HPO4 (pH 6.5, 50�l). GalNAc was added in variable
concentrations between 1 and 1.5 mM before starting the
reaction by the addition of 0.6 U/ml enzyme. The same reac-
tion series were conducted with a buffer solution containing
200 mM HM-�-CD (10�mol, 13.3 mg). After incubation
at 30◦C for 10 min the enzyme reactions were stopped and
enzyme activities were determined as described above.

2.9. Preparative synthesis of
GalNAc(β1–4)GlcNAc(α1-UDP) (3) with
β-N-acetylhexosaminidase from T. harzianum

For the synthesis of3, 500�mol (356 mg) of GalNAc(�1-
pNP) (1) (100 mM final concentration), 300�mol (103 mg)
of UDP-GlcNAc (2), disodium salt, 60 mM, and 0.64 U/ml
�-N-acetylhexosaminidase (3.2 U) were dissolved in 5 ml
of 50 mM Na2HPO4 buffer, pH 6.5 containing 200 mM
HM-�-CD. The reaction mixture was incubated at 30◦C
and the reaction was stopped after 8 h by heating at 95◦C
for 5 min. The pooled samples were analyzed by HPLC and
product isolation was conducted as described previously
[13].

2.10. Mass spectrometry and NMR spectroscopy

Negative-ion mode MALDI-TOF mass spectrometric
analysis and1H and 13C NMR experiments were carried
out as described previously[13].

3. Results and discussion

3.1. GalNAc(β1-pNP) and GlcNAc(β1-pNP) as substrates
of β-N-acetylhexosaminidases

Transglycosylation reactions require high concentrations
of substrates to obtain sufficient yields of the transglycosy-
lation products[20]. From our studies with�-galactosidase
from B. circulans we learned that a concentration of at
least 20 mM Gal(�1-pNP) is necessary to detect the for-
mation of nucleotide disaccharides[13]. However, in the
present study the low solubility of the donor substrates
GalNAc(�1-pNP) (maximum 11 mM) and GlcNAc(�1-
pNP) (maximum 15 mM) in aqueous solutions at room
temperature turned out to be a serious problem in the
�-N-acetylhexosaminidase-mediated transglycosylation re-
actions. Cyclodextrins are well known to serve as carrier
molecules for unstable or poorly in water-soluble sub-
stances[21]. Therefore, cyclodextrins should also improve
the solubility of GalNAc(�1-pNP) and GlcNAc(�1-pNP)
by the formation of water-soluble inclusion complexes.
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We tested four different cyclodextrins, namely�-, �-, and
�-hydroxypropyl-�-cyclodextrin and heptakis-(2,6-di-O-
methyl)-�-cyclodextrin (HM-�-CD). The best results were
obtained with 200 mM HM-�-CD by which the solubility
of both p-nitrophenyl glycosides were six-fold increased
reaching 90 mM for GlcNAc(�1-pNP) and 60 mM for
GalNAc(�1-pNP) (data not shown).

3.2. Screening of β-N-acetylhexosaminidases

The �-N-acetylhexosaminidases fromA. parasiticus, A.
flavus, P. oxalicum, T. harzianum, A. flavipes, A. tamarii and
A. oryzae were investigated for their ability to form activated
disaccharides. Different nucleotide sugars were screened as
acceptor substrates in transglycosylation reactions using the
donor substrates GlcNAc(�1-pNP) and GalNAc(�1-pNP),
respectively, in the presence of 200 mM HM-�-CD. A pH
value of 6.5 was chosen with reference to published data for
a �-N-acetylhexosaminidase fromA. oryzae [22]. Table 1
summarizes the results obtained by HPLC analysis of the
formed nucleotide-activated disaccharides. UDP-GlcNAc
was independently from the enzyme source the best accep-
tor substrate. However, GlcNAc(�1-pNP) as donor substrate
was weak and gave maximum yields of only 2%. The best
enzyme was that fromT. harzianum with 22% yield for
the combination of GalNAc(�1-pNP) and UDP-GlcNAc.
The enzyme reached the highest yield after 8 h, whereas
yields of only 4 and 5%, respectively, were obtained after
3 h with the enzymes fromA. parasiticus and P. oxalicum
(Fig. 2).

Table 1
Screening of�-N-acetylhexosaminidases for the formation of nucleotide disaccharides

Enzyme source Yield (%)a

Donors Acceptors

UDP-Glc UDP-GlcNAc UDP-Gal

A. parasiticus CCF 3058 GlcNAc(�1-pNP) –b 2.0 –
GalNAc(�1-pNP) – 4.0 –

A. flavus CCF 814 GlcNAc(�1-pNP) – n.d.c n.d.
GalNAc(�1-pNP) – n.d. n.d.

P. oxalicum CCF 2430 GlcNAc(�1-pNP) – 0.7 –
GalNAc(�1-pNP) – 5.0 –

T. harzianum CCF 2687 GlcNAc(�1-pNP) – 1.9 –
GalNAc(�1-pNP) 0.4 22.0 1.0

A. flavipes CCF 554 GlcNAc(�1-pNP) – 0.9 –
GalNAc(�1-pNP) 1.4 1.9 –

A. tamarii CCF 1665 GlcNAc(�1-pNP) – 2.0 –
GalNAc(�1-pNP) – 1.9 –

A. oryzae CCF 147 GlcNAc(�1-pNP) – – –
GalNAc(�1-pNP) – – –

Screening conditions are described inSection 2.
a With reference to the acceptor substrate concentration.
b No product formation.
c Not determined.
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Fig. 2. Formation of nucleotide-activated disaccharides with�-N-acetyl-
hexosaminidases fromA. parasiticus (0.64 U/ml (�)), P. oxalicum
(0.29 U/ml (�)) and T. harzianum (0.23 U/ml (�)). Reaction con-
ditions: 100 mM UDP-GlcNAc, 200 mM heptakis-(2,6-di-O-methyl)-
�-cyclodextrin, 63 mM GalNAc(�1-pNP), volume: 100�l, 30◦C.

3.3. Characterization of β-N-acetylhexosaminidase
from T. harzianum

3.3.1. Michaelis–Menten kinetics
The effect of HM-�-CD on the kinetic properties of

�-N-acetylhexosaminidase fromT. harzianum was in-
vestigated.Fig. 3 shows the Michaelis–Menten kinetics
with GalNAc(�1-pNP) as substrate in the presence and
absence of HM-�-CD. In the latter case a substrate con-
centration of up to 10 mM was used due to the limited
solubility of GalNAc(�1-pNP). However, theKm values
of 3.44± 0.49 mM (with HM-�-CD) and 3.21± 0.41 mM
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Fig. 3. Michaelis–Menten kinetics of�-N-acetylhexosaminidase fromT.
harzianum with GalNAc(�1-pNP) as substrate in the presence of 200 mM
(�) and without (�) heptakis-(2,6-di-O-methyl)-�-cyclodextrin. Kinetic
data: (�) Km = 3.44±0.49 mM; Vmax = 0.27±0.007 U/ml;R2 = 0.999;
(�) Km = 3.21± 0.41 mM; Vmax = 0.17± 0.007 U/ml; R2 = 0.999.

(without HM-�-CD) do not differ significantly. We con-
cluded that HM-�-CD does not affect the affinity of the
substrate for the enzyme, however, the comparison of the
Vmax values revealed differences. The enzyme had a higher
Vmax in the presence of HM-�-CD (0.27 U/ml compared
to 0.17 U/ml). We hypothesized that the higher activity of
the enzyme in the presence of HM-�-CD may be due to
the elimination of inhibitory by-products, e.g.,pNP and/or
GalNAc, which are formed by hydrolysis of the donor
substrate during the transglycosylation reaction.

3.3.2. Inhibition with GalNAc
In order to test our hypothesis, the inhibitory effect

of GalNAc in the absence and presence of HM-�-CD
was investigated.Fig. 4 shows that GalNAc is a strong
competitive inhibitor (KI = 0.21 ± 0.04 mM) of the
�-N-acetylhexosaminidase fromT. harzianum. Similar
results were reported for GlcNAc as inhibitor of the
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Fig. 4. Inhibition kinetics of�-N-acetylhexosaminidase fromT. harzianum
with GalNAc(�1-pNP) as substrate and GalNAc as inhibitor in
the presence of 200 mM (�) and without (�) heptakis-(2,6-di-O-
methyl)-�-cyclodextrin. Kinetic data: (�) Km = 3.44 ± 0.49 mM;
KI = 1.19 ± 0.08 mM; Vmax = 0.31 ± 0.002 U/ml; R2 = 0.999; (�)
Km = 3.44± 0.49 mM; KI = 0.21± 0.04 mM; Vmax = 0.29± 0.01 U/ml;
R2 = 0.995.

�-N-acetylhexosaminidase fromA. oryzae (KI = 1.6 mM)
[23]. In contrast, the presence of 200 mM HM-�-CD re-
duced the inhibition by GalNAc as revealed by the six-fold
higherKI value of 1.19± 0.08 mM (Fig. 4). We concluded
that HM-�-CD is able to complex GalNAc and to eliminate
it as a competitive inhibitor which favors higher yields in
the formation of nucleotide-activated oligosaccharides in
transglycosylation reactions.

3.4. Preparative synthesis of
GalNAc(β1–4)GlcNAc(α1-UDP) with
β-N-acetylhexosaminidase from T. harzianum

The transglycosylation reaction of�-N-acetylhexo-
saminidase fromT. harzianum yielded 22.1% of GalNAc
(�1–4)GlcNAc(�1-UDP) with respect to the acceptor con-
centration. The overall yield after product isolation by an-
ion exchange chromatography and gel filtration was 3.5%
(17.7�mol) corresponding to 15.1 mg of the product with
a purity of 91% according to HPLC.

3.5. Mass spectrometry

Negative-ion mode MALDI-TOF mass spectrometric
analysis of the purified product gave only one peak in the
mass-region of interest atm/z 809.16 (data not shown),
which corresponds to the deprotonated pseudo-molecular
ion of HexNAc2-UDP ([M–H]−). The appearance of the
free acid, rather than the sodium-adduct was observed be-
fore and is due to the extensive salt precipitation steps
during product isolation[13].

3.6. NMR spectroscopy

The 1D1H NMR spectrum of GalNAc(�1–4)GlcNAc(�1-
UDP) (Fig. 5) showed four signals downfield of the HOD
signal (δ = 4.751). Two of these signals, atδ = 7.993
(U6) andδ = 5.963 (U5), were attributed to the uracil ring
protons based on literature[24,25]. The anomeric signal
at δ = 5.960 (3J1,2 = 3.6 Hz) was assigned to the ribose
residue R (� configuration, furanose ring form), whereas the
remaining anomeric signal atδ = 5.499 (3J1,2 = 3.0 Hz,
3J1,P = 7.0 Hz) was assigned to the GlcNAc residue A
(� configuration, pyranose ring form) linked to the phos-
phate group. Two chemical shifts, upfield of the HOD
resonance could also be assigned directly; the singlet at
δ = 2.064, representing six protons, originating from the
N-acetyl protons of GlcNAc residue A and GalNAc residue
B, and the anomeric doublet atδ = 4.562 (3J1,2 = 8.1 Hz),
which reflects the H1 of GalNAc residue B (� configu-
ration, pyranose ring form). The13C NMR spectrum (not
shown) revealed only three distinct signals in the anomeric
region atδ = 103.47 (B1), 103.42 (U5) and 89.49 (R1).
The anomeric signal corresponding to residue A could not
be determined. Furthermore three signals were observed in
the downfield region atδ = 167.20 (U2), 152.57 (U4) and



412 V. Nieder et al. / Enzyme and Microbial Technology 34 (2004) 407–414

8 6 5 4 2
PPM

8

6

5

4

2

PPM

A1

U6

ROESY

U6

U5

U5

R1

R2

R1U5

A1

B1

HOD

R2,3

A2

B1 B3

A4

8 6 5 4PPM

Acetone

NAc
* 1/3

Nac

2

B A

R

U

O

AcHN

OH

OH

OH

O

O

AcHN
OH

O

OH

N
O

O

OHOH

P

O

OHOH

O

O

P

NH

O

O
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142.51 (U6). Typical GlcNAc and GalNAc resonances were
found atδ = 22.77 (ACH3 and BCH3), δ = 53.74 (A2) and
53.29 (B2).

By means of 2D TOCSY, ROESY and HMBC NMR ex-
periments all1H resonances and almost all13C resonances
in the corresponding 1D spectra could be assigned (Table 2).
In the TOCSY spectrum (not shown) the three identified
anomeric1H signals were used to assign the complete spin
systems; a mixing time of 100 ms allowed the identification
of all resonances corresponding to a single residue, whereas
a mixing time of 10 ms made the sequential assignment
possible.

To establish the linkage type between residues B and
A, 2D ROESY and HMBC NMR experiments were per-
formed. In the ROESY spectrum (Fig. 5) the anomeric
track of residue B (δ = 4.562) revealed a cross peak
at δ = 3.709, which could be assigned as interresidual
contact to H4 of residue A. In the13C–1H HMBC spec-
trum (not shown) the visualization of the interresidual
three-bond connectivities over the glycosidic bond yielded
unambiguous determination of the B(�1–4)A sequence
via two long range couplings between BH1 and AC4 (δ =
4.562, 79.54) and between BC1 and AH4 (δ = 103.47,
3.709).
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Table 2
1H and 13C NMR chemical shifts of GalNAc(�1–4)GlcNAc(�1-UDP)
recorded in D2O at 300 K

Atoma 1H NMRb 13C NMRb

A1 5.499 n.d.
A2 4.019 53.74
A3 3.849 70.41
A4 3.709 79.54
A5 3.930 72.12
A6a 3.838c 60.41
A6b 3.669c

ACH3 2.064 22.77

B1 4.562 103.47
B2 3.927 53.29
B3 3.771 71.44
B4 3.947 –
B5 3.489 76.03
B6a 3.833c 61.50
B6b 3.762c

BCH3 2.064 22.77

R1 5.960 89.49
R2 4.366 n.d.
R3 4.366 69.86
R4 4.288 83.81
R5a 4.241 65.38
R5b 4.201

U2 – 167.20
U4 – 152.57
U5 5.963 103.42
U6 7.993 142.51

A: GlcNAc; B: GalNAc to GlcNAc; R: ribose; U: uracil. n.d.: not deter-
mined.

a In the case of1H NMR spectroscopy, A1 means H1 of residue A.
In the case of13C NMR spectroscopy, A1 means C1 of residue A, etc.

b In ppm relative to the signal of external acetone (δ = 2.225 for 1H
and δ = 31.08 for 13C).

c The assignment of H6a and H6b may have to be interchanged within
one residue.

4. Conclusions

We have established the access to nucleotide disaccha-
rides by �-N-acetylhexosaminidase-catalyzed transglyco-
sylation reactions. The reported compound will facilitate
further investigations on the biochemical role of these gly-
coconjugates. Our future work will concentrate on the use of
these novel glycoconjugates as building block substrates of
Leloir glycosyltransferases as well as investigations on their
biochemical function as inhibitors of glycosyltransferases
and nucleotide sugar transporters.
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