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bstract

A complex trisaccharide �-d-GalpNAcA-(1 → 4)-�-d-GlcpNAc-(1 → 4)-d-ManpNAc (3) was prepared in a good yield (35%) in a
ransglycosylation reaction catalyzed by �-N-acetylhexosaminidase from Talaromyces flavus using p-nitrophenyl 2-acetamido-2-deoxy-�-d-
alacto-hexodialdo-1,5-pyranoside (1) as a donor followed by the in situ oxidation of the aldehyde functionality by NaClO2. The disaccharide
-d-GlcpNAc-(1 → 4)-d-ManpNAc (2) was used as galactosyl acceptor. A disaccharide �-d-GalpNAcA-(1 → 4)-d-GlcpNAc (4; 39%) originated
s a by-product in the reaction. Oligosaccharides comprising a carboxy moiety at C-6 are shown to be very efficient ligands to natural killer

ell activation receptors, particularly to human receptor CD69. Thus, oxidized trisaccharide 3 is the best-known oligosaccharidic ligand to this
eceptor, with IC50 = 2.5 × 10−9 M. The presented method of introducing a �-d-GalpNAcA moiety into carbohydrate structures is versatile and can
e applied in the synthesis of other complex oligosaccharides.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In the past decades, the carbohydrate chemistry has seen
ts boom, evoked by the increasing need for new carbohy-
rate materials and by the dynamic development of glycomics.
n nature, synthesis of carbohydrates is mostly accomplished
y glycosyltransferases; however, typical hydrolytic enzymes –
lycosidases – are now being used more often for the synthetic

urposes, mainly due to a broader specificity (for both donors
nd acceptors), lower price and availability in a vast repertoire
1].
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1 Present address: Institute for Biological Sciences (INB), National Research
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N-Acetylhexosamines (N-acetylglucosamine, GlcNAc;
-acetylgalactosamine, GalNAc; N-acetylmannosamine,
anNAc) are important building blocks in numerous glyco-

tructures, frequently with important biological activities, such
s immunoactivity [2]. They often occur in various modified
orms (sulfates, uronates, acylations, etc.) in nature.

Glycosidases are known to use modified glycosides as
ubstrates in transglycosylation reactions [3]. Thus, �-N-
cetylhexosaminidases have been applied in the synthesis of
arious N-acetylhexosamine-containing structures with modi-
ed glycosyl donors, for example those comprising 6-O-acetyl
r N-acyl modifications [4]. Recently, we have demonstrated
hat some �-N-acetylhexosaminidases transfer 2-acetamido-

-deoxy-�-d-galacto-hexodialdo-1,5-pyranosyl moiety from
-nitrophenyl glycoside as a glycosyl donor, which opens the
ay (after aldehyde oxidation) to the synthesis of 2-acetamido-
-deoxy-�-d-galactopyranosyluronic acids (�-d-GalpNAcA)

mailto:kren@biomed.cas.cz
dx.doi.org/10.1016/j.molcatb.2007.09.002


7 ar Ca

[
g
N
o
w
n
o

s
r
(
n
m

p
a
r
i

2

2
g
2
2

c
a
a
c
c
C
a
m
o
b
c
w
(
m
v
o
w
1
y
A
(

(
m
d
4
3
3
3
1

J
(
4
*

a
2
6
7
1
(

1
3
5
H
J
3
3
3
1
d
2
H
N
o
(
(
(
(
C

[
[

o
o

2
g
g
m

a
m
b
�
w
T
a
(
(
H
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5]. Reactive aldehyde functionality can also be used to label
lyco-structures by deuteration or tritiation (reduction with
aBD4 or NaBT4, respectively), for conjugation with amine-
r hydrazine-carrying labels, etc. So far, no glycosyltransferase
as found to synthesize such structures that occur rarely in
ature, mostly as components of the capsular polysaccharides
f some microorganisms [6].

The structures containing �-d-GalpNAcA moiety were
hown to be among the best-known ligands to the activation
eceptors of natural killer cells (NK cells), particularly of CD69
human), resulting in immunostimulation. Here, the combi-
ation of the �-d-GalpNAcA with other hexosamines in one
olecule proved to be essential [7].
In this paper, we demonstrate the versatility of the enzymatic

reparation of �-d-GalpNAcA structures by the synthesis of
complex oligosaccharide containing GlcNAc and ManNAc

esidues that possesses a high immunostimulating activ-
ty.

. Experimental

.1. Synthesis of 2-acetamido-2-deoxy-β-d-
alactopyranosyluronic acid-(1 → 4)-2-acetamido-
-deoxy-β-d-glucopyranosyl-(1 → 4)-
-acetamido-2-deoxy-d-mannopyranose (3)

Donor glycoside 1 (31 mg, 91 �mol) prepared under the
atalysis of galactose oxidase from Dactylium dendroides [5]
nd acceptor disaccharide 2 (15 mg, 35 �mol), prepared by
lkaline epimerization of chitobiose [8], were dissolved in
itrate/phosphate buffer (0.05 M, pH 5.0, 1180 �L). The extra-
ellular �-N-acetylhexosaminidase from Talaromyces flavus
CF 2686 (10.8 U) prepared as described previously [9] was
dded and the mixture was shaken at 35 ◦C. The reaction was
onitored by TLC (AcOEt:MeOH:H2O, 7:3:1 and propane-2-

l:H2O:NH4OH aq., 7:2:1). After 5 h, the reaction was stopped
y heating at 100 ◦C for 2 min. The reaction mixture was
ooled to room temperature and NaClO2 (26 mg, 287 �mol)
as added in three portions. After the oxidation was complete

TLC; as above and CH2Cl2:MeOH:H2O, 5:4:1) the reaction
ixture was centrifuged (13,500 rpm, 10 min), concentrated in

acuo to ca. 80% volume (to remove free Cl2) and loaded
nto a Bio Gel P2 (BioRad, USA) column (2.5 cm × 80 cm;
ater 12.3 mL/h). Acceptor 2 was partially recovered (6 mg,
41 �mol). Title trisaccharide 3 was obtained as a white solid;
ield: 4.8 mg (7.5 �mol, 35% referred to consumed acceptor 2).
ccording to NMR, compound 3 was a mixture of two anomers

α/β = 1.33).
�-Anomer of 3: 1H NMR (399.87 MHz, D2O, 303 K) δ 1.799

3H, s, Ac), 1.821 (3H, s, Ac), 1.827 (3H, s, Ac), 3.32* (1H,
, H-5′), 3.405 (1H, dd, J = 2.6, 11.9 Hz, H-6′d), 3.489 (1H,

d, J = 4.6, 11.9 Hz, H-6u), 3.522 (1H, dd, J = 9.2, 9.6 Hz, H-
), 3.522 (1H, dd, J = 8.2, 10.4 Hz, H-2′), 3.553 (1H, m, H-3′),

.36* (1H, m, H-4′), 3.556 (1H, dd, J = 3.3, 10.9 Hz, H-3′′),
.561 (1H, dd, J = 2.1, 11.9 Hz, H-6d), 3.606 (1H, m, H-6′u),
.635 (1H, ddd, J = 2.1, 4.6, 9.6 Hz, H-5), 3.701 (1H, dd, J = 8.4,
0.9 Hz, H-2′′), 3.835 (1H, d, J = 0.9 Hz, H-5′′), 3.894 (1H, dd,
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= 4.7, 9.2 Hz, H-3), 4.004 (1H, dd, J = 0.9, 3.3 Hz, H-4′′), 4.086
1H, dd, J = 1.8, 4.7 Hz, H-2), 4.262 (1H, d, J = 8.4 Hz, H-1′′),
.342 (1H, d, J = 8.2 Hz, H-1′), 4.869 (1H, d, J = 1.8 Hz, H-1).
HMQC readout. 13C NMR (100.55 MHz, D2O, 303 K, HMQC
nd HMBC readouts) δ 22.2 (Ac), 22.4 (Ac), 22.5 (Ac), 52.4 (C-
′′), 53.0 (C-2), 55.2 (C-2′), 60.3 (C-6), 60.4 (C-6′), 67.8 (C-3),
9.3 (C-4′′), 70.7 (C-5), 71.1 (C-3′′), 72.5 (C-3′), 74.8 (C-5′),
5.5 (C-5′′), 77.2 (C-4), 80.1 (C-4′), 93.0 (C-1), 101.6 (C-1′),
01.7 (C-1′′), 174.5 (C-6′′), 174.9 (2′-CO), 175.0 (2-CO), 175.1
2′′-CO).

�-Anomer of 3: 1H NMR (399.87 MHz, D2O, 303 K) δ

.817 (3H, s, Ac), 1.825 (3H, s, Ac), 1.839 (3H, s, Ac),

.222 (1H, ddd, J = 2.1, 4.9, 9.7 Hz, H-5), 3.32* (1H, m, H-
′), 3.36* (1H, m, H-4′), 3.418 (1H, dd, J = 2.7, 11.9 Hz,
-6′u), 3.425 (1H, dd, J = 9.5, 9.7 Hz, H-4), 3.463 (1H, dd,
= 4.9, 11.9 Hz, H-6u), 3.511 (1H, dd, J = 8.2, 10.5 Hz, H-2′),
.556 (1H, dd, J = 3.3, 10.9 Hz, H-3′′), 3.563 (1H, m, H-3′),
.606 (1H, m, H-6′d), 3.607 (1H, dd, J = 2.1, 11.9 Hz, H-6d),
.691 (1H, dd, J = 4.5, 9.5 Hz, H-3), 3.701 (1H, dd, J = 8.4,
0.9 Hz, H-2′′), 3.833 (1H, d, J = 0.9 Hz, H-5′′), 4.004 (1H,
d, J = 0.9, 3.3 Hz, H-4′′), 4.235 (1H, dd, J = 1.6, 4.5 Hz, H-
), 4.259 (1H, d, J = 8.4 Hz, H-1′′), 4.318 (1H, d, J = 8.2 Hz,
-1′), 4.765 (1H, d, J = 1.6 Hz, H-1). *HMQC readout. 13C
MR (100.55 MHz, D2O, 303 K, HMQC and HMBC read-
uts) δ 22.3 (Ac), 22.4 (Ac), 22.5 (Ac), 52.4 (C-2′′), 53.7
C-2), 55.2 (C-2′), 60.2 (C-6), 60.4 (C-6′), 69.3 (C-4′′), 71.0
C-3), 71.1 (C-3′′), 72.4 (C-3′), 74.8 (C-5′), 75.3 (C-5), 75.5
C-5′′), 76.7 (C-4), 80.1 (C-4′), 93.2 (C-1), 101.6 (C-1′), 101.7
C-1′′), 174.5 (C-6′′), 174.9 (2′-CO), 175.1 (2′′-CO), 175.9 (2-
O).

MS (ESI): m/z: 642.1 [M + H]+, 664.2 [M + Na]+, 665.2
M + Na + H]+, 680.3 [M + K]+, 686.2 [M + 2Na + H]+.
�]D

23 = + 8.9 (c = 0.27 in water).
Besides the desired product 3, formation of by-product 4 was

bserved (3.6 mg, 8.2 �mol, 39%). The spectral characteristics
f 4 are in accordance with the published data [5].

.2. Synthesis of 2-acetamido-2-deoxy-β-d-
alactopyranosyl-(1 → 4)-2-acetamido-2-deoxy-β-d-
lucopyranosyl-(1 → 4)-2-acetamido-2-deoxy-d-
annopyranose (5)

Disaccharide 2 (45 mg, 0.11 mmol) and p-nitrophenyl 2-
cetamido-2-deoxy-�-d-galactopyranoside (25.1 mg, 0.074
mol) were dissolved in a mixture of citrate–phosphate

uffer (0.05 M, pH 5.0, 1 mL) and acetonitrile (0.1 mL).
-N-Acetylhexosaminidase from A. oryzae CCF 1066 (10 U)
as added and the mixture was incubated at 37 ◦C for 2 h.
he reaction was stopped by heating (100 ◦C for 10 min) and,
fter removal of the p-nitrophenol by extraction with Et2O
2 × 1 mL), the mixture was fractionated by gel filtration
BioGel P2, 2.6 cm × 80 cm, flow rate 12 mL/h, eluted with

2O). The isolated yield of the title compound 5 was 19.1 mg

41% referred to consumed donor). Inter-residue heteronuclear
ouplings observed in HMBC confirmed the linkages of sugar
nits in compound 5. NMR and MS spectra were identical to
hose published previously [10].
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Table 1
Affinity of carbohydrate ligands to two NK cell activation receptor, NKR-P1A
(rat), and CD69 (human), expressed in the logarithmic scale (−log IC50)

Compound NKR-P1 CD69

GlcNAc (standard) 6.4 4.5
pNP-�-d-GalpNAcA 7.5 4.6
�-d-GalpNAc-(1→4)-d-GlcpNAc 6.8 3.9
�-d-GalpNAcA-(1→4)-d-GlcpNAc (4) 7.2 7.4
�-d-GalpNAc-(1→4)-�-d-GlcpNAc-(1→4)-d-

ManpNAc (5)
9.8 7.8

�-d-GalpNAcA-(1→4)-�-d-GlcpNAc-(1→4)-d- 9.8 8.6
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.3. Synthesis of other compounds

Other oligosaccharides used in this study were pre-
ared as follows: 2-acetamido-2-deoxy-�-d-galactopyranosyl-
1 → 4)-2-acetamido-2-deoxy-d-glucopyranose was prepared
s described previously [11] and p-nitrophenyl 2-acetamido-
-deoxy-�-d-galactopyranosiduronic acid was prepared from
ldehyde 1 by oxidation with NaClO2 [5].

.4. Spectral characterization

Positive-ion mass spectra were recorded on an LCQ Deca
on trap mass spectrometer (Thermo, San Jose, USA) equipped
ith nanoelectrospray ion source. Samples dissolved in 30%

queous acetonitrile/1% formic acid were sprayed directly from
orosilicate emitters (Proxeon, DK). The spray voltage was set
t 1.2 kV and the heated capillary was kept at 150 ◦C. Full scan
pectra were acquired over the m/z range 150–1000 Da. Optical
otation was measured on a Perkin-Elmer 241 polarimeter at
89 nm.

NMR spectra were measured on a VarianUNITYInova
00 MHz spectrometer (399.87 and 100.55 MHz, respectively)
n D2O at 303 K. Residual signal of solvent was used as an
nternal standard (δH 4.508 ppm). Carbon chemical shifts in

2O were referred to acetone (δC 30.50 ppm). 1H NMR, COSY,
MQC, and HMBC spectra were measured using standard
anufacturers’ software (Varian Inc., Palo Alto, U.S.A.). Selec-

ive 1D-TOCSY was measured using sequence published by
hrı́n and Barlow [12]. 1H NMR spectrum was zero filled to

our-fold data points and multiplied by window function (two-
arameter double-exponential Lorentz–Gauss function) before
ourier transformation to improve resolution. Chemical shifts
re given in δ-scale [ppm], and coupling constants in Hz. Dig-
tal resolution allowed us to report proton chemical shifts to
hree and coupling constants to one decimal place. The carbon
hemical shifts were read out from HMQC (protonated carbons)
nd HMBC (quaternary carbons) and are accurate to one deci-
al place. The proton spin systems of each sugar moiety were

ssigned by COSY, TOCSY and 1D-TOCSY. The assignment
as transferred to carbons by HMQC. The anomeric configu-

ation of mannose was deduced from direct coupling constants
C-1, H-1 (173, 163 Hz, for �- and �-, respectively) observed in
oupled HMQC. The position of substitution of sugar moiety
as confirmed by long-range heteronuclear correlations in the
MBC. The correlation between H-1′ and C-4 or H-1′′ and C-
′ in HMBC spectrum and downfield resonating C-4 and C-4′
onfirmed the 1 → 4 linkages.

.5. Test of affinity to NK cell activation receptors

All prepared compounds were tested for their affinity towards
wo NK cell activation receptors, NKR-P1 and CD69 proteins,
n their monomeric soluble forms. NKR-391 protein, the major

ctivation receptor of rat NK-cells, was expressed and puri-
ed as described previously [2,13]. CD69CWTY protein that
ontained the soluble ligand-binding domain of the earliest
ctivation receptor of lymphocytes and NK-cells, CD69 anti-

a
b
c
2

ManpNAc (3)

ata are average values from three independent experiments.

en, was prepared as described earlier [14,15]. The identity
nd homogeneity of the proteins was verified using SDS-PAGE
nder both reducing and nonreducing conditions, N-terminal
equencing (10 cycles of automated Edman degradation), and
y Fourier transform-ion cyclotron resonance mass spectrome-
ry (APEX-Q, Bruker Daltonics, Bremen, D.). The proteins were
adiolabelled with Na125I using Iodogen kit (Pierce, Rockville,
L, U.S.A). Binding and inhibition assays were performed as
escribed previously [5].

. Results and discussion

We have recently presented a method of the enzymatic
ynthesis of p-nitrophenyl 2-acetamido-2-deoxy-�-d-galacto-
exodialdo-1,5-pyranoside (1) by oxidation of p-nitrophenyl
-acetamido-2-deoxy-�-d-galactopyranoside (pNP-GalNAc).
his one-pot reaction was catalyzed by galactose oxidase (D.
endroides)–catalase system in a tube reactor and had a vir-
ually quantitative yield [5]. We have also demostrated that
ompound 1 can act as a glycosyl donor in a transglycosy-
ation reaction catalyzed by fungal �-N-acetylhexosaminidase
rom T. flavus. The galactosylation of GlcNAc acceptor and
ubsequent selective oxidation with NaClO2 yielded �-d-
alpNAcA-(1 → 4)-d-GlcpNAc (4). Product 4 was among the
est-reported ligands to the activation receptors of NK cells,
articularly of CD69 (human), which is obviously caused by
he presence of the carboxylic moiety at C-6 (cf. the unoxidized
nalogue, �-d-GalpNAc-(1 → 4)-d-GlcpNAc, Table 1). As this
oncept is very promising for the construction of highly efficient
omplex ligands to NK cell activation receptors, we decided to
ransfer the �-d-GalpNAcA moiety to the disaccharide accep-
or, �-d-GlcpNAc-(1 → 4)-d-ManpNAc (2), which is one of the
trongest NK cell activating disaccharides (with NKR-P1 pro-
ein, IC50 = 7.9 × 10−9 M, i.e., 25-fold stronger than GlcNAc).
2] Thus, we aimed to prove the versatility of transglycosyla-
ion reactions with donor 1 and, moreover, synthesize a unique

odified trisaccharide with superior immunoactivity.
Acceptor disaccharide 2 is quite a rare compound. We have

ecently developed an efficient preparatory method based on

lkali-catalyzed C-2 epimerization of chitobiose followed by
orate-saturated gel filtration [8]. Acceptor 2 was inert towards
leavage by many �-N-acetylhexosaminidases, contrary to its C-
epimer chitobiose [11]. However, �-N-acetylhexosaminidase
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Scheme 1. Synthesis of �-d-GalpNAcA-(1 → 4)-�-d-GlcpNAc-(1 → 4)-d-ManpNAc (3).
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Scheme 2. Synthesis of �-d-GalpNAc-(1

rom T. flavus, which is the most efficient enzyme in trans-
erring the modified galactosyl moiety of aldehyde 1, shows

slight degree of cleavage of 2 [11]. Additionally, a high
ctivity of the enzyme is required in the reaction mixture
substrate 1 is cleaved more slowly than unmodified pNP-
alNAc) and a high concentration of 2 is needed to compete
ith a mere hydrolysis of the donor. As a result, acceptor
was partially cleaved during the reaction and disaccharide
was formed as a by-product. This is not a serious prob-

em because subsequent purification by gel filtration leads
o a complete separation of the mixture including recu-
eration of the unreacted substrates. Both trisaccharide 3
nd disaccharide 4 were isolated in a high yield (35 and
9%, respectively), which indicates an exceptionally efficient
lycosylation of acceptor disaccharide (ca. 74% of the accep-
or present were glycosylated). The reaction is outlined in
cheme 1.

The transglycosylation reaction was optimized as for the
onor/acceptor ratio and the required enzyme activity. The enzy-
atic reaction was followed by in situ oxidation of the aldehydic

roup to a carboxyl by NaClO2. Interestingly, this method is
ather selective and can be used with reducing sugars, which are
ot oxidized at the anomeric position.

The affinity of novel trisaccharide 3 to two NK cell activation
eceptors, rat NKR-P1 and human CD69 (their monomeric sol-
ble forms) was tested, and the results were compared to other
6-oxidized compounds as well as to the unoxidized trisaccha-

ide analogue 5, which was prepared as shown in Scheme 2.
The binding assay was performed as described previously

5]. d-Mannose served as a negative (noninhibitory) control car-
ohydrate, and GlcNAc as a positive control, providing IC50

alues of 4 × 10−7 M (NKR-P1A) and 3.2 × 10−5 M (CD69).
ll inhibition assays were performed in triplicates. The results

or NKR-P1 and CD69 receptors are summarised in Table 1 as
log IC50.

t
s
t
e

-�-d-GlcpNAc-(1 → 4)-d-ManpNAc (5).

These results clearly show that the binding potential of car-
ohydrate ligands increases with the presence of a carboxy
oiety at C6 (compare compounds �-d-GalpNAc-(1 → 4)-d-
lcpNAc vs. 4 and 5 vs. 3), which is in accordance with our
resumption and previous results [5]. Another increase in bind-
ng capacity is brought about by prolonging the carbohydrate
hain by one hexosamine unit (compare �-d-GalpNAc-(1 → 4)-
-GlcpNAc vs. 5 and 4 vs. 3). These improvements are
ore pronounced with CD69 human receptor. Thus, the novel

xidized trisaccharide 3 proves to be the best-reported oligosac-
haridic ligand to CD69 human NK cell activation receptor
ith IC50 = 2.5 × 10−9 M, which corresponds to 12,800-fold

tronger binding than that of GlcNAc standard and 16-fold
tronger than of the previously reported oxidized disaccharide
.

. Conclusions

A versatile method of introducing a �-d-GalpNAcA
oiety into carbohydrate structures is presented, using

ldehyde 1 as a donor in a transglycosylation reaction cat-
lyzed by �-N-acetylhexosaminidase from T. flavus. Thus,

modified trisaccharide of �-d-GalpNAcA-(1 → 4)-�-d-
lcpNAc-(1 → 4)-d-ManpNAc (3) was prepared in a high
ield (35%), together with a by-product, �-d-GalpNAcA-
1 → 4)-d-GlcpNAc (4; 39%). The prepared compounds
ere tested as ligands to natural killer activation recep-

ors, NKR-P1 (rat) and CD69 (human) and their binding
otential was compared to several analogous and stan-
ard compounds. The results confirmed that the presence
f a carboxy moiety at C6, as well as the prolonga-

ion of a carbohydrate chain (disaccharide → trisaccharide),
ignificantly enhance the binding capacity to these recep-
ors. Their potential immunostimulating effect can be further
xtended by their presentation on multivalent scaffolds. As
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result, oxidized trisaccharide 3 proved to be the best-
nown ligand to CD69 human activation receptor, with
C50 = 2.5 × 10−9 M, which is 12,800-fold more efficient than
lcNAc.
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Biochem. Soc. Trans. 32 (2004) 1124–1126.


	N-Acetylhexosamine triad in one molecule: Chemoenzymatic introduction of 2-acetamido-2-deoxy-beta-d-galactopyranosyluronic acid residue into a complex oligosaccharide
	Introduction
	Experimental
	Synthesis of 2-acetamido-2-deoxy-beta-d-galactopyranosyluronic acid-(14)-2-acetamido-2-deoxy-beta-d-glucopyranosyl-(14)-2-acetamido-2-deoxy-d-mannopyranose (3)
	Synthesis of 2-acetamido-2-deoxy-beta-d-galactopyranosyl-(14)-2-acetamido-2-deoxy-beta-d-glucopyranosyl-(14)-2-acetamido-2-deoxy-d-mannopyranose (5)
	Synthesis of other compounds
	Spectral characterization
	Test of affinity to NK cell activation receptors

	Results and discussion
	Conclusions
	Acknowledgements
	References


