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Abstract Labeled UDP-GlcNAc and chitooligosaccharides
should be powerful tools for studies of N-acetylglucosami-
nyltransferase such as chitin synthases. We describe here a
rapid, inexpensive and a common strategie for the chemo-
enzymatic synthesis of uridine 5′-diphospho-N-[2H]-acetyl-
glucosamine and the chemical preparation of N-[2H]-acetyl
chitooligosaccharides (from 2 to 5 mers). Deuterated UDP-
GlcNAc analogue was tested as chitin synthase substrate
and it exhibited an incorporation level in chitin as the nat-
ural substrate. Deuterium labeling of carbohydrates present
different advantages: it is a stable isotope and allows
glycosyltransferase mechanism studies by a mass spectrom-
etry approach.
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Introduction

It is well known that carbohydrate units, in oligosaccharides
and in glycoconjugates (glycoproteins and glycolipids),
present a crucial role in various biological processes and
their synthesis is essential for a better understanding of
glycosylation in biology [1–3].

Glycosylation reactions are assured by glycosyltran-
ferases (GTs). These enzymes transfer the sugar moiety
from an activated sugar nucleotide to an acceptor. Chitin
synthase, a processive glycosyltransferase, represent a

membranous isoenzyme family [4], which catalyses the
multiple transfer of GlcNAc units from UDP-N-acetylglu-
cosamine (UDP-GlcNAc) to the nonreducing end of the
growing chitin chain [5]. Chitin polymer is an essential
component of filamentous fungi cell wall [6] and is absent
in plants and mammals. Therefore, chitin synthase has been
recognized as a promising target for new antifungal drugs.
It was shown that alteration of chitin content in several
mutants affects fungus growth, development [7] or viru-
lence in the case of pathogenic fungi [8]. In order to study,
by a mass spectrometry approach, enzyme mechanism and
particularly chitin synthase mechanism, structure-function
of glycoproteins or cell wall biosynthesis, it is of main
importance to have in hand, not only, labeled chitooligo-
saccharides but also the labeled substrate. In this paper, we
wish to describe the chemoenzymatic synthesis of uridine
5′-diphospho-N-[2H]-acetyl-glucosamine and the chemical
preparation of N-[2H]-acetyl chitooligosaccharides (Fig. 1).
By these methods GlcNAc-tracers were obtained rapidly
and in an inexpensive manner. In order to control whether
deuterium does not affect substrate recognition by chitin
synthase, uridine 5′-diphospho-N-[2H]-acetyl-glucosamine
was tested by the standard radiometric enzymatic test.

Materials and methods

Abbreviations used UDP-GlcNAc, UDP-N-acetylglucos-
amine; GlcNAc, N-acetylglucosamine; DPs, degree of
polymerization, GlmU, bifunctional enzyme with both
acetyltransferase and uridyltransferase activities; TLC, Thin
Layer Chromatography.

Positive Negative ESI mass spectra were performed on a
triple quadrupole mass spectrometer (Quattro I Micromass).
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1H NMR spectra were recorded on a Bruker-Avance
spectrometer 500 MHz.

Preparation of N-[2H]-acetyl-glucosamine-1-phosphate

Glucosamine-1-phosphate (1.2 mg) (Sigma-Aldrich) was
dissolved in 40 μl of water/methanol (3/1 v/v), and 14
equivalents of D6-acetic anhydride (CD3CO)2O (Sigma-
Aldrich) were added. The solution was stirred for 1 h at
room temperature and dried under reduced pressure. The
dried sample was resuspended in 40 μl of water/methanol
(3/1 v/v), and five equivalents of D6-acetic anhydride were
added for an additional hour. Progress of the reaction was
followed by TLC in the same conditions as above. Final
reaction mixture was dried and coevaporated four times
with 200 μl of methanol until total disappearance of acetic
anhydride. The product was purified on a graphitized
carbon HPLC column, (100×3 mm, Hypercarb, Thermo-
Quest) equilibrated in water–0.05% trifluoroacetic acid
(TFA) with a flow rate of 0.5 ml/min and UV detection at
210 nm. The gradient was as follows for eluent A (water–
0.05% TFA) and B (acetonitrile–0.05% TFA): 0–5 min, 0%
B; 5–20 min, 0–15% B. The larger peak containing, 1.1 mg
of N-[2H]-acetyl-glucosamine-1-phosphate, was recovered
and lyophilized with a 68% yield. Negative ESI mass
spectrum was obtained using a triple quadrupole mass
spectrometer. The expected compound (C8H13D3N1O3P1)
was observed at [M-H]− ion m/z 303.

Overexpression and purification of the His6-GlmU protein

pFp3 plasmid, containing E. coli GlmU gene bearing an N-
terminal His6-tagged form, was a gift from Pr Mengin-
Lecreulx from University of Paris-Sud, Orsay, France [9].
Recombinant His6-GlmU was overexpressed in E. coli
BL21(DE3) cells and purified to homogeneity by Ni-NTA
agarose affinity chromatography as described before [10].
His6-GlmU fractions were at least 90% pure as estimated

by SDS-PAGE and 11 mg of protein was recovered from
500 ml culture (Luria-Bertani medium). Protein concentra-
tion was determined by the Bradford method, with bovine
serum albumin (BSA) as standard [11].

Preparation of uridine 5′-diphospho-N-[2H]-acetyl-
glucosamine

The uridylyl transfer was achieved enzymatically from N-
[2H]-acetyl-glucosamine-1-phosphate, UTP and purified
recombinant His6-GlmU protein. The reaction mixture
(500 μl), was inbubated for 18 h at 37°C, and contained:
Tris-HCl pH 8.2 50 mM, UTP 25 mM, MgCl2 3 mM, N-[2H]-
acetyl-glucosamine-1-phosphate 2.5 mM (0.45 mg) and
recombinant E. coli His6-GlmU (50 μg). The mixture was
extracted with 500 μl phenol/chloroform 50/50 saturated
with Tris-HCl pH=8 and then with 500 μl chloroform.
Product purification was performed on a graphitized carbon
HPLC column, (100×3 mm, Hypercarb, ThermoQuest) in
isocratic conditions: eluent A 93% (ammonium formate
45 mM pH 4.0) eluent B 7% acetonitrile. The flow rate was
0.5 ml/min and UV detection was performed at 210 nm.
The material was injected in small amounts (100 μg), and
expected fractions were collected and lyophilized. Uridine-
5′-diphospho-N-[2H]-acetyl-glucosamine (0.75 mg) was
recovered and stocked at −20°C in a 100 mM solution in
water. Yield: 90%. This compound (C17H24D3N3O17P2)
was mainly characterized in the negative ESI mass
spectrum by the doubly charged ion [M-2H]2− m/z 304.
The deprotonated molecules [M-H]− m/z 609 and [M-2H+
Na]− m/z 631 were also observed. 1H NMR assigments
were obtained from the analysis of 1 D 1H spectra and 2D
homonuclear COSY and TOCSY spectra, for D2O solu-
tions. All chemicals shifts are reported as δ values (ppm)
relative to sodium 2,2-dimethylsilapentane-5-sulfonate
(DSS). 1H NMR (500 MHz): δ=7.95 (d, 8 Hz, 1 H, H6),
5.98 (d, 4 Hz, 1 H, H1′), 5.96 (d, 8 Hz, 1 H, H5), 5.51
(dd, 7.3 Hz, 3.2 Hz, 1 H, H1’’), 3.99 (dt, 10.5 Hz, 3 Hz,
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Fig. 1 Pathway for (a) chemical preparation of N-[2H]-acetyl chitooligosaccharides (length from 2 to 5 GlcNAc units) and (b) chemoenzymatic
synthesis of uridine 5′-diphospho-N-[2H]-acetyl-glucosamine
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3 Hz, 1 H, H2’’), 3.81 (t, 8.5 Hz, 8.5 Hz, 1 H, H3’’), 3.54 (t,
9.8 Hz, 1 H, H4’’), 3.92 (ddd, 10.3 Hz, 4 Hz, 2 Hz, 1 H,
H5’’), 3.86 (dd, 12.4 Hz, 2.2 Hz, 1 H, H6’’), 3.80 (dd, 12.4
Hz, 4 Hz, 1 H, H6’’), 4.38 (m, 1 H, H2′), 4.36 (m, 1 H, H3′),
4.36 (m, 1 H, H4′), 4.24 (ddd, 3.4 Hz, 4.6 Hz, 11.8 Hz, 1 H,
H5′), 4.18 (ddd, 3 Hz, 5.3 Hz, 11.8 Hz, 1 H, H5′).

Chitin synthase assay

Chitin synthase assays were performed in a standard 25 μl
volume containing 50 mM Tris-HCl pH 7.4, 4.5 nCi UDP
[U−14C]- GlcNAc, 40 mM GlcNAc, 0.2% digitonine,
5 mM Mg(OAc)2, 0.5 μg trypsin, 120 μg protein and as
substrate 1 mM UDP-GlcNAc or 1 mM uridine 5′-
diphospho-N-[2H]-acetyl-glucosamine. Incubations were
performed at 30°C for 60 min and terminated by adding
1 ml of 10% trichloroacetic acid. After filtration through a
glass fiber filter (GF/C Whatman) and washing with 3:7
AcOH-EtOH, the discs were dried and radioactivity
measured in a liquid scintillation counter (LKB 1214
RackBeta).

Preparation of N-[2H]-acetyl chitooligosaccharides

Chitosan (50 mg) (Sigma-Aldrich) was dissolved in 5 ml
HCl 36% and acid hydrolysis performed for 3 h at 72°C.
Reaction mixtures were diluted with 50 ml water and
neutralized with Dowex 2X8-200 resin (hydroxyl charged).
After filtration, the solution was lyophilized. Chitosan
hydrolysate was then specifically N-reacetylated [12] by
incubating of 30 mg lyophilisate mixture with 0.63 mmol
of D6-acetic anhydride (CD3CO)2O (Sigma-Aldrich) in
600 μl methanol/water (1/5) for 20 h at room temperature.
Solvents were removed by reduced pressure on a speed-
vac, and the pellet resuspended in 200 μl methanol. The
solution was neutralized with 4M NaOH (30 μl), and the
supernatant was evaporated again.

The dried sample was resuspended in water before
purification on a Bio-gel P2 (45–90 μM mesh, Biorad)
column (1.6 cm×200 cm). The flow rate was 0.2 ml/min
and the column was warmed at 55°C during the separation.
Deuterated chitooses were eluted with water and monitored
at 210 nm. The recovered fractions were dried by
lyophilization and finally resuspended in water. Labeled
oligosaccharides (GlcNAc)n of various lengths were
obtained; n=1 (0.5 mg), n=2 (1.9 mg), n=3 (4 mg), n=4
(3.3 mg) and n=5 (1.5 mg). Determination of deuterated
chitooses length was performed using thin layer chroma-
tography (TLC) on silica gel plates with propan-1-ol/water/
ammonia 36% (70/30/1.5) as eluent and compared with
commercial chitooses markers. Products, labeled
(GlcNAc)n, were further characterized by positive ESI
mass spectra: n=1, [MNa]+ m/z 247, [MK]+ m/z 263; n=

2 [MNa]+ m/z 453.2, [MK]+ m/z 469.2; n=3, [MNa]+ m/z
659.4, [MK]+ m/z 675.4; n=4, [MNa]+ m/z 865.5, [MK]+

m/z 881.5; n=5 [MNa]+ m/z 1,071.5, [MK]+ m/z 1,087.5.

Results and discussion

UDP-N-[2H]-acetyl-glucosamine preparation

Chemical and enzymatic syntheses of UDP-N-acetyl-glu-
cosamine [13, 14] have been previously described. Al-
though few of them are applicable for the gram-scale
preparation of UDP-GlcNAc, these approaches lead mainly
to unlabeled compounds. Leiting et al. have proposed an
efficient synthesis of radiolabeled UDP-N-[1-14C]-GlcNAc
based on enzymatic conversion of [1-14C]-acetate into
UDP-N-[1-14C]-GlcNAc [15]. In our research program,
we wanted to develop a new method for the synthesis of
UDP-GlcNAc bearing an isotope tag in order to have a
suitable tool for mass spectrometry studies. Quite recently
[16], the synthesis of tetradeuterium labeled pyridylamino
monosaccharides has been described and these derivatized
sugars were used as internal standards in mass spectrometry
quantification. These compounds are not suited for our
studies since the anomeric position is modified and is
devoided of the essential UDP motif.

We proposed a new chemoenzymatic way for the
synthesis of UDP-N-[2H]-acetyl-glucosamine from glucos-
amine-1-phospate (Fig. 1b). This approach implies a first
chemical step followed by an enzymatic step with the
GlmU protein, as described for UDP-N-[14C]-acetyl-glu-
cosamine preparation. In our case, only the uridyltransfer-
ase activity of recombinant GlmU [9] was necessary.
Indeed GlmU is a bifunctional protein having uridyltrans-
ferase and N-acetyltransferase activities organized in two
separate domains in the N- and C-terminus of the protein,
respectively. Exhibition of GlmU N-acetyltransferase activ-
ity requires the trimer organization of the protein, whereas
this trimerization is clearly not essential for expression of
the uridyltransferase activity of GlmU [10]. Therefore,
chemical acetylation seemed much easier than the enzy-
matic method and chemical acetylation conditions could be
extended to labeled oligosaccharides preparation (see
further).

Chemical N-acetylation of glucosamine-1-phosphate was
performed first by two successive additions of D6-acetic
anhydride on glucosamine-1-phosphate, in order to intro-
duce deuterium labeling on the acetyl position of UDP-N-
acetyl-glucosamine. Excess of D6-acetic anhydride and
acetic acid formed were eliminated by few coevaporations
with methanol, to prevent O-acetylation of glucosamine-1-
phosphate. Traces of doubly acetylated glucosamine-1-
phosphate were observed and easily separated by HPLC
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purification on graphitized carbon column (data not shown).
Pure N-[2H]-acetyl-glucosamine-1-phosphate was obtained
in good yield and enzymatically converted to UDP-N-[2H]-
acetyl-glucosamine by the uridylyl transferase activity of GlmU
protein. Uridylyltransferase assay described in Materials and
Methods, converted N-[2H]-acetyl-glucosamine-1-phosphate
and UTP to UDP-N-[2H]-acetyl-glucosamine with a good
activity. To isolate UDP-N-[2H]-acetyl-glucosamine from the
reaction mixture, we performed organic extraction and HPLC
purification on a graphitized carbon HPLC column (Hyper-
carb) in isocratic conditions (ammonium formate 45 mM
pH 4.0, acetonitrile; 93/7), respectively [17]. Adsorption of

molecules adsorption on the column is based on hydrophobic
interactions and electron donor–acceptor interactions between
the graphitized carbon column and compounds to purify. A
typical elution chromatogram with a standard mix containing
UDP-N-acetyl-glucosamine, UTP and N-acetyl-glucosamine is
presented on Fig. 2a. It is clear that molecules with planar
properties (containing UDP group) are more retained than less
planar carbohydrate structures. The elution profile of the
reaction mixture after one night incubation, revealed two peaks
at 4 and 12min corresponding to UTP and UDP-N-[2H]-acetyl-
glucosamine elution, respectively (data not shown). All N-
[2H]-acetyl-glucosamine has been seemingly consumed. We
also obtained UDP-N-[2H]-acetyl-glucosamine from glucos-
amine-1-phosphate in two steps with a total yield of 60%.
UDP-N-[2H]-acetyl-glucosamine was characterized by nega-
tive ESI mass spectra and 1H NMR. Total labeling of acetyl
group by deuterium was clearly demonstrated and no trace of
unlabeled UDP-N-acetyl-glucosamine was observed (Fig. 2b).

Chitin synthase test with UDP-N-[2H]-acetyl-glucosamine
as substrate

Chitin synthase test was performed using Saccharomyces
cerevisiae microsomal preparations obtained as previously
described [18]. Chitin synthase activity was assayed by
measuring the rate of formation of 14C-chitin polymer from
UDP-14C-GlcNAc in presence of UDP-GlcNAc or UDP-N-
[2H]-acetyl-glucosamine. Enzymatic activity required (1)
activation of enzyme present as zymogen by addition of
trypsin in the assay and (2) addition of essential divalent
cation Mg2+ to ensure a measure chitin synthase I activity
mainly. Thus, UDP-N-[2H]-acetyl-glucosamine was tested
as chitin synthase substrate. Equivalent amounts of 14C-

Fig. 2 Uridine 5′-diphospho-N-[2H]-acetyl-glucosamine: (a) HPLC
chromatogram on an Hypercarb column of a mixture containing
GlcNAc-1P, UTP and UDP-GlcNAc, in isocratic conditions (ammo-
nium formate buffer 45 mM pH 4.0/acetonitrile 93/7). The product
UDP-GlcNAc exhibited a high retention time in these conditions,

adapted for purification. (b) Negative ESI mass spectra of uridine 5′-
diphospho-N-[2H]-acetyl-glucosamine (UDP-GlcNAc-CD3) (cone
voltage 20 V). Upper insert corresponds to an higher resolution
measurement of the 290-320 m/z region. The presence of the ions
[M-H]− m/z 609 and [M-2H]2− m/z 304 revealed total [2H]-acetylation
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chitin, 2.5 nmoles min−1 mg protein−1, was obtained with
either UDP-GlcNAc or UDP-N-[2H]-acetyl-glucosamine
(Fig. 3); demonstrating that deuterium introduction in
UDP-N-[2H]-acetyl-glucosamine does not affect the recog-
nition by chitin synthase.

Chitooligosaccharides preparation

Progresses in automation of solid-phase-supported oligosac-
charides synthesis led to differently attached carbohydrates
[19–21]. However, the application to the β (1-4)-GlcNAc
polymer seems more difficult since the 4-OH moiety of a
GlcNAc unit is not very nucleophilic, thus rendering this
link quite difficult to make [22]. Chemical chitooligosac-
charides preparation with degree of polymerization (DPs)
from 4 to 10 could be carried out by chitin treatment with
anhydrous hydrogen fluoride [23]. Enzymatic approaches
have been described for the preparation of N-acetylchitoo-
ligosaccharides. NodC for example is capable to catalyse
the formation of the chitooligosaccharides with DPs from 2
to 5 [24]. Chitosan degradation by chitinase or by an
enzyme complex was described to obtain chitooligosac-
charides distribution from 3 to 10 GlcNAc units in large
scale production [12], [25]. More recently, an improved
preparation of chitobiose by continous enzymatic degrada-
tion of colloidal chitin in dialysis tubing, with recycling of
the chitinase was described [26]. β-N-acetylhexosaminidase
of Aspergillus oryzae was also used to prepare N-acetylchi-
tooligosaccharides ((Glc-NAc)n with n=2 to 4) by catalyz-
ing the reaction between N-acetyl-D-glucosamine and
p-nitrophenyl-2-acetamido-2-deoxy-β-D-glucopyranoside

[27]. In this paper, the method we describe for the
preparation of stable isotope labeled N-acetylchitooligosac-
charides with DPs from 2 to 5 Glc-NAc units (Fig. 1a)
allows production of significant amounts of deutered-
chitooligosaccharides, useful for glycosyltransferase mech-
anism or protein–carbohydrate interaction studies by mass
spectrometry.

Chitosan, a partially N-deacylated glucosaminoglycan,
with higher solubility in water than chitin, was used as
starting material. Chitosan was acid hydrolysed at 72°C,
reaching the totally amino deprotected oligosaccharides.
Without purification and just after neutralization of the
mixture, oligosaccharides were specifically N-acetylated
with deuterated acetic anhydride (CD3CO)2O in the
presence of water/methanol [12]. Total separation of
chitooligosaccharides was performed on a Bio-gel P2 gel
filtration column at 55°C with a good resolution (Fig. 4a),
and each of the expected deuterated-chitooligosaccharides
was obtained. Deuterated-chitooligosaccharides presented
the same retention time as natural chitooligosaccharides.
Chitooligosaccharides chain length was rapidly determined
by TLC and by ESI mass spectrometry to characterize
precisely each oligosaccharide. Figure 4b represents the
positive mass spectra of N,N,N-[2H]-acetyl-chitotriose and
N,N,N-acetyl-chitotriose as reference. One can observe,
from the [MNa]+ m/z 659.4 ion for the labeled chitotriose,
that N-[2H]-acetylation is practically complete and totally
regiospecific. The difference between m/z values of
labelled [MNa]+ ion and unlabeled [MNa]+ is 92. This
value is in total agreement with addition of 9 deuterium
atoms in N,N,N-[2H]-acetyl-chitotriose.

Fig. 4 Labeled Chitooligosaccharides: (a) Gel chromatography sepa-
ration of N-[2H]-acetyl chitooligosaccharides on a Bio-gel P2 column
(2.5×200 cm) at 55°C and eluted with water. Each peak content was
analyzed by TLC on silica plates (conditions described in materials
and methods). Number of GlcNAc units contained in each N-[2H]-
acetyl chitooligosaccharides was also deduced and indicated on the
figure (GlcNAc-CD3)n. (b) Positive ESI mass spectra of chitotrioligo-

saccharides (cone voltage 40 V). Mass spectrum of (I) the standard N,
N,N-triacetyl-trichitooligosaccharides (Glc-NAc)3 and of (II) labeled
N,N,N-[2H]-triacetyl-trichitooligosaccharides (Glc-NAc-CD3)3 are
represented. The difference (9u) between m/z values of labelled
[MNa]+ ion and unlabeled [MNa]+ ion revealed complete and totally
regiospecific N-[2H]-acetylation of chitotrioses
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Conclusion

In this paper, we have developed an isotope tag method for
the synthesis of labeled UDP-GlcNAc and labeled chito-
oligosaccharides. The first takes advantage of recombinant
GlmU to introduce the UDP motif into the deuterated N-
acetylglucosamine unit, and the second implies acid-
hydrolysis of chitosan and an acetylation step leading to
deuterated oligosaccharides. The notable advantage of these
two approaches is, unlike most traditional chemical
synthesis, the use of unprotected sugars to obtain tagged
building blocks. This result was reproducible and should be
extended to larger scale synthesis. The recognition of UDP-
N-[2H]-acetyl-glucosamine as substrate by chitin synthase
was also clearly demonstrated. These isotopically tagged
compounds should be quite useful tools for glycosyltrans-
ferase mechanism studies by mass spectrometry.
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