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a  b  s  t  r  a  c  t

Nucleotide  diphosphate  (NDP)  sugars  are  widely  present  in  antibiotics  and  glycoconjugates,  such as
protein-  and  lipid-linked  oligosaccharides,  where  they  act as substrates  for  glycosyltransferase  in  eukary-
otes and prokaryotes.  Among  NDP  sugars,  NDP-4-keto  sugars  are  key  intermediates  in the  synthesis
of  structurally  diverse  NDP  sugars  with  different  functional  groups.  However,  the  structural  identi-
fication  of  the NDP-4-keto  sugars  via  mass  spectrometry  (electrospray  ionization-mass  spectrometry
(ESI-MS))  continues  to be a challenge  because  of  the  carbonyl  group  in these  sugars  interferes  with
ionization  process.  In  this  study,  we evaluated  various  hydroxylamine  compounds  for  the  derivatiza-
ydroxylamine
DP-4-keto sugar
DP-4-keto-6-deoxyglucose
DP sugar

tion  of  NDP-4-keto  sugars,  so  that the  detection  of  the  sugars  by  ESI-MS  is more  efficient.  As a  result,
O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine  was  found  to be the  most  effective  tagging  molecule
for  the  detection  of NDP-4-keto  sugars  without  being  interfered  by  original  MS.  This  method  can  be
used  for  identifying  NDP-4-keto  sugars  such  as  thymidine  diphosphate  (TDP)-,  adenosine  diphosphate
(ADP)-,  uridine  diphosphate  (UDP)-,  and  cytosine  diphosphate  (CDP)-4-keto  sugars  as  well  as  new
NDP-4-keto-dehydratases.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Combinatorial biosynthesis, a technique involving the use
f a sugar moiety and an aglycon of an antibiotic for pro-
ucing diverse glycosylated antibiotics, has been proposed to
peed up the development of antibiotics [1,2]. To make com-
inatorial biosynthesis possible, nucleotide diphosphate (NDP)
ugars (activated sugars) must be used as substrates for glyco-
yltransferase. Among NDP sugars, NDP-4-keto sugars such as

DP-4-keto-6-deoxy-d-glucose (TDP-4K6D) [3,4] (a key interme-
iate of TDP-d-olivose, TDP-l-oleandrose, TDP-l-rhamnose, and
DP-l-oliose) and GDP-4-keto-6-deoxy-d-mannose (GDP-4K6D)

∗ Corresponding author. Fax: +82 2 3437 8360.
E-mail address: seokor@konkuk.ac.kr (Y.-H. Yang).

1 The authors contributed equally to this work.

570-0232/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2012.02.045
(a key intermediate of GDP-�-l-fucose, GDP-6-deoxy-l-glucose,
GDP-colitose, and GDP-perosamine) are used in the synthesis
of antibiotics and glycoconjugates [5–10]. A typical method for
NDP-4K6D synthesis involves the use of a two-enzyme system con-
taining NDP-glucose synthase and NDP-d-glucose 4,6-dehydratase
and glucose-1 phosphate and nucleotide triphosphate (NTP) as
substrates [11]. Various enzymatic processes have been devel-
oped for the production of sugar nucleotides from inexpensive
and widely available substrates via efficient and economical path-
ways following the de novo (or le Loir) synthesis of carbohydrates
[9,12,13].

In sugar-nucleotide synthesis, high-performance liquid chro-
matography (HPLC) has generally been used to detect the products

and the enzyme activity of NDP-4K6D [4,9]. However, this method
requires an authentic NDP-4-keto molecule, which is not easily
available, and a high concentration of salt (<30 mM)  or ion-pairing
reagents. Consequently, the HPLC column is easily contaminated

dx.doi.org/10.1016/j.jchromb.2012.02.045
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:seokor@konkuk.ac.kr
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Fig. 1. HPLC analysis of TDP-sugars (A) and ESI-MS analysis of purified TDP-4K6D
(0.45 mM)  (B) before derivatization. For HPLC analysis, TDP (0.05 mM)  and TDP-Glc
(0.05 mM)  (a) and TDP-4K6D (0.45 mM)  (b) were used. Small peak due to TDP-Glc
78 Y.-G. Kim et al. / J. Chroma

nd an additional desalting step is needed to identify NDP-4K6D
4,9,12]. Alternatively, mass spectrometry (MS)-based methods
ave been used to identify the reaction products. However, in most
ases, it is difficult to analyze carbonyl compounds in a reaction
ixture because of their polar, reactive, and semi-volatile nature;

urther, high concentration of samples is needed to obtain an MS
ignal [14,15].

On the basis of previous research in which hydroxylamine
eagents were used to stabilize carbonyl compounds and increase
heir sensitivity in MS  analysis [16,17], available derivatization
eagents such as hydroxylamine, O-methylhydroxylamine,
-ethylhydroxylamine, O-allyl hydroxylamine, O-tert-
utylhydroxylamine, O-phenylhydroxylamine, O-4-(nitrophenyl)
ydroxylamine, and O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine
ere evaluated for the formation of solution-ionizable analyte
erivatives with NDP-4-keto sugar. This derivatization has never
een applied to the synthesis of NDP-sugar-related molecules.
aken together, we identified the most efficient tagging molecule
o detect NDP-4-keto sugar and obtained the peak for derivatized
DP-4-keto-sugar without interference by original MS  using O-

2,3,4,5,6-pentafluorobenzyl)hydroxylamine. This method can be
pplied to other NDP sugars such as adenosine diphosphate (ADP)
ugar, uridine diphosphate (UDP) sugar, and cytosine diphosphate
CDP) sugar, which are common in plants, and can be used to
dentify new NDP-4-keto-dehydratases.

. Materials and methods

.1. Strains and materials

The chemical reagents used in this study, hydroxylamine,
-methylhydroxylamine, O-ethylhydroxylamine, O-allyl hydrox-
lamine, O-tert-butylhydroxylamine, O-phenylhydroxylamine,
-4-(nitrophenyl)hydroxylamine, O-(2,3,4,5,6-pentafluorobenzyl)
ydroxylamine, and GDP-d-mannose were purchased from Sigma
MO, USA). TDP-d-glucose (TDP-Glc) was supplied by GeneChem
Daejeon, Korea). TDP-4K6D was synthesized enzymatically from
hymidine triphosphate (TTP) and glucose-1-phosphate and
urified by a previously reported method (97% purity confirmed
y HPLC) [12]. The GDP-mannose-4,6-dehydratase gene was
mplified using the chromosomal DNA of Helicobacter pylori as a
emplate [18] and cloned into pET28a (Novagen, USA). Proteins
ere prepared in E. coli BL21(DE3). For the production of GDP-

K6D, purified GDP-pyrophosphorylase (1.85 �g) was mixed with
ris–HCl buffer (0.05 M,  pH 7.5) and GDP-mannose (5 mM)  and
ncubated at 37 ◦C for 1 h.

.2. Derivatization method for TDP-4K6D

The derivatization of TDP-4K6D with different reagents was per-
ormed as previously reported [15,19]. The process, in brief, is as
ollows. Solutions of TDP-4K6D (0.5 mM,  100 �l) and the deriva-
izing agent (50 mM,  10 �l) in deionized water were mixed. The

ixed samples were preheated at 40 ◦C for 10 min  with stirring at
100 rpm and then were transferred to vials.

.3. Analytical method

ESI-MS was performed using an LCQ Deca XP ion trap mass spec-
rometer (Thermo Electron Corp, USA) with standard Thermo ESI
ource in negative ion mode at a spray voltage of 5 kV. Samples
ere infused into the mass spectrometer with a syringe pump at
 rate of 5 �l min−1 and nebulized with dry nitrogen gas [20]. The
eated capillary was maintained at 270 ◦C. The maximum ion col-

ection time was set to 50 ms,  and five microscans were averaged
er scan. The sample of NDP-4-keto sugar (2 mM)  was  analyzed
could be detected in the chromatogram (b).

by HPLC using an RS-tech C18 column (250 mm × 4.6 mm;  particle
size: 5 �m).  A mixture of 30 mM potassium phosphate and 5 mM
tetrabutylammonium bisulfate in water was  used as the mobile
phase at a flow rate of 1 ml  min−1, and the diode array detector
was set at 260 nm.

3. Results and discussion

3.1. Selective derivatization of various hydroxylamines on
TDP-4K6D

Although highly purified TDP-4K6D was  used as previously
described [12] and the relative molar ratio of TDP-4K6D as
confirmed by HPLC was much higher than that of TDP-glucose
(>97%) (Fig. 1A), ESI-MS profiling showed that TDP-4K6D was
not easily detected in the spectral analysis (Fig. 1B). To over-
come this issue, a derivatization method for MS  was applied on

the basis of the reaction of ketones (NDP-4K6D) with hydroxy-
lamine to afford oximes [21]. This is the first step in the selective
derivatization of TDP-4K6D, which is described in Fig. 2A. To
examine the selective derivatization of the carbonyl group of
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Fig. 2. Scheme of selective derivatization of TDP-4K6D with derivatization mole

DP-4K6D, hydroxylamine was initially used for the derivatization
f TDP-4K6D. Peaks due to TDP-4K6D (m/z = 545.2), TDP-Glc
m/z = 563.2), and TDP-4K6D-NH (m/z = 560.2) were identified
Fig. 2B) in the spectrum. This suggested that hydroxylamine
an be covalently attached to TDP-4K6D, although some rear-
angements may  be possible with TDP-4K6D + NR [16]. There
ere two additional carbonyl groups in the pyrimidine moiety

f TDP-GLC (Fig. 2A). However, hydroxylamine did not attach to
hem, and no peak due to TDP-Glc-NH (m/z = 578.2) was identified.
his suggested that hydroxylamine can selectively derivatize
he carbonyl group of a sugar moiety. Although the reaction of
DP-4K6D with hydroxylamine indicated the selectivity of hydrox-
lamine, the intensity of the TDP-4K6D-NH peak (m/z = 560.2)
as less than that of the TDP-Glc peak, which was  not strong
vidence for confirming the suitability of hydroxylamine as a
erivatization molecule. Therefore, additional hydroxylamine
erivatives need to be screened for the selective derivatization
f TDP-4K6D.
A) and ESI-MS analysis of the derivatization of TDP-4K6D with hydroxylamine.

3.2. Comparison of derivatizing reagents

To identify a molecule that efficiently derivatizes TDP-
4K6D and gives highly intensive peaks, eight different
molecules O-methylhydroxylamine, O-ethylhydroxylamine,
O-allyl hydroxyl amine, O-tert-butylhydroxylamine, O-
phenylhydroxylamine, O-4-(nitrophenyl)hydroxylamine, and
O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine were examined
(Table 1). TDP-4K6D was derivatized with each reagent, as
explained in Section 2. The peak intensities of TDP-4K6D and its
derivatives were compared with the peak intensity of TDP-Glc,
and their relative ratios were calculated. After ESI-MS anal-
ysis, the peaks of the TDP-4K6D derivatives, except for that
of the O-tert-butylhydroxylamine derivative, were confirmed

to have the expected m/z values, which were calculated on
the basis of the corresponding molecular weights. The peak
due to TDP-4K6D-NC4H9 (m/z = 616.24), which is the O-tert-
butylhydroxylamine derivative, was  not observed, indicating that
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Table 1
Derivatization of TDP-4K6D with different reagents.

Structure Name (NH2OR) �ma Relative ratiob Absolute intensityd

TDP-Glc TDP-4K6D Derivativec

– No derivatization 0 1 0.56 ± 0.01 0 1.8

Hydroxyl amine 14.95 1 0.71 ± 0.01 0.43 ± 0.00 1.5

O-Methyl Hydroxyl arnine 29.52 1 0.66 ± 0.00 1.15 ± 0.01 1.7

O-Ethyl hydroxy lamine 43.54 1 0.70 ± 0.00 2.53 ± 0.00 2.2

O-Aillyl hydroxyl arnine 55.54 1 0.71 ± 0.00 3.00 ± 0.04 l.8

O-Terf-butyl hydroxyl arnine 71.14 1 0.53 ± 0.01 0 1.9

O-Phenyl hydroxyla mine 91.59 1 0.53 ± 0.20 12.59 ± 2.03 2.6

O-4-Nitrophenyl hydroxyl arnine 150.51 1 0.79 ± 0.01 7.96 ± 0.67 2.5

O-(Z,3,4,5,6 pentafluoro benzyl] hydroxyl arnine 195.57 1 0.76 ± 0.02 11.46 ± 0.27 6.4

a �m is the mass increase by derivatization.
tives.

O
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w
t
s
t
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i
t
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0
z
O

benzyl)hydroxylamine to the selective derivatization of NDP-
b Relative ratio was calculated from the intensity of TDP-Glc to TDP-4K6D deriva
c Derivatives of TDP-4K6D with reagents.
d Total current ions (×108) detected by ESI-MS.

-tert-butylhydroxylamine did not react with TDP-4K6D (data
ot shown). The relative peak ratio of O-phenylhydroxylamine
as the highest (1:12.6 (TDP-Glc:Derivative)) (Fig. 3A), and

hat of O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine was  the
econd highest (1:11.5 (TDP-Glc:Derivative)) (Fig. 3B). Although
he O-phenylhydroxylamine derivative gave a more intense
eak than the TDP-Glc peak, there was an unknown peak at
/z = 443.22 (Fig. 3A), which was not identified and seemed to

nterfere with the peaks due to other NDP sugars. Considering
hese results, O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine, was
elected for further use [19]. It enhanced detection limit from

.39 mM without derivatization up to 0.004 mM with derivati-
ation (Supplementary Fig. 1). Oximes that were formed from
-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine show relatively

Fig. 3. ESI-MS analysis of the derivatization of TDP-4K6D with O-phenylhydr
specific mass spectra as well as high sensitivity in different
detection systems, such as electron impact (EI) and negative-ion
chemical ionization mass spectrometry (NCI-MS), and give better
results for aqueous samples [17,22].

3.3. Application of
O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine for GDP-4K6D
detection in reaction mixture

For further application of O-(2,3,4,5,6-pentafluoro-
4K6D, the reaction of GDP-mannose to GDP-4K6D-mannose was
monitored. The enzymatic reaction was performed as explained in
Section 2. After the reaction was  terminated, the reaction mixture

oxylamine (A) and O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine (B).
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ig. 4. Application of selective derivatization method for ESI-MS analysis of GDP-4K
amine.

as boiled and centrifuged to remove the enzymes, and then,
he residual mixture of GDP-mannose and GDP-mannose-4,6-
ehydratase was directly analyzed by ESI-MS. The enzymatic
eaction was performed as explained in Section 2, and the reaction
ixture of GDP-mannose with GDP-mannose-4,6-dehydratase
as directly applied to ESI-MS after stopping the reaction with

oiling and centrifugation to remove enzymes. Unlike TDP sug-
rs, the peak due to GDP-4K6D showed better intensity in the
pectrum than did the peak due to GDP-mannose (Fig. 4A).
owever, there were several noise peaks around the GDP-4K6D
eak, and the signal-to-noise ratio was quite low. By applying
he derivatization method to the GDP-4K6D reaction mixture,
n intense derivative peak (m/z = 781.23) was observed (Fig. 4B),
onfirming the presence of GDP-4K6D, which is the product
DP-mannose-4,6-dehydratase.

In conclusion, to detect the NDP-4K6D sugar by ESI-MS, we
mployed a selective derivatization method using a hydroxy-
amine derivative. Among the eight different candidates stud-
ed, O-(2,3,4,5,6-pentafluorobenzyl) hydroxylamine dramatically
mproved the sensitivity of NDP-4K6D. Therefore, this method can
e applied to an unpurified reaction mixture and used to measure
he enzyme activity of NDP-4K6D.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jchromb.2012.02.045.

References

[1] C.R. Hutchinson, Curr. Opin. Microbiol. 1 (1998) 319.
[2]  W.R. Strohl, Biotechnology of Antibiotics, 2nd ed., Marcel Dekker, Inc., 1997, 1.
[3]  A. Stein, M.R. Kula, L. Elling, Glycoconj. J. 15 (1998) 139.
[4] S. Amann, G. Drager, C. Rupprath, A. Kirschning, L. Elling, Carbohydr. Res. 335

(2001) 23.
[5] N. Jarvinen, M.  Maki, J. Rabina, C. Roos, P. Mattila, R. Renkonen, Eur. J. Biochem.

268  (2001) 6458.
[6] C. Albermann, W.  Piepersberg, Glycobiology 11 (2001) 655.
[7]  N. Suzuki, Y. Nakano, Y. Yoshida, T. Nezu, Y. Terada, Y. Yamashita, T. Koga, Eur.

J.  Biochem. 269 (2002) 5963.
[8] M.  Perez, F. Lombo, I. Baig, A.F. Brana, J. Rohr, J.A. Salas, C. Mendez, Appl. Environ.

Microbiol. 72 (2006) 6644.
[9] Y.B. Kang, Y.H. Yang, K.W. Lee, S.G. Lee, J.K. Sohng, H.C. Lee, K. Liou, B.G. Kim,

Biotechnol. Bioeng. 93 (2006) 21.
10] M.D. Schulman, S.L. Acton, D.L. Valentino, B.H. Arison, J. Biol. Chem. 265 (1990)

16965.
11] K.J. Linton, B.W. Jarvis, C.R. Hutchinson, Gene 153 (1995) 33.
12] J. Oh, S.G. Lee, B.G. Kim, J.K. Sohng, K. Liou, H.C. Lee, Biotechnol. Bioeng. 84

(2003) 452.
13] T. Bulter, L. Elling, Glycoconj. J. 16 (1999) 147.
14] C.A. Jakober, M.J. Charles, M.J. Kleeman, P.G. Green, Anal. Chem. 78 (2006) 5086.
15] C. Deng, N. Li, X. Wang, X. Zhang, J. Zeng, Rapid Commun. Mass Spectrom. 19

(2005) 647.
16] X. Liu, Y. Zhou, H. Chen, S. Peng, Y. Gu, L. Ding, Rapid Commun. Mass Spectrom.

22  (2008) 1981.
17] D. Saison, D.P. De Schutter, F. Delvaux, F.R. Delvaux, J. Chromatogr. A 1216

(2009) 5061.
18] B. Wu,  Y. Zhang, P.G. Wang, Biochem. Biophys. Res. Commun. 285 (2001) 364.
19] D.A. Cancilla, S.S. Que Hee, J. Chromatogr. 627 (1992) 1.
20] Y.H. Yang, Y.B. Kang, K.W. Lee, T.H. Lee, S.S. Park, B.Y. Hwang, B.G. Kim, J. Mol.
Catal. B: Enzymatic 37 (2005) 1.
21] W.H. Brown, C.S. Foote, Organic Chemistry, 2nd ed., Saunders College Publish-

ing,  Orlando, 1998.
22] J. Zapata, L. Mateo-Vivaracho, J. Cacho, V. Ferreira, Anal. Chim. Acta 660 (2010)

197.

http://dx.doi.org/10.1016/j.jchromb.2012.02.045

	Selective derivatization of nucleotide diphosphate (NDP)-4-keto sugars for electrospray ionization-mass spectrometry (ESI-MS)
	1 Introduction
	2 Materials and methods
	2.1 Strains and materials
	2.2 Derivatization method for TDP-4K6D
	2.3 Analytical method

	3 Results and discussion
	3.1 Selective derivatization of various hydroxylamines on TDP-4K6D
	3.2 Comparison of derivatizing reagents
	3.3 Application of O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine for GDP-4K6D detection in reaction mixture

	Acknowledgements
	Appendix A Supplementary data
	References


