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Two-step enzymatic synthesis of UDP-/N-acetylgalactosamine
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Abstract—UDP-GalNAc has been synthesised with high yield from GalNAc, UTP and ATP using recombinant human GalNAc
kinase GK2 and UDP-GalNAc pyrophosphorylase AGX1. Both enzymes have been prepared in one step from 1 L cultures of trans-
formed Escherichia coli and the UDP-GalNAc produced has been purified by a simple procedure. The method described is a rapid
and efficient means to produce UDP-GalNAc as well as analogues like UDP-N-azidoacetylgalactosamine (UDP-GalNAz).

© 2005 Elsevier Ltd. All rights reserved.

UDP-GalNAc is the donor substrate of many N-acetyl-
galactosaminyltransferases, enzymes which transfer
GalNAc from the nucleotide sugar to a saccharide or
peptide acceptor. Glycoconjugates synthesised by those
enzymes are of particular interest in therapeutic
approaches which require the production of blood
group or tumour antigens or of glycosaminoglycans.!
Understanding the precise mechanism of action of N-
acetylgalactosaminyltransferases would facilitate the
production of glycans with GalNAc residues crucial
for their biological activity. However, the main limita-
tion to most studies is the limited availability of labelled
sugar nucleotides and of sugar nucleotide analogues and
derivatives due to the difficulty of their synthesis.

UDP-GalNAc can be prepared in several ways. The
pure chemical approach?? is long, fastidious and yields
are low. As an alternative, enzymatic biosynthesis
avoids the use of protection and deprotection steps re-
quired for chemical synthesis and circumvents the diffi-
culties inherent to the formation of a pyrophosphate
bond. One of the enzymatic routes used starts from
UDP-GIcNAc which is converted into UDP-GalNAc
by a mammalian Gal-4 epimerase.* The main drawback
of this method is the rather low yield (30% at the equi-
librium) and the difficulty to separate UDP-GalNAc
from the excess UDP-GIcNAc. Another biosynthetic
route starts from galactosamine and uses yeast moult
galactokinase to form galactosamine-1-phosphate (Gal-
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NH,-1-P) although with low yield.> Then the GalNH,-
1-P is purified and can be coupled to UDP chemically?
or enzymatically® using a yeast UDP-Glc uridyltransfer-
ase. In both cases, the UDP-GalNH, formed has still to
be chemically N-acetylated and moderate overall yields,
not exceeding 20% of the starting product, are obtained
after purification. Another chemoenzymatic synthesis
was reported from UMP, sucrose, and GalNH,-1-P
through the help of seven enzymes and two cofactors
and a final step of N-acetylation.” Besides the require-
ment of many enzymes, the overall yield was only
34%. Finally, an enzymatic method using a partially
purified GalNAc kinase (GK?2) from pig kidney allowed
GalNAc-1-P formation with good yield.® But the subse-
quent use of a bacterial GIcNAc pyrophosphorylase
(GImU) with a poor specificity for GalNAc-1-P gave
only 10% UDP-GalNAc.

In order to obtain substantial amounts of UDP-Gal-
NAc, we developed a new low-cost strategy easier and
more efficient than the previous ones. Starting from Gal-
NAc, ATP and UTP we combined the activities of three
enzymes. The mammalian GK2 catalyses the phosphor-
ylation of GalNAc using ATP as phosphate donor.
Then, the mammalian UDP-GalNAc pyrophosphory-
lase (AGX1) uses UTP to convert GalNAc-1-P into
UDP-GalNAc. Yeast inorganic pyrophosphatase
(PPA) drives UDP-GalNAc production forward
(Scheme 1) by preventing the reverse reaction.

While PPA is commercially available, the two other en-
zymes have been produced by bioengineering. GK2 of
human or porcine origin had been previously extracted
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Scheme 1. Two-step enzymatic synthesis of UDP-GalNAc.

from tissues or expressed in Saccharomyces cerevisiae.® !

In this study, we expressed the GK2 of human origin
in Escherichia coli as a tagged protein which allows its
rapid and efficient purification. For AGXI1, previous
studies had established that addition of a tag to the re-
combinant form of the enzyme reduced its activity and
expression without tag imposed the use of several protein
purification steps.!?"' Here, we describe the expression
of AGXI1 in E. coli as a tagged protein which is as active
as the enzyme isolated from tissues and which was easily
purified through its tag.

Both ¢cDNAs encoding the enzymes GK2 and AGXI
were cloned into a high expression plasmid, the proteins
were expressed in E. coli and purified by Ni-NTA affin-
ity chromatography.!'> SDS-PAGE (Fig. 1) and Western
blot analysis (not shown) confirmed that the main pro-
teins obtained after purification were the expected ones
with an apparent molecular weight of 57 kDa for GK2
and of 61 kDa for AGX1. From 1L cultures we ob-
tained 2.2 mg GK2 (82% purity) and 3.4 mg AGXI
(70% purity).

Enzymatic assays'® indicated that the specific activities
of the recombinant enzymes and the K, values for sub-
strates were close to those described in the litera-
ture!®12:13 for the enzymes purified from tissues (Table
1). Both enzymes were kept at 0.5 mg/mL in a buffered
(pH 7.5) solution containing 30% glycerol and showed
no loss of activity after one year at —20 °C.

The purified GK2 and AGX1 enzymes were used to syn-
thesise in one-pot UDP-GalNAc from GalNAc, ATP
and UTP. Small-scale assays were first performed to
optimise the reaction.!” The reaction catalysed by
AGXI1 being reversible, addition of PPA was necessary
to drive the synthesis in the forward direction and to
reach maximum yield (68 * 10%) after ion exchange
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Figure 1. Coomassie-stained gel after SDS-PAGE of the soluble
proteins extracted from transformed bacteria by gentle lysis (lanes 1
and 3) and purified on Ni-NTA resin (lanes 2 and 4). Lanes 1 and 2:
GK2; lanes 3 and 4: AGX1.

Table 1. K, of the recombinant enzymes

Ky (mM) Specific activity (nmol/pg/min)
GK2 0.22 (0.14)'° 1.80 (1.40)'°
AGX1 0.67 (1.1)!? 29.0 (14.9)'>1?

Values from the literature are in parentheses.

chromatography. The optimal quantity of PPA was
determined to be 2 U/mL. Another adjustment was nec-
essary due to the difference in K, values (Table 1).
Experiments presented in Figure 2 indicate that the opti-
mal concentration of GalNAc engaged in the mixture is
3 mM. In addition, we determined optimal quantities of
enzymes for maximal formation of UDP-GalNAc in 6 h:
0.8 pg/mL AGXI1 and 6.0 pg/mL GK2.

Finally, we evaluated optimal concentrations of other
substrates and found out that 3 mM GalNAc, 3 mM
ATP and 3 mM UTP were the lowest concentrations re-
quired to obtain after purification maximal amounts of
UDP-GalNAc. Apparition kinetics of UDP-GalNAc
under those conditions are presented in Figure 3. A
2 mL production of UDP-GalNAc was performed start-
ing from 1.33mg GalNAc.'® Both purified enzymes
were incubated with substrates, necessary cofactors
and PPA for 6 h. After a two-step purification by ion ex-
change and gel filtration, the pure desired product,
UDP-GalNAc ammonium salt, was characterised by
mass spectrometry and NMR spectroscopy.'®
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Figure 2. Kinetics of GalNAc-1-P (open squares) and UDP-GalNAc
(filled squares) production as a function of GalNAc concentration.
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Figure 3. Time kinetics of UDP-GalNAc (filled squares) and GalNAc-
1-P (open squares) formation and of GalNAc consumption (triangles).
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In order to test whether this enzymatic synthesis was
applicable to GalNAc derivatives, we chose N-azi-
doacetylgalactosamine (GalNAz)?° as starting sub-
strate since it was recently used to enable the
detection in the cells of mucin type GalNAc-bearing
glycoproteins.?! First, we determined the K,, of GK2
for GalINAz to be 0.50 mM,'® a value in the same or-
der of magnitude as for GalNAc (0.22 mM). Under
the conditions described above!® GalNAz was very
efficiently converted into UDP-GalNAz (99% yield).
Previous studies had suggested?' that GalNAz was
processed in cells by the hexosamine salvage pathway
enzymes.!! Here, we provide evidence that GalNAz
and GalNAz-1-P, respectively, are substrates for
GK2 and AGXI1 in vitro.

The paper describes an efficient method for the enzymat-
ic synthesis of UDP-GalNAc (68 * 10%) from the inex-
pensive substrates GalNAc, ATP and UTP. With the
amount of enzymes isolated after 1 L E. coli cultures,
it is possible to obtain up to 500 mg of UDP-GalNAc.
The method proposed here was also successfully em-
ployed on GalNAz, showing that both GK2 and
AGXI1 can accept substrates with modified N-acyl
groups. Surprisingly, GalNAz appeared to be an excel-
lent substrate for the three-enzyme system. Considering
the K, value of GK2 for GalNAz and the high specific-
ity of this enzyme for GalNAc, AGX1 must be respon-
sible for the high conversion into UDP-GalNAz
suggesting a broad acceptance for this latter enzyme.
Procedures using the same enzymatic system for the syn-
thesis of other UDP-GalNAc analogues are currently
under investigation. The same efficient method was also
applied to the synthesis of radioactive UDP-GalNAc, a
very useful substrate for enzymatic tests of N-acetyl-
galactosaminyltransferases and which is no longer com-
mercially available. By this procedure we have produced
[*H]-labelled UDP-GalNAc with the same overall yield
using [*H]GalNAc. It is noteworthy that the method
presented here offers, for the synthesis of radioactive
UDP-GalNAc, an appreciable alternative to a pure
chemical approach.
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anion exchange column. The column was washed with
25mM NH4HCO; (3x1.5mL) to remove unbound
material, and then GalNAc-1-P was eluted with 250 mM
NH4HCO; (3 x 1.5mL). All fractions were analysed by
scintillation counting. For GalNAc-1-P preparation, the
same protocol as above was scaled up to 23 mL with
nonradioactive GalNAc; after DOWEX, fractions were
pooled, concentrated and applied to a gel filtration column
on G10 Sephadex (Amersham) gel (60 mL, flow rate
30 mL/h) before NMR analysis: GalNAc-1-P  (53%,
3.59mg). '"H NMR (500 MHz, D,0) d: 5.46 (dd; 1H;
JH_],p = 75, J|’2 = 35, H-l); 4.205 (ddd, IH, J2q3 = 110,
szp = 23, H-Z), 4.155 (ddd, lH, JS,Ga = 75, J5,6b = 51, H-
5); 4.04 (d; 1H; J4 5 = 3.0; H-4); 3.96 (dd; 1H; J3, = 11.0;
J3.4=3.0; H-3); 3.785 (dd; 1H; Jea 6 = 11.9; Jsa.5s = 7.5; H-
6a); 3.745 (dd; 1H; Jep.6a = 11.8; Jep s = 5.0; H-6b); 2.09 (s;
3H; CH3). For K, calculation, 70 ng of GK2 was used
with 5mM ATP and various amounts of GalNAc from
25uM to 1400 uM in 25 pL total volume. The same
method was used with GalNAz but with [*’P]ATP
(Amersham). All assays were performed in triplicate.
AGXI1 assays: reaction mixtures (25 uL) contained
PHJUTP (ARC) adjusted to 4 mM and 250 cpm/nmol,
5mM GalNAc-1-P, 5 mM MgCl,, 0.1% BSA and various
amounts of AGX1 in 75mM Tris-HCI pH 8.8. After
30 min at 37 °C, the samples were diluted with water/
methanol 50:50 and applied to DOWEX 1 x 8 as described
for GK2, except that UDP-GalNAc was ecluted with
300 mM NH4HCO; (10 x 1.5 mL) and non-reacted UTP
with 1 M NH4HCO;. All fractions were analysed by
scintillation counting. For Km calculations, 1.6 pg of
enzyme was used with 4 mM UTP and various amounts of
GalNAc-1-P from 0.275mM to 6.6 mM in 25 uL total
volume. All assays were performed in triplicate.

Combined GK2-AGX1 assays: optimisation tests were
performed at 37 °C. Reaction mixtures (25 pL) contained
PH]GalNAc (3 mM, 50 cpm/nmol), 5mM ATP, 4 mM
UTP, 5mM MgCl,, 0.1% BSA, yeast PPA (0.05 U) and
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various amounts of GK2 and AGX1 in 75 mM Tris-HCI,
pH 8.8. After 2h, samples were diluted with water/
methanol 50:50 and applied to DOWEX 1 x 8, the column
washed with 25 mM NH4HCO; (3 x1.5mL) to remove
unbound material, non-reacted GalNAc-1-P was eluted
with 100 mM NH4HCO3; and UDP-GalNAc with 300 mM
NHHCO:s.

For UDP-GalNAc synthesis a 2mL reaction mixture
contained 3mM GalNAc, 3mM UTP, 3mM ATP,
SmM MgCl,, 0.1% BSA, GK2 (12 pg), AGX1 (1.6 pg)
and PPA (4U) in 75mM Tris-HCl, pH8.8. The
reaction was left at 37 °C for 6 h, stopped by addition
of methanol/water 50:50 (13 mL) and applied to DOW-
EX 1x8 (4mL). After extensive washing first with
25mM then with 100 mM NH4HCO;, UDP-GalNAc
was eluted with 300 mM NH4HCO;. After evaporation,
the sample was applied to a gel filtration column as
described in Ref. 16. Detection was performed by
absorbance reading at 260 nm.

salt (68%, 2.62mg). 'H
NMR (500 MHz, D,0) é: 7.96 (d; 1H; Jg s = 8.1; H-
6”); 598 (d; 1H; Jy»=4.8; H-1); 597 (d; 1H;
JS”,6” = 81, H-SH); 5.55 (dd, lH, JH—I,P = 73, JI,Z = 33,
H-1); 44543 (m; H-2'; H-3'); 4.3-4.16 (m; H4
H5’a; H5'b; H2; HS5); 4.05 (br d; 1H; J=2.1; H-4);
3.97 (dd; 1H; J3, =10.9; J34 = 3.0; H-3); 3.78 (dd; 1H;
Joaop = 11.8;  Jeas=7.3; H-6a); 373 (dd; 1H;
Joaob = 11.8; Jep s =5.2; H-6b); 2.09 (s; 3H; CHj); MS
(ESD): (M+H)*, 608.13; (M+NH,)", 625.25; (M+Na)",
630.5; (M+K)™*, 646.00.

GalNAz was synthesised according to Ref. 21. For UDP-
GalNAz formation, the same conditions were used as for
UDP-GalNAc.'® UDP-GalNAz was characterised directly
from the 25 pL reaction mixture after protein precipitation
in MeOH/H,0 50:50 by mass spectroscopy. MS (ESI):
(M—H)™ 647.08.
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