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A Practical Enzymatic Synthesis of
UDP Sugars and NDP Glucoses

Jungdon Bae,® ' Kwang-Ho Kim,” Dooil Kim,® ¢
Yongseok Choi,”! Joong Su Kim,”! Sukhoon Koh,®
Suk-In Hong, and Dae-Sil Lee*"

Nucleoside diphosphate (NDP) sugar pyrophosphorylases (Nos)
catalyze the bioconversion of sugar-1-phosphates (Su1Ps) and
nucleoside triphosphates (NTPs) to NDP sugars." Various gly-
cosyltransferases®? specifically transfer these activated mono-
saccharide residues onto a free hydroxyl or amino group on an
acceptor molecule to synthesize bioactive metabolites such as
glycogen, trehalose, lipopolysaccharides, and peptidoglycans,
which are present in the bacterial cell wall® Furthermore,
many pharmaceutically relevant natural products are glycosy-
lated secondary metabolites, which are thought to have poten-
tial for the development of novel glycorandomization thera-
peutics.” Although chemical syntheses of a few NDP sugars
have been reported by various groups,” the methods used
were complicated by the laborious maneuvering of protecting
groups in order to achieve regioselectivity. By contrast, Nps
from natural sources catalyze regioselective phosphorylation
by modulation of the metabolic intermediates. For these rea-
sons, a variety of in vitro synthetic routes to NDP sugars by a
salvage or a de novo pathway have been designed and imple-
mented.®® In view of the synthetic availability of high-energy
donor NDP sugars for glycosyltransferases, we report the syn-
thesis of UDP sugars and NDP glucoses by recombinant Ther-
mus caldophilus GK24 (Tca) UDP-sugar pyrophosphorylase (Up)
and the substrate specificity of the enzyme toward various
NTPs and Su1Ps.

The Tca usp gene (GeneBank accession no.: AAV80705),
which encodes U, was cloned and inserted into the pKK223-3
vector to construct plasmid pGLM.”' The tetrameric U, protein
was overexpressed at an optimal temperature of 70°C in Es-
cherichia coli MV1184 harboring pGLM (see the Supporting In-
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formation), and purified by heat precipitation and one-step
anion-exchange column chromatography (Figure 1).'"” The
presence of Mg’ and Mn”" at an appropriate concentration
was required for Tca U, activity; Co®™ and Ni*™ were less effec-
tive (see the Supporting Information). A thermostability test
showed that Tca U, was very stable at 70°C for 1 h (see the
Supporting Information).
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Figure 1. SDS-PAGE analysis of Tca U, purified from E. coli MV1184/pGLM.
Lane 1: E. coli MV1184 cell extract, lane 2: IPTG-uninduced E. coli MV1184/
pGLM cell extract, lane 3: IPTG-induced E. coli MV1184/pGLM cell extract,

lane 4: heat-precipitation extract, lane 5: DEAE-sephacel chromatography,
lane 6: size marker. Myosin (200 kDa), phosphorylase b (97.4 kDa), BSA

(68 kDa), ovalbumin (43 kDa), and carbonic anhydrase (29 kDa). The arrow
indicates the position of Tca U,

Forty-five enzymatic reactions with nine Su1Ps"™ were initi-

ated by the addition of five NTPs (1, 12-15) at 70°C (Scheme 1
and Table S2 in the Supporting Information)."” The reactions
were evaluated by HPLC."™¥ Tca U, showed broad specificity
toward five types of Su1P (2-6) with UTP (1). Activity toward
the synthesis of 7 (specific activity, 158.7 Umg™~') was the high-
est by Tca U, followed by 10 (116.9 Umg™), 9 (1149 Umg™),
and 8 (76.4 Umg™"), which were formed from 5, 4, and 3, re-
spectively. The activity of 11 formed from 6 was the lowest
(66.4Umg™") in the presence of compound 1. In the Tca U,-
catalyzed reaction of four types of NTP (12-15) with GIc1P (6),
all of the NDP glucoses (16-19) were formed (Scheme 1B). The
specific activity was as follows: 19 (142.8Umg™), 17
(128.8Umg™"), 16 (56.4Umg™"), and 18 (544 Umg™"). These
results also showed that Tca U, (as pea sprout U, effectively
catalyzed the formation of all the NDP glucoses (16-19) from
6 in the presence of purine (12 and 13) and pyrimidine nucleo-
tides (1, 14, and 15). However, in the other SulPs, such as
GIcN1P, FuclP, Fru1P, and Mal1P, no product was formed in the
presence of any NTP by the enzyme reaction. Moreover, Tca U,
reaction with Su1P (2-5) and NTPs (12-15) other than UTP (1)
failed to convert to the corresponding NDP sugars (Table S2 in
the Supporting Information). In comparison with the substrate
specificity of other Ngs, Salmonella enterica LT2 glucose-1-phos-
phate thymidylyltransferase (E;), which has broad sugar specif-
icity over TTP and UTP, is more specific for the pyrimidine TDP
sugars than UDP sugars®? Sugar nucleotidyltransferase
(UDPG-PPase) from an archaeal Pyrococcus furiosus DSM 3638
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(data not shown). Additional Tca N, ADP-glucose py-
rophosporylase™ is only highly specific toward 16
for the synthesis of glycogen as the major carbohy-
drate reserve. Recently, it was reported that the re-
peated polysaccharide in Thermus thermophilus HB8
contains several monosaccharide units, such as man-
nose, galactose, glucose, N-acetylglucosamine, and
N-acetylgalactosamine."® It is possible that these
sugars are closely related to the in vivo function of
Tca Up

To understand the molecular-level interactions at
the binding site of the Tca U, substrates, Tca U, was
compared with seven crystal structures (Figure 2) for
sequence homology among various N, enzymes. It
appears that three amino acid residues (G9, R13, and
K23) in the N-terminal domain of Tca U, interact
with nucleosides and are well conserved.”'” Substi-

B) HO tution of other amino acid residues (R10, L14-P22)
HO o] might afford Tca U, broad NTP specificity. It is espe-
HO Q HO cially proposed that R217 (N227 in two GImUs) sta-
HO o-p-o° HO o] . .

GictP (6) & Tea Up Ho o bilizes several nucleoside substrates through hydro-
Mg?*, 70 °C HO 5-p-o-p-0 R4 gen bonding. In GImU from E. coli, a catalytic
* - 6 6 © domain composed of six amino acids (T82, Y139,

(0] (6] O ) L. . .

o Bo-B0-bo Ry PP; NDP glucoses (16-19)  HO OH G'14(?, E154, N169, and Y197) is |mpI|ca!ted in the
O & & o binding of GIcNAC1P. Among the residues, T82,
NTP (12.15) HO OH E154, and Y197 interact directly with GIcNAcTP

(12-15) 12, 16; R'=adenine rather than with GIc1P; this results in the exclusive
13,17 R1=9U3”ine formation of UDP-GIcNAc.'” The corresponding res-
14, 18; R'=cytosine . . .

1 ! idues in S. enterica are L89, Y146, G147, E162, V193,

15, 19; R'=thymine .
and E199. Notably, the S. enterica L89T E, mutant en-
Scheme 1. Tca U,-catalyzed synthesis of A) UDP sugars and B) NDP glucoses. zymem’] enhances the promiscuity at position C-2 of
the substrates; this might decrease the steric hin-
drance of Sul1P. The S. enterica E162D E, mutant en-

(Pfu) has higher activity toward UTP than TTP with broad sugar  zyme"? fails to synthesize any NDP sugar. These amino acids

specificity; however, a purine nucleotide, ATP, was not accept-
ed by the enzyme.® Qur results indicate that the recombinant
U, can form not only several UDP sugars (7-11) from SulP (2-
6) in the presence of UTP (1), but also NDP glucoses (16-19) in
the presence of both pyrimidine and purine nucleotides (12—
15), thus proving a novel catalytic behavior.

For the synthesis of nucleotide sugars on a preparative
scale, each enzymatic reaction was performed at 70°C for 1 h
(Table 1). The U, products were readily purified by two steps of
silica gel chromatography. The conversion of 7 (89.9%) was
the highest among the synthetic products, as given in Table 1,
and that of 18 (17.1 %) was the lowest. Identification of all the
products was based on 'H and "*C NMR spectra (see the Sup-
porting Information). These results are in agreement with the
above substrate-specificity assays. Overall, the conversion of
UDP sugars is relatively higher than that of NDP glucoses
under given conditions. As far as we know, NDP glucoses (11,
16, 17, and 19) in the genus Thermus will donate glucose mol-
ecules in preference to the donation of the glucose-6-phos-
phate of trehalose-6-phosphate synthase in the trehalose syn-
thetic pathway for osmoadaptation."” Compound 7 is used as
an essential precursor for the biosynthetic pathways of pepti-
doglycan in the bacterium T. caldophilus in our ongoing study
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are replaced by L81, F136, G137, K152, V162, and E188 in Tca

Table 1. Conversion and purification yield of nine NDP sugars synthe-
sized by Tca Up®

Substrate Product Conv.”’  Purified yield

NTP SulP [%] [mg (%)]

UTpP (1) GIcNACTP (2) UDP-GIcNACc (7) 89.9 41.1 (63.1)
uTp Gal1P (3) UDP-Gal (8) 39.1 14.0 (22.9)
UTP Man1P (4) UDP-Man (9) 66.8 27.9 (45.7)
uTp Xyl1P (5) UDP-Xyl (10) 58.3 25.6 (41.9)
uTp GIc1P (6) UDP-Glc (11) 31.6 9.7 (15.3)

ATP (12) Glc1P (6) ADP-Glc (16) 279 11.0 (18.2)
GTP (13) Glc1P GDP-Glc (17) 39.1 20.2 (33.2)
CTP (14) Glc1P CDP-Glc (18) 171 7.8 (12.8)

TTP (15) Glc1P TDP-Glc (19) 441 24.0 (44.8)

[a] The reaction mixture (50 mL), containing the Tca Uy (11.1 UmL™), Tris-
HCl buffer (25 mwm, pH 8.0), NTP (2 mm), Su1P (2 mm), and MgCl, (8 mw),
was incubated at 70°C for 1 h. [b] Conversion=[NDP sugar/NTP x 100]
was calculated from the enzymatic reaction with SulP (2 mm) and NTP
(2 mm) at 70°C for 1 h. HPLC retention times [min] for each compound at
254 nm were as follows: 7, 13.0; 8, 12.7; 9, 12.5; 10, 14.2; 11, 12.7; 16,
14.4; 17, 12.8; 18, 10.7; 19, 13.0; UMP, 4.8; UDP, 13.7; 1, 25.2; AMP, 7.1;
ADP, 16.9; 12, 25.2; GMP, 5.5; GDP, 15.0; 13, 25.1; CMP, 4.3; CDP, 12.1; 14,
23.7; TMP, 6.0; TDP, 15.2; 15, 24.8.
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Figure 2. Multiple sequence alignment of T. caldophilus U, with E. coli N-acetylglucosamine 1-phosphate uridyltransferase (E. coli GImU; PDB code, 1FXJ; se-
quence similarity, 29.9%) for the precursor (7) synthesis of peptidoglycan and lipopolysaccharides, Pseudomonas aeruginosa glucose-1-phosphate thymidylyl-
transferase (P. aeru RmlA; 1G23; 36.7 %), the first enzyme to form dTDP-.-rhamnose from 19 in the cell wall, S. enterica E, (S. ente E,; 11IN; 38.6 %) with unusual
promiscuity toward various pyrimidine NDP sugars containing 7-9, 11 and 19 in this report, E. coli glucose-1-phosphate thymidylyltransferase (E. coli Rffh;
1mC3; 37.8%), E. coli glucose-1-phosphate thymidylyltransferase (E. coli G1P-TT; 15H5; 38.6 %), Streptococcus pneumoniae GImU (S. pneu GImU; THMO; 26.6 %),
and Methanobacterium thermoautotrophicum RmlIA (M. them RmlA; 1LVW; 36 %). * indicates possible nucleotide-binding residues. ¥ corresponds to the amino
acid residues implicated in the binding of sugar. The underlined L(X),GXGT(X),R(X)sPK motif (PROSITE database; http://www.expasy.org) is a putative pyro-
phosphorylase consensus domain.

U, The three residues L81, K152, and E188 might play an im- In conclusion, practical and efficient syntheses of UDP
portant role in interacting with C-2 of SulP. The positively  sugars and NDP glucoses by using a single recombinant
charged residue K152 in Tca U, is possibly more electrostatical-  enzyme with high thermostability have been demonstrated.

ly coupled to the sugar O-2 or O-3 atom than the negatively =~ When compared with most mesophile-driven N, with nar-
charged residue E162 of S. enterica Ep; this would affect the  rowed substrate specificity, Tca U, has broad substrate specific-
sugar specificity of the enzyme. Residue T190 in Tca U, might ity toward purine and pyrimidine nucleotides as well as broad
also be important for the tolerance of bulky N-acetyl group at  sugar specificity over UTP. This highlights the potential of mul-
C-2 of Su1P, based on the result of another S. enterica E, var-  tifunctional U, in vitro from the thermophilic bacterium. More
iant (T201A),”@ which converts GIcNAc1P and dTTP to dTDP-  detailed biochemical and structural analysis toward its sub-
GIcNAc with high activity. strate specificity will be addressed in further studies.
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