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Structural Basis for the Reaction Mechanism of
UDP-Glucose Pyrophosphorylase

Hun Kim, Jongkeun Choi, Truc Kim, Neratur K. Lokanath’, Sung Chul Ha, Se Won Suhz,

Hye-Yeon Hwang, and Kyeong Kyu Kim*

UDP-glucose pyrophosphorylases (UGPase; EC 2.7.7.9)
catalyze the conversion of UTP and glucose-1-pho-
sphate to UDP-glucose and pyrophosphate and vice versa.
Prokaryotic UGPases are distinct from their eukaryotic
counterparts and are considered appropriate targets for the
development of novel antibacterial agents since their prod-
uct, UDP-glucose, is indispensable for the biosynthesis of
virulence factors such as lipopolysaccharides and capsular
polysaccharides. In this study, the crystal structures of UG-
Pase from Helicobacter pylori (HpUGPase) were determined
in apo- and UDP-glucose/Mg*-bound forms at 2.9 A and 2.3
A resolutions, respectively. HpoUGPase is a homotetramer
and its active site is located in a deep pocket of each sub-
unit. Magnesium ion is coordinated by Asp130, two oxygen
atoms of phosphoryl groups, and three water molecules
with octahedral geometry. Isothermal titration calorimetry
analyses demonstrated that Mg* ion plays a key role in the
enzymatic activity of UGPase by enhancing the binding of
UGPase to UTP or UDP-glucose, suggesting that this reac-
tion is catalyzed by an ordered sequential Bi Bi mechanism.
Furthermore, the crystal structure explains the specificity
for uracil bases. The current structural study combined with
functional analyses provides essential information for
understanding the reaction mechanism of bacterial UG-
Pases, as well as a platform for the development of novel
antibacterial agents.

INTRODUCTION

UDP-glucose pyrophosphorylase (UGPase, EC 2.7.7.9), which
is encoded by the galU gene, catalyzes the formation of UDP-
glucose (UDP-Gic) and pyrophosphate (PPi) from UTP and
glucose-1-phosphate (G-1-P). Because it also catalyzes the
reverse reaction, it is called glucose-1-phosphate uridylyltrans-
ferase and belongs to the nucleotidyltransferase family. UG-
Pase is crucial in carbohydrate metabolism since UDP-Glc is
used for the biosynthesis of glycogen and many other carbo-
hydrate derivatives such as glycolipids, glycoproteins and pro-

teoglycans (Flores-Diaz et al., 1997). In various Gram-
negative and -positive bacteria, the UGPase activity is required
for the biosynthesis of major virulence factors, lipopolysaccha-
ride and capsular polysaccharides (Chang et al., 1996;
Genevaux et al., 1999; Mollerach et al., 1998). It was reported
that galU(-) Escherichia coli K-12 produces incomplete
lipopolysaccharides and has reduced adhesion activity
(Genevaux et al., 1999) and that galU(-) Klebsiella pneumoniae
loses the mucoid colony phenotype and virulence (Chang et al.,
1996). In Streptococcus pneumoniae, inactivation of UGPase
results in defective synthesis of capsular polysaccharides
(Mollerach et al., 1998). This enzyme is also involved in the
production of galactosyl units for the synthesis of cell wall via
the Leloir pathway (Frey, 1996), as galU(-) E. coli is not able
to grow in minimal media supplemented with galactose as the
sole carbon source (Genevaux et al., 1999).

UGPases are found in all three kingdoms: eukarya, archaea
and bacteria. While bacterial UGPases share high sequence
identity, they do not show significant homology with eukaryotic
counterparts (Mollerach et al., 1998), suggesting that bacterial
UGPases are not evolutionarily related to those in other king-
doms. Therefore, they are considered targets in the development
of novel antibacterial agents (Genevaux et al., 1999; Mollerach et
al., 1998). Determining the atomic structure of UGPase in com-
plex with substrates and elucidating the catalytic mechanism are
of utmost importance for this purpose. The steady-state kinetic
studies of G-1-P thymidylyltransferase and G-1-P cytidylyltrans-
ferase from Salmonella enterica, which also belong to the nucleo-
tidyltransferase family suggested ping pong catalytic mechanism
(Lindquist et al., 1993; Lindqvist et al., 1994). According to this
mechanism, non-covalent binding of nucleotide tri-phosphate
(NTP) to the active site, covalent linkage of nucleotide mono-
phosphate (NMP) to the enzyme, and release of PPi occur se-
quentially. NMP and G-1-P then condense to form the final prod-
uct, NDP-Glc (Lindquist et al., 1993; Lindqvist et al., 1994). On
the other hand, crystal structure analyses of G-1-P thymidylyl-
transferases from Pseudomonas aeruginosa and E. coli pro-
posed ordered sequential Bi Bi mechanism, in which the non-
covalent binding of NTP and G-1-P to the enzyme is followed by
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the direct nucleophilic attack of G-1-P on the a-phosphate
group of NTP, releasing NDP-Gic and PPi (Blankenfeldt et al.,
2000; Zuccotti et al., 2001). The catalytic mechanism of nucleo-
tidyltransferases is known to involve divalent metal cofactors
(Kostrewa et al., 2001), mostly Mg?* ion; however, the catalytic
role of these ions is still unclear. In the crystal structure of Cory-
nebacterium glutamicum G-1-P uridylyltransferase/UDP-Glc
complex, two Mg?*ions are coordinated by a phosphoryl oxy-
gen of UDP-Glc, water molecules, and the side chain of aspar-
tic acid (Thoden and Holden, 2007a). However, no Mg2+ ions
are observed in the crystal structures of G-1-P thymidylyltran-
ferases/TDP-Glc from P. aeruginosa and E. coli in which the
active site residues are linked to substrates directly or via water
molecules (Blankenfeldt et al., 2000; Zuccotti et al., 2001).

Structural information of a number of nucleotidyltransferases
including UGPase is now available, however, their detailed reac-
tion mechanisms and the role of metal ions are yet to be eluci-
dated in atomic level. Therefore, we determined the crystal struc-
tures of UGPase from Helicobacter pylori (HpUGPase) in both
free and substrate/Mg®*-bound states by the multiple anomalous
dispersion (MAD) method, and performed mutational and bio-
chemical experiments based on the information provided by the
current crystal structures. While we were preparing this manu-
script, the crystal structures of UGPases from C. glutamicum,
E. coli, and Spingomonas elodea were published (Aragao et al.,
2007; Thoden and Holden, 2007a; 2007b). HpUGPase was
similar to those three UGPases in the overall structure, but the
structural information combined with mutational and calorimet-
ric studies enabled us to propose the catalytic mechanism of
UGPases. The crystal structure of HpUGPase revealed the
formation of tetramers and the location of active sites in a deep
pocket near the center of molecule. Each substrate or metal
binding site is well defined and is expected to serve as a frame
for structure-based design of inhibitors. Biochemical studies
clearly indicate the Bi Bi mechanism and the crucial role of Mg?*
ion in the catalysis.

MATERIALS AND METHODS

Protein preparation and crystallization

HpUGPase was prepared as described previously with minor
modifications (Kim et al., 2004). Briefly, H. pylori galU gene was
subcloned into pET21a vector (Novagen, USA) and the resultant
pET21a-galU plasmid was transformed into E. coli BL21(DE3)
competent cells (Novagen, USA). Transformed BL21(DES3) cells
were inoculated into Luria-Bertani (LB) broth containing 50 pug/ml
ampicillin and cultured at 37°C to an absorbance of 0.5 at 600
nm. After the addition of 0.5 mM IPTG, the cells were grown for
additional 4 hours and harvested. The cell pellet resuspended in
buffer A (20 mM Tris-HCI pH 7.5, 0.5 M NaCl and 20 mM imida-
zole) was disrupted by sonication. The clarified lysate was loaded
onto a HiTrap chelating column (GE Healthcare, USA) pre-
equilibrated with buffer A. Bound UGPase was eluted with a
linear gradient of 20 mM - 1.0 M imidazole in buffer A and subse-
quently applied to a Superdex 200 prep-grade gel filtration col-
umn (GE Healthcare, USA) pre-equilibrated with buffer B (20 mM
Tris-HCI pH 7.5 and 0.1 M NaCl). The fractions containing UG-
Pase were pooled and used for crystallization. For the prepara-
tion of selenomethionine (SeMet) substituted UGPase, E. coli
methionine auxotroph B834(DE3) (Novagen, USA) harboring the
pET21a-galU plasmid was grown in M9 medium. SeMet substi-
tuted protein was purified as described above for native UGPase,
except that 1 mM DTT was added to the buffer as a reducing
agent. Crystallization of native and substituted proteins was per-
formed by hanging drop and sitting drop vapor diffusion methods,

respectively. Crystals of apo-UGPase were grown in 0.1 M so-
dium acetate trihydrate (pH 4.6), 2 M ammonium sulfate and 0.1
M guanidine-HCI at 22°C within a week. UDP-Glc/Mg**-bound
holo-UGPase was crystallized in 0.1 M HEPES-Na (pH 7.5), 2%
PEG400 and 1.5 M ammonium sulfate containing 10 mM UDP-
Glc and 10 mM MgCl, at 22°C within a month.

Data collection and structure determination

Diffraction data from a flash-frozen UGPase crystal was col-
lected at a resolution of 2.9 A on a Quantum 4R CCD detector
using synchrotron radiation at beamline 38B1 of SPring-8, Ja-
pan. MAD data was also collected under the same experimen-
tal conditions from a SeMet UGPase crystal with wavelengths
of 0.9791 A (peak), 0.9794 A (inflection) and 0.9840 A (remote).
Data from a crystal of holo-UGPase was collected at a resolu-
tion of 2.3 A on ADSC Quantum 210 CCD detector using syn-
chrotron radiation at beamline 4A of PAL, Korea. The wave-
length of the synchrotron radiation for native crystals was
1.0000 A. Diffraction data were processed and scaled with the
HKL2000 program (Otwinowski and Minor, 1997). The apo-
UGPase crystals belonged to the orthorhombic space group
P2,2,2 with unit cell parameters, a =91.47, b =98.61,andc =
245.70 A. The selenium sites and initial phases were calculated
using SOLVE and RESOLVE, respectively (Terwilliger, 2001;
Terwilliger and Berendzen, 1999). Model building was per-
formed using the program O (Jones et al., 1991). Refinement
was performed using the program CNS (Briinger et al., 1998)
and the data quality was evaluated using PROCHECK (Las-
kowski et al., 1993). The final model of UGPase, which was
refined at 2.9 A with Ruo and Ryee Of 22.5% and 25.4%, re-
spectively, contained four Hp UGPase molecules in an asym-
metric unit. The holo-UGPase crystals belonged to the mono-
clinic space group of C2 in the presence of UDP-Glc and MgCl,
with unit cell parameters, a = 101.44, b = 74.39, ¢ = 167.12 A,
and B = 97.91°. The crystal structure of holo-UGPase was de-
termined by molecular replacement using the program EPMR
(Kissinger et al., 1999) with the apo-UGPase structure as a
template. The UDP-Glc/Mg®*-bound UGPase was refined at 2.3
A with Ryok and Riee Of 23.0% and 27.6%, respectively. Data
collection and refinement statistics are summarized in Table 1.
The crystal structure of holo-HpUGPase, which was deter-
mined at higher resolution, was used for structural analyses
unless specified otherwise. The atomic coordinates and struc-
ture factors of apo- and holo-UGPases have been deposited in
the Protein Data Bank with accession codes 3JUJ and 3JUK,
respectively.

Site-directed mutagenesis

Point mutations were introduced using QuickChange according
to the manufacturer’s instructions (Stratagene, USA) and were
confirmed by DNA sequencing. Mutant proteins were purified in
the same way as wild type UGPase. Candidates for the cata-
lytic residue, Arg15, and the substrate-binding residue, Asp130,
were replaced with alanine.

Activity assay

The catalytic activity of UGPase was measured by monitoring
the decomposition of UDP-Glc. The reaction mixture contained
3 nM UGPase, 20 units of hexokinase/glucose-6-phosphate
dehydrogenase (Sigma-Aldrich Co., USA), 2 mM B-NADP, 1
mM UDP-glucose, 10 mM D-glucose, 1 mM pyrophosphate, 10
mM MgCly, and 0.1 M Tris-HCI (pH 7.5). UGPase converts
UDP-Glc and PPi into UTP and G-1-P, and then UTP is con-
sumed in the reduction of B-NADP, which is sequentially cata-
lyzed by hexokinase and glucose-6-phosphate dehydrogenase.
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Table 1. Summary of data collection and refinement statistics of UGPases. Values in parentheses refer to the highest resolution shell.

Apo-UGPase Holo-UGPase
Native Se_M?t Native
Peak Inflection Remote
Data collection
Space group P2,2,2, P2,2,2, Cc2
Unit-cell parameters (A, °) a=91.47 a=92.11 a=92.11 a=92.14 a=101.44
b =98.61 b=98.72 b=98.72 b=98.74 b=74.39
c=245.70 c=246.28 c=246.29 c=246.37 c=167.12
B=97.91
No. of molecules in AU 4 4
Wavelength (A) 1.0000 0.9791 0.9794 0.9840 1.0000
Resolution range (A) 50-2.9 (3.0-2.9) 50-2.9 (3.0-2.9) 50-2.3 (2.38-2.30)
Completeness (%) 95.5 (94.0) 99.7(99.9) 99.7(99.9) 99.7(99.9) 98.8 (99.8)
Roym” (%) 7.7 (31.0) 8.8 (50.9) 8.3 (49.6) 8.3 (49.2) 10.6 (36.8)
No. of unique reflections 47890 50488 50524 50476 54022
(4638) (4979) (4978) (4981) (5092)
Redundancy 4.4 4.8 4.7 4.6 3.1
Mo (> 19.4 (3.5) 22.9(3.8) 23.1 (3.9) 23.2 (4.0) 8.1 (3.0)
Refinement
Ruor” (%) 225 23.0
Riree (%) 25.4 27.6
No. reflections 45199 45435
No. protein atoms 8688 8397
No. water molecules 95 736
R.m.s. deviations
Bond lengths (A) 0.008 0.008
Bond angles (%) 1.59 1.56
Mean B-factors (A?)
Protein 57.9 258
Main chain 57.0 24.0
Side chain 58.8 26.0
Water 49.3 33.5

aHsym=zhk||/ - </>|/th|l
waork:Z”Fol_lFC”/z|F0|

The production of B-NADPH was monitored by measuring the
absorbance at 340 nm for 5 min, and the absorbance change
per minute was assigned as activity units of UGPase.

Isothermal titration calorimetry analysis

The binding constant of UGPase to the substrate was meas-
ured using isothermal titration calorimetry (ITC). Heat change
was monitored with the VP-ITC Micro Calorimeter (MicroCal
Inc., USA). The sample cell and injection syringe were filled
with buffer B containing 10 pM UGPase and 1 mM UDP-Gic,
respectively. Heat change upon the addition of substrate solu-
tion was monitored and fitted using least-square regression
analysis to calculate the dissociation constant (K,).

RESULTS

Overall structure

The crystal structures of apo- and holo-HpUGPases were de-
termined at 2.9 A and 2.3 A resolutions, respectively. HoUG-
Pase forms a homotetramer that can be described as a dimer
of dimers with approximate molecular dimensions of 85 A x 75
A x 50 A (Figs. 1A and 1B). The crystal structure of apo-

HpUGPase comprises residues 1-273. However, in holo-
HpUGPase, residues 71-79 and the C-terminal residue were
not modeled due to weak electron density. Each subunit of
holo-UGPase contains one UDP-Glc and one Mg®* ion near the
active site. Two additional strong electron densities were also
assigned to Mg?* because no other metal ion was used in the
crystallization experiment. However, being too far from the
active site, they do not appear to be of biological relevance.
The structures of apo- and holo-UGPases are similar with 1.1 A
root mean square deviations between 264 Co. atoms of protein.
Each subunit is composed of eleven a-helices and twelve (-
strands, which are arranged into an open twisted central f3-
sheet surrounded by o-helices on both sides (Fig. 1A).
HpUGPase resembles a Rossman fold, which is a character-
istic structural fold found in nucleotidyltransferases and many
other nucleotide binding proteins (Figs. 1A and 1C). Although
HpUGPase shares a common overall fold with other nucleoti-
dyltransferases (Fig. 1C), its quaternary structure shows distinct
subunit packing and symmetry (Figs. 1B and 1D). Subunits A
and B are packed by two-fold noncrystallographic symmetry
along the axis, which is perpendicular to the a11 helix with a
contact area of 2,332 A? (Fig. 1B). On the other hand, subunits
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UGPase from H. pylori
Current structure

G-1-P thymidylyltransferase
from P. aeruginosa (1GOR)

N-acetylglucosamine-1-P
Uridylyttransferase
from E. coli (1FWY)

G-1-P cytidylylransferase
from S. typhi (1TZF)

G-1-P thymidylyltransferase
from P. aeruginosa (1GOR)

UGPase from H. pylori
Current structure

N-acetylglucosamine-1-P
uridylyttransferase from
E. Coli (1FWY)

G-1-P cytidylyltransferase
from S. typhi (1TZF)

Fig. 1. The overall structure of HpUGPase and its comparison with other nucleotidyltransferases. (A) The subunit structure of H. pylori UG-
Pase in complex with UDP-Gic and Mgz* ion is presented in ribbon diagram. a-Helices and p-strands are colored cyan and magenta, respec-
tively, and labeled. UDP-Gilc is drawn in yellow stick model. In UDP-Glc, oxygen, nitrogen and phosphate atoms are colored red, blue and
orange, respectively. Mg® ion is shown as a green ball and labeled. (B) Quaterary structure of UGPase is drawn in ribbon diagram. UDP-Glc
and Mg2+ ion are drawn with the same color schemes as in Fig. 1A. Each subunit is depicted in different colors. (C) Subunit structures of
sugar-nucleotidyltransferases are drawn in ribbon diagram. a-Helices and p-strands are colored cyan and magenta, respectively. Their names
and PDB IDs are indicated. (D) The ribbon diagrams of the quaternary structures of sugar-nucleotidyltransferases. Each subunit is depicted in

different colors.

A and B’ or A’ and B are related by two-fold noncrystallographic
symmetry along the axis, which is parallel to the a.11 helix and
perpendicular to the symmetry axis of subunits A and B (Fig.
1B). Therefore, the quaternary structure is described as a dimer
of dimers. Subunits A and A’ are packed with a burial of 1,344
A? of the solvent-accessible surface. Accordingly, the subunit
pair, A and B or A’ and B’, has stronger packing interactions
than A and A’ or B and B’ pair. The residues in a1, a3 and o11
helices and a1-0.2 loop are mostly involved in the subunit pack-
ing between A and B. The binding interface between A and A’
is mainly formed by residues in a3 and o5 helices and a5-33
and B3-06 loops.

HpUGPase shows high similarity with three other known UG-
Pases in the subunit and quaternary structures (Aragao et al.,
2007; Thoden and Holden, 2007a; 2007b). It can be superim-

posed with C. glutamicum, E. coli, and S. elodea UGPases with
root mean square deviations of 2.3 A, 1.9 A, and 1.8 A for 268,
263, and 236 Ca. atoms, respectively. The subunits of these UG-
Pases are packed in a similar way to form tetramers.

Active site

The active site of HpUGPase, identified by the positions of
UDP-Glc and Mg?* ion, lies in a deep pocket on the central p-
sheet surrounded by o-helices (a1, 06, a8 and «10) and
neighboring loops connected to those helices (Figs. 1A and 2A).
The putative catalytic and substrate binding residues are mainly
located on the loops rather than on helices or strands (Fig. 2A).
The uridine moiety of UDP-Glc forms hydrogen bonds with
Ala10, Gly11, GIn102, and Gly107 residues; the O4 atom of the
pyrimidine base interacts with the Ne2 atom of GIn102 and the
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Fig. 2. The active site of HpUG-
Pase. (A) The active site of HpUG-
Pase bound with UGP-Glc and
Mg** ion is drawn as in Fig. 1A.
The residues involved in binding to
UDP-Gilc are depicted in magenta
stick mo-dels and labeled. Arg15,
a putative catalytic residue, and
Asp130, a magnesium binding
residue, are colored cyan and blue
respectively. (B) The residues in
the active site of apo-UGPase
(pink) and holo-UGPase (cyan) are
compared. Residues are depicted
in stick model and labeled. Green

ion and water molecules, respectively. In holo-UGPase, the hydrogen bonds with UDP-Gic are drawn as red

dotted lines. A hydrogen bond between Lys25 and Asp130 in apo-UGPase is depicted in a blue dotted line. The black arrows indicate the
relocation of Lys25 and Asp130 in apo- and holo-UGPases and the distance changes are in Angstrom units. The octahedral configuration of
Mgz* ion coordinated with two phosphoryl oxygens, Asp130 and three water molecules in holo-UGPase is drawn with red lines.

A Argls

Asp13i

Ao

Val203

B Asp225 4

‘\,”i‘fL L2
AspllU\P\:! \.Asnlll

Vall?!

Fig. 3. Active sites of H. pylon
UGPase and other sugar nucleoti-
dyltransferases. Key residues in
the active sites are colored white
and the bound substrate is shown
in yellow ball and stick model. (A)
H. pylori UGPase. (B) P. aerugi-
nosa G-1-P thymidylyltransferase
(1G1L). (C) S. typhi G-1-P cytidylyl-
transferase (1TZF). (D) E. coli N-

N ‘e G107
Gin102

SerlD6 ‘t Arglll

%
‘-'

amide nitrogen of Gly107; the O2 atom of the pyrimidine base
interacts with the amide nitrogen of Ala10; and the O2’ atom of
the ribose ring interacts with the amide nitrogen of Gly11 (Fig.
2). The phosphoryl group interacts with Lys25, Lys191 and
Mg?* ion, while the O20. atom of a-phosphate and the 028
atom of B-phosphate form hydrogen bonds with NC atoms of
Lys25 and Lys191, respectively, and form ionic interactions
with Mg?*ion (Fig. 2). On the other hand, the glucose moiety
interacts with Gly171 via hydrogen bonds with the O3’ and O4’
atoms of glucose and the amide nitrogen of Gly171 (Fig. 2).
The active site residues involved in metal and nucleotide bind-
ing are relatively well conserved and their binding modes are
similar in other nucleotidyltransferases (Fig. 3).

The binding of UDP-Glc induces local conformational changes

= Gy87

acetylglucosamine-1-P uridylyltrans-
ferase (1FWY).

5{ &
Glu161
L=

Glu198 lle199

near the active site, causing the relocation of Ala10, Gly11, Lys25,
GIn102, Gly107, Asp130, Gly171 and Lys191. In particular,
Lys25 and Asp130 show remarkable changes since the hydro-
gen bonds between the N atom of Lys25 and the O81 atom of
Asp130 are replaced by new bonds to phosphate and Mg?*ion,
respectively (Fig. 2B). These new interactions enhance the
binding affinities for substrate and cofactor and neutralize the
negative charges of phosphoryl oxygen atoms. Consequently,
Mg?* ion is coordinated to the a-phosphate O2c. atom, the -
phosphate O1p atom, three water molecules, and the O§ 1
atom of Asp130 with octahedral geometry (Fig. 2B).

To assess the function of Mg®*ion as a divalent metal cofac-
tor, isothermal titration calorimetry analysis was performed.
UGPase formed tight contacts with UDP-Gic with a dissociation
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constant (K) of 1.29 x 10° M in the presence of Mg?* (Fig. 4A);
however without Mg® no interaction was detected (data not
shown). Similarly, in UDP-Glc production, Mg®*ion seemed to
play an important role in UTP binding because it decreased the
dissociation constant of HpUGPase/UTP complex from 7.50 x
10" M to 1.99 x 10 M (Figs. 4B and 4C). Contrary to the early
report concerning the complex formation with UDP-Gic or UTP
in the absence of metal ions (Gillett et al., 1971), Mg2+ ion

seems to be required for the binding of substrate to HoUGPase,

a prokaryotic G-1-P uridylyltransferase. Therefore, it is believed
that Mg®*is crucial for tethering substrate, particularly, its phos-
phoryl groups. In consistent with this result, a recent study re-
ported that substrate binding to S. elodea G-1-P uridylyltrans-
ferase involved Mg?* ion (Aragao et al., 2007).

To study the role of residues in the active site, two residues,
Arg15, a putative catalytic residue (Blankenfeldt et al., 2000),
and Asp130, a residue involved in substrate binding through
Mg?*, were replaced with Ala and the resultant activity changes
were measured. R15A and D130A mutants retained only 14%

and 7% of the wild type activity, respectively (Fig. 5A), thereby
suggesting the important roles of these two residues in the
catalysis. Similarly, P. aeruginosa G-1-P thymidylyltransferase
lost the catalytic activity when its Arg15 equivalent was mutated
to Ala (Blankenfeldt et al., 2000). To further investigate the roles
of Arg15 and Asp130, the substrate binding affinity of their mu-
tants were analyzed by isothermal titration calorimetry. While
R15A mutant strongly bound to UDP-Glc with Ky = 2.27 x 10°
M (Fig. 4D), which is comparable to that of wild type (Ky= 1.29
x 10° M, Fig. 4A), D130A did not interact with UDP-Gic (data
not shown). These results indicate that Arg15 contributes to the
catalytic activity of UGPase, but Asp130 is involved in binding
to substrate.

Reaction mechanism

Both UTP and G-1-P serve as substrates for the production of
UDP-Glc. UTP was shown to directly bind to UGPase (Fig. 4C),
however, G-1-P did not interact with UGPase as analyzed by
ITC (data not shown). These results suggest that UTP binds to
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Fig. 5. (A) Catalytic activities of wild type,
R15A and D130A UGPases. The relative
activities of the mutant UGPases are
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(B) The proposed reaction mechanism of
HpUGPase for the conversion of UTP and
glucose-1-phosphate to UDP-glucose and
pyrophosphate.
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UGPase in the presence of Mg?* and then G-1-P binds to the
UGPase/UTP complex. Similarly, in the decomposition reaction
of UDP-Glc, UDP-Glc would bind to UGPase/Mg?*, followed by
the sequential interaction of PPi and UGPase/UDP-GIc/MgZ+,
since ITC experiments detected no association between PPi
and UGPase/Mg®* (data not shown). Summarizing these re-
sults, we propose that Mgz", UTP and G-1-P bind to UGPase
sequentially to form a reaction complex and that PPi is released
from the UGPase/UDP-Glc/Mg?* complex after reaction.

Binding specificity for base

To understand the substrate specificities of HpUGPase, its
interaction with ATP, GTP, CTP, or TTP was tested by ITC. In-
terestingly, none of the purine or pyrimidine nucleotides
showed significant binding (data not shown). The binding speci-
ficities can be explained from the binding mode of HpUGPase
and uracil base. Purine bases cannot be accommodated in the
base binding cleft of UGPase due to their sizes (Fig. 2A).
Pyrimidine bases may approach the base binding site, but they
cannot form the tight interactions observed in the HpUG-
Pase/UDP-Glc complex. Thymine binding would be hindered
by its extra methyl group, and cytosine could not make specific
hydrogen bonds (Fig. 2A).

DISCUSSION

The current study provides a comprehensive understanding of
the crystal structure and catalytic mechanism of UDP-Glc pyro-
phosphorylase (UGPase) from H. pylori. Like other bacterial nu-
cleotidyltransferases, HpUGPase exists in a homo-oligomeric
structure. Oligomerization of enzymes can be a useful trait for the
allosteric control of enzymatic activity, however, the local changes
of HpUGPase induced by the substrate binding are not likely to
affect the catalytic activity of other subunits. Thus the tetrameriza-
tion of HoUGPase does not seem to be related to allosterism.
Upon UDP-Gic binding, a hydrogen bond between Lys25
and Asp130 is broken and their side chains move toward the
UDP-Glc phosphoryl groups, a hot spot where the condensa-
tion and decomposition of the nucleotide-sugar occur. Lys25
forms a hydrogen bond with the O20. atom of UDP-Glc a-
phosphate and Asp130 forms an ionic bond with the Mg?* ion.
Under these conformational rearrangements, these residues
stabilize UDP-Glc via the octahedral coordination of Mg®* ion
and the neutralization of the electronegativity of the phosphoryl
group. In the reverse reaction, G-1-P and UTP are also ex-
pected to be stabilized by the coordination of Mg?* ion and
charge neutralization. This geometry could contribute to proper
positioning of the phosphoryl group of G-1-P at the a-phosphate
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of UTP, thus playing an important role in the nucleophilic attack
of G-1-P. In consistent with this, Asp110 of P. aeruginosa G-1-
P thymidylyltransferase and Asp108 of E. coli G-1-P thymidylyl-
transferase, which structurally overlap with Asp130 of HpUG-
Pase, are also important for the catalytic mechanism (Blanken-
feldt et al., 2000; Sivaraman et al., 2002).

The reduced enzyme activity of the R15A mutant implies that
Arg15 plays a certain role in catalytic activity of HoUGPase (Fig.
5A). In P. aeruginosa G-1-P thymidylyltransferase, its equivalent
was also proposed to participate in catalysis (Blankenfeldt et al.,
2000). However, the current study cannot provide a clear expla-
nation for the mechanistic role of Arg15, since it is over 6 A away
from the phosphoryl groups of UDP-Glc and is not in direct con-
tact with any other residues. In the crystal structure of holo-
UGPase, it is also located away from the hot spot. Therefore, it
can be hypothesized that structural rearrangements of the active
site are required for Arg15 to approach the phosphate groups
and act as a general base during catalysis. Further structural and
enzymatic studies are needed to elucidate the reaction mecha-
nism in detail.

Previous studies of bacterial nucleotidyltransferases suggested
that Mg?*ion plays an indirect role in catalysis (Kwak et al., 2002)
and that the nucleotide triphosphate binding to the active site
does not require Mg?*ion (Sivaraman et al., 2002). In our ITC
experiments, UTP binding does not require Mg2+ ion; however,
the presence of Mg?*ion enhances the binding affinity more than
30 times. Furthermore, UDP-Glc cannot interact with UGPase
without Mg?*. Therefore, it is certain that Mg?* ion plays a direct
and critical role in substrate-tethering, as well as in catalysis. The
role of magnesium ion in the catalytic mechanism of UGPase
was also revealed from the crystal structure of UGPases from C.
glutamicum (Thoden and Holden, 2007a). In the presence of
Mg** ion, UTP or UDP-Glc strongly interacts with UGPase,
whereas G-1-P or PPi does not bind to UGPase. Therefore, UG-
Pase is thought to form a complex with UTP or UDP-Gic first and
then associates with G-1-P or PPi, respectively. These results
suggest ordered sequential Bi Bi mechanism as proposed in
previous studies (Blankenfeldt et al., 2000; Zuccotti et al., 2001).
This reaction mechanism is partially supported by our structural
data since UDP-Glc binding to UGPase induced local conforma-
tional changes.

Targeting virulence factors has recently emerged as a new
antimicrobial development strategy since it has several advan-
tages compared with the conventional methods of targeting in
vitro viability of bacterial cells (Clatworthy et al., 2007). UGPase is
a promising target for this purpose because it plays a critical role
in the biosyntheses of most virulence factors; indeed, gall(-)
cells showed reduced pathogenicity (Chang et al., 1996;
Genevaux et al., 1999; Mollerach et al., 1998). In this regard, the
current study provides not only a deeper understanding of the
molecular mechanism of UGPase but also a platform for the
development of novel antibacterial agents.

ACKNOWLEDGMENTS

We thank Dr. Chiwook Park for helpful discussion. We thank the
beamline scientists at protein beamlines of Spring8 and PAL for
their help during data collection. This work was supported by 21C
Frontier Functional Proteomics Program (FPR08B2-270), Ubiqui-
tome Research Program (M10533010001-05N3301-00100) and
National Research Laboratory Program (NRL-2006-02287).

REFERENCES

Aragao, D., Fialho, A.M., Marques, A.R., Mitchell, E.P., Sa-Correia,
I., and Frazao, C. (2007). The complex of Sphingomonas elo-
dea ATCC 31461 glucose-1-phosphate uridylyltransferase with

glucose-1-phosphate reveals a novel quaternary structure,
unique among nucleoside diphosphate-sugar pyrophosphory-
lase members. J. Bacteriol. 189, 4520-4528.

Blankenfeldt, W., Asuncion, M., Lam, J., and Naismith, J. (2000).
The structural basis of the catalytic mechanism and regulation of
glucose-1-phosphate thymidylyltransferase (RmlA). EMBO J. 19,
6652-6663.

Briinger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M.,
Pannu, N.S., et al. (1998). Crystallography & NMR system: A
new software suite for macromolecular structure determination.
Acta Crystallogr. Sect. D Biol. Crystallogr. 54, 905-921.

Chang, H.Y., Lee, J.H., Deng, W.L., Fu, T.F., and Peng, H.L. (1996).
Virulence and outer membrane properties of a ga/lU mutant of
Klebsiella pneumoniae CG43. Microb. Pathog. 20, 255-261.

Clatworthy, A.E., Pierson, E., and Hung, D.T. (2007). Targeting
virulence: a new paradigm for antimicrobial therapy. Nat. Chem.
Biol. 3, 541-548.

Flores-Diaz, M., Alape-Giron, A., Persson, B., Pollesello, P., Moos, M.,
Eichel-Streiber, C., Thelestam, M., and Florin, I. (1997). Cellular
UDP-glucose deficiency caused by a single point mutation in the
UDP-glucose pyrophosphorylase gene. J. Biol. Chem. 272,
23784-23791.

Frey, P.A. (1996). The Leloir pathway: a mechanistic imperative for
three enzymes to change the stereochemical configuration of a
single carbon in galactose. FASEB J. 10, 461-470.

Genevaux, P., Bauda, P., DuBow, M.S., and Oudega, B. (1999).
Identification of Tn10 insertions in the rfaG, rfaP, and galU
genes involved in lipopolysaccharide core biosynthesis that af-
fect Escherichia coli adhesion. Arch. Microbiol. 172, 1-8.

Gillett, T.A., Levine, S., and Hansen, R.G. (1971). Uridine diphosphate
glucose pyrophosphorylase. lll. Catalytic mechanism. J. Biol.
Chem. 246, 2551-2554.

Jones, T.A., Zou, J.Y., Cowan, S.W., and Kjeldgaard, M. (1991).
Improved methods for building protein models in electron den-
sity maps and the location of errors in these models. Acta
Crystallogr. A 47, 110-119.

Kim, H., Wu, C.A,, Kim, D.Y., Han, Y.H,, Ha, S.C., Kim, C.S., Suh,
S.W., and Kim, K.K. (2004). Crystallization and preliminary X-ray
crystallographic study of UDP-glucose pyrophosphorylase
(UGPase) from Helicobacter pylori. Acta Crystallogr. Sect. D
Biol.Crystallogr. 60, 1447-1449.

Kissinger, C.R., Gehlhaar, D.K., and Fogel, D.B. (1999). Rapid
automated molecular replacement by evolutionary search. Acta
Crystallogr. Sect. D Biol. Crystallogr. 55, 484-491.

Kostrewa, D., D’Arcy, A., Takacs, B., and Kamber, M. (2001). Crys-
tal structures of Streptococcus pneumoniae N-acetylglucosa-
mine-1-phosphate uridyltransferase, GImU, in apo form at 2.33
A resolution and in complex with UDP-N-acetylglucosamine and
Mg™ at 1.96 A resolution. J. Mol. Biol. 305, 279-289.

Kwak, B., Zhang, Y., Yun, M., Heath, R.J., Rock, C.O., Jackowski,
S., and Park, H. (2002). Structure and mechanism of CTP:
phosphocholine cytidylyltransferase (LicC) from Streptococcus
pneumoniae. J. Biol. Chem. 277, 4343-4350.

Laskowski, R.A., MacArthur, M\W., Moss, D.S., and Thornton, J.M.
(1993). PROCHECK: a program to check the stereochemical
quality of protein structures. J. Appl. Crystallogr. 26, 283-291.

Lindquist, L., Kaiser, R., Reeves, P.R., and Lindberg, A.A. (1993).
Purification, characterization and HPLC assay of Salmonella
glucose-1-phosphate thymidylyl-transferase from the cloned
rfbA gene. Eur. J. Biochem. 211, 763-770.

Lindqvist, L., Kaiser, R., Reeves, P.R., and Lindberg, A.A. (1994).
Purification, characterization, and high performance liquid chro-
matography assay of Salmonella glucose-1-phosphate cytidylyl-
transferase from the cloned rfbF gene. J. Biol. Chem. 269, 122-
126.

Mollerach, M., Lopez, R., and Garcia, E. (1998). Characterization of
the galU gene of Streptococcus pneumoniae encoding a uridine
diphosphoglucose pyrophosphorylase: a gene essential for cap-
sular polysaccharide biosynthesis. J. Exp. Med. 188, 2047-2056.

Otwinowski, Z., and Minor, W. (1997). Processing of X-ray diffrac-
tion data collected in oscillation mode. Methods Enzymol. 276,
307-326.

Sivaraman, J., Sauvé, V., Matte, A., and Cygler, M. (2002). Crystal
structure of Escherichia coli glucose-1-phosphate thymidylyl-
transferase (RffH) complexed with dTTP and Mgz". J. Biol.
Chem. 277, 44214-44219.



Hun Kim et al. 405

Terwilliger, T.C. (2001). Map-likelihood phasing. Acta Crystallogr.
Sect. D Biol. Crystallogr. 57, 1763-1775.
Terwilliger, T.C., and Berendzen, J. (1999). Automated MAD and

MIR structure solution. Acta Crystallogr. Sect. D Biol. Crystallogr.

55, 849-861.
Thoden, J.B., and Holden, H.M. (2007a). Active site geometry of

glucose-1-phosphate uridylyltransferase. Protein Sci. 16, 1379-
1388.

Thoden, J.B., and Holden, H.M. (2007b). The molecular architec-
ture of glucose-1-phosphate uridylyltransferase. Protein Sci. 16,
432-440.

Zuccotti, S., Zanardi, D., Rosano, C., Sturla, L., Tonetti, M., and
Bolognesi, M. (2001). Kinetic and crystallographic analyses
support a sequential-ordered Bi Bi catalytic mechanism for Es-
cherichia coli glucose-1-phosphate thymidylyltransferase. J. Mol.
Biol. 313, 831-843.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




