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Cationic modification of lipid A with 4-amino-4-deoxy-L-arabinopyranose (.-Ara4N) allows the pathogen
Klebsiella pneumoniae to resist the antibiotic polymyxin and other cationic antimicrobial peptides.
UDP-glucose dehydrogenase (Ugd) catalyzes the NAD*-dependent twofold oxidation of UDP-glucose
(UPG) to produce UDP-glucuronic acid (UGA), a requisite precursor in the biosynthesis of .-Ara4N and bac-
terial exopolysaccharides. Here we report five crystal structures of K. pneumoniae Ugd (KpUgd) in its apo
form, in complex with UPG, UPG/NADH, two UGA molecules, and finally with a C-terminal Hisg-tag. The
UGA-complex structure differs from the others by a 14° rotation of the N-terminal domain toward the C-
terminal domain, and represents a closed enzyme conformation. It also reveals that the second UGA mol-
ecule binds to a pre-existing positively charged surface patch away from the active site. The enzyme is thus
inactivated by moving the catalytically important residues C253, K256 and D257 from their original posi-
tions. Kinetic data also suggest that KpUgd has multiple binding sites for UPG, and that UGA is a competitive
inhibitor. The conformational changes triggered by UGA binding to the allosteric site can be exploited in
designing potent inhibitors.
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1. Introduction

The opportunistic pathogen Klebsiella pneumoniae can cause uri-
nary tract and blood stream infections, as well as severe pneumo-
nia with a high rate of mortality and morbidity (Podschun and
Ullmann, 1998). It is emerging as a major causative agent of mul-
ti-drug resistant infections and pyogenic liver abscess frequently
complicated by metastatic meningitis or endophthalmitis (Fang
et al., 2004; Wu et al., 2009). Expression of two essential virulence
factors, capsular polysaccharide (CPS) and lipopolysaccharide
(LPS), in K. pneumoniae clinical isolates (Huh et al., 2004) allows
it to escape from host innate immune responses (Easley et al.,
2007). The LPS modifications with 4-amino-4-deoxy-L-arabinopyr-
anose (1-Ara4N) further confer K. pneumoniae resistance to the
antibiotic polymyxin (Helander et al., 1996), a member of cationic

Abbreviations: CAMP, cationic antimicrobial peptide; CPS, capsular polysaccha-
ride; 1-Ara4N, 4-amino-4-deoxy-L-arabinopyranose; LPS, lipopolysaccharide; PXB,
polymyxin B; UGA, UDP-glucuronic acid; Ugd, UDP-glucose dehydrogenase; UPG,
UDP-glucose.
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antimicrobial peptides (CAMPs). Functioning as a key component
of the innate immune system (Sommer et al., 2004), CAMPs act
by binding to the negatively charged lipid A of LPS on the bacterial
cell surface, leading to membrane permeabilization and cell death
(Burtnick and Woods, 1999; Gatzeva-Topalova et al, 2005;
Princivalle and de Agostini, 2002). In order to evade the bacterici-
dal action of CAMPs, some Gram-negative bacteria have developed
mechanisms to modify the phosphate group of lipid A with the
positively charged sugar 1-Ara4N (Burtnick and Woods, 1999;
Guo et al., 1997; Princivalle and de Agostini, 2002). By reducing
the surface negative charge, such modification decreases the bind-
ing affinity and results in the resistance to CAMPs (Ordman and
Kirkwood, 1977a). In K. pneumoniae CG43, polymyxin B (PXB)
resistance was demonstrated to be correlated to the expression
of UDP-glucose dehydrogenase (Ugd; EC 1.1.1.22), a LPS modifica-
tion enzyme involved in L-Ara4N biosynthesis (Cheng et al., 2010).

Ugd belongs to a small group of NAD*-dependent 4-electron
oxidoreductases and catalyzes the conversion of UDP-glucose
(UPG) to UDP-glucuronic acid (UGA), the initial step of the L-Ara4N
biosynthesis pathway (Fig. S1) (Breazeale et al., 2005; Huh et al,,
2004). UGA also serves as a precursor for synthesis of bacterial
antiphagocitic CPS, colanic acid (M-antigen), plant cell walls, and
mammalian glycosaminoglycans (Hung et al., 2007; Lacour et al.,
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2008), and it is critical to bacterial virulence (Jiang et al., 2010) as
required for the biosynthesis of extracellular polysaccharide.
Mutations in the ugd gene of Xanthomonas campestris lead to loss
of pathogenicity (Burtnick and Woods, 1999). In other pathogenic
bacteria like Burkholderia cenocepacia (Gatzeva-Topalova et al.,
2005) and B. pseudomallei (Burtnick and Woods, 1999), insertion
mutagenesis studies showed that ugd is essential for viability and
PXB resistance. Moreover, ugd deletion in Pseudomonas aeruginosa
increased its susceptibility to PXB, chloramphenicol, cefotaxime,
and ampicillin (Hung et al., 2007). A recent report on Proteus mira-
bilis showed that the expression of Ugd can be induced by PXB
(Jiang et al., 2010). Therefore, limiting UGA availability by inhibit-
ing Ugd activity may represent a strategy against bacterial
infections.

The reaction catalyzed by Ugd is outlined in Fig. 1. Kinetic stud-
ies have been reported for the bovine (Ridley and Kirkwood, 1973),
streptococcal (Campbell et al, 1997), Arabidopsis thaliana
(Thompson et al., 1994) and human (Easley et al., 2007) enzymes.
The streptococcal Ugd follows a bi-uni-uni-bi ping-pong
mechanism in which UPG is bound first and UGA is released last
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(Campbell et al., 1997; Ordman and Kirkwood, 1977b). The pro-
posed mechanism involves an aldehyde intermediate covalently
bound to a lysine residue, nucleophilic attack of an active-site cys-
teine on the aldehyde, and irreversible hydrolysis of the thioester
intermediate (Campbell et al., 2000; Ge et al., 1998; Ordman and
Kirkwood, 1977a; Ridley and Kirkwood, 1973). This cysteine resi-
due is conserved across all species and essential for the second step
of oxidation (Ge et al., 2004; Sommer et al., 2004). Mutation of
strictly conserved active-site residues in human Ugd, which corre-
spond to K197, C253, K256, D257 and K307 in KpUgd (Fig. S2), re-
vealed their functional importance (Easley et al., 2007; Sommer
et al., 2004). On the other hand, Ugd activity is competitively inhib-
ited by UGA in a feedback regulation for making various UDP-sug-
ars in plants (Campbell et al., 1997; Dalessandro and Northcote,
1977; Thompson et al., 1994), while UPG exhibits slight allosteric
effects in Streptococci, P. aeruginosa and B. cenocepacia (Campbell
and Tanner, 1997; Campbell et al., 1997; Hung et al., 2007).

The X-ray structures of Ugd from Streptococus pyogenes (SpUgd;
PDB codes: 1DLI and 1DLJ) (Campbell et al., 2000), Porphyromonas
gingivalis (PgUgd; PDB code: 3GG2), Caenorhabditis elegans (CeUgd;
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Fig. 1. The reaction mechanism and overall structure of Ugd. (A) Ugd catalyzes two successive NAD*-dependent oxidation reactions of UPG to yield UGA. The last step,
hydrolysis of the covalent UGA-enzyme intermediate is essentially irreversible. (B) A dimer is the basic assembly unit for Ugd. For clarity, the KpUgd/6His structure is shown

with the two subunits in different shades of gray.



302 Y.-Y. Chen et al./Journal of Structural Biology 175 (2011) 300-310

PDB code: 203 J), Human (HsUgd; PDB code: 2Q3E, 2QG4, 3ITK and
3KHU) (Lee et al., 2009) have been determined. Structural analyses
have also been carried out for the Sphingomonas and Burkholderia
enzymes (Rocha et al., 2010a,b). The oligomeric state of the human
and bovine enzymes is a hexamer (Franzen et al., 1981; Lee et al.,
2009), or a trimer of dimers, whereas that of Escherichia coli, P.
aeruginosa and Cryptococcus neoformans is a dimer (Hung et al.,
2007; Schiller et al., 1973; Thompson et al., 1994). Here we present
the crystallographic structures of Ugd from a virulent strain of K.
pneumoniae (KpUgd) in its apo form, in complex with substrate,
substrate and cofactor, and product, as well as a His-tag inhibited
form. The structures not only provide new insights into the cata-
lytic mechanism of KpUgd but also identify K256 and D257 as
two critical residues for binding to the second UGA that accounts
for a unique regulation mechanism.

2. Materials and methods
2.1. Cloning and protein preparation

The K. pneumoniae strain NTUH-K2044 was isolated from pa-
tients with septicemia at National Taiwan University Hospital
(Wu et al., 2009). The gene fragment of KpUgd (ugd) was provided
by Prof. Shih-Feng Tsai. After amplification by polymerase chain
reaction, the product encoding ugd was digested with EcoRI and
Xhol and cloned into the expression vector pET-28a (Novagen).
The ugd gene carried by the plasmid was preceded and followed
by a six-histidine tag (Hiss-tag) coding sequence. Later, site-spe-
cific mutagenesis was performed using QuikChange® (Stratagene)
to introduce a stop codon before the second Hisg-tag sequence to
restore the original C-terminus (Table S1). Each construct was
transformed into a non-auxotrophic E. coli strain BL21 (DE3) com-
petent cell. The proteins were expressed and purified as described
previously (Chen et al., 2010). Each batch was grown in LB medium
containing 50 pg/L kanamycin to an ODggo of ~0.6, and induced
with 1.0 mM IPTG (MDBio Inc.) for 18 h at 20 °C. Each overexpres-
sed protein was purified by chromatography using a Ni*-NTA col-
umn (GE Healthcare), which was eluted by a linear gradient of
imidazole from 20 to 500 mM. After buffer exchange with a pH
8.7 buffer of 100 mM Tris-HCI (Merck) by FPLC using a HiPrepTM
26/10 desalting column (GE Healthcare), the protein solution was
concentrated by using an Amicon centrifugal concentrator with
30 kDa cut-off (Millipore, MA, USA), and stored at —80 °C. The
two recombinant proteins, KpUgd/6His (containing two Hisg-tags)
and KpUgd (one Hisg-tag), were obtained with higher than 95%
purity, estimated using SDS-PAGE.

2.2. Crystallization

The KpUgd/6His and KpUgd solutions were adjusted to 3.5 mg/
ml in 100 mM Tris-HCI buffer (pH 8.7) containing 20 mM MgCl,
and 2 mM dithiothreitol. The sitting-drop vapor diffusion method
was employed, in which 1 pl protein solution was mixed with
1 pl reservoir. The KpUgd/6His crystals were obtained at 4 °C with
areservoir solution of 0.1 M Tris-HCl buffer (pH 8.0), 0.8 M sodium
formate (Fluka) and 14% (w/v) polyethylene glycol (PEG) 8000.
Crystallization of KpUgd/UGA at 10 °C used 20 mM CAPS buffer
(pH 11.0, Hampton), 6% (w/v) PEG 8000, and 16% (w/v) ethylene-
glycol (Hampton) as a reservoir, where UGA (Sigma) was added
to the protein solution with a final concentration of 4 mM. Crystals
of KpUgd/UPG complex were also obtained by cocrystalliztion with
2 mM UPG (Fluka) at 10 °C in a reservoir solution containing 0.1 M
Tris-HCI buffer (pH 8.0), 0.8 M sodium formate (Fluka) and 19-25%
(w/v) PEG 2000 monomethyl ether (Fluka). The apo-form KpUgd
crystals were prepared as described above for the KpUgd/UPG

complex but it used a different cryoprotectant (250 mM MgCl,,
120 mM Nacl, 23% PEG 3350 and 8% glycerol). The KpUgd/UPG/
NADH crystals were obtained by in-drop soaking of the KpUgd/
UPG crystals for 5 h with identical buffer solution but containing
5 mM NADH.

2.3. Data collection and structural analyses

Crystals were soaked for 5-10 s in a cryoprotectant (the reser-
voir solution containing 17% ethyleneglycol) before flash-cooling
to 100 K in a stream of cold nitrogen. X-ray diffraction data were
collected at the SPXF beamline BL13B1 at the National Synchrotron
Radiation Research Center (NSRRC), Taiwan, and at beamlines BL-
17A and BL-NW12 at the Photon Factory (PF), Japan. The data were
processed and scaled by using HKL2000 (Otwinowski and Minor,
1997). The structure of KpUgd/6His was first determined by the
molecular replacement program AMORE (Navaza, 1994) using
the structure of SpUgd (PDB ID: 1DLI) (Campbell et al., 2000) as a
search model, and subsequently used in solving the other struc-
tures. The apo-form KpUgd and the complex crystals belong to
the same monoclinic space group of C2, except for the KpUgd/
UGA crystal, which belongs to the hexagonal space group P6422.
Both crystals contained one Ugd monomer in each asymmetric
unit. Model building and refinement were performed with O (Jones
et al,, 1991), XtalView (McRee, 1999), CNS (Brunger et al., 1998),
CCP4 (Collaborative Computational Project, 1994) and Coot
(Emsley and Cowtan, 2004). The NADH in the KpUgd/UPG/NADH
complex had clear electron density, but either in this ternary com-
plex or in the binary KpUgd/UPG complex, the UDP-sugar lacked
density for the glucose 1-phosphate moiety and was modeled as
a UMP. The KpUgd/UGA complex had two bound UGA molecules,
one in the active site and the other in a different site. All refined
models maintained good stereochemistry, as evaluated by PRO-
CHECK (Laskowski et al., 1993). The molecular figures were pro-
duced by using PyMOL (Delano, 2002) and UCSF Chimera
(Pettersen et al., 2004).

2.4. Enzyme assays

The enzyme activity was determined by measuring the forward
reaction rate of UPG oxidation, in which the change in absorbance
of the product NADH was monitored at 340 nm (Easley et al.,
2007). A typical reaction mixture for KpUgd contained 50 mM
Tris-HCI buffer (pH 8.7), 1 mM dithiothreitol, 0.5 mM NAD*, and
1 mM UPG. All enzyme assays were carried out at 25 °C in a final
volume of 200 pl. Initial velocities were measured during the first
30 s after adding the enzyme to a final concentration of 0.1 nM. Ki-
netic parameters were obtained by varying the concentration of
[NAD*] varying from O to 0.5 mM while keeping [UPG] constant
at 1.0 mM, or with [UPG] varying from 0 to 3.0 mM while fixing
[NAD'] at 0.5 mM. Using the program GraphPad, the K, and Viax
values for UPG were calculated by fitting the data to the equation
(Y = VimaxX" /(X" + Km")), in which Y, X, and h represent the reac-
tion velocity, the substrate concentration, and the Hill coefficient,
respectively. The kinetic constants for NAD" were determined by
fitting with the formula Y = Vo x X/(Km + X). All values are the
average of triplicate repeats.

Inactivation kinetics was measured under similar conditions as
described above. The substrate concentration [UPG] was varied
from 0.2 to 1.5 mM with [NAD'] held constant at 0.5 mM, and
the inhibitor concentration [UGA] was also varied from 50 to
400 uM. The kinetic parameters were calculated by nonlinear
regression using the program PRISM, in which one best-fit value
for the entire set of data was obtained according to the equations
Y = Vinax x X/(Kmobs +X) and Kmops = K x (1 + [[]/K;), where Y, X,
and [I] present the reaction velocity, the substrate concentration,
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and the concentration of inhibitor. Protein concentration was
determined by the Bradford method (Bradford, 1976), using bovine
serum albumin as a standard.

3. Results
3.1. Overall architecture

The monomer of KpUgd contains 388 amino acids, and it shows
significant similarity with those from various other organisms
when the sequences are aligned using the program BioEdit
(Thompson et al., 1994) (Fig. S2). When compared with KpUgd,
E. coli Ugd (Rasko et al., 2008), S. pneumoniae Ugd (Bentley et al.,
2006), SpUgd (Campbell et al., 2000), PgUgd, CeUgd and HsUgd
(Lee et al., 2009) show overall sequence identities of 99%, 61%,
54%, 28%, 25% and 28%, respectively. A major difference is located
in the C-terminus, with approximately 50 additional residues
found in PgUgd, CeUgd and HsUgd. The C-terminal extension in
the eukaryotic enzymes is responsible for hexamer formation,
whereas the prokaryotic enzymes exist mostly as a dimer (Franzen
et al,, 1981; Hung et al., 2007; Lee et al., 2009; Schiller et al., 1973;
Thompson et al., 1994). There are 51 strictly conserved residues
(Fig. S2), presumably of functional importance. These include an
NAD*-binding “fingerprint” (residues 7-12 in KpUgd) in the N-ter-
minal domain with the P-loop motif of GxGxXG (Hung et al., 2007)
and a highly conserved active-site signature sequence of
GGXCxxKD (Campbell et al., 2000; Lee et al., 2009). Interestingly,
the C-terminal domain of KpUgd contains two candidate regions,
A293-V298 (ARKPKV) and M322-A327 (MKRIKA), that match the
charged XBBXBX consensus sequence of the heparin sulfate bind-
ing site, where B is a basic amino acid and X is hydropathic (neutral
and hydrophobic) (Levy-Adam et al., 2005). The XBBXBX consensus
sequence can be found in several Ugd from Gram-positive and neg-
ative bacteria, but not in those with solved structures.

The crystal structures of KpUgd reported here include a ligand-
free enzyme with a C-terminal Hisg-tag (KpUgd/6His) and the apo-
form enzyme (KpUgd/Apo). The other structures are in complex
with (1) the substrate UPG (KpUgd/UPG), (2) UPG and the cofactor

NADH (KpUgd/UPG/NADH), and (3) the product UGA (KpUgd/UGA).
Some statistics of the data collection and refinement are shown in
Table 1. In all crystals the asymmetric unit contains one monomer,
but a dimer similar to those of the other known Ugd structures is
formed with a crystallographic dyad-related monomer. The exten-
sive interface area of 2600 A2, calculated by the PISA server
(http://pdbe.org/pisa), also suggests the formation of a dimer.
Using analytical ultracentrifuge, we further confirmed that KpUgd
exists as a dimer in solution (Fig. S3). Similar to other Ugd struc-
tures, the KpUgd monomer comprises two discrete o/f Ross-
mann-fold domains connected by a long helix o9 (47 A, residues
190-221; Fig. 2A). The N-terminal “nucleotide-binding” domain
(N domain; residues 1-189) binds to the coenzyme and the C-ter-
minal “catalytic” domain (C domain; residues 222-388) binds to
the substrate. Similar to SpUgd (Campbell et al., 2000), the interdo-
main pseudo-symmetry also exists in KpUgd, as reflected by the
root-mean-square deviation (RMSD) of about 2.0 A for more than
40 pairs of Co. atoms in the two domains. The additional C-terminal
residues in PgUgd, CeUgd and HsUgd constitute the helix a16 and
the strand pQ (Fig. 2B). In the 1.4-A structure of KpUgd/6His, the
Hisg-tag was accommodated within the substrate-binding cavity,
stabilized by the interactions with Y242, G250, F385 and D388
(Fig. S4), rather than exposed to the solvent. As a result, KpUgd/
6His was inactivated by the Hisg-tag. No activity was detected even
after three-hour incubation of the enzyme with substrate and
cofactor. As reported previously for SpUgd (Campbell et al,
2000), the C domain contains an Q loop, which is not present in
the N domain. In our crystals, only the product-bound KpUgd/
UGA showed good electron densities for this loop (304-315). It
could not be seen in the other four crystals, probably due to
flexibility.

3.2. The coenzyme-binding site

The structure of KpUgd/Apo, determined at 1.9-A resolution is
essentially identical to that of KpUgd/6His except for the absence
of the C-terminal Hisg-tag. The overall protein conformations in
the KpUgd/UPG and KpUgd/UPG/NADH complex structures at 1.5

Table 1
Data collection and refinement statistics for the crystals of KpUgd. Numbers in parentheses are for the highest resolution shells.
6His Apo UPG UPG/NADH UGA
Data collection
X-ray source PF NW12 PF NW12 PF 17A NSRRC 13B NSRRC 13B
Space group 2 C2 c2 c2 P6422
Unit cell a, b, ¢ (A) 108.0, 63.7, 79.1 106.9, 63.7, 78.1 106.9, 63.2, 79.2 108.1, 63.6, 78.6 1334, 133.4,187.3
o, B,y (°) 90, 114.7, 90 90, 113.1, 90 90, 114.1, 90 90, 114.2, 90 90, 90,120

Resolution (A)
Number of observations
Unique reflections

30-1.4 (1.45-1.40)
679935 (48616)
94272 (8420)

30-1.9 (1.97-1.90)
146386 (14460)
37761 (3759)

30-1.5 (1.55-1.50)
394286 (34661)
77013 (7535)

30-1.7 (1.76-1.70)
304732 (29602)
53413 (5286)

30-2.7 (2.80-2.70)
411614 (41162)
27652 (2708)

Completeness (%) 98.2 (86.1) 99.2 (99.7) 99.7 (97.8) 99.7 (99.9) 99.9 (100)
Average 1/o(1) 49.7 (3.0) 25.9 (3.5) 21.7 (3.3) 26.5 (3.4) 35.7 (7.8)
Rinerge (%) 3.5 (40.3) 52 (41.7) 6.1 (36.5) 6.3 (45.6) 8.1 (45.7)

Refinement

Number of positive reflections
Ruwork (95% data)

Reree (5% data)

90392 (7209)
0.169 (0.257)
0.190 (0.283)

36250 (3234)
0.175 (0.242)
0.222 (0.305)

74004 (6574)
0.164 (0.236)
0.190 (0.257)

50898 (4578)
0.165 (0.233)
0.198 (0.234)

26633 (2441)
0.185 (0.262)
0.226 (0.290)

R.m.s.d bond distance (A) 0.020 0.020 0.020 0.019 0.020
R.m.s.d bond angle (°) 1.8 1.8 1.8 1.9 2.1
Ramachandran plot (% non-Pro non-Gly residues)

In most favored regions 91.7 92.1 91.8 91.2 88.0

In additional allowed regions 8.0 7.6 7.9 8.5 11.7

In generously allowed regions 0.0 0.0 0.0 0.0 0.0

In disallowed regions 0.3 0.3 0.3 0.3 0.3
Average B (A?)/Number of non-H atoms

Protein 19.6/3078 26.2/2994 18.3/2994 16.8/2984 40.1/3076
Water 36.6/751 39.2/472 37.4/664 29.0/428 45.1/158
Ligand 17.8/21 19.8/65 42.7/88



http://www.pdbe.org/pisa

304 Y.-Y. Chen et al./Journal of Structural Biology 175 (2011) 300-310

Fig. 2. The monomer of KpUgd/UGA and structural comparison with other Ugd. (A) The cartoon diagram of KpUgd/UGA complex shows two distinct domains, which are
colored green for the “coenzyme-binding” N domain and hotpink for the “catalytic” C domain. The final 2Fo — Fc electron density map at 2.7 A is contoured at 1.5-G level for
the UGA and CAPS molecules. (B) The Ugd monomers from K. pneumoniae (yellow), S. pyogenes (PDB code: 1DL], cyan), P. gingivalis (PDB code: 3GG2, blue), C. elegans (PDB
code: 203]J, pink), and human (PDB code: 2QG4, gray) are superimposed. A major structural difference between the eukaryotic Ugd and the bacterial enzymes occurs near the

C terminus.

and 1.7-A resolution are also the same (Fig. S5). The RMSD between
these four models range from 0.24 to 0.67 A for 377 to 379
Co-atoms, with the largest difference seen in KpUgd/Apo. Because
the cofactor-bound crystals were prepared by soaking, the NAD(H)
binding site should be readily accessible. As shown in Fig. 3A (and
Fig. S6), the open pocket indeed leaves the NAD(H) molecule
exposed to the bulk solvent, except for the nicotinamide moiety,
which is partially covered by the Q loop if it is present. This pocket
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is similar to those of GDP-4-keto-6-deoxymannose 3,5-epimerase/
reductase (Helander et al., 1996) and dTDP-6-deoxy-L-lyxo-4-hex-
ulose reductase (Campbell and Tanner, 1999), in which the cofac-
tor could be readily exchanged. The adenine ribose is adjacent to
the GxGxxG “fingerprint” of Rossmann fold, located in the pA-a1
turn, whereas the nicotinamide ring is placed in a typical syn
orientation identical to those SpUgd and HsUgd (Campbell et al.,
2000; Lee et al,, 2009). The coenzyme is held in place by V11,
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Fig. 3. Stereoviews of the coenzyme-binding site. (A) The surrounding amino-acid residues in the cofactor-binding site of KpUgd/UPG/NADH are compared by
superimposition with the other four KpUgd structures. NADH and residues from KpUgd/UPG/NADH complex structure are colored yellow. Those in KpUgd/UGA, KpUgd/UPG
and KpUgd/Apo are coloured hotpink, blue and green, respectively. (B) The residues in the N domain that provide the specificity for interactions with NADH (yellow) in KpUgd
and NADPH (red) in Ec6PGDH are compared by superimposition. The bound cofactors are represented as ball-and-stick models.
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D29, 130, K34, T81, P82, T83, V100, T118, R144 and E145, all from
the N domain of the protein (Fig. 3A). Additional interactions may
be contributed by the overhanging side chain of R314 from the
flexible Q loop in the C domain. The interactions are similar to
those observed in the other Ugd structures (Campbell et al.,
2000; Lee et al., 2009). A recent study showed that E. coli Ugd is
activated by Y71 phosphorylation (Lacour et al.,, 2008). In the
KpUgd/UPG/NADH structure, the Y71 side chain forms a hydrogen
bond with S6 in a cavity adjacent to V100 and it is 5.4 A from the
adenine ring. If Y71 is phosphorylated, the phosphate group can
occupy the cavity, exclude solvent molecules, and forms additional
hydrogen bonds with the adenine ring of NAD. It may also interact
with a nearby K67. These new bonds can increase the enzyme’s
affinity to the cofactor.

It has been mentioned before that the N domain of SpUgd is
structurally homologous to 6-phosphogluconate dehydrogenase
(6PGDH) (Campbell et al., 2000). However, some difference does
exist. In 6PGDH, the nicotinamide ring of the reduced cofactor is
rotated about its N-glycosidic bond by about 180° during catalysis,
placing the ring into a position previously occupied by substrate
(Chen et al., 2010). In contrast, superposition of the oxidized and
reduced cofactors from the Ugd structures shows nearly identical
orientation of the nicotinamide ring (Fig. S7). The nicotinamide
moiety of the NAD(H) bound to KpUgd is positioned by a strictly
conserved E145 that may prevent ring flipping, whereas the smal-
ler residue S128 in 6PGDH provides more space for ring flipping
(Chen et al., 2010). The tighter binding of the nicotinamide in
Ugd than in 6PGDH suggests that the oxidation reaction catalyzed
by Ugd does not require ring flipping. Furthermore, the ability to
discriminate between 2’-hydroxyl of NAD* and the 2’-phosphate
of NADP" also depends on the properties of the amino acid residues
lining the pockets. In the E. coli 6PGDH complex with 6-phospho-
gluconate and NADP* (Chen et al., 2010), three residues N33, R34
and S35 in the loop between strand BB and helix o2 favor interac-
tions with the 2’-phosphate of NADP* (Fig. 3B). The positively
charged guanidinium group of R34 attracts the negatively charged
2'-phosphate of NADP*. However, the three residues are replaced
by D29, 130 and V31 in the corresponding loop of KpUgd. D29
forms direct hydrogen bonds with the 2’ and 3’-OH of NAD(H)
and, along with V31, occupies the space for the 2’-phosphate of
NADP*. The negatively charged D29 also actively repel the nega-
tively charged 2’-phosphate of NADP'. By exerting steric hindrance
and electronstatic repulsion, the conserved acidic amino acid D29
is essential for the specific binding of NAD* to KpUgd.

3.3. The substrate-binding site

Although both of the KpUgd/UPG and KpUgd/UPG/NADH crys-
tals were obtained by co-crystallization, only a UMP was seen in
the difference Fourier maps (at 1.5 and 1.7 A). The absence of glu-
cose 1-phosphate moiety could be a result of disorder in the crystal
or partial hydrolysis during crystallization. In either case, the data
indicate that the sugar phosphate moiety was not strongly bound
to the KpUgd conformation in the C2 unit cell. The remaining
UMP moiety occupies essentially the same position as that in the
UDP-xylose complex structure of SpUgd (Campbell et al., 2000).
The protein interacts with the UMP mainly via Y242, N244, S246
and G250 from the C domain, in a stretch of coil between helices
10 and a11. Besides, the KpUgd/UPG complex also shows a salt
bridge between the phosphate group and R144, which is from
the N domain (Fig. S7). Despite the lower resolution of 2.7 A, the
KpUgd/UGA complex structure shows an intact UGA molecule
bound to the active site. The mode of UMP-binding is largely iden-
tical to that in the C2 crystal, and so is the disposition of the glucu-
ronic acid 1-phosphate moiety to that in the SpUgd/UGA/NAD"
complex (Campbell et al, 2000). The major interactions are

provided by F142, L143 and E145 form the N domain and K197
and N201 from the inter-domain helix o9 (Fig. 4A). The side chain
of K307 in the Q loop is 4.8 A from the pyrophosphate group. Addi-
tional hydrogen bonds are observed between the C-terminal car-
boxylate of D388 and the 2’ and 3’-OH groups of the ribose, and
between the side chain of R237 from the other subunit in the dimer
and the 2” and 3”-OH groups of the glucuronic acid.

The Q loop in the KpUgd/UGA complex does not interact di-
rectly with the bound UGA molecule. The reason that it could be
seen in the P6422 crystal, but not in the C2 crystals, may lie in
the two stabilizing hydrogen bonds from E145 to S310 and D311
(Fig. 4A). E145 is conserved among all known structures (Fig. S2),
and so is the length of the Q loop. Mutation of E145Q in SpUgd
showed that it is not catalytically important (Ge et al., 2004). The
KpUgd/UGA structure presented here suggests that a glutamine
can still interact very well with the Q loop. When compared with
those in the apo enzyme and the other complex structures, the fH-
o7 loop, which contains E145, is shifted toward the bound product
(Fig. S8). In fact, the entire N domain is moved closer to the active-
site pocket in the hexagonal KpUgd crystal, resulting in an overall
“closed” conformation which is more akin to that in the SpUgd
crystals (Campbell et al., 2000), with an overall RMSD of 0.84 A be-
tween 324 Co pairs (matching distance = 2.0 A). Eight residues
(307-314) in the Q loop show more than 2 A deviations. By
comparison, the monoclinic KpUgd structures have an “open” con-
formation. The two protein conformations differ by an approxi-
mately 14° rotation of the N domain, or a rigid-body movement
with a largest shift of 17 A in the protein backbone. By this move-
ment, the two domains in the four monoclinic KpUgd crystals can
be superimposed separately on those in the hexagonal crystal by
RMSD of 0.34-0.43 A (N) and 0.64-0.80 A (C) for 183-184 and
105-131 Ca pairs, respectively. The monoclinic N and C domains
of KpUgd can also be superimposed with those of SpUgd by RMSD
of 0.70-0.77 A and 0.63-0.81 A for 173-177 and 143-147 Co. pairs
(Table S2). Despite the presence of Q loop and the similar overall
disposition, the KpUgd/UGA complex structure (in the P6422 crys-
tal) shows more differences from SpUgd, particularly in the C
domain, than do the other KpUgd structures (in C2). In the N do-
main only the region 86-90 shows some difference.

The sulfur atom of C253 is 6.6 A from the C6” of the bound
UGA in the hexagonal crystal structure, too far for nucleophilic at-
tack. It is a result of structural changes in the region 250-275,
which will be discussed shortly. By domain superposition, if the
UGA is placed in the C domain of the KpUgd/UPG/NADH complex,
the C6” of UGA will lie adjacent to the sulfur atom of C253, with a
distance of 2.9 A, but it will be too far (5.7 A) from the C4 N atom
of NAD(H), the hydride carrier. Nevertheless, if the NAD(H) is fit-
ted into the N domain of KpUgd/UGA complex, the C6”-C4N dis-
tance will be 3.3 A and the carboxylate group will be parallel to
the ring, ready for the reaction (Fig. S9). The side chain of R314
will be 5.9 A from the pyrophosphate of NAD(H), but it actually
interacts with a bound solvent CAPS molecule (Fig. 4B). In the
SpUgd structure a similar arrangement is seen (Campbell et al.,
2000), that involves a sulfate ion. If K307 and R314 bind directly
to the pyrophosphate groups of UPG and NAD, the Q loop would
move closer to the active site, accompanied by exclusion of sol-
vent molecules. These observations support the open-close con-
formational switch between the monoclinic and hexagonal
crystal structures. The open conformation failed to stabilize the
glucose 1-phosphate moiety of UPG, but it allowed the substrate
to be washed away with a salt-containing solution and the struc-
ture of unbound KpUgd/Apo to be determined. The disordered Q
loop, previously suggested to act as a mobile “gate” in SpUgd
(Campbell et al., 2000), is also consistent with the mechanism of
twofold oxidation that requires rapid exchange of the spent cofac-
tor for a fresh one.
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3.4. The allosteric binding site for UGA

In addition to the Q loop, the C domain of KpUgd/UGA complex
structure also differs from the other KpUgd (and SpUgd) structures
by a large conformational change in the region of 250-275, begin-
ning with the GGxCxxKD motif near the N-terminus of helix o11
and extending toward helix o12. Regardless of the lower resolution
(2.7 A) of the diffraction data, the extensive structural difference
was unambiguously observed in the clear electron density map
for this region (Fig. S10). Adjacent to this altered region, a second
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molecule of UGA, in addition to the one in the active site, is bound
to a surface “allosteric” pocket of the enzyme. The pocket is lined
with several positively charged residues including K256, K259,
K284, K323, R324 and K326 (Fig. S11). The uracil base of the
UGA is held in position not only by a hydrogen bond to the K326
side chain but also by stacking interaction with the aromatic ring
of F345, which moves about 4 A toward the base plane when com-
pared with that in the other structures (Fig. S11). The negative
charges on the pyrophosphate and the C6”-carboxylate groups
are compensated by direct bonding to K256, K284 and R324, as
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Fig. 4. Stereoviews of the KpUgd-UGA interactions. (A) In the active site, the bound product UGA is shown as a ball-and-stick model. The surrounding residues are shown as
stick models. A refined 2Fo—Fc electron density map is contoured at 1.5-c level and shown as cyan mesh. The residue R237 from the other subunit, which binds to the UGA, is
highlighted in yellow, and so is the Q loop in pink. (B) In the allosteric binding site, a network of hydrogen bonds holds the second UGA molecule, which is shown along with a
CAPS molecule and the corresponding 2Fo—Fc electron densities at 1.3-c level (cyan mesh). (C) Conformational changes are observed in KpUgd/UGA complex (hotpink) that
the position of the a11 is different from those in KpUgd/Apo (blue), KpUgd/6His (green), KpUgd/UPG (cyan), and KpUgd/UPG/NADH (orange). All models are superimposed by
their catalytic domains. The movements of C253, K256 and D257 lead to an inactive enzyme structure of KpUgd/UGA.



Y.-Y. Chen et al./Journal of Structural Biology 175 (2011) 300-310 307

well as a water-mediated interaction with K323 (Fig. 4B). In addi-
tion, the side chains of D257 and K259 make two hydrogen bonds
to the 3” and 4”-OH of the glucuronic acid moiety.

Surface charge distribution analysis using the APBS protocol
(Baker et al., 2001) indicates that the second UGA-binding pocket
is pre-existing among all KpUgd structures (Fig. S12). Here the mo-
tif of MKRIKA (322-327) is brought into light, representing a novel
formation of a surface pocket enriched with basic amino acids,
most prominently in the KpUgd/UGA structure. This motif matches
the above mentioned XBBXBX consensus sequence comprising ba-
sic side chains for binding to highly negatively charged oligosac-
charides on cell surface (Levy-Adam et al., 2005). Although
KpUgd exists in the cytosol, the MKRIKA motif, along with K256,
K259 and K284, forms a positively charged surface patch on KpUgd
that not only provides significant electrostatic environment to bal-
ance the negatively charged phosphate groups of the second UGA
molecule, a similar feature as for heparin sulfate binding, but also
involves a number of specific interactions that eventually lead to
structural alteration in the active site. Sequence alignment shows
that K256, D257, K259 and K284 are largely conserved, whereas
only one basic residue is found in the XBBXBX region of SpUgd,
PgUgd, CeUgd and HsUgd (Fig. S2). This is consistent with the
observation that the second UGA-binding site is present only in
KpUgd but not in the other Ugd structures (Fig. S12). Furthermore,
an insertion in the eukaryotic PgUgd, CeUgd and HsUgd, located be-
tween the equivalent strands to BL and BM in KpUgd, forms an o-
helix that occludes the space where the second UGA molecule
would bind (Fig. S13).

The KpUgd/UGA crystals were obtained by co-crystallization
with UGA. Consequently, the conformational change should have
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occurred in the protein prior to crystallization, most likely as a re-
sult of binding to the second UGA molecule. Because the allosteric
UGA binding involves K256, D257 and K259, the nearly four-turn
helix o11 that contains these residues becomes less than two-turn.
The helix is rotated sideways by about 45° and withdrawn from the
active site, accompanied by structural rearrangement in its con-
necting loops (Fig. 4C). The largest shift in Cot position (10 A) is
seen in D257, and even larger shifts (14 A) are seen in the side
chains of Y252 and Y265 (Fig. S14). In the other KpUgd structures
the side chain of Y252 is directed outward the solvent, but in
KpUgd/UGA it moves inward and displaces the original position
of L254. The two proceeding glycine residues apparently provide
flexibility for this movement. The conformational change carries
(€253, K256 and D257 away from the active site and these residues,
as mentioned above for C253, become unable to react with the
substrate molecule. The structural rearrangement propagates
through the entire a11-a12 loop. In addition, the region 86-90
of the BE-BF loop (in N domain), which lies adjacent to the altered
a11-0012 loop, also shows conformational change as a result of the
UGA binding, and the Q loop of KpUgd/UGA does not associate
with the GGxCxxKD motif as it does in SpUgd. Taken together, this
double UGA-bound structure probably represents an inactive con-
formation of the enzyme.

3.5. Kinetic and inhibition characteristics

Previous studies suggested a bi-uni-uni-bi Ping-Pong mecha-
nism for the Ugd-catalyzed reaction (Campbell et al., 1997). In
addition to SpUgd (Campbell et al., 2000), other Ugd from P. aeru-
ginosa (Hung et al., 2007) and B. cenocepacia (Loutet et al., 2009)
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Fig. 5. Basic kinetic properties of KpUgd. Initial velocity pattern with UPG as the variable substrate is shown in (A) and the pattern with NAD" as the variable substrate is
shown in (B). Double reciprocal plots of the initial rate data for KpUgd reveal a competitive inhibition pattern for product with UPG as the variable substrate (C). The pattern of
initial velocity in the inhibition studies shows direct curves for substrate saturation (D). The solid lines represent the best fit with single-site binding.
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Table 2
Comparison of the kinetic parameters of K. pneumoniae and human Ugd.
Vinax (nmol min~! mg™") km-UPG (juM) km-NAD+(uM)
KpUgd 609 + 58 674 + 26 110+ 11
HsUgd?* 690+9 9.2+0.7 42027

2 Published values for HsUgd from reference (Easley et al., 2007).

have been noted for weak cooperative binding effects of the sub-
strate. For comparison, the overall activity and kinetic parameters
of KpUgd were measured here. Under saturating conditions, the
specific activity (Vimax) of KpUgd was determined to be 609 + 58
nmole-mg~'-min~!, which is similar to that of HsUgd (690 +9)
(Easley et al., 2007). The results of activity measurement by vary-
ing UPG and NAD" concentrations are shown in Fig. 5A and B. Inter-
estingly, the velocity dependence on substrate concentration is
sigmoidal for UPG, while it is hyperbolic for NAD*. By fitting the
UPG data points with a cooperative binding curve, a Hill coefficient
of 2.6 is obtained, indicating strong positive cooperativity for UPG
binding to KpUgd, especially when it is compared with those for
the other enzymes (all smaller than 1.67) (Campbell et al., 2000)
(Hung et al., 2007) (Loutet et al., 2009). The K, values of KpUgd
and HsUgd (Easley et al., 2007) for the substrate and cofactor are
compared in Table 2. KpUgd has a similar binding affinity for
NAD* but a lower affinity for UPG than that of HsUgd (Easley
et al.,, 2007), likely owing to the product inhibition caused by
UGA. Because UGA was previously found to be a competitive inhib-
itor of SpUgd (Campbell et al., 1997), product inhibition analysis
was carried out to investigate the effect of UGA on KpUgd'’s activity.
The double reciprocal plot in Fig. 5C shows a trend for competitive
inhibition. Furthermore, the product inhibition measurements
yielded a K; value of 283 uM (Fig. 5D), which is comparable to that
for SpUgd (K; = 200 uM) (Campbell et al., 1997).

The observation of a sigmoidal curve in the velocity
measurement by varying UPG concentration (Fig. 5A) implies that
the binding of UPG to KpUgd does not follow conventional
Michaelis-Menten kinetics. Although the double reciprocal plot
suggests competitive inhibition (Fig. 5C), the Vi,.x was actually re-
duced by the increasing product concentration (Fig. 5D). Since the
chemical structures of UPG and UGA are very similar, both can bind
to the allosteric site. The effect of allosteric UPG binding on the
enzyme conformation remains to be further investigated.

4. Discussion

The open conformation of KpUgd in the monoclinic crystals al-
lows us to see how the substrate and cofactor enter and leave the
active site. The flexible Q loop, which serves as a gate to the active
site, was not visible in this crystal form. The open conformation
should facilitate rapid exchange of the cofactor as well as substrate
binding and product release. In fact, the KpUgd/apo and KpUgd/
UPG/NADH crystals were obtained by washing away the enzyme-
bound substrate with a salt-containing cryoprotectant solution
and by soaking with a NADH-containing buffer solution. For its cat-
alytic reaction to proceed, the enzyme has to undergo open-close
conformational changes by moving the N and C domains, which
provide the major interactions for binding to the coenzyme and
substrate molecules. In this way the C4N atom of NAD" is properly
placed at a reactive distance from the C6” atom of UPG. Interest-
ingly, the closed conformation of KpUgd/UGA observed in the hex-
agonal crystal, although similar to that of SpUgd in terms of the
domain dispositions (Campbell et al., 2000), turns out to be inac-
tive. Binding of the second UGA to the allosteric surface pocket
triggered large structural changes in the region of 250-275, that
drag the catalytically important residues C253, K256 and D257

away from the active site. The Q loop seems to be stabilized in a
conformation slightly different from that of a really closed “gate”
(Campbell et al., 2000), and the UGA trapped in the active site fur-
ther prevents the substrate UPG from entering.

Whether UPG also binds to the allosteric site is unclear, but the
kinetic analysis shows a Hill coefficient of 2.6, indicating coopera-
tive substrate binding to more than one site. These observations
prompt us to propose a mechanism of regulation (Fig. S15). Under
conditions where there is more substrate than product, the conver-
sion of UPG to UGA proceeds with the twofold oxidation that uses
two equivalents of NAD*. When the UGA concentration is in-
creased, the product not only competes with the substrate for
binding to the active site, but it also occupies the allosteric binding
site and inactivates the enzyme by triggering conformational
changes. Only after most of the UGA molecules are consumed, for
example, by downstream reactions can the enzyme return to its ac-
tive form. Because the product hydrolysis step is essentially irre-
versible, stringent in vivo control of the reaction catalyzed by
Ugd allows the cytoplasmic pools of UPG and UGA to be main-
tained at an optimal level. Furthermore, since the L-Ara4N biosyn-
thetic pathway begins with the production of UGA by Ugd (Fig. S1),
regulating the Ugd activity also controls the biosynthesis of
L-Ara4N (Lacour et al., 2008).

The importance of K256 and D257 has been elucidated by
mutagenic analysis of the equivalent residues in the human en-
zyme (Easley et al., 2007; Sommer et al., 2004). In the catalytic
mechanism (see Fig. 1), a base has to subtract a proton from the
6”-OH group of UPG. K256 is thought to provide electrostatic inter-
actions with D257, which in turn activates a water molecule that
mediates indirect links to the 6”-OH group (Campbell et al.,
2000; Sommer et al., 2004). Other basic residues in the active site
are supposed to engage mostly in substrate binding. R144 in
KpUgd/UPG binds to the phosphate group of the UMP model, but
it is associated with D151 in the other structures. The side chain
of K307, visible only in KpUgd/UGA, can also interact with the
pyrophosphate of UGA. Unlike the flexible R144 and K307 that
can bind to the phosphate groups, R237 from the other subunit
is stationary and interacts with the ribose moiety of the substrate.
In addition, the NZ atom of K197 in the KpUgd/UGA complex,
which is equivalent to K204 in SpUgd (Campbell et al., 2000) and
conserved in the Ugd from all other species, is co-planar with the
6"-carboxylate group of UGA and forms a short hydrogen bond of
2.5 A to it. When the UGA is placed into the C domain of the other
KpUgd structures, the sulfur atom of C253 will also be co-planar
with this carboxylate group but on the opposite side with respect
to K197. It has been suggested that all intermediates between
UPG and UGA are continuously covalently bonded to the enzyme
(Campbell et al., 2000; Ge et al., 1998; Ordman and Kirkwood,
1977a; Ridley and Kirkwood, 1973). Judging by the reasonable
geometry, in addition to serving directly as a catalytic base, this ly-
sine residue is a good candidate to form a Schiff base with the alde-
hyde intermediate.

Although the catalytic mechanism is conserved and the turn-
over rate is about the same for all Ugd from different species, the
K. pneunomiae enzyme shows an especially low affinity for the sub-
strate, and it also binds to a second UGA at a different site. That
UGA is both a competitive inhibitor and an allosteric regulator
makes it a good lead compound in the design of inhibitors. Further-
more, the additional residues in the C-terminal region of other
(eukaryotic) Ugd prevent UGA from binding to a similar allosteric
site, and they are also responsible for the formation of higher olig-
omers (hexamers for the human enzyme) (Egger et al., 2010). The
unexpected observation that the C-terminal Hisg-tag occupies the
substrate-binding site with a number of well defined hydrogen-
bonding interactions also encourages the development of peptide
inhibitors (both D and L-forms).
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5. PDB deposition

The atomic coordinates and structure factors have been depos-
ited in the Worldwide Protein Data Bank (http://www.wwPDB.org)
with wwPDB ID codes of 3PID, 3PHL, 3PLN, 3PLR and 3PJG, respec-
tively, for the KpUgd/6His, KpUgd/Apo, KpUgd/UPG, KpUgd/UPG/
NADH and KpUgd/UGA crystals.
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