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Abstract: Yersinia enterocolitica is a Gram-negative bacterium that causes yersiniosis, a zoonotic disease affecting the gastrointestinal tract of humans, cattle, and pigs, among others. The lipopolysaccharide of Y. enterocolitica O:8 contains an unusual sugar, 6-deoxy-D-gulose, which requires four
enzymes for its biosynthesis. Here, we describe a combined structural and functional investigation of
WbcA, which catalyzes the third step in the pathway, namely an epimerization about the C-30 carbon
of a CDP-linked sugar. The structure of WbcA was determined to 1.75-Å resolution, and the model
was refined to an overall R-factor of 19.5%. The fold of WbcA places it into the well-defined cupin
superfamily of sugar epimerases. Typically, these enzymes contain both a conserved histidine and a
tyrosine residue that play key roles in catalysis. On the basis of amino acid sequence alignments, it
was anticipated that the “conserved” tyrosine had been replaced with a cysteine residue in WbcA (Cys
133), and indeed this was the case. However, what was not anticipated was the fact that another tyrosine residue (Tyr 50) situated on a neighboring b-strand moved into the active site. Site-directed
mutant proteins were subsequently constructed and their kinetic properties analyzed to address the
roles of Cys 133 and Tyr 50 in WbcA catalysis. This study emphasizes the continuing need to experimentally verify assumptions that are based solely on bioinformatics approaches.
Keywords: sugar epimerase; cupin fold; O-antigen; lipopolysaccharide; Yersinia enterocolitica O:8;
6-deoxy-D-gulose

Introduction
Yersinia is a genus consisting of enteric rod-shaped
Gram-negative bacteria. Of the various species iden-

tified thus far, only three are known human pathogens: Yersinia pestis, the causative agent of bubonic
plague, and Yersinia pseudotuberculosis and Yersinia
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enterocolitica, both of which can lead to severe gastrointestinal distress.1 Like most Gram-negative
bacteria, members of this genus contain on their
outer membranes complex glycoconjugates referred
to as lipopolysaccharides. These remarkable molecules consist of a lipid A component, a core oligosaccharide, and an O-antigen, which often contains
highly unusual deoxysugars. Whereas the core oligosaccharides are typically conserved within a specific
genus, the O-antigens are quite variable and clearly
contribute to the wide species variation observed in
nature.2 Much research has focused on the lipid A
component of the lipopolysaccharide and its role in
bacterial virulence.3–5 Recent investigations are
beginning to unravel the biological role of the
O-antigen in bacterial toxicity as well. Indeed, studies suggest that the O-antigen of Y. enterocolitica
O:8 is essential for virulence.6
In 1997, the chemical composition of the
O-antigen from Y. enterocolitica O:8 was reported to
consist of repeat units containing N-acetyl-D-galactosamine, D-galactose, D-mannose, L-fucose, and the
unusual sugar, 6-deoxy-D-gulose.7 Subsequently, on
the basis of genome analysis, the biosynthetic pathway for the production of 6-deoxy-D-gulose was suggested as presented in Scheme 1.8 The first step
involves the attachment of a nucleoside monophosphate to glucose-1-phosphate, a reaction catalyzed
by glucose-1-phosphate cytidylyltransferase. In the
next step, the C-60 hydroxyl is removed and the C-40
hydroxyl is converted to a keto moiety by the action
of CDP-glucose 4,6-dehydratase. Both the cytidylyltransferase and the dehydratase have been well
characterized structurally and biochemically from
either Salmonella typhi or Y. pseudotuberculosis.9–12
The third step in the pathway, namely a C-30 epimerization, is reportedly catalyzed by WbcA, the
focus of this investigation. The pathway is thought
to be completed by the action of WbcB, a C-40
ketoreductase.
On the basis of amino acid sequence alignments,
WbcA was thought to belong to the “cupin” family of
sugar epimerases that catalyze reactions about the
C-30 or C-50 carbons. Some function as monoepimerases whereas others catalyze epimerization reactions
about both carbons. In all the enzymes that have
been structurally characterized to date, two conserved residues, a histidine and a tyrosine, are
thought to function as catalytic bases and acids,
respectively.13–18 The reaction mechanism for a C-30
monoepimerase is outlined in Scheme 2. The conserved histidine abstracts the proton from the C-30
carbon resulting in an enolate anion intermediate.
The conserved tyrosine provides a proton to the
opposite face of the pyranosyl ring resulting in the
epimerization about the C-30 carbon. It is not known
whether the reaction mechanism is stepwise or
concerted.
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Scheme 1. Predicted pathway for the production of CDP-6deoxy-D-gulose.

According to amino acid sequence alignments
(Supporting Information), the conserved tyrosine in
WbcA is apparently replaced with a cysteine residue
(Cys 133). In order to explore the active site architecture of a sugar epimerase lacking the conserved
tyrosine, we initiated a combined structural and
functional investigation of WbcA as reported herein.
For this analysis, the structure of WbcA was determined to 1.75-Å resolution. Strikingly, the structure
revealed that whereas the conserved histidine (His
63) was present in WbcA, the cysteine residue was
not in the appropriate position to function as an
active site acid. Rather, a tyrosine residue (Tyr 50),
located on a neighboring b-strand, moved into the
proper position. Site-directed mutant proteins were
subsequently constructed and their kinetic parameters measured to confirm the catalytic roles of His
63, Tyr 50, and Cys 133. Details concerning the
structure and kinetic properties of WbcA are
presented.

Results and Discussion
The WbcA model reported here was solved to 1.75-Å
resolution and refined to an overall R-factor of
19.5%. Relevant X-ray data collection and model
refinement statistics are given in Table I. Like other
members of the cupin superfamily, WbcA functions
as a dimer. The crystals utilized for this analysis
belonged to the space group C2 with three monomers in the asymmetric unit. Two of the monomers
forming the dimer were related by a local twofold
rotational axis whereas the third monomer packed
along a crystallographic dyad. All three subunits
adopted similar molecular architectures such that
their a-carbons superimpose with root-mean-square
deviations of between 0.20 and 0.25 Å. For the sake
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Scheme 2. Possible catalytic mechanism for a C-30 monoepimerase.

of clarity, the following discussion refers to the dimer
that packed along the local twofold rotational axis.
Shown in Figure 1(a) is a ribbon representation
of the WbcA dimer, which has overall dimensions of
50 3 55 3 60 Å. The buried surface area is 3800
Å2. As observed for members of the cupin fold,
domain swapping occurs whereby a b-hairpin motif
from one subunit projects towards the active site of
another subunit. A close-up stereo view of one subunit is displayed in Figure 1(b). The polypeptide chain
initiates with an extended coil and two antiparallel
b-strands. The b-hairpin motif (Ile 20–Val 29),
responsible for domain swapping, is followed by the
first of two a-helices. An additional nine b-strands
wrap around to form the cupin barrel. The barrel
can be envisioned as two layers of antiparallel
b-sheet. There is a final small a-helix formed by Asp
165 to Arg 168. Both Met 62 and Pro 68 adopt the
cis conformation.
The crystallization conditions for WbcA included
5 mM CDP-6-deoxy-D-gulose in an attempt to trap a
stable substrate analog in the active site. No clear
electron density was observed for the CDP-sugar
ligand. However, the structure of another C-30 epimerase from Streptomyces bikiniensis was deter-
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mined in the laboratory in 2012 as a complex with
dTDP-6-deoxy-D-glucose.18 This enzyme, referred to
as ChmJ, has an amino acid sequence identity and
similarity to WbcA of 30 and 50%, respectively. The
a-carbons for these two enzymes correspond with a
root-mean-square deviation of 1.2 Å. In ChmJ, His
60 serves as the catalytic base whereas Tyr 130
functions as the active site acid.18 Shown in Figure
2 is a superposition of His 60 and Tyr 130 of ChmJ
onto the structural equivalent residues in WbcA.
The histidine residues in WbcA (His 63) and ChmJ
(His 60) align well, and in both enzymes the residue
leading up to the histidine adopts the cis conformation (Met 62 in WbcA or Ile 59 in ChmJ). As noted
in the Introduction, it was assumed that Cys 133 in
WbcA would align with Tyr 130 in ChmJ, and
indeed it does as can be seen in Figure 2. What was
not expected, however, was that in WbcA Tyr 50,
which is an asparagine residue in ChmJ, would project into the active site in the appropriate position to
serve as the active site acid. This residue is situated
on b-strand 5 whereas in ChmJ the active site tyrosine is located on b-strand 12.
To further test the roles of His 63, Tyr 50, and
Cys 133 in the catalytic activity of WbcA, the following
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Table I. X-ray Data Collection Statistics and Model
Refinement Statistics
WbcA
Resolution limits (Å)
Number of independent reflections
Completeness (%)
Redundancy
Avg I/avg r (I)
Rsym (%)a
R-factor (overall)%/no. reflectionsc
R-factor (working)%/no. reflections
R-factor (free)%/no. reflections
Number of protein atoms
Number of heteroatoms
Average B values
Protein atoms (Å2)
Solvent (Å2)
Weighted RMS deviations from ideality
Bond lengths (Å)
Bond angles ( )
Planar groups (Å)
Ramachandran regions (%)d
Most favored
Additionally allowed
Generously allowed

30.0–1.75
(1.8021.75)b
50,180
(3422)
98.1
(95.0)
2.5
(1.5)
6.9
(2.0)
8.2
(34.1)
19.5/50,180
19.2/47,639
24.8/2541
4285
445
20.5
26.9

92.9
7.1
0.0

Rsym 5 (R|I 2 I|/R I) 3 100.
Statistics for the highest resolution bin.
c
R-factor 5 (R|Fo 2 Fc|/R|Fo|) 3 100 where Fo is the
observed structure-factor amplitude and Fc is the calculated
structure-factor amplitude.
d
Distribution of Ramachandran angles according to
PROCHECK.23
b

site-directed mutant variants were constructed:
H63N, Y50F, and C133S. Their kinetic parameters
were measured and are presented in Table II. Plots
of initial velocities versus substrate concentrations
are presented in Figure 3. As expected, substituting
His 63 with an asparagine residue resulted in a catalytically inert enzyme under the assay conditions
employed. Likewise, replacement of Tyr 50 with a
phenylalanine residue resulted in the complete abrogation of enzymatic activity. In the case of the C133S
mutation, however, the Km for the substrate was
identical to that of the wild-type enzyme within
experimental error. The overall kcat was slightly
reduced. As a consequence, the C133S mutant protein demonstrated an approximate threefold reduction in catalytic efficiency. This small reduction in
catalytic efficiency is not unexpected given the
change in overall hydrophobicity of the active site
upon substitution of a cysteine to a serine residue.
In summary, the overall molecular architecture
of WbcA has been defined. Importantly, this structural/biochemical analysis is yet another example of
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Materials and Methods
Cloning of wbcA from Yersinia enterocolitica
(type O:8)
The wbcA gene from Y. enterocolitica ATCC 9610
served as the starting template for PCR using platinum Pfx DNA polymerase (Invitrogen). Primers were
designed that incorporated NheI and XhoI restriction
sites. The PCR product was digested with NheI and
XhoI and ligated into pET28T, a laboratory
pET28b(1) vector that had been previously modified
to incorporate a TEV protease cleavage recognition
site after the N-terminal polyhistidine tag.19

Protein expression and purification
0.011
2.0
0.01

a
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the perils in relying only on amino acid sequence
homologies. Indeed, it was expected from such analyses that Cys 133 was the active site acid, and
in fact it is a tyrosine residue from a neighboring
b-strand.

The pET28T-wbcA plasmid was utilized to transform
Rosetta2(DE3) Escherichia coli cells (Novagen). The
cultures were grown in lysogeny broth supplemented
with kanamycin (35 lm/mL) and chloramphenicol
(25 lm/mL) at 378C with shaking until an optical
density of 0.8 was reached at 600 nm. The flasks
were cooled in an ice bath, and protein expression
was initiated with the addition of 1 mM isopropyl
b-D-1-thiogalactopyranoside.
The cells were allowed to express protein at
168C for 20 h and then harvested by centrifugation,
flash frozen, and subsequently disrupted by sonication on ice. The lysate was cleared by centrifugation,
and WbcA was purified with Ni-NTA resin (Qiagen)
according to the manufacturer’s instructions. The
histidine tag was removed by digestion with TEV
protease. The protein was dialyzed against 10 mM
Tris–HCl (pH 8.0) and concentrated to 18 mg/mL
based on an extinction coefficient of 1.1 (mg/
mL)21cm21. The 4-ketoreductase (WbcB) required
for the kinetic assays and the CDP-sugar synthesis
was cloned and purified in a similar manner.
CDP-6-deoxy-D-gulose was enzymatically prepared using 30 mL reactions containing 1.2M CDP
glucose, 0.5 mg/mL CDP-D-glucose 4,6 dehydratase,12 1 mg/mL WbcA, 0.5 mg/mL WbcB (Scheme 1),
5 mM NADPH, and 50 mM HEPPS (pH 8). The
reaction was incubated for 6 h at 218C. Enzymes
were removed by passage through an Amicon Ultra
10 kDa cutoff membrane. The reaction mixture
was diluted and loaded on to a HiLoad 26/10
Q-sepharose column and purified by HPLC at a buffered pH of 4.0 with an ammonium acetate gradient
of 0–1.2M over 12 column volumes. The product
sugar, which eluted at approximately 600 mM
ammonium acetate, was pooled and lyophilized.
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Figure 1. The structure of WbcA. A ribbon representation of the WbcA dimer is shown in (a) with the two subunits displayed in
teal and purple, respectively. A stereo view of one subunit is presented in (b). The two a-helices and the b-hairpin motif are
highlighted in green and blue, respectively. This figure and Figure 2 were prepared with PyMOL.24

Crystallization and structural analysis
Crystallization conditions were surveyed by the
hanging drop method of vapor diffusion using a laboratory based sparse matrix screen at both room temperature and 48C. X-ray diffraction quality crystals
of the enzyme were subsequently grown from precipitant solutions containing 14-18% O-methyl-poly
(ethylene glycol) 5000, 5 mM CDP-6-deoxy-D-gulose,
2% glycerol, and 100 mM MOPS (pH 7.0) at 48C.
The crystal morphology was hexagonal with the
largest crystals showing deep indentations. Moderately sized crystals (0.4 mm in length) were used
for X-ray data collection. The crystals belonged to
the space group C2 with unit cell dimensions of
a 5 79.2 Å, b 5 42.7 Å, c 5 150.5 Å, and b 5 90.48.
The asymmetric unit contained three subunits.
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For X-ray data collection, the crystals were
transferred gradually to a cryoprotectant solution
containing 25% O-methyl-poly(ethylene glycol) 5000,
100 mM NaCl, 16% glycerol, 5 mM CDP-6-deoxy-Dgulose, and 100 mM MOPS (pH 7.0). X-ray data
were collected at 100 K with a Bruker AXS Platinum 135 CCD detector controlled by the Proteum
software suite (Bruker AXS). The X-ray source was
Cu Ka radiation from a Rigaku RU200 X-ray generator equipped with Montel optics and operated at 50
kV and 90 mA. These X-ray data were processed
with SAINT version 7.06A (Bruker AXS) and internally scaled with SADABS version 2005/1 (Bruker
AXS). Relevant X-ray data collection statistics are
listed in Table I. The structure was determined via
molecular replacement with the software package
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Figure 2. Superposition of the active sites for WbcA and ChmJ. Those residues belonging to WbcA are highlighted in purple
whereas those from ChmJ are displayed in light blue. The top and bottom labels refer to amino acids in WbcA and ChmJ,
respectively. The dTDP-6-deoxyglucose ligand is from the ChmJ model (PDB code 4HMZ).

PHASER and using as a search model the X-ray
coordinates 4HN0 from the Protein Data Bank.18
Iterative cycles of model building with COOT and
refinement with REFMAC reduced the Rwork and
Rfree to 19.5 and 24.8%, respectively, from 30 to 1.75
Å resolution.20–22

C133S variant required a concentration of 0.018 mg/
mL, and the ketosugar concentration was varied
between 0.05 and 8 mM. Both the H63N and Y50F
mutant proteins were assayed at 5 mg/mL, with CDP4-keto-6-deoxyglucose concentrations ranging from

Site-directed mutagenesis
All site-directed mutant proteins were generated via
the QuikChange method of Stratagene and purified in
a similar manner to that of the wild-type enzyme
including the removal of the N-terminal histidine tags.

Kinetic analyses
Steady-state kinetic parameters for WbcA, and the
site-directed mutant variants were determined via a
coupled spectrophotometric assay, which followed
the conversion of NADPH to NADP1 by the action
of WbcB (Scheme 1). The starting substrate was
CDP-4-keto-6-deoxyglucose. All reaction mixtures
contained 50 mM HEPES (pH 8), 0.2 mM NADPH,
and 1 mg/mL WbcB.
The CDP-4-keto-6-deoxyglucose and WbcA wildtype and mutant protein concentrations varied
between reactions as follows. For the wild-type
enzyme, the WbcA concentration was 0.0025 mg/mL in
the reaction mixture, with CDP-4-keto-6-deoxyglucose
concentrations ranging between 0.001 and 8 mM. The
Table II. Kinetic Parameters
Enzyme
Wild type
H63N
C133S
Y50F

Km (mM)

kcat (s21)

kcat/Km (M21s21)

0.69 6 0.08
nda
0.61 6 0.12
nd

7.8 6 0.3
nd
2.0 6 0.1
nd

1.1 3 104
nd
3.3 3 103
nd

a
Could not be determined under the assay conditions
employed.
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Figure 3. Plots of initial velocities versus substrate
concentration.
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0.1 to 20 mM. However, no activity was seen above
background.
All reactions were initiated by the addition of
WbcA at 258C and followed using a Beckman
Coulter DU-640 spectrophotometer for 5 min. Reduction of the CDP-4-keto-6-deoxygulose sugar and concurrent oxidation of NADPH to NADP1 was
monitored by a decrease in absorbance at 340 nm.
Plots of concentrations versus initial rates were analyzed using PRISM (GraphPad Software) and were
fitted to the equation vo 5 (Vmax[S])/(KM 1 [S]).
Kinetic parameters are listed in Table II.

11.

12.

13.
14.
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