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ABSTRACT: The unusual sugar 2,3-diacetamido-2,3-dideoxy-p-mannuronic acid, or ManNAc3NAcA, has
been observed in the lipopolysaccharides of both pathogenic and nonpathogenic Gram-negative bacteria. It is
added to the lipopolysaccharides of these organisms by glycosyltransferases that use as substrates UDP-
ManNAc3NAcA. Five enzymes are ultimately required for the biosynthesis of UDP-ManNAc3NAcA
starting from UDP-N-acetylglucosamine. The second enzyme in the pathway, encoded by the w/ba gene and
referred to as WIbA, catalyzes the NAD-dependent oxidation of the C-3" hydroxyl group of the UDP-linked
sugar. Here we describe a combined structural and functional investigation of the WIbA enzymes from
Bordetella pertussis and Chromobacterium violaceum. For this investigation, ternary structures were
determined in the presence of NAD(H) and substrate to 2.13 and 1.5 A resolution, respectively. Both of
the enzymes display octameric quaternary structures with their active sites positioned far apart. The octamers
can be envisioned as tetramers of dimers. Kinetic studies demonstrate that the reaction mechanisms for these
enzymes are sequential and that they do not require a-ketoglutarate for activity. These results are in sharp
contrast to those recently reported for the WIbA enzymes from Pseudomonas aeruginosa and Thermus
thermophilus, which function via ping-pong mechanisms that involve a-ketoglutarate. Taken together, the
results reported here demonstrate that there are two distinct families of WIbA enzymes, which differ with
respect to amino acid sequences, quaternary structures, active site architectures, and kinetic mechanisms.

The incidence of whooping cough has risen steadily in the past
few years with several states, including Ohio and California, wit-
nessing their largest outbreaks in 25 and 60 years, respectively.
Whereas the disease is often mild in adults, it can result in signi-
ficant morbidity and mortality rates in children under the age
of 2. The causative agent of whooping cough is Bordetella
pertussis, a Gram-negative bacterium that infects humans by
colonizing lung epithelial cells. As observed in most other Gram-
negative bacteria, B. pertussis has a lipopolysaccharide or LPS,
which serves as the major structural component for its outer
membrane. The LPS is composed of lipid A, the core polysaccharide,
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and the O-antigen. A rather rare diacetylated sugar, 2,3-diaceta-
mido-2,3-dideoxy-p-mannuronic acid or ManNAc3NAcA,' is
found in the O-antigen of B. pertussis, and it has also been
observed in the LPS of Pseudomonas aeruginosa serogroup
02 (I). The physiological importance of the O-antigen in
B. pertussis is underscored by the fact that it confers resistance to
complement-mediated cell lysis (2), and it also prevents clearance of
the bacterium by the pulmonary surfactant protein A (3).

Five enzymes are required for the production of UDP-
ManNACc3NACA in both B. pertussis and P. aeruginosa as indi-
cated in Scheme 1 (4—6). The focus of this investigation is on the
enzyme WIbA, which catalyzes the second step in the pathway,
namely, the oxidation of UDP-N-acetyl-D-glucosaminuronic
acid (UDP-GIcNAcA) to UDP-2-acetamido-2-deoxy-3-0x0-D-
glucuronic acid (UDP-3-keto-GIcNAcA). The enzyme is NAD-
dependent, and a previous biochemical study of the protein from
P. aeruginosa PAO1 demonstrated that it employs o-ketogluta-
rate to regenerate the oxidized cofactor necessary for the next
round of catalysis (6). Indeed, a-ketoglutarate is absolutely requi-
red for catalysis by the P. aeruginosa enzyme (6). We recen-
tly reported the three-dimensional structures of WIbA from both
P. aeruginosa and Thermus thermophilus in complex with
NAD(H), with NAD(H) and a-ketoglutarate, and with NAD(H)
and UDP-GIcNAcA. The enzymes from both bacterial species
assumed unusual tetrameric quaternary structures with the
NAD(H) moieties closely situated to one another as can be seen
in Figure 1 (7). The individual subunits of the tetramers displa-
yed overall folds similar to that reported for glucose—fructose
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FIGURE 1: Structure of WIbA from P. aeruginosa. A stereoview of the WIbA tetramer is shown with the individual subunits colored in green,
wheat, purple, and blue. The NAD(H) cofactors are displayed as space-filling representations. This figure and Figures 3—6 were prepared with

PyMOL (18).
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oxidoreductase from Zymomonas mobilis (8). Strikingly, the
UDP-linked substrates adopted highly unusual curved confor-
mations in the active site clefts of the tetramers. In addition to the
structural studies, we showed that these two enzymes catalyzed
their reactions via ping-pong mechanisms (7).

Given that the WIbA enzymes from P. aeruginosa and
B. pertussis catalyze the same reactions in the biosynthesis of
UDP-ManNAc3NACA (4), we anticipated that the structure of
the B. pertussis enzyme would adopt a similar molecular archi-
tecture to that shown in Figure 1. We also assumed that the
B. pertussis WIbA would use o-ketoglutarate to regenerate the
oxidized cofactor. To our surprise, all attempts to solve
the structure of the B. pertussis enzyme in the presence of
a-ketoglutarate failed. Likewise, we were never able to demon-
strate the recycling mechanism with the B. pertussis enzyme in vitro.

Here we report the structure of the B. pertussis enzyme in
complex with NAD(H) and its UDP-linked substrate. Addition-
ally, we describe the structure of WIbA from Chromobacterium
violaceum, a Gram-negative bacterium that produces the anti-
biotic violacein (9). The B. pertussis and C. violaceum enzymes
share an identity of 73% and a similarity of 86%. Details concer-
ning the kinetic and structural data are presented.

MATERIALS AND METHODS

Cloning, Expression, and Purification. Genomic DNA
samples from B. pertussis (ATCC BAA-589) and C. violaceum
(ATCC 12472) were obtained from the American Type Culture
Collection. The first dehydrogenase cloned for this study was that
from B. pertussis. Using PrimeSTAR HS DNA polymerase
(Takara BIO USA, Clontech Laboratories), the wib4 gene was
PCR-amplified such that the forward primer 5¥-AAAACATAT-
GAGCTCACTTCCCATCACCGATCGAAAAATCCG and
the reverse primer 5-AAAACTCGAGTCAGTCCAGCGGCA-
GGGGGATGCGCACGC added Ndel and Xhol cloning sites,
respectively. The gene encoding the dehydrogenase from
C. violaceum was PCR-amplified such that the forward primer 5'-
AAAACATATGATAGTGATTCCTCCGATTACCGATCGC-
AAGATCCG and the reverse primer 5-AAACTCGAGTTAG-
TAATCCAGCGGCAGGCTGACGCGGCGGCC also added
Ndel and Xhol cloning sites. Both purified PCR products were
A-tailed and ligated into pPGEM-T (Promega) vectors for screening
and sequencing. The WIbA-pGEM-T vector constructs of the
correct sequence were then appropriately digested and ligated into
pET28JT vectors for protein production with a TEV protease
cleavable N-terminal Hisg tag (10).

For production of the dehydrogenase from B. pertussis, the
WIbA-pET28JT plasmid was used to transform Escherichia coli
Rosetta(DE3) cells (Novagen). The culture was grown at 37 °C in
LB media with shaking until the measured optical density at 600
nm was approximately 0.8, at which time the cell cultures were
induced with 1.0 mM IPTG and then allowed to express protein
at 21 °C for 18 h. WIbA was purified by standard procedures
using NINTA column chromatography at room temperature
(with the lysis buffer containing 10% glycerol and all buffers
containing 500 mM NaCl). Following purification, the protein
was dialyzed against 10 mM Tris-HCl and 200 mM NaCl at pH
8.0 and then concentrated to 14 mg/mL on the basis of an
extinction coefficient of 0.57 (mg/mL) " cm™". Analysis by ana-
lytical ultracentrifugation showed the oligomerization state of the
protein to be octameric (University of Wisconsin—Madison Bio-
physics Instrumentation Facility, supported by the University of
Wisconsin—Madison and grants from the NSF (BIR-9512577)
and the NIH (S10 RR13790)).

For production of the dehydrogenase from C. violaceum, the
WIbA-pET28JT plasmid was used to transform E. coli Rosetta-
(DE3) cells (Novagen). The culture was grown at 37 °C in LB
media with shaking until the measured optical density at 600 nm
was approximately 0.8, at which time the cultures were induced
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Table 1: X-ray Data Collection Statistics

MAD phasing data (C. violaceum WIbA)

peak inflection remote C. violaceum WIbA B. pertussis WIbA
resolution limits 50.0—1.90 50—1.90 50.0—1.90 30.0—-1.50 30.0-2.13
(1.93—1.90)" (1.93—-1.90) (1.93-1.90)" (1.53—1.50) (2.17-2.13)°

wavelength 0.97918 0.97953 0.97150 0.97921 0.97921
no. of independent 32809 (1606) 32827 (1618) 32805 (1612) 63793 (2839) 297970 (12098)

reflections
completeness (%) 99.7 (100.0) 99.6 (100.0) 99.9 (100.0) 96.9 (87.1) 92.7 (75.5)
redundancy 14.1 (13.8) 14.1 (13.7) 14.3 (14.0) 9.0 (2.8) 3.8(2.3)
avg I/avg o(l) 51.5(7.8) 52.0(7.8) 47.8 (6.5) 474(2.2) 27.8 (3.9)

Ry (%)" 10.4 (32.2) 9.6 (29.9) 10.5 (39.3) 5.9(28.3) 6.1(16.1)

“Rym = I = TI/3°1) x 100. bStatistics for the highest resolution bin.

with 1.0 mM IPTG and allowed to express protein at 21 °C for
18 h. WIbA was purified by standard procedures using NiNTA
resin at room temperature (with the lysis buffer containing 10%
glycerol). Following purification, TEV protease was added to the
protein at a 50:1 protein:TEV ratio. The digestion was allo-
wed to proceed overnight at room temperature, and subsequently
the reaction mixture was dialyzed against 50 mM sodium
phosphate (pH 8), 300 mM NaCl, and 20 mM imidazole. Cleaved
protein was separated from the TEV protease and any undigested
protein via NiNTA column chromatography. The cleaved
protein was pooled and dialyzed against 10 mM Tris-HCI
and 200 mM NaCl at pH 8.0 and then concentrated to
19 mg/mL on the basis of an extinction coefficient of 0.69 (mg/
mL)"" em™'. Analysis by analytical ultracentrifugation deter-
mined the oligomerization state of this protein to be octameric
as well.

Structural Analysis of WIbA. Crystallization conditions
were initially surveyed with either the holoprotein or the protein
incubated with 10 mM UDP-GIcNAcA. The hanging drop
method of vapor diffusion was used along with a sparse matrix
screen developed in the laboratory. The UDP-GIcNACA ligand
was prepared as previously described (7). For the B. pertussis
enzyme, X-ray diffraction quality crystals were ultimately ob-
tained via vapor diffusion by mixing in a 1:1 ratio the protein
incubated with 10 mM UDP-GIcNACA and a precipitant solu-
tion composed of 14—18% monomethyl ether poly(ethylene
glycol) 5000, 200 mM NaCl, and 100 mM HEPPS (pH 8.5).
The crystals belonged to the space group P2; with unit cell
dimensions of @ = 102.3A, b = 320.0A, ¢ = 103.8 A, and § =
119.1°. The asymmetric unit contained 16 monomers or 2 octa-
mers. The crystals were stabilized for cryocooling by transferring
them to a solution containing 25% monomethyl ether poly-
(ethylene glycol) 5000, 400 mM NaCl, 10 mM UDP-GIcNACA,
18% 1,2-ethanediol, and 100 mM HEPPS (pH 8.5).

For the C. violaceum enzyme, X-ray diffraction quality crystals
were grown via hanging drop by mixing in a 1:1 ratio the protein
incubated with 10 mM UDP-GIcNACcA and a precipitant solu-
tion containing 15—19% monomethyl ether poly(ethylene glycol)
5000, 200 mM LiCl, and 100 mM HEPPS (pH 8.0). These crystals
belonged to the space group /422 with unit cell dimensions of a =
b = 106.7 A, ¢ = 143.4 A, and one monomer per asymmetric
unit. The crystals were stabilized for cryocooling by transferring
them to a solution containing 24% monomethyl ether poly-
(ethylene glycol) 5000, 300 mM NaCl, 200 mM LiCl, 20% 1,2-
ethanediol, and 100 mM HEPPS (pH 8.0).

Table 2: Model Refinement Statistics

C. violaceum WIbA B. pertussis WIbA

resolution limits (A) 30.0—1.50 30.0-2.13
R-factor” (overall) (%)/no. 20.3/63793 18.7/297970
of reflections
R-factor (working) (%)/no. 20.1/60557 18.3/282933
reflections
R-factor (free) (%)/no. 23.6/3236 26.9/15037
reflections
no. of protein atoms 2713° 42024
no. of heteroatoms 3547 1961°¢
average B values
protein atoms (Az) 252 41.1
ligands (A?) 27.8 35.1
solvent (A?) 33.7 41.1
weighted rms deviations
from ideality
bond lengths (A) 0.013 0.005
bond angles (deg) 2.27 2.30
general planes (A) 0.013 0.010

“R-factor = (O |F, — F.|/Y_|F,) x 100, where F, is the observed
structure factor amplitude and F, is the calculated structure factor ampli-
tude. "These include multiple conformations for Arg 216, Asn 217, Ser 237,
Val 240, and Arg 313. “These include multiple conformations for Arg 230
and His 280 in subunit B, Arg 228 in subunit D, Val 224 in subunit H, and
Leu 344 in subunit L. “Heteroatoms include 1 NAD(H), | UDP-GIcNACA,
1 sodium ion, 1 chloride ion, and 268 waters. “Heteroatoms include 16
NAD(H) molecules, 16 UDP-GIcNACcA ligands, and 617 waters.

X-ray data sets from flash-cooled crystals were collected at the
Structural Biology Center Beamline 19-BM (Advanced Photon
Source, Argonne National Laboratory, Argonne, IL). The data
sets were processed and scaled with HKL3000 (/7). X-ray data
collection statistics are presented in Table 1.

An initial structure was determined using a selenomethionine-
labeled version of the C. violaceum WIbA, which was prepared
using standard methods and purified and crystallized in the
same manner as that for the wild-type enzyme. Nine of the 13
possible selenium atoms were located by SOLVE (72), yielding an
overall figure of merit of 0.64 to 1.9 A resolution. A preliminary
model was constructed with the software package COOT (13).
The structure was then used as a search model for molecular
replacement with PHASER (/4) against the X-ray data set
collected from a crystal of the wild-type protein. Refinement
of the model with REFMAC (75) led to a final overall
R-factor of 20.3% for all measured X-ray data from 30 to 1.5
A resolution. Relevant refinement statistics are given in
Table 2.
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Table 3: Kinetic Parameters

C. violaceum C. violaceum WIbA C. violaceum B. pertussis  B. pertussis WIbA  B. pertussis
WIbA with with WIbC and WIbA with WIbA with with WIbC and WIbA with
UDP-GIcNAcA UDP-GIcNAcA UDP-GIcA UDP-GIcNAcA UDP-GIcNAcA UDP-GIcA
WIbA concen (uM) 24.5 6.1 23.0 14.4 49 14.4
K (UDP-sugar) (mM) 1.10 £ 0.08 0.0056 £ 0.0008 0.20 £ 0.02 2.36 £0.35 0.015 £ 0.002 2.05+0.21
Kn(NAD™) (mM) 0.47 £0.07 0.089 £ 0.009 0.45 £ 0.06 0.97 £0.04 0.055 £ 0.007 0.95 £0.05
Vimax (UM /min) 0.46 £ 0.02 0.28 £ 0.01 0.12 £ 0.01 4.09 £ 0.07 1.13 £ 0.04 1.80 £ 0.14
Keat (s_l) 0.00031 £ 0.00001 0.00076 £ 0.00003 0.00015 & 0.00001 0.0047 4+ 0.0001  0.0039 £+ 0.0002 0.0021 £ 0.0001
keat/Kn (M1 s71), UDP-linked sugar 0.28 135 0.75 2.0 260 1.0
The structure of the B. pertussis enzyme was determined via 60

molecular replacement with PHASER using as a search model
the monomer of the C. violaceum enzyme in which all ligands and
solvent molecules had been removed. Iterative rounds of refine-
ment with REFMAC, 16-fold molecular averaging with the
software package DM (/6), and model building with COOT
led to a final overall R-factor of 18.7% for all measured X-ray
data from 30 to 2.13 A resolution. Relevant refinement statistics
are presented in Table 2.

Measurement of Enzymatic Activity. Enzymatic activities
of both the B. pertussis and C. violaceum dehydrogenases
were monitored spectrophotometrically by following the increase
in absorbance at 340 nm due to the conversion of NAD" to
NADH. Reactions were monitored continuously with a Beck-
man DU 640B spectrophotometer, and enzyme activities were
calculated from the initial rates. For the C. violaceum enzyme,
assay mixtures were 0.75 mL in volume and contained 0.5 mg/mL
enzyme, 100 mM NaCl, and 50 mM HEPPS (pH 8.5). Initial
velocity patterns were evaluated by measuring the initial rates
at four concentrations of each substrate: 7.0, 1.06, 0.56,
and 0.35 mM UDP-GIcNACA and 7.5, 4.0, 0.56, and 0.27 mM
NAD™. The reactions were run at 25 °C and initiated by
the addition of the enzyme. Equation 1 was used to fit the data
with the program SigmaPlot8. Kinetic parameters are listed
in Table 3.

v = VAB/(K,B+ KoA + Kiu Ky + AB) (1)

The B. pertussis enzyme was analyzed in a similar manner,
using NAD™ concentrations of 15.0, 2.5, 1.0, and 0.4 mM and
UDP-GIcNACA concentrations of 23.6, 6.9, 2.0, and 0.75 mM.
Kinetic parameters are presented in Table 3.

UDP-glucose, UDP-galactose, UDP-GIcNAc, and UDP-
GlcA were screened as possible substrates for WIbA. Of the
four, only UDP-GIcA was converted into a 3-keto sugar. Kinetic
parameters were determined for both enzymes using UDP-GIcA
as a substrate. The parameters for NAD™' were also measured
again to ensure that UDP-GIcA did not perturb the binding of
the dinucleotide. These parameters were determined via satura-
tion kinetics and the data fitted to eq 2.

v = VA/(K, + A) 2)

The kinetic parameters are listed in Table 3.

We were also interested in determining if there was an
enhancement in UDP-GIcNAcA binding or turnover in the
presence of the next enzyme in the pathway, the aminotransferase
WIbC, which converts the 3-keto sugar generated by WIbA into a
3-amino sugar (Scheme 1). Similar assay conditions were used
with an excess of glutamate (30 mM) and varying the amount of
WIbC until it was determined at what point it was not a limiting

50 /.

> 5 /
20 /

10*“.///‘///*

1/[NAD*]

FIGURE 2: Double reciprocal plots for the initial rates of formation of
NADH using the C. violaceum enzyme. The concentration of NAD™
was varied at 7.5, 4.0, 0.56, and 0.27 mM at several fixed concentra-
tions of UDP-GIcNACcA: 7.0 mM (diamond), 1.06 mM (square),
0.56 mM (triangle), and 0.35 mM (circle). Initial velocities (v) are
expressed in micromolar per minute of NADH formation.

40

1/

reagent in the assay. This occurred when the amount of WIbC
was in at least a 2x molar excess over the amount of WIbA.
Kinetic parameters were then determined by measuring the
formation of NADH, starting with the original assay conditions,
the addition of 30 mM glutamate, and a 2.5 molar excess of WIbC
over WIbA. The NAD" and UDP-GIcNAcA concentrations
were varied as needed. Binding constants were determined using
saturation kinetics and fitted to eq 2. These kinetic parameters are
also presented in Table 3.

RESULTS AND DISCUSSION

Functional Analysis of WIbA from B. pertussis and
C. violaceum. In previous investigations, the P. aeruginosa
WIbA was shown to employ a ping-pong catalytic mechanism
and to use an NAD™ recycling pathway that couples WIbA and
WIbC together (6, 7). As indicated in Scheme 1, WIbC is an
aminotransferase that catalyzes an amination step in the bio-
synthesis of UDP-ManNAc3NAcA. Assuming that the B. per-
tussis and C. violaceum dehydrogenases would function in a
similar manner to that of the P. aeruginosa enzyme, we initially
attempted to monitor UDP-3-keto-GIcNAcA formation via an
HPLC assay as previously described (7). It was expected that an
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FI1GURE 3: The structures of WIbA from B. pertussis and C. violaceum. Both enzymes adopt octameric quaternary structures with 422 symmetry.
Shown in (a) are two ribbon representations for the B. pertussis enzyme rotated 90° apart. The right-hand panel shows the molecule viewed down
the 4-fold rotational axis. The octamers can be thought of as tetramers of dimers. One such dimer is displayed in stereo in (b). The bound NAD(H)
and UDP-GIcNAcA molecules are depicted in stick representations. A close-up view of an individual subunit from the C. violaceum WIbA is
presented in (c). The a-helices and S-strands for the N-terminal domain are highlighted in light green and purple, respectively, whereas those in the
C-terminal domain are color-coded in light blue and purple. The a-helix displayed in salmon indicates the conformation of the region in the

B. pertussis enzyme that is disordered in the C. violaceum protein.

observable reaction yielding UDP-3-keto-GlcNAcA would result
by mixing WIbA, UDP-GIcNAcA, WIbC, and glutamate. To our
surprise, no reaction occurred. Similarly, no catalysis occurred if
a reaction mixture of WIbA and UDP-GIcNAcA alone was
spiked with a-ketoglutarate in the absence of the aminotransfer-
ase enzyme. In contrast, this same type of reaction mixture
yielded UDP-3-keto-GIcNACA in assays with the P. aeruginosa
enzyme (6, 7). It was finally determined that the reaction required
the addition of an equimolar ratio of NAD™ to UDP-GIcNAcA
for both the B. pertussis and C. violaceum enzymes to catalyze the
formation of UDP-3-keto-GIcNACA.

Kinetic parameters were subsequently determined for both the
B. pertussis and C. violaceum enzymes by monitoring spectro-
photometrically the conversion of NAD" to NADH. For both
enzymes, double reciprocal plots clearly showed a series of

intersecting lines indicative of a sequential mechanism (Figure
2). The activities of the B. pertussis and C. violaceum enzymes
were also tested against UDP-glucose, UDP-galactose, UDP-
GlcNAc, and UDP-GIcA. Neither enzyme could turnover UDP-
glucose, UDP-galactose, or UDP-GIcNAc, but both were able to
function on UDP-GIcA. Relevant kinetic parameters for the
enzymes using UDP-GIcA as a substrate are given in Table 3. As
discussed below, the carboxylate group attached to the C-5
carbon of the hexose in the natural substrate, UDP-GIcNACA, is
held firmly in place in the WIbA active site by the side chains of
Arg 165 and Tyr 169. Most likely, the absence of this carboxylate
group, as in the case of UDP-glucose, UDP-galactose, or UDP-
GlcNAc, results in either no binding or nonproductive binding to
WIbA. The fact that WIbA can turn over UDP-GIcA also
suggests that an N-acetyl group at the C-2’ position of the hexose,
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FIGURE 4: Superposition of the ribbon representations for the P. aeruginosa and C. violaceum enzymes. The P. aeruginosa and C. violaceum
WIbAs are highlighted in purple and light blue, respectively. X-ray coordinates for the P. aeruginosa enzyme were determined in this laboratory

and deposited in the Protein Data Bank (accession number 30A0).

as in UDP-GIcNACA, is not important for proper substrate
positioning. Indeed, as described below, the N-acetyl group of
UDP-GIcNAcA, when bound in the enzyme active site, is simply
surrounded by water molecules.

The catalytic efficiencies of the enzymes from C. violaceum and
B. pertussis were determined to be 0.28 and 2.0 M ™" s™", respecti-
vely (Table 3). These values are significantly reduced from those
measured for the 7. thermophilus and P. aeruginosa enzymes
(5.6 x 10° and 2.2 x 10" M~ s, respectively) (7). Given the
low catalytic efficiencies for the C. violaceum and B. pertussis
enzymes, the question was raised as to whether the genes
encoding them were correctly annotated. Recent investigations
by Westman et al., using complementation analyses of wibA
knockout mutants, document that WIbA from B. pertussis
functions in UDP-ManNAc3NAcA biosynthesis and that it
catalyzes the reported oxidation reaction (4). Regardless of the
low catalytic efficiencies measured in vitro, these enzymes clearly
support function in vivo.

We were curious as to whether the addition of WIbC, the next
enzyme in the biosynthetic pathway (Scheme 1), would have any
effect on the kinetic parameters of the B. pertussis and C. violaceum
enzymes. The catalytic efficiencies for both enzymes improved to
135 and 260 M ™' 57!, respectively (Table 3). With respect to
the C. violaceum enzyme, the K, for the UDP-linked sugar
dropped from 1.10 to 0.0056 mM, whereas the K, for the NAD*
cofactor dropped from 0.47 to 0.089 mM. Likewise, the
same trend occurred with the B. pertussis WIbA. Specifically
the K, for the UDP-linked sugar was reduced from 2.36 to
0.015 mM, whereas the K, for the NAD™" cofactor was reduced
from 0.97 to 0.055 mM. These data are highly suggestive of some
type of protein—protein interaction occurring between WIbA and
WIbC in vivo, and, indeed, this coupling phenomenon between
the dehydrogenase and the aminotransferase has been previously
reported for the P. aeruginosa enzyme (3, 6). Interestingly, if the
reactions were conducted using UDP-GIcA as the substrate
rather than UDP-GIcNACcA, the same enhancement of catalytic
efficiency was not observed, and the kinetic parameters were
essentially unchanged as listed in Table 3.

Structure of WIbA. Crystals of the B. pertussis WIbA belon-
ged to the space group P2; with two octamers in the asymmetric
unit. They diffracted to a nominal resolution of 2.13 A. Overall,
the polypeptide chains corresponding to the 16 subunits in the

asymmetric unit were reasonably well ordered with only a few
breaks in the electron densities. The Ramachandran statistics, as
calculated according to PROCHECK (17), are good with 87.5%,
12.2%, and 0.3% of the ¢, torsional angles lying within the
core, allowed, and generously allowed regions.

Shown in Figure 3a is a ribbon representation of one of the
octamers. It has overall dimensions of approximately 110 x 100 x
115 A and displays 422 symmetry. It can be aptly described as a
tetramer of dimers. A stereoview of one of the dimers is shown in
Figure 3b. The quaternary structure of the B. pertussis WIbA
is completely different from that observed for WIbA from
P. aeruginosa (Figure 1) even though the individual subunits
have similar folds with one major exception as discussed below.
In the B. pertussis enzyme, the active sites within the dimeric unit
are positioned at greater than 40 A apart and are contained
within the individual subunits. This is in sharp contrast to the
P. aeruginosa enzyme whereby the active sites are formed between
subunits of the tetramer and lie closely to one another. The
surface area buried per subunit upon formation of the B. pertussis
octamer is approximately 3400 A>. The C-terminal tails of each
subunit project towards the interface of the octamer, and this is
in keeping with the fact that placing a purification tag at the
C-terminus of the B. pertussis WIbA always resulted in the
expression of insoluble protein in E. coli.

The C. violaceum WIbA crystallized in the space group 1422
with one subunit per asymmetric unit. Its quaternary structure is
still octameric, however, as indicated by both crystalline packing
considerations and analytical ultracentrifugation experiments.
The overall folds of the C. violaceum and B. pertussis enzymes are
similar such that their a-carbons superimpose with a root-mean-
square deviation of 1.6 A. Given their similarities in both amino
acid sequences and three-dimensional structures, and the fact
that the crystals of the C. violaceun WIbA diffracted to a higher
resolution of 1.5 A, the following discussion refers only to the
C. violaceum enzyme unless otherwise indicated.

The model for the C. violaceum WIbA is excellent with 91.7%
and 8.3% of the ¢, angles lying within the core and allowed
regions of the Ramachandran plot, respectively. A close-up view
of the single subunit in the asymmetric unit is presented in
Figure 3c. Both Met 1 and the C-terminal Tyr 351 are visible in
the electron density map. Three proline residues, at positions 105,
246, and 348, adopt cis conformations, and these cis prolines are
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) UDP-GIcNACA

FIGURE 5: The active site for the C. violaceurm WIbA. Electron densities corresponding to the bound ligands are shown in (a). The electron
density map, contoured at 2.50, was calculated with coefficients of the form (F, — F.), where F, was the native structure factor amplitude
and F. was the calculated structure factor amplitude. A close-up view of the active site near NAD(H) is depicted in (b). The dashed lines
indicate possible hydrogen bonds. Water molecules are represented as red spheres. The residues colored in green and blue belong to the
N- and C-terminal domains, respectively. The red dashed line between the hexose C-3’ carbon and the nicotinamide C-4 carbon illustrates
how the sugar moiety is ideally oriented in the active site for direct hydride transfer. A close-up view of the active site near the

UDP-GIcNACA ligand is presented in (c).

conserved in the B. pertussis enzyme. Pro 105 is positioned near
the nicotinamide ribose of the NAD(H) ligand, Pro 246 resides in
a loop near the uracil group of the nucleotide-linked sugar, and
Pro 348 sits close to the C-terminus, far removed from the active
site cleft. Note that because the oxidation state of the dinucleotide
is unknown, it will be referred to as NAD(H).

Overall, the WIbA subunit can be described in terms of two
domains: an N-terminal Rossmann fold defined by Met 1 to Lys
131 and a C-terminal region delineated by Gln 132 to Tyr 351.

The N-terminal region, which provides the binding scaffold for
the dinucleotide cofactor, is dominated by a decidedly twisted six-
stranded parallel 5-sheet flanked on each side by three o-helices.
The C-terminal domain, which harbors the binding site for UDP-
GIcNACA, consists of an eight-stranded mixed f3-sheet surroun-
ded by four a-helices on one side. The other side of the -sheet
provides the subunit—subunit interface of the “dimer” in the
octamer (Figure 3b). As can be seen in Figure 3¢, the C-terminal
domain provides one of the a-helices flanking the [-sheet in
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FiGuRre 6: Binding site for o-ketoglutarate in the P. aeruginosa WIbA. The ribbon representation displayed in blue corresponds to the
P. aeruginosa WIbA, and those residues forming hydrogen bonds with a-ketoglutarate are displayed in light blue bonds. The structurally

equivalent region in the C. violaceum enzyme is shown in salmon.

the N-terminal Rossmann fold. There is only one break in
the C. violaceum model between Ser 291 and Gly 298. In the B.
pertussis enzyme, the structurally equivalent region adopts two
turns of an a-helix and lies near the opening to the active site
(Figure 3c).

The subunits for the WIbA enzymes from C. violaceum and
P. aeruginosa superimpose with a root-mean-square deviation of
1.7 A for 257 structurally equivalent a-carbons. Why are their
quaternary structures so different? A superposition of their poly-
peptide chains, as presented in Figure 4, provides the answer. The
N-terminus of the C. violaceum enzyme is longer by ten residues.
This extended N-terminal tail projects towards the adenine ring
of the NAD(H) in a 4-fold-related monomer of the octamer.
There is also an eight-residue insertion in the C. violaceum WIbA
between Thr 213 and Asp 222, which projects towards another
monomer of the octamer (labeled “loop” in Figure 4). The biggest
differences in the two proteins occur at Tyr 245 (C. violaceum
WIbA numbering) and at their C-termini. These areas are labeled
regions | and 2, respectively, in Figure 4. In the P. aeruginosa
WIbA, there is a ten-residue insertion that adopts a helical con-
formation and abuts the large mixed [-sheet of the C-terminal
domain. Likewise, the C-terminal residues in the P. aeruginosa
WIbA lie against this S-sheet, whereas in the C. violaceum WIbA,
they curl away to form another -strand (Figure 4). Taken toge-
ther, these two regions in the P. aeruginosa WIbA preclude it from
forming a subunit—subunit interface that involves the large
mixed S-sheet of the C-terminal domain.

Electron densities corresponding to the bound NAD(H) and
UDP-GIcNACcA ligands are displayed in Figure 5a. The nucleo-
tide-linked sugar adopts an extended conformation which is in
stark contrast to that observed for the P. aeruginosa WIbA where
the C-5 carbon of the uracil ring and the C-6' carbon of the
hexose reside within 3.7 A of each other. The carboxamide group
of the NAD(H) is twisted out of the plane of the ring.

A close-up view of the NAD(H) binding pocket is presented in
Figure 5b. Both riboses of the dinucleotide adopt the C2'-endo
pucker. The adenine ring projects outward towards the solvent
and is surrounded by three water molecules. The adenine ribose is
hydrogen bonded to the carboxylate of Asp 44 and one water
molecule. Both Trp 175 and Arg 176 provide hydrogen-bonding
interactions with the phosphoryl groups of the cofactor. Three
waters and the backbone amides of Arg 21 and Ile 22 provide
additional interactions with the phosphoryl groups. The nicoti-
namide/ribose portion of the cofactor is positioned into the active

site via one water molecule, the side chains of Ser 83, His 86, Glu 103,
and Gln 132, and the backbone carbonyls of Thr 81 and Lys 104.

Shown in Figure 5c is a close-up view of the UDP-GIcNAcA
binding site. As in the case of the adenine ring in NAD(H), the
uracil group is located towards the solvent. It is surrounded by
two water molecules and lies within hydrogen-bonding distance
of the backbone amide group of Asn 248. Only one well-ordered
water molecule is situated within 3.2 A of the phosphoryl groups
of the UDP-linked sugar substrate. The N-acetyl group at
position C-2' is surrounded by two water molecules. The C-3'
hydroxyl, which is ultimately oxidized to a keto group, lies at 3.0
A from the e-nitrogen of Lys 104. Most likely, Lys 104 serves as
the catalytic base to abstract the proton from the C-3" hydroxyl
group. The side chain of Lys 104 also lies within 3.0 A of the C-4'
hydroxyl, which is further surrounded by the side chain of Asn
188 and a water molecule. Note that Lys 104 is conserved in the
P. aeruginosa and T. thermophilus enzymes as well. Finally, the
C-5' carboxylate group of the hexose is anchored to the protein
through interactions with the side chains of Arg 165 and Tyr 169
and two water molecules. The hexose C-3' carbon atom, which
loses a hydride to NAD™ during catalysis, faces the re face of the
nicotinamide ring of the cofactor and sits at 4.0 A from the
cofactor C-4 carbon. The mode of NAD(H) and UDP-GIcNAcA
binding to the C. violaceum WIbA is nearly identical to that ob-
served for the B. pertussis enzyme except that, in the latter pro-
tein, Arg 20 projects into the active site where it forms electro-
static interactions with the phosphoryl groups of UDP-GIcNACA.

As noted above, the B. pertussis and C. violaceum WIbA
enzymes do not undergo the cofactor recycling mechanism obser-
ved for the P. aeruginosa enzyme. A close-up view of the binding
pocket for a-ketoglutarate, as observed in the P. aeruginosa
WIbA, is shown in Figure 6. Key residues involved in binding
o-ketoglutarate include Lys 101, Tyr 156, Thr 158, Arg 160, His
185, and Arg 245. Three of these residues, Lys 101, His 185, and
Arg 160, are retained as Lys 104, His 192, and Arg 165 in the
C. violaceum enzyme (Figure 6). Tyr 156, Thr 158, and Arg 245,
which form electrostatic interactions with the side chain carbox-
ylate of a-ketoglutarate in the P. aeruginosa WIbA active site, are
replaced with Val 161, Trp 163, and Gly 251, respectively, in the
C. violaceum active site. These changes in amino acid residues
preclude the binding of a-ketoglutarate into the active site of the
C. violaceum WIbA.

In summary, the results presented here demonstrate that there
are two families of WIbA enzymes involved in the biosynthesis of
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UDP-ManNAc3NAcA, which we will refer to as class A and
class B. With respect to primary structure, family members can be
distinguished on the basis of their amino acid sequences. Within
the class A or class B families, members typically demonstrate
greater than 45% amino acid sequence identity. Between classes,
however, the amino acid sequence identity is less than 15%. The
class A members, defined by the P. aeruginosa WIbA, adopt
unusual tetrameric structures with their active sites positioned
between subunits and their nucleotide-linked sugars adopting
highly curved conformations. Additionally, these enzymes em-
ploy a-ketoglutarate in their NAD™ recycling systems, at least
in vitro, and they display ping-pong reaction mechanisms. Con-
trastingly, members of the class B family, defined by the
B. pertussis WIbA, function as octamers, display sequential
reaction kinetics, and cannot accommodate a-ketoglutarate in
their active sites. These differences in the structures and mechan-
isms of the two WIbA families have important ramifications for
the potential design of new therapeutics in the treatment of
P. aeruginosa and B. pertussis infections.
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