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Abstract

With new strains of Acinetobacter baumannii undergoing genomic analysis, it has been
possible to define regions of genomic plasticity (RGPs), encoding specific adaptive ele-
ments. For a selected RGP from a community-derived isolate of A. baumannii, we outline
sequences compatible with biosynthetic machinery of surface polysaccharides, specifically
enzymes utilized in the dehydration and conversion of UDP-N-acetyl-D-glucosamine (UDP-
D-GIcNAc). We have determined the crystal structure of one of these, the epimerase Ab-
WbjB. This dehydratase belongs to the ‘extended’ short-chain dehydrogenase/reductase
(SDR) family, related in fold to previously characterised enzymes CapE and FlaA1. Our
2.65A resolution structure of Ab-WbjB shows a hexamer, organised into a trimer of chain
pairs, with coenzyme NADP+ occupying each chain. Specific active-site interactions
between each coenzyme and a lysine quaternary group of a neighbouring chain intercon-
nect adjacent dimers, so stabilising the hexameric form. We show UDP-GIcNAc to be a spe-
cific substrate for Ab-WbjB, with binding evident by ITC (K, = 0.23 umol™). The sequence of
Ab-WbjB shows variation from the consensus active-site motifs of many SDR enzymes,
demonstrating a likely catalytic role for a specific threonine sidechain (as an alternative to
tyrosine) in the canonical active site chemistry of these epimerases.

Introduction

Acinetobacter baumannii is a Gram-negative opportunistic pathogen responsible for a range of
infections [1, 2]. It poses a serious clinical challenge due to its resistance to several classes of
antimicrobial drugs [3, 4] and is today grouped as one of the highly multidrug resistant
“ESKAPE” pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, A.
baumannii, Pseudomonas aeruginosa and Enterobacter species) [5]. Wound infections caused
by drug-resistant isolates of A. baumannii have been reported worldwide [6, 7], with outbreaks
encountered recently in Australia [8] and the South Pacific [9]. A. baumannii is responsible for
both community and hospital-acquired (nosocomial) infections that are difficult to control
and treat [7]. Reports of community-acquired A. baumannii infections have intensified over
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the past decade [7, 8], particularly affecting those with a history of chronic alcoholism, cancer
or chronic obstructive pulmonary disease [10]. Although community-acquired cases currently
account for <10% of all A. baumannii infections, the associated mortality is considerable,
ranging from 30-62% [6, 11].

Genome sequencing of various A. baumannii strains have revealed a marked genomic plas-
ticity of this organism [2, 12]. A relatively small core genome can be defined, in conjunction
with a large accessory genome [7, 8, 13]. Within individual genomes, regions of genomic plas-
ticity (RGPs) are seen, encompassing genes offering niche advantage [8, 14]. Thus the patho-
gen’s ability to acquire foreign determinants through lateral gene transfer (LGT; or horizontal
gene transfer) appears to provide the means for its rapid adaptation [15]. Furthermore, geno-
mic and phenotypic analyses have described numerous virulence factors for A. baumannii [1,
3, 16]. Proposed factors include surface polysaccharides such as capsular polysaccharides
(CPS), as well as proteinaceous components (porins, phospholipases, iron and zinc acquisition
systems, protein secretion systems) and outer membrane vesicles [1, 3, 16].

Differentiation between CPS and O-antigenic components of lipopolysaccharide (LPS)
and/or lipooligosaccharide (LOS) is challenging due to their similar structures and overlapping
synthesis pathways. Consequently, there has been deliberation in the literature as to whether
A. baumannii produces O-antigen and/or LOS and capsule. The specific ligase enzyme Waal,
which assembles LPS by covalently attaching lipid A-core oligosaccharide to O-antigen, is
absent from A. baumannii genomes [17]. Whilst in certain Acinetobacter spp. one or two genes
appear to encode proteins incorporating WaalL-like domains [17-20], these have subsequently
been established to be enzymes of different function (e.g. PgIL enzyme [20] or for O-linked
glycosylation [18]). It is thus currently presumed that A. baumannii produces a capsule and
LOS (rather than O-antigen) to evade the innate immune response [17].

Across various Acinetobacter spp., gene clusters associated with synthesis of sugar compo-
nents of CPS show great diversity [17]. This fosters structural heterogeneity of the CPS in
terms of sugar composition and specific linkage chemistry [21]. During our own previous
study of an A. baumannii community isolate (Australian strain D1279779), we identified a spe-
cific RGP encoding 11 proteins related to polysaccharide biosynthesis [8]. We describe here
the characterisation and crystal structure for one of these, the enzyme Ab-WbjB, proposed to
initiate conversion of UDP-GIcNAc to UDP-FucNAc. This specific protein was successfully
produced as a result of high-throughput structural genomics screening across a wider pool of
uncharacterised genes contained within A. baumannii RGPs. Like other dehydratases central
to the biosynthesis of deoxy sugars [22], Ab-WbjB is organised as a short-chain dehydroge-
nase/reductase (SDR) fold. By detailing the catalytic site and oligomeric properties of this dis-
tinct dehydratase, we are here able to clarify molecular mechanisms impacting the
biosynthesis of polysaccharides in A. baumannii.

Materials and methods
Bioinformatics analysis of island RGP01

Reciprocal BLASTP searches [23] were carried out on ten A. baumannii genomes against
island elements of RGPO1 from A. baumannii DI1279779 (locus tags ABD1_530 ~ABD1_630).
PSI-BLAST searches were then performed with default parameters [24] (see Table 1).

Isolation of recombinant Ab-WbjB

The ABD1_580 gene was amplified by PCR using genomic DNA isolated from A. baumannii
strain D1279779. The gene was sub-cloned into vector pET15b with BamHI and Ndel restric-
tion sites to encode Ab-WbjB protein product with an N-terminal Hiss-tag. Recombinant
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Table 1. Proteins encoded within RGPO1 island of A. baumannii D1279779.

locus NCBI gene annotation #amino acids | PSI-BLAST homologs® % identity
(E value)
ABD1_00530 | UDP-glucose 4-epimerase 346 UDP-glucose 4-epimerase (Alishewanella agri BLO6) 70 (3e-178)
WbpP (Pseudomonas aeruginosa) 69 (2e-171)
WhbqB (Escherichia coli) 63 (7e-159)
ABD1_00540 | polysaccharide biosynthesis protein 413 O-antigen translocase (Xenorhabdus bovienii SS-2004) 30 (2e-07)
Wzx, ORF_11 (Pseudomonas aeruginosa) 22 (1e-06)
ABD1_00550 | hypothetical protein 311 putative membrane protein (Vibrio cholerae HENC-03) | 29 (2e-07)
hypothetical protein (Francisella cf. novicida Fx1) 32 (3e-05)
ABD1_00560 | hypothetical protein 392 WepQ (Cronobacter sakazakii) 35 (7e-39)
group 1 glycosyl transferase (Thauera sp. MZ1T) 26 (3e-35)
ABD1_00570 | glycosyl transferase 381 Mannosyl transferase (Psychroflexus torquis) 34 (6e-13)
WIbF protein (Pseudomonas fuscovaginae) 26 (5e-9)
Spore coat protein SA (Bacillus thuringiensis) 34 (1e-6)
ABD1_ UDP-N- 344 FnlA (E. coli STEC_EH250) 85 (0.0)
00580 acetylglucosamine 4,6- WbjB (Pseudomonas aeruginosa) 81 (0.0)
dehydratase, WbjB Cap8E (Staphylococcus aureus) 70 (0.0)
ABDI1_ WhbjC 369 FnlB (Escherichia coli) 57 (3e-151)
00590 WbjC (Pseudomonas aeruginosa) 58 (2e-158)
Cap8F (Staphylococcus aureus) 43 (0.0)
ABDI1_ UDP-N- 376 WbjD (Pseudomonas aeruginosa) 81 (0.0)
00600 acetylglucosamine 2- FnlC (Escherichia coli) 72 (0.0)
epimerase Cap8G (Staphylococcus aureus) 54 (0.0)
ABDI1_ probable 310 WhbjE (Pseudomonas aeruginosa) 42 (3e-88)
00610 glycosyltransferase CapL (Bacillus cereus) 30 (1e-29)
Cap8L (Staphylococcus aureus) 24 (le-17)
ABDI_ UDP-glucose 4- 311 WbjF (Pseudomonas aeruginosa) 44 (2e-76)
00620 epimerase probable UDP-galactose 4-epimerase (Vibrio cholerae) | 46 (3e-83)
ABDI1_ undecaprenyl- 336 WbpL (Pseudomonas aeruginosa) 50 (3e-99)
00630 phosphate N-acetylglucosaminyl 1-phosphate transferase WbpL (Pseudomonas sp. R81) 49 (2e-103)

# Searches conducted on non-redundant database, August 2017.

https://doi.org/10.1371/journal.pone.0191610.t001

expression of Se-Met labelled Ab-WbjB and its purification on Ni-affinity media were carried
out by conventional laboratory protocols [25].

Purity of recombinant product (41 kDa) was verified using SDS-PAGE [26] (see S1 Fig). Oligo-
merisation state was analysed by size-exclusion chromatography (SEC) using Superdex 200 matrix
(10/300 GL, GE Healthcare) pre-equilibrated in Buffer A (50 mM HEPES buffer, pH 7.5, 200 mM
NaCl, and 5% v/v glycerol) operating at 0.5 mL/min. Under reducing conditions, chromatography
utilised Buffer A supplemented with 50 mM tris (2-carboxyethyl) phosphine (TCEP).

Crystallization and data collection

Ab-WbjB protein aliquots (13 mg/mL) were subjected to sparse-matrix crystal screen (96 con-
ditions, MCSG-1, Microlytic North America) in sitting-drop vapour diffusion format with a
Phoenix robot. Several crystals grew in 0.2 M NaCl, 0.1 M HEPES buffer (pH 7.5) and 25% v/v
PEG3350, but diffracted at very low resolution (>7.5 A). After extensive optimization (24-well
grid, hanging-drop format) across varying pH and protein: precipitant ratios (1:1, 1:2 and 2:3),
best diffracting crystals (<3.0 A) were obtained at pH 5.6 and 1:1 mixtures.
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Prior to flash cooling for data collection, crystals were soaked (10 min) in mother liquor
supplemented with glycerol (20% v/v). X-ray data were recorded on beam lines MX1 and
MX2 at the Australian Synchrotron (Melbourne) using Blu-Ice software [27]. Reflections were
measured on an ADSC Quantum 210r detector (Poway, USA) at a wavelength of 0.9537 A
(13000.5 V). Several data sets were collected due to radiation damage. Reflections were
indexed, integrated and scaled with XDS [28]. Two datasets with lowest B factor values, dif-
fracting at 2.70 A (data set 1) and 2.64 A (data set 2), were chosen for structure solution. Data
set 2 consisted of a combination of 5 different wedges taken from the same crystal (120 frames
each). Data with B-factors < -10 were removed from the latter data set. Full data collection
and structure solution statistics are given in Table 2.

X-ray structure determination

A preliminary solution was obtained by molecular replacement (MR) with PHASER MR [29]
from CCP4 [30] using the structure of Helicobacter pylori FlaA1 (PDB ID 2gn4; 39% sequence
identity) [31]. To overcome relatively poor electron density (a result of low resolution, radia-
tion damage and low sequence identity to model), single-wavelength anomalous diffraction
(SAD) was utilised. A combination of both methods was used to generate the solution for data
set 1, as the anomalous signal of crystals although relatively weak (see Table 2), was sufficient
to bootstrap from a preliminary partial solution. This was carried out with PHASER EP [29]
and identified 83 Se sites in each asymmetric unit (asu). Electron density maps were improved
in PARROT [32] with advantage of a six-fold non-crystallographic local symmetry (NCS).
Auto-building was initiated from both data sets 1 and 2 in BUCCANEER [33, 34] to further
improve resolution of the structure to 2.65 A. The final model was obtained after rounds of
refinement in PHENIX [35] and manual model building in Coot [36]. The torsion NCS
restraints were applied for better refinement of the structure.

The refinement statistics for the structure solved at 2.65 A resolution are summarized in
Table 3. The crystalline packing shows Ab-WbjB to be a homomeric hexamer, organized as a
trimer of dimers (chains AD, BF and CE). Our final model contains coenzyme NADP+ bound

Table 2. Diffraction data statistics for Ab-WbjB *.

Data set 1 Data set 2
Beamline (Australian Synchrotron) MX1 MX2
Wavelength (&) 0.9537 0.9538
Space group P2,2,2, P2,2,2,
a,b,c (A) 107.7, 114.2, 215.0 107.6, 114.3, 214.6
o, B,y (") 90, 90, 90 90, 90, 90
Resolution (A) 19.97-2.70 (2.85-2.70) 24.83-2.64 (2.78-2.64)
Unique reflections 73156 (10507) 77374 (10206)
Completeness (%) 99.6 (99.2) 98.9 (94.6)
Multiplicity 15 (14.8) 6.9 (6.7)
Mean I/o(I) 13.4 (1.6) 13.4 (2.9)
Rynerge (%) 0.264 (1.991) 0.103 (0.689)
CCip 0.995 (0.554) 0.996 (0.725)
Anomalous completeness 99.6 (98.7) 95.3 (90.4)
Anomalous multiplicity 7.8 (7.6) 3.6 (3.5)
CCanom 0.220 (0.016) 0.322 (0.022)

# Values in parentheses denote the highest resolution shell.

https://doi.org/10.1371/journal.pone.0191610.t002
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Table 3. Refinement statistics for Ab-WbjB (PDB 4j20).

Refinement
Resolution (A) 24.86-2.65
o cutoff F > 0.630(F)
No. of reflections 144937
Reryst / Riree (%) 16.0/20.1
No. of atoms 15096
protein/no. of residues 14937
solvent 159
TLS groups 17
R.m.s deviations from standard values
bond lengths (A) 0.01
bond angles (°) 1.301
Average B factor (A%
Chain A (main-chain/side-chain) 58.8/66.4
Chain B (main-chain/side-chain) 55.8/64.8
Chain C (main-chain/side-chain) 68.5/76.1
Chain D (main-chain/side-chain) 70.9/77.5
Chain E (main-chain/side-chain) 80.1/85.5
Chain F (main-chain/side-chain) 84.0/88.4
solvent 62.8
Ramachandran plot (%)
favoured regions 97.6
allowed regions 2.1
outliers 0.3
PDB accession 4j20

https://doi.org/10.1371/journal.pone.0191610.t003

to each of the six chains, as well as 160 water molecules per crystallographic asu. The relatively
better stereochemical quality of Chains A and B over the remaining four chains is evident
from their lower B factor values (see Table 3). Electron density is missing for the following resi-
dues: Asp246-Pro248 (Chain D only), Ser250-Glu258 (Chains B, E and F), Arg287-Glu306 (all
Chains) and C-terminal 11 residues, Leu334-Ala344 (except Chain B). The overall stereochem-
ical quality of the final model was assessed using MolProbity [37] and the ADIT validation
server (http://deposit.pdb.org/validate/). Coordinates have been deposited within the Protein
Data Bank as PDB file 4j20. Structural homologs for Ab-WbjB were identified with DALI
searches [38], last accessed in August 2017. All molecular views presented here were prepared
using PyMOL [39].

Site-directed mutagenesis

To generate mutants M134A-WbjB and M134Y-WbjB, isolated pET15b plasmids harbouring
fnlA gene were subjected to site-directed mutagenesis with a commercial kit (QuikChange,
Stratagene) and mutagenic primers (see S1 Table). After mutagenesis was confirmed via DNA
sequencing, mutants were transformed into E. coli BL21 (DE3) pLysS expression host for pro-
tein expression and purification (as above).

Differential scanning fluorimetry (DSF)

Fluorescence-based thermal melt analysis, DSF, was utilized to identify ligands which
enhanced the stability of Ab-WbjB in solution [40]. Pure protein samples (10 mg/mL) were

PLOS ONE | https://doi.org/10.1371/journal.pone.0191610 January 19, 2018 5/19


http://deposit.pdb.org/validate/
https://doi.org/10.1371/journal.pone.0191610.t003
https://doi.org/10.1371/journal.pone.0191610

@° PLOS | ONE

Structural study of Ab-WbjB, a UDP-GIcNAc epimerase from A. Baumannii

mixed with SYPRO Orange dye (200 x concentration; Invitrogen) and diluted (1:10) into
Buffer A. Aliquots (10 pL) were placed into 96-well plates with queried conditions (10 uL) and
temperature gradient applied (25-95°C, at 1°C/min). DSF responses were viewed in the
MxPro q-PCR program (Stratagene). Each condition was repeated in triplicate, and derivative
curves generated to determine the midpoint protein melting temperature (T,,). Conditions
resulting in a change of T,, >2°C were deemed significant. Potential Ab-WbjB substrates were
investigated following screening of 96 cocktail combinations (5% v/v) from a commercial
screen (Silver bullets, Hampton Research) [41].

Isothermal titration calorimetry (ITC)

Protein samples in HEPES buffer (50 mM, pH 7.5), 200 mM NaCl and 0.5 mM TCEP were
adjusted to 100 uM, and NADP+ added to 1 mM. ITC measurements were carried out at 25°C
using a MicroCal Auto-iTC200 instrument (GE-Healthcare). Aliquots (2 pL) of potential
ligands (1 mM) were injected into protein samples until binding appeared saturated (18 cycles,
at 150 s intervals). Titrations of ligand buffer-only samples were performed to provide baseline
readings. The corrected heat change was fitted in Origin 7 software (Microcal Inc., U.S.A) to
obtain binding affinity constants (K,) and enthalpy of binding (AH).

Results and discussion
Ab-WDjB encoded within the polysaccharide biosynthesis RGP

Previous analysis of the genome of A. baumannii D1279779, a community isolate, has re-
corded 24 distinct regions of genomic plasticity [8]. Remarkably, none of these encode known
antibiotic resistance elements common in A. baumannii nosocomial isolates [2]. Fig 1 outlines
one such cluster of interest, described as RGP01, containing elements associated with oligosac-
charide biosynthesis [8]. Whilst the same island also recurs in its entirety in the clinically-
sourced A. baumannii strain MDR-TTJ [42], it is absent from other A. baumannii genomes
analysed to date. A few elements of the RGPO01 island are also found in the nosocomial A. bau-
mannii strain MDR-Z]06, however, suggesting an origin via LGT. Notably, the specific gene
component ABD1_00580, annotated as a UDP-N-acetyl-glucosamine 4,6-dehydratase, is
found in orthologous forms across several nosocomial strains of the IC-II lineage of A.
baumannii.

For seven component genes of RGP01, sequence matches can be found to distinct bacterial
epimerase and related polysaccharide synthesis enzymes (Table 1). Recurring within these
homologs is a specific O-antigen biosynthesis locus defined in P. aeruginosa O11 [45]: overall,
6 of 11 RGPO1 genes share >40% identity with this cluster. Fig 1 includes a schematic relating
the two clusters, most similar for those genes attributed to nucleotide sugar biosynthesis.
Immediately obvious are enzymes WbjB, WbjC and WbjD, previously demonstrated in P. ger-
uginosa to convert UDP-N-acetyl-D-glucosamine (UDP-D-GIcNAc) to UDP-N-acetyl-L-fuco-
samine (UDP-L-FucNAc) [44]. The same suite of enzymes has also been described in Gram-
negative bacteria such as E. coli, Streptococcus pneumoniae (named FnlA, FnlB, FnlC), and S.
aureus (CapE, CapF, CapQ).

A. baumannii genes ABD1_580, ABD1_590 and ABD1_600 are therefore attributed to
encode the corresponding enzymes, Ab-WbjB, Ab-WbjC and Ab-WbjD, respectively. Based on
the high sequence identity to their P. aeruginosa and S. aureus homologs, we propose these
enzymes to be responsible for the conversion of UDP-D-GIcNAc to UDP-L-FucNAc [43] via
the five-step reaction cascade characterized for these relatives (Fig 1B). The enzyme WbjB (like
CapE) is bifunctional, first catalyzing the 4,6-dehydration of UDP-D-GIcNAc and, subse-
quently, a C5-epimerization step. Next, WbjC (like CapF) catalyzes a C3-epimerization step,
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Fig 1. Components of polysaccharide biosynthesis cluster RGP01. (A) Gene conservation between the RGPO01 island in A. baumannii D1279779 and related
components of selected A. baumannii strains (clonal lineage indicated, right). For each component gene, locus tag and transcription direction are indicated. Colour is
used to categorize functional annotations (from NCBI), with flanking chromosomal regions in black. Alignment with elements of the O-antigen biosynthesis cluster in
P. aeruginosa is incorporated at top (red), with % sequence identity indicated for each orthologous pair. (B) Five-step biosynthesis of UDP-L-FucNAc by enzymes WbjB/
CapE, WbjC/CapF, and WbjD/CapG as demonstrated in P. aeruginosa and S. aureus [43, 44].

https://doi.org/10.1371/journal.pone.0191610.9001

followed by C4-reduction of the intermediate keto-sugar. The third associated enzyme, WbjD
(or CapQ), yields the product UDP-L-FucNAc via C2-epimerization.

Three-dimensional structure of Ab-WbjB

Our crystal structure of Ab-WbjB solved at 2.65 A resolution is illustrated in Fig 2. Diffraction
datasets of Ab-WDbjB crystals scaled and integrated in the space group P2,2,2;, (unit cell
a=107.71,b = 114.21, ¢ = 215.04). The crystalline packing showed a hexameric organization
in 32 symmetry, i.e. organised as a trimer of paired chains (A-E, B-D and C-F). Six chains of
the hexamer overlay with an average root-mean-square deviation (r.m.s.d) of 0.62 A. Density
attributable to coenzyme NADP+ is observed in each of the six protomers, despite no exoge-
nous NADP+ being added during sample preparation or crystallization. No density attribut-
able to substrate could be identified in our structure solution.

The Ab-WDbjB protomer contains two well-defined domains: the largest encompasses a
Rossmann fold, comprising residues 1-165, 200-224, 266-286, and a bound NADP+ molecule.
The nine-stranded B-sheet is predominantly parallel (order: 3-2-1-4-5-6-7-9-8) and is flanked
by seven o-helices. The smaller C-terminal domain is largely helical (helices aA-oD), but addi-
tionally incorporates two discrete B-regions, made up of short parallel (BA, BD) and anti-paral-
lel (BB, BC) strand pairs. Linking segments between the two domains include two short
antiparallel B-strands (BE, residues 263-265; BF, 307-309). Relatively high B-factors are
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Fig 2. Crystal structure of Ab-WbjB (PDB 4j20) at 2.65A. (A) Hexamer structure incorporates a trimer of dimers: A-E (cyan,
yellow), B-D (orange, pink) and C-F (violet, green). Six bound NADP+ molecules are shown (red) as CPK spheres. (B) Magnification
of chain A (left) shows its two-domain architecture: N-terminal Rossmann (cyan) and C-terminal (pale cyan) domains; (right) B-
factor putty representation from high (red) to low (blue) values. Polypeptide backbone for which density is absent is dashed. (C)
Coenzyme NADP+ (yellow) and surrounding side-chains (chain A, cyan; chain D, pink) at the A-D interface within the Ab-WbjB
hexamer. Interatomic distances compatible with hydrogen bonding of NADP+ to K40 sidechain is shown (dotted yellow). Inset
shows the 2F,-F. SA-omit map (grey mesh) contoured at 2.00 for coenzyme NADP+ (chain A).

https://doi.org/10.1371/journal.pone.0191610.9002

observed across the C-terminal domain and its inter-connecting linkages, with density absent
for a twenty-residue segment (Fig 2B).

A combination of highly conserved side-chain, backbone, and water-mediated contacts
engages coenzyme NADP+ within the N-terminal domain of Ab-WDbjB (depicted in Fig 2C).
This binding site encompasses an elongated hydrophilic cavity formed by loops of the Ross-
mann fold (B1-al, B2-02 and B3-03) which enclose the adenosine portion of the coenzyme.
Several hydrogen bonds play a role in docking the adenine ring (engaging side-chains D60,
T99 and V61), and residues R37 and K41 contact the 2’-phosphate of the adenosine ribose.
The nicotinamide moiety of NADP+ is projected into the inter-domain region of the fold,
allowing both ribose -OH substituents to hydrogen bond with K138, and the amide nitrogen
to engage the Y164 carbonyl oxygen.

Importantly, examination of the Ab-WbjB hexamer shows the NADP+ associated with
chain A to additionally interact with the K40 side-chain emerging into the binding pocket
from chain D, i.e. from the adjoining dimer (B-D, see Fig 2C). This facilitates a hydrogen bond
from the NADP+ a-phosphate to the lysine quaternary amine. A reciprocal interaction via
K40 of chain A stabilises the coenzyme bound in chain D. With six coenzyme molecules
bound across the hexamer, these hydrogen-bond pairings recur across all remaining proto-
meric interfaces, so linking chain B and chain F, and chain C with chain E. Given these interac-
tions act to tether non-dimeric protomer units, binding of coenzyme NADP+ can be seen as
integral to locking-in the hexameric organization of Ab-WbjB.

Structural homologs of Ab-WbjB

Searches for three-dimensional structural homologs (S2 Table) reveal Ab-WbjB to be a mem-
ber of the short-chain dehydrogenase-reductase (SDR) superfamily. Ab-WbjB conforms to the
‘extended’ class of SDR enzymes, displaying an embellished C-terminal domain and several
signature sequences associated with this particular sub-group [46, 47]. Fig 3 shows the
sequence alignment for the closest structural relatives of Ab-WbjB (< 3.0 A r.m.s.d), which
share moderate (< 60%) sequence identity. Sequences taken as characteristic of dinucleotide
binding [46] are evident: the gly-rich consensus motif at T10 (T-G-x,-G-®-Q-G, ® = hydro-
phobic, Q = aromatic), a charged loop, here connecting $3-0:3 (D60 -D63), and elements of
helix a4 (constituting signature motif ®-N-®,-G-T-x,-D,-c, ¢ = charged residue). Immedi-
ately obvious from this sequence alignment is disruption at helix a5 of the canonical Y-x3-K
motif known to form the active site of SDR enzymes [48, 49]. In Ab-WbjB, M134 replaces the
usual catalytic tyrosine sidechain.

The closest structural homolog to Ab-WbjB (r.m.s.d 1.0 A) is the enzyme CapE from S.
aureus [51]. This bi-functional enzyme catalyzes the dehydration and epimerization of UDP-
sugars for the synthesis of CPS [43]. Three states of CapE have been defined through crystal-
lography [51, 52]: an apo form with substrate analogue bound (PDB 3w1v), and two holo
forms with NADP+ bound (one with no substrate, PDB 3vvb; the other with by-product UDP-
xylo-sugar in the active site, PDB 4g5h). A second close structural homolog (r.m.s.d 1.8 A)is
FlaA1 from H. pylori [31], also involved in saccharide biosynthesis [53]. Crystal structures of
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Fig 3. Sequence alignment of Ab-WbjB and its structural relatives. Sequences of structural homologs of Ab-WbjB (r.
m.s.d <3.0 A); S. aureus CapE, H. pylori FlaA1, and Pyrococcus horikoshii dehydratase PyDH, are shown. Strictly
conserved residues (bold) and dinucleotide binding/active site motifs characteristic of SDR enzymes (red) are
emphasised. Residue M134, replacing the usual catalytic tyrosine is indicated (57). Sequences are aligned in T-Coffee
[50]. Secondary structure elements of Ab-WbjB crystal structure are overlaid to outline N-terminal Rossmann (dark)
and C-terminal (light) domains.

https://doi.org/10.1371/journal.pone.0191610.g003

FlaA1 have been solved with substrate UDP-GIcNAc in place, as well as bound to various sub-
strate analogs (UDP, UDP-glucose (UDP-Glc), and UDP-galactose (UDP-Gal)) [31]. These
FlaAl structures all incorporate coenzyme NADP+.

The structural conservation between Ab-WbjB, CapE and FlaAl is illustrated in Fig 4. The
overlay shows a close fit for both Rossmann and C-terminal domains, as well as of their relative
dispositions. While there is no substrate bound in our Ab-WbjB crystal structure, a substrate is
clearly evident within the C-terminal domains of its close relatives. Our crystal structure of
Ab-WDjB contains a highly charged cavity immediately adjacent to the NADP+-binding site
(see Fig 4B). This cleft is lined with several basic side-chains (R171, K126 and K138) from the
B6-0.A loop and the highly flexible helix oA of the C-terminal domain, as well as acidic (D125)
and polar (5170 and S173) groups. In each of the homologous enzymes CapE and FlaAl, a sim-
ilarly located electropositive feature defines the substrate-binding pocket [31, 51, 52]. Thus, by
analogy, we insinuate a similar chemistry for Ab-WbjB, and propose this to be a suitable site
for binding of UDP-linked hexose substrate.

The most marked variation across these SDR relatives is seen for a long segment (26 resi-
dues) connecting strands B9 to BF, (coloured red in Fig 4A). In our Ab-WbjB holo structure
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C-terminal
domain

Rossmann
domain

Ab-WbjB
+ NADP + UDP-xylo-sugar + UDP-GIcNAc

o= = 1

Ab-WbjB CapE fl:AAD‘]P
+ NADP + NADP
+ UDP-xylo-sugar + UDP-GIcNAc

Fig 4. Structural comparison of Ab-WbjB with CapE and FlaA1. (A) Backbone Co trace of Ab-WbjB (PDB 420,
cyan) overlaid with those of holo CapE + UDP-xylo-sugar (PDB 4g5h, pink) and holo FlaAl + UDP-GIcNAc (PDB
2gn4, green). Magnification (right) depicts coenzyme NADP+ and substrate/substrate analogues (sticks) bound to
respective structures. Cartoons of the various SDR structures (bottom) are shown with coenzyme (yellow sticks) and
substrate/substrate analogue (blue sticks). Backbone for polypeptide segment connecting strands 9 - BF is highlighted
(red) in each case to emphasize the variable region (B) Surface representation of Ab-WbjB, CapE (PDB 4g5h) and
FlaA1 (PDB 2gn4) coloured according to residue charge (generated in PyMOL [39]).

https://doi.org/10.1371/journal.pone.0191610.9004

(NADP+ bound, no substrate), this constitutes a dynamic element with no density evident for
residues R287—E306. The corresponding region of CapE when substrate-free (the holo struc-
ture) also displays dynamic disorder within the crystal form. With substrate analogue bound,
however, this region of CapE becomes ordered with the B9-BF connecting segment seen to
include two short o-helices. This structural element extends well away from the two core
domains and has been defined as a third “latch” domain for CapE [51, 52]. In contrast, the ter-
tiary structure of FlaA1 bound with UDP-GIcNAc has the corresponding segment stabilised
within an extended B-sheet structure, incorporated as a new B-strand ($10) within the central
sheet of the Rossmann domain (see Fig 4). Thus, on binding to substrate, it is likely that the
B9-BF loop of Ab-WDbjB will become reorganised and take on a more highly-structured form.
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Hexameric organization of Ab-WbjB

As depicted in our crystal structure, Ab-WbjB assembles into a hexamer, a quaternary form
also previously reported for enzymes CapE and FlaA1 [31, 51]. This oligomeric organization is
rare amongst the SDR family, which more characteristically tend to dimeric or tetrameric
forms [46, 54]. Analysis by SEC on our Ab-WbjB samples (see S1 Fig) indicates a hydrody-
namic radius consistent with ~220 kDa native mass, verifying a hexameric solution state for
this 41 kDa enzyme.

The hexameric organisation of Ab-WbjB incorporates 32-point group symmetry in which
each protomer engages two major interfaces (depicted in Fig 2). Evaluation of intermolecular
contacts within each dimer component (A-E, B-D or C-F) indicates an internal interface of
~960 A% This interface principally engages helices 04 and o5 from each component chain as a
four-helical bundle subassembly, a motif responsible for the dimeric quaternary state generally
characteristic of SDR enzymes [54].

A second interface (measured as ~970 A%) engages chain A with chain D (and, by symme-
try, pairs chains B-F and C-E). As discussed above, this contact is essential for the hexameric
grouping of chains, and incorporates both protein-protein as well as specific protein-coen-
zyme interactions (Fig 2C). This intricate association of chains includes two salt bridges
(between D38—K41 and D63—K98 side-chains), as well as polar and hydrophobic interac-
tions. This interface within the Ab-WbjB hexamer is relatively rare within the SDR family, but
has also been observed in CapE and FlaA1 structures. We note that residues contributing to
salt bridges (D38, K41, D63, K98 side-chains) are fully conserved in CapE and FlaA1 sequences
(Fig 3).

For some of our laboratory samples of Ab-WbjB, a dimer form was occasionally observed
in solution (an example is presented in S1 Fig). We presume this to have occurred where lower
amounts of coenzyme NADP+ were scavenged by the protein during its recombinant prepara-
tion. We note similar reports for solutions of FlaA1, occasionally observed as dimeric [55] or
tetrameric [31] populations. A similar phenomenon has previously been described for human
UDP-Glucose 6-dehydrogenase (hUGDH) [56], a member of the long-chain dehydrogenase/
reductase family, sometimes seen as mixed dimeric/tetrameric/hexameric populations [56,
57]. The stabilisation of catalytically-active hexameric hUGDH in solution was attributed to a
cofactor-sensitive allosteric switch [56]. We postulate that the coenzyme interactions at the
chain A—chain D interface in Ab-WbjB are also likely to act as an analogous molecular switch
to regulate the quaternary organisation of this SDR enzyme. A similar mechanism may also
occur for its relatives CapE and FlaAl.

Insights into the active site of Ab-WbjB

As no substrate was captured during crystallisation of Ab-WbjB, a screening for potential sub-
strate analogs was conducted. This involved a search for potential binding partners amongst a
library of ~1100 compounds, which included typical bioactive ligands and cofactors, biochem-
ical pathway intermediates, nucleotides, carbohydrates, salts and metals. Evidence for binding
was detected by thermostability measurements. In the presence of excess NADP+ (to 10 mM)
and no potential substrate, recorded T, values were increased by 3-5°C, indicating improved
stability for Ab-WbjB when bound with its coenzyme. Elevation of T, only occurred for cock-
tails which included UDP-GIcNAc (80°C), and GalNAc (78°C). The specificity of this interac-
tion is indicated by the fact that 81 of 96 cocktail conditions (with NADP+ present) did not
alter the protein stability (T, = 74°C).

The binding of specific hexose sugars to Ab-WbjB prepared in presence of a reductant (TCEP)
was further monitored by ITC. Individual titrations were performed with UDP-GIcNAg, as well
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Fig 5. Definition of Ab-WbjB substrate chemistry. (A) ITC response for titration 25°C of Ab-WbjB (100 uM) with UDP-GIcNAc (1 mM) and GlcNAc (1 mM). All
titrations were carried out in HEPES buffer (50mM, pH 7.5) with 200 mM NaCl. Curve of best fit is drawn by Origin 7 software. (B) Binding enthalpies for Ab-WbjB
(red) and M134A-WbjB (green) with specified hexose sugars. Enthalpy values derived across triplicate ITC measurements are indicated. (C) Active site with
coenzyme for (left) FlaA1 [31] and (right) Ab-WbjB. In both cases, substrate UDP-GIcNAc is shown (black) as observed in FlaA1(PDB 2gn4) and modelled in Ab-
Wb;jB from coordinates of PDB 2gn4. Side-chains conserved in both enzymes are shown (grey), as well as tyrosine of the canonical Y-x;-K motif (green).

https://doi.org/10.1371/journal.pone.0191610.9005

as UDP-Glc, GlcNAc, and glucosamine. As depicted in Fig 5, the association of UDP-GIcNAc
with Ab-WbjB indicates relatively moderate binding (K, = 0.23 umol ™) in an exothermic process
(AH = -0.8 kcal mol ™). Our calorimetric experiments in the presence of UDP-Glc also showed
binding, but at lower affinity (AH = -0.6 kcal mol ™), demonstrating preference for the N-acety-
lated derivative. No clear binding was indicated to GIcNAc and glucosamine, implying the need
for substrate with dinucleotide structure. These binding data confirm UDP-GIcNAc to be a valid

PLOS ONE | https://doi.org/10.1371/journal.pone.0191610 January 19, 2018 13/19


https://doi.org/10.1371/journal.pone.0191610.g005
https://doi.org/10.1371/journal.pone.0191610

@° PLOS | ONE

Structural study of Ab-WbjB, a UDP-GIcNAc epimerase from A. Baumannii

substrate for Ab-WbjB, corroborating inference made from our structural analysis (discussed
above).

Immediately evident within the structure of Ab-WbjB is the conservation of chemical fea-
tures proposed to form the substrate-binding pocket of SDR enzymes (see Fig 4). Of its homo-
logs, only the crystal structure of FlaAl includes both coenzyme (NADP+) and substrate
(UDP-GIcNAc) molecules [31]. As illustrated in Fig 4A, the substrate hexose ring in the struc-
ture of FlaA1 shows a catalytic conformation with respect to coenzyme, not seen in the crystal
structures of CapE bound only with substrate analogues [51, 52]. To better understand the
active site chemistry of Ab-WbjB, coordinates for UDP-GIcNAc were superimposed from the
FlaAl crystal structure (PDB 2gn4). Fig 5 highlights side-chains located near substrate in
FlaAl, and compares the corresponding chemical environment in Ab-WbjB around a mod-
elled substrate.

For the sequential steps of oxidation, dehydration and epimerisation of UDP-GIcNAc car-
ried out by FlaAl, side-chains involved in the catalytic mechanism include D132, K133 and
Y141 [31]. In Ab-WbjB, two of these side-chains are preserved, namely D125 and K126 (see
Fig 5). However, no tyrosine group occupies the required active site location in Ab-WbjB
(Y141 in FlaA1); notably this position is instead occupied by a methionine (M134) side-chain.
(In the instance of this crystal structure, this residue occurs as selenium-derivative). To probe
the impact of M 134 inserted within the canonical Y-x;-K active site motif, a single-site mutant
M134A-WDbjB was prepared. When binding of UDP-GlcNAc was measured by ITC for this
mutant, a AH value of -0.07 kcal mol ™' was derived, i.e. considerably reduced relative to the
Met-containing native protein. Therefore, loss of steric bulk (and, possibly, nucleophilicity) at
this location has compromised the substrate-binding capabilities of Ab-WbjB. Attempts to iso-
late the variant M134Y unfortunately proved unsuccessful, likely due to misfolded product.

In FlaAl, the hydroxyl substituent of Y141 is proposed to act as a base to initiate formation
of the UDP-linked 4-keto sugar intermediate [31]. On consideration of the three-dimensional
arrangement of side-chains at the substrate-coenzyme site, we propose that Ab-WDbjB instead
has the potential to engage the nearby side-chain T124 to accomplish this step. As depicted in
Fig 5, the-OH group of this residue is positioned appropriately, located between M134 and the
C4 hydroxyl of (modelled) substrate. Remaining catalytic steps of dehydration and reduction
of substrate would likely engage side-chains of K126 and D125, following the mechanism pre-
viously described for FlaA1 [22, 31]. We note a similar arrangement for the active site of S.
aureus CapE: the tyrosine of the Y-x;-K sequence motif is also replaced by a methionine, with
a threonine sidechain (located C-terminal to strand (5) appropriately sited for catalysis.

Conclusion

We have here utilised crystallography to confirm the annotated function of the polysaccharide
biosynthesis cluster, RGPO1, from a community-derived strain of A. baumannii. Our crystal
structure of Ab-WbjB suggests it to be an epimerase and a member of the extended SDR fam-
ily, related to homologs in H. pylori and S. aureus. We have demonstrated binding to UDP-
GlcNAg, indicating Ab-WbjB likely to be responsible for the conversion of this substrate to
UDP-L-FucNAc as a biosynthetic precursor step in surface glycoside formation.

Ab-WbjB forms a hexameric organisation rarely depicted in structures of SDR enzymes.
We propose the coenzyme NADP+ to contribute to an allosteric switch, regulating the forma-
tion of a hexamer and thereby the activity of Ab-WbjB. Furthermore, the catalytic site seen in
Ab-WbjB constitutes sidechains contributed from protein locations beyond the canonical Y-
x3-K sequence motif of the SDR enzyme family. The location of the-OH substituent of T124 is
suggestive of its capacity to act as an alternate base in this enzyme; we note a similar distinctive
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site for the CapE enzyme of S. aureus [58]. Thus, with the benefit of three-dimensional charac-
terisation, we infer side-chains N-terminal to the SDR consensus catalytic motif [46] might
serve as alternate participants in active site chemistry of these epimerases.

Surface polysaccharides such as CPS are important outer membrane components in Gram-
negative bacteria, responsible for molecular processes intrinsic to host recognition and
defence, and contributing to pathogen virulency. Across various Acinetobacter spp., RGPs
associated with CPS biosynthesis show great diversity [17], thereby promoting structural het-
erogeneity of CPS at the molecular level [21]. A greater understanding of the functional speci-
ficity of enzymes encoded within these clusters clarifies biosynthetic routes for functionalised
hexose sugars and their subsequent glycodiversification for CPS biosynthesis. Our work con-
tributes an additional structure to sugar-modifying enzymes solved to date, extending knowl-
edge of sequence variants of the SDR family. Mechanistic understanding of specific enzymes
responsible for generating core sugars of surface glycostructures in A. baumannii, such as Ab-
WhbjB, can be expected to contribute to future immunogenic treatments for infection control.

Supporting information

S1 Fig. Oligomeric analysis of Ab-WbjB. (A) SDS-PAGE of purified Ab-WDbjB protein sam-
ple. Gel is stained with Coomassie Brilliant Blue (B) SEC profile in HEPES buffer (pH7.5, with
200mM NaCl, 5% glycerol)) on Superdex 200 for Ab-WbjB. The elution of calibration stan-
dards is indicated (red).

(TIF)

S1 Table. Ab-WbjB mutants prepared by site-directed mutagenesis.
(PDF)

$2 Table. Structural homologs of Ab-WbjB.
(PDF)

Acknowledgments

We thank the Australian Synchrotron, Melbourne, Australia, for access to the MX1 and MX2
beamline. We thank Dr. Karl Hassan for insightful discussions.

Author Contributions
Conceptualization: Bhumika S. Shah, Ian T. Paulsen, Bridget C. Mabbutt.
Data curation: Bhumika S. Shah, Daniel N. Farrugia.

Formal analysis: Bhumika S. Shah, Heather E. Ashwood, Stephen J. Harrop, Daniel N. Farru-
gia, Bridget C. Mabbutt.

Funding acquisition: Ian T. Paulsen, Bridget C. Mabbutt.

Investigation: Bhumika S. Shah, Heather E. Ashwood, Stephen J. Harrop, Bridget C. Mabbutt.
Methodology: Bhumika S. Shah, Heather E. Ashwood, Stephen J. Harrop, Bridget C. Mabbutt.
Project administration: Ian T. Paulsen, Bridget C. Mabbutt.

Resources: Ian T. Paulsen, Bridget C. Mabbutt.

Supervision: Bhumika S. Shah, Ian T. Paulsen, Bridget C. Mabbutt.

Validation: Bhumika S. Shah, Bridget C. Mabbutt.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191610 January 19, 2018 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191610.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191610.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191610.s003
https://doi.org/10.1371/journal.pone.0191610

@° PLOS | ONE

Structural study of Ab-WbjB, a UDP-GIcNAc epimerase from A. Baumannii

Visualization: Bhumika S. Shah, Bridget C. Mabbutt.
Writing - original draft: Bhumika S. Shah, Bridget C. Mabbutt.

Writing - review & editing: Bhumika S. Shah, Ian T. Paulsen, Bridget C. Mabbutt.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Lee CR, Lee JH, Park M, Park KS, Bae IK, Kim YB, et al. Biology of Acinetobacter baumannii. Patho-
genesis, Antibiotic Resistance Mechanisms, and Prospective Treatment Options. Front Cell Infect
Microbiol. 2017; 7:55. https://doi.org/10.3389/fcimb.2017.00055 PMID: 28348979; PubMed Central
PMCID: PMCPMC5346588.

McConnell MJ, Actis L, Pachon J. Acinetobacter baumannii: human infections, factors contributing to
pathogenesis and animal models. FEMS Microbiol Rev. 2013; 37(2):130-55. https://doi.org/10.1111/j.
1574-6976.2012.00344.x PMID: 22568581.

Weber BS, Harding CM, Feldman MF. Pathogenic Acinetobacter: from the Cell Surface to Infinity and Be-
yond. Journal of Bacteriology. 2016; 198(6):880—7. https://doi.org/10.1128/JB.00906-15 PMID: 26712938

Durante-Mangoni E, Zarrilli R. Global spread of drug-resistant Acinetobacter baumannii: molecular epi-
demiology and management of antimicrobial resistance. Fut Microbiol. 2011; 6(4):407-22. Epub 2011/
04/30. https://doi.org/10.2217/fmb.11.23 PMID: 21526942.

Rice LB. Federal funding for the study of antimicrobial resistance in nosocomial pathogens: no
ESKAPE. J Infect Dis. 2008; 197(8):1079-81. https://doi.org/10.1086/533452 PMID: 18419525.

Fournier PE, Richet H. The epidemiology and control of Acinetobacter baumanniiin health care facili-
ties. Clin Infect Dis. 2006; 42(5):692-9. https://doi.org/10.1086/500202 PMID: 16447117.

Peleg AY, Seifert H, Paterson DL. Acinetobacter baumannii: emergence of a successful pathogen. Clin
Microbiol Rev. 2008; 21(3):538—82. Epub 2008/07/16. doi: 21/3/538 [pii] https://doi.org/10.1128/CMR.
00058-07 PMID: 18625687.

Farrugia DN, Elbourne LD, Hassan KA, Eijkelkamp BA, Tetu SG, Brown MH, et al. The Complete
Genome and Phenome of a Community-Acquired Acinetobacter baumannii. PLoS One. 2013; 8(3):
e€58628. https://doi.org/10.1371/journal.pone.0058628 PMID: 23527001; PubMed Central PMCID:
PMC3602452.

Naas T, Levy M, Hirschauer C, Marchandin H, Nordmann P. Outbreak of carbapenem-resistant Acine-
tobacter baumannii producing the carbapenemase OXA-23 in a tertiary care hospital of Papeete,
French Polynesia. J Clin Microbiol. 2005; 43(9):4826-9. https://doi.org/10.1128/JCM.43.9.4826-4829.
2005 PMID: 16145150; PubMed Central PMCID: PMC1234128.

Joly-Guillou ML. Clinical impact and pathogenicity of Acinetobacter. Clin Microbiol Infect. 2005; 11
(11):868-73. https://doi.org/10.1111/j.1469-0691.2005.01227.x PMID: 16216100.

Falagas ME, Karveli EA, Kelesidis |, Kelesidis T. Community-acquired Acinetobacterinfections. Eur J
Clin Microbiol Infect Dis. 2007; 26(12):857—68. Epub 2007/08/19. https://doi.org/10.1007/s10096-007-
0365-6 PMID: 17701432.

Howard A, O’'Donoghue M, Feeney A, Sleator RD. Acinetobacter baumannii: an emerging opportunistic
pathogen. Virulence. 2012; 3(3):243-50. https://doi.org/10.4161/viru.19700 PMID: 22546906; PubMed
Central PMCID: PMC3442836.

Imperi F, Antunes LC, Blom J, Villa L, lacono M, Visca P, et al. The genomics of Acinetobacter bauman-
nii: insights into genome plasticity, antimicrobial resistance and pathogenicity. [UBMB Life. 2011; 63
(12):1068—74. Epub 2011/10/29. https://doi.org/10.1002/iub.531 PMID: 22034231.

Di Nocera PP, Rocco F, Giannouli M, Triassi M, Zarrilli R. Genome organization of epidemic Acineto-
bacter baumannii strains. BMC Microbiol. 2011; 11:224. Epub 2011/10/12. https://doi.org/10.1186/
1471-2180-11-224 PMID: 21985032; PubMed Central PMCID: PMC3224125.

Thomas CM, Nielsen KM. Mechanisms of, and barriers to, horizontal gene transfer between bacteria.
Nat Rev Microbiol. 2005; 3(9):711-21. https://doi.org/10.1038/nrmicro1234 PMID: 16138099.

Kroger C, Kary SC, Schauer K, Cameron AD. Genetic Regulation of Virulence and Antibiotic Resistance in
Acinetobacter baumannii. Genes. 2016; 8(1). https://doi.org/10.3390/genes8010012 PMID: 28036056.

Kenyon JJ, Hall RM. Variation in the complex carbohydrate biosynthesis loci of Acinetobacter bauman-
niigenomes. PLoS One. 2013; 8(4):e62160. https://doi.org/10.1371/journal.pone.0062160 PMID:
23614028; PubMed Central PMCID: PMC3628348.

Haseley SR, Traub WH, Wilkinson SG. Structures of polymeric products isolated from the lipopolysac-
charides of reference strains for Acinetobacter baumannii 023 and O12. Eur J Biochem. 1997; 244
(1):147-54. PMID: 9063458.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191610 January 19, 2018 16/19


https://doi.org/10.3389/fcimb.2017.00055
http://www.ncbi.nlm.nih.gov/pubmed/28348979
https://doi.org/10.1111/j.1574-6976.2012.00344.x
https://doi.org/10.1111/j.1574-6976.2012.00344.x
http://www.ncbi.nlm.nih.gov/pubmed/22568581
https://doi.org/10.1128/JB.00906-15
http://www.ncbi.nlm.nih.gov/pubmed/26712938
https://doi.org/10.2217/fmb.11.23
http://www.ncbi.nlm.nih.gov/pubmed/21526942
https://doi.org/10.1086/533452
http://www.ncbi.nlm.nih.gov/pubmed/18419525
https://doi.org/10.1086/500202
http://www.ncbi.nlm.nih.gov/pubmed/16447117
https://doi.org/10.1128/CMR.00058-07
https://doi.org/10.1128/CMR.00058-07
http://www.ncbi.nlm.nih.gov/pubmed/18625687
https://doi.org/10.1371/journal.pone.0058628
http://www.ncbi.nlm.nih.gov/pubmed/23527001
https://doi.org/10.1128/JCM.43.9.4826-4829.2005
https://doi.org/10.1128/JCM.43.9.4826-4829.2005
http://www.ncbi.nlm.nih.gov/pubmed/16145150
https://doi.org/10.1111/j.1469-0691.2005.01227.x
http://www.ncbi.nlm.nih.gov/pubmed/16216100
https://doi.org/10.1007/s10096-007-0365-6
https://doi.org/10.1007/s10096-007-0365-6
http://www.ncbi.nlm.nih.gov/pubmed/17701432
https://doi.org/10.4161/viru.19700
http://www.ncbi.nlm.nih.gov/pubmed/22546906
https://doi.org/10.1002/iub.531
http://www.ncbi.nlm.nih.gov/pubmed/22034231
https://doi.org/10.1186/1471-2180-11-224
https://doi.org/10.1186/1471-2180-11-224
http://www.ncbi.nlm.nih.gov/pubmed/21985032
https://doi.org/10.1038/nrmicro1234
http://www.ncbi.nlm.nih.gov/pubmed/16138099
https://doi.org/10.3390/genes8010012
http://www.ncbi.nlm.nih.gov/pubmed/28036056
https://doi.org/10.1371/journal.pone.0062160
http://www.ncbi.nlm.nih.gov/pubmed/23614028
http://www.ncbi.nlm.nih.gov/pubmed/9063458
https://doi.org/10.1371/journal.pone.0191610

@° PLOS | ONE

Structural study of Ab-WbjB, a UDP-GIcNAc epimerase from A. Baumannii

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Pantophlet R, Brade L, Brade H. Identification of Acinetobacter baumannii strains with monoclonal anti-
bodies against the O antigens of their lipopolysaccharides. Clin Diagn Lab Immunol. 1999; 6(3):323-9.
Epub 1999/05/04. PMID: 10225830; PubMed Central PMCID: PMCPMC103717.

Iwashkiw JA, Seper A, Weber BS, Scott NE, Vinogradov E, Stratilo C, et al. Identification of a general
O-linked protein glycosylation system in Acinetobacter baumannii and its role in virulence and biofilm
formation. PLoS Pathog. 2012; 8(6):e1002758. https://doi.org/10.1371/journal.ppat.1002758 PMID:
22685409; PubMed Central PMCID: PMC3369928.

Giguere D. Surface polysaccharides from Acinetobacter baumannii: Structures and syntheses. Carbo-
hydrate research. 2015; 418:29-43. Epub 2015/11/05. https://doi.org/10.1016/j.carres.2015.10.001
PMID: 26531136.

Singh S, Phillips GN Jr., Thorson JS. The structural biology of enzymes involved in natural product gly-
cosylation. Nat Prod Rep. 2012; 29(10):1201-37. Epub 2012/06/13. https://doi.org/10.1039/
c2np20039b PMID: 22688446; PubMed Central PMCID: PMCPMC3627186.

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al. BLAST+: architecture
and applications. BMC Bioinformatics. 2009; 10:421. https://doi.org/10.1186/1471-2105-10-421 PMID:
20003500; PubMed Central PMCID: PMC2803857.

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W, et al. Gapped BLAST and PSI-
BLAST: a new generation of protein database search programs. Nucleic acids research. 1997; 25
(17):3389—-402. PMID: 9254694; PubMed Central PMCID: PMC146917.

Shah BS, Tetu SG, Harrop SJ, Paulsen IT, Mabbutt BC. Structure of a short-chain dehydrogenase/
reductase (SDR) within a genomic island from a clinical strain of Acinetobacter baumannii. Acta crystal-
lographica Section F, Structural biology communications. 2014; 70(Pt 10):1318-23. https://doi.org/10.
1107/52053230X14019785 PMID: 25286932; PubMed Central PMCID: PMC4188072.

Brunelle JL, Green R. Chapter Twelve—One-dimensional SDS-Polyacrylamide Gel Electrophoresis
(1D SDS-PAGE). In: Lorsch J, editor. Methods in Enzymology. 541: Academic Press; 2014. p. 151-9.

McPhillips TM, McPhillips SE, Chiu HJ, Cohen AE, Deacon AM, Ellis PJ, et al. Blu-Ice and the Distrib-
uted Control System: software for data acquisition and instrument control at macromolecular crystallog-
raphy beamlines. J Synchrotron Radiat. 2002; 9(Pt 6):401-6. PMID: 12409628.

Kabsch W. Xds. Acta Crystallogr D Biol Crystallogr. 2010; 66(Pt 2):125-32. https://doi.org/10.1107/
S0907444909047337 PMID: 20124692; PubMed Central PMCID: PMC2815665.

McCoy AJ. Solving structures of protein complexes by molecular replacement with Phaser. Acta Crys-
tallogr D Biol Crystallogr. 2007; 63(Pt 1):32—41. https://doi.org/10.1107/S0907444906045975 PMID:
17164524; PubMed Central PMCID: PMC2483468.

Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, et al. Overview of the CCP4 suite
and current developments. Acta Crystallogr D Biol Crystallogr. 2011; 67(Pt 4):235—-42. https://doi.org/
10.1107/S0907444910045749 PMID: 21460441; PubMed Central PMCID: PMC3069738.

Ishiyama N, Creuzenet C, Miller WL, Demendi M, Anderson EM, Harauz G, et al. Structural studies of
FlaA1 from Helicobacter pylorireveal the mechanism for inverting 4,6-dehydratase activity. J Biol
Chem. 2006; 281(34):24489-95. Epub 2006/05/03. https://doi.org/10.1074/jbc.M602393200 PMID:
16651261.

Cowtan K. Recent developments in classical density modification. Acta Crystallogr D Biol Crystallogr.
2010; 66(Pt 4):470-8. https://doi.org/10.1107/S090744490903947X PMID: 20383000; PubMed Central
PMCID: PMC2852311.

Cowtan K. The Buccaneer software for automated model building. 1. Tracing protein chains. Acta Crys-
tallogr D Biol Crystallogr. 2006; 62(Pt 9):1002—11. https://doi.org/10.1107/S0907444906022116 PMID:
16929101.

Cowtan K. Fitting molecular fragments into electron density. Acta Crystallogr D Biol Crystallogr. 2008;
64(Pt 1):83-9. https://doi.org/10.1107/S0907444907033938 PMID: 18094471; PubMed Central
PMCID: PMC2394793.

Afonine PV, Mustyakimov M, Grosse-Kunstleve RW, Moriarty NW, Langan P, Adams PD. Joint X-ray
and neutron refinement with phenix.refine. Acta Crystallogr D Biol Crystallogr. 2010; 66(Pt 11):1153—
63. https://doi.org/10.1107/S0907444910026582 PMID: 21041930; PubMed Central PMCID:
PMC2967420.

Emsley P, Cowtan K. Coot: model-building tools for molecular graphics. Acta Crystallogr D Biol Crystal-
logr. 2004; 60(Pt 12 Pt 1):2126-32. https://doi.org/10.1107/S0907444904019158 PMID: 15572765.

Chen VB, Arendall WB 3rd, Headd JJ, Keedy DA, Immormino RM, Kapral GJ, et al. MolProbity: all-
atom structure validation for macromolecular crystallography. Acta Crystallogr D Biol Crystallogr. 2010;
66(Pt 1):12—21. https://doi.org/10.1107/S0907444909042073 PMID: 20057044; PubMed Central
PMCID: PMC2803126.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191610 January 19, 2018 17/19


http://www.ncbi.nlm.nih.gov/pubmed/10225830
https://doi.org/10.1371/journal.ppat.1002758
http://www.ncbi.nlm.nih.gov/pubmed/22685409
https://doi.org/10.1016/j.carres.2015.10.001
http://www.ncbi.nlm.nih.gov/pubmed/26531136
https://doi.org/10.1039/c2np20039b
https://doi.org/10.1039/c2np20039b
http://www.ncbi.nlm.nih.gov/pubmed/22688446
https://doi.org/10.1186/1471-2105-10-421
http://www.ncbi.nlm.nih.gov/pubmed/20003500
http://www.ncbi.nlm.nih.gov/pubmed/9254694
https://doi.org/10.1107/S2053230X14019785
https://doi.org/10.1107/S2053230X14019785
http://www.ncbi.nlm.nih.gov/pubmed/25286932
http://www.ncbi.nlm.nih.gov/pubmed/12409628
https://doi.org/10.1107/S0907444909047337
https://doi.org/10.1107/S0907444909047337
http://www.ncbi.nlm.nih.gov/pubmed/20124692
https://doi.org/10.1107/S0907444906045975
http://www.ncbi.nlm.nih.gov/pubmed/17164524
https://doi.org/10.1107/S0907444910045749
https://doi.org/10.1107/S0907444910045749
http://www.ncbi.nlm.nih.gov/pubmed/21460441
https://doi.org/10.1074/jbc.M602393200
http://www.ncbi.nlm.nih.gov/pubmed/16651261
https://doi.org/10.1107/S090744490903947X
http://www.ncbi.nlm.nih.gov/pubmed/20383000
https://doi.org/10.1107/S0907444906022116
http://www.ncbi.nlm.nih.gov/pubmed/16929101
https://doi.org/10.1107/S0907444907033938
http://www.ncbi.nlm.nih.gov/pubmed/18094471
https://doi.org/10.1107/S0907444910026582
http://www.ncbi.nlm.nih.gov/pubmed/21041930
https://doi.org/10.1107/S0907444904019158
http://www.ncbi.nlm.nih.gov/pubmed/15572765
https://doi.org/10.1107/S0907444909042073
http://www.ncbi.nlm.nih.gov/pubmed/20057044
https://doi.org/10.1371/journal.pone.0191610

@° PLOS | ONE

Structural study of Ab-WbjB, a UDP-GIcNAc epimerase from A. Baumannii

38.

39.
40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Holm L, Rosenstrom P. Dali server: conservation mapping in 3D. Nucleic Acids Res. 2010; 38(Web
Server issue):W545-9. https://doi.org/10.1093/nar/gkq366 PMID: 20457744; PubMed Central PMCID:
PMC2896194.

DelLano WL. The PyMOL Molecular Graphics System DelLano Scientific, San Carlos, CA, USA 2002.

Niesen FH, Berglund H, Vedadi M. The use of differential scanning fluorimetry to detect ligand interac-
tions that promote protein stability. Nature protocols. 2007; 2(9):2212-21% @ 1754-2189. https://doi.
org/10.1038/nprot.2007.321 PMID: 17853878

McPherson A, Cudney B. Searching for silver bullets: an alternative strategy for crystallizing macromol-
ecules. J Struct Biol. 2006; 156(3):387—406. https://doi.org/10.1016/j.jsb.2006.09.006 PMID:
17101277.

Huang H, Yang ZL, Wu XM, Wang Y, Liu YJ, Luo H, et al. Complete genome sequence of Acinetobacter
baumanniiMDR-TJ and insights into its mechanism of antibiotic resistance. J Antimicrob Chemother.
2012; 67(12):2825-32. https://doi.org/10.1093/jac/dks327 PMID: 22952140.

Kneidinger B, O’Riordan K, Li J, Brisson JR, Lee JC, Lam JS. Three highly conserved proteins catalyze
the conversion of UDP-N-acetyl-D-glucosamine to precursors for the biosynthesis of O antigen in Pseu-
domonas aeruginosa O11 and capsule in Staphylococcus aureus type 5. Implications for the UDP-N-
acetyl-L-fucosamine biosynthetic pathway. J Mol Biol. 2003; 278(6):3615—27. Epub 2002/12/05. https://
doi.org/10.1074/jbc.M203867200 PMID: 12464616.

Mulrooney EF, Poon KK, McNally DJ, Brisson JR, Lam JS. Biosynthesis of UDP-N-acetyl-L-fucosa-
mine, a precursor to the biosynthesis of lipopolysaccharide in Pseudomonas aeruginosa serotype O11.
J Biol Chem. 2005; 280(20):19535—42. https://doi.org/10.1074/jbc.M500612200 PMID: 15778500.

Dean CR, Franklund CV, Retief JD, Coyne MJ Jr., Hatano K, Evans DJ, et al. Characterization of the
serogroup O11 O-antigen locus of Pseudomonas aeruginosa PA103. J Bacteriol. 1999; 181(14):4275—
84. Epub 1999/07/10. PMID: 10400585; PubMed Central PMCID: PMC93929.

Kavanagh KL, Jornvall H, Persson B, Oppermann U. Medium- and short-chain dehydrogenase/reduc-
tase gene and protein families: the SDR superfamily: functional and structural diversity within a family of
metabolic and regulatory enzymes. Cell Mol Life Sci. 2008; 65(24):3895-906. Epub 2008/11/18. https://
doi.org/10.1007/s00018-008-8588-y PMID: 19011750; PubMed Central PMCID: PMC2792337.

Persson B, Kallberg Y, Oppermann U, Jérnvall H. Coenzyme-based functional assignments of short-
chain dehydrogenases/reductases (SDRs). Chemico-Biological Interactions. 2003; 143-144:271-8.
http://dx.doi.org/10.1016/S0009-2797(02)00223-5 PMID: 12604213

Oppermann UCT, Filling C, Berndt KD, Persson B, Benach J, Ladenstein R, et al. Active Site Directed
Mutagenesis of 3f3/17B-Hydroxysteroid Dehydrogenase Establishes Differential Effects on Short-Chain
Dehydrogenase/Reductase Reactions. Biochemistry. 1997; 36(1):34—40. https://doi.org/10.1021/
bi961803v PMID: 8993315

Jornvall H, Hoog JO, Persson B. SDR and MDR: completed genome sequences show these protein
families to be large, of old origin, and of complex nature. FEBS Lett. 1999; 445(2—-3):261—-4. PMID:
10094468.

Notredame C, Higgins DG, Heringa J. T-Coffee: A novel method for fast and accurate multiple
sequence alignment. J Mol Biol. 2000; 302(1):205-17. https://doi.org/10.1006/jmbi.2000.4042 PMID:
10964570.

Miyafusa T, Caaveiro JM, Tanaka Y, Tanner ME, Tsumoto K. Crystal structure of the capsular polysac-
charide synthesizing protein CapE of Staphylococcus aureus. Bioscience reports. 2013. https://doi.org/
10.1042/BSR20130017 PMID: 23611437.

Miyafusa T, Caaveiro JM, Tanaka Y, Tsumoto K. Dynamic elements govern the catalytic activity of
CapkE, a capsular polysaccharide-synthesizing enzyme from Staphylococcus aureus. FEBS Lett. 2013;
587(283):3824-30. https://doi.org/10.1016/j.febslet.2013.10.009 PMID: 24157361.

Merkx-Jacques A, Obhi RK, Bethune G, Creuzenet C. The Helicobacter pyloriflaA1 and wbpB Genes
Control Lipopolysaccharide and Flagellum Synthesis and Function. Journal of Bacteriology. 2004; 186
(8):2253-65. https://doi.org/10.1128/JB.186.8.2253-2265.2004 PMID: 15060026

Grimm C, Maser E, Mobus E, Klebe G, Reuter K, Ficner R. The crystal structure of 3alpha -hydroxyster-
oid dehydrogenase/carbonyl reductase from Comamonas testosteroni shows a novel oligomerization
pattern within the short chain dehydrogenase/reductase family. J Biol Chem. 2000; 275(52):41333-9.
Epub 2000/09/29. https://doi.org/10.1074/jbc.M007559200 PMID: 11007791.

Creuzenet C, Schur MJ, Li J, Wakarchuk WW, Lam JS. FlaA1, a new bifunctional UDP-GIcNAc C6
Dehydratase/ C4 reductase from Helicobacter pylori. J Biol Chem. 2000; 275(45):34873—-80. Epub
2000/08/24. https://doi.org/10.1074/jbc.M006369200 PMID: 10954725.

Sennett NC, Kadirvelraj R, Wood ZA. Cofactor Binding Triggers a Molecular Switch To Allosterically
Activate Human UDP-a-d-glucose 6-Dehydrogenase. Biochemistry. 2012; 51(46):9364—74. https://doi.
org/10.1021/bi301067w PMID: 23106432

PLOS ONE | https://doi.org/10.1371/journal.pone.0191610 January 19, 2018 18/19


https://doi.org/10.1093/nar/gkq366
http://www.ncbi.nlm.nih.gov/pubmed/20457744
https://doi.org/10.1038/nprot.2007.321
https://doi.org/10.1038/nprot.2007.321
http://www.ncbi.nlm.nih.gov/pubmed/17853878
https://doi.org/10.1016/j.jsb.2006.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17101277
https://doi.org/10.1093/jac/dks327
http://www.ncbi.nlm.nih.gov/pubmed/22952140
https://doi.org/10.1074/jbc.M203867200
https://doi.org/10.1074/jbc.M203867200
http://www.ncbi.nlm.nih.gov/pubmed/12464616
https://doi.org/10.1074/jbc.M500612200
http://www.ncbi.nlm.nih.gov/pubmed/15778500
http://www.ncbi.nlm.nih.gov/pubmed/10400585
https://doi.org/10.1007/s00018-008-8588-y
https://doi.org/10.1007/s00018-008-8588-y
http://www.ncbi.nlm.nih.gov/pubmed/19011750
http://dx.doi.org/10.1016/S0009-2797(02)00223-5
http://www.ncbi.nlm.nih.gov/pubmed/12604213
https://doi.org/10.1021/bi961803v
https://doi.org/10.1021/bi961803v
http://www.ncbi.nlm.nih.gov/pubmed/8993315
http://www.ncbi.nlm.nih.gov/pubmed/10094468
https://doi.org/10.1006/jmbi.2000.4042
http://www.ncbi.nlm.nih.gov/pubmed/10964570
https://doi.org/10.1042/BSR20130017
https://doi.org/10.1042/BSR20130017
http://www.ncbi.nlm.nih.gov/pubmed/23611437
https://doi.org/10.1016/j.febslet.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/24157361
https://doi.org/10.1128/JB.186.8.2253-2265.2004
http://www.ncbi.nlm.nih.gov/pubmed/15060026
https://doi.org/10.1074/jbc.M007559200
http://www.ncbi.nlm.nih.gov/pubmed/11007791
https://doi.org/10.1074/jbc.M006369200
http://www.ncbi.nlm.nih.gov/pubmed/10954725
https://doi.org/10.1021/bi301067w
https://doi.org/10.1021/bi301067w
http://www.ncbi.nlm.nih.gov/pubmed/23106432
https://doi.org/10.1371/journal.pone.0191610

o ®
@ : PLOS | ONE Structural study of Ab-WbjB, a UDP-GIcNAc epimerase from A. Baumannii

57. Egger S, Chaikuad A, Kavanagh KL, Oppermann U, Nidetzky B. Structure and mechanism of human
UDP-glucose 6-dehydrogenase. J Biol Chem. 2011; 286(27):23877—-87. https://doi.org/10.1074/jbc.
M111.234682 PMID: 21502315; PubMed Central PMCID: PMC3129169.

58. Miyafusa T, Caaveiro JM, Tanaka Y, Tanner ME, Tsumoto K. Crystal structure of the capsular polysac-
charide synthesizing protein CapE of Staphylococcus aureus. Bioscience reports. 2013; 33(3). https:/
doi.org/10.1042/BSR20130017 PMID: 23611437; PubMed Central PMCID: PMC3699295.

PLOS ONE | https://doi.org/10.1371/journal.pone.0191610 January 19, 2018 19/19


https://doi.org/10.1074/jbc.M111.234682
https://doi.org/10.1074/jbc.M111.234682
http://www.ncbi.nlm.nih.gov/pubmed/21502315
https://doi.org/10.1042/BSR20130017
https://doi.org/10.1042/BSR20130017
http://www.ncbi.nlm.nih.gov/pubmed/23611437
https://doi.org/10.1371/journal.pone.0191610

