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Background: Synthesis of the E. coli O9a polysaccharide requires a multidomain polymerase and a terminator protein.
Results: C-terminal deletions in the polymerase compromise fidelity or activity.

Conclusion: Complex interactions between polymerase domains and the terminator are essential for accurate synthesis.
Significance: These properties determine serotype specificity and may be exploited in glycoengineering to produce glycans with

novel structures and applications.

The Escherichia coli O9a O-polysaccharide (O-PS) is a proto-
type for bacterial glycan synthesis and export by an ATP-bind-
ing cassette transporter-dependent pathway. The O9a O-PS
possesses a tetrasaccharide repeat unit comprising two a-(1—2)-
and two a-(1—3)-linked mannose residues and is extended on a
polyisoprenoid lipid carrier by the action of a polymerase
(WbdA) containing two glycosyltransferase active sites. The
N-terminal domain of WbdA possesses a-(1—2)-mannosyl-
transferase activity, and we demonstrate in this study that the
C-terminal domain is an a-(1—3)-mannosyltransferase. Previ-
ous studies established that the size of the O9a polysaccharide is
determined by the chain-terminating dual kinase/methyltrans-
ferase (WbdD) that is tethered to the membrane and recruits
WhbdA into an active enzyme complex by protein-protein inter-
actions. Here, we used bacterial two-hybrid analysis to identify a
surface-exposed a-helix in the C-terminal mannosyltransferase
domain of WbdA as the site of interaction with WbhdD. How-
ever, the C-terminal domain was unable to interact with WbhdD
in the absence of its N-terminal partner. Through deletion anal-
ysis, we demonstrated that the a-(1—2)-mannosyltransferase
activity of the N-terminal domain is regulated by the activity of
the C-terminal «a-(1—3)-mannosyltransferase. In mutants
where the C-terminal catalytic site was deleted but the WbdD-
interaction site remained, the N-terminal mannosyltransferase
became an unrestricted polymerase, creating a novel polymer
comprising only a-(1—2)-linked mannose residues. The WbdD
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protein therefore orchestrates critical localization and coordi-
nation of activities involved in chain extension and termination.
Complex domain interactions are needed to position the polym-
erase components appropriately for assembly into a functional
complex located at the cytoplasmic membrane.

Many different macromolecules containing complex carbo-
hydrates (glycoconjugates) are found on the surfaces of living
cells. These structures play crucial roles in the interactions
between the cell and its environment or in communications
and interactions between one cell and another. Glycoconju-
gates on the surfaces of bacteria are important in survival
against factors in the environment or against the protective
responses of mammalian or plant hosts. The function of a par-
ticular glycoconjugate is dictated by its structure, and the pre-
cise order of sugars and linkages in a glycan are dictated by the
specificities of glycosyltransferase (GT)> enzymes. Although 97
GT families are recognized in the Carbohydrate-Active
Enzyme (CAZy) database (1) based on bioinformatics or struc-
tural criteria (2), the features dictating acceptor/donor specific-
ity are often unknown and cannot be inferred from either cat-
alytic fold or GT family (3). Most GTs catalyze the formation of
a single glycosidic linkage, but increasing numbers of poly-
merases are being identified. These enzymes sequentially add
multiple residues to an acceptor molecule, creating complex
glycans of varying lengths without a template. Examples are
found in prokaryotes and eukaryotes, and some form highly
important products such as cellulose, chitin, hyaluronic acid,
chondroitin, and polysialic acid (4, 5). Depending on the
enzyme and the complexity of the product, polymerases may
contain one or more GT active site(s). Polymerases operate by

®The abbreviations used are: GT, glycosyltransferase; O-PS, O-polysaccha-
ride; GlcpNAc, N-acetylglucosamine; Manp, mannose; LB, lysogeny broth;
BisTris, [bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-
diol; TOCSY, total correlation spectroscopy; tROESY, transverse rotating
frame Overhauser enhancement spectroscopy; GalpNAc, N-acetylgalac-
tosamine; Glcp, glucose; GlcpA, glucuronic acid; X-Gal, 5-bromo-4-
chloro-3-indolyl B-p-galactopyranoside.
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either “processive” or “distributive” mechanisms (6, 7). Proces-
sive enzymes catalyze multiple rounds of glycose transfer to a
given acceptor while maintaining the growing glycan in a single
active site. In contrast, strictly distributive enzymes possess one
or more active sites and release the glycan product after each
addition. The structural principles that guide efficiency and
fidelity of distributive multidomain polymerase enzymes are
largely unknown. The polymerase involved in the biosynthesis
of the lipopolysaccharide (LPS) O9a O-polysaccharide (O-PS)
antigen in Escherichia coli provides a prototype for addressing
these questions.

The O9a system is a representative of the widespread ATP-
binding cassette transporter-dependent assembly pathway (8,
9). The pathway (see Fig. 1A) begins with the transfer of
N-acetylglucosamine 1-phosphate to a 55-carbon polyiso-
prenoid lipid acceptor (undecaprenol phosphate) catalyzed by
WecA (10, 11). Undecaprenol diphosphate-GlcpNAc is then
committed to O9a biosynthesis by the action of WbdC and
WbdB, two GDP-mannose (GDP-Manp)-dependent manno-
syltransferases that add a trimannose adapter region (12).
These enzymes and the resulting structure are conserved in
E. coli serotypes O9a, 09, and O8, which produce structurally
related O-PSs differing in the type and sequence of linkages in
their repeat units (9). A serotype-specific multidomain poly-
merizing mannosyltransferase (WbdA) extends this adapter to
create the precise repeating unit O-PS (12, 13). In E. coli O9a,
the peripheral membrane protein WbdD terminates polymer-
ization by adding a methyl phosphate to the non-reducing end
of the nascent O9a polymer (14 —16). This terminal modifica-
tion is required for recognition and export of the completed
O-PS across the cytoplasmic membrane by its cognate ATP-
binding cassette transporter. The recognition event is mediated
by the nucleotide-binding domain polypeptide of the trans-
porter, which possesses a serotype-specific carbohydrate-bind-
ing module that only binds terminated O-PS chains (17, 18).
The WbdD terminator plays an additional pivotal structural
role in recruiting WbdA to the membrane (19). The stoichiom-
etry of WbdA:WhbdD in active complexes is a critical factor in
establishing the chain length distribution of the resulting gly-
cans, and the “variable geometry” model has been developed to
explain this process (20). The key element in the model is that
complexes with different stoichiometries have different physi-
cal sizes that generate a range of glycan chain lengths. Implicit
in this model is a structural element that serves as a molecular
ruler to establish chain length. This role is fulfilled by an
extended a-helical bundle that holds the WbdD trimer
together and maintains a critical distance between the catalytic
sites of the terminator and its site of interaction with the WbdA
polymerase (21). WbdD is therefore a central player in a sophis-
ticated quality control system that dictates the distribution of
chain lengths and marks those chains with a terminal export
tag. After export, the O-PS is transferred to the lipid A-core
portion of LPS, translocated to the cell surface, and inserted
into the outer membrane (22, 23).

The WbdA polymerase possesses a modular design compris-
ing two identifiable GT(family)4 domains as defined by the
CAZy classification system (1, 2). The two GT4 active sites cor-
relate with the presence of a-(1—2) and a-(1—3) linkages in
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the O9a tetrasaccharide repeat unit (13) (Fig. 14). Coexpres-
sion of the two domains (with coding sequences cloned in sep-
arate plasmids) restores O9a biosynthesis in an E. coli wbdA
deletion mutant, but neither domain shows any ix vivo activity
when expressed alone (13). Surprisingly, when examined in
vitro with synthetic oligosaccharide acceptors, the purified
N-terminal domain (WbdA™N) transfers multiple Manp resi-
dues to the synthetic acceptor to create a-(1—2)-linked poly-
mannose, which is not seen in the authentic O9a glycan popu-
lation (13). The same product can be generated in vivo in cells
expressing a full-length WbdA polypeptide possessing a defect
in the EX_E motif in the C-terminal catalytic site (13). This
motif is involved in hydrogen bonding to GDP-Manp substrate
(24) and is essential for catalysis in each of the mannosyltrans-
ferase domains of WbdA. The collective data indicate that
WhdANisan a-(1—2)-Manp GT but that fidelity of its function
in O9a biosynthesis requires the presence of the C-terminal
domain (WbdA®). In contrast, constructs containing only
WhbdA€ show no activity in vivo or in vitro (13). The purpose of
this study was to rationalize the mechanistic basis for the dif-
ference in in vivo and in vitro activities of the two GT4 domains.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions—The
bacterial strains and plasmids used in this study are described in
Table 1. Bacteria were grown in lysogeny broth (LB) (25) at
37 °C unless otherwise stated. Where appropriate, media con-
tained one or more of the following supplements: p-glucose
(0.4%, w/v), p-mannose (0.1%, w/v), L-arabinose (0.2%, w/v),
kanamycin (50 wg/ml), ampicillin (100 wg/ml), chlorampheni-
col (34 pg/ml), 5-bromo-4-chloro-3-indolyl -p-galactopyra-
noside (X-Gal) (40 ug/ml), and isopropyl 3-p-thiogalactopyra-
noside (0.5 mm).

DNA Methods—Pwo DNA polymerase (Roche Applied Sci-
ence) was used to PCR amplify DNA fragments used in cloning.
The oligonucleotide primers (Sigma) used for PCR introduced
restriction endonuclease sites and epitope tags; their particular
features are described in supplemental Table S1. DNA frag-
ments were purified using the PureLink PCR Purification kit
(Invitrogen). The PureLink Quick Plasmid Miniprep kit (Invit-
rogen) was used to purify plasmid DNA. Restriction endonu-
cleases (Invitrogen and New England Biolabs) and T4 DNA
ligase (New England Biolabs) were used as described by the
manufacturers. PfuUltra high fidelity DNA polymerase (Strat-
agene) was used for site-directed mutagenesis of plasmids
according to the QuikChange method (Stratagene). All DNA
constructs were assessed by restriction endonuclease digestion
and verified by DNA sequencing. Sequencing reactions were
performed by the Genomics Facility at the Advanced Analysis
Center (University of Guelph).

Generation of WbdA Constructs—Nested C-terminal trunca-
tions of WbdA (see Fig. 1B) were generated in pWQ631 using
complementary oligonucleotide primers containing base
changes that encoded a stop codon and a unique restriction site
for screening purposes. PCR products were digested using
Dpnl and transformed into E. coli Top10. For complementa-
tion experiments, each of the plasmids encoding truncated
WbdA derivatives also contained sequences encoding the
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TABLE 1
Bacterial strains and plasmids
Strain or Source or
plasmid Genotype or property Ref.
E. coli

Topl0 F~, mcrA, A(mrr-hsdRMS-mcrBC), ¢80, lacZAM15, AlacX74, deoR, nupG, recAl, araD139, Aara-leu)7697, galll, galK, Invitrogen
rpsL(Str"), endAl

BL21 BF~ dem ompT hsdS(ry~ my~) gal [malB™ 1 ;,(\°) Novagen

BTHI101 cya-854, recAl, endAl, gyrA96, thil, hsdR17, spoT1, rfbD1, glnV44(AS); Nal* 54

CWG1105 O9a:K™; trp his lac rpsL cpsics,, manA, AwbdA; Sm"; Tc* 12

Plasmid

pBAD24 Plasmid vector with L-arabinose-inducible promoter; Ap" 26

pKT25 Bacterial two-hybrid vector with sequence encoding the T25 fragment of B. pertussis adenylate cyclase upstream of a 54
multiple cloning site; Km"

pUT18 Bacterial two-hybrid vector with sequence encoding the T18 fragment of B. pertussis adenylate cyclase downstream of a 54
multiple cloning site; Ap"

pUT18C Bacterial two-hybrid vector with sequence encoding the T18 fragment of B. pertussis adenylate cyclase upstream of a 54
multiple cloning site; Ap"

pKT25-Zip pKT25 derivative encoding the CyaA T25 fragment fused to the leucine zipper domain of the yeast GCN4 protein; Km" 54

pUT18C-Zip pUT18C derivative encoding the CyaA T18 fragment fused to the leucine zipper domain of the yeast GCN4 protein; Ap" 54

pUT18-Zip pUT18 derivative encoding the CyaA T18 fragment fused to the leucine zipper domain of the yeast GCN4 protein; Ap" 54

pWQ284 pBAD24 derivative containing a chloramphenicol resistance cassette; Cm* 18

pWQ486 pKT25 derivative encoding T25-WbdD; Km" 19

pWQ487 pUT18C derivative encoding T18-WbdA; Ap" 19

pWQ492 pBAD24 derivative encoding WbdA-His,,; Ap" 19

pWQ589 pBAD24 derivative containing a kanamycin resistance cassette; Km" 13

pWQ590 pBAD24 derivative encoding His,,-WbdA'~*3*; Ap” 13

pWQ591 pWQ284 derivative encoding His, ,-WbdA**” =54 Cm" 13

pWQ630 pWQ631 derivative encoding WhdA®>%4; Km" 13

pWQ631 pWQ589 derivative encoding WbdD*”>~7%5-WbdA; Km" 13

pWQ765 pWQ631 derivative containing WbdD*”>~7%-WbdA (frameshift mutation after amino acid 635, now encodes This study
SO3*RPRCQRTVHWHAG-); Km*

pWQ766 pWQ284 derivative encoding His, ,-WbdA'~*** Cm" This study

pWQ769 pWQ492 derivative encoding WbdA®!"-His, ,; Ap" This study

pWQ770 pWQ631 derivative encoding WhdD*”>~7%5-WbdA'~%*>; Km" This study

pwWQ771 pWQ631 derivative encoding WbdD*”>~75-WbdA'~*%; Km" This study

pWQ772 pWQ631 derivative encoding WbdD*”>~7°.-WbdA'~>*’; Km" This study

pWQ773 pWQ631 derivative encoding WhdD*”>~7%5-WbdA'~>%; Km" This study

pWQ774 pWQ631 derivative encoding WbdD*”>~75-WbdA'~*°%; Km" This study

pWQ775 pUT18C derivative encoding T18-WbdA'~%3>; Ap* This study

pWQ776 pUT18C derivative encoding T18-WbdA'~>%%; Ap” This study

pWQ777 pUT18C derivative encoding T18-WbdA'~>*"; Ap” This study

pWQ778 pUT18C derivative encoding T18-WbdA'~>>%; Ap* This study

pWQ779 pUT18C derivative encoding T18-WbdA' %% Ap" This study

pWQ780 pUT18C derivative encoding T18-WbdA'~*3*; Ap” This study

pWQ781 pUT18 derivative encoding WbdA**”~#%-T18; Ap" This study

C-terminal fragment of WbdD (residues 475-708). This frag-
ment has been used in previous work to increase the quantity of
O-PS synthesized by WbdA constructs (13) and was used here
for the same purpose. For protein expression and purification,
DNA fragments encoding WbdA (and its various derivatives)
were cloned behind the pBAD arabinose-inducible promoter
(26). To assess protein-protein interactions, DNA fragments
were cloned into pUT18 and pUT18C to create N- and C-ter-
minal fusions of WbdA with the T18 fragment of the Bordetella
pertussis adenylate cyclase.

Expression of WbdA and Its C-terminally Truncated Derivatives—
5-ml cultures of E. coli CWG1105 (AwbdA) transformed with
pWQ631-based plasmids were grown in LB medium at 37 °C
until the A, reached 0.3. Growth was continued at 20 °C until
the A4y, reached 0.5 after which wbdA expression was induced
with L-arabinose (0.01%, w/v) and incubation was continued for
16 h. Culture volumes containing equivalent amounts of cells
(as determined by optical density) were subjected to centrifu-
gation at 5000 X g for 10 min, and the pellets were resuspended
in SDS-PAGE loading buffer (27).

Purification of Decahistidine-tagged WbdA Derivatives—
This protocol was adapted from methods described previously
(13). In brief, protein was purified from exponential phase
500-ml cultures of E.coli BL21 transformed with plasmids
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pWQ492, pWQ769, and pWQ590 encoding WbdA-His,,,
WhdA®74_His, ,, and His,,-WbdA'~*3> (i.e. His,,-WbdAY),
respectively. These plasmids are all pBAD derivatives (26), and
gene expression was induced overnight at 20 °C with L-arabi-
nose as described above. Cells were collected by centrifugation
and resuspended in 100 ml of buffer A (20 mm BisTris, 250 mm
NaCl, 5% (w/v) glycerol, pH 7.0) supplemented with Complete
Mini EDTA-free protease inhibitor tablets (Roche Applied Sci-
ence). Cells were lysed using an EmulsiFlex homogenizer
(Avestin), and the lysate was cleared by centrifugation at
5000 X g for 10 min. The cell-free lysate was treated with 5 ul of
Benzonase nuclease (Novagen) for 15 min at room temperature
and then centrifuged at 100,000 X g for 60 min to remove cell
membranes. Purification was performed using an AKTA
Explorer system (GE Healthcare) and a 5-ml HiTrap chelating
HP column charged with Ni*" (GE Healthcare). Individual
lysates containing His, ,-tagged WbdA derivatives were loaded
at 4 ml/min, and the column was washed sequentially with 5
column volumes of buffer A containing 0, 50, 75, 125, and 250
mM imidazole. Fractions containing the His,,-tagged WbdA
derivatives were pooled, exchanged into Buffer B (20 mm Bis-
Tris, 50 mm NaCl, pH 7.0), concentrated using a Vivaspin col-
umn (50,000 molecular weight cutoff; Sartorius Biolab Prod-
ucts), and stored for subsequent use in in vitro enzyme

JOURNAL OF BIOLOGICAL CHEMISTRY 1077



Multienzyme Complexes in Biosynthesis of E. coli O Antigens

reactions. The concentrations of WbdA-His,, (30 mg/ml),
WbdA®'7A-His,, (4.5 mg/ml), and His,,-WbdA™ (5 mg/ml)
were estimated from A4, values, and the theoretical extinction
coefficients were predicted by ProtParam (28).

Size Exclusion Chromatography—Purified WbdA-His,, in
Buffer A containing 250 mMm imidazole was dialyzed with Buffer
C (50 mm BisTris, 150 mm NaCl, pH 7.0). WbdA-His,, (0.2 mg
at 2 mg/ml) was eluted through a Superose 6 HR 10/30 size
exclusion column (GE Healthcare) with Buffer C at 0.5 ml/min.
Molecular mass was estimated from a standard curve derived
from the standards B-amylase (200 kDa), alcohol dehydroge-
nase (150 kDa), bovine serum albumin (66 kDa), ovalbumin (44
kDa), and carbonic anhydrase (29 kDa).

Bacterial Two-hybrid Interactions—E. coli BTH101 was
transformed with the appropriate two-hybrid plasmid combi-
nations. The transformed cell suspensions were serially diluted
in LB and plated on LB agar containing X-Gal, antibiotics,
isopropyl B-p-thiogalactopyranoside, and 1r-arabinose (if
required). Plates were incubated at 30 °C for 48 h before two-
hybrid interactions were assessed visually for the presence of
blue colonies. For quantitative B-galactosidase assays, cultures
of E. coli BTH101 containing recombinant two-hybrid plas-
mids were grown for 16 h at 37 °C in LB containing glucose and
antibiotics. Each starter culture was subcultured (1:50) into 5
ml of LB supplemented with antibiotics and isopropyl B-p-thio-
galactopyranoside (and L-arabinose if required), and the cul-
tures were grown with shaking at 30 °C for 24 h. The optical
density (at 600 nm) of each culture was measured, and 1:10
dilutions in LB were prepared. Aliquots (70 ul) of the diluted
cultures were assayed for B-galactosidase activity using the
Pierce [(-galactosidase assay kit according to the stopped
microplate plate assay protocol with a reaction time of 7.5 min.
Bacterial Protein Extraction Reagent (BPER-IL; Pierce) was
used in the place of Yeast Protein Extraction Reagent provided
with the kit. Each two-hybrid combination was measured from
at least three independent cultures. Activity is reported in
Miller units (29).

In Vitro Mannosyltransferase Reactions Using Synthetic
Acceptors—In vitro biosynthesis was performed using synthetic
fluorescein-tagged oligosaccharide acceptors as described pre-
viously (12, 13). Acceptor A (a-Manp-(1—2)-a-Manp-(1—2)-
a-Manp-(1—3)-a-Manp) represents the repeat unit of the O9a
antigen, whereas acceptor B (a-Manp-(1—3)-a-Manp-(1—3)-
B-GlcpNAc) represents the conserved reducing terminal tri-
saccharide of the O9a antigens. Standard reactions were per-
formed for 30 min in 250-ul reaction volumes with 10 um
enzyme, 0.5 mm acceptor, and 5 mm GDP-Manp in Buffer D (50
mMm HEPES, 20 mm MgCl,, 1 mwm dithiothreitol, pH 7.5). Prod-
uct generation was initially verified by thin layer chromatogra-
phy using AL SIL G TLC plates (Whatman) developed in ethyl
acetate:water:1-butanol:acetic acid (5:4:4:2.5). Fluorescent
reaction products were detected with a hand-held UV lamp.
Reaction mixtures were diluted in 1 ml of water and loaded onto
a C,4 Sep-Pak cartridge (Waters). The cartridge was washed
extensively with water, and the products were eluted in 2 ml of
60% (v/v) aqueous acetonitrile and concentrated using a Speed-
Vac concentrator. MALDI-TOF mass spectra of the reaction
products were obtained on a Bruker ultrafleXtreme MALDI-
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TOF/TOF in negative ion mode. All NMR spectra were
acquired in D,O at 27 °C on an Agilent VNMRS 700-MHz spec-
trometer equipped with a cryoprobe. The spectra were refer-
enced to an external standard of acetone (2.22 ppm for 'H and
31.07 ppm for *C at 27 °C).

Protein and LPS PAGE—For routine monitoring of proteins,
cells were solubilized in SDS-PAGE loading buffer (27). LPS
samples were prepared by digestion of these whole-cell lysates
with proteinase K (30). Both protein and LPS samples were
heated at 100 °C for 10 min prior to analysis by SDS-PAGE in
Tris-glycine buffer (27). Silver staining was used to visualize
LPS (31), and Simply Blue (Invitrogen) was used to visualize
protein. For Western immunoblotting, protein and LPS sam-
ples were transferred to nitrocellulose membranes (Protran,
PerkinElmer Life Sciences). LPS immunoblots were probed
with O9a-specific rabbit antiserum (14) and alkaline phospha-
tase-conjugated goat anti-rabbit secondary antibody (Cedar-
lane Laboratories) and developed using nitroblue tetrazolium
and 5-bromo-4-chloro-3-indolyl phosphate (Roche Applied
Science) substrates. Protein immunoblots were probed with
WbdA-specific rabbit antiserum (19) or mouse pentahistidine-
specific monoclonal antibody (Qiagen), and the secondary anti-
bodies were either horseradish peroxidase-conjugated goat
anti-rabbit (Sigma) or horseradish peroxidase-conjugated goat
anti-mouse (Jackson ImmunoResearch Laboratories). Protein
immunoblots were developed using Luminata Classico (Milli-
pore) chemiluminescent substrate.

Bioinformatics Analyses—Molecular modeling of WbdA®
was performed using the Phyre” server in the intensive mode
(32). Conserved domains were identified by the NCBI con-
served domain database (13, 33).

RESULTS

In Vitro Activity of the C-terminal GT4 Domain—Previously,
we identified the N-terminal GT4 domain (WbdAY) as the
source of a-(1—2)-mannosyltransferase activity (12). However,
no in vitro mannosyltransferase activity was detected with the
C-terminal (putative) GT4 domain (WbdA©) in either the pres-
ence or absence of its N-terminal partner. The observation that
a full-length protein bearing a mutation in the EX_E motif of the
putative C-terminal GT4 active site (WbdA®”>*4; Fig. 1B) could
synthesize a-(1—2)-linked polymannose led us to test the pre-
diction that the C-terminal GT4 domain possessed a-(1—3)-
mannosyltransferase activity. We therefore investigated the
activity of the corresponding mutant (WbdA®?'74), inactivated
in the N-terminal EX,E motif, using synthetic oligosaccharide
acceptors. This construct showed activity with both acceptors
(data not shown) as was found with wild type WbdA, but only
acceptor B was examined in depth because its structure
(a-Manp-(1—3)-a-Manp-(1—3)-B-GlcpNAc) lacks a-(1—2)
linkages, simplifying the analysis. The MS spectrum following
reaction with WbdA®?'74 revealed the acceptor (/2 1223) and
multiple products with increments of m/z 162 expected for one
Manp residue; products with up to four added mannose resi-
dues were detected (Fig. 2A). The reaction products were ana-
lyzed by "H NMR spectroscopy (Fig. 2B). The major peaks in
the spectrum are derived from a compound consisting of the
acceptor extended by two a-(1—3)-Manp residues as expected
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FIGURE 1. Biosynthesis of the O9a antigenic polysaccharide in E. coli and a schematic representation of the WbdA constructs used in this study.
In A, the structure of the undecaprenol diphosphate (Und-PP)-linked biosynthetic intermediate is shown. Sugars are represented using the nomencla-
ture established by the Consortium for Functional Glycomics. The enzymes responsible for the formation of each part of the glycan are identified. The
polymerase, WhdA, is solely responsible for the extension of the repeat unit region of the glycan, extending a trisaccharide adapter. B describes the
WbdA active site mutants, domains, and truncated proteins whose function was examined. Domain predictions were identified using the NCBI
Conserved Domain Database (33). This allowed the separation of WbdAN and WbdA<, which retain activity and synthesize authentic O9a polysaccharide

when coexpressed in E. coli AwbdA (13).

from MS data. This compound generated major anomeric
peaks at 5.24, 5.14, 5.12, and 5.08 ppm. These signals could be
assigned to Manp with a-(1—3) linkages through two-dimen-
sional NMR spectra, including COSY, TOCSY, and tROESY
spectra (data not shown). Specifically in the tROESY spectrum,
the signal at 5.14 ppm showed a correlation to H3 of the ring
with an anomeric signal at 5.12 ppm, the signal at 5.12 ppm
showed a correlation to H3 of the ring with an anomeric signal
at 5.08 ppm, and the signal at 5.08 ppm showed a correlation to
H3 of the ring with an anomeric signal at 5.24 ppm. No signals
indicative of a-(1—2) linkages were observed. These results
were consistent with the values predicted by the CASPER NMR
analysis program (34 -36) (accessed October 28, 2014) (Table
2). We then performed a reaction with the same acceptor incu-
bated with WbdA®*'”* and WbdA™. When analyzed in isola-
tion, WbdA™N extends a synthetic acceptor to generate
a-(1—2)-linked polymannose (13), but in combination, these
two constructs reconstituted authentic O9a biosynthesis. The
'H NMR spectrum of these products revealed anomeric signals
at 4.99, 5.08, 5.25, and 5.33 ppm (Fig. 2D). These values are
consistent with the predictions from the CASPER program for
the O9%a repeat unit (Table 2), the published values for the
authentic O9a glycan (37), and the in vitro products obtained
with the same acceptor and full-length WbdA (12). The MS
spectrum revealed a series of products, each differing by a single
mannose residue (m1/z 162). The largest products of significant
quantity showed 24 added residues, equivalent to six (tetrasac-
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charide) repeat units of the authentic O9a glycan, but addi-
tional peaks with intensities near the background level suggest
that larger products are possible (Fig. 2C).

A Region within the C-terminal Part of WbdA Is Required for
in Vivo Activity of the N-terminal GT4 Domain—With the
activities of the two GT4 domains now assigned, we turned our
attention to the molecular basis for the lack of detectable in vivo
activity of WbdA™ despite its ability to restore authentic O9a
production in cells co-transformed with plasmids expressing
WbdA® (13). Furthermore, when examined in vitro, WbdAN
showed robust poly-a-(1—2)-mannosyltransferase activity,
and the same activity was replicated in vivo in cells expressing
WbdAF*#4, which possesses a mutation in the catalytically
essential EX_E motif in the C-terminal GT4 active site (13). As
reported previously, lysates of cells expressing WbhdA®”>#* lack
the typical O9a LPS banding pattern (reflecting size increments
of a tetrasaccharide O-PS repeat unit), and LPS molecules with
the aberrant a-(1—2)-linked O-PS no longer reacted with anti-
09a antibodies in Western immunoblots (Fig. 3, A and B). The
same LPS phenotype was evident in a strain expressing a whdA
construct where a stop codon was inadvertently introduced,
creating a protein (designated WbdA*) that possessed a frame-
shift mutation at residue 635 and terminated prematurely at
residue 649 (Fig. 3, A and B). The collective results suggest that
in vivo poly-a-(1—2)-mannosyltransferase activity of the
N-terminal GT4 domain is dependent on a region of the C-ter-
minal domain and that this is missing in WbdA™.
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FIGURE 2. Characterization of the products of in vitro biosynthesis reactions. Reactions were performed with acceptor B (a-Manp-(1—3)-a-Manp-(1—3)-
B-GlcpNAC; m/z 1223) and WbdA®*' "2 (A and B) or WbdA®*'”* plus WbdAN (Cand D). Products were analyzed by MALDI MS (A and C) and "H NMR spectroscopy

(Band D). Intens., intensity; a.u., arbitrary units.

TABLE 2

Comparison of the chemical shifts for the anomeric protons of the
products generated in in vitro reactions with those predicted by the
CASPER database for the structures shown

A B C D E
a-D-Manp-(1—3)-a-D-Manp-(1—3)-a-D-Manp-(1—3)-a-D-Manp-(1—3)-B-D-GlcpNac

1 - Major Product; WbdA®'7A with Acceptor B

A B C D
—3)-a-D-Manp-(1—2)-a-D-Manp-(1—>2)-a-D-Manp-(1—3)-a-D-Manp-(1—

2 — 09a antigen repeat unit; WhdA™'7* + WbdA™ with Acceptor B

A B C D E
1, Experimental 5.14 5.12 5.08 5.24 -
1, CASPER 5.11 5.07 5.07 5.20 4.74
2, Experimental 4.99 5.25 5.33 5.08 -
2, CASPER 5.02 529 5.33 5.09 -

“The HOD peak at 4.76 ppm is too large to see whether the anomeric signal for
B-p-GlcpNAc is present.

To determine the minimal portion of WbdA required for in
vivo poly-a(1—2)-mannosyltransferase activity, a series of
C-terminal truncations of WbdA was constructed guided by

1080 JOURNAL OF BIOLOGICAL CHEMISTRY

WbdA* as a starting point and the location of the N-terminal
GT4 domain as an end point (Fig. 1B). E. coli AwbdA cells
expressing the WhdA'~ %% construct (equivalent to WhdA*)
produced the a-(1—2)-polymannose glycan as expected. The
shortest functional construct was WbdA'=>°%, whereas
WbdA'~>*” and proteins with more extensive C-terminal dele-
tions were all unable to restore any O-PS synthesis. All of the
constructs generated WbdA proteins (Fig. 3, C and D), indicat-
ing that inactivity did not simply reflect selective proteolytic
degradation of some truncated versions of WbdA. The expres-
sion level of the truncated products was slightly less than those
of the full-length proteins based on Western immunoblotting.
This does not necessarily correlate with protein amount due to
loss of epitopes (through truncation) recognized by the rabbit
anti-WbdA antibodies, but it is consistent with the absence of
visible bands in the stained SDS-polyacrylamide gel for any
construct shorter than the full-length protein. A reduction in
the amount of WbdA may explain the slight downward shift in
the size distribution of the a-(1—2)-polymannose glycans they
generate (Fig. 3A) because alterations in stoichiometry of
WbdA:WbdD are known to effect chain length (14, 20).
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FIGURE 3. Capacity for production of a-(1—2)-mannan by WbdA proteins with varying C-terminal deletions. A shows LPS profiles revealed by silver-
stained SDS-PAGE of lysates from cells containing WbdA and its derivatives. B shows the corresponding Western immunoblot using antibodies specific for the
09a antigen. C and D show expression of the proteins in cell lysates following induction with 0.01% L-arabinose. Duplicate samples were separated by
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identify overexpressed WbdA protein visible in the stained protein profile. Full-length WbdA has a predicted size of 95.3 kDa but always runs faster in SDS-PAGE
with an observed apparent size of 84.5 kDa in lysates or following purification. The truncated derivatives also showed smaller apparent sizes: WbdA'~%3°,
71.2/67.3 kDa; WbdA' %8, 63.5/58.7 kDa; WbdA'~>%7, 61.3/58.1 kDa; WbdA'~>2¢, 58.9/56.1 kDa; WbdA'~>°2, 56.2/52.2 kDa. All plasmid constructs were trans-

formed into E. coli AwbdA (CWG1105).

In Vivo Poly-a-(1—2)-mannosyltransferase Activity Cor-
relates with the Ability of WbdD to Recruit the Truncated
WbdA Derivatives—Previously, we demonstrated that
WbdA activity was dependent on protein-protein interac-
tions with WbdD, which recruits the polymerase to a func-
tional complex on the cytoplasmic membrane (19). The
C-terminal region of WbdD involved in this interaction was
localized to a predicted 30-residue C-terminal helix, but the
region of WbdA involved was not investigated. The in vivo
activities for the truncated WbdA proteins could be
explained by an essential interacting region in the C-termi-
nal part of WbdA that is deleted in some constructs, and
bacterial two-hybrid results proved this hypothesis to be
correct. Interactions were measured between the T25-
WbdD fusion protein and WbdA variants fused to an N-ter-
minal T18 fragment. This was based on the high level of
B-galactosidase activity seen with the full-length proteins
(Table 3), consistent with data published previously (19).
With the full-length proteins, these positions of the CyaA
fragments had no effect on WbdA or WbdD activity (19).
Positive interactions were detected between T25-WbdD
and T18-WbdA'~%** and between T25-WbdD and T18-
WbdA'~>%%, whereas none of the constructs unable to syn-
thesize the poly-a-(1—2)-mannan demonstrated any signif-
icant interaction with WbdD.
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TABLE 3

Protein-protein interactions defined by bacterial two-hybrid
experiments

B-Galactosidase

Bacterial two-hybrid combination activity S.E.
Miller units

T25-WbdD + T18-WbdA 7777 149
T25-WbdD + WbdA-T18 2714 89
T25-WbdD + T18-WhdA'~%%> 742 18
T25-WbdD + T18-WbdA'~°¢* 1403 8
T25-WbdD + T18-WbdA'~>* 279 11
T25-WbdD + T18-WhdA'~>2¢ 284 20
T25-WbdD + T18-WbdA'~%* 198 10
T25-WbdD + T18-WbdAN 232 32
T25-WbdD + WbdA“-T18 193 42
T25-WbdD + T18-WbdA™ + WbdA“ 1840 646
T25-WbdD + WbdAS-T18 + WhdAN 557 249
T18-WbdAN + WbdA“-T25 279 25
pKT25 + pUT18C (negative control) 314 15
pKT25-Zip + pUT18C-Zip (positive control) 2549 105

Interactions between WbdD and the C-terminal WbdA
Domain Require the Participation of the N-terminal Domain—
The two-hybrid data reinforce the need for a productive asso-
ciation between WbdA and WbdD for polymerase activity.
Because co-expression of WbdA™ and WbdA® restored O9a
biosynthesis in an E. coli AwbdA mutant (13), an interaction
between WbdA“ and WhdD was anticipated. Unexpectedly,
this combination showed no interaction (Table 3), so two-hy-
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brid experiments were performed in which WbdA™ was intro-
duced together with WbdA©-T18 and T25-WbdD. When
WhdAN was present, an interaction between WbhdA©-T18 and
T25-WbdD was evident. In these transformants, the three-
plasmid system led to some instability and larger variation in
measured (3-galactosidase activities (Table 3), but the colonies
on X-Gal plates consistently showed a blue color indicative of
the positive interaction. Significantly, when WbdA“ was
included, a robust signal was detected, reflecting strong inter-
action between T18-WbdAN (which lacks the site of interac-
tion) and T25-WbdD. Therefore, although the interaction site
appears to reside within WbdAS, its ability to associate with
WhdD shows a strict dependence on WhdAN. WhdA™ there-
fore appears to be critical for creating a conformational situa-
tion that allows WbdA“ and WbdD to interact. The WbdA“-
dependent interaction between WbdA™N and WhbdD could
reflect an altered affinity of WbdA™ for WhdD in the presence
of WbdA®. Alternatively, it may require WbdA® as an interme-
diary with no direct binding between WbdA™N and WbdD.
Given the observed complex interactions and dependences,
this question cannot be resolved by two-hybrid approaches and
will require a solved structure for the heterocomplex.

Restoration of O9a Antigen Production by Introduction of the
C-terminal GT4 Domain—These complex interactions led us
to examine the poly-a-(1—2)-mannosyltransferase activities of
the C-terminal truncated proteins when co-expressed with a
complete (catalytically active) WbdA domain. LPS profiles
and reactivity with anti-O9a antibodies were examined in
lysates from E. coli AwbdA cells containing WbdA“ and each
one of the C-terminal truncations (Fig. 4, A and B). The control
containing WbdA™ and WbdA€ recapitulates the restoration
of 0% O-PS production reported previously (13). Similar
results were obtained with WbdA=>°2, WbdA'~>2°, and
WbdA'~>%’. In contrast, no significant O9a O-PS was detected
in cells expressing WbdA'>%® and WbdA'~%*; i.e. those con-
structs capable of synthesizing the a-(1—2)-polymannose gly-
can continued to synthesize that product regardless of the pres-
ence of a catalytically active WbhdA“. The same result was
obtained with cells expressing WhdA®”>** (EX,E mutation in
the C-terminal GT4 active site) and WbdA® (Fig. 4, Cand D). In
contrast, no O-PS was produced in cells containing WbdA®374
(N-terminal EX_E mutation) and WbdA™. There are two pos-
sible interpretations for these data. In one, access of the cata-
Iytically active C-terminal GT4 domain into an active complex
is blocked by occupancy of WbdD with a WbdA construct that
retains its interaction site but possesses no C-terminal GT4
activity. Alternatively, the region of WbhdA™ that is essential for
coordinating the interaction of WbhdA“ with WbdD is already
occupied in the truncated versions with its linked but inactive
WbdA® and is no longer available to interact with the separate
active WbdA“ domain. It is also conceivable that both scenar-
ios contribute to the observed phenotype.

WbdA Exists as a Monomer—Although WbdA and WbdD
clearly interact and WbdD is a trimer (16), the possibility
existed of further homotypic interactions involving WbdA. In
two-hybrid analyses, no interactions could be detected regard-
less of the locations of the CyaA fragment reporters (data not
shown). To confirm this, WbdA-His,, was purified and exam-
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FIGURE 4. Active synthesis of a-(1—2)-polymannose precludes restora-
tion of 09a with an active WbdAC a-(1—3)-mannosyltransferase domain
in trans. E. coli CWG1105 cells were co-transformed with compatible plas-
mids encoding the identified WbdA C-terminal deletions and WbdAC (A and
B). C and D show the results of complementation experiments where plas-
mids encoding derivatives with EX,E catalytic site mutations were co-trans-
formed with plasmids expressing the individual domains. The LPS products in
whole-cell lysates were revealed by silver-stained SDS-PAGE (A and C) and
Western immunoblotting with antibodies specific for the O9a antigen (B and
D).

ined by size exclusion chromatography. The majority of the
protein was eluted as a monomer with only a (variable) trace of
aggregate evident in the profile (Fig. 5).

DISCUSSION

WbdA is a two-domain polymerizing GT responsible for the
synthesis of a glycan containing a tetrasaccharide repeat unit.
The N-terminal GT4 catalytic site has «a-(1—2)-mannosyl-
transferase activity, and we now can assign a-(1—3)-mannosyl-
transferase activity to the C-terminal GT4 site. The in vitro
product profiles obtained using WbdA at different substrate
concentrations are consistent with WbdA being a distributive
enzyme, releasing product after each mannosyl transfer reac-
tion (12). Reproducible production of a tetrasaccharide in
which two a-(1—2)-linked Manp residues are always followed
by two a-(1—3)-linked Manp residues represents an interest-
ing challenge for such enzymes. Enzymes exist where a single
GT site sequentially adds a defined number of residues to an
acceptor. For example, PglH is a UDP-GalpNAc-dependent GT
involved in N-glycosylation of proteins in Campylobacter jejuni
(38), and it is proposed that its ability to reliably add three res-
idues is precisely controlled by the relative binding affinities of
the enzyme for the growing acceptor (39). An involvement of
the active sites of WbdA in its fidelity is suggested by analysis
of the WbdA protein from serotype O9a and its homolog from
serotype O9 with the latter O-PS containing a pentasaccharide
repeat unit (three a-(1—2)-linked Manp residues followed by
two a-(1—3)-linked Manp residues). A mutation (C80R) in a
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FIGURE 5. Size exclusion chromatography of purified WbdA-His, ,. WbdA-
His,, was purified (inset) and eluted through a Superose 6 HR 10/30 column.
The predominant peak corresponded with an estimated molecular mass of
120 kDa consistent with monomeric WbdA-His, , (theoretical molecular mass,
96.1 kDa). A minoramount of the protein eluted before the 200-kDa standard.
The molecular masses of the protein standards are as follows: B-amylase, 200
kDa; alcohol dehydrogenase, 150 kDa; bovine serum albumin, 66 kDa;
ovalbumin, 44 kDa. mAU, milli-absorbance units.

residue residing in the modeled active site of WbdA™N (13)
changes specificity of the WbdA protein from the O9 pentasac-
charide repeat unit to the O9a tetrasaccharide (40). However,
the distributive nature (at least in vitro) and the observation
that WbdA™N activity becomes unconstrained in the absence of
functional WbdA® suggest a more complex situation. In
WhbdA, the interplay between the two functional catalytic sites
is essential for fidelity with WbdA® acting as a regulatory con-
straint on the WbdA™ mannosyltransferase.

Multidomain, bifunctional polymerases with two active sites
have been described in the biosynthesis of hyaluronan (41, 42),
chondroitin (42, 43), and heparosan (44 —46). However, how
the sites interact is unclear. With WbdA, modeling of individ-
ual sites can be done with confidence based on homologs (13),
but the relative juxtaposition of the domains cannot be resolved
without a structure for the complete protein. The only crystal
structure available for any multidomain polymerase is KfoC,
the chondroitin synthase involved in the biosynthesis of the
capsular polysaccharide in E. coli K4 (47). In this enzyme,
two almost identical active sites add single GlcpNAc and glu-
curonic acid (GlcpA) residues in the disaccharide repeat unit.
The active sites are located at the opposite sides of the protein
separated by 60 A. A 71-residue (largely disordered) region
from the N terminus wraps around the surface of the C-termi-
nal GlcpA-transferase domain, but its importance in catalysis
or organization of the overall structure is uncertain. Neverthe-
less, interaction between the domains is essential for polymer-
ase activity because N-terminal deletion constructs still possess
the ability to transfer single GlcpNAc or GlcpA residues to an
acceptor, but the protein no longer acts as a polymerase (48).
The structure also reveals hydrophobic interactions between
two hexapeptides, one in each domain, that influence the con-
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FIGURE 6. Structural model of WbdA€ highlighting the region of interac-
tion with WbdD. Residues 440-832 of WbdA were modeled with high
confidence using Phyre? in the intensive mode. The region of interaction
identified by deletion analysis (highlighted in red) corresponds to a surface-
exposed a-helix located between Val>*® and Ala®>®, GDP-Manp (colored blue)
was modeled into the active site through structural alignment with mycobac-
terial PimA (Protein Data Bank code 2GEJ), a GDP-Manp-dependent GT4 man-
nosyltransferase that is involved in the biosynthesis of phosphoinositol man-
nosides (49), that was crystallized in the presence of GDP-Manp. Glutamate
residues of the WbdA EX,E motif are colored green.

formation of the binding pocket of the C-terminal GlcpA-
transferase, creating an unusual orientation of the substrate in
the catalytic site. The significance of this feature is also
unknown. Clearly, KfoC and WbdA both demonstrate complex
domain interactions essential for function, but additional crys-
tal structures are needed to determine the mechanistic conse-
quences and establish whether any generic architectural prin-
ciples are involved.

Organization of WbdA into a functional active biosynthesis
complex requires its interaction with WbdD; there is no known
terminator component for KfoC (19). This process presumably
engages WbdA at the membrane with the natural undecaprenol
diphosphate-linked oligosaccharide acceptor and creates the
proper structural context for chain termination (14-16, 20).
Previously, the interaction domain in WbdD was localized to a
30-residue a-helix at the C terminus (19). In analysis of the
C-terminal deletions of WbdA, interaction was still possible
with WhdA'~>® but was lost in WbdA'~>*”. This region can be
modeled using other GT4 enzymes as a scaffold, and the struc-
ture of mycobacterial PimA, a GDP-Manp-dependent GT4
mannosyltransferase that is involved in the biosynthesis of
phosphoinositol mannosides (49) can be used to predict sub-
strate binding locations (Fig. 6). The region of interaction iden-
tified by deletion analysis extends from residues Val>**-Ile”*®
(highlighted in red) and encompasses a surface-exposed a-helix
located between Val®*® and Ala®® that represents an excellent
candidate for interaction. Interestingly, the interactions
between WbdA and WbdD are complex. Although the WbdA®“
domain possesses the interaction site and shows correct cata-
lytic activity when expressed with its WbdA™ partner, interac-
tions between WbdA“ and WbdD were dependent on the pres-
ence of WbdA™. As expected, WbdA™ could only interact with
WbdD when WbdA® provided the interaction site. Productive
interactions were compromised when inactivated GT domains
were present. The results indicate that the separated GT
domains are able to recreate the correct configuration for
authentic O9a polymerase activity in vivo. However, the same is
not true in vitro as the same combination can only generate the
a-(1—2)-polymannose glycan (13). In this situation, WbdA© is
not appropriately positioned to participate in polymerization
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and properly constrain the activity of WbdA™ presumably
because WbdD is absent. These results presumably highlight
the critical scaffold and orientation role played by WbdD in vivo
and will only be fully appreciated if the structure of the WbdA-
WbdD heterocomplex can be solved. Although in vitro O9a
synthesis was restored by combining WbdA™ and WbdA®!74,
the same combination did not work iz vivo. The environment in
vitro (high enzyme and substrate concentrations and a soluble
acceptor) is radically different from the in vivo situation, mak-
ing it impossible to directly relate the in vivo and in vitro data.
However, the results do reinforce the need to consider both in
vivo and in vitro situations when assigning functions to individ-
ual GT active sites in multidomain polymerases.

GTs have applications in emerging technologies, including
glycoengineering in bacteria (50), and bacterial GTs that use
sugar nucleotide donors are important in these efforts because
of the vast range of unique specificities as well as their potential
to build human glycan mimics. Polymerases are being investi-
gated for various roles in enzymatic (and chemoenzymatic)
syntheses (e.g. (4, 51-53) where the goal is to produce “glyco-
products” with defined chemical and physical characteristics.
Understanding the structure and function of multidomain
polymerases will be essential for their successful application in
glycoengineering efforts.
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