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industrial applications.

(Background: Escherichia coli O8 and O9a polysaccharide repeat units are synthesized by serotype-specific multidomain

Results: The various WbdA domains are functional when expressed individually.
Conclusion: The number of domains identified in each WbdA protein correlates with the different linkage types formed by the

Significance: Modular glycosyltransferases could be exploited for synthesis of precise glycoconjugates with medical and
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The Escherichia coli O9a and O8 polymannose O-polysaccha-
rides (O-PSs) serve as model systems for the biosynthesis of
bacterial polysaccharides by ATP-binding cassette transporter-
dependent pathways. Both O-PSs contain a conserved primer-
adaptor domain at the reducing terminus and a serotype-spe-
cific repeat unit domain. The repeat unit domain is polymerized
by the serotype-specific WhdA mannosyltransferase. In sero-
type O9a, WbdA is a bifunctional a-(1—2)-, @-(1—3)-manno-
syltransferase, and its counterpart in serotype O8 is trifunc-
tional (a-(1—2), @-(1—3), and B-(1—2)). Little is known about
the detailed structures or mechanisms of action of the WhdA
polymerases, and here we establish that they are multidomain
enzymes. WbhdA®”* contains two separable and functionally
active domains, whereas WbhdA©® possesses three. In WbhdC©%?
and WbdB©%?, substitution of the first Glu of the EX.E motifhad
detrimental effects on the enzyme activity, whereas substitution
of the second had no significant effect on activity in vivo. Muta-
tion of the Glu residues in the EX E motif of the N-terminal
WbdA©®* domain resulted in WhdA variants unable to synthe-
size O-PS. In contrast, mutation of the Glu residues in the motif
of the C-terminal WbdA©°® domain generated an enzyme capa-
ble of synthesizing an altered O-PS repeat unit consisting of only
a-(1—2) linkages. In vitro assays with synthetic acceptors
unequivocally confirmed that the N-terminal domain of
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WbdA©®%? possesses «-(1—2)-mannosyltransferase activity.
Together, these studies form a framework for detailed struc-
ture-function studies on individual domains and a strategy
applicable for dissection and analysis of other multidomain
glycosyltransferases.

Lipopolysaccharides (LPSs) are unique glycolipids that rep-
resent major and characteristic components of outer mem-
branes in Gram-negative bacteria. In enteric bacteria, the
hydrophobic anchor of LPS, lipid A, is linked via a core oligo-
saccharide to a hypervariable long-chain repeat unit polysac-
charide (1). Variations in the structures of the polysaccharide
repeat units define more than 180 different O-antigen sero-
types in Escherichia coli (2, 3) and give rise to the term O-poly-
saccharide (O-PS).> The lipid A-core oligosaccharide portion of
the molecule is synthesized independently of the O-PS, and the
pathways converge with a ligation reaction that joins these
components at the periplasmic face of the cytoplasmic mem-
brane (1). The completed LPS molecules are then translocated
to the outer leaflet of the outer membrane (reviewed in Ref. 4).

The O-PSs of E. coli 09, O9a, and O8 are a family of related
structures comprising linear homopolymers of mannopyra-
nose (Manp) (Fig. 1) (3). These glycans are prototypes for O-PSs
synthesized via the well distributed ATP-binding cassette
transporter-dependent pathway (5, 6). Their synthesis involves
biosynthetic intermediates built on the 55-carbon polyiso-
prenoid lipid acceptor, undecaprenol phosphate. The pathway
begins with the formation of und-PP-GlcpNAc by WecA (7-9).

® The abbreviations used are: O-PS, O-polysaccharide; und-PP, undecaprenol
pyrophosphate; LB, lysogeny broth; Man, mannose; Manp, mannopyra-
nose; GlcpNAc, N-acetylglucosamine; MalE, maltose-binding protein;
gCOSY, gradient-enhanced correlation spectroscopy; tROESY, transverse
rotating frame Overhauser enhancement spectroscopy; gHSQC, gradient-
enhanced heteronuclear single quantum correlation; BisTris, 2-
[bis(2-hydroxyethyl)aminol-2-(hydroxymethyl)propane-1,3-diol.
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FIGURE 1. Structures the E. coli 08, 09 and 09a polymannose O-PSs. Each
polysaccharide contains four structural regions, the primer, adaptor, repeat
unit domain, and terminal modification, which are represented in the sche-
matic in the context of the und-PP-linked biosynthetic intermediate. GlcpNAc
is represented by a blue square and Manp by a green circle according to the
nomenclature used by the Consortium for Functional Glycomics. The
enzymes responsible for the formation of each part of the glycan are identi-
fied in parentheses.

WecA is part of the machinery for biosynthesis of the entero-
bacterial common antigen glycan (10) and initiates the forma-
tion of many different E. coli O-PS structures (11). The first
dedicated activity in O8/09/0O9%a biosynthesis involves transfer
of a single a-(1—3)-linked Manp residue by the GDP-Manp-
dependent mannosyltransferase, WbdC. Next, WbdB adds two
a-(1—3)-linked Manp residues. The WbdCB enzymes are con-
served and possess the same activities in all three serotypes (12,
13). Further chain extension builds the repeat unit domain of
the O-PSs, and this is achieved by serotype-specific WbdA
enzymes (13). The growing chains are terminated by methyl
(O8) or phosphomethyl (09/09%a) groups, which are added by
the WbdD proteins. WbdD®® is a membrane-associated meth-
yltransferase, whereas WbdD??“%* is a bifunctional kinase-
methyltransferase (14, 15). The terminated glycan is then rec-
ognized by a serotype-specific carbohydrate-binding module
located at the C terminus of the nucleotide-binding domain
component of the ATP-binding cassette transporter, which
defines this type of assembly pathway (16). Chain termination is
essential for recognition and export (16).

The E. coli O9a and O8 O-PSs are identical to the Klebsiella
pneumoniae O3 and O5 O-PSs, respectively (17-22), and the
genetic loci encoding the corresponding O-PS biosynthesis
enzymes are highly conserved (21). Detailed structural studies
of the K pneumoniae O3 and O5 O-PSs reveal conserved
reducing termini and terminating residues that cap the variable
serotype-specific repeat unit domains. These structural fea-
tures are consistent with the assigned biochemical activities of
the biosynthetic enzymes (Fig. 1) (15, 22, 23).

The NCBI Conserved Domain Database (24) predicts two
putative glycosyltransferase domains in WbdA®“* and three in
WhbdA©®, Each of these domains is predicted to encompass a
retaining mannosyltransferase belonging to glycosyltransferase
family GT4 in the CAZy Database (25).° Consistent with these
predictions, the WbdA proteins are considerably larger than a

% B. Henrissat, personal communication.
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typical single-active site enzyme, such as WbdB (43.9 kDa).
WhdA©®* and WhdA®® have predicted sizes of 95.5 and 137
kDa, respectively. Interestingly, the number of glycosyltrans-
ferase domains predicted for each of the WbdA homologues is
correlated with the number of different linkage types catalyzed
by each enzyme. Previous studies proposed that WbhdA“*? con-
tained duplicated domains and showed that the domains could
be separated, but both were required for O9a biosynthesis (26).
Here, we show that WbhdA©®® is also a modular enzyme. It is
currently unknown whether a specific functional mannosyl-
transferase activity is associated with each domain. We address
this question in WbhdA©%* by assessing the activities of proteins
with mutated residues in catalytic site motifs that are conserved
in GT4 enzymes, and we establish that the purified N-terminal
domain of WbdA©®%* possesses poly-a-(1—2)-mannosyltrans-
ferase activity.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions—The
bacterial strains and plasmids used in this study are described in
Table 1. Bacteria were routinely grown in lysogeny broth (LB)
medium (27). p-Glucose (0.4%, w/v), b-mannose (0.1%, w/v),
L-arabinose (0.2%, w/v), isopropyl B-p-1-thiogalactopyranoside
(0.5 mm), kanamycin (50 wg/ml), ampicillin (100 pg/ml), or
chloramphenicol (34 ug/ml) was added where appropriate.

General DNA Methods—InstaGene Matrix (Bio-Rad) or
DNAzol reagent (Invitrogen) was used to purify chromosomal
DNA. DNA fragments were PCR-amplified using Pwo DNA
polymerase (Roche Applied Science) or PfuUltra High-Fidelity
DNA polymerase (Stratagene), using custom oligonucleotide
primers (Sigma) containing restriction sites to facilitate clon-
ing. The sequences and features of the oligonucleotide primers
are described in supplemental Table S1. The PureLink PCR
Purification Kit (Invitrogen) was used to purify DNA fragments
from PCRs or restriction digestions, and DNA fragments from
agarose gels were purified using the PureLink Quick Gel
Extraction Kit (Invitrogen). Plasmid DNA was purified using
the PureLink Quick Plasmid Miniprep Kit (Invitrogen). Restric-
tion endonucleases (Invitrogen and New England Biolabs) and
T4 DNA ligase (New England Biolabs) were used according to
the manufacturer’s instructions. DNA sequencing was per-
formed by the Genomics Facility in the Advanced Analysis
Centre (University of Guelph).

Bioinformatic Analyses—Multiple sequence alignments were
generated using the Clustal W2 server available at the European
Bioinformatics Institute Web site (28, 29). Secondary structure
predictions were made using the online programs, JPred (30),
PROF (31), SCRATCH Protein Predictor (SSPro) (32), and the
PSIPRED Protein Structure Prediction Server (33, 34). Second-
ary structure models were generated based on the consensus of
atleast three of the secondary structure predictions. Conserved
domain predictions were carried out using the NCBI Con-
served Domain Database (24, 35, 36). Three-dimensional struc-
tural models were created using the Phyre2 server (37).

Generation of Mannosyltransferase Constructs—Segments of
the O9a and O8 wbdA genes corresponding to the putative
mannosyltransferase domains were PCR-amplified from E. coli
CWG634 (09a) and CWG636 (O8) chromosomal DNA and
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TABLE 1

Domains in E. coli Polymerizing Mannosyltransferases

Bacterial strains and plasmids

Strain/plasmid Description or genotype Reference or source

Strains
Topl0 E. coli ¥, mcrA, A (mrr-hsdRMS-mcrBC), ¢80, lacZAM15, AlacX74, deoR, nupG, recAl, araD139, Invitrogen

A(ara-leu)7697, galll, galK, repsL(Str"), endA1

CWG634 E. coli O9a:K™; trp his lac rpsL cpsysy; manA; Sm'; Tc" Ref. 14
CWG636 E. coli O8:K™; ugd::aacCI manA; Gm"; Tc" Ref. 14
CWG901 E. coli O9a:K™ derivative: trp his lac rpsL cpsi;, manA AwbdA::aacC1; Sm"; Tc'; Gm® Ref. 64
CWG1009 E. coli O9a:K™ derivative: trp his lac rpsL cpsic,, manA AwbdB; Sm"; Tc* Ref. 14
CWG1010 E. coli O9a:K™ derivative: trp his lac rpsL cpsi;, manA AwbdC; Sm'; Tc* Ref. 13
CWG1104 E. coli O8:K™ derivative: ugd::aacC1 manA AwbdA; Gm"; Tc* Ref. 13
CWG1105 E. coli O9a:K™ derivative: manA AwbdA; Sm'; Tc* Ref. 13

Plasmids
pBAD24 Vector containing L-arabinose-inducible promoter; Ap" Ref. 86
pYA3265 Source of non-polar aphA-3 cassette; Km* A. Honeyman via E. Vimr, Ref. 87
pWQ284 pBAD24 derivative containing a selectable Cm resistance marker; Cm" Ref. 16
pWQ573 pWQ284 derivative; Ncol site in cat gene removed; Xbal in MCS replaced by Spel; Cm" J. King
pWQ575 PMAL-c2X derivative containing an XmnlI/HindlIII fragment encoding WbdC°®%; Ap* Ref. 13
pWQ576 pMALc-2X derivative containing an EcoRI/HindIII fragment encoding WbdB°** Ap” Ref. 13
pWQ583 pWQ575 derivative containing WbdC°® E275A mutation; Ap* This study
pWQ584 pWQ575 derivative containing WbdC°* E283A mutation; Ap* This study
pWQ585 pWQ576 derivative containing WbdB“?* E294A mutation; Ap" This study
pWQ586 pWQ576 derivative containing WbdB** E302A mutation; Ap" This study
pWQ589 pBAD24 derivative containing a Km resistance cassette; Km* B. Clarke
pWQ590 pBAD24 derivative containing an EcoRI/HindIII fragment encoding His,,-WbdA,_,,;°% Ap” This study
pWQ591 pW Q284 derivative containing an EcoRI/HindIII fragment encoding His - \X/bdA426 sa0” % Cm" This study
pWQ592 pBAD24 derivative containing an Ncol/Spel fragment encoding WbdA, ,5,°% Ap* This study
pWQ593 pWQ573 derivative containing an Ncol/Spel fragment encoding WbdA, _,5,°% Cm" This study
pWQ59%4 pBAD24 derivative containing an Ncol/Spel fragment encoding WbdA,;_, 21308 Ap” This study
pWQ595 pWQ573 derivative containing an Ncol/Spel fragment encoding WhdA, 4. Cm This study
pWQ59%6 pWQ573 derivative containing an Ncol/Spel fragment encoding WhdA ,;; ;,1,°% Cm" This study
pWQ597 pWQ631 derivative containing WbdA“** E317A mutation; Km" This study
pWQ598 pWQ631 derivative containing WbhdA°“* E325A mutation; Km* This study
pWQ599 pWQ631 derivative containing WbdA®%* E750A mutation; Km" This study
pWQ630 pWQ631 derivative containing WbdA“** E758 A mutation; Km" This study
pWQ631 pWQ589 derivative containing WbdD,,5 s WbdA°?%; Km" B. Clarke
pWQ632 pBAD24 derivative containing an EcoRI/HindIII fragment encoding His, ;- WbdA ;,4_g0""% Ap” This study

cloned behind the arabinose-inducible promoter in pBAD24,
pWQ284, or pWQ573, using restriction sites introduced by the
oligonucleotide primers. To generate pWQ631, whdA°** w.
PCR-amplified from CWG634 and inserted into pWQ589. The
PCR-amplified DNA fragment corresponding to the C termi-
nus of WbdD (amino acids 475-708) was then inserted
upstream of the wbdA gene. Site-directed mutagenesis of EX,E
motifs was carried out using the QuikChange method (Strat-
agene, La Jolla, CA). Briefly, mutations were introduced into
plasmids via PCR using oligonucleotide primers incorporating
the desired base changes (supplemental Table S1). The PCR
products were digested with Dpnl and transformed into E. coli
Top10. All constructs were confirmed by restriction endonu-
clease digestion and/or by sequencing.

Purification of Polyhistidine-tagged WbdA®** Domains—
Cultures (500 ml) of E. coli Top10 containing pWQ590 (encod-
ing N-WbdA°%?) or pWQ632 (C-WbdA°®?) were grown in LB
medium at 37 °C until an Ay, of ~0.3 was reached. Cultures
were transferred to 20°C and grown until midexponential
phase (A4on = 0.6). Recombinant protein expression was then
induced overnight at 20 °C by the addition of 0.2% arabinose.
Cells were collected by centrifugation and resuspended in 25 ml
of buffer A (20 mm BisTris, pH 7.0, 250 mm NaCl, 0.5% (w/v)
glycerol), prior to lysis by sonication with intermittent cooling
on ice. Unbroken cells and large debris were removed by cen-
trifugation at 12,000 X g for 20 min, and the resulting cell-free
lysate was centrifuged at 100,000 X g for 60 min to separate the
membrane and soluble fractions. Protein purifications were
performed by fast protein liquid chromatography (FPLC) using
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an AKTA Explorer system (GE Healthcare). Soluble material
from the cell-free lysate was loaded onto a 5-ml HiTrap chelat-
ing HP column (Amersham Biosciences) charged with nickel
ions. The column was washed sequentially with 3 column vol-
umes of buffer A containing 0, 50, and 75 mwm imidazole.
N-WbdA®?* and C-WbdA“®* were eluted in buffer A contain-
ing 125 mM imidazole. The protein-containing fractions were
pooled, and the buffer was exchanged with storage buffer (20
mM BisTris, pH 7.0, 50 mm NaCl), using a desalting column (GE
Healthcare) according to the manufacturer’s instructions. The
samples were then concentrated using a 30,000 MW C Vivaspin
filtration unit (Sartorius Biolab Products) according to the
manufacturer’s instructions. The protein concentrations were
determined using the A,g, based on theoretical extinction
coefficients of His,,-N-WbdA®* (42,080 M ' ¢cm ') and
His,,-C-WbdA®%® (81,150 M~ * cm ') predicted by the Prot-
Param program (38). The protein concentrations of His,,-N-
WbdA®®* and His, ,-C-WbdA“°* were typically 2 mg/ml.
Structural Analysis of the O-PS Produced in Cells Containing
Mutations in the C-terminal EX ,E Motif of WbdA°**—The LPS
from CWG901 (pWQ599 expressing WbdA E750A) was puri-
fied from 18 liters of culture according to the hot aqueous-
phenol method described by Westphal and Jann (39). The poly-
saccharide was released from LPS by mild acid hydrolysis (2%
acetic acid, 100 °C, 3 h), isolated by gel filtration chromatogra-
phy as described elsewhere (22), and analyzed by NMR spec-
troscopy. Spectra for DQCOSY, TOCSY (mixing time 120 ms),
NOESY (400 ms delay), and gHSQC experiments were
obtained on a Varian Unity 500 NMR spectrometer in D,O at
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25 °C. Standard pulse sequences were applied with reference to
internal acetone (*H, 2.23 ppm; *C, 31.45 ppm). The AQ time
was maintained at 0.8 s for H-H correlations and 0.25 s for
gHSQC. 256 data series were collected for all spectra.

In Vitro Mannosyltransferase Reactions Using Synthetic
Acceptors—Two synthetic fluorescein-tagged acceptors were
used as substrates for N-WbdA“®* and C-WbdA“®?, Acceptor
A (a-Manp-(1—2)-a-Manp-(1—2)-a-Manp-(1—3)-a-Manp)
represents the repeat unit of the O9a antigen. Acceptor B
(a-Manp-(1—3)-a-Manp-(1—3)-B-GlcpNAc) represents the
conserved reducing terminal trisaccharide of the O8 and O9a
antigens. Their synthesis has been described elsewhere (15, 40,
41), and they have been used to characterize the WbdD®%*-
mediated chain-terminating activity (15) as well as activities of
the full-length WbdA°®* and WbdA“® mannosyltransferases
(13). Standard reactions were performed as described previ-
ously (13) in 10-pul reaction volumes of buffer B (50 mm HEPES,
20 mm MgCl,, 1 mMm dithiothreitol, pH 7.5) containing 10 um
enzyme (purified N-WbdA“®?, C-WbdA®®?, or both), 0.5 mm
acceptor, and 5 mM GDP-Manp. Reactions were incubated for
30 min at 25 °C and terminated by the addition of an equal
volume of stop solution (50% (v/v) acetonitrile, 1% (w/v) SDS,
10 mm EDTA). After diluting 1:4 in 50% (v/v) aqueous acetoni-
trile, 2-ul portions were spotted on AL SIL G thin layer chro-
matography plates (Whatman). The plates were developed with
ethyl acetate/water/1-butanol/acetic acid (5:4:4:2.5), and fluo-
rescent reaction products were detected with a hand-held UV
lamp.

Structural Analyses of Reaction Products—To generate suffi-
cient quantities of product for NMR spectroscopic analyses,
250-ul reactions were carried out as described above using
Acceptor B. After 30 min, the reactions were diluted in 1 ml of
H,O 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. The
eluted products were then concentrated using a SpeedVac con-
centrator. MALDI-TOF mass spectra of the reaction products
were obtained on a Bruker Ultraflextreme MALDI-TOF/TOF
in positive ion mode. All NMR spectra were acquired in D,O at
27 °C on an Agilent VNMRS 700-MHz spectrometer equipped
with a cryoprobe. The spectra were referenced to an external
standard of acetone (2.22 ppm for *H and 31.07 ppm for **C at
27 °C). One-dimensional, gCOSY and tROESY, 'H spectra were
obtained for the products generated by N-WbdA“°* alone and
by N-WbdA®%* and C-WbdA®®® together. Additionally, a
'H-'3C gHSQC spectrum was obtained for the products gener-
ated by N-WbdA©* alone. For all of the 'H spectra, the inten-
sity of the residual HOD peak was decreased using a presatura-
tion pulse sequence, irradiating at 4.76 ppm. The spectral
window for the one-dimensional "H spectra was 8446 Hz (from
10.8 to —1.3 ppm), and a Gaussian function was applied inter-
actively to improve the signal/noise ratio. The spectral windows
for the gCOSY and tROESY were 6313 Hz (from 9.5 to 0.5 ppm)
in both dimensions. The gCOSY was acquired with 674 incre-
ments in F1 and 8 transients in F2, and the tROESY was
acquired with 600 increments in F1, 16 transients in F2, and a
0.4 s mixing time. The spectral window for the "H-"*C gHSQC
was 5605 Hz (from 9.0 to 1.0 ppm) in F2 (*H dimension, 16
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transients) and 28.2 kHz (from 160 to 0 ppm) in F1 (**C dimen-
sion, 432 increments). The proton signals were decoupled dur-
ing acquisition, and the 'J;; value was set to 140 Hz to deter-
mine the appropriate delays. For all of the two-dimensional
spectra, sine-bell functions were applied interactively to
improve signal/noise ratio.

Protein and LPS PAGE—LPS samples were prepared by pro-
teinase K digestion of whole-cell lysates according to the
method of Hitchcock and Brown (42). Protein and LPS samples
were analyzed by SDS-PAGE in Tris-glycine buffer (43). Pro-
tein was visualized using Simply Blue stain (Invitrogen), and
LPS was visualized by silver staining (44). Western immuno-
blots of LPS were prepared by transferring samples to
PROTRAN nitrocellulose membranes (PerkinElmer Life Sci-
ences). Samples were probed at a 1:500 dilution with O9a-spe-
cific antiserum (14). Alkaline phosphatase-conjugated goat
anti-rabbit secondary antibody (Cedar Lane Laboratories) was
used at a dilution of 1:3000, and nitro blue terazolium and
5-bromo-4-chloro-3-indolyl phosphate (Roche Applied Sci-
ence) were used as substrates for detection.

RESULTS

Modular Architecture of WbdA (Poly)Mannosyltransferase
Proteins—WbdC, WbdB, and each WbdA domain (from both
08 and O9%a serotypes) are classified into the CAZy GT4 family
of glycosyltransferases (25). To determine the boundaries for
multiple mannosyltransferase domains in the WbdA proteins,
an alignment was performed with PimA from mycobacteria.
PimA is a single-active site GDP-Manp-dependent mannosyl-
transferase belonging to GT4 that is involved in the biosynthe-
sis of phosphoinositol mannosides (45) and was chosen because
its structure has been solved (46). The alignment revealed gen-
erally low sequence similarity between the various domains and
PimA (Fig. 2). However, the two domains of WbdA©®%* and two
of three domains of WbdA®® possess a conserved region that
includes an EX,E motif found in other retaining glycosyltrans-
ferases, including GT4 members (47).° All but one (WsaF) of
the 14 GT4 crystal structures, which includes viral, archaeal,
prokaryotic, and eukaryotic representatives, show this motif
within the active site of the enzyme, where it is known or pre-
dicted to be involved in binding of the nucleotide sugar donor
(46, 48 -57). The absence of this motif from one domain of
WbdA®® makes it a candidate for the inverting glycosyltrans-
ferase activity associated with the O8 mannosyltransferase,
adding the B-(1—2)-linked Manp residue in the O8 repeat unit
(Fig. 1). The EX,E motif is also present in WbdC and WbdB.
The predicted secondary structure of each of the putative
WbdA domains was compared with the secondary structure of
PimA (determined from its crystal structure (46)). All five
WbdA domains have predicted secondary structures similar to
that of PimA (data not shown). Collectively, these analyses
identified potential boundaries for the domains (Fig. 3) as well
as a structural basis for generating constructs expressing the
various domains singly or in combination.

Both WbdA®®* domains show features of a catalytically
active glycosyltransferase module (i.e. they possess an EX,E
motif and share similar (predicted) secondary structures with
PimA). To provide additional insight, three-dimensional mod-
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* 20 * 40 * 60 * 80
09aN-WbdA HILIDVQGYQSESKVREIGRSTPAMSRAIIENAGEHRVSILINGMYPIDNINDVKMAYRDLLTDEDMFIFSAVAPTAYRH 80
O8WbdA-D1 RIVIDLOGAQTESRFREIGRYSIAIARGIIRNNSRHEIFIALSAMLDES-IADIKAQFADLLPAENIVVWHAVGPVRAMD 79
09aC-WbdA KLLVDISVLAQHDAKTEIQORVSRSILSELLKSG---VPGYEVSAVYYTP--GECYRYANQYLSSHFPGEFGADEPVLFS—- 74
O8WbdA-D2 : ———=—=—————————— REFARALSADGVEVLLHSTEGPGDFAPDASFMAQ-—--——— SENSDLLAFYNQCQTRKSN-—--—-—— 53
PimA -MRIGMVCPYSFDVPGEVOSHVLOLAEVLRDAGHEVSVLAPASPHVKLP---DYVVSGGKAVPIPYNGSVARLREFGPATH 76
O8WbdA-D3 ———--RIGWLTTWNTKCEIATYSQHLVESAPHGADVVFAPQVSAGDLVCA---DEEFVLRNWIVGKESNYLENLQPHIDAL 73
* 100 * 120 * 140 * 160
09aN-WbdA IENHGRSKAAQAARDIAIANIAPDIVYVISFFEGHSDSYTVSIPADNVPWKTVCVCEDLIPLLNKERYLGDPNFREEFYMN 160
O8WbdA-D1 QGNEWRRESAELIREAFLESLCPDVVFITSLFEGHVDDAATSVHKEFSRQYKVAVLHEDLIPLVQAETYLODDVYKPYYLQ 159
09%9aC-WbdA : —-———--- KDDVLIATDLTAHLFPELVTQIDSMR-——-—-—-——————-—— AAGAFACFEFVVEDILPLRRPEWSIEG-IQRDFPIW 133
O8WbdA-D2 : ——————- EKIDIISRNIYPPRVTKMDAKVKFLH-----=-=—---—-————————— CYAWEETGFPQP----—-=-=-=—-————-— W 92
PimA RKVKKWIAEGDFDVLHIHEPNAPSLSMLALQAAEG--—————-———————— PIVATFETSTTKSLTLSVFQG-—--—-———— I 133
O8WbdA-D3 R-————- LDVIVIQFNYGFFNHRELSAFIRRQHDAG-—--—-—-—————-——— RSVVMTMEISTVDPLEKEPS-—————————— W 123
* 180 * 200 * 220 * 240
09aN-WbdA KLAEFERADAIFAIRIQSAAQEVIEYTDIASDRVLN-ISSAVGEEFAVIDYSAERI-—-—-—-—-——— QSLKDKYSLPDEFILS 230
O8WbdA-D1 KVEWLKNADLLLTNEAYTAQEATIEHLHLQGDHVON-IAAAVDSQFCMAEVAASEK-—-——-—-—-——— ETVLGQYGIQREFMLY 229
09aC-WbdA LSCLAEHADRLICVEASVAEDVKAWIAENRHWVKP-NPLQTVSNFHLGADLDASVPSTGMPDNAQALLAAMAAAPSFIMV 212
O8WbdA-D2 INEFNRELDGVLCTEEHVRNILIDNGLNVPAFVVG-NGCDHWLNIPAETTKDVDHG---—-——-—-———————————— TFRFL 152
PimA LRPYHEKIIGRIAVEDLARRWOMEALGSDAVEIPNGVDVASFADAPLLDGYPREG--—-—=-—-—-————=————————— RTVLF 193
O8WbdA-D3 NFRLAEMKEALALCDRLLVHSIADMNRLKDLGLTANVALFPHGVINYSAASVTRQQ--=—====———==—=———— QSLPLIA 186
* 260 * 280 * 300 * 320
09aN-WbdA LA-MIEDUENIEALIHAYSL PAELQQORYPMVLAYKVQPEQLE--RILRLAESYGLSRSQLIFT--GFLTDDDLIAMYNL 305
O8WbdA-D1 APGGFDSIHIMWNFKRLIEMYAGIESDALRRSHQLVIVSKLSIGDRQ--YLESLSGNGLOQGELVLT--GYVPEDELIQMYRL 305
09aC-WbdA GT--MEZMNGHAQTLAINFEEWREGKD-YNLFIVGKQGWNVDS--LCEKLRHHPQLN-KKLFWL--QNISDEFLAEEYAR 284
O8WbdA-D2 HVSSCFIZHNNGIQAMLOMWGKAFTRRDNVILIIKTFNNPHNE ID--AWLAQMOAQFIDYPKVELIK-EDMSATELKGIHYES 229
PimA LGRYDESMNGMAVLLANLPKIFVARFPDVEILIVGRGDEDELRE--QAGDLIAG-——----— HLRFL--GQVDDATKASAMRS 262
O8WpbdA-D3 SYGFCLIZHINGLMELVE SVHR| KQAGKPVRLRLVNAEYPVGESRDLVAELK‘AAQRLGVTDLIDMHNDFLPDAESLR!LSE 266
* 340 * 360 * 380 * 400
09aN-WbdA CKLFVFPSLH--BGIELPPLENYRCGAATLGSNITSLPEVIGWEDA--MFNPHDVQDIRRVM-——-—---—-————-—-—————— 363
O8WbdA-D1 CKLFIFASLH--EGIRELPVLENISCGAPVIGSNVTSIPEVIGNPEA--LFDPYSVSSMRDKI-——-—-=-—-———=—=——-—————— 363
09%aC-WbdA SRALIFASQG--EGIELPLIEAAQKKLPVIIRDIPVFKEIAQEHAW--YFSGEAPSDIAKAV-———=-————————————— 342
O8WbdA-D2 CDVLVAPGCA--BGIELPIABNLSGLPAIVINWSGOQLDEFVNSQONS--WLVDYQFTRVKTHFGLEFSSAWASVDIDNLTDA 305
PimA ADVYCAPHLGG-ES|3€IVLVENAAGTAVVASDLDAFRRVLADGDAGRLVPVDDADGMAAAL - ————————-————————— 323
O8WbdA-D3 ADLLIFAYONTGESASGAVRYGUATQOKPVAVTPLAIFDDLDDAVFK---FDGCSVDDISQGIDR-—-——=-=-———=—=—————— 327
* 420 * 440 * 460
09aN-WbdA —--EKALTDEAFYRELKAH-ALAQSAKFSWANTAHLAIE-—-------—-—-—-—-———————————————— : 398
O8WbdA-D1 —--AQCLTDDTFLARLKEM-AQQQARNFSWDKAAVTALE--—--=-—-—————-———————————————— ¢ 398
09aC-WbdA —-—-EEWL---ALYEQNAHP-RSENINWLTWKQSAEFLLK--—-—----—-—-—---—-—————-—————————— : 374
O8WbdA-D2 LKAAASTDKSVLRDMANAGRELLLOQFTWKAVADR-—————————————————————————————— : 340
PimA —-IGILEDDQLRAGYVAR-ASERVHRYDWSVVSAQIMRVYETVSGAGIKVQVSGAANRDETAGESV : 386
O8WbdA-D3 —ILNSIREQNSWATRTQORADAWREQHDYQAVSRR-—-—-=-————-—-—-————————————————————— ¢ 361

FIGURE 2. Multiple-sequence alignment of the mycobacterial PimA a-mannosyltransferase and the 09a and 08 WbdA mannosyltransferase domains.
Conserved residues are highlighted in black, and similar residues are highlighted in gray. The Glu residues of the EX,E motifs are highlighted in red. WbdA®°?
Arg® involved in the WbdA®® C80R 09 — 09a seroconversion is highlighted in cyan. Alignments were performed using the ClustalW2 server (28, 29).

els of the N-WbdA“°* and C-WbdA®®* domains were gener-
ated using Phyre2 (37). The highest scoring models for
N-WbdA©”? (17% sequence identity, 91% sequence coverage,
100% confidence) and C-WbdA®®* (17% sequence identity,
86% sequence coverage, 100% confidence) were based on the
structure of sucrose synthase 1, a GT4 enzyme from Arabidop-
sis thaliana (57). The structure of the mycobacterial PimA pro-
tein was overlaid onto the modeled structures of the WbdA©%®
domains (Fig. 4). PimA was chosen because it is also a GDP-
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Manp-dependent mannosyltransferase belonging to the GT4
family, and its structure has been solved in complex with GDP-
Manp (46), which may highlight possible binding interactions
for the same sugar nucleotide donor in the WbdA“®* domains.
The predicted structure of N-WbdA®°® and C-WbdA©*?
closely matches PimA (Fig. 4). The typical GT-B fold (i.e. two
loosely associated a/ B/« Rossmann-like domains, separated by
a linker that forms the active site cleft) is clearly evident. The
Glu residues of the EX_E motifs fall within the putative active
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FIGURE 3. Predicted domains of the 08 and 09a mannosyltransferases. A shows WbdC°%©%@ and WbdB®®°%2, which both contain a single mannosyltrans-
ferase domain. WbdA®*? (B) contains two putative mannosyltransferase domains, and WbdA®® (C) possesses three. Domain predictions were identified using
the NCBI Conserved Domain Database (24). Cloned regions encoding individual domains of the WbdA homologs are identified.

sites of N-WbdA©°* and C-WbdA©%2. In N-WbdA©??, the Glu
residues are almost superimposable on the equivalent Glu res-
idues of the EX,E motif in PimA (Fig. 4, B and D), and those of
C-WbdA°®* also occupy a similar position. Like PimA, the car-
boxylate groups of the first Glu in the EX_E motif of the
WhdA®®* domains are predicted to hydrogen-bond with the
Manp portion of GDP-Manp. In addition, the carboxylate
groups of the second Glu are in a position to hydrogen-bond
with the ribose moiety of GDP-Manp.

WbdA Mannosyltransferase Domains Are Functional in Vivo
When Co-expressed as Separate Domains—Previous research
indicates that the two domains of WbdA©°* could be expressed
as independent polypeptides and rescue O9a biosynthesis in a
wbdA::Tn1000 mutant (26). However, interpretation of this
earlier finding is complicated by the use of a transposon mutant
background where wbdA was not completely deleted, and the
extent of expression of residual parts of whdA was not exam-
ined. This is a particular concern for a predicted multidomain
protein. To unequivocally establish that two functional
domains exist in the WbdA©?? protein, constructs were made
with the same breakpoints in whdA“°* used in the earlier study
(26), leading to the expression of N-WbdA“®* and C-WbdA“*®
(Fig. 3). From secondary structure predictions, the breakpoints
fall within predicted a-helices in a region linking the two puta-
tive glycosyltransferases domains (data not shown). Neither
domain could restore O-PS production when expressed alone
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in a clean deletion of wbdA®®* (Fig. 5). However, when both
domains were expressed as separate polypeptides, O9a O-PS
biosynthesis was restored. To generate LPS products of the
native size range, 0.2% L-arabinose addition was required for
induction of the pBAD promoter. Therefore, as predicted,
WhdA®®*contains two separable domains, both of which are
required to polymerize the O9a O-PS. In the earlier study,
expression of N-WbdA“°* alone in the whdA:: Tn1000 mutant
was sufficient to generate a new polymannose glycan, whose
structure differed from the O9a antigen (26). This observation
could not be replicated in the AwbdA°®* background used here,
and the disparity in the systems is addressed below.

A similar strategy was used to examine the domain architec-
ture of WbdA©®. The breakpoint between WbdA®®-D1 and D2
(Fig. 3C) was based on the predicted domain boundaries and
the predicted secondary structures in the regions linking the
relevant domains (data not shown). This yielded functional
constructs (Fig. 6). In contrast, the logical breakpoint identified
between D2 and D3 by secondary structure prediction did not
result in a functional isolated D3 domain. Several non-func-
tional constructs were examined with nested breakpoints (data
not shown). Ultimately, a conservative construct, ending part-
way into the adjacent D2 domain, proved to be functional. In
the absence of any one of the domains, O-PS biosynthesis could
not be restored in the AwbdA“® mutant (Fig. 6). However, O8
synthesis was rescued whenever all three domains were pres-
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FIGURE 4. Structural models of N-WbdA®°® and C-WbdA®®? compared with the mycobacterial PimA mannosyltransferase. A and B show an overlay of
the N-WbdA®°® model (purple) and C-WbdA°°* model (magenta) with PimA (gray), respectively. C and D show expanded views of the corresponding modeled
active sites. Glu residues of the WbdA EX,E motifs are colored green. Arg® is involved in the Wbd®® C80R 09 — 09a seroconversion (76) and is highlighted in
orange in the N-WbdA®°? model. The Glu residues of the EX,E motif in PimA are in black, and GDP-Manp is shown in cyan. The first Glu residue of the EX,E motif
is in a position to hydrogen-bond with the Manp moiety of GDP-Manp. The second Glu residue of the motif is in a position to hydrogen-bond with the ribose

moiety of GDP-Manp.

AwbdA®%
AwbdAosa + + - — 4+ + N-WbdA%*=
09a* - - + + o+ +  C-WbdA©®
_l 0 02 0 02 0 0.2 % arabinose

(38 |
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FIGURE 5. WbdA®® contains two separable domains. The results show
mutant complementation experiments with CWG1105 (AwbdA®®?) express-
ing N-WbdA°®® (pWQ590), C-WbdA®®* (pWQ591), or N-WbdA®®* and
C-WbdA©%? combined (pWQ590 + pWQ591). Top, silver-stained SDS-poly-
acrylamide gel of LPS samples from whole-cell lysates; bottom, the corre-
sponding Western immunoblot using O9a-specific antiserum. Native O-PS
biosynthesis was restored only when both WbdA®®* domains were present.

asEve\
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ent, regardless of the combination. Thus, like WbdA©%?,
WhdA©® appears to contain separable active domains, all of
which are essential for serotype-specific O-PS biosynthesis.
The First Glu Residue of the EX_E Motif Is Crucial for the
Activity of WbdC®®* and WbdB®**—Mutagenesis studies
involving several members of the GT4 family confirm the
importance of the EX,E motif in enzyme activity, but there is
contradictory literature concerning the relative importance of
each Glu residue (58 — 62). In the majority of cases, the first Glu
appears to be more important for enzyme activity. Site-directed
mutagenesis was used to investigate the importance of the EXE
Glu residues in mannosyltransferases from the O8 and O9a
systems, focusing initially on the single-active site enzymes,
WbdC and WbdB. Four mutant constructs were generated:
MalE-WbdC®®*  E275A, MalE-WbdC®* E283A, MalE-
WbdB©%® E294A, and MalE-WbdB®“®* E302A. Their activities
were confirmed in vivo by assessing their ability to complement
the corresponding AwbdC and AwbdB mutants (Fig. 7). In both
cases, complementation was evident without induction, reflect-
ing a leaky promoter (63). The amounts of O-PS-substituted
LPS decreased with higher levels of expression following iso-
propyl B-p-1-thiogalactopyranoside induction. This has been
observed previously with wild type genes (13), but although the
reasons are unknown, this phenomenon does not affect inter-
pretation of the complementation data. The MalE-WbdC©*®
E275A and MalE-WbdB°®* E294A mutants showed a drastic
reduction in activity; only trace amounts of O-PS were pro-
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FIGURE 6. WbdA®® contains three separable domains. The results show
mutant complementation experiments with CWG1104 (AwbdA°®)
expressing WbdA®-D1+D2 (pWQ595), WbdA®®-D2+D3 (pWQ596),
WbdA®®-D1+D3 (pWQ593 + pWQ594), or WbdA®®-D1+D2+D3
(pPWQ592 + pWQ596 or pWQ594 + pWQ595). Top, silver-stained SDS-
polyacrylamide gel of LPS samples from whole-cell lysates; bottom, the
corresponding Western immunoblot using O8-specific antiserum. Native
0-PS biosynthesis was restored only when all three WbdA®® domains were
present.
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duced in the presence of isopropyl B-p-1-thiogalactopyrano-
side inducer, and detection was only possible in the Western
immunoblots. In contrast, when MalE-WbdC®°* E283A and
MalE-WbdB““* E302A were introduced into the correspond-
ing deletion mutants, the wild type LPS profiles were restored,
and detectable amounts of the O9a antigen were evident even in
the absence of inducer. In all complementation experiments,
the levels of protein expression were comparable with those
observed when the deletion strains were transformed by con-
structs encoding the wild type genes (data not shown), indicat-
ing that the results were not influenced by poor expression or
protein degradation. CD spectra of the MalE-WbdC®* E275A
and MalE-WbdB®* E294A proteins were comparable with
those of the wild type enzymes (data not shown), ruling out any
problems with folding. These results suggest that the first Glu
residue of the EXE motif plays an important role in the func-
tion of the WbdC and WbdB enzymes. In contrast, the second
Glu is not essential for activity and O-PS synthesis in vivo, at
least under the experimental conditions employed here.

Differential Effects of Mutations in the EX,E Motifs in
WbdA®®*“—To investigate the importance of the Glu residues
in the EX,E motif of the N-WbdA®°* domain, the mutant
derivatives WbdD*A®** E317A and WbdD*A®** E325A were
generated. The constructs used in these experiments contained
the C-terminal portion of WbdD®% (D*, representing residues
475-708), which is responsible for targeting WbdA®”* to the
membrane (64). Co-expression of this fragment of WbdD was
intended to maximize the potential association of the WbdA
domain(s) with the membrane for optimal O-PS synthesis. The
approach was successful. O-PS production by WbdD*A®%* was
greater than when compared with the level of O-PS produced
by the corresponding constructs lacking the C-terminal region
of WbdD (data not shown).

AwbdB° AwbdBo®

WbdBo% WhdBos
09a* WbdBo% E294A  E302A

| 0 05 0 05 0 05 IPTG(mM)

a-09a immunoblot

FIGURE 7. Mutagenesis of Glu residues in the EX,E motifs of WbdC®®® and WbhdB®®. The results show mutant complementation experiments with
CWG1010 (AwbdC®?) expressing WbdC°°? (pWQ575), WbdC°?? E275A (pWQ583), or WbdC°?? E283A (pWQ584) (A and B) and CWG1009 (AwbdB°?) express-
ing WbdB°?? (pWQ576), WbdB°? E294A (pWQ583), or WbdB°? E302A (pWQ584) (C and D). Top panels, silver-stained SDS-polyacrylamide gel of LPS samples
from whole-cell lysates; bottom panels, the corresponding Western immunoblots using O9a-specific antiserum. O-PS biosynthesis was severely impaired when
only the first Glu residues of the EX,E motif were substituted in WbdC®? and WbdB®°“2. PTG, isopropyl -D-1-thiogalactopyranoside.
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FIGURE 8. Differential effects of mutations in the EX,E motifs of WbdA°°2,
The results show gene complementation experiments of CWG1105
(AwbdA®®?) expressing WbdA®?® E317A (pWQ597), WbdA®®® E325A
(PWQ598), WbdA®®? E750A (pWQ599), or WbdA®%? E758A (pWQ630). 4, sil-
ver-stained SDS-polyacrylamide gel of LPS samples from whole-cell lysates; B,
the corresponding Western immunoblot using O9a-specific antiserum. The
E317A and E325A mutants were unable to support biosynthesis of O-PS,
whereas the E750A and E758A mutant forms resulted in the production of
O-PS with an altered structure and antigenicity.

The E317A and E325A mutant forms of WbdA®%® were
unable to support biosynthesis of O-PS when expressed in
AwbdA®®* (Fig. 8), indicating that both Glu residues of the
N-WbdA®®* EX,E motif are essential for the activity of the
enzyme. In contrast, O-PS was produced (evident in high
molecular weight LPS in silver-stained PAGE) when mutants in
the C-terminal EX,E motif, WbdD*A®%* E750A and
WhdD*A% E758A, were assessed in AwbdA°®® (Fig. 8). How-
ever, these molecules lacked the typical “ladder-like” appear-
ance of the native O9a LPS, and they were not detected in West-
ern immunoblots using antibodies specific for the O9a O-PS
(Fig. 8B), indicating altered structure and antigenicity.

To determine the structure of the novel O-PS resulting from
defects in the C-terminal EX,E motif, the LPS from AwbdA°**
expressing WbdA©®* E750A was purified and analyzed by
NMR spectroscopy. The polysaccharide consisted of a single
major monosaccharide, which was identified as a-Manp, based
on its characteristic TOCSY pattern (data not shown). The
major signals from the repeat unit domain of the glycan were
indicative of a Manp homopolymer containing only a-(1—2)
linkages (Fig. 9). The a-(1—2) linkages could not be definitively
proven by NOE because intraring H-1:H-2 NOEs are always
present; therefore, the substitution position was deduced from
the low field chemical shift of C-2. The proposed structure is
consistent with the prediction of the CASPER program (65, 66)

ALY
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FIGURE 9. CWG901 (AwbdA®*?) cells expressing WbdA®° E750A produce
a (poly-)a-(1—2)-Manp O-PS. Shown is the "H NMR spectrum for purified
LPS substituted with O-PS generated by E. coli CWG901 transformed with
pWQ599.

(Table 2). This software predicts 'H and **C chemical shifts
from a database built from mono-, di-, and trisaccharides. This
structure is consistent with the observed “smearing” pattern on
the silver-stained SDS-polyacrylamide gel (Fig. 8). The typical
banding pattern is generated by a heterogeneous mixture of
LPS molecules on the surface of the cell that differ in length by
one repeat unit in the O-PS. The lack of resolution of individual
O-PS-substituted molecules is anticipated when the size incre-
ment is a single monosaccharide.

N-WbdA®®* Synthesizes a Poly-a-(1—2)-Manp Glycan
Using Synthetic Acceptor Analogues—To investigate the poten-
tial mannosyltransferase activity of each WbdA“°* domain, the
individual N-terminal polyhistidine-tagged WbdA©°® domains
were purified, and their ability to transfer Manp residues from
GDP-Manp to the synthetic Acceptors A and B was examined.
Under the same reaction conditions, full-length WbdA“°* adds
multiple Manp residues to these acceptors to generate a glycan
containing the authentic O9a repeat unit (13). N-WbdA°%* was
able to transfer multiple Manp residues to both acceptors (Fig.
104). MALDI MS of the products formed with Acceptor B
revealed the addition of up to nine Manp residues (Fig. 10B). The
smallest species (71/z 1570.1) corresponds to the sodium adduct of
the acceptor plus three additional Manp residues, whereas the
largest (m/z 2542.3) is consistent with nine added Manp residues.
The major peaks were separated by a mass difference correspond-
ing to one Manp residue (162.1). Unmodified acceptor (m1/z 1061)
was not evident in the spectrum, indicating that all of the starting
material was converted into product.

To determine whether a single mannosyltransferase activity or
both «a-(1—2)- and «-(1—3)-mannosyltransferase activities
belong to N-WbdA %, NMR spectroscopy was used to determine
the structure of the glycan product generated by N-WbdA©**
using Acceptor B. The one-dimensional 'H spectrum revealed five
anomeric resonances that integrate in a 1:1:3:1:1 ratio (Fig. 11A4).
By comparing with the CASPER database (65, 66), we see that
the chemical shifts for the anomeric protons and carbons for
the major product closely match those predicted for an
octasaccharide with the following structure: a-Manp-(1—2)-
a-Manp-(1—2)-a-Manp-(1—2)-a-Manp-(1—2)-a-Manp-
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TABLE 2

Comparison of the chemical shifts for the anomeric protons and car-
bons of the product generated by N-WbdA®? using Acceptor B with
those predicted by the CASPER database for the octasaccharide
shown

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

G H
o-Manp-(1—3)--GlcpNAc

A B C,D,E’ F G H

Experimental 8y (ppm) 5.05 5.30 5.29 5.34 522 _
CASPER &y (ppm) 5.06 5.29 5.27 533 5.22 4.74
Experimental 8¢(ppm) 103.1 101.4 101.4 101.5(8)  101.6(5)  92.6“
CASPER §¢ (ppm) 102.9 101.3 101.2 101.2 101.5 95.7

“ The signals for 1C, 1D, and 1E all overlap and are reported together. There are
no differences in the CASPER prediction.

? The HOD peak at 4.76 ppm is too large to see the anomeric signal for
B-D-GlcpNAc in the one-dimensional 'H spectrum.

¢ The experimental values for the *>C chemical shifts were determined from the
'H-'3C gHSQC spectrum (supplemental Table S1).

4 Weak signal in the 'H-*C gHSQC spectrum.

(1—=2)-a-Manp-(1—3)-a-Manp-(1—3)-3-GlcpNAc (Table 3).
This structure reflects the trisaccharide acceptor, extended by
the addition of five a-(1—2)-linked Manp residues. gCOSY
and tROESY experiments were performed and confirmed the
identity of the product (Fig. 11). The resonances for H2 and H3
for each of the residues could be correlated with each anomeric
signal from the gCOSY spectrum. This information was used to
interpret the tROESY spectrum and assign the linkages. Key
correlations from the tROESY are labeled in Fig. 11C. The ano-
meric signal at 5.34 ppm correlated with a signal at 3.84 ppm,
which was assigned as the H3 proton in the same residue as the
signal at 5.22 ppm. This correlation is indicative of a (1—3)-
linked moiety. The anomeric signal at 5.30 ppm had an NOE
correlation to a resonance at 4.08 ppm. This signal was assigned
to H2 on one of the residues with the anomeric proton at 5.29
ppm, and the correlation is consistent with a (1—2)-linked res-
idue. The anomeric signal at 5.29 ppm correlated with a signal
at 4.07 ppm, which is proton H2 on the same ring as the signal
at 5.34 ppm. This NOE correlation indicates another (1—2)
linkage. The final key correlation is seen between the anomeric
proton at 5.05 ppm and a resonance at 4.11 ppm. This signal
was assigned to H2 on the same residue as the anomeric proton
at 5.30 ppm and is also consistent with a (1—2) linkage.
Together, these data demonstrate that N-WbdA®°® possesses
poly-a-(1—2)-mannosyltransferase activity and generates the
same a-(1—2)-linked polymannan seen in vivo with the full-
length WbdA©%* derivative mutated in the C-terminal EX,E
motif.

In contrast to the N-terminal domain, C-WbdA®** was
unable to transfer Manp residues to either of the synthetic
acceptors (Fig. 104). No differences were observed between the
number of residues transferred by N-WbdA“°* alone and the
number transferred in combination with C-WbdA©°? (data not
shown). The one-dimensional *H, gCOSY, and tROESY spectra
for the product generated by N-WbdA®*® and C-WbdA°**
combined in the same reaction and N-WbdA°®* alone were
indistinguishable (data not shown). These results indicate that
the product synthesized by the combined N-WbdA®®® and
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FIGURE 10. Analysis of the in vitro products generated by N-WbdA®°®®
using synthetic acceptors. The reaction products were separated by thin
layer chromatography (A), using the fluorescein tag on the acceptors for
detection. Note that C-WbdA®°? did not modify either acceptor; nor did its
inclusion change the product profile obtained with N-WbdA®®2, The products
generated by N-WbdA®%® with Acceptor B were examined by MALDI MS
(B), revealing a series of incrementally sized products that differ by the addi-
tion of one Manp residue. a.u., arbitrary units.

C-WbdA“®* domains was the same a-(1—2)-linked Manp
homopolymer seen in the presence of only N-WbdA©®%, As
described above, these same constructs are active in vivo and
together catalyze the biosynthesis of the authentic O9a glycan.
CD analysis ruled out issues associated with folding of the puri-
fied C-WbdA“°* domain as an explanation for its inactivity in
vitro (data not shown).

DISCUSSION

The mechanism of the polymerizing WbdA mannosyltrans-
ferases from E. coli O8 and O9a is unknown. For WbdA®©*?, a
bifunctional a-(1—2)-, a-(1—3)-mannosyltransferase, the num-
ber of mannosyltransferase activities is correlated with the number
of GT4 domains in the protein. This correlation also holds for the
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FIGURE 11. N-WbdA®®°? transfers Manp residues in a-(1—2) linkages to
Acceptor B. A, "H NMR spectrum; B, gCOSY spectrum; C, tROESY spectrum.

trifunctional WbhdA“® enzyme, and the most likely interpretation
is that each domain contains an active site confined to one linkage
type. Multidomain, bifunctional polymerases with two active sites
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TABLE 3

Comparison of the chemical shifts for the protons and carbons of the
component Manp in the a-(1—2)-linked polymannose O-PS produced
by CWG901 (AwbdA®®?) cells expressing WbdA©°2 E750A with those
predicted by the CASPER database

1 2 3 4 5 6
Experimental 8, (ppm) 5.28 407 393 367 375 3.74,3.88
CASPER §;; (ppm) 5.27 410 395 370 373 3.72,3.88
Experimental 6. (ppm) 1014 79.6 70.6 67.7 738 61.8
CASPER &, (ppm) 1012 791 70.8 67.8 740 618

have been described for hyaluronan (67, 68), chondroitin (68, 69),
and heparosan (70—-72) biosynthesis.

There is a solid foundation of structure-function data for the
CAZy GT4 family of glycosyltransferases. Retaining-enzyme
representatives, like WbdC, WbdB, and all but one domain of
the WbdA homologs, possess a GT-B fold with a conserved
EX,E motif.® Crystal structures place the EX,E motif within the
catalytic site of the enzyme, and the consensus is that the motif
is involved in binding of the nucleotide sugar donor (46, 49,
51-53). Available structures show that the two Glu residues
interact with hydrogen bond donors comprising the hydroxyl
groups of the sugar moiety and ribose moieties of the nucleo-
tide sugar, respectively. The modeled structures of the N- and
C-WbdA®®* domains superimposed on PimA suggest that the
Glu residues of the WbhdA®** EX,E motifs are likely to be
involved in the binding of GDP-Manp. Disruption of these
interactions is expected to render the domain inactive. How-
ever, there are varying results reported in the literature on the
relative importance of one or both Glu residues in the EX,E
motif in different glycosyltransferases (46, 52, 58—-62, 73).
Comparison of solved structures with docked substrates will be
necessary to sort out the molecular basis for the different
requirements for the EX_E motifs in these enzymes.

In a two-site model, each domain of WbdA“®* must catalyze
the formation of two sequential a-(1—2) or a-(1—3) linkages.
However, in the absence of a functional C-terminal active site,
there is an apparent loss of control over the processivity of
Manp transfers catalyzed by N-WbdA©%%; i.e. it adds more than
the two sequential a-(1—2)-linked Manp residues seen in the
repeat unit synthesized by the full-length protein. The in vitro
activity of N-WbdA“®* is entirely consistent with the in vivo
activity of the full-length enzyme when the C-terminal active
site EX,E motif is mutated. One interpretation of the observed
homopolymer is that competition between the active sites or
interactions between the two domains in some way regulate the
number of residues added. This has been observed in the
bifunctional, multidomain KfoC polymerase of E.coli K4,
which coordinates polymerization of a capsular polysaccharide
with a chondroitin structure through an interaction of peptide
sequences located within each domain of the enzyme (74).
However, it does not preclude the additional involvement of
other regulatory processes, which are generally poorly under-
stood for the enzymes that add a defined number (two or three)
of glycosyl residues in a biosynthetic pathway. For example, the
Campylobacter jejuni PglH transfers three GalpNAc residues
(75), and the number of residues transferred is proposed to be
controlled by the relative binding affinities of the enzyme for
the growing acceptor (61). The structure of the product synthe-
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sized with the synthetic acceptor and the observation that
mutations in the EXE motif in the first WbdA“°* domain com-
pletely abolished O-PS production are consistent with the con-
clusion that the a-(1—2)-mannosyltransferase must precede
a-(1—3) transfer in the native assembly system.

The E. coli O9 and O9a O-PSs are distinguished by the pres-
ence of an extra a-(1—2)-Manp residue in the O9 repeat unit,
suggesting a change to the processivity of N-Wbd A%/ ©% (Fig.
1). The O9 and O9a WbdA homologues share 94% identity and
97% similarity at the amino acid level. A single amino acid sub-
stitution in the WbdA°® homologue (C80R) is sufficient for
09 — 09a seroconversion (76). Structural modeling of
N-WbdA“* places Arg®® in close proximity to the active site of
N-WbdA©®* (Fig. 3). Based on the model, Arg®° is unlikely to
interact with the donor sugar (more than 7 A away), although it
could potentially influence other residues that do interact with the
donor. It may also be in a position to form hydrogen bonds with the
hydroxyl groups of the Manp residues in the acceptor. This could
affect a-(1—2) mannosyltransferase processivity if it involves a
control process similar to the one proposed for PglH (61). How-
ever, the differences between the activity of N-WbdA°%* in vitro
and its role in making the authentic O9a glycan in vivo in the
presence of C-WbdA©” are suggestive of a more complex (and
possibly multifactorial) regulatory process. Ultimately, a crystal
structure will be necessary to resolve these questions.

Given its activity in vitro, the lack of in vivo activity of
N-WbdA©®* is surprising. One possible explanation is that loss
of some essential interactions in the absence of C-WbdA©*®
compromises in vivo activity. The previous report of the forma-
tion of an a-(1—2)-linked mannan by N-WbdA“°* alone (26)
could not be replicated here. This observation is difficult to
interpret because of the uncertainty of the mutant background.
Mapping data suggest that N-WbdA “®*and an N-terminal por-
tion of C-WbdA®%® may still be expressed in the mutant. If
correct, the in vivo a-(1—2)- mannosyltransferase activity
ascribed previously to the N-WbdA®* module may require a
substantial portion of C-WbdA®%®, Perhaps this region of
WbdA®® is involved in critical interactions with WbdD?**
that are responsible for the localization of the enzyme to the
membrane. These interactions may not be essential when using
a soluble synthetic acceptor under in vitro conditions.

Although all of the in vivo synthesis, bioinformatics, and
mutagenesis data are consistent with C-WbdA“* possessing
a-(1—3)-mannosyltransferase activity, such activity could not
be demonstrated in vitro. It is conceivable that C-WbdA“**
activity is dependent on an organized interaction with its
N-WbdA®®* partner and that this is compromised in the
absence of WbdD®°?, The oligomeric state of WbdA“** is
unknown, but glycosyltransferases often form higher order
oligomers (77). Proper oligomerization or multimerization
(and thus function) of WbdA“°® may not occur in the absence
of the other O9a synthesis components. WbdD“** forms a tri-
meric structure (78), so a higher order association of WbdA©*?
is possible through its established interaction with WbdD (64).
There is precedent for the modulation of glycosyltransferase
activity by inter-domain/protein interactions. In the bifunc-
tional, multidomain E. coli K4 KfoC polymerase, disruption of
contacts between peptides found within each domain of the
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enzyme results in a variant with only one active glycosyltrans-
ferase domain (74). In contrast, polymerization of the E. coli K5
capsular polysaccharide requires two single domain glycosyl-
transferases, KfiC and KfiA (79-81). KfiC is inactive in the
absence of KfiA, and their interaction is proposed to cause a
conformational change in KfiC, allowing it to acquire glycosyl-
transferase activity (81). In this context, association of the N-
and C-terminal domains could change the overall structure of
WbdA®®* to produce a bifunctional mannosyltransferase with
an active conformation of C-WbdA©®®*. Conformational
changes (usually upon substrate binding) are a common feature
in the mechanism of glycosyltransferases and can involve the
movement of flexible loops or the rotation of domains (51, 82,
83). Unlike the K5 system, in vitro function of C-WbdA©%®
could not be reconstituted simply by adding N-WbdA°®?, so
the situation seems more complex. Until mannosyltransferase
activity has been definitively shown for C-WbdA©®?, alterna-
tive explanations need to be considered. One possibility is that
C-WbdA“®* serves as a regulatory domain that alters the spec-
ificity of N-WbdA“°* (enabling it to switch from the transfer of
Manp in a-(1—2) to a-(1—3) linkages). In this scenario, only
N-WbdA°* would be catalytically active. A similar phenome-
non has been observed in the B4GT-1, the catalytic subunit of
lactose synthase, where interaction with the regulatory protein
a-lactalbumin alters the specificity for the acceptor substrate
(84, 85). However, a parallel situation in WhdA®®* seems
unlikely, given the high similarity shared between C-WbdA©%®
and active GT4 enzymes as well as the functional requirement
for residues in the EX_E motif that are typically associated with
substrate binding in systems with solved protein-substrate co-
crystal structures (e.g. PimA (46)).

The findings reported here provide a foundation to under-
stand the domain architecture, motifs, and other potentially
important residues of the WbdA mannosyltransferases. The
data reveal intriguing differences between in vitro and in vivo
conditions, reflecting the sensitivity of these enzymes to their
reaction environment. Collectively, these results highlight the
critical requirement for defined systems to pursue both in vivo
and in vitro approaches in studies such as these. The next step
will be to determine the structural requirements for interac-
tions between WbdA and WbdD in a functional complex.
Understanding the structural context for the flow of alternating
activities between the (putative) two catalytic sites is probably
dependent on a solved structure for WbdA. Multidomain,
bifunctional polymerases with two active sites have been
described for hyaluronan (67, 68), chondroitin (68, 69), and
heparosan (70-72) biosynthesis; thus, understanding of one
system can provide molecular detail about the synthesis of a
range of bioactive glycopolymers.
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