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The O antigens of outer membrane-bound lipopolysaccharides (LPS) in gram-negative bacteria are
oligosaccharides consisting of repeating units with various structures and antigenicities. The O56 and
O152 antigens of Escherichia coli both contain a Glc-�1-3-GlcNAc linkage within the repeating unit. We
have cloned and identified the genes (wfaP in O56 and wfgD in O152) within the two O-antigen gene
clusters that encode glucosyltransferases involved in the synthesis of this linkage. A synthetic substrate
analog of the natural acceptor substrate undecaprenol-pyrophosphate-lipid [GlcNAc-�-PO3-PO3-(CH2)11-
O-phenyl] was used as an acceptor and UDP-Glc as a donor substrate to demonstrate that both wfgD and
wfaP encode glucosyltransferases. Enzyme products from both glucosyltransferases were isolated by
high-pressure liquid chromatography and analyzed by nuclear magnetic resonance. The spectra showed
the expected Glc-�1-3-GlcNAc linkage in the products, confirming that both WfaP and WfgD are forms of
UDP-Glc: GlcNAc-pyrophosphate-lipid �-1,3-glucosyltransferases. Both WfaP and WfgD have a DxD
sequence, which is proposed to interact with phosphate groups of the nucleotide donor through the
coordination of a metal cation, and a short hydrophobic sequence at the C terminus that may help to
associate the enzymes with the inner membrane. We showed that the enzymes have similar properties and
substrate recognition. They both require a divalent cation (Mn2� or Mg2�) for activity, are deactivated by
detergents, have a broad pH optimum, and require the pyrophosphate-sugar linkage in the acceptor
substrate for full activity. Substrates lacking phosphate or pyrophosphate linked to GlcNAc were inactive.
The length of the aliphatic chain of acceptor substrates also contributes to the activity.

The O antigen (O polysaccharide) is the external part of
the lipopolysaccharide (LPS) on the cell surface of gram-
negative bacteria. It consists of oligosaccharide repeating
units, normally containing two to eight sugar residues within
the repeat (http://www.casper.organ.su.se/ECODAB/). Al-
most 190 serotypes with different O-antigenic oligosaccha-
ride structures have been identified in Escherichia coli and
Shigella. O antigens are major contributors to the antigenic
variability of the bacterial cell surface; they are important
virulence factors and confer resistance to complement-me-
diated killing (24, 26). Genes involved in O-antigen biosyn-
thesis are normally clustered between galF and gnd in E. coli
and Shigella and are classified into three different groups: (i)
nucleotide sugar synthesis genes; (ii) glycosyltransferase
genes; and (iii) O-antigen processing genes, including the
flippase gene (wzx) and polymerase gene (wzy). With few
exceptions (25, 27, 35), most of the glycosyltransferases that
synthesize E. coli O antigens have not been characterized.

The enzymes studied in this work are the glucosyltrans-
ferases that catalyze the second step in the synthesis of the
O56 (30) and O152 (23) antigens (Fig. 1).

GlcNAc-phospho-transferase WecA, encoded by a gene
in an enterobacterial common antigen gene cluster, trans-
fers GlcNAc-1-phosphate (or GalNAc-1-phosphate) from
UDP-GlcNAc (or UDP-GalNAc) to an undecaprenolphos-
phate (UndP) carrier and initiates the repeating unit syn-
thesis in many E. coli and Shigella strains (1). The glycosyl-
transferase genes within the O-antigen gene cluster are
involved in the completion of the O repeating unit by addi-
tion of sugars to the nonreducing end of the oligosaccharide.
These reactions take place at the cytoplasmic side of the
inner membrane. There are three distinct processes for syn-
thesis and translocation of O antigen, which are the Wzx/
Wzy-dependent process, the ATP-binding cassette (ABC)
transporter-dependent process, and the synthase-dependent
process (8, 12, 14, 18, 26). Most E. coli and all the Shigella
O antigens use the Wzx/Wzy process. The length of the
polymer is determined by chain length regulator Wzz. It is
known that Wzz associates into oligomers to accomplish the
task of controlling oligosaccharide length. Recent research
proposes a new model for Wzz function in which the exter-
nal surfaces of Wzz oligomers at or near the base act as
molecular scaffolds for multiple Wzy polymerase molecules
(29). In this model, polymerization of an entire oligosaccha-
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ride would occur by transferring the growing chain from one
Wzy molecule to an adjacent Wzy molecule. The completed
polysaccharide would then be transferred by a ligase WaaL
from UndP to the outer core structure of lipid A that is
assembled simultaneously on the cytoplasmic face of the
inner membrane to synthesize LPS. Finally, LPS would be
transferred to the outer membrane where it could interact
with the external environment. Recent work identified pro-
teins LptA/LptB for transport of LPS from the inner mem-
brane to the outer membrane of E. coli and the Imp/RlpB
complex responsible for LPS reaching the outer surface of
the outer membrane (28, 34).

Glycosyltransferases are classified into about 90 families
(http://afmb.cnrs-mrs.fr/CAZy). The substrates that those gly-
cosyltransferases utilize and the linkages they catalyze are var-
ious, and thus only a limited number of them have been func-
tionally identified. Recently, we sequenced the O-antigen gene
clusters of E. coli O56 (11) and O152 (our unpublished data).
We found that the wfaP gene in the O56-antigen gene cluster
and wfgD in the O152-antigen gene cluster are closely related;
they share 59% and 46% identity at the DNA and amino acid

levels, respectively. Since E. coli O56 and O152 O antigens
share only one common linkage, Glc-�1-3-GlcNAc (Fig. 1), it
is likely that both WfaP and WfgD are �-1,3-glucosyltrans-
ferases responsible for adding the second sugar (a Glc residue)
to GlcNAc to form the Glc-�1-3-GlcNAc linkage.

We have previously used a synthetic acceptor substrate to
characterize the �-1,3-galactosyltransferase WbbD that is in-
volved in the second step of the synthesis of the E. coli O7-
antigen repeating unit (22, 25). The synthetic acceptor
substrate, GlcNAc-�-PO3-PO3-(CH2)11-O-phenyl (GlcNAc-
PP-PhU), is an analog of the natural undecaprenol-pyrophos-
phate-sugar acceptor substrate for WbbD and has been shown
to be very effective as an acceptor for Gal transfer. In this
work, we demonstrate that wfaP of E. coli O56 and wfgD of E.
coli O152 both encode �-1,3-glucosyltransferases. To assay and
characterize the enzymes, we used GlcNAc-PP-PhU as an ac-
ceptor substrate. We found that WfaP and WfgD are similar to
each other in their properties and acceptor specificities and
similar to the previously characterized �-1,3-galactosyltrans-
ferase WbbD (25).

MATERIALS AND METHODS

Materials. Reagents were obtained from Sigma, unless otherwise stated, or as
reported elsewhere (25). Substrates and substrate analogs, as well as GlcNAc-
terminating oligosaccharide derivatives, were synthesized as reported previously
(6, 7, 22). The synthesis of GlcNAc-pyrophosphate-lipid derivatives will be de-
scribed elsewhere. GlcNAc-�-PO3-PO3-(CH2)9-CH3 was kindly provided by Ole
Hindsgaul, Carlsberg Laboratories, Copenhagen, Denmark.

Bacterial strains, plasmids, and cloning. Strains and plasmids used in this
study are listed in Table 1. Chromosomal DNA was prepared as previously
described (3). E. coli O56 wfaP and E. coli O152 wfgD genes were amplified
(using primer pairs wl-5344/wl-5345 and wl-5340/wl-5341, respectively) by PCR
from strain G1068 and strain G1104, respectively. The primers used are listed in
Table S1 in the supplemental material. A total of 30 cycles were performed using
the following conditions: denaturation at 95°C for 30 s, annealing at 50°C for 30 s,
and extension at 72°C for 1 min, in a final volume of 25 �l. The amplified genes
were cloned into pGEX-4T-1 to construct plasmids pLW1232 containing wfaP
and pLW1235 containing wfgD (Table 1). The amplified genes (using primer
pairs wl-13505/wl-13506 and wl-13507/wl-13508) were also cloned into pET-28a�

to construct plasmids pLW1448 containing wfaP and pLW1449 containing wfgD,

FIG. 1. The O-antigen structures of E. coli O56 (30) and O152 (23).
The O56 O-antigen structure has been reported previously (15) and
was corrected by Torgov et al. (30).

TABLE 1. Strains and plasmids used in this study

Bacterial strain
or plasmid Description Source

Strain
G1068 E. coli O56 type strain —a

G1104 E. coli O152 type strain —a

G1488 E. coli BL21(DE3) F� ompT hsdSB(rB
� mB

�) gal dcm(DE3) Novagen
H1517 E. coli BL21 containing pLW1235 This work
H1514 E. coli BL21 containing pLW1232 This work
H1827 E. coli BL21 containing pLW1448 This work
H1830 E. coli BL21 containing pLW1449 This work
G1370 E. coli DH5� F� �80lacZ M15 endA recA1 hsdR(rK

� mK
�) —b

supE44 thi-1 gyrA96 relA1 (lacZYA-argF)U169

Plasmid
pGEX-4T-1 GST expression vector, Ampr Amersham
pET28a� T7 expression vector, Kanr Novagen
pLW1232 pGEX-4T-1 containing wfaP at BamHI/EcoRI site This work
pLW1235 pGEX-4T-1 containing wfgD at BamHI/EcoRI site This work
pLW1448 pET28a� containing wfaP at NcoI/EcoRI site This work
pLW1449 pET28a� containing wfgD at NcoI/EcoRI site This work

a The Institute of Medical and Veterinary Science, Adelaide, Australia.
b Tianjin Biochip Corporation, Tianjin, China.
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which express the proteins without a tag (Table 1). The inserts were sequenced
by Tianjin Biochip Corporation using an ABI 3730 sequencer. Plasmids were
transformed into E. coli BL21. The strains H1514, H1517, H1827, and H1830
harbored the plasmids pLW1232, pLW1235, pLW1448, and pLW1449, respec-
tively. The strains E. coli DH5� and E. coli BL21 (not containing plasmids) were
used as controls.

Bacterial growth. For the induction of the plasmid-derived enzyme, bacteria
were grown overnight at 37°C in 10 ml Luria broth containing 100 �g/ml ampi-
cillin for H1514 and H1517 or 50 �g/ml kanamycin for H1827 and H1830. The
bacterial suspension (6 ml) was transferred into 120 ml of Luria broth containing
ampicillin or kanamycin and the mixture was incubated for 90 min at 37°C with
shaking. Isopropyl-�-D-thiogalactopyranoside (IPTG; 1.2 ml, 100 mM) was
added, and the mixture was incubated for another 4 h. Wild-type bacteria were
grown without ampicillin, kanamycin, or IPTG. Cells were harvested by centrif-
ugation. Pellets were resuspended in a total of 10 ml phosphate-buffered saline
(PBS) and centrifuged again. Ten milliliters of 10% glycerol/PBS was added and
stirred. Aliquots of bacterial suspensions were stored at �20°C.

Protein purification. After IPTG induction, cells were harvested by centrifu-
gation, washed with PBS, resuspended into the same buffer containing 0.1%
Triton X-100, and sonicated. The cell debris was removed by centrifugation, and
total soluble proteins in the supernatant were collected. The glutathione S-
transferase (GST)-tagged fusion proteins in the supernatant were purified with a
glutathione Sepharose high-performance (Amersham) column. Bound proteins
were eluted with 10 mM reduced glutathione/50 mM Tris-HCl, pH 8.0, and
stored in PBS. The fusion protein was analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (8% gels).

Preparation of bacterial membranes for enzyme assays. To prepare the en-
zyme source, an aliquot of bacterial suspension (1 ml) was thawed and
centrifuged for 5 min at 12,000 rpm in a Centronics M-1200 centrifuge. The
supernatant was removed, 500 �l PBS was added, and the suspension was
recentrifuged. Five hundred microliters of sonication buffer 1 (10 mM Tris-
acetate, pH 8.5, 50 mM sucrose, 1.2 mM EDTA), sonication buffer 2 (50 mM
sucrose), or sonication buffer 3 (10 mM Tris-acetate, pH 8.5, 50 mM sucrose)
was added and bacteria were sonicated twice with a sonic dismembrator M
100 (Fisher Scientific) for 15 s at setting 3, with 2 min of cooling on ice in
between. The sonicate was diluted 6 to 10 times in the same sonication buffer.
Protein concentration was assayed by the Bradford method (Bio-Rad), using
bovine serum albumin as the standard.

Enzyme activity assays. The standard incubation mixture contained the fol-
lowing in a total volume of 40 �l: 0.2 mM acceptor substrate GlcNAc-PP-PhU,
10% methanol, 5 mM MnCl2, 75 mM morpholineethanesulfonic acid (MES)
buffer, pH 7, 10 �l sonication buffer, 0.2 mM UDP-[14C]Glc (2,000 to 6,000
cpm/nmol), and 10 �l enzyme sonicate diluted in sonication buffer (containing 1
to 12 �g protein). Control assays did not contain acceptor substrate. All assays
were carried out in at least duplicate determinations. Results were calculated
from assays with less than �5% variation. Mixtures were incubated for 10 min at
37°C. Cold water (200 �l) was added and tubes were stored at �20°C. Water (500
�l) was added and mixtures applied to regenerated Sep-Pak C18 columns. Col-
umns were washed with 4 ml water. Subsequently, fractions were eluted once
with 1 ml water and three times with 1 ml methanol. The enzyme product in the
methanol fractions was quantified by scintillation counting.

Production and analysis of enzyme products. Radioactive products from five-
fold scaled-up assays were isolated by the C18 Sep-Pak procedure. The first 2 ml
of the methanol eluate were combined. An aliquot was counted by scintillation
counting and characterized by high-pressure liquid chromatography (HPLC) and
mass spectrometry. For nuclear magnetic resonance (NMR) analysis, large-scale
nonradioactive products were produced by scaling up the small-scale assay 50
times, using nonradioactive UDP-Glc as the donor substrate. After the 10-min
incubation, mixtures were centrifuged at 12,000 rpm for 6 min in a Centronics
M-1200 centrifuge. The supernatant was further processed by C18 reversed-phase
HPLC. The product was eluted at 1 ml/min with acetonitrile/water mixtures
(10/90) as the mobile phase (25). Aliquots of pooled fractions were subjected to
electrospray ionization mass spectrometry (negative ionization mode) using an
Applied Biosystems/MDS QStar XL QqTOF mass spectrometer. For analysis by
NMR, products were repeatedly dried in the presence of 99.96% D2O, dissolved
in CD3OD, and analyzed by 600-MHz proton-NMR, using a Bruker-Avance
instrument.

RESULTS

Overexpression and purification of enzymes. The SDS-
PAGE analysis indicated that most of the two recombinant

proteins stayed in the membrane fraction after IPTG induc-
tion, and the amount of soluble recombinant protein was not
enough for enzyme activity assays. To solubilize the protein,
0.1% Tritox-X100 was added in the process of protein purifi-
cation. After purification, the apparent molecular masses of
WfaP and WfgD (both with GST-tag) revealed by the SDS-
PAGE analysis were 55 and 55.4 kDa, respectively, correlating
well with the predicted molecular masses (54.7 and 54.9 kDa,
respectively). However, the purified proteins had no enzyme
activity. We also tried to purify the proteins by adding 0.1%,
0.5%, and 1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate (CHAPS) or octyl-�-D-glucoside, but neither
of the compounds improved the solubilization of the fusion
proteins. These results suggested that the native enzymes were
associated with membranes which may be essential for their
function. It is also possible that the proteins were denatured by
the purification procedure (see Discussion).

Enzyme reaction catalyzed by WfaP and WfgD. Since both
WfaP and WfgD are associated with the membrane, the en-
zyme assays were carried out using bacterial membranes as the
source of the enzyme. The reaction progress curves of WfaP
and WfgD (with GST-tag) are shown in Fig. 2. The specific
activity of WfaP was 0.91 �mol/h/mg and of WfgD was 1.26
�mol/h/mg in the standard glucosyltransferase assay, using 50
mM sucrose for sonication and 1:6 dilution of the enzyme
sonicate. Glc transfer was proportional to protein concentra-

FIG. 2. Dependence of activity on incubation time. Glucosyltrans-
ferase activity was assayed using UDP-[14C]Glc as the donor substrate
and GlcNAc-PP-PhU as the acceptor substrate at conditions described
in Materials and Methods. (A) Progress curve of WfaP. (B) Progress
curve of WfgD.
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tion (up to at least 1 �g protein in the assay) and linear with
time (up to at least 10 min of incubation time). Both enzymes
were fully active in different buffers used for sonication, i.e.,
buffer 1 (10 mM Tris-acetate, pH 8.5, 50 mM sucrose, 1.2 mM
EDTA), buffer 2 (50 mM sucrose), or buffer 3 (50 mM sucrose,
10 mM Tris-acetate, pH 8.5). The control strains DH5� and
BL21 were completely inactive in glucosyltransferase assays,
indicating that the high glucosyltransferase activity in trans-
formed cells was plasmid derived.

We were unable to determine the accurate Km and Vmax

values for the standard acceptor substrate GlcNAc-PP-PhU
due to its hydrophobic character. It was clear, however, that a
Vmax was not reached at 0.2 mM acceptor concentration in the
assay. The kinetic parameters for UDP-Glc were established
using ENZFITTER and were found to be similar for the two
enzymes. For WfaP and WfgD, the apparent Km values were
0.5 and 0.12 mM, respectively, and the Vmax values were 2.2
and 0.18 �mol/h/mg, respectively. To test the effect of the GST
domain on the enzyme activity, enzymes without GST-tag were
also examined. The Km and Vmax values of WfaP and WfgD
without GST-tag were 0.5 and 0.14 mM and 1.5 and 0.13
�mol/h/mg, respectively, very similar to the values of the cor-
responding GST-tagged enzymes. The GST-tagged enzymes
showed relatively higher activity, suggesting that the presence
of GST may offer some protection to the enzymes from being
degraded.

Analysis of glucosyltransferase products. Enzyme products
were isolated by reversed-phase HPLC. The matrix-assisted
laser desorption ionization mass spectra of acceptor substrate
GlcNAc-PP-PhU showed the expected mass/charge (m/z) of
626, corresponding to a molecular weight of 626. For the iso-
lated enzyme product of WfaP, an m/z of 788, corresponding to
Glc-GlcNAc-PP-PhU, and an m/z of 829, corresponding to
Glc-GlcNAc-PP-PhU (plus K) (Fig. 3A) were found. Similarly,
for the enzyme product of WfgD, m/z 788 and m/z 829 were found
(Fig. 3B). This indicates that both glucosyltransferases added one
Glc residue to GlcNAc-PP-PhU to form Glc-GlcNAc-PP-PhU.

The 600-MHz NMR spectra of the products were compared
to the spectrum of the substrate GlcNAc-PP-PhU. Both WfaP
and WfgD products showed identical signals arising from Glc-
GlcNAc-PP-PhU (Table 2), which differed from those in the
acceptor substrate (Table 3). In the proton NMR spectrum of
the WfaP product (Fig. 4), significant differences in chemical
shifts between substrates and products were observed at H-2
(shift from 3.97 in the substrate to 4.14 ppm in the product),
H-3 (from 3.75 to 3.86 ppm), and H-4 (from 3.33 to 3.42 ppm)
of GlcNAc. In addition, the signals of a newly added �-linked
Glc were seen (H-1, 4.41 ppm, J1,2 � 7.7 Hz; H-2, 3.18 ppm;
H-3, 3.37 ppm; H-4, 3.33 ppm; 2H-6, 3.67 and 3.89 ppm).
Similar shifts were observed in the WfgD product (Fig. 5;
Table 2). The carbon shift in the HSQC (heteronuclear single-
quantum coherence) spectrum showed that C-3 of GlcNAc in
the WfaP was more deshielded than in the substrate, indicating
the Glc-�1-3-GlcNAc linkage (shifting from 72.9 ppm in the
substrate to 82.9 ppm in the product). In the WfgD product,
both HSQC and ROESY (rotating-frame Overhauser effect
spectroscopy) spectra confirmed the deshielding of C-3 of Gl-
cNAc, due to the Glc-�1-3-GlcNAc linkage. These data indi-
cate that both glucosyltransferases synthesized the Glc-�1-3-
GlcNAc linkage.

Properties of WfaP and WfgD. The stability of the enzymes
was tested after storage of the sonicates at 4°C and at �20°C.
In both sonication buffer 1 (10 mM Tris-acetate, pH 8.5, 50
mM sucrose, 1.2 mM EDTA) and sonication buffer 2 (50 mM
sucrose), the enzyme activities were stable for several days at
4°C as well as for several weeks after storage at �20°C.

In order to determine the requirement of the enzymes for
divalent metal ions, MnCl2 was substituted in the assay by salts
of divalent metal ions or EDTA, or it was omitted (Fig. 6).
Both MnCl2 and MgCl2 were efficient cofactors at 5 mM con-
centration in the assay. The enzyme was fully active at MnCl2
concentrations between 0.5 and 25 mM (data not shown).
Cobalt(II)-acetate supported glucosyltransferase activity but
much less than with MnCl2. The addition of 5 mM Co2� also
reduced the activation by 5 mM MnCl2 of WfaP (by 76%) and
of WfgD (by 45%). None of the other metal ion salts (Ni2�,
Cu2�, Pb2�, Zn2�, and Ca2�) significantly supported the glu-
cosyltransferase activities. The enzymes were inactive in the
absence of MnCl2 or with the inclusion of EDTA.

Both enzymes were active with assay buffers at pH values
between 5 and 9 (Fig. 7). The optimum pH was found to be pH
6.5 for WfaP and pH 6 for WfgD.

Detergents were added to the assay mixtures to determine
their effects on glucosyltransferase activities (Fig. 8). At
0.125% in the assay, CHAPS had minor effects, but at 0.5% in
the assay it inhibited WfaP by 41% and WfgD by 75%. Simi-
larly, octyl-�-D-glucoside at 0.125% in the assay had little ef-
fect, but at 0.5% concentration it reduced WfaP activity by
15% and WfgD activity by 78%. Triton X-100 was more effec-
tive in reducing the activities, although WfaP was distinctly
more resistant than WfgD to the deactivating effect of the
detergent. The results suggest that detergents can inactivate
the enzymes but that the concentrations and types of deter-
gents are critical in this process.

Substrate specificities of WfaP and WfgD. The acceptor
substrate specificities of glucosyltransferase activities were
tested with a series of synthetic acceptor substrate analogs
(Table 4). The presence of the pyrophosphate linkage in the
acceptor substrate was shown to be required for full activity of
both WfaP and WfgD. An acceptor analog containing a single
phosphate group (compound 604) showed 11% activity for
WfgD and 1% activity for WfaP. Compounds lacking the
pyrophosphate and having GlcNAc in either an �- or �-linkage
were inactive (compounds 618 and 619, and GlcNAc-�-ben-
zyl). Modification of the pyrophosphate group (compound
623) or replacement of pyrophosphate by malonate (com-
pound 621) also produced inactive substrates.

The role of the hydrophobic moiety of the acceptor was
studied using compounds with various lengths of the lipid
chain. Chains of 6 carbons (compound 615) and 16 carbons
(compound 617) in the acceptor supported activity. Compound
628 lacking the O-phenyl group and having a 10-carbon chain
was 150% active with WfgD and 32% active with WfaP, com-
pared to activity with the standard substrate GlcNAc-PP-PhU
(Table 4). This shows that the phenyl group in the acceptor is
not required for glucosyltransferase activity and that the length
of the lipid chain influences the activity.

Compound 612 (N-butyryl-glucosamine-�-1-thio-2-naph-
thyl), which is an effective inhibitor of mammalian �4-galacto-
syltransferase (6), was not a substrate for glucosyltransferase.
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When tested at 0.5 mM concentration in the standard assay, no
inhibition of either WfaP or WfgD activity was observed, show-
ing that compound 612 did not compete with the substrate for
binding to the enzyme.

The donor substrate specificity of glucosyltransferase was
examined by replacing UDP-Glc with a number of other nu-
cleotide sugars in the assay. No activity was observed using

CMP-sialic acid, UDP-GlcNAc, UDP-GalNAc, or GDP-Man
as the donor substrate. However, when UDP-Gal was used in
the standard assay for glucosyltransferase, a low activity was
noted. Compared to the glucosyltransferase activities, galacto-
syltransferase activities were only 0.6% (WfaP) and 0.2%
(WfgD). Thus, galactosyltransferase activities in bacterial ho-
mogenates containing recombinant glucosyltransferase were

FIG. 3. Electospray mass spectrometry (negative ion mode) of WfaP and WfgD products. Products of WfaP and WfgD were produced as
described in Materials and Methods, isolated by the Sep-Pak C18 procedure and HPLC, and analyzed by electrospray mass spectrometry (negative
ion mode). (A) WfaP product. (B) WfgD product.
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relatively low, showing a distinct preference for UDP-Glc
sugar donor substrate of both glucosyltransferases.

DISCUSSION

Glycosyltransferases are ubiquitous in eukaryotic and bacte-
rial systems and are involved in the biosynthesis of protein-
bound oligosaccharides, polysaccharides, teichoic acids, sac-
charolipids, and many other complex oligosaccharides. About
90 glycosyltransferase families have been identified (http:
//afmb.cnrs-mrs.fr/CAZy) by amino acid sequence similarity,
and members of a glycosyltransferase family are predicted to
have the same overall fold structure (4).

The majority of glycosyltransferase families belong to only
two structural superfamilies, named GT-A and GT-B. The
folding of the GT-A superfamily is characterized by an �/�/�

sandwich, with several different strands in the central �-sheet,
which has been confirmed by X-ray analysis of crystal struc-
tures of several mammalian and bacterial glycosyltransferases
(4, 5, 9, 31). Glycosyltransferases in this superfamily often have
a DxD motif to bind the divalent metal ion that has been
shown to be involved in catalysis, for example, of mammalian
GlcNAc-transferase I (31). Bacterial glycosyltransferases with
the GT-A fold also have DxD motifs, such as WbbD which
transfers the second sugar residue in the assembly of the O7
antigen (21). The GT-B superfamily contains two separate
Rossmann domains with a connecting linker region and a cat-
alytic site between the domains. The GT-B superfamily em-
ploys a different mechanism to catalyze glycosyltransfer and
does not require a metal ion for activity; examples include the
identified bacteriophage T4 �-glucosyltransferase that glucosy-
lates DNA (33) and the �-1,3-N-acetylgalactosaminyl trans-
ferase WbnH involved in the second step of the assembly of the
O86-antigen repeating unit (36).

WfaP and WfgD share a significant but low degree of sim-
ilarity with many other prokaryotic enzymes but are clearly
distinct from mammalian glucosyltransferases. Analysis of the
sequences and comparison within the CAZy (carbohydrate-
active enzymes) families of glycosyltransferases suggest that
WfaP and WfgD could be associated with glycosyltransferase
families GT2, -12, -21, -27, and -78 (http://afmb.cnrs-mrs.fr
/CAZy). The folding of these two enzymes is expected to be
consistent with a GT-A fold (Christelle Breton, personal com-
munication). Both WfaP and WfgD have DxD motifs (see Fig.
S1 in the supplemental material) that may serve as nucleo-
philes in catalysis and are dependent on a divalent metal ion
for activity. Abundant short sequences in WfaP and WfgD
containing Lys, Arg, and His (see Fig. S1 in the supplemental
material) may also be used for binding to the negatively
charged donor and acceptor substrates.

Many bacterial glycosyltransferases are found to be integral
membrane proteins. For example, GtrII from Shigella flexneri,
which adds a Glc residue to Rha of the O-antigen repeating
unit, has nine transmembrane domains and three large
periplasmic domains (16). Some other bacterial glycosyltrans-
ferases are also found to be membrane associated, but they do

TABLE 2. NMR parameters of WfaP and WfgD products Glc-GlcNAc-PP-PhUa

Position
	 H (ppm) (multiplet) J (Hz) 	 C (ppm) from HSQC

WfaP WfgD WfaP WfgD WfaP WfgD

GlcNAc 1 5.54 5.54 6.6, 2.8* 6.6, 2.8 95.8 94.4
GlcNAc 2 4.14 4.14 11.0 11.0 53.8 53.7
GlcNAc 3 3.86 3.87** 82.9 82.7
GlcNAc 4 3.42 3.44 70.4 70.3
GlcNAc 5 4.00 4.00 74.8 74.6
GlcNAc 6 3.66 3.66, 3.89* 62.2 or 67.4* 62.5 or 67.4*
Glc-1
 4.41 4.41 7.7 7.7 104.7 104.6
Glc-2
 3.18 3.18 74.5 74.5
Glc-3
 3.37 3.37** 77.5 77.6
Glc-4
 3.33 3.33 71.0 or 77.8* 70.9 or 77.7*
Glc-5
 3.33* 3.33* 71.0 or 77.8* 70.9 or 77.7*
Glc-6
 3.67 3.67 62.1 62.0

3.89 3.85

a Parameters were derived from 600-MHz proton NMR spectra, including COSY (correlation spectroscopy) and HSQC. The reference was CD3OH proton adjusted
to 3.30 ppm and carbon adjusted to 49.0 ppm. *, shifts are uncertain; **, shifts were confirmed by ROESY.

TABLE 3. Proton and C-13 NMR parameters of enzyme substrate
GlcNAc-PP-PhUa

Position 	 H (ppm)
(multiplet) 	 C-13 (ppm)

GlcNAc 1 5.53* (J � 2.7 Hz) 96.0
GlcNAc 2 3.97 55.0
GlcNAc 3 3.75 72.9
GlcNAc 4 3.33 71.9*
GlcNAc 5 3.96 74.6
GlcNAc 6 3.66 60.9
PO-CH2 3.97 67.0
CH2 1.63 31.5
CH2 1.38 26.5
CH2 . . . n 1.31 30.3
CH2 1.46 26.9
CH2 1.77 30.0
CH2-OPh 3.94 68.6
Ph-O 6.88
m 7.23
p 6.87
N-Acetyl 2.05 22.7

a Parameters were derived from 600-MHz proton NMR spectra, COSY,
TOCSY (total correlation spectroscopy), NOESY (nuclear Overhauser effect
spectroscopy), ROESY, and proton-carbon correlation HSQC. The reference
was CD3OH proton adjusted to 3.30 ppm and carbon adjusted to 49.0 ppm. Ph,
phenyl; *, shifts are uncertain.
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FIG. 4. Six hundred-megahertz proton NMR spectrum of the WfaP product. The enzyme product of WfaP was isolated as described in
Materials and Methods and analyzed by 600-MHz NMR. (A) Proton NMR spectrum. (B) HSQC spectrum.

4928



FIG. 5. Six hundred-megahertz proton NMR spectrum of the WfgD product. The enzyme product of WfgD was isolated as described in
Materials and Methods and analyzed by 600-MHz NMR. (A) Proton NMR spectrum. (B) HSQC spectrum.
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not have transmembrane regions (2, 19, 20, 32). Currently, the
nature of the membrane-protein interaction for these glycosyl-
transferases is not clearly understood. WaaJ is a glycosyltrans-
ferase involved in the synthesis of the outer core region of LPS
in E. coli, and it has a GT-A fold and belongs to the CAZy GT8
family. WaaJ also has a DxD motif and a hydrophobic segment
at the C terminus, which was found to be critical for membrane
association and catalytic activity (17). Both WfaP and WfgD
lack transmembrane domains, i.e., there is no large hydropho-
bic domain; however, they have a short hydrophobic segment
at the C terminus (see Fig. S1 in the supplemental material)
which may enable the enzymes to associate with the inner
leaflet of the membrane, with the catalytic domain exposed to
the cytoplasm, the site of nucleotide sugar donor substrate
synthesis. The cytoplasmic face of the inner membrane is
thought to be the site of synthesis for the acceptor substrates,
as well as the lipid A and oligosaccharide core structures of
LPS and the peptidoglycans. This topology would give the
enzymes access to the nucleotide sugar pool in the cytoplasm,

and it would allow them to be close to the natural membrane-
bound acceptor substrate. It is also possible that the enzymes
form protein complexes for efficient glycosyltransfer.

The general properties, including the metal ion requirement,
detergent sensitivity, as well as the acceptor specificities of
WfaP and WfgD, are similar, and they are also similar to those
of WbbD (25; I. Brockhausen, J. G. Riley, M. Joynt, X. Yang,
and W. A. Szarek, submitted for publication). However, WfaP
and WfgD have virtually no sequence similarity to WbbD,
indicating that the similarity in properties is based on three-
dimensional folding of the protein that could be revealed by
analysis of the X-ray structures.

Both WfaP and WfgD have a distinct specificity for pyro-
phosphate in the acceptor. A slight difference is that WfgD had
a much higher relative activity with GlcNAc-�-PO3-(CH2)11-
OPh, GlcNAc-�-PO3-PO3-(CH2)6-OPh, and GlcNAc-�-PO3-

FIG. 6. Metal ion requirements of WfaP and WfgD. Glucosyltrans-
ferase assays were performed as described in Materials and Methods,
using 50 mM sucrose as the sonication buffer with 0.25 mM acceptor
concentration and without the addition of MnCl2 in the assay. Differ-
ent metal ions (from 0.1 M stock solutions adjusted to pH 6) were then
added to the assays at 5 mM concentrations, as indicated. One hun-
dred percent activity for WfaP corresponded to 1.26 �mol/h/mg and
for WfgD to 0.91 �mol/h/mg. Light gray bars, WfaP; black bars, WfgD
activity.

FIG. 7. Dependence of glucosyltransferase activities on buffer pH.
Glucosyltransferase assays were performed as described in Materials
and Methods, using 50 mM sucrose as the sonication buffer and 0.5
mM acceptor concentration in the assay. Buffers were added at differ-
ent pH values (MES from pH 5 to 7 and Tris-HCl from pH 7 to 9.5).
Activities are indicated as radioactivity of enzyme product per assay.
Light gray bars, WfaP; black bars, WfgD activity.

FIG. 8. Effect of Triton X-100 on glucosyltransferase activities.
Glucosyltransferase assays were performed as described in Materials
and Methods, using sonication buffer 1 (10 mM Tris-acetate, pH 8.5,
50 mM sucrose, 1.2 mM EDTA) and 0.25 mM acceptor concentration.
Triton X-100 was added at the indicated assay concentrations. TX100,
Triton X-100; octGlc, octyl-�-D-glucoside. Light gray bars, WfaP; black
bars, WfgD activity.

TABLE 4. Acceptor substrate specificities of WfaP and WfgDa

Compound
no.

Concentration
(mM) Acceptor substrate

Activity (%)

WfaP WfgD

580 0.2 GlcNAc-PP-PhU 100 100
604 0.2 GlcNAc-�-PO3-

(CH2)11-OPh
1 11

615 0.2 GlcNAc-�-PO3-PO3-
(CH2)6-OPh

60 183

617 0.2 GlcNAc-�-PO3-PO3-
(CH2)16-OPh

156 174

618 0.2 GlcNAc-�-(CH2)11-OPh �1 �1
619 0.2 GlcNAc-�-(CH2)11-OPh �1 �1
621 0.2 GlcNAc-�-CO-CH2-

CO-O-(CH2)11-OPh
�1 �1

623 0.2 GlcNAc-�-CO-CH
2
-

PO3-(CH2) 11-OPh
�1 �1

628 0.2 GlcNAc-�-PO3-PO3-
(CH2)9CH3

32 150

2 GlcNAc-�-Bn �1 1
612 2 1-Thio-N-butyrylGlcN-

�-(2-naphthyl)
�1 �1

580 � 612 0.2 � 0.5 94 96

a Glucosyltransferase assays were performed as described in Materials and
Methods. The compounds indicated were used as acceptor substrates in the
standard assays using sonication buffer 1. Ph, phenyl; Bn, benzyl.
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PO3-(CH2)10 as substrates, indicating that the extended accep-
tor binding sites of these two enzymes may differ. The lipid
moiety of the acceptor is less important but does have a sig-
nificant influence on activity, possibly by regulating the expo-
sure of the GlcNAc-PP acceptor in micelles or lipid vesicles.

Both WfaP and WfgD are specific for UDP-Glc as the donor
substrate. However, low-level activity was observed when
UDP-Gal was used as the donor substrate. It remains to be
shown if this was due to a low galactosyltransferase activity of
WfaP or WfgD or an active 4-epimerase that converted UDP-
[3H]Gal to UDP-[3H]Glc, followed by transfer of [3H]Glc by
WfaP and WfgD. The latter possibility is the most likely, since
glycosyltransferases are usually very specific for the donor sub-
strate, and E. coli are known to have active 4-epimerases (13).

It is interesting that the sugar at the reducing ends of the
O56 and O152 repeating units has been designated as
GlcNAc�. However, the GlcNAc-phosphate transferred from
UDP-GlcNAc as the first sugar of the repeating unit is always
in �-linkage, and our standard substrate contains GlcNAc in
�-linkage. It is therefore likely that during the polymerization
of the O antigens the anomeric linkage is inverted.

Chen et al. studied the role of the lipid moiety in the accep-
tor substrates for several enzymes in the pathway of N glyco-
sylation in Campylobacter jejuni (10). These enzymes add sug-
ars to UndP in vivo. In vitro, the third enzyme in the assembly
sequence, GalNAc-transferase PglJ, utilizes a number of sugar-
pyrophosphate lipids in the presence of detergent and seems to
be relatively insensitive to modifications of the lipid chain. The
earlier-acting enzymes, however, seem to prefer a cis over a
trans configuration of the double bond in the lipid, although it
is not clear if the first or the second enzyme in the assembly has
the cis specificity. GlcNAc� (or GalNAc�)-pyrophosphate-
lipid acceptors have been applied successfully to characterize
the functions of galactosyltransferase WbbD (25) and N-acetyl-
galactosaminyl transferase WbnH (36). In this study, we
showed that this analog of the natural undecaprenol-pyrophos-
phate-sugar acceptor can be used to study the function of
glucosyltransferases WfaP and WfgD. All of these four trans-
ferases catalyze the second step in the synthesis of E. coli
O-antigen repeating units. It is highly likely that these synthetic
substrates can also be used to produce O-antigenic oligosac-
charides by chemo-enzymatic synthesis as substrates for other
bacterial glycosyltransferases or for vaccine development.
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