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Diversity of O-Antigen Repeat Unit Structures Can Account for the
Substantial Sequence Variation of Wzx Translocases

Yaogqin Hong, Peter R. Reeves

School of Molecular Bioscience (G08), University of Sydney, New South Wales, Australia

The most common system for synthesis of cell surface polysaccharides is the Wzx/Wzy-dependent pathway, which involves syn-
thesis, on the cytoplasmic face of the cell membrane, of repeat units, which are then translocated to the periplasmic face by a
Wzx translocase and then polymerized by Wzy to generate the polysaccharide. One such polysaccharide is O antigen, which is
incorporated into lipopolysaccharide (LPS). The O antigen is extremely variable, with over 186 forms in Escherichia coli. Wzx
proteins are also very diverse, but they have been thought to be specific only for the first sugar of the repeat units. However, re-
cent studies demonstrated examples in which Wzx translocases have considerable preference for their native repeat unit, show-
ing that specificity can extend well beyond the first sugar. These results appear to be in conflict with the early conclusions, but
they involved specificity for side branch residues and could be a special case. Here we take six Wzx translocases that were critical
in the earlier studies on the importance of the first sugar and assess their ability to translocate the Escherichia coli 016 and O111

repeat units. We use gene replacements to optimize maintenance of expression level and show that under these conditions the
native translocases are the most effective for their native repeat unit, being, respectively, 64-fold and 4-fold more effective than
the next best. We conclude that Wzx translocases are commonly adapted to their native repeat unit, which provides an explana-

tion for the great diversity of wzx genes.

M any eukaryotic and prokaryotic cells have on their surfaces a
complex set of glycoconjugates. In bacteria, these can have
important roles in pathogenesis and environmental adaptation.
One notable example is lipopolysaccharide (LPS), the major
structural constituent of the outer leaflet of the outer membrane
in Gram-negative bacteria. In most cases, the LPS includes a poly-
saccharide, known as O antigen or O polysaccharide, which is
comprised of repeats of a 3- to 8-sugar repeat unit, that is the
outermost component of the cell wall. In many species, the O
antigen is extremely variable, with variation possible in the sugars
present, in their order and associated linkages, and also in the
polymerization linkage between the repeat units (1). For example,
there are over 186 O-antigen forms for Escherichia coli (including
Shigella) (2). Shigella flexneri 2a, to be discussed below, is in effect
a pathogenic form of E. coli (3); notably, the O-antigen gene clus-
ters found in E. coli O13, 0129, and O135 have very few base
differences from that of S. flexneri 2a (4), so in this paper S. flexneri
2a will be treated as one of the set of E. coli strains.

Nearly all E. coli O antigens are synthesized by the Wzx/Wzy-
dependent pathway (5), as shown in Fig. 1A. The genes associated
with the synthesis are generally grouped to form an O-antigen
gene cluster at a specific locus, which in E. coli is between the galF
and gnd genes (5). The synthesis of O antigen begins on the cyto-
plasmic face of the inner membrane, by addition of the first sugar
as a sugar phosphate to a membrane-associated undecaprenyl-
phosphate (Und-P) molecule. In E. coli, the initial transferase is
usually WecA, which transfers N-acetylglucosamine-phosphate
(GleNAc-P) to Und-P to give Und-PP-linked GlcNAc. A series of
glycosyltransferases subsequently add the other sugars until the
repeat unit is completed. The repeat units are then translocated
across the inner membrane by the Wzx translocase (6) and are
subsequently polymerized by the Wzy polymerase (7). This pro-
duces the O-antigen polymer that is transferred by WaalL to pre-
formed lipid A-core, and the LPS is exported en bloc to the outer
leaflet of the outer membrane by the Lpt set of proteins (8). The
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chain lengths of O antigens vary, and the distribution commonly
exhibits a concentration around a preferred modal chain length.
The distribution is controlled by the Wzz protein, the product of
the wzz gene, which is a few genes downstream of the O-antigen
gene cluster in E. coli (9). In the absence of a wzz gene, the O-an-
tigen chain length distribution has a very different pattern, with
the number of molecules declining steadily with increasing chain
length, which was shown by Bastin et al. (10) for Salmonella en-
terica LT2 to fit the distribution described by Goldman and Hunt
before any knowledge of Wzz (11), for the situation where the
probabilities of a growing O-antigen polymer (i) being extended
by addition of another repeat unit or (ii) being ligated to lipid A
core were the same regardless of chain length. In the case of S.
enterica LT2, the probabilities were estimated to be 0.065 for liga-
tion and 0.935 for extension over the range of 3 to 37 repeat units.
Clearly, the presence of a Wzz protein confers a preferred chain
length on O-antigen chains.

The Wzx/Wzy-dependent pathway is involved in the synthesis
of many bacterial surface polysaccharides, but it is important to
note that the translocase and polymerase proteins are not always
named Wzx or Wzy, as proposed in 1996 by several groups work-
ing on O antigens and capsules (12). However, in this paper the
names Wzx and Wzy cover the relevant proteins in all gene clus-
ters that appear to code for a Wzx/Wzy-dependent pathway.

The Wzx translocases belong to the polysaccharide transport
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FIG 1 (A) Biosynthesis pathway for the O16 antigen of E. coli K-12. Each sugar is represented by a symbol, color coded to correspond to the color coding of the
biosynthesis genes in the gene cluster. The WbbJ O-acetyltransferase is shown here as acting on the cytoplasmic face of the inner membrane, as is known for the
S. enterica group C2 O antigen with a gene-cluster-located transferase (45), but there is no evidence for the compartment for this reaction. (B) Gene cluster for
the O16 O antigen of E. coli K-12 (the wbbL gene is interrupted by an IS5 element, as shown by Liu and Reeves (29). The wzx-kan cassettes used to replace the
WzX5, ¢ gene are also shown (not drawn to scale). Note that the gene encoding the glucosyltransferase for the side branch Glc residue that acts in the periplasmic
face is not in the gene cluster and is not present in all E. coli O16 strains (46). Abbreviations: dTDP, thymine diphosphate; Galf, galactofuranose; Glc, glucose;
GlcNAc, N-acetylglucosamine; IM, inner membrane; OAc, O-acetyl; Rha, rhamnose; Und-P, undecaprenyl phosphate; Und-PP, undecaprenyl pyrophosphate.

(PST) family, a member of the multidrug/oligosaccharidyl-lipid/
polysaccharide (MOP) flippase superfamily, which closely resem-
bles the multidrug and toxic compound extrusion (MATE) trans-
porter family (13). Unfortunately, relatively little is known about
these proteins, despite their vital importance in biological systems
being long recognized. Wzx translocases are integral membrane
proteins that contain either 12 or 14 transmembrane helices (14).
An interesting and characteristic feature of Wzx translocases is
their enormous sequence diversity (15). This diversity is exempli-
fied by the finding of 20 Wzx sequence forms in 25 Acinetobacter
polysaccharide gene clusters (16) and 23 Wzx sequence forms in
the 37 S. enterica GlIcNAc/N-acetylgalactosamine (GalNAc)-initi-
ated O-antigen gene clusters (17).

The high level of wzx sequence diversity can be compared with
the enormous structural diversity of the O-antigen repeat units
that are translocated. However, Feldman et al. (18) showed that in
E. coli O7 incomplete repeat units could be ligated to lipid A-core
and therefore must have been translocated, showing that this Wzx
translocase at least was not absolutely specific for the complete
repeat unit. It was also demonstrated that several cloned Wzx
translocases could complement the loss of Wzx function in E. coli
K-12 strains O7 and O16 (18, 19), provided that their native repeat

1714 jb.asm.org

unit has the same first sugar, which for O7 and 016 is GlcNAc.
However, translocases for non-GlcNAc-initiated repeat units
showed either undetectable or only minor activity (19). It was
inferred that the specificity for Wzx activity is determined largely
by the identity of the first sugar.

It would be very surprising if Wzx translocases were indeed
specific only for the first sugar, as there is enormous diversity in
the wzx genes in species such as E. coli, in which almost all O
antigens have either GIcNAc or GalNAc as the first sugar. We
therefore undertook a study involving replacement of the wzx
gene in the gene cluster, using a set of S. enterica serogroups that
produce galactose (Gal)-initiated O antigens differing only in the
presence or absence of a side branch dideoxyhexose (DDH), and
showed that these Wzx translocases have strong preference for
their native substrate (20). For example, the Wzx, translocase
encoded in the group D2 gene cluster has a strong preference for
the presence of a side branch DDH residue, and the Wzx, trans-
locase for group E has a strong preference for the absence of that
residue. Because the sugar involved was not in the main chain,
polymerization is potentially possible and in this case highly likely,
as the D2 and E gene clusters have nearly identical wzy genes (21).

In an independent study, Wang et al. (22) reported two cases of

Journal of Bacteriology


http://jb.asm.org

an exopolysaccharide that could exist in two forms, with two Wzx
translocases in each strain, each translocase being specific for one
of the two structures. The species were Pantoea stewartii and Er-
winia amylovora, and for both species the difference between the
two forms was having either a glucose (Glc) or a pyruvate moiety
at the end of a side branch. Clearly, some Wzx translocases have
substrate specificity that extends well beyond the first sugar. How-
ever, it may be significant that in both studies the specificities are
related to side branch residues, which may constitute a special
case, as their absence would not necessarily block polymerization.
Because translocation is potentially reversible but polymerization
is not, it may be important to prevent incomplete repeat units
being translocated to prevent them from being incorporated into
long-chain O antigen, with selection for specificity in relation to
side branch sugars.

However, it is also possible that some of the earlier data
suggesting that translocases are specific only for the first sugar
of the repeat unit were affected by higher-than-normal levels of
Wzx expression. In this paper, we test the hypothesis that Wzx
translocases are generally adapted to their native repeat unit
and that this will usually make them less efficient with other
structures. We used the same set of Wzx translocases that was
used in the earlier studies on Wzx specificity, to assess the effect
of expression level on their ability to translocate the E. coli O16
and O111 repeat units. We find that for both repeat units, only the
native Wzx translocase can give normal levels of long-chain O-an-
tigen-containing LPS when expressed from within an O-antigen
gene cluster. This provides an explanation for the enormous di-
versity of wzx genes. However, the substrate specificity is not ab-
solute and can be overwhelmed by high levels of Wzx expression.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The strains and plas-
mids used in this study are described in Table 1. The E. coli strains were
grown at 37°C in nutrient broth (5 gliter ' NaCl, 5 g liter ' yeast extract,
10 g liter ! bacteriological peptone, pH 7.2) or on agar plates (nutrient
broth with agar, 15 gliter ~'). When appropriate, antibiotics were added at
the following concentrations: ampicillin (25 wg ml™"), kanamycin (25 p.g
ml™"), and chloramphenicol (12.5 pg ml™").

Cloning and transformation. For the oligonucleotides used in clon-
ing, see Table S1 in the supplemental material. PCR-amplified genes and
plasmid vectors were separately digested with relevant restriction enzymes
(New England BioLabs). Purified digested vectors were treated with calf
intestinal alkaline phosphatase (New England BioLabs). Ligation was per-
formed overnight at 16°C with T4 DNA ligase (New England BioLabs).
The ligation mixtures were chemically transformed into E. coli K-12 strain
DHb5a.

The plasmids used in this study were introduced into the bacterial
strains by electrotransformation, using the Gene Pulser Electroporation
system (Bio-Rad), with settings as follows: 2.5 kV, 200 (), and 25 pF
capacitance. Cultures were grown to an optical density at 600 nm (ODy,)
of ~0.7, washed 3 times using ice-cold 10% glycerol, and concentrated in
10% ice-cold glycerol, with each 5-ml culture giving a final volume of 100
pl. The competent cells were mixed with plasmid DNA and electropo-
rated in a 0.2-cm electroporation cuvette (Bridge).

Gene replacements. The gene replacements within this study were
performed as described previously (23) but with the modifications sug-
gested in a recent study (24). Bacterial strains were made lambda recom-
bination competent by incorporating pKD46. Cells for transformation
were grown at 30°C, with r-arabinose (10 mM) added at an ODyy, of
~0.4, and then grown until an OD, of ~0.7 was reached. Cells were
made electrocompetent and transformed according to the conditions de-
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scribed above. For the oligonucleotides used for gene replacements, see
Table S2 in the supplemental material.

The wzxq, ¢ and wzxg,;; genes in E. coli K-12 MG1655 and pPR2105
were replaced by a kan and a cml cassette amplified from pKD4 and pKD3,
respectively. For recombination involving wzx replacement, the wzx gene
was joined to a kan gene from pKD4 by a 2-step PCR approach. Note that
the wzx genes in these constructs have the same start and stop codons as
the original wzx,, 4 gene, which should minimize the risk of variation in
expression level, and that the kan element includes the P2 site from pKD4,
in which a promoter is incorporated to drive the expression of genes
downstream of the cassette (23), which should avoid polarity effects. The
recombinants were selected using antibiotic resistance and verified by
PCR. The replacement junctions were sequenced by Australian Genome
Research Facility Ltd.

LPS extraction and visualization. The E. coli strains were subcultured
by 1:100 dilution from overnight cultures and grown at 37°C in nutrient
broth. Note that tetracycline is used to induce the expression of genes
cloned into the pWQ552 or pWQ572 vectors. Various concentrations of
tetracycline were tested, of which the concentration of 50 ng ml™" was
found to give sufficient induction while not inhibiting cell growth and was
used in all experiments. LPS was prepared as described previously (25),
but the protocol was modified as suggested in a recent study (20). LPS
samples derived from ~2.5 X 10° cells were used per loading, but in some
cases the loadings were slightly adjusted (= 11%) in referenced to the lipid
A-core density of respective samples. The samples were run on 13% tri-
cine SDS-PAGE and visualized by silver staining (26). The gels were
scanned using a GS800 calibrated densitometer (Bio-Rad).

RESULTS

Reconstituting and controlling O-antigen production in E. coli
K-12. E. coli K-12 is a strain that has been widely used for genetic
studies starting with Tatum using mutants to study the biosynthe-
sis of amino acids (27). All laboratory isolates appeared to be
rough (lacking O antigen), as first reported by Orskov and Orskov
(28) and later found to be due to a mutation in the wbbL gene,
which encodes the second transferase for the assembly of the O16
repeat unit, adding a rhamnose residue to the Und-PP-linked Gl-
cNAc acceptor (29). This mutation, present in most K-12 strains,
was due to insertion of an IS5 element in the gene (30) (Fig. 1B).
We cloned the wbbL gene into plasmid pWQ572, putting wbbL
under the control of the P promoter, which is inducible by
tetracycline (see Materials and Methods), and restored O-antigen
synthesis in E. coli K-12 MG1655. It is known that mutations in
O-antigen genes can be deleterious due to accumulation of repeat
unit intermediates (31-33), but the use of the P, promoter al-
lows us to control the expression of wbbL and hence the whole
repeat unit. It is important to note that the WecA-facilitated trans-
fer of GIcNAc-P to Und-P is reversible (34), so the wbbL mutation
does not affect cell fitness, as the tetracycline inducer is added only
for LPS extraction experiments.

Synthesis of LPS with normal levels of E. coli O16 antigen
requires the native Wzx,,, translocase. The wzx genes from the
E. coli O7, E. coli O111, E. coli 0157, S. flexneri 2a, and S. enterica
group B1 LT2 O-antigen gene clusters were introduced into E. coli
K-12 MG1655 to replace the original wzxy,s gene, using the
lambda red system (Fig. 1B) (see Materials and Methods). An E.
coli K-12 wzx o, 6-kan cassette was also included as a control for the
effect of the kan gene. The start codon of each inserted wzx gene is
at the same site as for the original wzx. The wbbL plasmid was then
transformed into MG1655 and each of the derived strains to allow
induction of wbbL and thus allow controlled synthesis of the O16
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TABLE 1 Strains and plasmids used in this study

Strain or Parent Source or
plasmid strain Genotype” or description reference(s)
Strains
DH5a E. coli K-12 strain; F~ $80lacZAM15 A(lacZYA-argF) U169 deoR recAl endAl hsdR17(r,” m, ") Promega
phoA supE44 thi—1 gyrA96 relA1 N~
MG1655 E. coli K-12 strain; F~ N~ ilvG rfb-50 rph—1 Coli Genetic
Stock Centre
M92 E. coli O111:H" strain IMVS Pathology”
and references
52 and 53
P5941 MG1655 MG1655, pPR2191 This study
P5932 MG1655 MGI1655, wzx,, . gene replaced by a kan gene This study
P5937 MG1655 MG1655, wzxa, . gene replaced by wzx,, -kan This study
P5933 MG1655 MG1655, wzxa, . gene replaced by wzx,-kan This study
P5938 MG1655 MG1655, wzxg, . gene replaced by wzx,,,,-kan This study
P5935 MG1655 MG1655, wzxa, . gene replaced by wzx,, o,-kan This study
P5934 MG1655 MG1655, wzxa, . gene replaced by wzxe,, -kan This study
P5936 MG1655 MGI1655, wzx, . gene replaced by wzxe  +.-kan This study
P5942 P5932 MG1655, wzxe, gene replaced by a kan gene, pPR2191 This study
P5946 P5937 MG1655, wzx, ¢ gene replaced by wzxq,, s-kan, pPR2191 This study
P5944 P5933 MG1655, wzxq, ¢ gene replaced by wzxq,-kan, pPR2191 This study
P5947 P5938 MG1655, wzxe, ¢ gene replaced by wzxg,,,,-kan, pPR2191 This study
P5952 P5935 MG1655, wzx, ¢ gene replaced by wzxq,s,-kan, pPR2191 This study
P5943 P5934 MG1655, wzxq, ¢ gene replaced by wzxg,,-kan, pPR2191 This study
P5945 P5936 MG1655, wzxe, ¢ gene replaced by wzxg,, 1,-kan, pPR2191 This study
P5953 P5942 MG1655, wzxg, s gene replaced by a kan gene, pPR2191, pPR2193 This study
P5954 P5943 MG1655, wzxq, ¢ gene replaced by wzxg,,-kan, pPR2191, pPR2193 This study
P5955 P5944 MG1655, wzxq, ¢ gene replaced by wzx,,-kan, pPR2191, pPR2193 This study
P5956 P5936 MG1655, wzx, ¢ gene replaced by wzxg 1,-kan, pPR2191, pPR2193 This study
P5957 P5947 MG1655, wzxq, ¢ gene replaced by wzxq,,,-kan, pPR2191, pPR2193 This study
P5958 P5952 MG1655, wzxe, gene replaced by wzxg,s,-kan, pPR2191, pPR2193 This study
P5948 P5938 MG1655, wzx, ¢ gene replaced by wzxq,,,-kan, pPR2192 This study
P5949 P5937 MG1655, wzxq, ¢ gene replaced by wzxq, ¢-kan, pPR2192 This study
P5950 P5933 MG1655, wzxe,, gene replaced by wzx,,-kan, pPR2192 This study
P5951 P5934 MG1655, wzx, ¢ gene replaced by wzxgy,,-kan, pPR2192 This study
P5959 P5951 MG1655, wzxy, ¢ gene replaced by wzxq, 4-kan, pPR2192, pPR2193 This study
Plasmids
pKD3 FRT-flanked cat gene, oriR+y replicon, ampicillin and chloramphenicol resistance 23
pKD4 FRT-flanked kan gene, oriR7y replicon, ampicillin and kanamycin resistance 23
pKD46 Lambda recombinase genes («, 3, y) controlled by arabinose-inducible promoter, P,,5, temp- 23
sensitive oriR101 replicon, ampicillin resistance
pWQ552 Low-copy-no. vector with p15A origin, with multiple cloning sites from pBAD24, tightly Christ Whitfield
controllable expression by P, ampicillin resistance
pWQ572 Low-copy-no. vector with p15A origin, with multiple cloning sites from pBAD24, tightly 54
controllable expression by P, chloramphenicol resistance
pPR2105 pPR691 carrying the E. coli O111 gene cluster. Kanamycin resistance 36
pPR2191 pWQ572 (Ncol/BamHI) carrying the wbbL gene from E. coli K-12 strain WG, which is This study
controlled by tetracycline inducible P, promoter, chloramphenicol resistant
pPR2192 pPR691 carrying the E. coli O111 gene cluster with the wzx,,,, gene replaced by a cat gene. This study
Kanamycin and chloramphenicol resistance
pPR2193 W2zXe,6 from E. coli K-12 cloned into pWQ552 (Ncol/Pstl), controlled by tetracycline-inducible This study

P+ promoter, ampicillin resistance

@ Genetic differences from the parent are underlined, including gene replacements and plasmid additions.

b IMVS Pathology, Institute of Medical and Veterinary Science, Adelaide, Australia.

repeat unit. The structures of the native O-antigen repeat unit
substrates of these Wzx translocases are shown in Fig. 2.

The above-described strains were grown for 16 h in nutrient
broth, with tetracycline added to induce the expression of wbbL
gene in the plasmid. The LPS samples were extracted and run on
SDS-PAGE gels (Fig. 3) as described in Materials and Methods.
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The LPS extracted from strain MG1655 with the cloned wbbL gene
gives a typical LPS pattern on an SDS-PAGE gel, i.e., alipid A-core
band and aladder of LPS molecules with a modal value centered at
about 18 repeat units (Fig. 3, lane 1). The MG1655 strain with the
chromosomal wzxq, 4 gene replaced by a wzx,4-kan cassette (Fig.
3, lane 2) produces LPS with a pattern very similar to that of the
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[E. coli K-12/016 Of‘; “‘%‘flg “ E. coli O111 |
— 2{B-D-Galf:(1 - 6)--D-Gle-(13)-a-L-Rha-(1-»3}-0-D-GlcNAcH >~ > “‘D'ﬂlz(l"“)'“'D'Gal'( 1+ 3)-p-D-GleNAc-1+
a-D-Col
B “‘ﬁbg S. enterica B1 LT2]
(E coli O7 “‘Ll'fg‘a —240-D-Man-(1— 4)-a-L-Rha-(1=»3)-a-D-Gal-1+>

— 31B-VioNAc-(1 =+ 2)-a-D-Man-(1—+4)-p-D-Gal-(1—+3)-a-D-GIcNAct{1—

'E. coli 0157

—21a-D-PerNAc-(1- 3)-a-L-Fuc-(1= 4)-B-D-Gle-(1—» 3)-0-D-GalNAct -

S. flexneri 2a
[ a-D-Gle
144

— 210-L-Rha-(1 & 2)-a-L-Rha-(1-3)-a-L-Rha-(1—+3)-B-D-GIcNAct -

[ a-Tyv
1v3
—2-+o-D-Man-(1-4)-a-L-Rha-(1-3)-o-D-Gal- 1

S. enterica D1]

[ o-Tyv S. enterica D2

1v3
—6+-B-D-Man-(1-+4)-a-L-Rha-(1-+3)-0-D-Gal-1

S. enterica E]
—6--B-D-Man-(1-+4)-a-L-Rha-(1-+3)-a-D-Gal-1

FIG 2 Repeat unit structures of E. coli 016 (30), O7 (47), O111 (48), and O157 (49), S. flexneri 2a (50), and S. enterica group B1 (51) and D1, D2,and E (21) O
antigens. The Glc side branch residues are coded by the Gtr system elsewhere in the genome and are added in the periplasmic face of the inner membrane only
after translocation by Wzx translocase. Abbreviations: Galf, galactofuranose; Glc, glucose; Rha, rhamnose; GleNAc, N-acetylglucosamine; OAc, O-acetyl;
VioNAc, N-acetylviosamine; Gal, galactose; Col, colitose; PerNAc, N-acetylperosamine; Fuc, fucose; Abe, abequose; Tyv, tyvelose.

strain with the native K-12 O16 gene cluster (Fig. 3, lane 1), indi-
cating that the inclusion of the kan gene in the cassette has not had
any deleterious effect. However, the Awzxq, ¢ strain still produces
very small amounts of LPS carrying one repeat unit (Fig. 3, lane 8).
We used monospecific O16 antiserum to confirm that the band
was of O16 LPS (see Fig. S1 in the supplemental material). This
low level of translocation is attributed to the presence of non-O-
antigen Wzx (probably for enterobacterial common antigen or

Strain Name P5941  P5946 P5944

1 repeat unit

LiEid A-core

P5947 P5943

colonic acid synthesis), which limits our ability to determine the
translocation range of other O-antigen Wzx if it falls below this
background level, so that the levels reported below for Wzx; 5,
and Wzxg, 1, may be conservative estimates of the differences in
effectiveness. We had observed a similar outcome in our previous
S. enterica study, in a group D2 Awzx mutant, in which the band
has been confirmed by an immunoblot assay (20).

MG1655 strains that have the original wzx,,, gene replaced by

P5952 P5945 P5942

Chromosomal ”
wzx gene WZXgjq  WZXgg  WZXg; W2Xgyy WZXgp, WZXg1s7 WZXgermo
wbbL plasmid + + + + + * £ *
Lane 1 2 3 4 5 6 7 8

FIG 3 LPS profiles of E. coli strain K-12 variants with different wzx genes in wzx-kan cassettes. All strains carry the wbbL plasmid pPR2191 to allow O16 repeat
unit synthesis. The samples were prepared as described in Materials and Methods and separated in a 13% tricine SDS-PAGE gel. The LPS was visualized by silver
nitrate staining. The asterisk (*) indicates that the gene cluster is the original E. coli K-12 O16 gene cluster.
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TABLE 2 Relative effectiveness for the synthesis of both E. coli O16 and
O111 antigens in MG1655 strains with the wzxq 4, WzXg7, W2Xg 11> OF
Wzxgp,, gene within the gene cluster in respective strains

Effectiveness”
Repeat
unit LPS form Wizxg,s Wizxo, Wzxg, Wizxgp,
016 Modal region chain 1 1/64 1/64 <l/64
Single repeat unit 1 1/1 1/2 1/8 to 1/16
Nonmodal short chain 1 1/64 1/64 <l1/64
Ol111  Modal region chain 1/4 1/64 1 <l1/64
Single repeat unit 1/1 1/2 1 1/4t0 1/8
Nonmodal short chain  1/64 1/64 1 <1/64

“ Effectiveness is given relative to that of the strain that encodes the native translocase
and was evaluated by comparing the density of the band or group of bands for LPS
from a nonnative translocase with those of serial dilutions of LPS from the positive
control with the native translocase (see Fig. S2 and S4 in the supplemental material).
Each set of the gels was assayed three times to obtain relative effectiveness. Three LPS
forms were compared: the modal region LPS, LPS carrying a single repeat unit, and LPS
carrying nonmodal short chain, i.e., 2 to 9 repeat units.

WzXo,-kan, wzx, 1, -kan, or wzxgp, ,-kan, separately, produced LPS
with very reduced levels of long-chain O antigen (Fig. 3, lanes 3, 4,
and 5) compared with the positive-control strain that has wzx,¢-
kan (Fig. 3, lane 2). We assessed the amount of LPS in a band by
scanning the gels, but only because diluted samples do not give an
equivalent reduction in densitometry (data not shown). We did
this by comparison with gels of diluted samples of the LPS of
positive-control strain (see Fig. S2 in the supplemental material).
The strains with wzx,, and wzxg;,; produce 64-fold less long-
chain O antigen than those with the native wzxq,4 translocase
(Table 2), so they are seriously deficient in the synthesis of the O16
antigen. However, there is little or no reduction observed for LPS
with one repeat unit (Table 2). The strain with the wzxg,, gene
gave no detectable modal chain length O antigen and about 8- to
16-fold less LPS with one repeat unit (Table 2). It is interesting that
despite the severe reduction in the amount of O antigen produced,
the modal chain length differed by only 2 to 3 repeat units wher-
ever they could be detected.

E. coli O157 and S. enterica group B1 LT2 both produce O
antigens that have a first sugar other than GlcNAc. The latter has
WhbaP as the initial transferase, which adds Gal-P onto Und-P.
However, like other GIcNAc-initiated O antigens, the E. coli O157
antigen is initialized by WecA, but the presence of a Gnu protein
converts the Und-PP-linked GlcNAc to Und-PP-linked GalNAc
(34, 35). Strains carrying the wzxy, 5, and wzxg 1, genes had LPS
(Fig. 3, lanes 6 and 7) that was indistinguishable from that of the
MG1655 Awzx ¢ strain (Fig. 3, lane 8), putting O-antigen expres-
sion outside the detectable range.

We also added a cloned wzxg, 4 gene (pPR2193) to each strain
used in Fig. 3, which restored the synthesis of O antigen to wild-
type levels as in the Awzx,,, mutant (see Fig. S3 in the supplemen-
tal material). This shows that repeat unit synthesis and polymer-
ization are not limiting and that the low levels of O antigen on the
LPS discussed above are not due to any polar effect of the wzx gene
replacement on expression of other genes. This confirms that the
phenotypes that we observed are due to changes in the wzx genes.

We conclude that none of the five strains with an alternative
wzx gene in the gene clusters can express enough O16 antigen to
give a normal LPS phenotype, whereas putting the native wzxg4
gene in the same type of construct gave a normal level of expres-
sion.
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Synthesis of normal levels of the E. coli O111 antigen also
requires its native Wzx translocase. We next assessed the ability
of the same set of strains with the different wzx genes to express the
E. coli O111 antigen. For this, we used the gene cluster constructs
described above but changed the plasmids, so that the O16 repeat
unit was replaced by the O111 repeat unit. These strains do not
synthesize the O16 repeat unit because they do not have the wbbL
plasmid, so they do not add rhamnose to Und-PP-linked GlcNAc,
the first O16-specific reaction. We added the capacity to make the
O111 repeat unit using plasmid pPR2192, which harbors a variant
of the E. coli O111 gene cluster plasmid pPR2105 (36), in which
the wzxq,,, gene in the plasmid was replaced by a cat gene. The
changes are such that the only O-antigen wzx genes present in
these strains are those previously inserted into the chromosomal
016 gene cluster.

The last step in making the strains for this experiment was
addition of the pPR2192 plasmid carrying the O111 gene cluster
lacking wzx. The plasmid was successfully transformed into the
strains that carry wzx genes from the E. coli O111, O16, and O7
and S. flexneri 2a gene clusters. We included strains M92 and
P5938 in this experiment as the positive and negative controls.
M92isan O111 strain, and P5938 lacks the O-antigen gene cluster.
The strain with the wzxg;,; chromosomal gene produced LPS
(Fig. 4, lane 3) similar to the LPS from M92. It should be noted
that M92 has a unique modal pattern due to the presence of a
Wzzg,,, gene in M92, in contrast with the strains used in other
tracks, which had the wzzg,,, gene. In contrast to the wzx,;; strain
(Fig. 4, lane 3), the strain with the wzx, ¢ gene produced LPS with

Strain Name M92* P5938 P5948 P5949 P5950 P5951

1 repeat unit

Chromosomal.* ' -

wzx gene WZXgp WZXg ) WaXgp Wigle W2Xg7 WiXgp,
Awzx, Ol111 *
o111 .
gene cluster NA + + * +
Lane I* 2 3 4 5 6

FIG 4 LPS profiles of E. coli K-12 variants expressing only the O111 antigen
but with different wzx genes. All strains lack the wbbL plasmid pPR2191 and so
are not able to synthesize the O16 repeat unit, and those in lanes 3 to 6 carry
plasmid pPR2192 harboring an O111 gene cluster that lacks the wzx,,,, gene.
The samples were prepared, separated, and stained as described for Fig. 3. The
asterisks (*) on lane 1 indicate that M92 is an E. coli O111 wild-type strain
carrying the entire O111 gene cluster (including the wzxo,;, gene) in its chro-
mosome.
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significantly smaller amounts of O antigen (Fig. 4, lane 4), while
only a minor LPS ladder pattern was detected for strains with
WzXe; OF WZXsp, (the latter from S. flexneri 2a) (Fig. 4, lane 5 or 6,
respectively). We again compared the modal chain length regions
of these tracks with those of diluted samples of LPS from the
WzXoyp; strain (see Fig. S4 in the supplemental material). This
showed that the strain with the wzxg, 4 gene is about 4-fold less
effective than the strain with the wzxy,;, gene for O111 antigen
synthesis (Table 2), reflecting the effectiveness of the respective
W2zx translocases.

Similar transformation experiments to add the plasmid carry-
ing the O111 gene cluster lacking wzx to strains with the wzxqs,
gene or wzxg. , gene, as well as the Awzx strain, all failed, giving
very few colonies, which did not survive after transfer to a fresh
medium. These strains either have no wzx gene or have one for
non-GlcNAc-initiated repeat units. We therefore interpret this as
failure in translocation leading to accumulation of the Und-PP-
linked repeat unit in the cytoplasmic face of the inner membrane.
It should be pointed out that unlike the O16 set of experiments,
where the wbbL gene is under control, there is no control over
expression of the O111 repeat unit, and so the failure arises as the
plasmid genes enter the cell, and it is the synthesis of repeat units
that cannot be used that gives the lethality that we observed.

We conclude that Wzxq,;, is about 4-fold more effective than
the Wzx 4, form, while the other Wzx translocases make barely
detectable levels on long-chain O antigen. Thus, for both O16 and
O111, the native Wzx translocase is by far the most effective.

Overexpression can compensate for low translocation activ-
ity of a nonnative substrate. We used a cloned Wzx,¢ translo-
case for translocation of the O111 repeat unit, and the gel pattern
observed (Fig. 5, lane 4) resembles that of the positive-control LPS
(Fig. 5, lane 2), showing that if overexpressed, Wzxg, can trans-
locate the O111 repeat unit to produce normal levels of long-chain
O antigen. The chromosomally encoded Wzx,4 (Fig. 5, lane 3)
showed the same reduction in effectiveness as in the previous ex-
periment (Fig. 4, lane 4).

We also tested the effect of overexpression in the B and D2 S.
enterica strains that we used previously (20), which have Wzx
translocases with a strong preference for repeat units that have a
DDH side branch sugar. Using the D2 strain as an example, we
took a mutant that did not have the side branch sugar and there-
fore made very little long-chain O antigen, and we showed that
adding a clone of its native wzx, translocase gene restored normal
levels of long-chain O antigen (see Fig. S5 in the supplemental
material). We obtained the same results in comparable experi-
ments with the group B strain and also with a group D1 strain (see
Fig. S5 in the supplemental material).

These results show that overexpression of a wzx gene can re-
store ability to translocate a nonnative repeat unit and also con-
firm that the preference for presence of the DDH lies in the Wzx
translocase and not in the Wzy polymerase, The experiment also
confirmed that the reduced levels of long-chain O antigen in
strains with nonnative wzx gene are not due to polar effects on
expression of other genes in the gene cluster.

DISCUSSION

The native Wzx translocase is the most effective for the two re-
peat units studied. We evaluated the capacity of one S. enterica
and five E. coli Wzx translocases to translocate the E. coli 016 and
O111 repeat units and found a very wide range in capability, with

May 2014 Volume 196 Number 9

Substrate Specificity of Wzx Translocases

Strain Name P59‘38\ P5948 P5949
i ; o | )

P5959
]

wzx gene wzxg;
Awzxg Ol111

gene cluster  ~ + + i
wzxy, plasmid - = - +
Lane 1 2 3 4

FIG 5 Wzx overexpression of a nonnative Wzx translocase can compensate
for low translocation activity with normal expression. The samples in lanes 2 to
4 were extracted from strains carrying the pPR2192 plasmid harboring an
O111 gene cluster that lacked the wzxq,;; gene. An additional plasmid,
pPR2193 (wzx,), was also included in the strain used in lane 4. The samples
were prepared, separated, and stained as described for Fig. 3.

the native Wzx translocase being the most effective for both O
antigens.

For the O16 repeat unit, we made a set of constructs in E. coli
K-12 in which the chromosomal wzx,,4 gene was replaced by a
wzx gene from one of the other strains. Thus, the proteins would
be regulated and expressed similarly to the native translocase. The
same set of strains was then used to examine the activity of the six
Wzx translocases with the O111 repeat unit. We did this by adding
a clone of the O111 gene cluster that lacked the wzx,,,, gene and
by blocking the expression of the O16 repeat unit. This gave us the
ability to examine the six Wzx translocases with the O16 and O111
repeat units in the same genetic background. In both cases, all wzx
genes, including that native to the repeat unit, were in the same
location in the chromosome and are expected a priori to be made
in the same amount. The effectiveness of nonnative Wzx translo-
cases for repeat units that have a GIcNAc as the first sugar ranged
from barely detectable to about 1.5% for the O16 repeat unit and
up to 25% for the O111 repeat unit. The wzxq, s and wzxg,,, pair
gives particularly strong support for specificity, as the comparison
was done in both directions without changing the O-antigen gene
cluster. Thus, the strain that has the wzxy, gene within the gene
cluster gave a wild-type LPS profile with its native O16 repeat unit
(Fig. 3, lane 2) but gave only one-quarter the normal level of the
0111 antigen (Fig. 4, lane 4). Likewise, the strain with the wzxq,,
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gene produced normal levels of its native O111 antigen (Fig. 4,
lane 3) but gave only 1/64 the normal amount of modal chain
length O16 antigen (Fig. 3, lane 4). The Wzxy,, and Wzxg,
translocases are clearly discriminating between the Und-PP-
linked O16 and Und-PP-linked O111 repeat units. Each of the
translocases gave a wild-type pattern for chain length distribution
with its native repeat unit, indicating normal expression levels of
both genes, but a greatly reduced level of modal chain length O
antigen for the other repeat unit.

In the comparisons discussed above, we compared the relative
effectiveness of nonnative Wzx translocases by estimating the
amount of O antigen in the LPS. However, these estimates of
translocation effectiveness will not equate to translocation effi-
ciency if the reduced levels of translocation lead to changes in the
concentration of one or more of (i) the Und-PP-linked repeat unit
substrate in the cytoplasmic face of the inner membrane, (ii) the
Wzx translocase, or (iii) lipid A-core. It is indeed very likely that
reducing translocation would lead to accumulation of Und-PP-
linked repeat units in the inner leaflet and perhaps also of lipid
A-core in the outer leaflet of the membrane, due to the lack of
substrate for ligation. This would increase the observed rates of
translocation and ligation, respectively. It is also possible that the
failure to make LPS with a normal chain length distribution would
lead to increased expression of O-antigen pathway genes, includ-
ing wzx, by feedback controls. All such effects are likely to increase
the overall level of translocation, and our measure of translocase
effectiveness would be an overestimate of the per-molecule effi-
ciency of translocation by nonnative translocases. Therefore, the
relative levels of effectiveness that we record should be treated as
conservative estimates of translocation efficiency for nonnative
repeat units.

The Wzxg,6, W2zXo7 Wzxo 11, W2Xg57 WZXgp,, and Wzx-
seL> translocases were among those studied previously by plas-
mid-based complementation and were reported to be specific
only for the first sugar of the repeat unit (18, 19), so we need an
explanation for the different outcomes. In the earlier studies, the
wzx genes were cloned into both low- and high-copy-number ex-
pression vectors, but a high-expression promoter was used for
both. It may be that many of the earlier data were affected by
protein overexpression, which was shown in our experiments to
have a major impact on translocation of the S. enterica groups B,
D1, and D2 repeat units by their respective Wzx (see Fig. S5 in the
supplemental material) and the O111 repeat unit by Wzxg, (Fig.
5). Itis important to note that the special status of the first sugar is
not affected by our data, as overexpression of wzx genes for repeat
units with different first sugars did not enable translocation of the
O16 repeat unit.

Support for a complex involving at least Wzz and the Und-
PP-linked O-antigen chain. The reduction in translocation effi-
ciency with a nonnative translocase reduces the number of Und-
PP-linked repeat units for the downstream polymerization and
ligation steps. The extent of the reduction depends on O-antigen
chain length, and the patterns observed give insights into the com-
petition for the diminished supply of repeat units. It is striking
that the distribution of chain lengths within the major modal re-
gion is very similar whenever the bands are dense enough to be
seen. For example, when Wzx; is translocating the O16 repeat
unit, there is ~64-fold less LPS in the modal region than with the
native Wzxq;¢ translocase (Table 2), but the O-antigen chains
have only 2 or 3 fewer repeat units (Fig. 3, compare lane 3 to lane
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2). However, LPS molecules with only one repeat unit either are
not affected or are reduced about 2-fold in the same samples,
showing that the major effect of reducing the supply of repeat
units is to reduce the amount, but not the length, of modal chain
length LPS. The results for the O111 repeat unit set of experiments
are similar (Fig. 4; see Fig. S4 in the supplemental material).

The very small variation that we observe in the Wzz-deter-
mined chain length over a 64-fold range in the proportion of
modal chain length LPS supports a model proposed in 1993, in
which Wzz forms a complex with Wzy, with Wzz first locking Wzy
into continuous extension of the polymer and then changing to
facilitate instead ligation by WaaL (10). It was also proposed that
W2zz acts as a molecular clock, changing its function from facili-
tating chain extension to facilitating ligation after a set period of
time or, alternatively, that it acts as a ruler that in some way effects
the change in function when the length of the chain reaches a given
length. An alternative “molecular chaperone” model involves Wzz
interaction with WaaL so as to determine the molecular ratio of
WaaL and Wzy, which is then proposed to determine the kinetics
of ligation and polymerization (37). However, later in vivo (38)
and in vitro (39) experiments showed that WaaL is not required
for assembly of modal chain length Und-PP-linked O antigen.
There is still no experimental evidence for either a clock-based or
ruler-based determination of chain length or any direct biochem-
ical evidence for interaction between Wzy and Wzz, but the new
data on synthesis of modal chain length O antigen under limited
substrate conditions provide very strong support for a complex
including at least Wzz and the Und-PP-linked chain of repeat
units. The existence of a complex including Wzz and the growing
Und-PP-linked polymer is also supported by the ability of two or
three types of “Wzz” molecules present in the same cell to each
impose their specific modal chain length on a set of molecules (38,
40,41). Itis highly improbable that this could occur if Wzz was not
associated with specific polymer molecules throughout the exten-
sion to modal length.

Competition between Wzz and WaalL for the Und-PP-linked
repeat units when supply is limited. The implication of the pro-
posed Wzz-based complex for assembly of modal-length O-anti-
gen polymer molecules is that there is competition between Wzz
and WaalL for the Und-PP-linked repeat unit, as the ratio of sin-
gle-repeat-unit LPS and modal chain length LPS is influenced by
Und-PP-linked repeat unit availability.

In discussing the dynamics, we focus on (i) the formation of
single-repeat-unit LPS, which requires only WaaL for synthesis,
and (ii) synthesis of modal chain length LPS, for which O-antigen
chain length is determined by Wzz, because we can record the
outcome for both without ambiguity. There is also competition by
Wzy for extension of short-chain-length molecules not under the
control of Wzz. These are ligated as short-chain-length molecules,
and as there are very few of them when repeat units are in short
supply, we leave them out of the discussion and consider only the
major outcomes in analysis of the competition.

We have relevant data for Wzxg,4, WzXo;, WzXg,, and
Wzxgp,,, with both O16 and O111 repeat units. When the repeat
units are in short supply, it is modal chain length LPS that is most
affected; for example, there are >64-fold reductions in modal
chain length LPS with the Wzx, and Wzx,,, strains, and the
single-repeat-unit LPS is reduced less than 2-fold (Table 2; see Fig.
S2,lanes 8 and 9, in the supplemental material). This indicates that
Waal gets a higher proportion of the molecules than usual and
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that a much smaller proportion of the molecules enter the Wzz-
controlled polymerization path to give the modal chain length
LPS (Fig. 3 and 4). Indeed, only the WaaL-driven single-repeat-
unit form of LPS can be seen when substrate supply is further
reduced, as is the case for Wzxg, (Fig. 3,lane 5, and Fig. 4, lane 6).
It should be noted that extending the time to complete a modal
length chain will not have much effect on the final outcome, as it is
the relative frequencies of initiating Wzz-controlled polymeriza-
tion and ligation of single repeat units that largely determine the
ratio of modal length chain and single-repeat-unit LPS.

The substrate specificity of Wzx translocase provides insight
into cell surface polysaccharide evolution. The presence of long-
chain cell surface polysaccharides is important in pathogenesis
and colonization for many bacterial pathogens. It appears that
long-chain O antigen allows evasion of the host innate immune
system during the early stage of Salmonella infection, achieved by
hindering both epithelial internalization and Toll-like receptor 4
recognition (42). Complement killing is also greatly inhibited by
the presence of O antigen, and the wzz-determined modal chain
length O antigen is most effective in this (43, 44). It should also be
noted that enteropathogenic bacteria isolated from fecal samples
generally exhibit long O-antigen chains on their LPS (42).

Thus, the outcome of having an ineffective Wzx translocase,
and therefore inefficient translocation, is to make the organism
more susceptible to host defense mechanisms, as the first effect is
to reduce the proportion of long-chain LPS. If a nonnative trans-
locase is present, the reduced efficiency means that insufficient
repeat units are translocated to give a level of long-chain O antigen
that would allow survival or colonization. The implication is that
the evolution of a new repeat unit structure requires evolution of
a translocase that is compatible with the new repeat unit. How-
ever, the fact that overexpression of Wzx can compensate for in-
efficiency of translocation raises the possibility that adaptation of
a wzx gene to a new repeat unit structure can take place over time
if expression is increased. This is in reality a likelihood, as changes
in the structure occur in discrete steps, but adaptation of Wzx
probably requires multiple amino acid substitutions. A further
implication of this is that it is selection pressure that maintains the
efficiency of the translocase against random genetic drift to less
efficient forms.
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