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Escherichia coli K-12 has long been known not to produce an O antigen. We recently identified two
independent mutations in different lineages of K-12 which had led to loss of O antigen synthesis (D. Liu and
P. R. Reeves, Microbiology 140:49-57, 1994) and constructed a strain with all 7/b (O antigen) genes intact which
synthesized a variant of O antigen 016, giving cross-reaction with anti-O17 antibody. We determined the
structure of this O antigen to be —2)-B-p-Galf-(1—6)-a-p-Glcp-(1—3)-a-L-Rhap-(1—3)-a-p-GlcpNAc-(1—,
with an O-acetyl group on C-2 of the rhamnose and a side chain a-p-Glcp on C-6 of GIcNAc. O antigen
synthesis is 7fe dependent, and p-GlcpNAc is the first sugar of the biological repeat unit. We sequenced the rfb
(O antigen) gene cluster and found 11 open reading frames. Four rhamnose pathway genes are identified by
similarity to those of other strains, the rhamnose transferase gene is identified by assay of its product, and the
identities of other genes are predicted with various degrees of confidence. We interpret earlier observations on
interaction between the 7fb region of Escherichia coli K-12 and those of E. coli 04 and E. coli Flexneri. All K-12
rfb genes were of low G+C content for E. coli. The rhamnose pathway genes were similar in sequence to those
of (Shigella) Dysenteriae 1 and Flexneri, but the other genes showed distant or no similarity. We suggest that
the K-12 gene cluster is a member of a family of 7fb gene clusters, including those of Dysenteriae 1 and Flexneri,

which evolved outside E. coli and was acquired by lateral gene transfer.

Escherichia coli K-12 was isolated in 1922 and used as a
standard E. coli strain at Stanford University for many years;
the strains which survive all derive from cultures given to E.
Tatum and others in the 1940s and early 1950s, when E. coli
K-12 was first used for the genetic studies which led to its
adoption as the major strain for laboratory study. After 50
years of intensive study, E. coli K-12 is arguably the best
understood of all organisms, having been used for studies of
many facets of living organisms, outlined in a two-volume book
on E. coli and Salmonella enterica (45). Currently, 50% of its
genome has been sequenced (56), and completion of this task
will increase the focus of attention on E. coli K-12 for studies
which integrate genomic information and biochemical pro-
cesses.

There are, however, significant gaps in our knowledge of E.
coli K-12. During its first 25 to 30 years in the laboratory, it
probably accumulated a range of mutations which improved
adaptation to a laboratory environment but destroyed its
ability to survive in its natural environment. Among them were
mutations in the 7fb gene cluster which led to loss of O antigen
synthesis. The O antigen, a repeat unit polysaccharide which is
a component of lipopolysaccharide (LPS), is the major surface
antigen of many gram-negative bacteria (see reference 53 for a
review) and, for E. coli, was present in by far the majority of
strains when first isolated. However, it is often lost during
culture, presumably because it offers no advantage under such
conditions but has substantial requirements for synthesis. In E.
coli K-12, rfb mutations appear to have occurred before any of
the current stocks were established, and hence it was not
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known which of the more than 160 O antigen forms was
present in the strain when first isolated.

We recently identified two independent rfb mutations in
different lineages of E. coli K-12: most strains carry the rfb-50
mutation, an IS5 insertion in the last gene of the cluster; but
strain WG1 is unique in carrying the rfb-51 mutation, a
deletion of TDP-rhamnose synthesis genes. We were then able
to show that a strain carrying the rfb-50 mutation, when
complemented by a plasmid carrying the last gene derived
from strain WG1 in its complete form, had its O antigen
synthesis restored. In this paper, we report the structure of the
O antigen of E. coli K-12 and the sequence of its 7fb gene
cluster.

MATERIALS AND METHODS

Bacterial strains and plasmids, media, and growth condi-
tions. Bacterial strains and plasmids used in this study are
shown in Table 1. Cultures for general use were grown at 37°C
in L broth (constituents from Difco) or on nutrient agar plates
with antibiotics added as appropriate. The culture of P4863 for
LPS extraction was grown in a 50-liter batch in a fermentor
with aeration. The medium contained, per liter, 10 g of
bacterial peptone (Oxoid), 5 g of yeast extract (Oxoid), 5 g of
glucose, and 5 g of NaCl. It was buffered by addition of 17 mM
KH,PO, and 72 mM K,HPO,; ampicillin to 25 pl ml! and 15
ml of silicone antifoaming reagent (catalog no. 33151; Sigma)
were added before inoculation with 500 ml of an overnight
culture and growth at 37°C for 17 h with aeration. The culture
volume was reduced to 8 liters by using an ultrafiltration
system (model DC10LA utilizing hollow-fiber membrane;
Amicon). The cells were then harvested by centrifugation
(2,600 X g for 15 min), washed twice with 4.5 liters of sterile
deionized water, resuspended in 150 ml of 1% aqueous phenol



VoL. 176, 1994

STRUCTURE OF K-12 O ANTIGEN AND rfb SEQUENCE 4145

TABLE 1. Strains and plasmids used in this study

Strain or Laborato - Reference or
plasmid stock nol:y Characteristics source
Strains
C600 P334 F~, thr-1 leuB6 tonAl lacY1 tonA21 supE44 rfbCI N\~ 3
S@874 P4052 lacZ4503 trp-355 upp-12 relA rpsL150 A(sbcB-rfb) 46
WG1 P4810 Wild-type strain (CGSC5073) 4
P4863 W1485 carrying pPR1474 37
AN21548 P4991 thr-1 leuB6 A(gpt-proA)66 hisG4 argE3 ara-14 lacYl galK2 xyl-5 mtl-1 42
mgl-51 rpsL31 kdgKS51 supE44 rfoC1 rfe::Tnl0-48
P4 M492 E. coli wild-type strain O16 50
K 12a M493 E. coli wild-type strain O17 50
Plasmids
pRL100 rfe gene of E. coli K-12 in pBR322 42
pPR637 Low-copy-number cloning vector derived from pGB2 (17) containing This laboratory
lacZ and polylinker region of pUC19
pPR1010 rfbB gene of S. enterica LT2 in pUC9 29
pPR1167 3.1-kb HindIII fragment from K352¢ (34) in pUCI18 37
pPR1168 4.1-kb EcoRI-HindIII fragment from K352* (34) in pUC18 37
pPR1461 8-kb EcoRI fragment from rfb region of WG1 in pUC18 in 37
orientation for expression
pPR1472 2-kb HindIII fragment from 1G1° (34) in pUC18 This study
pPR1473 1.6-kb HindIII fragment from 1G1* (34) in pUC18 This study
pPR1474 5-kb EcoRI-Sphl fragment from WG1 in pUC18 37
pPR1538 8-kb EcoRI fragment from pPR1461 in pPR1555 This study
pPR1539 770-bp EcoRI-HindIlI fragment from K351¢ in pGEM7zf(+) This study
pPR1555 4.1-kb HindIII-EcoRI fragment from pPR1168 in pPR637 (29) This study
pPR1556 2.2-kb HindIII-PstI fragment from pPR1491 (37) in pPR637 (29) This study

“ K351, K352, and 1G1 are phage lambda clones of K-12 strain W3110 (34).

solution, stored at 4°C, and extracted within 24 h. The yield was
230 g (wet weight) of packed cells.

Terminology for Shigella strains. The four species of Shigella
and E. coli are a single species on the basis of DNA relatedness
as determined by hybridization of chromosomal DNA (12).
Further, for genes which have been sequenced in E. coli and
one of the Shigella species, the difference is within the range
expected for variation within E. coli. For example, the crp
genes of E. coli K-12 and Shigella flexneri differ at four bases,
well within the range expected for variation within E. coli,
whereas those of E. coli and the closely related species S.
enterica differ at 77 bases (12.3%) (21). It is extremely difficult
to justify separate species or genera for these organisms (12),
and while this anomalous terminology may have advantages in
some areas, it is very misleading when discussing evolutionary
relationships and confusing to those outside the immediate
field. We have therefore treated Shigella strains as strains of E.
coli and to indicate this have not italicized the names and have
capitalized the first letter of the old species names in accor-
dance with the tradition adopted for old species names of S.
enterica (35).

Chemicals and enzymes. Uridine diphosphate and N-acetyl-
p-[**C]glucosamine (UDP-[**C]GIcNAc) were obtained from
Amersham, and [*P]dCTP was purchased from Bresatec.
Restriction enzymes and ligase were from Boehringer Mann-
heim or Promega. Synthesis of dTDP-[U-'*CJrhamnose was as
described previously (37, 41).

Preparation of polysaccharide. LPS was isolated from
packed cells by phenol-water extraction (71) followed by
nuclease treatment and ultracentrifugation three times (85,000
X g for 8 h). The polysaccharide was prepared by hydrolysis of
LPS (100 mg) in 1% acetic acid (10 ml) at 100°C for 90 min.
Lipid A was removed by filtration through acid-washed Celite.
The filtrate was freeze-dried, redissolved in water (0.25 ml),
clarified by centrifugation, and fractionated on a Biogel P6

column (30 by 2.5 cm) eluted with water (0.5 ml/min). The
eluate was monitored by refractive index, and the high-molec-
ular-weight fractions were pooled to give the polysaccharide.

Compositional analysis. Polysaccharide (1 mg) was hydro-
lyzed in 2 M trifluoroacetic acid (TFA) (0.2 ml) for 4 h at
100°C and evaporated to dryness with a Speed Vac concentra-
tor. The composition was analyzed by two methods. The
monosaccharides were analyzed directly by high-pH chroma-
tography on a Dionex CarboPac PA1 column (4 by 250 mm)
with an isocratic gradient of 15 mM sodium hydroxide solution
with pulsed amperometric detection (Waters 464). Alditol
acetate derivatives (28) of the monosaccharides were analyzed
by gas chromatography with a BP-X5 column (25 m by 0.25
mm; film thickness, 0.25 pm). Identification was by comparison
with authentic standards.

Methylation analysis. The polysaccharide was methylated as
described by Ciucanu and Kerek (18). Before extraction with
dichloromethane, the pH of the aqueous solution was adjusted
to below 3 in order to depress the ionization of carboxyl groups
and improve the solubility of the methylated polysaccharide in
the organic solvent. The methylated polysaccharide was hydro-
lyzed in TFA (0.5 ml) at 100°C for 4 h. Reduction with NaB,H,
and acetylation were done conventionally (16). The partially
methylated alditol acetates were analyzed by gas chromatog-
raphy-mass spectrometry (Fisons MD800) using a BP-X5
column (25 m by 0.25 mm; film thickness, 0.25 pm). The oven
temperature was held at 45°C for 1 min, increased at 15°C/min
to 140°C, increased at 4°C/min to 300°C, and held for 10 min.

Partial acid hydrolysis. A solution of polysaccharide (20 mg)
in D,O (0.6 ml) was hydrolyzed by the addition of 20 ul of 8 M
TFA, followed by heating at 80°C in a nuclear magnetic
resonance (NMR) tube. The hydrolysis was monitored by
observation of the anomeric proton NMR peaks. After 2 h, the
pH was adjusted to 7.0 with sodium hydroxide. Oligosaccha-
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ride fractions were eluted from a Biogel P2 column (50 by 1
cm) with water (0.15 ml/min) by refractive index detection.

NMR spectroscopy. Spectra were obtained at 30°C in D,O
solution by using a Varian XL-400 spectrometer. Proton
chemical shifts are expressed relative to internal acetone at
2.230 ppm, and '*C chemical shifts are expressed relative to
internal acetone at 31.45 ppm. One-dimensional (1D) proton
spectra were recorded by using volume-selective 90°C pulses
(8) to minimize the water hump. Proton-proton correlation
spectra (COSY) and proton-carbon correlation spectra (HET-
COR) were obtained by using standard Varian software, which
permits both removal and retention of proton-proton splitting
in the heteronuclear correlation spectrum (7, 9, 57). Modifi-
cation of the pulse amplifier power supply to reduce the
transmitter power enabled the observation of total correlation
spectra (TOCSY) by using MLEV-17 spin-locking (6.3-kHz
field strength) and 2.5-ms trim pulses (8). One-dimensional
TOCSY spectra were observed by replacing the initial pulse
with a DANTE sequence.

Assay for transferases. Transferases were assayed essentially
as described by Liu and Reeves (37), with 30 pl of membrane
fraction in a total reaction mixture of 100 pl. The reactions
involved transfer of radioactive sugar from UDP-[U-*C]Glc-
NAc to the added decaprenylphosphate (DP) or endogenous
undecaprenol or from dTDP-[U-'“CJrhamnose to the product
of that reaction using nonradioactive UDP-GIcNACc, and trans-
fer was assayed by extraction of radioactivity into chloroform-
methanol (2:1).

SDS-PAGE of LPS. LPS preparations from whole cell
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membranes, sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and silver staining were carried out
as previously described by Brown et al. (13).

Construction of plasmid pPR1538. The 4.1-kb EcoRI-HindIII
insert from pPR1168 (originally from Kohara phage 352 [34])
was cloned into plasmid pPR637, which provided a different
replicon and antibiotic selection, and the resulting plasmid was
named pPR1555. This 4.1-kb EcoRI-HindIII fragment carries
the rfbA, rfbC, and rfbD genes and the 3’ end of the rfbB gene
(see Fig. 4). The 8-kb EcoRlI insert from pPR1461 (originally
from K-12 strain WG1) was then cloned into the EcoRI site of
pPR1555, and the resulting plasmid was named pPR1538. The
rfb gene clusters in strain W3110 (Kohara phage 352) and
strain WG1 carried the rfb-50 and rfb-51 mutations, respec-
tively (37). The 12.1-kb insert in pPR1538 combines wild-type
DNA from the two sources to reconstruct the presumptive
original K-12 sequence for the rfb region from the 3’ end of
rfbB (the first 7fb gene) through the end of the rfb gene cluster
to the gnd gene and thus has an rfb cluster with only rfbB not
present.

Serology. The O and H antigens of the isolates were
determined by standard serological methods (49). Briefly, O
antigens were prepared by heating overnight broth cultures for
1 h on a boiling water bath, and they were then identified by
agglutination in 171 standard O antisera. The H antigens were
prepared by adding formalin (0.3%, vol/vol) to motile broth
cultures, and then they were identified by agglutination in 56
standard H antisera. Tests for the presence of polysaccharide
capsular K antigen were performed by the cetavlon method
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FIG. 1. '"H NMR spectrum (A) and '3C spectrum (B) of the O antigen from E. coli K-12 LPS.
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(48) and by countercurrent immunoelectrophoresis against 74
standard K antisera (49).

DNA methods. The preparations of chromosomal and plas-
mid DNA were as described by Bastin et al. (6), and Southern
hybridization was as described by Sambrook et al. (59). Se-
quencing was performed by the chain termination method
(60). Plasmids were sequenced by using the universal priming
site (or the reverse universal priming site). Exonuclease III
deletion families of plasmids were constructed by using a
Pharmacia Erase-a-base kit. Double-stranded cycle sequence
reactions were performed with a Perkin-Elmer Cetus DNA
Thermal Cycler according to an Applied Biosystems (AB)
protocol; for automated sequencing, an AB protocol using
dye-labelled primer was used, and the sequence was deter-
mined with an AB 370A Sequencer. PCR (58) was employed to
amplify DNA fragments.

Computer analysis. Computer programs were accessed
through the Australian Genomic Information Service (54).
Sequence data were assembled into contiguous sequences with
the XDAP program (25). Sequence data bases were searched
by using the NCBI BLAST network server (1). Pairwise
sequence comparisons were performed with the COMPARE
option of the Genetics Computer Group suite of programs
(23).

Nucleotide sequence accession number. The sequence of the
rfb region of E. coli K-12 has been submitted to GenBank,
together with details of open reading frames. The accession
number is U09876.

RESULTS AND DISCUSSION

The structure of the O antigen of E. coli K-12. O antigen was
extracted from cells of strain P4863 as described in Materials
and Methods. The polysaccharide consisted of glucose, N-
acetylglucosamine, galactose, and rhamnose in the ratio 1.8:
1.0:0.7:0.6 as determined by hydrolysis followed by Dionex
chromatography and 2.2:1.0:0.5:0.8 as determined by gas chro-
matographic-mass spectrometric analysis of the alditol ace-
tates. The proton NMR spectrum (Fig. 1) contained five
distinct anomeric resonances with integrated areas of 1.00,
1.07, 0.93, 0.90, and 1.00 (relative to the area of the methyl
resonance of rhamnose taken as 3.00). The composition of the
O antigen repeat unit (O-unit) is, therefore, glucose, N-
acetylglucosamine, galactose, and rhamnose in the ratio 2:1:
1:1. While some destruction of the rhamnose during hydrolysis
was expected, the low figure for galactose content was unex-
pected. No destruction of galactose was observed when
monosaccharide mixtures were subjected to the same treat-
ment and analysis, and we conclude that the loss of galactose
is a consequence of its substitution at the 2 position. The NMR
spectrum eliminated the possibility that the low value for
galactose content was due to heterogeneity of the polysaccha-
ride.

The L configuration was assigned to rhamnose on the basis of
the 3C NMR chemical shifts for rhamnose and glucose,
following the method of Shashkov et al. (62) and assuming the
p configuration for glucose. While the a effects were not within
the suggested limits for either configuration, they were closer
to those for the L configuration. The B effects were in excellent
agreement with those expected for the L configuration and in
poor agreement with those expected for the b configuration.

The chemical structure of the polysaccharide (Fig. 2) was
determined by a combination of methylation analysis, NMR
spectroscopy, and partial acid hydrolysis. The 'H and '3C
NMR chemical shifts (Tables 2 and 3) were assigned by means
of proton-proton correlation spectroscopy (COSY), relayed
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FIG. 2. Structure of the O-units of selected E. coli strains. The
O-units of O antigens of E. coli K-12 (this paper), E. coli O4 (33), a
hybrid (GHS58) between E. coli K-12 and O4 (33), and E. coli Flexneri
(31), as determined by NMR, are shown. The linkages in the hybrid
molecule correspond to those found in strains K-12 and O4 as
indicated. The Flexneri structure shown includes the basic Rhal-
Rhall-RhallI-GlcNAc main chain and the O-acetyl substitution on
Rhalll encoded by the oac gene of phage Sf6, which is in effect the
Flexneri 3b structure.

proton-proton correlation spectroscopy (TOCSY), and pro-
ton-carbon correlation spectroscopy. Proton-proton coupling
constants were obtained from the 1D spectrum, when possible,
or from a 2D J-spectrum.

The sets of coupled proton resonances for each residue were
completely and unambiguously identified from the COSY and
TOCSY spectra, except for the H-6 protons of the glucose in
the main chain. No peak that could be assigned to these
protons was observed in either the COSY or TOCSY spec-
trum, but their proton chemical shift was eventually deter-
mined from the heteronuclear correlation spectrum (see be-

TABLE 2. 'H NMR chemical shifts of O antigen of E. coli K-12

Chemical shift for:

Sugar residue  Expt?
H-1 H-2 H-3 H-4 H-5 H-6

—2-B-Galf A 509 418 429 405 391 371
B 508 417 429 405 391 3.70
C +001 +0.01 0.00 0.00 0.00 +0.01
—6-a-Glcp A 497 356 372 356 4.02 3.95°
B 502 359 377 356 410
C -005 —-0.03 -0.05 0.00 -0.09
—3-a-Rhap A 493 517 396 362 413 130
B 492 394 377 355 404 128
C 4001 +123 +0.19 +0.07 +0.09 +0.02
—3-a-GlcNAcp A 499 420 378 372 4.02 3.84
B 499 416 380 370 403 3.83
C 0.00 +0.04 -0.02 +0.02 -0.01 +0.01
a-Glep A 502 359 378 345 378 3.90
B 502 359 378 345 378 3.90
C 000 000 000 000 000 0.00

4 A, O antigen in D,0O; B, de-O-acetylated O antigen in D,O; C, differences
between the chemical shifts for A and B.

The chemical shift for H-6 of this residue was determined by using the
'H-13C heteronuclear correlation spectrum.
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TABLE 3. *C NMR chemical shifts of O antigen of E. coli K-12

Chemical shift for:
C-1 C-2 C3 C4 C-5 C-6

Sugar residue Expt”

—2-B-Galf A 1072 875 768 834 714 642
B 1072 87.6 767 834 715 642
C 00 -01 +0.1 00 -0.1 0.0
—6-a-Glcp A 98.1 721 741 702 714 66.7
B 98.1 725 741 1704 715 668
C 00 -04 00 -02 -01 -01
—3-a-Rhap A 99.7 697 745 717 699 177
B 1020 692 782 715 701 178
C -23 +05 -37 +02 -02 -01
—3-a-GlcNAcp A 9.5 540 808 696 726 674
B 98.0 541 805 696 726 672
C -15 -01 +03 00 00 -02
a-Glep A 993 727 743 708 731 618
B 993 727 743 708 731 618
C 00 00 00 00 00 00

“ A, O antigen; B, de-O-acetylated O antigen; C, differences between the
chemical shifts for A and B.

low). The H-3 and H-5 signals of the branching glucose residue
have the same chemical shift. This was confirmed by decou-
pling H-3/H-5 and observing the H-4 signal, which collapsed to
a singlet. The chemical shifts of H-2 and H-4 of the branching
glucose residue, which are identical at 30°C, differ by 0.02 ppm
at 80°C.

Most of the '3C resonances were assigned unambiguously
from the heteronuclear correlation spectrum. The only signif-
icant exceptions were the glucose and glucosamine C-6 signals.
The '3C spectrum in the region between 60 and 70 ppm
showed clearly that there were two 6-substituted sugars (rather
broad peaks at 67.4 and 66.7 ppm) and two sugars not
substituted at the 6 position (64.2 and 61.8 ppm), but deter-
mining which residues were 6 substituted was more difficult.
The heteronuclear correlation spectrum proved that the peak
at 64.2 ppm belonged to the galactose residue, but the chem-
ical shifts of the remaining H-6 protons were rather similar.
The difficulty was caused, in part, by heteronuclear virtual
coupling (43, 44). When the heteronuclear correlation spec-
trum was repeated by using the older procedure in which
proton-proton couplings in the f, domain are retained (9), it
became apparent that virtual coupling between C-6 and H-5 of
the branching glucose resulted in cross peaks between the C-6
resonance and both the H-5 and H-6 resonances. In the
original spectrum, the BIRD sequence used to remove proton-
proton coupling resulted in a diffuse cross peak covering the
whole region between H-5 and H-6. This interpretation of the
spectra was verified by simulation of the virtual coupling effects
by using the ANTIOPE program (66) generously supplied by
J. S. Waugh.

Three other '*C assignments that might have been ambigu-
ous because of overlapping proton resonances (C-2 and C-4 of
the main-chain glucose, C-3 and C-5 of the branching glucose,
and the C-5 signals of glucosamine and the branching glucose)
were easily resolved by reference to the spectra of standard
compounds (10). The proton and carbon chemical shifts
obtained from these correlation spectra were also in very good
agreement with predictions based on known compounds (10)
and with the results reported for a very similar O antigen (33).
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The anomeric configuration for each residue was deduced
from the chemical shifts of the C-1 and H-1 signals (10).
Proton-proton coupling constants were also consistent with the
assigned anomeric configurations of all the pyranose rings.
Furthermore, the coupling constants indicated the axial or
equatorial orientations of the other ring protons, thus confirm-
ing that rhamnose, glucose, and glucosamine were present.

The linkage position on each sugar was deduced from the
results of methylation analysis and, independently, from the
13C chemical shift information. The methylation product con-
tained a 1,3,5-tri-O-acetyl-(1-deuterio)-2,4-di-O-methyl-6-de-
oxyhexitol; a 1,3,5-tri-O-acetyl-(1-deuterio)-(2-N-methylacet-
amido)-4,6-di-O-methylhexitol; a 1,5,6-tri-O-acetyl-(1-deuterio)-
2,3,4-tri-O-methylhexitol; and a 1,5-di-O-acetyl-(1-deuterio)-
2,3,4,6-tetra-O-methylhexitol, identified by their mass spectrometric
fragmentation pattern and chromatographic behavior (28).
There were no standards available for the galactofuranoside,
but a fifth chromatographic peak was observed, for which the
fragmentation pattern (m/e = 306, 205, 190, 130, 129, 101, 89,
and 88) was as expected for 1,2,4-tri-O-acetyl-(1-deuterio)-
3,5,6-tri-O-methylhexitol.

The location of the O-acetyl substituent, whose presence was
indicated by a proton singlet at 2.14 ppm and '*C resonances
at 22.7 and 173.5 ppm, was deduced from the chemical shift for
H-2 of rhamnose and confirmed by de-O acetylation with
dilute sodium hydroxide. A 20-mg sample of polysaccharide in
600 pl of D,O was hydrolyzed by the addition of 20 pl of 1 M
sodium hydroxide solution and heating at 100°C for 10 min
followed by adjustment of the pH to 6.2. The resulting changes
in 'H and '3C chemical shifts (Tables 2 and 3) confirmed that
the acetylation was at O-2 of rhamnose, and smaller changes
for carbons in the main-chain glucose residue and the glu-
cosamine strongly suggested that these residues were adjacent
to rhamnose.

The sequence of the sugar residues in the chain was deter-
mined by NMR spectroscopy and partial acid hydrolysis.
Two-dimensional NOESY spectra with mixing times of 300
and 500 ms were used to locate close approaches between
protons. The region of the NOESY spectrum containing
interactions involving anomeric protons is shown in Fig. 3 and
summarized in Table 4. The observed close approaches are
consistent with the proposed structure, as were the fragments
obtained by partial hydrolysis with dilute TFA. On gel chro-
matography, six oligosaccharide fractions were obtained, as
well as a fraction containing the monosaccharides rhamnose
and glucose. Two important fractions were examined by NMR
spectroscopy. The proton NMR spectrum of the first selected
fraction showed that it consisted almost entirely of a-Glcp-
Rha. Anomeric proton signals of both a- and B-rhamnose were
observed (5.16 ppm, J = 2.1 Hz; 4.87 ppm, J = 1.0 Hz), but
only a-glucose H-1 peaks were present (5.11 ppm,J = 3.9 Hz;
5.09 ppm, J = 3.9 Hz). The constitutional analysis showed
glucose and rhamnose in the ratio 1.0:0.7. This confirmed the
relative positions of glucose and rhamnose in the O antigen.

The other selected fraction contained glucose, N-acetylglu-
cosamine, and galactose in the ratio 1.0:0.9:0.4, but the proton
NMR spectrum showed that the material was a-Glcp-a-Glc-
NAcp-Gal and that galactose was the only reducing terminal
residue. (Again, the low value for galactose in the constitu-
tional analysis is due to preferential destruction.) The *C
spectrum confirmed that the trisaccharide contained a 1—6
glycosidic linkage.

Defining the end of the rfb gene cluster. In our earlier study
(37), we had located the rfbB gene and mutations rfb-50 and
rfb-51. One end of the rfb cluster is defined by the gnd gene
immediately downstream of the gene with the rfb-50 mutation,



VoL. 176, 1994 STRUCTURE OF K-12 O ANTIGEN AND rfb SEQUENCE 4149
F2 (PPM) pPRI538
PPR1010 pPR1474
pPR1539 pPR1556
4.901 pPR1167 _PPRI4T2
—_— pPR1168 pPR1473 1 gnd
©
4.95 7 0 1 2 3 4 5 6 7 8 9 10kb
@ L 1 i 1 1 1 1 1 1 1 1
@ - offl 2 3 4 5 6 7 8 9 10 11
5.00 O d %G+C 44 47 43 39 35 36 32 3740 32 35 50
O @ [BIDTATCT XT T T TT T 1[gnd ]
= [ I I I T ] [ 1
5.05 E H H E H HS H P E H
C600, P 4 WGI,P4
5.10 0 =& © C600, WG1, P4
C600, P 4 C600, WG1, P4
5.15
@ 9 C600,P 4 WG1, P4
5.20 FIG. 4. Map of the original K-12 rfb region. Boxes indicate ORFs
or genes as shown by sequencing. The 11 rfb ORFs are numbered
) above the boxes, and for those which have been identified, the letter in
5.25 T T T T T T T T T the box indicates the rfb gene involved. Restriction sites used in cloning
4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4

F1 (PPM)

FIG. 3. Partial 'H NOESY spectrum of O antigen from E. coli K-12
LPS showing interactions between anomeric and nonanomeric pro-
tons.

but the other end was not defined in that study. rfbB is the first
gene in the E. coli Dysenteriae rfb cluster (32), and we looked
first to see whether that was also the case for K-12. Plasmid
pPR1538 (Fig. 4) was constructed by using fragments from
strain WG1, which carries the rfb-51 mutation, and strain
W3110, which carries the rfb-50 mutation, in such a way as to
reconstruct the original operon from rfbD to its downstream
end. This plasmid was transformed into the rfb deletion strain
S@874 together with pPR1010, which carries the rfbB gene of
S. enterica LT2. This combination of plasmids was sufficient to
confer polymerized O antigen synthesis, as shown by SDS-
PAGE (data not shown). We conclude that rfbB is the first
gene of the cluster, as a substantial region upstream of rfbB is
missing in this strain.

rfe dependence and GlcNAc transferase. The enterobacterial
common antigen (ECA), thought to be present in all members
of the family Enterobacteriaceae, has N-acetyl-p-glucosamine
(GIcNAC) as a constituent sugar (38). The rfe gene in the ECA
gene cluster is thought to encode the UDP-GIcNAc:undeca-
prenylphosphate GIlcNAc-1-phosphate (GlcNAc-P) transfer-
ase which transfers GIcNAc-P from UDP-GIcNAc to undeca-
prenylphosphate (UndP) to give GlcNAc-pyrophosphorylun-
decaprenol (GlcNAc-PP-Und) and thereby initiate synthesis of
the ECA repeat unit (42). The synthesis of several O antigens

TABLE 4. Close approaches between anomeric and other protons
as determined by NOESY spectroscopy

Anomeric proton Adjacent proton(s)

Galactose ........cceeereereeerennnn. Glc I: H-5, H-6; GIcNAc: H-3%; Gal: H-2, H-3
Glucose I°.. ..Rha: H-3; Glc I: H-2, H-3¢

...GIcNAc: H-3; Rha: H-3

N-Acetylglucosamine .........Gal: H-2; GlcNAc:H-2, H-3, H-5

Glucose IT°.........ooeeuennnn. GlcNAc: H-5, H-6; Glc II: H-2

¢ Other possible, but less likely, assignments are Glc II: H-3 or H-5.

® Main-chain glucose residue.

 Other possible, but less likely, assignments are Gal: H-6 or GlcNAc: H-4.
4 Branching glucose residue.

are shown below the boxes. A scale is shown above the gene symbols.
Plasmids and DNA fragments used in this study are indicated at the
top. Fragments 1 and gnd (37) were made by PCR. Below the
restriction sites are shown the fragments detected by Southern hybrid-
ization in DNA from strains C600 and WG1 and P 4 as indicated (see
text). E, EcoRI; H, Hindlll; P, PstI; S, Sphl.

has been shown to require the presence of a functional rfe
gene, and many of these now appear to fall into two groups.
The first group comprises the O antigens of E. coli O8 and O9,
which contain only mannose (40), and that of Klebsiella
pneumoniae O1 (20), which contains only galactose, and the
atypical T1 antigen, produced as an alternative O antigen by
some mutants of S. enterica, which contains polygalactose and
polyribose components (40). The second group contains O
antigens, such as those of S. enterica group C1 and E. coli
Dysenteriae 1, with a typical multisugar O-unit which includes
GIcNAc. The role of Rfe in the first group is not understood,
as the repeat units do not contain GIcNAc (see reference 53
for a review). With regard to the second group, it has been
shown indirectly for E. coli Dysenteriae 1, by SDS-PAGE
analysis of the LPS produced by mutants, that GIcNAc is the
first sugar in the biological repeat unit of the O antigen and is
added to UndP by Rfe to initiate O-unit synthesis (32). As the
O antigen of E. coli K-12 contains GIcNAc, we investigated the
possibility that its synthesis is rfe dependent. To strain
AN21548, which is an rfe mutant, was added one or both of
plasmids pRL100, which carries the rfe gene, and pPR1538,
which carries a reconstruction of the original rfb gene cluster
apart from rfbB. The host strain AN21548 is assumed to carry
the rfbC1 and rfb-50::IS5 mutations, as it is from the same
lineage as C600. Both mutations should be complemented by
pPR1538 to give rfb function. We found that AN21548 carrying
both plasmids made LPS with O antigen (Fig. 5, lane c) but
that plasmid pPR1538 alone (lane b) did not confer O antigen
synthesis on strain AN21548. Lanes d and e of Fig. 5 are
positive controls, containing strains in which the rfb-50 muta-
tion is complemented by pPR1474. We conclude that synthesis
of the K-12 O antigen is rfe dependent, with the implication
that O-unit synthesis starts with addition of GlcNAc-P to UndP
by Rfe. We also showed by use of ['*C]JUDP-GIcNACc that, as
expected for a strain synthesizing ECA (55), GIcNAc was
transferred to lipid and this transfer required the presence of
PRL100 (Table 5). We confirmed that UDP-GIcNAc was the
first sugar added by showing that it was the only nucleotide
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FIG. 5. Requirement of the rfe gene for expression of the E. coli
K-12 O antigen. Membrane extracts were run on SDS-PAGE gels and
stained by silver staining. Lanes: a, AN21548 (Arfb rfe); b, AN21548
carrying pPR1538 (rfb genes); ¢, AN21548 carrying pPR1538 (rfb
genes) and pRL100 (rfe gene); d, EMG2 (rfb-50) carrying pPR1474
(orf9 orfl0 orfll); e, W1485 (rfb-50) carrying pPR1474 (orf9 orfl0
orfll).

sugar required to allow rhamnose to be added to the O-unit
(s€e below). _

Sequence of the rfb region. We sequenced the rfb region over
an area other than the short segment previously sequenced
{(37). The ends of plasmids pPR1472, pPR1473, pPR1167,
pPR1168, and pPR1539 were sequenced with the universal
primer and reverse primer. Exonuclease III deletion families
of these plasmids and also of derivatives with the inserts
inverted were constructed. The universal priming site was used
for sequencing selected strains from these families. Synthetic
oligomers were made to sequence the region 300 bp upstream
from rfbB to a position 400 bp downstream of the start codon
of this gene. As rfbB appears to be the first gene of the cluster,
we did not sequence upstream of this segment.

As we were nearing completion of the sequencing, we
learned that M. Valvano and colleagues had sequenced much
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of the region in their determination of the E. coli K-12 genes
required for complementation of the E. coli Flexneri (note
explanation of terminology in Materials and Methods) rfb
region to give group 6 specificity (see below). We contacted
them and exchanged information. They had complete se-
quence from position 2780 in rfbA (see reference 73), and we
used their sequence to fill in gaps in that part of our sequence.
Analysis of the sequence revealed 11 open reading frames
(ORFs) (Fig. 4) in the rfb gene cluster, all transcribed towards
the gnd gene; the rfb gene cluster covered 10,462 bp from the
start of orfI to the end of orfl1. Only one discrepancy with the
sequence obtained by Yao and Valvano (73) remains after
discussion of all discrepancies and is given in the GenBank
entry; it has no effect on gene length, and it does not affect the
conclusions.

TDP-Rha biosynthetic pathway genes. The four genes re-
quired for TDP-Rha synthesis, 7fbB, -D, -4, and -C, have been
shown previously to be present in E. coli K-12 and to map in
the rfb region (5, 67). They are easily identified as orfI to orf4
by their similarity to the homologous genes of S. enterica (29),
E. coli Dysenteriae (32), and E. coli Flexneri (50a) (GenBank
entry SHFRFBAB).

The rhamnose transferase gene. If GIcNAc is the first sugar
added to UndP, it becomes clear from the structure that
rhamnose is the second. We suspected that orfl could be the
rhamnose transferase, as the rfb-50 mutation in it is very stable.
It is known for S. enterica LT2 that mutations which can initiate
but not complete O-unit synthesis are unstable, presumably
because they lead to accumulation of intermediates which
reduce the pool of UndP needed for other syntheses, including
that of peptidoglycan (40). Mutations which block GlcNAc or
Rha addition are likely to be stable, as addition of the first
sugar to UndP is reversible, and it is only if two or more sugars
are added that O-unit intermediates on UndP accumulate,
making it unavailable for other syntheses (40). If the same
applies to K-12, the only rfb mutations likely to be stable are
those which block rhamnose addition, and since orfl1 is clearly
not one of the TDP-Rha biosynthetic pathway genes, it may
well be the gene for rhamnose transferase. We tested the
strains used in the assay of GIcNAc transferase for their ability
to add rhamnose to UndP in the presence or absence of
plasmids pRL100 and pPR1556, which carry the rfe gene and
orfll, respectively. We found (Table 5) that both plasmids

- - -— —
E.coli K-12 TAATAGTTTTTGCATCTTGTTCGTGATGGTGGAGCAAGATGAATTAAAAGGAATGATGAA [ATG
Flexneri |. .. |JA.A. . A. ... ... .. C.C..A..... C.A G G. R P
fbD - rbs. b
stop codon start codon
S. enterica [TAATAAATTTAAATGCCCATCAGGGCATTTTCTATGAATGAGAAATGGAA
foD r.b.s. fbA
stop codon start codon
e
N. gonorrhoese  [TAGTTTTCAGACGGCATCCCGACGCAATGCCGTCTGAAAACCCATCGCAAAGGAAGAAAGAAAAG
fbB rbs. fbA
stop codon start codon

FIG. 6. Stem-loop structures found in the intergenic sequence between rfbD and rfbA in E. coli K-12, E. coli Flexneri (50a) (GenBank
SHFRFBAB), and S. enterica LT2 (29) and between homologs of rfbB and rfbA of N. gonorrhoeae (55a) (GenBank NGOCPSA). Positions where
the Flexneri sequence is the same as in K-12 are indicated by dots. Arrows show the regions of dyad symmetry. r.b.s., ribosomal binding site.
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were required for transfer of radioactive rhamnose from
TDP-L-[U-'*C]rhamnose. We obtained the same results with
S@874 as the host strain, showing not only that orfll was
required but also that it is the only gene required in the rfb
cluster. Transfer in the absence of cold UDP-GIcNAc was
reduced by about 65% (data not shown), with residual transfer
presumably due to the presence of GIcNAc-PP-Und acting as
a substrate.

These experiments show that orfll is the gene for the
rhamnose transferase and confirm that GIcNAc is the first
sugar added, with Rha being the second. In both the GIcNAc
and Rha transferase assays, the level of transfer was low
compared with that observed for other transferases and there
was no difference in those assays in which DP was omitted,
suggesting that the GIcNAc phosphate transferase, unlike the
galactose phosphate transferase, cannot utilize DP as an
acceptor.

rfbX and rfe. All rfb gene clusters sequenced thus far have
included a gene, named rfbX, for which one can predict a
protein product with about 12 transmembrane segments. orf5
is the only gene which fits this pattern and is 32% identical to
the rfbX gene of E. coli Dysenteriae I, and it was named
accordingly. Orf7 is the only other predicted gene product with
multiple potential transmembrane segments and fits the pat-
tern expected for Rfc, and the gene is named accordingly,
although we have not attempted to show directly that Orf7 is
the O-antigen polymerase.

O-acetyl transferase. The O antigens of most Flexneri
strains of E. coli have the same basic Rhal-Rhall-Rhalll-
GIcNAC structure but with substitutions which can include an
O-acetyl group on the C-2 position of Rhalll (64). This
O-acetyl group in Flexneri strains is in a similar chemical
environment to that of strain K-12 (Fig. 2). The O-acetyl
transferase in Flexneri is known to be encoded by the oac gene,
which has been cloned and sequenced (19, 69).

Yao et al. (72) clonéd the Flexneri 2a and 3a rfb regions into
E. coli K-12 and found that the O antigens synthesized reacted
with Flexneri group 6 antiserum, which is specific for the
O-acetyl group. The Flexneri O-acetyl group is determined by
the oac gene present on bacteriophage Sf6. This phage is not
present in Flexneri 2a, which lacks the O-acetyl group, so the
presence of group 6 activity in the Flexneri 2a clone was
unexpected. Furthermore, the integration site for phage Sf6 is
far from the rfb region, so the clones of Flexneri 3a rfb genes
would not carry the oac gene. It was concluded that K-12 had
an O-acetyl transferase of appropriate specificity which con-
ferred group 6 specificity on Flexneri O antigen (72) and, as
Flexneri clones in a K-12 strain carrying a deletion of the Ais rfb
region did not confer group 6 specificity, that the gene was in
or near the K-12 rfb gene cluster. Furthermore, a clone of the
K-12 rfb region conferred group 6 specificity on Flexneri
strains (72) which did not carry phage Sf6, supporting this
suggestion. More recent work has complicated this theory (see
below), but it remains true that a single rfb gene, which is
presumably the gene responsible for the O acetylation of the
K-12 O antigen, is expected for this O-acetyl transfer. Orf9 is
a good candidate for the transferase as it is very similar to
choramphenicol acetyltransferase and lactose acetyltrans-
ferase, with the segment of greatest similarity being in a
recognized acetyltransferase motif.

The glucose transferase gene. Of proteins in the data base,
Orf10 has the greatest similarity to RfbU of S. enterica group
B, which encodes a mannose «(1-4) transferase, and we
suggest that the Glc a(1-3) transferase gene is orfI0.

Side chain glucose transfer. The gene for the transferase for
the side chain glucose may not be in the rfb cluster, as there are
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TABLE 5. Assay of GIcNAc transferase and rhamnose transferase
by incorporation of radioactive sugar from UDP-[U-'*C]GIcNAc or
dTDP-[U-!*C]rhamnose into chloroform-methanol-
extractable material

Amt of radioactively labelled sugar
incorporated (cpm)*

Strain
[*C]UDP-GIcNAc ['4C]dTDP-Rha®
AN21548 86 171
AN21548/pRL100 4,258 225
AN21548/pPR1556 76 390
AN21548/pPR1556/pRL100 3,442 3,744
S(Z)874/pRL10O ND 73
S@874/pRL100/pPR1556 ND 2,143

% ND indicates that the test was not done.
b UDP-GIcNACc was added for all reactions with ['“C]dTDP-Rha.

several cases known of side chain glucose being added from
Und-P-Glc after synthesis and translocation of the O-unit and,
in those cases for which the genetics are known, the genes for
synthesis and translocation of Und-P-Glc and for the Glc
transferase map away from the rfb cluster (40). The conserva-
tive expectation, then, is for no Glc transferase gene in the rfb
cluster for the side chain Glc. This is supported by the
observation that recombinant E. coli K-12 strains with the his
rfb region replaced by that from an O4 E. coli strain make O
antigen with an O4 main chain but with glucose substituted
1—6 onto GlcNAc (33), as in strain K-12 (see below). This side
branch glucose is not present in the O4 structure, and the
simplest explanation is that the K-12 glucose transferase gene
maps away from the rfb region and remains when the rfb region
is replaced (see below).

Synthesis and transfer of galactofuranose. We now have to
identify the Galf transferase and Galf pathway genes. There
are only two genes, orf6 and orf8, available, and one of these
must be the gene for the Galf transferase, leaving one gene for
the pathway. Galf synthesis and transfer to bacterial polysac-
charides have been studied with S. enterica and Penicillium
charlesii. These processes are generally quite well conserved
and, for speculative purposes, it is reasonable to combine the
two sets of data. It has been shown convincingly that in S.
enterica, UDP-Galp is a precursor of the Galf in T1 polysac-
charide (61), but these in vivo experiments could not indicate
how many steps were involved. It has also been shown that
UDP-Galf can be made from glucose in vitro with a cell extract
of P. charlesii and that the Galf can be transferred to the
polysaccharide galactocarylose (68). These results are consis-
tent with the simple hypothesis that UDP-Galp is converted to
UDP-Galf, which acts as precursor for transfer of Galf to
polysaccharides. In further support of this hypothesis, an
oxidoreductase which can form a 2-keto group on both UDP-
Galp and ADP-ribose has been found and isolated from P.
charlesii (24, 30). The authors of those reports point out the
similarity in configuration of ADP-ribose and UDP-Galf and
suggest that there may be a 2-keto intermediate in conversion
of UDP-Galp to UDP-Galf. As there are only sufficient genes
in the E. coli rfb region for one gene to be involved in synthesis
of a Galf precursor, we suggest that a single enzyme can
convert UDP-Galp to UDP-Galf through a 2-keto intermedi-
ate in a manner parallel to the interconversion of UDP-Galp
and UDP-Glcp by galactose-4-epimerase. We propose that
orf6 is the gene involved, as the protein product has the
Rossman fold found in many sugar pathway enzymes, including
Gal epimerase, but not reported to be present in sugar
transferases. The remaining gene, orf8, is likely to encode the
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Galf transferase. Although the identification of these two
genes is tentative, the hypothesis can be tested by studying the
biosynthesis of UDP-Galf or other intermediates and transfer-
ring Galf by using cloned gene products and the genetic tools
available in E. coli K-12.

The rfb gene cluster of E. coli K-12 and its evolutionary
relationships. The genes of the rfb cluster of K-12, like those of
all other rfb clusters from E. coli and S. enterica sequenced thus
far, all transcribe in the same direction, which is now known to
be the direction preferred in relation to replication (15). The
position of the rhamnose pathway genes at the start of the gene
cluster and their order, rfbB, -D, -A, -C, is the same as in E. coli
Dysenteriae (32) and in S. enterica group B (and related groups
A, C2, D, and E) (see reference 52 for a review, but note that
in that review, the identification of rfbC and rfbD was in error
and the order was given as rfbB, -C, -A, -D; a correction will be
published shortly). These genes are followed by rfbX, as in E.
coli Dysenteriae and S. enterica group E (the dideoxyhexose
pathway genes intervene in the related S. enterica groups A, B,
D, and C2). Also as for S. enterica and E. coli Dysenteriae, the
transferase genes and other group-specific genes, rfbX and,
when present in the rfb locus, rfc, are grouped together.

The order of the glycosyl transferase genes, if our predic-
tions are correct, is the inverse of that in which the gene
products act, as observed for S. enterica groups B (and related
groups) (29), E1 (70), and C2 (14) and E. coli Dysenteriae (32).
In both E. coli Dysenteriae and E. coli K-12, the transferase
which acts first (of those encoded in the 7fb gene cluster) is the
last gene of the whole cluster. This resembles the situation in
S. enterica group B (and related groups), in which the galactose
transferase gene is the last gene of the cluster. This pattern has
now been observed sufficiently often to suggest that either it
represents an early arrangement which has been conserved or
it offers some selective advantage.

As seems to be general for rfb genes, the G+C content is
atypical for the host species. In this case (Fig. 4), it varies
considerably within the cluster but is lower for all genes than
the 0.5% characteristic of E. coli, suggesting that the cluster
was assembled from more than one source before lateral
transfer to E. coli.

The rhamnose pathway genes in Flexneri (50a) (GenBank
entry SHFRFBAB) and, in part, in Dysenteriae 1 have been
sequenced. The first three, rfbB, -D, and -4, show considerable
similarity to those of K-12, but there is much greater difference
for rfbC. For Dysenteriae, the remaining four genes of the rfb
cluster have also been sequenced and show very little similarity
to those of K-12 (only 32% amino acid identity for rfbX). A
short segment of Flexneri sequence downstream of rfbC shows
no obvious similarity to other rfb genes, and most other
Flexneri genes must differ substantially from those of the other
two, as there are considerable differences in the transferases
needed. This situation is similar to that found with S. enterica
groups B, D, C2, and E1, in which the rhamnose and mannose
pathway genes are in general extremely similar, whereas other
genes may show no detectable sequence similarity at all. We
have suggested that the common gene order of these S. enterica
rfb clusters represents the gene order of an ancestral cluster,
the extreme variation in rfbX and the transferases indicating
the very long time since divergence. The high level of similarity
in the flanking rhamnose and (in general) mannose pathway
genes, with about 1% nucleotide base differences, is attributed
to a form of concerted evolution whereby there is sufficient
genetic exchange in these regions to allow them to undergo
random genetic drift together.

For the E. coli groups under consideration, the first three
rhamnose pathway genes of Flexneri and K-12 differ by about
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15% at nucleotide level and about 5.5% at amino acid level,
equivalent to the general level of divergence between genes of
species such as S. enterica and the E. coli. Segments of
sequence available for these Dysenteriae genes have a similar
level of divergence from those of both K-12 and Flexneri.
Clearly, the rhamnose pathway genes of these related E. coli
rfb gene clusters have been diverging for much longer than
their S. enterica counterparts, indicating that the level of
genetic exchange between them has been much less than in the
S. enterica strains studied, and indeed the divergence is now at
a level which will dramatically reduce recombination between
them (51). The much greater difference observed for rfbC
(64% amino acid identity) for K-12 and Flexneri, when data
are available, parallels the situation in S. enterica, where the
rfoC genes of groups B, D, and C2 are very similar but that of
group E1 has diverged substantially. We suggest that the same
explanation applies and that in both species, random genetic
drift in rfbC is reduced by the proximity of the central region,
for which variation is presumably maintained as a balanced
polymorphism giving different forms of O antigen. If drift takes
sequence divergence of rfbC beyond the level at which recom-
bination readily occurs, then rfbC is no longer subject to
counterbalancing concerted evolution, as recombination can-
not occur within the gene, and each form of 7fbC is linked to a
different (maintained) form of the central region. As for S.
enterica, the very high level of presumably neutral difference in
rfbC indicates a very long period of divergence since the
concerted evolution ceased.

Inverted repeats upstream of the rfbA gene and the Y
function. In E. coli K-12, E. coli Flexneri, and S. enterica LT2,
there is a stem-loop structure in the intergenic region between
rfbD and rfbA which is conserved despite considerable changes
in sequence (Fig. 6). These structures may represent the
regulatory site called Y which was located in S. enterica in this
general vicinity by Nikaido et al. (47), who observed that
deletions which extend into this region showed derepression of
an upstream gene, then known as rfbL but now shown to be
¢psG, a gene of the capsule GDP-fucose pathway (65). The
ends of the deletions which defined the Y site were later
approximately located by Brahmbhatt et al. (11), and knowl-
edge of the sequence (29) now allows us to locate the site
somewhere between a Sphl site at position 1676 and a Kpnl
site at position 4488. The only intergenic region in this segment
is that between rfbD and rfbA, and it is tempting to suggest that
the inverted repeats confer the Y function in LT2 and that the
same function is present in E. coli K-12 and Flexneri.

We thus have indirect evidence which allows us to speculate
that in S. enterica LT2, the stem-loop structure between rfbD
and rfbA functions in repression of a gene(s) in the cps locus.
We have little knowledge of any regulatory role it may play in
rfb expression, as the deletion mutants involved had only rfbB
left intact of the genes being assayed. With regard to E. coli
K-12, we know that a comparable cps cluster is present (2), and
it is quite possible that the Y function operates in K-12,
although much more work will be needed to establish the
details of any interactions between the cps and rfb gene clusters
of E. coli and S. enterica.

The inverted repeat is also found upstream of an rfbA4
homolog within the capsule (cps) gene clusters of Neisseria
meningitidis (26) and Neisseria gonorrhoeae (55a), where it lies
in an intergenic segment between homologs of rfbB and rfbA
(Fig. 6).

Isogenes of rfbA and rfbB in the E. coli rff gene cluster.
TDP-4-keto-6-deoxy-glucose (TDP-KDG) is an intermediate
in the synthesis of both TDP-rhamnose and TDP-fucosamine,
required for S. enterica group B O antigen synthesis and for
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ECA synthesis, respectively. The enzymes for TDP-KDG
synthesis are thymidylyl transferase and dTDP-glucose oxi-
doreductase encoded by rfbA and rfbB, respectively, in the rfb
cluster. We searched the sequence of the K-12 rff (ECA) locus
(22) and found that ORFs 0292 and 0355 have 63 and 73%
amino acid identity, respectively, to RfbA and RfbB of K-12,
with one or two short internal insertion or deletion events. The
two genes are adjacent, and we suggest that they encode a
thymidylyl transferase and dTTP-glucose oxidoreductase, re-
spectively, although 0355 was tentatively identified as rffE,
which encodes UDP-GIcNAc epimerase (22). It appears that
E. coli K-12 has two sets of genes for synthesis of TDP-KDG,
one in the rfb gene cluster and the other in the rff gene cluster,
although it remains to be confirmed that the genes in the latter
cluster are functional.

Nikaido et al. (47) observed in LT2 a second dTDP-glucose
oxidoreductase additional to that encoded by rfbB. We suggest
that it is encoded by the S. enterica homolog of 0355. It should
be noted that although ECA synthesis in S. enterica LT2 is
sometimes assumed to include a requirement for rfbB and rfbA
(for example, see reference 42), the evidence is for a require-
ment for 7fbA and mute on a requirement for rfbB. This
His-399 strain with rfbA but not rfbB deleted lacks ECA (39),
and a mutant with a point mutation in rfbA4 also lacked ECA
(36). However, there have to our knowledge been no studies of
ECA synthesis in strains carrying mutations in rfbB but not
rfbA. If we are correct in our identification of the second
dTDP-glucose oxidoreductase, then clearly only rfbB is re-
quired for synthesis of ECA in LT2.

Synthesis of this second dTDP-glucose oxidoreductase is
derepressed in LT?2 in strains with deletions extending beyond
cpsB, which define a site, X (47), in a region now known to be
in the cps gene cluster (65). There appears to be a complex set
of interactions between the rfb, ¢ps, and rff gene clusters.

E. coli K-12 has an 016 O antigen which cross-reacts with
017. The O and H antigens of P4863 were kindly determined
by Uffe Skov Sgrenson as described in Materials and Methods
and found to be O16 and H48. There was, as expected, no K
antigen detected. P4863 also reacted with O17 antiserum. The
combination O16:H48 is quite common, but the combinations
016:017 and O17:H48 are not present in the data base at the
International Escherichia and Klebsiella Centre, and in partic-
ular, the cross-reaction with O17 antiserum exhibited by E. coli
K-12 is not exhibited by the type O16 strain, P 4 (50).
Presumably, there is a group on the O antigen of E. coli K-12
which is not present on the O antigen of strain P 4 but gives
cross-reaction with the O17 antigen of strain M493 (this is
strain K 12a in the work of @rskov et al. [50], but we use our
laboratory name to avoid confusion, as the strain is not related
to K-12). We compared the restriction maps of two Q16 strains
and the O17 strain by Southern hybridization with six probes
(pPR1167, pPR1168, pPR1473, pPR1474, 1 and gnd [Fig. 4])
which covered most of the rfb gene cluster and some flanking
DNA at each end. The probes all hybridized to P 4 and gave
fragments of the size expected from the E. coli K-12 sequence
for internal fragments. E. coli K-12 strains WG1 and C600
were included to represent the two mutant forms known for
K-12. Each of the fragments seen in P 4, including those
extending into flanking DNA, was seen in one or both of the
K-12 strains, missing or replaced only when expected from our
knowledge of the rfb-50 and rfb-51 mutations carried by C600
and WG1, respectively (Fig. 4). We conclude that the restric-
tion maps of strain P 4 and the parental K-12 strain were
indistinguishable and therefore that the O antigens of K-12
and P 4 are the same in their major features and, in particular,
must have the same main chain, as any differences sufficient to
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change that situation would be evident on Southern hybridiza-
tion. The failure of pPR1167 to probe strain WG1 indicates
that the rfb-51 deletion extends through orf2.8 and orfl.3.

Only the two probes carrying flanking DNA, pPR1167 and
the gnd gene probe, hybridized to M493, the O17 strain (data
not shown). Clearly, the O16 and O17 strains do not have
closely related rfb gene clusters and may well have very
different O-antigen structures. The most probable explanation
for the serological cross-reaction is that either the O-acetyl
group or the branch glucose residue is absent in the standard
016 strain but that a similar residue is present in an otherwise
rather different O17 O antigen. The branch glucose is the more
likely candidate for the cross-reaction, as it is not encoded in
the rfb region, which appears identical in P 4 and K-12. We
propose to examine the O antigens of the strains concerned to
determine the basis for the cross-reaction.

Interaction of the rfb genes of K-12 and Flexneri. We
discussed above the observations of Yao et al. (72), which
suggested that the K-12 rfb region included a gene for an
O-acetyl transferase able to acetylate the basic Flexneri O
antigen to confer group 6 specificity. Yao and Valvano have
now reported (73) that orf6, orf8, orf9, and orfl0 are all
required to express group 6 antigenic specificity. Now that we
know the structure of the K-12 O antigen and the nature of its
rfb mutations, it is apparent why four genes are needed. The
strain (W3110) used by Yao et al. (72) to make the clones is
from a lineage which carries the rfb-50::IS5 mutation. This
mutation in the rhamnose transferase gene should be comple-
mented by the Flexneri clones, as Flexneri also has Rha a(1-3)
linked to GIcNAc (Fig. 2). In this regard, it should be noted
that although the GlcNAc residue in K-12 has an « linkage and
that in Flexneri has a B linkage in the complete O antigen,
these linkages are formed during the polymerization of O-units
by the O-antigen polymerases of the respective strains. Given
the similarity of the O antigen of Flexneri to those of K-12 and
Dysenteriae 1, we have assumed that its synthesis is rfe
dependent and that it starts O-unit synthesis with GIcNAc. The
rhamnose is added to GIcNAc while it is still on UndPP and
presumably a-p-GlcNAc-PP-Und in both cases. The change to
the B anomer for the GlcNAc of K-12 would be determined
later by the O-antigen polymerase (63).

The Flexneri clones carrying the rfb region from K-12 strain
W3110 would have all the genes required for synthesis of both
Flexneri and K-12 O antigens, as do K-12 strains carrying the
rfb region of Flexneri. As all genes of the K-12 rfb cluster other
than the O-antigen polymerase gene, rfc or orf7, are required
for the expression of the group 6 specificity in Flexneri strains,
it is most likely that, in these strains, expression of group 6
specificity requires synthesis, but not polymerization, of the
K-12 O antigen, indicating that the cross-reaction observed is
due to presence of the K-12 antigen. (This has been confirmed
by Yao and Valvano [73].) It appears that the K-12 O-acetyl
transferase is specific for the K-12 O antigen but that group 6
antiserum cross-reacts with the O-acetyl-Rha of the K-12
antigen. The serological cross-reaction is not surprising, as the
O-acetyl groups of both K-12 and Flexneri are on position 2 of
a thamnose a(1—3) linked to GIcNAc. The fact that the K-12
enzyme encoded by orf9 cannot acetylate the Flexneri O-unit
suggests that acetylation occurs after addition of the next sugar
residue, as it is only then that the two Rha residues differ in
their local environment.

Interaction of the E. coli K-12 and O4 rfb genes. Kogan et al.
(33) have shown that E. coli K-12 strains carrying the E. coli O4
rfb gene cluster produce a modified O4 antigen. In some cases,
there is presence of side chain glucose 1—6 linked to the
GIcNAc of the O4 antigen in addition to or in place of glucose
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1—6 linked to rhamnose, and in strain GHSS, there is a major
modification to give the structure shown in Fig. 2. We can now
see that all linkages present in the new structure of strain
GHSS, but absent in the O4 structure, are found in the K-12 O
antigen: all of the new O antigen structures are in effect hybrids
between the O4 and K-12 structures.

In strain HB1019, in which the rfb region of strain K-12 is
replaced by that of the O4 strain SH1 (27), half of the O-units
carry a glucose residue on GIcNAc in place of that on
rhamnose; this shows both that the O4 Glc transferase gene is
in the rfb region and that the K-12 Glc transferase gene is not.
Strain GH148 has the O4 rfb clone pGH133 (27) in strain K-12
and has 90% of the glucose substitutions on GlcNAc; there is
no obvious reason why the K-12 Glc transferase is relatively
more effective in this case in which the O4 gene is on a
multicopy plasmid.

GHS58, which produces O antigen with the hybrid main
chain, also has the O4 rfb region cloned into K-12, but the
plasmid, pGHS58 (27), has much less O4 DNA than pGH133.
We can explain the observations if we assume that GHS58 lacks
the O4 rhamnose transferase and so cannot complete the main
chain of an O4 O-unit. We suggest that in GH148, the O4
transferases, being encoded on a multicopy plasmid, dominate
and lead to transfer of Rha only to Glc, followed by polymer-
ization of the O4 O-unit, whereas in GHS58, in the presumed
absence of the O4 rhamnose transferase, the K-12 Galf
transferase acts to transfer Galf to the a-p-Glep-(1—3)-a-1L-
FucNAc-(1—3)-a-D-GlcNAc-PP-Und substrate which, with
a-L.-FucNAc in place of a-L-Rha, offers a substrate very similar
to the K-12 substrate. Once Galf is added, then only the K-12
polymerase is likely to recognize the hybrid O-unit, as it is
quite similar to its authentic substrate, to give the structure
observed.

General conclusions. In this paper, we present the structure
of the E. coli K-12 016 O antigen and the sequence of the rfb
genes which encode it. The gene cluster shows segments of
considerable similarity to those of Dysenteriae and Flexneri,
which we treat as clones of E. coli and not as separate species
of the genus Shigella. The pattern of relationships between
these rfb clusters in E. coli is similar to that previously observed
for S. enterica groups B, D, C2, and E. Analysis of the
sequences and comparison with other sequences also revealed
a conserved potential regulatory region within the E. coli and
S. enterica clusters.

Like Dysenteriae, and perhaps Flexneri, O16 O antigen
synthesis is rfe dependent because synthesis of O-unit starts
with GIcNAc, which is transferred to UndP by Rfe. E. coli K-12
has been used as a host for cloning several 7fb regions, and at
least for E. coli O4 and (Shigella) Flexneri, the O antigen
produced by the clones differs from that of the source strain.
Now that we know the structure of the K-12 O antigen and
something of its genetics, both interactions are readily expli-
cable.
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