JOURNAL OF BACTERIOLOGY, Oct. 1995, p. 5539-5546
0021-9193/95/$04.00+0
Copyright © 1995, American Society for Microbiology

Vol. 177, No. 19

Genetic Analysis of the dTDP-Rhamnose Biosynthesis Region of the
Escherichia coli VW187 (O7:K1) rfb Gene Cluster: Identification

of Functional Homologs of rfbB and rfbA in the rff Cluster
and Correct Location of the rffEE Gene

CRISTINA L. MAROLDA anp MIGUEL A. VALVANO*

Department of Microbiology and Immunology, University of Western Ontario,
London, Ontario N6A 5C1, Canada

Received 10 April 1995/Accepted 5 August 1995

The O-repeating unit of the Escherichia coli O7-specific lipopolysaccharide is made of galactose, mannose,
rhamnose, 4-acetamido-4,6-dideoxyglucose, and N-acetylglucosamine. We have recently characterized the
genes involved in the biosynthesis of the sugar precursor GDP-mannose occurring in the E. coli O7:K1 strain
VW187 (C. L. Marolda and M. A. Valvano, J. Bacteriol. 175:148-158, 1993). In the present study, we identified
and sequenced the rfbBDAC genes encoding the enzymes for the biosynthesis of another precursor, dTDP-
rhamnose. These genes are localized on the upstream end of the rfbg., region, and they are strongly conserved
compared with similar genes found in various enteric and nonenteric bacteria. Upstream of rfbB we identified
a DNA segment containing the rfb promoter and a highly conserved untranslated leader sequence also present
in the promoter regions of other surface polysaccharide gene clusters. Also, we have determined that rfbB and
rfbA have homologs, rffG (0355) and rffH (0292), respectively, located on the rff cluster, which is involved in the
synthesis of enterobacterial common antigen. We provide biochemical evidence that rfG and rffH encode
dTDP-glucose dehydratase and glucose-1-phosphate thymidylyltransferase activities, respectively, and we also
show that rffG complemented the rfbB defect in the O7* cosmid pJHCV32. We also demonstrate that rffG is

distinct from rffE and map the rffE gene to the second gene of the rff cluster.

Bacterial outer membranes of most gram-negative microor-
ganisms contain lipopolysaccharide (LPS), a complex molecule
consisting of an O-specific polysaccharide chain attached to
lipid A via the core oligosaccharide (36, 40, 48). The O-specific
polysaccharide, made of repeating oligosaccharide units, is the
most variable portion of the LPS molecule in terms of carbo-
hydrate composition and chemical structure (23, 34).

Most of the specific enzymes involved in the biosynthesis of
O polysaccharides are encoded by genes clustered in the rfb
locus, which maps at 44 min on the Escherichia coli K-12
linkage map and at 42 min on the Salmonella enterica LT2
linkage map (40, 48). These enzymes are responsible for the
biosynthesis and transfer of the nucleotide sugar precursors
onto a lipid carrier to complete the O-repeating oligosaccha-
ride units. Other rfb gene components encode products in-
volved in the polymerization and assembly of the O-specific
polysaccharide.

To elucidate the genetic organization at the molecular level
of O-specific LPS genes in E. coli and to understand the mech-
anism of biosynthesis and assembly of O-specific polysacchar-
ides, we are studying the rfb genes (rfbg.o;) from strain
VW187, a pathogenic isolate of E. coli O7:K1 (1, 26, 28, 44,
45). The O7 repeat consists of a linear backbone composed of
N-acetylglucosamine (GIcNAc), 4-acetamido-4,6-dideoxyglu-
cose, mannose, and galactose and a side chain of rhamnose
al—2-linked to the mannose residue (24). Genes governing
the biosynthesis of the O7 precursors UDP-Gal and UDP-
GlcNAc map outside the rfb region, whereas the genes for the
synthesis of the remaining precursors are present within the rfb
gene cluster. Recently, we showed that the rfe gene is also
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necessary for the formation of the O7 repeat in mediating the
incorporation of GlcNAc onto the lipid acceptor, the initial
step in the assembly of the O7 subunit (1).

We previously reported the genetic and functional charac-
terization of two genes, rfbMg.o; and rfbKg o5, encoding GDP-
mannose pyrophosphorylase and phosphomannomutase, re-
spectively, which are located on the downstream end of the rfb
cluster (26). Both genes function in the formation of GDP-
mannose, and they are essential for the synthesis of the O7-
specific repeating unit (26). In the present study we have lo-
calized the genes rfbBDAC, encoding the enzymes for the
biosynthesis of dTDP-rhamnose, and the 7fb promoter region
present upstream of rfbB.

Work by other investigators has suggested, on the basis of
sequence relatedness, possible relationships between the fourth
(0355/rffE) and fifth (0292) genes in the rff cluster and rfbB and
rfbA, respectively (25, 38, 42). The rff cluster maps at 85 min of
the E. coli chromosome and contains genes encoding the bio-
synthesis of enterobacterial common antigen, an outer mem-
brane glycolipid consisting of GIcNAc, mannosaminuronic acid
(ManNAc), and 4-acetamido-4,6-dideoxygalactose (20). In this
work, we present biochemical and genetic evidence that these
rff genes, which we name rffG and rffH, are functional homologs
of rfbB and rfbA, respectively. We also establish that 7ffG and
rffE are different genes and define the correct map position of
rffE in the rff cluster.

MATERIALS AND METHODS

Bacterial strains, plasmids, and materials. Strains and plasmids used in this
study are described in Table 1. CLMS is an rff::Tnl0-66 derivative of strain
S@874 which was constructed by P1 transduction (8) with a P1 lysate obtained
from E. coli 21566. CLM9 is an 0355::Km derivative of strain S®874 constructed
by P1 transduction with a phage lysate obtained from CLMS. The latter strain is
a derivative of JC7623 which was obtained by transforming pCM134 (Table 1)
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TABLE 1. E. coli strains and plasmids used in this study

J. BACTERIOL.

Strain or plasmid

Relevant properties”

Source or reference

Strains
DH5a F~ $80lacZ M15 endA recA hsdR(ry my ) supE thi gyrA relA? A(lacZYA-argF)U169 Laboratory stocks
MC1061-5 araD A(ara-lew) AlacZ galU galK rpsL hsr S. Bourgeois
JC7623 thr ara leuB A(gpt-proA) lacY sbcC tsx qst' ™~ glnV galK N~ rac™ sbeB hisG rfbD recB recC 13
rpsL kdgK xylA mtl argE3 thi
S@874 lacZ trp A(sbeB-rfb) upp rel rpsL 32
AB1133 thr leuB(Agpt-proA) hisG argE thi rfbD lacY ara galK xyl mtl mgl rpsL kdgK supE B. Bachman
21566 AB1133 rff::Tn10-66 30
CLM4 SP874 recA 26
CLM5 S@874 rff::Tnl0-66 This work
CLMS JC7623 0355::Km This work
CLM9 SP874 0355::Km This work
Plasmids
pGEM3 Cloning and sequencing vector; Ap" Promega Biotec
pJHCV31 Cosmid clone containing 7fbg.o7; Tc" O7" 44
pJHCV32 Cosmid clone containing rfby o7 Tc" O7" 44
pKI32 HindIII-Nrul fragment from \nfrC37 in pZ105; Ap* 17
pTL61T Promoterless cloning vector; Ap" 22
pUCIS8 Cloning vector; Ap" 46
pCM40 1.8-kb PstI fragment from pCM10 cloned into pGEM3; Ap* This work
pCM48 1.7-kb Sall-HindIII fragment from pCM10 cloned into pGEM3; Ap” This work
pCM111 5.67-kb EcoRI fragment from pJHCV31 cloned into pPGEM3; Ap" This work
pCM117 1.2-kb EcoRI-HindIII fragment from pCM10 cloned into pTL61T; Ap® lac* This work
pCM118 2.1-kb Clal-HindIII fragment from pCM10 cloned into pUC18; Ap" This work
pCM122 2.1-kb Clal-HindIII fragment from pCM10 cloned into pACYC184 (6); Cm" This work
pCM127 685-bp EcoRI-Sphl fragment from pCM10 cloned into pTL61T; Ap* lac™ This work
pCM134 Km" gene of pUC4K (49) inserted in BstEII site of pMAV35-4; Ap* This work
pLD1 2.3-kb HindIII fragment from pJHCV31 cloned into pPGEM3; Ap* This work
pMAV23 4.8-kb Sphl fragment of pCM111; Ap" rfbBDACg 07" This work
PMAV30 1.74-kb Hincll fragment of pKI32 in pUC18; Ap” This work
pPMAV35-4 1.13-kb PCR fragment containing 0355 cloned in pUCI18; Ap” This work

“ Ap, ampicillin; Tc, tetracycline; Cm, chloramphenicol; Km, kanamycin.

previously linearized by digestion with Scal. Ap® Km" transformants suggested
integration of the mutated 0355 gene into the chromosome of JC7623, which was
confirmed by PCR using oligonucleotide primers 19 and 20 (see below).

Chemicals and antibiotics were obtained from either Sigma Chemical Co. (St.
Louis, Mo.) or Boehringer Mannheim (Dorval, Quebec, Canada). Restriction
enzymes, T4 DNA ligase, Tagl DNA polymerase, and the nonradioactive DIG
DNA Labeling and Detection Kit were purchased from Boehringer Mannheim.
A T7 Sequencing Kit was purchased from Pharmacia LKB Biotechnology (Baie
d’Urfe, Quebec, Canada). The DNA-directed transcription-translation system
was purchased from Amersham Canada (Oakville, Ontario, Canada). Kits and
enzymes were used under the conditions suggested by the suppliers.

Recombinant DNA methods. Isolation and electrophoresis of plasmid DNA
were carried out as described elsewhere (28, 43). Chromosomal DNA was iso-
lated by the method of Owen and Borman (35). Transformations were carried
out either by the calcium chloride method (7) or by electroporation with a Gene
Pulser apparatus (Bio-Rad Laboratories Ltd., Mississauga, Ontario, Canada).

DNA sequencing and analysis. DNA was sequenced by the dideoxy method of
Sanger et al. (39) modified for use with the T7 Sequencing Kit obtained from
Pharmacia LKB Biotechnology. Various overlapping fragments spanning a
4.8-kb PstI-Munl fragment (Fig. 1 and Table 1) were cloned into pPGEM3. These
recombinant plasmids were sequenced by using the T7 or SP6 promoter primers
as sequencing endpoints. Nested deletions from pCM48, pCM111, and pLD1
(Table 1 and Fig. 1) obtained by the method described by Henikoff (11) were
utilized to complete and confirm the DNA sequence of some regions. Specific
nucleotide primers were designed to cover some gaps in the DNA sequence.

DNA sequences were analyzed with the Genetics Computer Group package,
version 7 (10). The BLAST program (2) was used for searching protein and DNA
sequence databases. Paired sequencing alignments and multiple alignments were
done with the Genetics Computer Group programs BESTFIT and PILEUP,
respectively.

PCR. To map the location of the rff::Tnl0-66 insertion, chromosomal DNA
cleaved with various restriction endonucleases was used as a source of template
for PCRs performed according to standard methods (14). The oligonucleotide
primers were purchased from Procyon/Vetrogen (London, Ontario, Canada),
and they were as follows: 14, 5'-ACTGCATTGCTGTTGATCC-3', located 748
bases downstream of the initiation codon of rffD; 15, 5'-CATGACGAGCTTCG
GACTGA-3', located 366 bases downstream of the initiation codon of rffH
(0292), complementary strand; 16, 5'-CCACGTCGTGCCTTCCTGAT-3', lo-
cated 103 bases upstream of the initiation codon of rfE; 17, 5'-CAGGTTCGAC

GATATGGAT-3', located 153 bases downstream of the initiation codon of rfD,
complementary strand; 19, 5'-CAAAAGGAGTCTGGCGCTATGAGAA-3', lo-
cated 18 bases upstream of the initiation codon of rffG (0355); 20, 5'-AACCGC
CCGCCAGCATAATA-3', located 27 bases upstream of the initiation codon of
rffH (0292), complementary strand; 21, 5'-CACGGATCAACAGCAATGCAG
T-3', located 811 bases downstream of the initiation codon of 7ffD, complemen-
tary strand; and 22, 5'-ATCCATATCGTCGAACCT-3’, located 135 bases
downstream of the initiation codon of rffD. PCR products were concentrated
with ethanol, and 5-pl aliquots were examined in 0.7% agarose gels. The cloning
of PCR products in pUCI18 to construct pMAV35-4 was carried out according to
the procedure described by Wang et al. (47) using primers 19 and 20 with pKI32
DNA as a template.

Hybridizations. Hybridization experiments using a nonradioactive detection
system were carried out to investigate the presence of the rfbBDAC genes in
different serotypes of E. coli, Shigella flexneri, Shigella boydii, and Pseudomonas
aeruginosa that contain rhamnose as part of their O side chain. A 3,125-bp
EcoRV-Ncol fragment containing parts of rfbB and rfbC and whole rfbD and rfbA
genes was isolated from pCM111 (Fig. 1, Rha probe). The DNA fragment was
recovered by electrophoresis into a strip of DE-81 filter paper (Whatman, Inc.,
Clifton, N.J.) as previously described (28) and labeled by random incorporation
of digoxigenin-labeled dUTP as recommended by the supplier. Southern blot
hybridizations of genomic DNA cleaved with EcoRI were carried out at 42°C and
followed by three washes performed at room temperature with 2%, 0.5, and
0.1X 150 mM sodium chloride-15 mM sodium citrate-0.1% sodium dodecyl
sulfate (SDS). DNA hybrids were detected with an anti-digoxigenin-alkaline
phosphatase antibody conjugate upon reaction with 5-bromo-4-chloro-3-in-
dolylphosphate and 4-nitroblue tetrazolium chloride.

Analysis of polypeptide gene products. The 5.6-kb EcoRI fragment of
pCM111, isolated from an agarose gel, served as a template for the synthesis of
mRNA and polypeptides with a DNA in vitro transcription-translation kit. Upon
labeling with [*>S]methionine (ICN Pharmaceuticals, Montreal, Quebec, Cana-
da), polypeptides were separated by SDS-polyacrylamide gel electrophoresis
(PAGE) and treated with En*Hance (NEN Research Products, Boston, Mass.).
The dried gel was exposed to a Kodak X-Omat film at —110°C for 24 to 48 h. For
the in vivo expression of polypeptides, the maxicell method was used (5). Labeled
polypeptides were separated by SDS-PAGE, and the gel was processed as de-
scribed above.

Enzyme assays. DHS cells containing plasmids pTL61T, pCM117, and
pCM127 were incubated for 3 h, and 100-ul aliquots were processed to deter-
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FIG. 1. Genetic analysis of the rfbg.o; region. Restriction endonuclease
maps of the 15.9-kb PstI-KpnI fragment encompassing the O7 rfb region and the
expanded 7.25-kb PstI-EcoRI fragment containing the dTDP-rhamnose biosyn-
thesis genes and the galF gene are shown. ORF275, rfoM, rfbK, and part of gnd
were identified previously (26). Rha probe indicates the boundaries of the probe
used for hybridization experiments. The thick line underneath the 7.25-kb PstI-
EcoRI fragment indicates the 4,860-bp fragment that has been sequenced. ORF1
(galF), ORF2 (1fbB), ORF3 (1fbD), ORF4 (rfbA), and ORF5 (1fbC) were iden-
tified by DNA sequencing. The flag upstream of ORF?2 indicates the location of
the O7 rfb promoter region and the direction of transcription. P, PstI; E, EcoRI;
K, Kpnl; C, Clal; S, Sall; Sp, Sphl; Ev, EcoRV; H, HindIII; N, Ncol; M, Munl.

mine B-galactosidase activity as described elsewhere (28). Glucose-1-phosphate
thymidylyltransferase activity was measured by monitoring the change in con-
centration of dTTP and dTDP-glucose by high-pressure liquid chromatographic
(HPLC) analysis exactly as described by Lindquist et al. (21). The activity of
dTDP-p-glucose 4,6-dehydratase (dTDP-glucose oxidoreductase) was assayed
spectrophotometrically by taking advantage of the increased light absorption at
320 nm of the reaction product dTDP-6-deoxy-p-xylo-hexulose in the presence of
0.1 M NaOH (29). The initial rate was expressed in enzyme units, defined as
micromoles of product formed per min. The combined activities of dTDP-6-
deoxy-D-xylo-4-hexulose 3,5-epimerase and NADPH:dTDP-6-deoxy-L-lyxo-4-
hexulose 4-reductase resulting in the synthesis of dTDP-rhamnose were deter-
mined essentially as described by Marumo et al. (29).

LPS analysis. LPS was purified from proteinase K-treated cell envelopes and
extracted with hot phenol as previously described (28). LPS extracts for analysis
of lipid A-core bands were separated by electrophoresis in 10 to 20% polyacryl-
amide-SDS-Tricine gels (Novex, San Diego, Calif.) and stained with silver (28).

Nucleotide sequence accession number. The nucleotide sequence presented in
this paper was submitted to GenBank under accession number U23775.

RESULTS

Identification of the dTDP-rhamnose biosynthesis genes.
The DNA sequence of a 4,860-bp segment extending from 165
bp upstream of a PstI site to the Munl site, as shown in Fig. 1,
revealed five open reading frames (ORFs) coding for 302
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amino acids (ORF1), 384 amino acids (ORF2), 302 amino
acids (ORF3), 292 amino acids (ORF4), and 180 amino acids
(ORF5), all transcribed towards gnd (Fig. 1). No ORFs of
significant length were apparent in the opposite strand of the
sequenced region. ORF1 was separated from ORF2 by an
untranslated DNA segment of 387 bp, and ORF3 was sepa-
rated from ORF4 by an untranslated segment of 62 bp. No
other extensive untranslated DNA regions were found be-
tween any of the remaining ORFs, suggesting that they are
translationally coupled.

ORF1 encoded a putative polypeptide of 302 amino acids
with a predicted molecular mass of 33.2 kDa and a theoretical
pI of 5.5. Because of its location (Fig. 1) and its strong con-
servation with other galF genes (ranging from 92 to 97% amino
acid identity [data not shown]), ORF1 was designated gal-
Fg.o,- ORF2, ORF3, ORF4, and ORF5 encoded polypeptide
products showing strong amino acid sequence conservation
(ranging from 60 to 92% depending on the specific strain
source used for the comparisons [data not shown]) with the
products of the rfbBDAC genes in other microorganisms,
which are known to be involved in the biosynthesis of dTDP-
rhamnose, and they were designated rfbB, -D, -A, and -C,
respectively. The rfbBDAC gene block encodes the enzymes
glucose-1-phosphate thymidylyltransferase (RfbA), dTDP-p-
glucose 4,6 dehydratase (RfbB), dTDP-4-keto-L-thamnose 3,5
epimerase (RfbD), and dTDP-6-deoxy-L-lyxo-4-hexulose re-
ductase (RfbC).

Analysis of the deduced primary amino acid sequences of
RfbBg.o7, RfBCg.os RIbAg.,, and RfbDg.y, predicted
polypeptides with molecular masses of 43.1, 32.8, 32, and 21
kDa, respectively. The expression of these polypeptides was
examined by using an in vitro transcription-translation system
with the isolated 5.6-kb EcoRI fragment of pCM111 (Fig. 1) as
a DNA template. Three distinct bands with apparent molecu-
lar masses of 45, 32, and 19 kDa appeared in the autoradio-
graph (Fig. 2, lane A). The 45- and the 19-kDa bands were in
close agreement with the predicted molecular masses of RfbB
and RfbC, respectively. Since RfbD and RfbA have almost
identical molecular weights, the 32-kDa band was interpreted
as a doublet.

The enzyme activities encoded by the rfbBDAC genes were
determined by using cell extracts of strain S@874 containing
pMAV23 (Fig. 1 and Table 1), a subclone from pCM111 in
which the 7fbBDACg ., genes were placed under the control
of the lac promoter to ensure the overexpression of the gene
products. The extracts displayed glucose-1-phosphate thymidy-
lyltransferase and dTDP-glucose dehydratase activities, as well
as the enzyme activities corresponding to RfbC and RfbD
(data not shown). A low dTDP-glucose dehydratase activity
was detected in a control extract prepared from strain S@#874
carrying the vector pUCIS (see below).

The coding sequence of rfbC had a G+C content of 33.6%),
which is lower than the typical G+C content of E. coli (55%),
whereas the G+C contents of galF, rfbB, rfbD, and rfbA were
51.6, 42.9, 47.3, and 43.9%, respectively.

Conservation of dTDP-rhamnose biosynthesis genes in other
enteric bacteria. The strong conservation of the rfbBDACg .,
genes in relation to those of Salmonella strains (15, 36), E. coli
K-12 (42, 50), and Shigella dysenteriae type 1 (18) prompted us
to investigate whether these genes are also conserved in other
strains of E. coli and Shigella known to posses rhamnose in
their O antigens. Upon digestion of chromosomal DNA with
EcoRI, DNA fragments were separated in a 0.7% agarose gel
and Southern blots were hybridized with the Rha probe (Fig.
1). Genomic DNA of E. coli K-12 strain W3110; E. coli B; E.
coli serotypes O1, 02, O4, O75, and O141; S. flexneri; and S.
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FIG. 2. Autoradiography of polypeptides expressed in an in vitro transcrip-
tion-translation system. DNA templates were processed as described in Materi-
als and Methods, and polypeptides were labeled with [*>SJmethionine. Samples
were run on an 12% SDS-PAGE gel. The following DNA templates were used:
pCM111 (lane A) and pGEM3 (lane B). Dots indicate the polypeptides ex-
pressed by the DNA insert in pCM111. The positions of #C-labeled molecular
mass markers (M) are as follows: bovine serum albumin, 69 kDa; ovalbumin, 46
kDa; carbonic anhydrase, 30 kDa; and lysozyme, 14 kDa.

boydii type 12 gave positive signals with this probe, and in most
cases the hybridization was localized to a 5-kb EcoRI fragment
(data not shown), suggesting that the sequence conservation
extended further upstream of the 7fb cluster. DNA purified
from the E. coli K-12 strain CLM4 (Table 1), which carries a
deletion eliminating the rfb cluster, did not hybridize with the
probe and served as a negative control for these experiments.
These results demonstrate that the dTDP-rhamnose biosyn-
thetic genes are strongly conserved in enteric organisms. In
contrast, genomic DNAs of six P. aeruginosa serotypes (O3,
04, 06, 010, O13, and O14) which also contain rhamnose in
their O antigens did not hybridize with the probe under our
experimental conditions.

Genes in the rff region encode RfbB and RfbA homologs.
The sequences of the rfbBDAC region and rfbMK (27) permit-
ted us to exactly position the rfbg. o cluster in the original 07"
cosmid clones pJHCV31 and pJHCV32 (Fig. 3a) (44). Even
though pJHCV32 lacks the DNA segment containing ga/F and
part of rfbB (Fig. 3a), it can direct the expression of O7 poly-
saccharide not only in standard E. coli K-12 strains carrying
an intact rfbB gene but also in strain S@874, which has a
deletion removing the rfbg .k, region (44), suggesting that a
gene located outside the rfbg k,, region can complement the
rfbB function. Homology searches in the databases revealed
strong identities in the amino acid sequences of RfbBg_,, and
RfbAg., with 0355 and 0292, respectively, which are both
part of the rff cluster (Fig. 3b) (9, 30). The rff cluster is located
at 85 min of the chromosomal map and contains a block of

J. BACTERIOL.

genes involved in the biosynthesis of enterobacterial common
antigen (20). It has been proposed by others that 0355 and
0292 may be functional homologs of 7fbB and rfbA, respectively
(25, 38, 42).

To determine the functions of the 0355 and 0292 genes, we
constructed plasmids pMAV35-4 and pMAV30 (Fig. 3b).
PMAV35-4 was constructed by cloning into pUC18 a DNA
fragment containing the 0355 gene which was obtained by PCR
as described in Materials and Methods. p MAV30 was obtained
by cloning a 1.8-kb Hincll fragment of pKI32 (17) containing
part of 0355 and the entire 0292 gene into the Smal site of
pUCI18 in an orientation such that a translational fusion was
generated between the N-terminal segment of B-galactosidase
from pUCI18 and a truncated 0355 polypeptide. Since 0355 and
0292 appear to be translationally coupled, this strategy ensures
expression of the 0292 polypeptide under the control of the lac
promoter of pUCI18. Cell lysates from strain S@874 containing
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FIG. 3. Genetic analysis of the O7 rfb region in pJHCV31 and pJHCV32 and
the rff cluster of E. coli K-12. (a) Partial map of O7" cosmid clones pJHCV31
and pJHCV32 (44). J, D, G, and E indicate some of the various HindIII frag-
ments contained in the cosmids. Diagonal parallel bars indicate the remainder of
the DNA inserts in pJHCV31 and pJHCV32. Closed arrows indicate the posi-
tions of rfbB (B), rfbD (D), rfbA (A), and rfbC (C). Hatched boxes represent the
Km" gene present in the vector pVK102. Open arrows indicate the direction of
transcription of the Km" gene. (b) Partial map of the E. coli K-12 rff cluster (rfe,
0349, 0389 [rffE], 0379 [rffD], 0355 [rffG], 0292 [rffH]). Genes in parentheses are
homologous to the corresponding rff genes located beneath them, but they map
within or near the rfb cluster. The closed inverted triangle indicates the position
of the rff::Tn10-66 insertion in strain 21566. Small arrows indicate the positions
and orientations of the primers generated for PCR. Thin lines indicate the
boundaries of the DNA fragments amplified with primer pairs 16-21, 16-17,
22-21, 22-15, and 14-15 with 21566 (rff::Tnl0-66) and AB1133 DNAs as tem-
plates. The asterisk indicates that this fragment was not amplified when 21566
(rff::Tn10-66) DNA was used as a template. The boundaries of DNA inserts
cloned in pMAV35-4, pCM134, and pMAV30 are also indicated. The triangle
with the hatched box shows the position of the Km" gene that was inserted in
pCM134. Hc, Hincll.
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FIG. 4. Comparison of the HPLC elution profiles of dTDP-p-glucose forma-
tion at different incubation times. Glucose-1-phosphate thymidylyltransferase
was assayed as described previously (21). Reaction products were separated by
high-performance ion-exchange chromatography on an LC-SAX column (25 by
0.46 cm) by using a linear gradient of 50 to 400 mM potassium phosphate (pH
4.0) (21). The A,5, was recorded. DG, dTDP-p-glucose; T, dTTP.

either pMAV30 or pUC18 were examined for glucose-1-phos-
phate thymidylyltransferase activity. Figure 4 shows that an
extract from S@874(pMAV30) mediates the conversion of
dTTP into dTDP-glucose, but such a conversion was not de-
tected in the absence of glucose-1-phosphate (Fig. 4) or in a
cell extract prepared from S@874 containing the vector pUC18
(data not shown). The lack of enzyme activity in the latter
could be due to a low level of expression of the chromosomal
0292 gene. Detection of dTDP-glucose dehydratase was car-
ried out in cell extracts of S@874(pMAV35-4) which displayed
high levels of enzyme activity (3,774 U/mg of protein) com-
pared with the control extract prepared from S@874(pUC18),
which yielded 83 U/mg of protein. Therefore, we provide bio-
chemical evidence demonstrating that 0355 and 0292 encode
dTDP-glucose dehydratase and glucose-1-phosphate thymidy-
lyltransferase, respectively. We propose that 0355 and 0292 be
designated rffG and rffH, respectively.

To investigate whether rffG is responsible for complement-
ing the rfbB defect in pJHCV32, we constructed strain CLM9,
a derivative of SP874 with a Km" gene cassette inserted into
the rffG gene. CLM9 transformants carrying pJHCV32 were
unable to express O7 LPS as determined by slide agglutination,
whereas those containing pJHCV31 were slide agglutination
positive. O7 LPS expression in CLM9(pJHCV32) was regained
upon transformation with either pMAV35-4 containing the
intact rffG gene or pCM111 carrying the rfbBDACg o, gene
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block. These experiments demonstrate that 7ffG can comple-
ment the function of the rfbB gene, and they also explain why
pJHCV32 can express O7 LPS in strain S@874.

rffG (0355) and rffE are different genes. In a previous report,
0355 was considered to be the rffE gene (9) encoding the UDP-
GlcNAc-2-epimerase involved in the synthesis of Man-NAc, an-
other precursor of enterobacterial common antigen (30, 37). The
rff::Tnl0-66 insertion, which has been shown to be associated with
the absence of epimerase activity (30), was introduced into S@874
by P1 transduction, and the resulting strain, CLMS5, was trans-
formed with pJHCV32. CLMS5(pJHCV32) was able to express
O7-positive agglutination, suggesting that the Tn0-66 inser-
tion is not located in 7ffG (0355). Since we have also shown in
this work that rffG (0355) encodes a dTDP-glucose dehy-
dratase and that the inactivation of this gene leads to a lack of
O7 LPS expression in SP874 cells carrying pJHCV32, we have
demonstrated that 7ffG (0355) and rffE are not the same gene.
An examination of the amino acid sequence homologies of
OREFs located between rfe and rffG (Fig. 3b) revealed that 0349
has a strong sequence conservation with Rol proteins, which
are involved in the regulation of O-polysaccharide length (3, 4,
31), whereas 0389 displays 63% amino acid identity with a
plasmid-encoded UDP-GlcNAc-2-epimerase (16). On the ba-
sis of this information we propose that 0389 is the rffE gene
(Fig. 3b). This is consistent with recent findings by Robertson
et al. (38) showing that rffE is located upstream of rffG (0355).
0379 (Fig. 3b), which corresponds to the rffD gene (9), has
strong amino acid conservation with dehydrogenases (data not
shown) as expected, taking into account the fact that the rffD
product is the UDP-ManNAc dehydrogenase (30).

Strain 21566 has a structural defect in both rfE and rffD
genes. Other investigators reported that E. coli 21566 carrying
the rff:Tn10-66 insertion is deficient in both UDP-ManNAc de-
hydrogenase (the product of the rffD gene) and UDP-GIcNAc-
2-epimerase (the product of the rffE gene) enzyme activities
(30). We determined the position of the rff::Tnl0-66 insertion
within the rff cluster by a PCR strategy involving the use of
various sets of primers spanning the region between 0389 and
0292 (Fig. 3b). DNA fragments were amplified from chromo-
somal DNA of E. coli 21566 (rff::Tnl0-66) and its isogenic
parent AB1133. The use of primer pairs 22-15 and 14-15 (Fig.
3b) yielded DNA fragments of 2.5 and 1.9 kb, respectively, with
both chromosomal DNA templates (Fig. 5, lanes C, D, I, and
J), indicating that none of the fragments amplified with each of
these primers contained the Tn/0-66 insertion. In contrast, the
primer pair 16-21 failed to produce a DNA fragment amplified
with the chromosomal template of strain 21566, whereas a
fragment of the expected molecular mass (2 kb) was identified
with chromosomal DNA from AB1133 (Fig. 5, lanes G and H).
The lack of amplification with 21566 DNA and primers 16 and
21 is consistent with a large DNA insertion, presumably that of
the 9-kb Tnl0 element, not detected under our PCR condi-
tions, which are not suitable to amplify fragments of DNA
larger than 4 to 5 kb. We concluded that the Tnl0-66 insertion
has to be located within the 2-kb fragment amplified by prim-
ers 16 and 21. To localize more precisely the Tnl0-66 insertion,
primer pairs 16-17 and 22-21 were used (Fig. 3b). In both cases
PCR products were obtained with 21566 DNA (Fig. 5, lanes A,
B, E, and F). Taking into account the fact that primers 17 and
22 are complementary, we conclude that the Tn70-66 insertion
must be located in the region of the 19 bp spanned by these
primers which is part of 7ffD. We also noticed that the exten-
sion product obtained with 21566 DNA and primers 16 and 17
was approximately 120 bp longer than that obtained with
AB1133 DNA (Fig. 5, lanes A and B), suggesting a small DNA
insertion within this region, most of which spans the rffE gene.
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FIG. 5. DNA fragments amplified by PCR. EcoRI-cleaved chromosomal
DNA samples were amplified by PCR using different primer pairs (Fig. 3b), and
aliquots were run in a 0.7% agarose gel stained with 50 g of ethidium bromide
per ml. DNA from strain AB1133 (lanes A, C, E, G, and I) and DNA from strain
21566 (rff::Tn10-66) (lanes B, D, F, H, and J) were used as templates with the
following primer pairs: 16-17 (lanes A and B), 14-15 (lanes C and D), 22-21
(lanes E and F), 16-21 (lanes G and H), and 22-15 (lanes I and J). Only the
molecular masses of the relevant fragments of DNA Molecular Weight Marker
IIT (M; Boehringer Mannheim) are indicated.

Altogether, our results strongly indicate that strain 21566 has a
small insertion in the 7fE (0389) gene and a Tnl0 insertion in
rffD, and this explains the lack of the enzymatic activities me-
diated by both genes as determined by Meier-Dieter et al. (30).

Identification of a promoter region upstream of rfbB. The
fact that the isolated EcoRI fragment of pCM111 was able to
direct the expression of Rfb polypeptides (Fig. 2) suggested
that it contains a functional promoter. This idea was verified by
cloning a 1.2-kb EcoRI-HindIII fragment into pTL61T, a pro-
moter cloning vector especially designed to construct transcrip-
tional fusions to a promoterless lac operon (22). Cells contain-
ing the resulting plasmid, pCM117 (Fig. 1), expressed 7,681 U
of B-galactosidase activity, in contrast to the 680 U (11-fold less
activity) produced by cells containing the cloning vector
pTL61T, confirming that a promoter region is present within
the 1.2-kb fragment. A 535-bp Sphl-HindIIl fragment of
pCM117 was deleted, removing the coding region of the rfbB
gene (Fig. 1). The resulting construct, designated pCM127,
displayed 10,888 U of B-galactosidase activity. The 685-bp in-
sert of pCM 127 contains 322 bp corresponding to the carboxyl
end of the galF gene coding region which are probably not
required for promoter activity. The remaining 363 bp include
the intergenetic region between galF and rfbB (Fig. 1), which
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could accommodate a promoter region. A computer analysis
carried out with the program created by O’Neill (33) confirmed
the potential of this region to harbor promoter elements and
predicted possible locations for the —35 and —10 regions (Fig.
6). These regions in the rfbg.o; sequence are identical to
corresponding sequences in Salmonella enterica (15, 36) and S.
flexneri (25) also predicted to be —10 and —35 candidate re-
gions (Fig. 6). Moreover, the rfbg.o; promoter region contains
a conserved 39-bp sequence, highly rich in G’s and C’s and with
a strong probability to form mRNA secondary structures, des-
ignated the JUMPstart element (12), which is present in a
similar location in other gene clusters involved in the synthesis
of surface polysaccharides in various microorganisms (Fig. 6).

DISCUSSION

In previous studies we delineated the boundaries of the O7
LPS gene cluster by deletion mapping and transposon mu-
tagenesis (28, 44), and we also characterized in detail its down-
stream end, which is flanked by the gnd gene and contains the
genes rfbM and rfbK, both involved in the biosynthesis of the
O7 oligosaccharide precursor GDP-mannose (26). In the present
work we examined the upstream endpoint of the rfbg o, re-
gion, which contains the rfbBDAC genes for the biosynthesis of
another precursor, dTDP-rhamnose. The rfbBDAC gene poly-
peptides were expressed, and they were found to be functional
by enzyme assays of the dTDP-rhamnose biosynthesis pathway.
Upstream of rfbB, we identified the galF gene and a promoter
region for the O7 rfb cluster.

We observed a gradual decrease in the G+C content from
rfbB through rfbC, and the same occurred on the downstream
end of the rfb cluster, where rfbMy o, displays a G+C content
lower than that of rfbKg o, (26). Similar observations were
made with 7fb clusters of S. enterica serogroups (15, 36), S.
dysenteriae (18), and E. coli K-12 (42, 50), in which the central
rfb genes display a G+C content lower than that typical of the
host strain. These central regions contain in general genes for
the specific glycosyltransferases, the polymerase, and some of the
unique carbohydrate biosynthesis pathways (36). For 7fbg .7, the
central region encompassed between rfbBDAC and rfbMK con-
tains genes for the synthesis of acetamido-dideoxyglucose, a poly-
merase gene, a transporter gene, and genes for four glycosyltrans-
ferases (27). This finding is consistent with the idea that the
central regions of the rfb clusters are the most variable genetically
and with the suggestion that they may have originated from mul-
tiple sources with G+C content lower than that of E. coli or
Salmonella spp. (36).

Hybridization experiments demonstrated that the rf/bBDAC
gene block is well conserved in other enteric strains producing
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CAGGAGTTTTCCTTGTTTCTACAGCTGTTTGGTAAGACAATTAGCGTTTGAATTTTTCGGATTTGGCACGAGG
CCAGGATTTTCCTTGTTTCTACGGCTGTTTGGTAAGACAATTAACGTTTGAATTTTTCGGATTTGGCGCGA~G

-AAGATTAATCCTTGTTTCCGGATGCAATTAATRAAGACAATT AGCGTTTAAGTTTTAGTGAGCTTTGCCCTGC

CAGTGCTCTGGTAGCTGTTAAGCCAGGGGCGGTAGCGTG
CAGTGCACTGGTAGCTGTTAAGCCAGGGGCGGTAGCGTG
CAGTGCACTGGTAGCTGATGAGCCAGGGGCGGTAGCGTG

CATTAATGCATCTATTAATCARATCTGGAGCAGTCTATTTCACAGCATGCTCTCTGGCTATATGGARTAAAAAAGTG
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FIG. 6. Comparison of the rfbg.o7 promoter region (ecrfbo7) with rfb promoter regions in S. enterica LT2 (serfbb) and S. flexneri 2a (sfrfbaj). Bold type with single
underlining indicates —35 and/or —10 regions. Double underlining indicates initiation codons. Sequences within the rectangle correspond to the 39-bp JUMPstart

element (12). Dashes indicate gaps in the alignment.
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O polysaccharides with rhamnose. The absence of hybridiza-
tion signals with chromosomal DNA from different Pseudomo-
nas strains may be due to a low level of homology with respect
to the enteric 7fbBDAC genes. Recently, Koplin et al. (19) have
characterized and sequenced the genes encoding the enzymes
for the dTDP-rhamnose pathway in Xanthomonas campestris
and found them to be in a different order, rfbBADC. The
rfbBDACy o, genes displayed about 60% or less overall ho-
mology at the DNA sequence level with the Xanthomonas
rfbBADC genes, although considerable similarities were ob-
served when the corresponding protein products were com-
pared (data not shown). Since Pseudomonas strains are genet-
ically more closely related to strains of the genus Xanthomonas
than they are to enteric bacteria, it is possible that the dTDP-
rhamnose biosynthesis genes, although present in Pseudomo-
nas strains, are not well detected with our rhamnose biosyn-
thesis gene-specific probe.

Elucidation of the DNA sequence of the 7fbBDACg., genes
permitted us to determine that the O7" cosmid pJHCV32
lacks most of the rfbB gene even though it can direct the
synthesis of O7 polysaccharide in E. coli K-12 strains with a
deletion removing the chromosomal rfb region. It has been
suggested by other investigators that the rff cluster contains
rfbB and rfbA gene homologs, designated 0355 and 0292, re-
spectively (25, 38, 42). In this work we demonstrated that
cloned 0355 and 0292 genes encode dTDP-glucose dehy-
dratase and glucose-1-phosphate thymidylyltransferase activi-
ties, respectively, which are the same activities encoded by the
corresponding genes rfbB and rfbA. We propose that 0355 and
0292 be designated rffG and rffH, respectively, and we have
shown that pJHCV32 cannot support the expression of O7 LPS
in strain CLM9, which has both a mutation in rffG and a
deletion removing the E. coli K-12 rfb region. The presence of
genes in the rff cluster which are homologous to genes in the 7fb
region is not unique. A similar duplication of functions has
been reported for the GDP-mannose biosynthesis genes rfobM
and rfbK with the genes cpsB and cpsG (41), respectively, which
are located in the cps region encoding the biosynthesis of
colanic acid (41).

Since we have demonstrated that rffG (0355) encodes dTDP-
glucose dehydratase, the original assignment of 0355 as rffE
(9), the structural gene for the UDP-GINAc-2-epimerase, is
incorrect. A database search indicates that 0389, located up-
stream of 7ffD (Fig. 3b), is conserved with a plasmid-encoded
UDP-GINAc-2-epimerase of S. enterica O:54 (16), and thus it
is likely that 0389 is rffE. The plasmid-encoded epimerase is the
product of the rfbCq.s, gene, and it is essential for the forma-
tion of the unusual homopolymeric ManNAc polysaccharide in
this strain (16). Therefore, the gene order proposed for the
upstream region of the 7ff cluster is 0349, rfE, rffD, rffG, and
rffH (Fig. 3b). Both rffE and rffD are involved in the biosynthe-
sis of UDP-ManNAc, whereas rffG and rffH are likely involved
in the formation of dTDP-4-acetamido-4,6-dideoxygalactose.
These two precursors, together with UDP-GIcNAc, are used
for the assembly of enterobacterial common antigen (37).

Meier-Dieter et al. (30) examined the biosynthesis of Man-
NAc in cell extracts of two E. coli strains with Tn/0 insertions
in the rff region. They concluded that strain 21546 (rff::Tn
10-46) possessed a defective UDP-ManNAc dehydrogenase
(the product of the rffD gene) whereas strain 21566 (rff::Tn
10-66) was defective in both UDP-GINAc-2-epimerase (the
product of the rffE gene) and UDP-ManNAc dehydrogenase
activities, suggesting that the rff::Tn10-66 insertion was located
in the structural gene for the epimerase and that the lack of
both epimerase and dehydrogenase activities was due to a
polar effect. Our results and those of others (38) indicate that
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rffE is located upstream of rffD; therefore, polarity cannot be
causing the double enzyme defect of strain 21566. This region
in the chromosome of strain 21566 was characterized by a PCR
strategy which revealed that the rff::Tnl0-66 insertion lies on
the amino-terminal region of the rffD coding sequence whereas
rffE contains a small DNA insertion. It is possible that during
the Tnl0 mutagenesis two insertions took place close to one
another and that further on one of the transposons was ex-
cised, leaving behind a small segment of DNA. Confirmation
of this hypothesis awaits the DNA sequencing of the mutated
region in strain 21566.

Also in this study, on the basis of transcriptional gene fusions
to a promoterless lac operon, we have provided evidence sup-
porting the existence of a promoter region located upstream
of rfbBg.o,. This region is also missing in the O7" cosmid
pJHCV32 which resulted from the cloning of a partially
cleaved HindIII chromosomal DNA fragment into the HindIII
site of the Km" gene of the vector pVK102 (49). Our DNA
sequencing data show that because of the orientation of the
insert, a translational fusion took place between the amino-
terminal portion of the Km" gene product and the carboxyl end
of the RfbB protein, permitting the expression of downstream
rfb genes under the control of the Km" gene promoter.
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