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Computer analysis of the O4 polysaccharide gene cluster of Escherichia coli revealed the presence of two open
reading frames (ORFs) encoding strongly hydrophobic polypeptides. O antigen polymerase, which is encoded
by the rfc gene, is a potential membrane protein and therefore should be hydrophobic. To identify the rfc gene,
these two ORFs were subjected to insertional mutagenesis. A chloramphenicol resistance cassette was designed
which, when properly inserted, does not cause a polar effect in downstream genes. Each of two ORFs, cloned
into a plasmid vector, was inactivated with this cassette. Two types of mutants bearing chromosomal insertions
of the cassettes in each ORF were constructed by homologous recombination. These mutants were character-
ized by PCR, Southern blotting, and transverse-alternating-field electrophoresis. Only one class of mutants
exhibited the expected O polymerase-deficient phenotype; they produced O4-specific, semirough lipopolysac-
charide. Therefore, this ORF was identified as the rfc gene. The chromosomal rfc mutation was complemented
in trans by the rfc gene expressed from a plasmid vector.

Lipopolysaccharide (LPS) is the major nonprotein constitu-
ent of the outer membrane of gram-negative rod-shaped bac-
teria (36). It is a complex macromolecule composed of three
parts, each of which is synthesized by gene products largely
unique to each: lipid A, a complex phospholipid which is em-
bedded in the membrane itself and is responsible for the en-
dotoxic properties of LPS; the core oligosaccharide, composed
of an inner and outer core; and the long-chain polysaccharide
(PS), also known as the O antigen or O PS, which extends from
the surface of the cell and is in contact with the environment
(21). Because of its location at the surface of the cell and
because of its unique properties, LPS is responsible for many
of the surface characteristics of gram-negative bacteria, includ-
ing resistances to detergents, hydrophobic antibiotics, serum
complement, and ingestion by human polymorphonuclear leu-
kocytes (12, 14, 51). These last two properties are dependent
on the O PS, and it appears that the lengths of the chains are
critical, at least for resistance to the bactericidal effect of com-
plement (12, 40).
The genes responsible for the synthesis of O PS map at the

rfb locus, at 44 min on the chromosome of Escherichia coli (1).
The O PS is made by the polymerization of O subunits, com-
posed of three to five sugars, which are built upon a special
phospholipid carrier called antigen carrier lipid (43). The next
step is the polymerization of the subunits into a long-chain PS
by the enzyme called O polymerase, which is encoded by the rfc
gene. The growing chain is added to the core oligosaccharide,
which is made separately from the O PS and linked to the lipid
A, by the enzyme called O ligase (29). Both enzymes are
thought to be located on the periplasmic face of the cytoplas-
mic membrane (31). In wild-type strains, the distribution of
O-antigen chains is clearly bimodal because of the expression
of preferred chain lengths of O antigen on the core-lipid A
base (11). Rol protein, which is responsible for this phenom-

enon, has been recently cloned and characterized (2, 3). These
three proteins (O polymerase, O ligase, and Rol) seem to play
a key role in the regulation of LPS assembly.
Although more than 170 different O antigens have been

recognized in E. coli (38), only small subset seem to predom-
inate among isolates recovered from infections (22). The O4
serogroup is found among strains which are commonly associ-
ated with urinary tract infections and has been frequently iso-
lated from acute pyelonephritis (28, 37). The O4 units consist
of pentasaccharides containing N-acetylglucosamine, N-acetyl-
fucosamine, L-rhamnose, and glucose (1:1:1:2 molar ratio
[48]).
The genes responsible for the biosynthesis of the O4 poly-

saccharide of a human uropathogenic E. coli have been cloned
and expressed in E. coli K-12 (15). Qualitative sugar analyses
of LPSs in recombinant strains, as well as boundaries of the
complete O4 region, have been established (16). On the basis
of available sequence data, a methodology was developed to
identify the gene encoding the O4 polymerase. Here, we report
experiments on rfc identification, cloning, and expression.
Structural and functional similarities between rfc genes and
Rfc proteins of E. coli, Salmonella typhimurium, and Shigella
flexneri are discussed.

MATERIALS AND METHODS

Bacterial strains and media. The uropathogenic strain E. coli SH1 serotype
O4:K6 was used in this study (19). Cloning experiments were performed in E. coli
XL1-Blue (Stratagene, La Jolla, Calif.); E. coli SM10(lpir) was used as a host
strain for the suicide vector pGP704 (50); and an E. coli SH1 rfc derivative was
used for the isolation of rough (R) LPS.
Bacteria were routinely grown in Luria broth or Luria agar (Luria broth with

1.5% [wt/vol] agar; Difco Laboratories, Detroit, Mich.) at 378C, except for
conjugation experiments when minimal medium was used (8, 30). Media were
supplemented with antibiotics (Sigma, St. Louis, Mo.) at the following concen-
trations (in micrograms per milliliter): ampicillin, 100; and chloramphenicol, 20
for a chromosomal marker or 50 for a plasmid. Isopropyl-b-D-thiogalactopyr-
anoside (IPTG; Boehringer Mannheim, Indianapolis, Ind.) was added at a con-
centration of 0.5 mM.
Construction of a nonpolar chloramphenicol-resistant (cat) cassette. A cat

cassette was made based on the concept of the aph-3 cassette; however, the
chloramphenicol resistance (cat) instead of kanamycin resistance (aph-3 [32])
gene was used. PCR was performed with plasmid pACYC184 by using the
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following primers: the forward primer was 50 bp long (59-GGACCCGGGTGA
CTAACTAGAGGAAGCTAAAATGGAGAAAAAAATCACTG-39) and con-
tained 19 bp complementary to the 59 end of the cat gene (in boldface); the
reverse primer was 44 bp in length (59-CCTCCCGGGTCATTATCCTTCCAGA
AATTACGCCCCGCCCTGCC-39) and contained 17 bp complementary to the 39
end of the cat gene (44).
A 650-bp PCR product was recovered from 1% agarose gel (SeaPlaque; FMC

BioProducts, Rockland, Maine) by using b Agarase I (New England Biolabs,
Beverly, Mass.), cleaved with SmaI, and cloned into the SmaI site of pBlue-
scriptII SK, generating plasmid pSL1. The correct sequence of the cat cassette
flanking regions as well as its IPTG-dependent chloramphenicol resistance (Cmr)
region were confirmed.
Construction of mutant strains SL5SH1 (orf5) and SL7SH1 (orf7). Two dif-

ferent mutant strains of the O4 parent E. coli SH1 were constructed. Clone
pGH129 (16) containing a large portion of the O4 cluster was used. The cloning
strategy used in this experiment is outlined in Fig. 1.
To obtain the SL5SH1 mutant (insertion within orf5), a BamHI-BamHI frag-

ment was first cloned into a pBluescriptII SK derivative lacking part of the
multiple cloning site between HindIII and EcoO109. The resulting plasmid,
pSL2, was then doubly digested by HindIII-EcoO109, and blunt ended with the
Klenow fragment of DNA polymerase I. The cat cassette flanked by SmaI sites
was ligated with pSL2, generating plasmid pSL4. The proper orientation of the
cassette was confirmed by restriction digestion. Finally, a BamHI-BamHI frag-
ment of pSL4 was excised and cloned into the BglII site of the suicide vector
pGP704, a derivative of pJM703.1 (33). This plasmid, pSL6, was used in recom-
bination experiments.
To generate the SL7SH1 mutant, plasmid pSL3 was obtained by cloning an

XhoI-XhoI fragment containing orf7 into a pBluescriptII SK derivative from
which a HincII-BamHI fragment of the multiple cloning sites was first removed.
This plasmid was subsequently cut withHincII-BamHI restriction endonucleases,
and after treatment with Klenow, the cat cassette was inserted in the proper
orientation. The XhoI-XhoI fragment of the resulting plasmid, pSL5, was re-
cloned into pGP704 at the SalI site, generating the final construct, pSL7.
Mutant strains SL5SH1 and SL7SH1 were obtained by conjugal mating be-

tween the wild-type strain of SH1 and E. coli SM10 harboring pSL5 or pSL7,
respectively. Transconjugants were selected on minimal medium supplemented
with chloramphenicol. Mutants resulting from a double-crossover event were
initially distinguished from those in which a single recombinational event had
occurred by testing for the loss of the Apr marker (loss of the suicide plasmid
pGP704).
PCR techniques. DNA amplification was performed by using 0.5 mM each

primer in 50-ml samples containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5
mM MgCl2, 200 mM each deoxynucleoside triphosphate, and 0.5 U of Taq
polymerase (Boehringer Mannheim). Thirty cycles were performed as follows: 1
min of denaturation at 948C, 2 min of annealing at 508C, and 3 min of extension
at 728C. This was followed by one cycle of 2 min at 508C and 10 min at 728C.
When PCR was performed directly from bacterial colonies, cells were trans-

ferred on a disposable tip attached to the automatic pipettor and were added to
the reaction mixture; otherwise, 1 ng of a DNA template was used.
DNA methods. The DNA methods used are described by Maniatis et al. (30).

These include cutting of DNA with restriction endonucleases, DNA ligation and
transformation, electrophoresis on agarose gels, and DNA capillary blotting.
Plasmid DNA was prepared by an alkaline denaturation protocol according to
the method described by Birnboim and Doly (4). Chromosomal DNA was iso-
lated from 1.5-ml cultures as described elsewhere (53); 5 to 6 mg was used for
Southern blotting.
Hybridization probes were labeled by the random primer protocol with a

nonradioactive system according to the instructions given by the manufacturer
(Genius Kit; Boehringer Mannheim). Hybridization and posthybridization were
also performed as recommended by the supplier. The reaction was developed
with the chemiluminescent substrate (CSPD; Tropix, Bedford, Mass.) and were
exposed on a Kodak X-Omat X-ray film for 30 to 45 min.
For DNA sequencing, the dideoxy-chain termination procedure was used

(Sequenase 2.0; Amersham, Arlington Heights, Ill.). Oligodeoxynucleotides were
synthesized by using reagents and 391 DNA synthesizer from Applied Biosys-
tems, Foster City, Calif. DNA sequence was analyzed with software from Mo-
lecular Biology Computational Resources at the Baylor College of Medicine.
LPS isolation and electrophoresis. LPSs were prepared as described by Hitch-

cock and Brown from 1-ml overnight cultures (18). The LPS samples were
electrophoresed in minigels (Mighty Small II SE250; Hoefer Scientific, San
Francisco, Calif.) with a Tricine-sodium dodecyl sulfate buffer system (Tricine-
SDS); bands were visualized by silver staining (52). Tricine-SDS gels and buffers
were made according to the original recipe (47); the molecular weights of the
core and O units were estimated with protein standards (Gibco BRL, Gaithers-
burg, Md.) by a method described previously (27).
Slide agglutination. For slide agglutination with O4 antisera, bacteria were

grown overnight on Luria agar plates (with antibiotic added if required); roughly
1-cm2 of cells was resuspended in 0.85% saline. After boiling, 30-ml aliquots of
cells were tested with an equal volume of 10% (vol/vol) Bacto E. coli O4 antisera
(Difco Laboratories). As a control, cell aliquots were mixed with saline or E. coli
O75 antisera.
Complementation studies. Expression of the orf7-encoded polypeptide was

studied by complementation of the rfc mutation in SL7SH1-25. Constructs used
in these experiments are shown in Table 1. Plasmid vector pLEX5B, as well as
other helper plasmids (sources of different promoter and origin cassettes), was
described elsewhere (9). orf7 was amplified by PCR as a blunt-ended fragment at
the 59 end, beginning with the TG dinucleotide of the start codon ATG. The 39
end was flanked by the HindIII site located downstream of the stop codon of the
gene (Fig. 1). This 59 TG-HindIII PCR fragment was cloned between the XmnI-
HindIII sites of the vector; the XmnI-59 TG junction restored the start codon
ATG. Both transcriptional and translational functions were supplied by the
vector. A special feature of this cloning system is the easy exchange of the
promoters and origins of replication. Four derivatives, called pSL20-pSL23, that
had either the Plac or the Ptac promoter and the ColE1 or R1 origin of replication
were constructed. Each derivative was then transformed into the mutant strain
SL7SH1-25. Cells were grown overnight in L broth containing chloramphenicol
and ampicillin, with or without IPTG. LPS preparation and analysis were carried
out as described above.
Nucleotide sequence accession number. The sequence reported here has been

entered in GenBank under accession number U39042.

RESULTS

Construction of a nonpolar cat cassette. A Kmr cassette,
which was similar to the Cmr cassette constructed for this
study, was successfully used in generating mutations in the ipa
operon of S. flexneri (32). It was clearly shown that such a
cassette, when properly inserted, did not cause a polar effect in
downstream genes. Since wild-type E. coli strains are often
resistant to kanamycin, chloramphenicol resistance was used
instead; the cat gene was amplified from plasmid pACYC184
to construct the cassette in pSL1 (Fig. 1). At the 59 end of
the cassette, there are translational stops in all three reading
frames; at the 39 end is a consensus ribosome-binding site
followed by the ATG start codon. An appropriate restriction
site(s) must be chosen to insert the start codon at the 39 end of
the cassette in frame with the downstream codons of the mu-
tated gene. Such in-frame insertion allows for translation of
the remaining 39 portion of the mutated gene, as well as trans-
lation of downstream genes. As expected, clone pSL1 was Cmr

only when IPTG was present in the medium.
Construction of mutant strains SL5SH1 (orf5) and SL7SH1

(orf7). On the basis of sequence analysis of the O4 region,

FIG. 1. Schematic representation of the insertions within orf5 and orf7 using
the cat cassette. orf5 and orf7, which are part of the O4 gene cluster, were
subjected to insertional mutagenesis by using a promoterless chloramphenicol
resistance cassette. The cat cassette, flanked by SmaI sites, was inserted between
the Klenow-treated HindIII and EcoO109 sites of orf5 or the HincII and BamHI
sites of orf7. The cat gene, originating from plasmid pACYC184, is preceded by
translational stops in all three reading frames (STOP) and is followed by the
consensus ribosome-binding site (RBS); downstream translation is restored from
a start codon (ATG). This inactivation strategy by insertion of the cat cassette
ensures against a polar mutation effect in downstream genes. All important
restriction sites used for cloning, mapping, and Southern analyses, as well as the
DNA probes used, are shown.
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several putative ORFs were identified (the complete sequence
data of the entire O4 region will be published elsewhere [un-
published data]). Two strongly hydrophobic ORFs (orf5 and
orf7) were distinguished, both being good candidates for the rfc
gene, which encodes polymerase. Both ORFs were expected to
be transcribed from a single promoter located upstream of orf5
(Fig. 1); they are separated by a nonhydrophobic gene, orf6.
When the cat cassette was inserted between the HindIII-

EcoO109 sites of orf5 in pSL4, this in-frame fusion created a
new amino acid, arginine, at the junction that is followed by
proline of the native gene. Similarly, insertion between the
HincII-BamHI sites of orf7 in pSL5 generated an arginine at
the junction that is followed by the serine of the parental orf7.
pSL4 carrying orf5::cat exhibited a Cmr phenotype indepen-

dent of the transcription from the vector promoter; this con-
firmed the presence of the natural promoter upstream of this
gene, as deduced from sequence data. In contrast, pSL5 bear-
ing orf7::cat exhibited Cmr only in one orientation, indicating
that the Cmr gene was transcribed from the Plac promoter of
the vector; this resistance occurred only when IPTG was
present in the medium.
Both mutated ORFs were used in recombination experi-

ments with the parental strain E. coli SH1 O4. After recloning
of the mutated ORFs into the mobilizable suicide plasmid
pGP704, E. coli SH1 was conjugated with E. coli SM10 har-
boring each clone separately (pSL5 and pSL7). Five to eight
percent of the transconjugants exhibited a Cmr Aps resistance
pattern, suggesting that double-recombination events had oc-
curred. Chromosomal mutant strains within orf5 were called
SL5SH1, and those within orf7 were called SL7SH1. Several
individual mutants of SL5SH1 and SL7SH1 were subjected to
further analysis.
Analysis of SL5SH1 and SL7SH1 mutants. Whole cells of

seven Cmr Aps colonies of SL5SH1 no. 90 to 96 and five of
SL7SH1 no. 5 and 22 to 25 were directly used for PCR with
primers specific for the appropriate ORF (data not shown).
Each SL5SH1 and SL7SH1 mutant produced a single band
larger than that present in the parental strain, SH1. This indi-
cated that both orf5 and orf7 carried inserts with the expected
sizes.
Chromosomal DNAs were isolated from mutant strains and

hybridized against the probes specific either for the O4 region
(host-specific probes 1 and 2) or the cat cassette (insert-specific
probe 3; refer to Fig. 1); the results are shown in Fig. 2. Probe
1 hybridized to a 3.2-kb BamHI fragment of the SL5SH1 mu-

tants, compared with a 3.0-kb fragment of the parental strain
SH1 (Fig. 2A). Insert-specific probe 3 reacted with the same
3.2-kb fragment of the mutants, while no hybridization could
be detected with DNA from the SH1 strain. Similarly, 3.9-kb
XhoI chromosomal fragments of the SL7SH1 mutants and a
3.4-kb fragment of SH1 hybridized with probe 2, whereas in-
sert-specific probe 3 reacted only with the 3.9-kb bands of
DNAs prepared from the orf7 mutants. These results proved
conclusively that in-frame insertions engineered within the
cloned ORFs were introduced by homologous recombination
into the chromosome of the O4 strain of E. coli SH1.
Genomes from the mutant strains were also compared with

that from the parental strain SH1 as well as with SM10, the
strain which was used as a donor in conjugation, by pulsed-field
gel electrophoresis (PFGE [25]). As expected, the NotI pattern
of the mutants was identical to that seen in the parental strain
SH1 but not that characteristic for the SM10 donor strain (data
not shown). The PFGE gel was blotted and hybridized against

FIG. 2. Analysis of the chromosomal insertions within orf5 and orf7 by South-
ern blotting. (A) Genomic DNAs isolated from the SL5SH1 mutants were
digested with BamHI (refer to Fig. 1) and hybridized with either probe 1 (host-
specific probe) or probe 3 (insert-specific probe). The parental strain SH1 and
SL5SH1 mutants exhibited positive hybridization with probe 1, resulting in pat-
terns of the predicted sizes (3.0 and 3.2 kb, respectively). DNAs from the
SL5SH1 mutants, but not from SH1, hybridized with probe 3 specific for the cat
cassette. (B) DNAs of the SL7SH1 mutants were digested with XhoI and probed
with probe 2 or probe 3. Host-specific probe 2 hybridized with a 3.4-kb chromo-
somal fragment of the parental strain SH1 and 3.9-kb bands of the SL7SH1
mutants, whereas the insert-specific probe 3 reacted only with the 3.9-kb frag-
ment of the SL7SH1 mutants. These results confirmed that the cat cassette was
inserted into the predicted chromosomal loci (orf5 and orf7) of E. coli SH1.

TABLE 1. Plasmid vectors and clones used

Plasmid Relevant characteristics Reference or source

pBluescriptII SK High-copy-number cloning vector; Apr; DlacZ Stratagene
pGP704 Derivative of suicide plasmid pJM703.1; oriR6K mob Apr 31
pLEX5B Expression vector; Apr 8
pGH129 O4 rfb region (11.7 kb) in pBluescriptII KS 15
pSL1 650-bp cat cassette in pBluescriptII SK; Apra This study
pSL2 BamHI-BamHI fragment with orf5 in pBluescriptII SK; Apr This study
pSL3 XhoI-XhoI fragment with orf7 in pBluescriptII SK; Apr This study
pSL4 cat cassette inserted in orf5 of pSL2; Apr Cmr This study
pSL5 cat cassette inserted in orf7 of pSL3; Apra This study
pSL6 orf5::cat cassette of pSL4 in pGP704; Apr Cmr This study
pSL7 orf7::cat cassette of pSL5 in pGP704; Apra This study
pSL20 orf7 in pLEX5B; ori ColE1; Plac; Ap

r This study
pSL21 orf7 in pLEX5B; ori ColE1; Ptac; Ap

r This study
pSL22 orf7 in pLEX5B; oriR1; Plac; Ap

r This study
pSL23 orf7 in pLEX5B; oriR1; Ptac; Ap

r This study

a Also Cmr in the presence of IPTG.
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probe 2 or probe 3. The O4 gene cluster was detected on a
230-kb NotI band in all strains tested. cat cassette inserts were
identified on the same 230-kb NotI band of the mutants only.
LPS analysis. LPSs of wild-type isolates, such as SH1, ex-

hibit a characteristic bimodal distribution of the O units as
detected by electrophoresis in polyacrylamide gels (20, 39).
The smooth phenotype (S LPS) is represented by long chains
of LPS consisting of many O units. Rough strains (R LPS) have
only core oligosaccharide, whereas strains in which the func-
tion of O polymerase, the Rfc protein, is impaired are expected
to exhibit a semirough type of LPS (SR LPS) that is charac-
terized by an oligosaccharide core substituted with only one O
unit.
LPSs from the selected SL5SH1 and SL7SH1 mutants were

isolated and compared with the LPS pattern of the parental
strain, SH1. To focus on the core region of the LPS, a Tricine-
SDS buffer system was employed which provides resolution
superior to that by SDS-PAGE (27). It was clearly demon-
strated that series mutants SL7SH1 (orf7) exhibited the ex-
pected SR phenotype (Fig. 3). In contrast, the SL5SH1 series
mutants (orf5) produced a typical nonsubstituted R LPS.
Therefore, it was concluded that orf7, but not orf5, was the
gene for O4 polymerase, rfc.
On the basis of the gel migration of the LPS compared with

protein standards, the molecular mass of the O4 core was
estimated to be approximately 4 kDa, whereas that of single O
unit (pentasaccharide) was 0.8 kDa.
Slide agglutination. The conclusions made from the LPS

patterns on PAGE were further supported by the agglutination
assay. Only the SL7SH1 series mutants were clearly aggluti-
nated by O4 antiserum; the limited precipitation in saline was
observed after prolonged incubation, and no reaction was seen
in the control samples with heterologous O75 antisera. In con-
trast, no positive agglutination reaction was detected with
SL5SH1 series mutants in the presence of O4 antisera; simi-
larly to the SL7SH1 mutants, they tend to precipitate from
saline, and no agglutination took place with O75 control anti-
sera. Therefore, we concluded that only SL7SH1 but not
SL5SH1 series mutants still produced O4 antigen.
Identification of Rfc protein. Attempts to overexpress the

protein encoded by orf7, the putative O polymerase, were
unsuccessful. Transcription was always provided by the vec-
tor(s). Trace amounts of the fusion proteins were detected on

Western blots (immunoblots) with the pMal vector, although
the sizes of the extremely faint bands were only slightly larger
than that of the MalE protein alone (data not shown). The
predicted 45.5-kDa product could not be detected in a cell-free
transcription-translation system or in a maxicell strain (46). At
the same time, the products of other genes encoded by these
plasmids were identified as expected. These negative results
were in agreement with previous reports in which the investi-
gators failed to identify the corresponding Rfc proteins from S.
typhimurium and S. flexneri (7, 34).
Complementation studies. To verify that failure to detect

Rfc protein was not due to errors introduced in the cloning
process, some of the constructs were used in complementation
experiments. Orf7 was cloned as a 59 TG-HindIII PCR frag-
ment between the XmnI-HindIII sites of the vector (9). Since
the rfc gene apparently lacks its own promoter, as well as a
sequence resembling a ribosome-binding site, both functions
were provided by the vector. Four derivatives, characterized in
Table 1, were made; these differed in the origin of replication
(high-copy-number ColE1 versus temperature-controlled low-
or high-copy-number-R1) and inducible promoters (strong
promoter Ptac versus the weaker promoter Plac).
All derivatives were introduced into the Rfc mutant strain

SL7SH1-25. LPS samples from induced and uninduced cultures
were compared with the LPS pattern of the parental strain
SH1 on a 10% Tricine-SDS gel (Fig. 4). The copy numbers of
the plasmids with the R1 ori are small at lower temperatures
because they are under the control of the temperature-sensi-
tive lambda repressor. All complementation experiments were
performed at 378C to avoid variations in the LPS patterns. The
distribution patterns of the LPS chains of the wild-type strain
SH1 are different at 32 and 428C (data not shown). At 378C,
the copy numbers of clones with R1 ori are lower than those
with the ColE1 ori. Two extreme results were obtained with
clones pSL22 and pSL21. The first clone (low copy number and
weak promoter) fully complemented the rfc mutation with or
without IPTG in the medium, whereas the latter (high copy
number and strong promoter) exhibited only very poor
complementation in the uninduced sample (very faint bands of
S LPS seen on the gel and weak SR11 unit). Although clear
complementation by pSL23 (low copy number and strong pro-
moter) was detected in uninduced cells, this complementation
was drastically diminished after the transcription was induced.
Similar results were obtained with clone pSL20 (high copy
number and weak promoter); however, the extent of the

FIG. 3. LPS profiles of various strains in a silver-stained Tricine-SDS poly-
acrylamide gel. LPSs isolated from representatives of the mutant strains SL5SH1
and SL7SH1 were compared in a 10% Tricine-SDS polyacrylamide gel with the
LPS patterns of the parental strain SH1 and its rfe derivative. Insertion within
orf5 (SL5SH1 series) resulted in complete loss of O chains (R LPS) comparable
to LPS from the rfe mutant. In contrast, inactivation of orf7 (SL7SH1 series) left
core substituted with one O unit (SR LPS), the phenotype expected for rfc
mutants. Only the parental strain, SH1, contained long-chained LPS (S LPS).
The running positions of the protein standards (top to the bottom) lysozyme,
bovine trypsine inhibitor, and insulin are indicated in kilodaltons.

FIG. 4. In trans complementation of the chromosomal Rfc mutation by the
cloned rfc gene. The Rfc mutant SL7SH1-25 was transformed with four different
derivatives: pSL20, pSL21, pSL22, and pSL23. Cultures were grown with (1) or
without (2) IPTG; LPS was isolated from each culture and compared with that
of the parental strain SH1 in a 10% Tricine-SDS polyacrylamide gel. All clones
were able to complement the SR phenotype of SL7SH1-25, although the extent
of this complementation depended on the promoter strength and copy number
of the vector, as well as the presence (1) or absence (2) of IPTG.
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complementation in the absence of IPTG was significantly
lower than that with pSL23 and was almost completely re-
moved by inducing the transcription. Complementation was
also seen in uninduced cells, which must be due to the low
levels of transcription in the absence of induction. Vector
alone, with any combination of the promoter-ori cassettes, was
unable to complement the rfc mutation (data not shown). This
experiment showed that Rfc function was determined by the
product of orf7, the rfc gene.
Analysis of the rfc gene and the putative Rfc protein. The

sequence of orf7, the identified rfc gene, is shown in Fig. 5. It
is 1,188 bp long, which corresponds to 395 amino acid residues.
orf7 seems to be transcriptionally coupled with two upstream
ORFs (orf5 and orf6); a potential promoter structure was
found upstream of orf5, i.e., a potential210 region is TATAAg
(five of six bases identical to the consensus TATAAT) and a
potential 235 region reads TTGctA (four of six bases as the
consensus TTGACA [17, 45]). orf7 also lacks a sequence re-
sembling the ribosome-binding site which predicts that its
translation is dependent on the translation initiation from one
of the upstream genes; orf6 is preceded by a potential ribo-
some-binding site, TAtcGAGa, at a spacing of 5 nucleotides
from the ATG codon (the consensus sequence is TAAGGA
GG [10, 49]). Translational coupling between orf6 and orf7 is
also supported by the fact that the TGA stop codon of the orf6
overlaps with the ATG start codon of the orf7 (sequence,
ATGA).
The codon usage for the rfc gene is presented in Table 2.

Underlined codons, which are characteristic of weakly ex-
pressed genes (based on data by Grosjean and Fiers [13]), are
frequently used in orf7. Leucine, isoleucine, and phenylalanine,
which constitute nearly 40% of the total amino acid residues,
are mostly encoded by codons typical of weakly expressed
genes (19, 49, and 81%, respectively). Modulating codons
(marked with asterisks) account for 13.6% of the total rfc
codon content. The rate codons AGG, AGA, and CGA rep-
resent 93% of the arginine codons; correspondingly, GGG and
GGA modulating codons are used for 58% of the glycine
codons, and AUA is used for 47% of all isoleucine codons.
These data suggest that the rfc gene of E. coli O4 is poorly
expressed and explain why the Rfc protein could not be de-
tected.
The predicted molecular mass for this polypeptide is 45.5

kDa, with an isoelectric point of 9.3. Hydrophobic regions are
marked in the rfc sequence shown in Fig. 5. Overall, the mol-
ecule is very hydrophobic, with a mean index of 0.8, as deter-
mined by the method described by Kyte and Doolittle (26).
This suggests that Rfc is a membrane protein, although this
hypothesis needs to be proven experimentally.

DISCUSSION

SR mutants, in which LPS polymerization was defective,
were recovered from S. typhimurium 30 years previously (35,
54). Spontaneous mutants have been used to identify and char-
acterize the rfc loci from both S. typhimurium and S. flexneri (7,
34). A different approach was undertaken in the present study
to identify and clone the O4 polymerase gene from a human
uropathogenic strain of E. coli SH1. By molecular biology
methods, two different isogenic mutant strains, bearing chro-
mosomal insertions within two ORFs of the O4 region, were
constructed. On the basis of biochemical analysis, it was pre-
dicted that the O-antigen polymerase is located in the cyto-
plasmic membrane (31). Membrane proteins are expected to
be hydrophobic (42); therefore, either hydrophobic ORF could
be the rfc gene.

A promoterless, nonpolar chloramphenicol resistance cas-
sette was employed to specifically inactivate two ORFs of the
O4 rfb region. Insertions were made within orf5 and orf7 cloned
into plasmid vectors. We also constructed two other derivatives
of the cat cassette, in which the ATG start codons located at
the 39 end of these cassettes are in different reading frames
(data not shown). This allows one of the three cassette deriv-
atives to be used at any predetermined restriction site, which is
available within the gene of interest. The native ORFs in the
chromosome of E. coli SH1 were subsequently replaced with

FIG. 5. Nucleotide sequence of the 1,188-bp rfc gene of E. coli. The ATG-
Met start codon (nucleotide 16) and TAA stop codon (nucleotide 1201) are
marked in boldface. No potential ribosome-binding site can be found upstream
of the ATG codon. The amino acid residues encoded by modulating codons or
codons characteristic for weakly expressed genes are labeled with asterisks or are
underlined, respectively. The hydrophobic stretches representing potential trans-
membrane domains of the Rfc protein are boxed.
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the mutated ones by homologous recombination. The genomic
NotI patterns of the mutants and parental strain were identical,
ensuring that no additional gene rearrangement in the chro-
mosome had occurred. However, we did detect large chromo-
somal deletions (30 to 50 kb in size) in some mutants. These
mutants were not used in further experiments; no attempts
have been made to find which genes have been eliminated. It
has been reported that genes involved in the pathogenesis
process are grouped in so-called pathogenicity islands (24); a
large deletion such as that reported here could easily accom-

modate a gene cluster determining biologically important fea-
tures. Mutant strains, which are not fully characterized, could
give false results in a variety of biological tests.
The method used in this study has the following advantages:

(i) insertion of the cassette does not cause polar effects in
downstream genes; therefore, any gene can be inactivated in-
side the gene cluster, regardless of its transcriptional-transla-
tional organization; (ii) all steps are easily monitored by stan-
dard protocols, e.g., restriction analysis, PCR, and Southern
blotting; (iii) in contrast to spontaneous mutations, the inser-
tions are strictly defined regarding both their site and molec-
ular basis; and (iv) the mutant strain obtained is isogenic with
the parental one and, therefore, can be further used in biolog-
ical studies such as virulence assays.
rfc mutants produce LPS in which at most one O-antigenic

oligosaccharide unit is attached to the core unit (29). Only
SL7SH1 mutants were still agglutinated by the O4-specific
antiserum, indicating that mutants of the SL5SH1 series did
not produce O chains at all. PAGE analysis of the LPS samples
isolated from both types of mutants provided additional evi-
dence that orf7 was the O polymerase. orf7 was identified as the
rfc gene because the SL7SH1 mutants exhibited an SR LPS
pattern; similar results were shown previously for the rfc spon-
taneous mutants of S. typhimurium and S. flexneri (7, 34). LPSs
from the mutants of the SL5SH1 series migrated as a single
band corresponding to the nonsubstituted core. This indicated
that inactivation of orf5 precludes either synthesis or transfer
of O4 side chains to the LPS core. Amino acid sequence data
revealed the existence of a putative ATP binding motif at the
C terminus of the polypeptide encoded by orf5. If these data
are accurate, this polypeptide may be involved in the transport
of the O antigen across the cytoplasmic membrane and would
be analogous to proteins identified in the E. coli O9 and Kleb-
siella pneumoniae O1 rfb gene clusters (5, 23).
A Tricine-SDS buffer system was employed instead of gly-

cine-SDS. This buffer system resolves core LPSs of E. coli rfa
mutants with very subtle differences in size (41). The molecular
mass of the core unit was estimated to be about 4 kDa; by this
method, a similar value of 4.2 kDa has been calculated for the
core LPS from a rough mutant of Salmonella minnesota (27).
The value for a single O unit, 0.8 kDa, is somewhat less than
the theoretical molecular weight 952, based on chemical com-
position (48).
The rfc gene is located inside the rfb region. It lacks its own

promoter; we predict that it is transcriptionally coupled with
two preceding ORFs (orf5 and orf6). The experimental support
for this assumption comes from the fact that clone pSL5 was
Cmr only when it was transcribed from the vector promoter,
whereas pSL4 was Cmr also when it was cloned in the direction
opposite to the vector promoter. rfc also lacks translational
signals; it may utilize the translation initiation at the start of
orf6, although it has not been confirmed experimentally. Sim-
ilar data have been reported for the rfc gene of S. flexneri
regarding its transcriptional-translational organization (34). In
contrast, the rfc gene of S. typhimurium maps outside the rfb
gene cluster; it also has regulatory sequences necessary for its
expression (7).
The rfc genes has been cloned from the E. coli O4, S. typhi-

murium, and S. flexneri. All attempts failed to identify the Rfc
protein from the above species. The frequencies of the mod-
ulating codons for rfc from these bacteria are similarly high:
13.6, 12.5, and 12.0%, respectively. The naturally low levels of
the rfc gene products seem to be tightly controlled by the
atypical codon usage, since their isoaccepting tRNAs are very
rare (13). Eight of the first 25 amino acids of the E. coli rfc gene
are encoded by rare codons (including two modulating argi-

TABLE 2. Codon usage of the rfc genea

Amino acid Codon No. of
times used

% of total
codons

Leu TTA 24 6.0
TTG 11 2.8
CTT 11 2.8
CTAp 5 1.3
CTG 4 1.0
CTC 3 0.8

Ile ATT 23 5.8
ATAp 22 5.6
ATC 2 0.5

Phe TTT 34 8.6
TTC 8 2.0

Ser AGT 10 2.5
TCA 6 1.5
TCT 6 1.5
AGC 5 1.3
TCC 2 0.5

Tyr TAT 24 6.0
TAC 2 0.5

Ala GCA 9 2.3
GCT 8 2.0
GCG 5 1.3
GCC 3 0.8

Gly GGT 9 2.3
GGAp 8 2.0
GGGp 6 1.5
GGC 1 0.3

Lys AAA 10 2.5
AAG 7 1.8

Val GTT 10 2.5
GTA 7 1.8

Arg AGAp 5 1.3
AGGp 5 1.3
CGAp 3 0.8
CGC 1 0.3

Thr ACT 6 1.5
ACA 4 1.0
ACC 3 0.8
ACG 1 0.3

Asn AAT 11 2.8
AAC 2 0.5

Met ATG 12 3.0
Cys TGT 8 2.0

TGC 3 0.8
Glu GAA 7 1.8

GAG 4 1.0
Asp GAT 6 1.5

GAC 3 0.8
Gln CAG 6 1.5

CAA 3 0.8
Pro CCA 6 1.5

CCT 2 0.5
Trp TGG 3 0.8

a Amino acids and codons which are not present within the rfc gene are not
included. Asterisks, modulating codons; underlining, codons characteristic for
weakly expressed genes.
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nine codons, AGG/CGA) which may cause ribosome stalling
and, as a consequence, translational pausing at an initiation
site (6). The molecular mass of the putative Rfc protein is 45.5
kDa, compared with a 47.5-kDa Rfc product in S. typhimurium
and a 43.7-kDa product in S. flexneri. All Rfc proteins are
hydrophobic (mean indices of 0.8, 0.7, and 1.08, respectively),
with several potential transmembrane domains. Experiments
with Tn5phoA and Tn5lacZ fusions are being carried out. De-
spite the functional similarity of these proteins, the overall
sequences are different.
Different clones of the rfc gene (orf7) were made. They were

able to complement in trans the Rfc chromosomal mutation in
the SL7SH1-25 mutant. However, in most cases, complemen-
tation did not fully restore the LPS pattern typical of the
parental strain SH1, which is characterized by a bimodal dis-
tribution of the LPS chains. Similar results have also been
reported earlier for S. typhimurium and S. flexneri (7, 34).
However, these Salmonella and Shigella clones were often on
different vectors and also contained different flanking se-
quences. To investigate this phenomenon, four derivatives of
the rfc clone were constructed. They differed only in copy
number or the level of transcription; the size of the insert was
identical. The best complementation was achieved when low
expression levels were obtained by a low-copy-number vector
and a weak promoter on the vector. These results are contrary
to the previous interpretation of Morona et al., who suggested
that poor complementation resulted from weaker translation
of some rfc clones in S. flexneri (34). If expression of this
protein is poor because of limiting pools of rare tRNAs, in-
creased expression from a cloned gene may be detrimental.
Our clone derivative, characterized by high copy number and
strong transcription, did not fully complement the mutation,
especially after induction with IPTG. One possible explanation
can be proposed. When high amounts of the mRNA are tran-
scribed from the clone, a limited pool of rare tRNAs may be
quickly exhausted, before the complete Rfc protein is trans-
lated. In contrast, the poorly transcribed, low-copy-number
clone would allow translation to be completed. However, other
explanations, e.g., Rfc aggregation or proteolysis in the cyto-
plasm, cannot be ruled out. Since this protein has never been
expressed at a detectable level, lack of complementation as a
result of Rfc overproduction is very unlikely.
Because long-chained LPS is so important in determining

the surface properties of gram-negative bacteria, which include
many human pathogens, an understanding of the final steps in
the assembly and transport of LPS is crucial to a complete
understanding of how these bacteria interact with their envi-
ronments.
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