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To investigate the effect of chromosomal mutation on the synthesis of rfe-dependent Escherichia coli 09
lipopolysaccharide (LPS), the cloned E. coli 09 rib gene was introduced into Salmonella typhimurium strains
defective in various genes involved in the synthesis of LPS. When E. coli 09 rfb was introduced into S.
typhimurium strains possessing defects in rjb or rfc, they synthesized E. coli 09 LPS on their cell surfaces. The
rfe-defective mutant of S. typhimurium synthesized only very small amounts of E. coli 09 LPS after the
introduction of E. coli 09 rjb. These results confirmed the widely accepted idea that the biosynthesis of E. coli
09-specific polysaccharide does not require rfc but requires rfe. By using an rJbT mutant of the E. coli 09 rjb
gene, the mechanism of transfer of the synthesized E. coli 09-specific polysaccharide from antigen carrier lipid
to the R-core of S. typhimurium was investigated. The rdbT mutant of the E. coli 09 rjb gene failed to direct the
synthesis of E. coli 09 LPS in the rfc mutant strain of S. typhimurium, in which rfaL and rfbT functions are
intact, but directed the synthesis of the precursor. Because the intact E. coli 09 rfb gene directed the synthesis
of E. coli 09 LPS in the same strain, it was suggested that the rfaL product of S. typhimurium and rJbT product
of E. coli 09 cooperate to synthesize E. coli 09 LPS in S. typhimurium.

Lipopolysaccharide (LPS) is composed of three portions
bound covalently; lipid A, R-core oligosaccharide, and the
0-specific polysaccharide. Genetic and biosynthetic analy-
ses of the lipid A part of LPS have been started, and in
Escherichia coli, pgsB (14) is considered to play an impor-
tant role in the synthetic pathway of lipid A (for review, see
reference 15). By contrast, the genetic and biosynthetic
mechanisms of the polysaccharide portion of LPS, R-core
oligosaccharide, and 0-specific polysaccharide are relatively
well known. The genes kdsA and kdsB (17, 18) in Salmonella
typhimurium were found to participate in the synthesis of the
inner region of R-core. The synthesis of the outer region of
R-core is directed by the rfa cluster and some housekeeping
genes such as galE, galU, and pgi in S. typhimurium (11).
Both rfb and rfc are required for 0-specific polysaccharide
synthesis in S. typhimurium, and both rfb and rfe are
required for that in E. coli 08 and 09 (6, 16). The biosyn-
thetic mechanism of rfc-dependent 0-specific polysaccha-
ride synthesis in S. typhimurium is widely accepted (6, 16).
However, the mechanism underlying rfe-dependent synthe-
sis of 0-specific polysaccharide in E. coli 08 or 09 has not
yet been clarified. Exchange experiments of rfe between E.
coli strains or between E. coli and S. typhimurium revealed
that rfe was involved in the synthesis of the 0-specific
polysaccharide in E. coli 08 and 09 (20).

Recently we cloned the rib gene cluster of E. coli 09 into
the pACYC184 cloning vector and characterized some func-
tions of genes in this rfb gene cluster. In the present study,
we introduced the E. coli 09 rfb gene into S. typhimurium
strains possessing defects in various chromosomal genes
involved in the synthesis of LPS to investigate the effects of
these S. typhimurium genes on the synthesis of E. coli 09
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LPS. E. coli 09 rib with the rfbT mutation (9) was also
introduced into S. typhimurium strains to determine the
cooperative function of the gene products of E. coli 09 ribT
and S. typhimurium rfaL.

MATERIALS AND METHODS

Strains and media. The bacterial strains used in this study
are listed in Table 1. All S. typhimurium strains except
LB5010 were a gift from P. H. Makela (National Public
Health Institute, Helsinki, Finland). S. typhimurium LB5010
was a gift from K. Kutsukake (Department of Biology,
Faculty of Science, The University of Tokyo, Tokyo, Ja-
pan). Media used for the culture of bacteria were the same as
those reported previously (7).

Transformation and transduction. E. coli 09 rfb was
recloned into pACYC184 from R'-6 plasmid carrying the
his-rfb region of E. coli 09 (7) and termed pNKB26 (9).
Plasmid DNA was amplified in S. typhimurium LB5010 to
escape restriction by S. typhimurium. Extraction of plasmid
DNA was carried out by alkaline lysis (12) or the method
reported by Sasakawa et al. (19). Plasmid DNA was intro-
duced into various S. typhimurium mutants by transforma-
tion (12). Because the transformation efficiency of SL696
was very low, plasmid DNA was introduced into these
strains by P22 transduction. We used the pNKB26-B6 plas-
mid, in which the small BamHI C fragment of pNKB26 was
deleted, to check the transformation efficiency of bacteria.
Synthesis of E. coli 09 LPS was observed by the agglutina-
tion test with polyclonal anti-E. coli 09 rabbit serum.

Analysis of LPS by SDS-PAGE. LPS was extracted by the
rapid small-scale method described previously (8, 23). So-
dium dodecyl sulfate (SDS)-polyacrylamide gel electropho-
resis (PAGE) was carried out by the method of Tsai and
Frasch (24). Silver staining of LPS was performed by the
method of Hitchcock and Brown (5). The method for immu-
noblot analysis was that reported previously (7).
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TABLE 1. S. typhimurilum strains

Strain LPS type" Relevant Origin orgenotype reference

SL696 S rfa+ 26
SH5493 S rfe 25
SL901 SR rfc 26
his-515 Ra rfb rfaL 13
TV119 Ra rfb 1
TV163 Ra rfaL 1
SL733 Rb1 rfaK St/22 (27)
SH5014 Rb2 rfaJ 21
SH9156 Rb3 rfaI TV148 (22)
LB5010 Rc galE 2
SL761 Rc galE galE403 derivative

of SL489 (22)
SH8572 RcP- rfaP 4
SL1032 Rd, rfaG 3
SL1181 Rd2 rfaF 26
SL1102 Re rfaE 26

a Types: S, LPS with the 0-specific polysaccharide; SR, LPS with one
repeating unit of the 0-specific polysaccharide Ra to Re are as defined
previously (1, 16).

RESULTS

Synthesis of E. coli 09 LPS in various mutant strains of S.
typhimurium. When pNKB26 was introduced into S. typhi-
murium SL696, which has no defects in the genes for LPS
synthesis, the bacteria agglutinated in anti-E. coli 09 rabbit
serum (Table 2). This result suggested the presence of E. coli
09-specific polysaccharide on the surface of SL696 cells
carrying pNKB26. The LPS preparation from this strain was
analyzed by SDS-PAGE and immunoblot analysis (Fig. 1,
lanes 1 and 2). Silver staining revealed the presence of two
kinds of LPS. The presence of E. coli 09 LPS was confirmed
by immunoblot analysis of the same sample. The ladder
bands which reacted with anti-E. coli 09 rabbit serum in the
LPS preparation of SL696 are shown (Fig. 1B, lane 2). The
other bands showed the specificity of S. typhimurium by

TABLE 2. E. coli 09 LPS synthesis in S. typhimurium

Plasmid" ~~Agglutination
S. typhi- Plasmid" with poly-
murium geoyecoaaniEstrain g pACYC184 pNKB26-B6 pNKB26 coli 09 rab-

bit serum

SL696 rfa+ + NDb +
SH5493 rfe + + +
SL901 rfc + + + +
his-515 rfb + + + +
TV119 rfb + + + +
TV163 rfaL + + - ND
SL733 rfaK + + - ND
SH5014 rfaJ + + - ND
SH9156 rfal + + - ND
LB5010 galE + + + +
SL761 galE + + + +
SH8572 rfaP + + + +
SL1032 rfaG + + - ND
SL1181 rfaF + + - ND
SL1102 rfaE - - - ND

a Plasmids were introduced into each strain by transformation. +, Trans-
formants obtained; -, failed to transform.

b ND, Not determined.
C pNKB26 was introduced into SL696 from SH5493(pNKB26) by transduc-

tion.

1:I * , *
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FIG. 1. SDS-PAGE of extracted LPS preparations from various
strains of S. tvphimurium carrying PNKB26. (A) Silver-stained gel;
(B) immunoblot with anti-E. coli 09 serum. Lanes 1, SL696 LPS;
lanes 2, LPS from SL696 carrying PNKB26; lanes 3, SH5493 LPS;
lanes 4, LPS from SH5493 carrying pNKB26; lanes 5, SL901 LPS;
lanes 6, LPS from SL901 carrying pNKB26; lanes 7, his-515 mutant
LPS; lanes 8, LPS from his-S15 mutant carrying pNKB26; lanes 9,
TV119 LPS; lanes 10, LPS from TV119 carrying pNKB26; lanes 11,
LB5010 LPS; lanes 12, LPS from LB5010 carrying pNKB26; lanes
13, SL761 LPS; lanes 14, LPS from SL761 carrying PNKB26; lanes
15, SH8572 LPS; lanes 16, LPS from SH8572 carrying pNKB26.

immunoblot analysis (data not shown). These results indi-
cated that E. coli 09-specific polysaccharide was synthe-
sized in SL696 and transferred to the R-core of S. typhimu-
rium and that E. coli 09 LPS was efficiently transported to
the cell surface of SL696.
No strain of S. typhimurium carrying the rfa mutation

could be transformed with pNKB26 except the rfaP mutant
(Table 2). A transformant of TV163, an rfaL mutant with a
complete R-core, also could not be obtained. However,
pNKB26 could be introduced into galE and rfaP mutants,
which possess the incomplete R-core, by transformation.
Transformants of these strains, SL761, LB5010, and
SH8572, agglutinated in anti-E. coli 09 rabbit serum (Table
2). Although these strains synthesized E. coli 09 LPS, the
amount of E. coli 09 LPS produced by these strains was
small (Fig. 1, lanes 11 to 16).
An S. typhimurium his-515 mutant and strain TV119,

possessing defects in the function of rfb gene cluster, were
transformed with pNKB26. The his-515 mutant and TV119
carrying pNKB26 agglutinated in anti-E. coli 09 rabbit
serum (Table 2). SDS-PAGE and immunoblot analysis of
LPS preparations from these strains showed the presence of
E. coli 09 LPS (Fig. 1, lanes 7 to 10).
When pNKB26 was introduced into SL901, which is

defective in rfc, the bacteria agglutinated in anti-E. coli 09
rabbit serum (Table 2). The SDS-PAGE profiles revealed
that the LPS preparation from this transformant contained
high-molecular-weight components possessing various
lengths of the repeating units which could not be found in the
LPS preparation from SL901 (Fig. 1A, lanes 5 and 6). These
high-molecular-weight bands were shown to react with an-
ti-E. coli 09 rabbit serum by immunoblot analysis (Fig. 1B,
lanes 5 and 6). These results suggested that the low-molec-
ular-weight bands corresponded to LPS possessing one
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FIG. 2. SDS-PAGE of extracted LPS preparations from SL901
carrying plasmids pNKB26::-yb29 and pNKB26::y8305. (A) Silver-
stained gel; (B) immunoblot with anti-E. coli 09 serum. Lanes 1,
SL901 LPS; lanes 2, LPS from SL901 carrying pNKB26::-yb29;
lanes 3, LPS from SL901 carrying pNKB26::-yb305. Positions of E.
coli 09-specific polysaccharide precursor are indicated by arrows.

repeating unit of the 0-specific polysaccharide of S. typhi-
murium LPS and the high-molecular-weight bands corre-

sponded to LPS possessing E. coli 09-specific polysaccha-
ride. This result confirmed that the synthesis of E. coli
09-specific polysaccharide was independent of rfc and that
the rfc product, 0-repeating unit polymerase, was not essen-

tial for the synthesis of E. coli 09-specific polysaccharide
chain consisting of a number of the repeating units (6, 11,
16).
Even after pNKB26 was introduced into SH5493, an

rfe-deficient mutant, by transformation, the agglutination
test of SH5493 carrying pNKB26 in anti-E. coli 09 rabbit
serum was negative (Table 1). Silver staining revealed that
the biosynthesis of S. typhimurium LPS was not influenced
by the rfe mutation and that the ladder bands of E. coli 09
LPS were not found in the LPS preparation of SH5493
carrying pNKB26 (Fig. 1A, lane 4). However, immunoblot
analysis showed the presence of a trace amount of LPS
showing E. coli 09 specificity (Fig. 1B, lane 4).

Transfer of E. coli 09-specific polysaccharide from antigen
carrier lipid to R-core of S. typhimurium. The question arose

whether the rfbT product that functioned in the synthesis of
E. coli 09 LPS in S. typhimurium was derived from E. coli
09 or S. typhimurium. To settle the question, pNKB26::
y829 and pNKB26::-y3O5, which were transposon insertion
mutants of pNKB26 and regarded as ribT mutants (9), were

introduced into SL901. This S. typhimurium strain is defec-
tive in rfc but intact in the rfaL and ribT functions and
possesses complete R-core. LPS preparations from SL901
carrying these plasmids were analyzed by SDS-PAGE and
immunoblot analysis (Fig. 2). SL901 carrying the mutant
plasmids did not synthesize E. coli 09 LPS but only precur-

sors with E. coli 09 specificity which were not bound to the
R-core (Fig. 2B, lanes 2 and 3, arrows). These results were

the same as those obtained when these mutant plasmids
were introduced into E. coli K-12. It was suggested, there-
fore, that the presence of an intact S. typhimurium rfbT did
not support the synthesis of E. coli 09 LPS, but intact rJbT
function in the E. coli 09 rfb gene cluster was essential for
the transfer and ligation of E. coli 09-specific polysaccharide
to the R-core of S. typhimurium LPS.

DISCUSSION

Two gene blocks, termed rfa and rfb, specify the synthesis
of the two polysaccharide parts of LPS, R-core and 0-spe-

cific polysaccharide, respectively (Fig. 3) (for review, see

I rfbT, rfaL

n
>i r4, cds4, B pgsB

(rfe) (rfc) galE

FIG. 3. Genes specifying the biosynthesis of each portion of LPS
according to the review of Makela and Stocker (11). Genes in
parentheses are not common; rfc- and rfe-dependent LPS-synthetic
pathways require rfc and rfe, respectively. Salmonella group A, B,
D, and E strains belong to the former group and E. coli 08 and 09
strains and Salmonella group Cl and L strains belong to the latter
group.

reference 11). The gene galE outside the main rfa cluster is
also required to synthesize the R-core in S. typhimurium.
The gene rib specifies the synthesis of a unit of 0-specific
polysaccharide, and rfc polymerizes these units in S. typhi-
murium. Although there is little information about the mech-
anism of the synthesis of E. coli 09-specific polysaccharide,
only rib seems to direct the synthesis of polymerized 0-spe-
cific polysaccharide. The requirement of rfe for the synthesis
of E. coli 09 LPS is widely accepted (6, 11, 16), although the
function of rfe is unknown yet. The 0-specific polysaccha-
ride synthesized independently of R-core bound to lipid A is
transferred to R-core by the function of rfaL in the rfa gene
cluster. The gene rJbT in the rib gene cluster is also required
to transfer the 0-specific polysaccharide.
The rfe-deficient mutant of S. typhimurium, SH5493,

harboring pNKB26 did not agglutinate in anti-E. coli 09
rabbit serum. This result agreed well with the report that
introduction of an rfe mutation from S. typhimurium into an
E. coli 09 strain prevented the synthesis of 09-specific
polysaccharide (20). However, SDS-PAGE of the LPS prep-
aration followed by immunoblot analysis, which is a highly
sensitive detection method for the 0-specific polysaccha-
ride, revealed the presence of a trace amount of E. coli 09
LPS. There are two possible reasons for the presence of a
trace amount of E. coli 09 LPS in SH5493. One is the leaky
function of the rfe mutation of SH5493. The other is that the
rfe genes of E. coli 09 and S. typhimurium differ in their
functions. In fact, the rfe gene of S. typhimurium is different
from that of S. montevideo, whose mechanism for the
synthesis of LPS is similar to that of E. coli 09 in that the
former lacks the gene for dTDP glucose pyrophosphorylase
in the rfe region but the latter has it (10).
That transfer of E. coli 09-specific polysaccharide to the

R-core occurred in S. typhimurium implied two possible
mechanisms of transfer of the 0-specific polysaccharide
from the antigen carrier lipid to the R-core of LPS, as shown
schematically in Fig. 4. One is the mechanism by which the
rfaL and rfbT products of S. typhimurium transfer the
synthesized E. coli 09-specific polysaccharides. The other is
the mechanism by which the rfaL product of S. typhimurium
worked with the rfbT product of E. coli. Namely, the rfaL
product of S. typhimurium recognizes its own R-core and the
ribT product of E. coli 09 recognizes E. coli 09-specific
polysaccharide on antigen carrier lipid. Then these two kinds
of products from the different bacterial species work coop-
eratively and transfer E. coli 09-specific polysaccharide to
the R-core of S. typhimurium LPS. We infer for the follow-
ing reasons that the latter mechanism is actually operating in
S. typhimurium. When the rfbT mutant plasmid was intro-
duced into the rfc mutant strain of S. typhimurium, this
strain could not transfer the synthesized E. coli 09-specific
polysaccharide to the R-core but synthesized only precursor
(Fig. 2). On the other hand, the rfc mutant of S. typhimurium
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FIG. 4. Schematic representation of interaction between the
rfaL and rJbT gene products. The rfaL and ,jbT gene products
(rounded shapes) are directed by the S. tvphitnurilim gene. The rfbT
gene product (rectangular shape) is directed by the E. coli 09 ifb
gene. Pairs of small squares with seven feet represent lipid A, and
the R-core is represented by an open rectangle; E. coli 09-specific
polysaccharide is represented by the "staircase" of small squares.

carrying an intact E. coli 09 rfb synthesized E. coli 09 LPS.
From these results, it was suggested that the rfbT product of
S. typhimurium was unable to recognize E. coli 09-specific
polysaccharide and failed to transfer 09-specific polysaccha-
ride to the R-core. This also suggested the possibility that the
rfaL product of S. typhimurium and rfbT product of E. coli
09 worked cooperatively for the synthesis of E. coli 09 LPS
in S. typhimurium.
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