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The rfaS Gene, Which Is Involved in Production of a Rough Form
of Lipopolysaccharide Core in Escherichia coli K-12, Is Not
Present in the rfa Cluster of Salmonella typhimurium LT2
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Partial sequencing of the ,fa cluster of Salmonella typhimurium LT2 indicated a region of 336 bp between
rfaP and rfaB in the site occupied by the rfaS gene in Escherichia coli K-12. This region does not contain a

functional rfaS gene, although DNA analysis suggests that the region may have contained an ancestral gene.
This conclusion that S. typhimurium LT2 lacks rfaS is supported by its lipopolysaccharide (LPS) gel phenotype,
since LT2 does not make the lipooligosaccharide band characteristic of LPS from smooth strains of E. coli
K-12.

On the basis of DNA sequence analysis, it has been
proposed that the rfb gene cluster, which is involved in
synthesis of the O-specific polysaccharide portion of lipo-
polysaccharide (LPS), has evolved by the joining together of
segments or blocks of genes which have different origins or
histories (5). This is suggested by the presence of discrete
blocks of genes which differ in A+T content from the
flanking DNA. In broad terms, these blocks contain genes
which are not conserved within the genus Salmonella and
which are involved in synthesizing and assembling the
specific sugars which define the different 0 serovars (1, 2, 5,
9, 15).
A similar phenomenon has been found in a comparison of

the rfaK and rfaL genes of Escherichia coli K-12 and
Salmonella typhimurium LT2 (8). In both organisms, the
segment of the rfa gene cluster containing rfaK and rfaL has
a high A+T content in comparison with that of flanking
regions. In contrast to many rfa genes, rfaK and rfaL encode
proteins whose primary amino acid sequences are not sig-
nificantly conserved between the two organisms. The RfaK
and RfaL proteins are involved in modifying the core so that
O-specific polysaccharides can be attached (7), and thus they
act in concert with functions encoded by the rfb gene cluster.
The segment of the E. coli K-12 rfa cluster between rfaP

and rfaB which contains the rfaS gene has an exceptionally
high A+T content compared with that of its flanking regions
(11). Like rfaK and rfaL, the E. coli K-12 rfaS gene encodes
a protein which acts in concert with rfb functions. In E. coli
K-12 strain backgrounds which are derived from strain Y10,
such as AB1133, rfaS mutations exhibit a significant pheno-
type only when the strain also contains a plasmid carrying a
functional rib cluster (7).
The rfaS phenotype involves the loss of a distinct form of
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rough (R) LPS. Rfa' E. coli K-12 strains transformed with a
plasmid carrying the rfb and rfp genes of Shigella dysente-
nae 1 produce a large amount of a new R LPS gel band in
addition to a ladder of bands containing 0 antigen, and it is
this R LPS band which is absent in an rfaS mutant (7). Since
this rfaS- and 9jb-dependent R LPS may be analogous in
structure and function to the R LPS produced by nonenteric
genera such as Neisseria and Haemophilus, we have termed
it lipooligosaccharide (LOS) to distinguish it from the rfaS-
independent R LPS species which are the predominant
forms of LPS in E. coli K-12 strains without O-antigen
plasmids (7).
The highA+T content of the E. coli K-12 rfaS gene and its

involvement with an rfl-encoded function suggested that
RfaS protein might not be conserved across species lines. To
test this, we determined the sequence of the comparable
region from the rfa cluster of S. typhimuium LT2. A 1.5-kb
EcoRI-NruI fragment (Fig. 1) was subcloned from plasmid
pKZ26 (6), which has a 7.7-kb HindIII fragment from S.
typhimunium LT2 carrying rfaGBIJ+ (6). Translation of the
sequence at the EcoRI end of the fragment gave a partial
open reading frame (ORF) which showed regions of homol-
ogy to the E. coli K-12 RfaB protein, while sequence from
the NruI end gave a partial ORF with homology to RfaP
protein. This indicated that the 1.5-kb fragment spanned the
junction between rfaP and rfaB.
The DNA sequence of an 815-bp region containing this

junction is shown in Fig. 2. The distance between the rfaP
termination codon and the initiation codon of rfaB is much
shorter in S. typhimurium LT2 (333 bp) than in E. coli K-12
(1,015 bp). As for rfaS of E. coli K-12, the region between
rfaP and rfaB from S. typhimunum LT2 is rich in A+T (71%
A+T in LT2 compared with 73% in K-12). The 333-bp region
between rfaP and rfaB contains one significant ORF of 76
amino acids which is read in the same direction as rfaP and
rfaB. The initiation codon of this ORF is located almost the
same distance from the termination codon ofrfaP as the rfaS
initiation codon in E. coli K-12 (33 bp compared with 38 bp
in E. coli), and it is preceded by a reasonable ribosome
binding site. This ORF shows short regions of partial homol-
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FIG. 1. Physical map of thepyrE end of the rfa clusters of E. coli
K-12 and S. typhimurium LT2 (14). The top line shows a partial
restriction map of the kdtA4-faY region of E. coli. The open boxes
are drawn to scale and show the coding regions of the genes deduced
from the DNA sequence (7). The second line shows the correspond-
ing region from S. typhimunium. The heavy lines indicate DNA
regions which have been sequenced. The coding regions have been
drawn the same size as their E. coli counterparts since the complete
sequence is not known for any of the genes shown. The lower
portion of the figure shows the inset of S. typhimunium rfa DNA
from pKZ26 (6) and two fragments which were subcloned from this
plasmid into pGEM vectors to generate plasmids pEP2793 and
pEP2799 for DNA sequencing. The size of the region between the 3'
end of rfaP and the S' end of rfaB was the same in the chromosomal
rfa cluster of S. typhimuinum LT2 strain SL3770 as in plasmid
pEP2799 as determined by polymerase chain reaction analysis.
Restriction sites: A, AccI; C, ClaI; E, EcoRI; G, BglII; H, HindIII;
P. PstI; N, NnuI; V, AvaI.

ogy to the E. coli K-12 RfaS protein, but alignment of these
regions required the introduction of large gaps into the RfaS
amino acid sequence (Fig. 3). There was no significant
homology between the E. coli K-12 RfaS protein and the
shorter ORFs from this region (not shown). In contrast, the
C-terminal end of RfaP protein and the N-terminal end of
RfaB showed substantial regions of homology between the
two organisms (77% amino acid identity for RfaP and 83%
for RfaB for the regions shown in Fig. 3).

Analysis of sequence of the rfaP-rfaB region and partial
sequences of the rfaQ-kdt4 region of S. typhimunium LT2
(data not shown) allowed a more precise placement of the
genes at thepyrE end of the S. typhimurium LT2 rfa cluster
in comparison with E. coli K-12 rfa (3, 8, 10, 11, 14). A
composite map is shown in Fig. 1. Partial sequences of both
the RfaQ and the KdtA proteins exhibited substantial re-
gions of homology between the two organisms (more than
70% amino acid identity). In addition, we observed four
blocks ranging from 15 to 30 bp within the noncoding region
separating kdW and rfaQ (3, 10) and one 30-bp block 18
amino acids downstream from the rfaQ initiation codon in
which the DNA sequences from the two organisms were
nearly identical (data not shown). This region is thought to
contain the major promoters and regulatory regions for the
divergent transcription of the long rfa hexose operon and the
kdt4 operon (12). The lengths of the rfaQ, -G, and -P genes
must be nearly identical in both organisms, since the phys-
ical distance from the conserved ClaI site near the 5' end of
rfaQ to the 3' end of rfaP appears to be identical. rfaQ, -G,
and -P all exhibit efficient cross-species complementation (7,
10), suggesting that the proteins they encode are of similar
structure in both organisms. The size of the EcoRI-HindIII
fragment containing part of rfaB, rfaIJ, and part ofrfaYof S.
typhimurium LT2 agrees exactly with the sizes of these
genes in E. coli K-12 (8, 11). There are no remaining gaps in
the S. typhimurium LT2 rfa cluster which could accommo-
date an analog of E. coli K-12 rfaS.

25 50 75

TC~CGACC AGG&TTCTMArTcCTAATCTGcCAT~CrC~CGCACATACcCAc~cGTTCCCCTTCGCTS
ArgGluGluJApLeuLyuIl.SerVaIlespLeulisArgAlaGlnIleArgGlnHisValProLuArgSTrp
'RfaP--->

100 125 150

CCGCT __CCCCTGACTCACCGGTATATACCeGTT
ArgAspLysAspLeuIleGlyLsuTyrPhe8 rgerHSTAsnIleClyLeuThrGlnArspIleSTyrArtPhS

175 200 225

TATGCCTCACTATTTCTCTCTCCCCCTCCCACATTTTCCAAA TCGCCCTTCATTCATCACCCAGTCT
NKTArgGluTyrPh.S8rLeuProLeuArgGluIlsLeuClnLysCluSerGlyLeuIles isGlfllaspVal

250 275 300

TAAUCCcGCcTCGArMACAAACGAChMAAAACTT^rAMAATTCTC CATGAOTA
LysAlaklaArgIleLysCluArgThrIleArgLysAsnLou---

end RfaP
325 350 375

_t-TATGATAAAOAAAAATTTA&TMATAA7CACAAMAATCAAC
KKTSerCluThrArgIleAspArgHETSerAsnIleLysgerTyrIlegerAsnGlnLysAsnhleIleIGlDis
start OB7--->

400 425 450

ATCATGATTTTTTTAACuOC CTGYCATTGCTCTTTGCTTTGATCATGGTTTTATAATCCCAGCAGGCTGTCG
AspAspPhbPhoGlyArgArgLeukspIlsAlaLuCysPhe~pHisClyPhsIlMTProAlaClyValAla

475 500 525

CMTATATrCCATTATCGAAMTAATAh!TAACTACGCCTA AAAACAAGATGTCAGGTJAM
IlsTyrSerIlsIleCluAsnksnLysAspIlesnTyrAlaLeuLysClnLysCluArgCysClnValLysIle

550 575 600

TTACTCTATACGGTTATATTACTAnTTrGCTATTTA&TATCTMAGTCTTTAGATTMAGITTrcTcTAGGGC
$hrL-u---
end ORP

625 650 675

TATA!ATCAAATAAGCT CCCACSATCAAGGACCGGTTTTCEGGACG kGAAACCGTTATTACCAACCTTA
TLysIleAlaPhgIleGlyGluAlaValSerGlyPheG~lClyGSTGluThrVa1IleSerAsnVa1Ile

start RfaB' -- ->
700 725 750

TCCATACGTAAAATACCTCICCUG&CAGTCT TCGAATCAC _
HisThrPheGluJsngerSerProLysIleAsnCysGluNHTPbePhPhgCyuArgAsnAspLysKHTAspLys

775 800

AAOCATCAAAAGAGATTAAATATCCGCAATCATTCTCAATATAAATTAACTTTTCTTCCT

FIG. 2. Sequence of an 815-bp region from the rfa gene cluster of
S. typhimurium LT2 extending from the 3' end of the rfaP coding
region into the 5' end of the coding region of rfaB. The derived
amino acid sequences of the C-terminal end of RfaP, the 76-amino-
acid ORF, and the N-terminal end of RfaB are shown. Short ORFs
upstream from the probable initiation codons of the ORF and RfaB
are not shown. DNA sequencing and analysis using PC/GENE were
done as described previously (11).

The high A+T content and the sequence and location of
the ORF in the region between rfaP and rfaB of S. typhimu-
ium LT2 suggest that this region may once have contained
a gene analogous to rfaS. The gap between rfaP and rfaB is
what has been termed a gray hole, a region containing what
appears to be remnants of an ancestral gene but encoding no
functional protein (4). To our knowledge, this is the first time
evidence linking a gray hole to a functional gene in a related
organism has been obtained. A distinct reduction in conser-
vation of amino acid sequence was observed at the ends of
the rfaZ and rfaC coding regions, which are adjacent to the
nonconserved rfaKL block, and this was suggested to indi-
cate ancestral sites of recombination (8). No similar regions
of reduced amino acid sequence conservation between the
two species were found at the N-terminal end of RfaB or the
C-terminal end of RfaP, but this may reflect the presence of
noncoding regions flanking the E. coli K-12 rfaS gene (11)
and lying between the C-terminal end of rfaP and the
76-amino-acid ORF in S. typhimurium which are almost as
large as the regions of reduced conservation which flank
rfaKL. The question of whether RfaS protein is conserved
across species lines cannot be answered definitively until its
sequence in another organism is available.
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'RfaP--->
200 225 250

RUKDLKISVIDLIIRAQIRQLHVPLaWRDKDLIGLYFSSMNIGLTQRDIYRFMRETFSLPLREILQIMSGLIHQAD EC

RED LKISVIDLHRAQIRAKVPRRWRDKDLIGLYFSSXNIGLTQRDIWRFPIVYFCMPLRKILSLEQNLLNKAS ST

25
start RfaS--->
MTIYFINWVADYELKHIQYLKKKT EC

VWAARIKERTIRXNL -**_MSETRI -IDRMSN------
start ORF --->

ST

50 75 100
I ~~~~~~~~~~~~I

IKIITTPKKIYNINKKISKIGMDNAWLGRLFIKHYLNDIKKDDIIIINDSVVNKGINKQILKNINCEKVLLLRNT EC

-------------------------------IKSYISNQKN---------------------------------- ST

125 150
RfaS to 311--->

VGEDFILDNANYF-- - -DIIYDFEHRFIGNERIKAIEQFFPIGMDEIRNYSLSDKNNSQPICF EC

-----IIQHDDFFCRRLDIALCFDHGFIMPA- ---GVAIYSIIENNKDINYALKQKERCQVKIT************ ST
end ORF

start RfaB--- ->
MKIAFIGERVSGFGG EC

-IAFIQAVSGFGG ST

25 50
RfaB to 369--->

NETVIRDVITTFRQ--QHIQSEIPFFCRNDKMDKGWLEGIKYSCSFSNIRLGFLR I EC

METVISNVIhTFENSSPKINCE1WFFCRNDI0MDKAWLhIKYSCSFSNIRLSFRL ST

FIG. 3. Comparison of the derived amino acid sequences of
RfaP, RfaS, and RfaB proteins of E. coli K-12 (EC) with the
corresponding proteins and the 76-amino-acid ORF from S. typh-
imurium LT2 (ST). The numbering indicates the amino acid residues
of the E. coli proteins (10, 11). Asterisks indicate regions in the S.
typhimurium DNA sequence which do not contain significant coding
regions, with each asterisk indicating 3 bp, and the dashed regions
represent gaps in the amino acid sequence introduced to permit
alignment. Colons indicate identical residues, and periods indicate
conservative substitutions.

-*- LOS

A B C D E F
FIG. 4. Tricine-sodium dodecyl sulfate gel analysis of LPS from

wild-type S. typhimunium LT2 (lanes A and F), two S isolates of E.
coli (lane B, serotype 055:B5:H3; lane C, serotype 0111:B4), E.
coli K-12 expressing the 0 antigen of S. dysentenae 1 (lane D), and
a similar strain of E. coli K-12 with an rfaS mutation (lane E). The
arrow indicates the LOS band in lane D and the similar R LPS band
in lanes B and C. To enhance resolution of the lower bands, the gels
were underloaded and a short development time was used. Under
these conditions, the larger Salmonella bands (20 to 30 0 units per
molecule) were faint and are not visible in the photograph. Cultures
were grown to mid-log phase at 30'C in Luria-Bertani broth, and
LPS extraction and electrophoresis were as described previously
(7). S. typhimurium LT2 strain SL3770 was from the Salmonella
Genetic Stock Center, Calgary, Alberta, Canada; E. coli 055:B5:H3
ATCC 12014 was obtained from the American Type Culture Collec-
tion; and E. coli 0111:B4 was from E. Heath. The E. coli K-12
strains used were CS1861, which is rfa+ and carries plasmid pSS37
containing the rfr gene and the rfb gene cluster of S. dysenteriae 1
(7), and CS2684, which is the same as CS1861 except Alac and
rfaS2007::Tnlac (7). The E. coli K-12 background strain CS180 is
derived from AB1133.

LPS from S. typhimunium LT2 (Fig. 4, lanes A and F) does
not have an abundant R band which resembles the LOS band
of E. coli K-12. While this is consistent with a loss of rfaS
function, it also does not have an abundant faster-migrating
R band like that of an rfaS mutant of E. coli K-12 (Fig. 4,
lane E). Instead, the core has a doublet of two much less
abundant R bands which, on the basis of spacing, appear to
be related to the doublets seen in the O-antigen ladder. The
reason for the doublet bands in the O-antigen ladder of S.
typhimunium is not known, but their regular spacing indi-
cates that they result from the production of two different
forms of LPS acceptor to which identical 0 units are
attached and not from heterogeneity of the 0 units. These
two R bands are not observed in gels of LPS from S.
typhimurium LT2 R mutants (7), so their chemical structure
in relation to the LPS produced by R mutants is unknown.
The LPS from two smooth (S) isolates of E. coli (Fig. 4,

lanes B and C) has an abundant R band resembling the LOS
band in LPS from E. coli K-12 (Fig. 4, lane D). Although not
all of the S strains in our collection produce an abundant R
band like the E. coli K-12 LOS band (data not shown),
production of such a band appears to be a common feature
among enteric bacteria. One of these S isolates, E. coli
O111:B4, is the parent of J-5, a galE strain which has been
widely used to study LPS biosynthesis and as a source of
LPS for studies on the immunologic and pharmacologic
effects of endotoxin.
For the strains which produce LOS, it is not known

whether LOS represents a constant proportion of the LPS in
all cells or whether individual cells have the ability to shift
back and forth between the production of LOS and S LPS.

Such a shift is feasible, since the production of LOS is
controlled by elements in both the rfa and the rfb gene
clusters (7). A heterogeneous population in which some
members produce primarily LOS might have an advantage in
colonizing some environmental niches by virtue of the
exposure of surface proteins, such as adhesins or lectins,
which might otherwise be inaccessible if the surface is
covered by long chains of 0-specific polysaccharide. Can a
gene such as rfaS which is involved in LOS production
contribute to the virulence of an organism or to the range of
environments in which it can thrive? Might the lack of rfaS
be one of the factors which contributes to the apparently
mild virulence (13) of S. typhimurium LT2? It is interesting
that S. typhimunium LT2, which has long been one of the
"gold standards" in LPS research, may be atypical in terms
of the range of LPS molecules it can produce.
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