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A genetically defined mutation, designated rfa-2, results in altered lipopolysaccharide (LPS) biosynthesis.
rfa-2 mutants produce a core-defective LPS that contains lipid A and a single sugar moiety, 2-keto-3-
deoxyoctulosonic acid, in the LPS core region. Such LPS core-defective or deep-rough (R) mutant structures
were previously designated chemotype Re. Phenotypically, rfa-2 mutants exhibit increased permeability to a
number of hydrophilic and hydrophobic agents. By restriction analyses and complementation studies, we
clearly defined the rfa-2 gene on a 1,056-bp AluI-DraI fragment. The rfa-2 gene and the flanking rfa locus
regions were completely sequenced. Additionally, the location of the rfa-2 gene on the physical map of the
Escherichia coli chromosome was determined. The rfia-2 gene encodes a 36,000-dalton polypeptide in an in vivo
expression system. N-terminal analysis of the purified rfa-2 gene product confirmed the first 24 amino acid
residues as deduced from the nucleotide sequence of the rfia-2 gene coding region. By interspecies complemen-
tation, a Salmonefla typhimurium rfaC mutant (LPS chemotype Re) is transformed with the E. coli rfa-2+ gene,
and the transformant is characterized by wild-type sensitivity to novobiocin (i.e., uninhibited growth at 600 pg
of novobiocin per ml) and restoration of the ability to synthesize wild-type LPS structures. On the basis of the
identity and significant similarity of the rfia-2 gene sequence and its product to the recently defined (D. M.
Sirisena, K. A. Brozek, P. R. MacLachlan, K. E. Sanderson, and C. R. H. Raetz, J. Biol. Chem.
267:18874-18884, 1992), the S. typhimurium rfaC gene sequence and its product (heptosyltransferase 1), the
E. coli K-12 rfja-2 locus will be designated rfaC.

Lipopolysaccharide (LPS) is a major component of the
outer membrane of gram-negative bacteria. The LPS is an
important entity in determining outer membrane barrier
function (12) and the virulence of gram-negative pathogens
(21). LPS mutant strains, primarily of Salmonella typhimu-
rium and Escherichia coli K-12 (8, 17-19), have been iso-
lated, and their LPS structures have been defined in terms of
polysaccharide content, i.e., LPS chemotypes. The various
LPS chemotypes are defined in Fig. 1. The genetic determi-
nants of the outer core region of LPS are essentially known.
The five transferases required for assembly of this part of the
core have been identified by mutations (15) of the corre-
sponding genes, e.g., rfaKJIGB (see Fig. 1 for details). To
elucidate the specific genes and gene products required for
synthesis of LPS precursors or assembly of the LPS inner
core region, we have previously searched LPS inner core
biosynthetic mutants. We isolated LPS mutants (selected as
novobiocin-hypersensitive derivatives) of E. coli that were
phenotypically chemotype Re. Two nonallelic mutations
(i.e., rfaD and rfa-2) in E. coli K-12 were precisely mapped
at 81 min of the chromosome, between cysE andpyrE (5, 20).
It should be noted that a similar region in S. typhimurium,
where several LPS core genes are located, is appropriately
called the rfa gene cluster (15). Recently, we reported (20)
the cloning and sequencing of the rfaD gene, definition of the
structure of this gene, and characterization of the gene
product which is required for LPS core biosynthesis, specif-
ically, biosynthesis of ADP-L-glycero-D-mannoheptose in E.
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coli K-12. Our results indicate that the heptose donor is
ADP-L-glycero-D-mannoheptose and that the rfaD gene codes
for ADP-L-glycero-D-mannoheptose 6-epimerase (4). In an
earlier report (5), we described yet another cysE-pyrE-linked
mutation, designated rfa-2, that resulted in a heptoseless
LPS structure (chemotype Re). These mutants demonstrated
increased permeability to hydrophobic and hydrophilic
agents. The LPS of the Rfa-2 mutants consists of lipid A and
2-keto-3-deoxyoctulosonic acid.
Here we report the cloning of the rfa-2 gene, its nucleotide

sequence, flanking sequences from the E. coli rfa gene
cluster, and the rfa-2 gene's physical location on the E. coli
chromosome. The rfa-2 gene encodes a 36-kDa protein that
has 90% similarity and 84% identity to the recently defined
rfaC gene product of S. typhimurium (27). The DNA se-
quence of the rfa-2 gene shares 76% identity with the
reported DNA sequence of S. typhimurium (27). Addition-
ally, by using the defined DNA sequence that complemented
the Rfa-2 mutants, we successfully demonstrated interspe-
cific complementation of a chemotype Re S. typhimurium
LPS mutation, designated rfaC (2).

MATERIALS AND METHODS

Bacterial strains and plasmids, media and growth condi-
tions, and bacteriological techniques. The bacterial strains
and plasmids used are listed in Table 1. Strains were grown
aerobically in LB medium (14) or in the minimal medium of
Davis and Mingioli (6) at 370C, except for strains used for
thermal induction of specific proteins or lysogens. The
antibiotics used were ampicillin (50 pg/ml), tetracycline (20
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FIG. 1. Typical S. typhimunium LPS structure. LPS genetic
determinants (rfaBCDEFGIJK) and the LPS structures (i.e., chemo-
types Re, Rd2, Rdl, Rc, Rb3, Rb2, and Ra) of mutants blocked at
various stages of LPS' biosynthesis are indicated (4, 15, 17-19, 22,
27). The dotted lines indicate the defective LPS's termination
points. KDO, 2-keto-3-deoxyoctulosonic acid; Hep, L-glycero-D-
mannoheptose; Glc, glucose; Gal, galactose; GluNac, N-acetylglu-
cosamine; (0 unit)n, number of 0-antigen side chains. The structural
genes presumed to be responsible for LPS core biosynthesis are as
follows: rfaE, specific function unknown; rfaC, ADP-heptose:LPS
heptosyltransferase 1; rfaD, ADP-L-glycero-D-mannoheptose 6-epi-
merase; rfaF, ADP-heptose:LPS heptosyltransferase 1; rfaG, UDP-
glucose:LPS glycosyltransferase 1; rfaB, UDP-galactose:LPS al,
6-galactosyltransferase; rfaI, UDP-galactose:LPS al,3-galactosyl-
transferase; rfaJ, UDP-glucose:LPS glucosyltransferase 2; rfaK,
UDP-N-acetylglucosamine:LPS glucosaminyltransferase.

pg/ml), kanamycin (15 ,ug/ml), novobiocin (30 ,ug/ml), and
rifampin (200 ,ug/ml), unless indicated otherwise.
Complementation studies. We determined the feasibility

and the effect of transformation of the Rfa-2 mutant ofE. coli
K-12 and the RfaC mutant of S. typhimurium with Rfa-2+
plasmids. Transformants were selected on the basis of

maximal growth temperature and LPS structural determina-
tion. Thus, these transformed Re strains were tested for
complementation of the Rfa-2 and RfaC phenotypes, as
indicated by maximal growth at 37 or 420C on minimal or rich
media containing 2.5 to 600 pLg of novobiocin per ml or 0.1 to
0.4% sodium deoxycholate. Additionally, Rfa-2+-trans-
formed cells synthesize wild-type LPS.

Analytical and quantitative techniques. Plasmid isolation,
transformation, gel electrophoresis, restriction endonucle-
ase digestion, DNA ligation, and other cloning procedures
were performed as previously described (16, 20). The pro-
cedures for sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis, the T7 RNA polymerase expression
system, screening of lambda clones from the genomic library
of Kohara et al. (11), P1clr1OOKM transduction, and N-ter-
minal amino acid analysis were detailed previously (5, 20).
LPSs were isolated from rough mutants and wild-type LPS
bacterial strains by previously described extraction proce-
dures (9, 31). Resolution and visualization of LPS structures
were performed as described by Lesse et al. (13) and Tsai
and Frasch (30).

Nucleotide sequence determination and sequence analysis.
Inserts from the Clark-Carbon genomic bank were cloned
into pBR322 or pUC19 for DNA sequence determination of
both strands by the dideoxy-chain termination method (25).
We modified the dideoxy-chain termination method for use
with the Sequenase enzyme (29) and for double-stranded
DNA sequencing as described by Kaspar et al. (10). The
primers included commercially available universal primers,
as well as oligonucleotide primers (17-mers) synthesized
with a 381A DNA synthesizer (Applied Biosystems, Inc.,
Foster City, Calif.). Nucleotide and amino acid sequence
alignments were done on the Convex facility at the National
Institutes of Health with programs from the University of

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Genotype or characteristic Referenceor source

E. coli K-12 strains
DHa5 BRLU
K38 HfrCphoA4 tonA22 garBlO ompF627 reLUI pitlO spolO T2 (X) 24
K38(pGP1-3) Contains plasmid bearing T7 polymerase and Tetr genes 28
JM15 F- thi-l cysE50 tfr-8 20
CL605 HfrH thi-1 galE28 reL41 X- spoTI rpsL rfa-2 20b
CL606 Plclr1OOKM lysogen of CL605 20
CL632 F- thi-1 fr-8 rfa-2 This study
CL633 F- thi-1 tfr-8 This study
CL634(pCG17) F- thi-1 tfr-8 Rfa-2+ This study

S. typhimurinum LT2 Sa1377 strain rfaC630 2

Plasmids
pCG50 9.0-kbp PstI fragment from pCK4 in pBR322; Ampr Tetr 5
pLC15-18 Colicin E1-E. coli DNA hybrid plasmid; Colr 3
pCG14 6.0-kbp SmaI fragment from pLC15-18 in pUC19; Ampr This study
pCG15 9.0-kbp SmaI fragment from pLC15-18 in pUC19; Ampr This study
pCG17 2.8-kbp SmaI-EcoRV from pCG14 in pUC19; Amp' This study
pCG22 1,056-bp AluI-DraI fragment from pCG17 in pT7-5; Ampr This study
pCG26 1,056-bp AluI-DraI fragment from pCG17 in pUC8; Ampr This study
pGP1-3 T7 gene 1, X promoter; c1857 Tetr 28
pT7-5 Cloning and expression vector, T7 promoter; Ampr S. Tabor
pUC8 Cloning and expression vector; Amp' BRL
pUC19 Cloning and expression vector; Ampr BRL

a BRL, Bethesda Research Laboratories.
b It should be noted that the Rfa mutant (chemotype Rdl) recently described by Austin et al. (1), designated rfa-2 by them, is distinct from the Rfa-2 mutant

(chemotype Re) originally isolated in this laboratory in 1985 (5) and studied in the present investigation.
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FIG. 2. Schematic illustration of restriction endonuclease sites of rfa sequences and rfa-2 plasmid constructs. (A) The EcoRI-EcoRV DNA
fragment is a composite of E. coli K-12 DNA cloned from Clark-Carbon genomic library plasmids pLC15-18 and pLC32-45. Relevant
restriction sites of the Rfa" composite fragment are indicated. (B) Cloned fragments, vectors, and complementation phenotypes are shown.
Only restriction sites relevant to plasmid construction are shown. Symbols: -, E. coli K-12 DNA; , colicin El DNA; -, dA-dT
homopolymer. The arrow indicates the direction of transcription and translation of the rfa-2 gene.

Wisconsin Genetics Computer Group, Inc., Madison, Wis.
(7).

Nucleotide sequence accession number. The nucleotide
sequence data reported here appear (since October 1991) in
the EMBL and GenBank nucleotide sequence data bases
under accession number X62530.

RESULTS

Cloning of the rjfa-2 gene. Restriction endonuclease sites of
the Rfa-2' colicin E1-E. coli DNA hybrid plasmid pLC15-18
(3) are shown in Fig. 2. Restriction of this plasmid with SmiaI
resulted in two fragments of 6.0 and 9.0 kbp. Ligation of the
9.0- and the 6.0-kbp fragments to the SmaI-restricted vector
pUC19 produced plasmids pCG14 and pCG15, respectively.
The resultant plasmids, pCG14 and pCG15, were tested for
the ability to complement Rfa-2 mutants. Complementation
was observed with plasmid pCG14 only (Fig. 2B), and this
determination was made on the basis of the LPS structure.
Our previous results showed that the rfa-2 mutation re-
sulted in L-glycero-D-mannoheptose (heptose)-deficient LPS.
Thus, the rfa-2 mutant produces a truncated LPS (chemo-
type Re LPS) that is primarily a lipid A-2-keto-3-deoxyoctu-
losonic acid structure (2, 5, 12). The outer membranes of Re
LPS mutants are characteristically more permeable to a
number of hydrophobic agents (i.e., antibiotics, detergents,
and bile salts). In addition to the structural difference of the
mutant LPS, the maximal growth temperature of heptose-
deficient strains is altered (for example, they grow slowly at
370C but not at all at 420C). We also took advantage of the
maximal growth temperature characteristic in our selection
of transformants.

Subcloning of pCG14 yielded pCG17. Additional restric-
tion and complementation studies indicated that the Rfa-2-
phenotype was abolished by plasmids containing a 1,056-bp
AluI-DraI fragment from Rfa-2' plasmid pCG17 (Fig. 2B).

This fragment was cloned into pUC8, and the resultant
plasmid was designated pCG26. The overall results of the
cloning studies definitively localized the rfa-2 gene to a
1,056-bp fragment bounded by the AluI and DraI restriction
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FIG. 3. Autoradiogram of the expression product ([31S]methio-

nine radiolabeled) of the plasmid-borne rfa-2 gene in the T7 promot-
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tamned pCG22 (see Table 1 for plasmid descriptions). Following
thermal induction at 420C, cultures containing pCG22 or vector

control pT7-5 were treated with rifampin and labeled with [355]me-
thionine (28). The in vivo products were analyzed by SDS-poly-
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14,300 to 200,000; Bethesda Research Laboratories).
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FIG. 4. Polyacrylamide gel electrophoresis of LPS from rfa-2

mutant, rfa-2+-complemented, and wild-type strains. LPS was
prepared from 200- or 500-ml cultures as previously described (9, 16,
17). Samples of LPS were prepared in Laemmli sample buffer,
applied to sample wells, and subjected to SDS-polyacrylamide gel
electrophoresis at 30 mA per slab gel. The arrows indicate the
direction of sample migration. The resolved gels were silver stained
as described in Materials and Methods. Each sample well contained
1 pg of the indicated LPS. (A) E. coli K-12 LPS. Lanes: 1, LPS from
rfa-2 mutant strain CL632 transformed with an Rfa' plasmid; 2,
wild-type LPS from Rfa-2+ strain CL633; 3, rfa-2 mutant strain
CL632 LPS. (B) S. typhimurium LPS. Lanes: 1, LPS from rfaC
mutant strain SA1377; 2, LPS from RfaC mutant strain SA1377
transformed with an Rfa-2+ plasmid.

sites. The definition of the rfa-2 gene was corroborated by
results from complementation studies which consistently
showed that thisAluI-DraI fragment was capable of comple-
menting the Rfa-2 phenotype in rfa-2 mutants.

Identification of the rJia-2 gene product. The rfa-2 gene
product, encoded by plasmids that complement the rfa-2
mutation (Table 1 and Fig. 2B), was expressed in an in vivo
expression system in the presence of [35S]methionine. The in
vivo expression system was described by Tabor and Rich-
ardson (28). The rfa-2 gene, located on a 1,056-bpAluI-DraI

fragment, was placed downstream of the T7410 promoter in
vector PT7-5. This recombinant was designated pCG22.
Cultures containing pCG22 or a vector control were induced
at 420C, treated with rifampin (200 ,ug/ml), and labeled with
[35S]methionine. Results of a representative experiment are
shown in Fig. 3. Lane 2 shows the single protein band
resulting from expression of rfa-2+ plasmid pCG22. The
estimated molecular weight of the radiolabeled protein band,
based on electrophoretic mobility (Fig. 3), is 36,000. No
protein was observed when vector PT7-5 was expressed as
described above.
LPS structure of plasmid-complemented Rfa-2- and MfaC

strains. Our previous report (5) indicated that the LPS of
rfa-2 mutant strains migrated faster on polyacrylamide gel
than that isolated from wild-type E. coli K-12. E. coli K-12
strain CL632 and its nearly isogenic pair CL633 (Table 1)
were used to show the effect of the Rfa-2' plasmids on the
LPS structure of an rfa-2 mutant (Fig. 4A). The faster-
migrating LPS structure from Rfa-2- strain CL632 is shown
in lane 3. The more slowly migrating LPS structures are
produced by plasmid-complemented Rfa-2- strain CL634
(lane 1), and the electrophoretic mobility is similar to that of
nearly isogenic wild-type strain CL633, Rfa-2+ plasmid
pCG26 is known to contain the 1,056-bpAluI-DraI fragment
from Rfa-2+ plasmid pCG17 (Table 1). The finding that
plasmid pCG26 restored the electrophoretic mobility of the
mutant to that of the wild type further indicates that the rfa-2
gene lies in the 1,056-bp AluI-DraI fragment.
An identical effect of Rfa-2+ plasmid pCG26 (Fig. 4B) on

LPS synthesis was observed with S. typhimurium rfaC
mutants. The fast-migrating LPS structure (chemotype Re)
characteristic of the rfaC mutant is shown in lane 1. The
similarity in electrophoretic mobility between the LPS from
the transformed rfaC strain (lane 2) and that of wild-type S.
typhimurium LT2 (data not shown) indicates that the pres-
ence of the rfa-2 gene is necessary and sufficient for wild-
type LPS synthesis.

Nucleotide sequence and deduced amino acid sequence of
the rfa-2 gene product. The nucleotide sequence of a 3.2-kbp
HpaI-EcoRV fragment containing the fa-2 locus and flank-
ing sequences was determined for both strands. The restric-
tion map and the specific DNA fragments used in sequencing
are shown in Fig. 2 and 5. Analyses of the DNA sequence
(Fig. 6) indicated three major open reading frames (ORF)
downstream of the rfaD gene. The ORF corresponding to the

aCL
I I

~ go

z= _ C

0 m a I -.kmhm

rfaD

1000 bp

FIG. 5. Sequencing strategy for the rfa-2 gene and the flanking rfa locus region. The 5,259-bp rfa DNA fragment and its restriction map
are shown schematically. The rfa-2 and rfaD coding regions are depicted as thick lines. The ORF indicated (open boxes) are tentatively
designated the rfaF and rfaL gene sequences (see Discussion). The direction of transcription is indicated by the direction of the ORF arrows.

The arrows below the diagram show primer sites, direction, sequence overlaps, and extent of sequencing.
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1 AACGAAGCTATTCCTATGCCTCTCGGTCACGGAGCGCTGGAAATCGGCGAACGCCGCAACTGGGTCATAGCCTGCGTGAAAAGCGCTACGAC
93 CGCGCCTACGTCTTACCCAACTCCTTCAAATCTGCATTAGTGCCTTTCTTCGCGGGTATTCCTCATAGCACCGGCTGGCGCGGCGAGATGCGC

186 TACGGTTTACTCAACGATGTACGCGTGCTCGATAAAGAAGCCTGGCCGCTAATGGTGGAACGCTATATAGCGCTGGCCTATGACAAAGGCATT
279 ATGCGCACAGCACAAGATCGTCCGCAGCCATTGTTATGGCCGCACTTGCAGGTGAGCGAAGGTGAAAAATCATATACCTGTAATCAATTTTCG
372 CTTTCATCAGAACGTCCGATGATTGGTTTTTGCCCGGGTGCGGAGTTTGGTCCGGCAAAACGCTGGCCACACTACCACTATGCGGACGTGGCA
465 AAGCAGCTGATTGATGAAGGTTATCAGGTGGTTCTGTTTGGCTCGGCGAAAGATCATGAAGCGGGCAATGAGATTCTTGCCGCTTTGAATACC
558 GAGCAGCAGGCATGGTGTCGGAACCTGGCGGGGGAAACACAGCTTGATCAAGCGGTTATCCTGATTGCAGCCTGTAAAGCCATTGTCACTAAC
651 GATTCTGGCCTGATGCATGTTGCGGCGGCGCTCAATCGTCCGCTGGTTGCCCTGTATGGTCCGAGTAGCCCGGACTTCACACCGCCGCTATCC

AluI
744 CATAAAGCGCGCGTGATCCGTTTGATTACCGGCTATCACAAAGTGCGTAAAGGTGACGCTGCGGAGGGTTATCACCAGAGCTTAATCGACATT
837 ACTCCCCAGCGCGTACTGGAAGAACTCAACGCGCTATTGTTACAAGAGGAAGCCTGACGGATGCGGGTTTTGATCGTTAAAACATCGTCGATG

MetArgValLeuIleValLysThrSerSerMet 11

930 GGCGATGTTCTCCATACGTTGCCCGCACTCACTGATGCCCAGCAGGCAATCCCAGGGATTAAGTTTGACTGGGTGGTGGAAGAAGGGTTCGCA
GlyAspVaILeuHIsThrLeuProAlaLeuThrAspAlaGlGinAlaIleProGlyIleLysPheAspTrpVaIVaIGluGInGlyPheAIs 42

1023 CAGATTCCTTCCTGGCACGCTGCCGTTGAGCGAGTTATTCCTGTGGCAATACGTCGCTGGCGTAAAGCCTGGTTCTCGGCCCCCATAAAAGCGGnInleProSerTrpHisAIaAlaVaIGIuArgvanIleProValAIaIleArgArgTrpArgLysAIaTrpPheSerAiaProIleLysAIs 73

1116 GAACGCAAAGCGTTTCGTGAAGCGCTACAAGCAGAGAACTATGACGCAGTTATCGACGCTCAGGGGCTGGTAAAAAGCGCGGCGCTGGTGACG
GiuArgLysAIaPheArgGluAlaLeGInAlaGImAsnTyrAspAlaVaIlIeAspAlaGlnGlyLeuValLysSerAlaAlaLeValThr 104

1209 CGTCTGGCGCATGGCGTAAAGCATGGCATGGACTGGCAAACCGCTCGCGAACCTTTAGCCAGCCTGTTTTACAATCGTAAGCATCATATTGCA
ArgLeuAlaHlsGlyValLysHisGlyMetAspTrpGlaThrAlaArgGluProLeuAlaSerLeuPheTyrAsnArgLysHlsHisIleAla 135

1302 AAACAGCAGCACGCCGTAGAACGCACCCGCGAACTGTTTGCCAAAAGTTTGGGCTATAGCAAACCGCAAACCCAGGGCGATTATGCTATCGCALysGinGinHisAlaValGlmArgThrArgGluLeuPheAlaLysSerLeuGlyTyrSerLysProGlnThrGlnGlyAspTyrAlalleAla 166

1395 CAGCATTTTCTGACGAACCTGCCTACAGATGCTGGCGAATATGCCGTATTTCTTCATGCGACGACCCGTGATGATAAACACTGGCCGGAAGAA
GinHilsePheLeuThrAsnLeuProThrAspAlaGIyGlyuTyrAlaValPheLeuHIsAlaThrThrArgAspAspLysHlisTrpProGluGlu 197

1488 CACTGGCGAGAATTGATTGGTTTACTGGCTGATTCAGGAATACGGATTAAACTTCCGTGGGGCGCGCCGCATGAGGAAGAACGGGCGAAACGA
HisTrpArgGluLeulleGlyLeuLeuAlsAspSerGlyIleArgIleLysLeuProTrpGlyAlaProHisGluGI.GluArgAlaLysArg 228

1581 CTGGCGGAAGGATTTGCTTATGTTGAAGTATTGCCGAAGATGAGTCTGGAAGGCGTTGCCCGCGTGCTGGCCGGGGCTAAATTTGTAGTGTCG
LeuAlaGluGlyPheAlaTyrValGluValLeuProLysMetSerLeuGIuGlyValAlaArgValLeuAlaGlyAlaLysPheValVaISer 259

1674 GTGGATACGGGGTTAAGCCATTTAACGGCGGCACTGGATAGACCCAATATCACGGTTTATGGACCAACCGATCCGGGATTAATTGGTGGGTAT
ValAspThrGlyLeuSerHisLeuThrAtaAlaLeuAspArgProAsnIleThrVaITyrGlyProTbrAspProGlyLeulleGlyGlyTry 290

1767 GGGAAGAATCAGATGGTATGTAGGGCTCCAAGAGAAAATTTAATTAACCTCAACAGTCAAGCAGTTTTGGAAAAGTTATCATCATTATAAAGG
GlyLysAsnGlnMetVaICysArgAlaProArgGlAsnLeulleAsnLeuAsnSerGlnAlaValLenGluLysLeuSerSerLeuEnd 320

Dra I
1860 TAAAACATGCTAACATCCTTTAAACTTCATTCATTGAAACCTTACACTCTGAAATCATCAATGATTTTAGAGATAATAACTTATATATTATGT
1953 TTTTTTTCAATGATAATTGCATTCGTCGATAATACTTTCAGCATAAAAATATATAATATCACTGCTATAGTTTGCTTATTGTCACTAATTTTA
2046 CGTGGCAGACAAGAAAATTATAATATAAAAAACCTTATTCTTCCCCTTTCTATATTTTTAATAGGCTTGCTTGATTTAATTTGGTATTCTGCG
2139 TTTAAAGTAGATAATTCGCCATTTCGTGCTACTTACCATAGTTATTTAAATACTGCCAAAATATTTATATTTGGTTCTTTTATTGTTTTCTTG
2232 ACACTAACTAGCCAGCTAAAATCAAAAAAAGAGAGTGTATTATACACTTTGTATTCTCTGTCATTTCTAATTGCTGGATATGCAATGTATATT
2325 AATAGCATTCATGAAAATGACCGCATTTCTTTTGGTGTAGGAACGGCAACAGGAGCAGCATATTCAACAATGCTAATAGGGATAGTTAGTGGC
2418 GTTGCGATTCTTTATACTAAGAAAAATCATCCTTTTTTATTTTTATTAAATAGTTGCGCGGTACTTTATGTTCTGGCGCTAACACAAACCAGA
2511 GCAACCCTACTCCTGTTCCCTATAATTTGTGTTGCTGCATTAATAGCTTATTATAATAAATCACCCAAGAAATTCACTTCCTCTATTGTTCTA
2604 CTAATTGCTATATTAGCTAGCATTGTTATTATATTTAATAAACCAATACAGAATCGCTATAAGTAAGCATTAAATGACTTAAACAGTTATACC
2697 AATGCTAATAGTGTTACTTCCCTAGGTGCAAGACTGGCAATGTACGAAATTGGTTTAAATATATTCATAAAGTCACCTTTTTCATTTAGATCA
2790 GCAGAGTCACGCGCTGAAAGTATGAATTTGTTACTTGCAGAACACAATAGGCTAAGAGGGGCATTGGAGTTTTCTAACGTACATCTACATAAT
2883 CAGATAATTGAAGCAGGGTCACTGAAAGGTCTGATGGGAATTTTTTCCACACTTTTCCTCTATTTTTCACTATTTTATATAGCATATAAAAAA
2976 CGAGCTTTGGGTTTGTTGATATTAACGCTTGGCATTGTGGGGATTGGACTCAGTGATGTGATCATATGGGCACGCAGCATTCCAATTATCATT
3069 ATATCCGCTATAGTCCTCTTACTCGTCATTAATAATCGTAACAATACAATTAATTAAGAATAAACAAGTTTAAGAAGTGAGTTAAAACTCACT
3162 TCTTATCTATACAACTTAATCTCTTTACTGAATTAGTTAAAGTTTCAGTATCGATATC
FIG. 6. Nucleotide and deduced amino acid sequences of the rfa-2 and associated reading frames. The DNA sequence of the sense strand

of the rfa-2 gene is shown. Nucleotides are numbered starting with the 5' half of the HpaI restriction site. The ORF and termination and
relevant restriction endonuclease sites of the rfa-2 gene are indicated.
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1 MRVLIVKTSSMGDVLHTLPALTDAQOAIPGIKFDWVVEEGFAQIPSWHAA 50 ECORFAC
.-.-_---__--------------------.Q---A.-----------. - STYRFAC

51 VERV PVA RRWRKAWFSAP KAERKAFREALQAENYDAV DAQGLVKSA 100
-D-----------------------T---R-VC-NQ--------------

101 ALVTRLAHGVKHGMDWQTAREPLASLFYNRKHH AKQQHAVERTRELFAK 150

151 SLGYSKPQTOGDYA IAQHFLTNLPTDAGEYAVFLHATTRODKHWPEEHWR 200
-D---.S-------K---HCQQAVSDP-----------------AN--

201 EL IGLLADSGI RI KLPWGAPHEEERAKRLAEGFAYVEVLPKMSLEGVARV 250
-----VGNT-L------------A---------D--D---R---- E----

251 LAGAKFVVSVDTGLSHLTAALDRPNITVYGPTDPGLIGGYGKNQMVCRAP 300
.ACC_____________________________-----------ACCS-

301 RENLINLNSOAVLEKL 316
EQ--A--DATS-FG-I

FIG. 7. Comparison of the deduced amino acid sequences of E.
coli K-12 rfa-2 (rfaC gene) and the rfaC gene (27) of S. typhimuinum.
A dash indicates identical amino acids at that position. The E. coli
K-12 amino-terminal residues determined by microsequence analy-
sis are residues 1 to 24.

region which expresses the 36,000-dalton protein capable of
complementing the Rfa-2- phenotype begins with nucleotide
897 and ends at nucleotide 1856. No other ORFs, regardless
of orientation, are apparent in this span of nucleotides.
Further, microsequence analysis of the rfa-2 (rfaC) gene
product confirms the first 24 amino acids deduced for the
sequence of the rfa-2 ORF.
Homology ofE. coli K-12 rfa-2 to S. typhimurium rfaC. The

nucleotide and deduced amino acid sequences of the E. coli
K-12 rfa-2 gene and the S. typhimurium rfaC gene (27) were

0 - ~~~Aeai ',t (

=8, ,n,%:0*t, V7td g:5* .<; \t'i: .g,'t-':to;'2-t ^ + 0, ' i'. v 7:
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3833 Kb

rpmBG
(82.0)

3815 Kb

rfa-2 rfaD

3794 Kb

mtlA
(81.2)

1. BamHHl-
2. Hind III _
3. Eco RI
4. Eco RV
5. BgI I / 5D2 (575)
6. KpnlI_ 16B11 (574)

KP I / ____-4 D___ 4D2 (573)

Pst 2A6 (572) 17G2 (576)
84 Pvu I I

FIG. 8. Location of the rfa-2 gene on the E. coli physical map.
The upper portion shows the results of DNA-DNA hybridization of
the 1,056-bp AluI-DraI fragment from pCG26 to selected X E. coli
clones (572 to 576) that contain the chromosome region from kbp
pairs 3,781 to 3845. Clone 650 contains DNA from the chromosome
region from kbp 4402 to 4417. The chromosomal kilobase pair
regions indicated are based on information reported in reference 23.
The diagram shows the physical map of the region of the E. coli map
near the rfa-2 locus and the chromosomal region analyzed by
hybridization studies.

compared. This comparison revealed extensive similarity
and identity (76% in both cases) between the nucleotide
sequences of the two genes. As shown in Fig. 7, the deduced
amino acid sequences of the E. coli K-12 rfa-2 and S.
typhimurium rfaC genes are 90% similar and 84% identical.

Location of the rfa-2 gene on the physical map of the E. coli
chromosome. An adjunct of the sequence analysis was es-
tablishment of the chromosomal order of rfa-2 (rfaC) relative
to the rfaD and cysEloci. Schematic representations of these
data are provided in Fig. 5 and 8. Figure 8 shows the results
of hybridizing the 1,056-bp AluI-DraI Rfa-2+ fragment to X
bacteriophage clones from the genomic library bank of
Kohara et al. (11). On the basis of our previous chromosomal
localization of the rfa-2 (rfaC) locus by P1 transductional
analysis (10), we chose library clones 572, 573, 574, 575, and
576. These clones span the 3880- to 3935-kbp region of the
chromosome. Library clone 650, which contains the
genomic region from 4450 to 4460 kbp, was used as a control.
The results shown in Fig. 8 demonstrate hybridization of 574
and 575 clones with the rfa-2 DNA probe. Clones 572, 573,
and 576 and control clone 650 failed to hybridize with the
rfa-2 probe. These results are consistent with a chromo-
somal location of rfa-2 between 3915 and 3916 kbp on the
physical map of Kohara et al. (11).

DISCUSSION
Previously, we reported the isolation of a core-defective

rfa-2 mutant of E. coli K-12 and demonstrated by P1
transduction that the mutation was located at 81 min on the
genetic map of E. coli K-12. This is a region where other rfa
genes, including rfaD, are located (5, 26). In this report, we
describe the cloning and sequencing of the rfa-2 gene and
provide for the first time definitive evidence for the rfa-2
gene product. The rfa-2 gene was defined as 1,056 bp long
and was located on the E. coli chromosome between 3814
and 3818 kbp by partial analysis of the genomic library of
Kohara et al. (11).
The 3.2-kbp HpaI-EcoRV Rfa-2' fragment contained the

rfa-2 ORF and two additional large ORF. In vivo expression
studies of Rfa-2' plasmid pCG22 (Fig. 1B) demonstrated
that the rfa-2 gene encodes a 36,000-dalton polypeptide. The
molecular weight is consistent with the span of the ORF, and
microsequence analysis confirmed the first 24 amino acid
residues. Studies are in progress in our laboratory to purify
and characterize the physical and kinetic properties of the E.
coli K-12 rfaC gene product.

Biochemical studies to support our assertion and others
(26), based on ORF positions and reported interspecific-
omplementation studies (26), that the undefined ORF re-
ported here code for the rfaF and rfaL gene products are
ongoing.

Transformation of the rfaC mutant S. typhimurium
SA1377 with the rfa-2 gene resulted in nearly wild-type LPS
synthesis. This suggests that only a single genetic alteration
in LPS synthesis in the rfaC mutant is responsible for the Rfa
phenotype. These interspecific-complementation studies in-
volving rfa-2 clones and the significant similarity and identity
of the reported (27) nucleotide and amino acid sequences of
the S. typhimurium rfaC gene dictate that the rfa-2 locus be
designated rfaC.
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