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The lipooligosaccharide (LOS) of nontypeable Haemophilus influenzae (NTHi) is an important factor in
pathogenesis and virulence. In an attempt to elucidate the genes involved in LOS biosynthesis, we have cloned
the rfaE gene from NTHi 2019 by complementing a Salmonella typhimurium rfaE mutant strain with an NTHi
2019 plasmid library. The rfaEmutant synthesizes lipopolysaccharide (LPS) lacking heptose, and the rfaE gene
is postulated to be involved in ADP-heptose synthesis. Retransformation with the plasmid containing 4 kb of
NTHi DNA isolated from a reconstituted mutant into rfaE mutants gave wild-type LPS phenotypes. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis analysis confirmed the conversion of the rfaE mutant LPS
to a wild-type LPS phenotype. Sequence analysis of a 2.4-kb BglII fragment revealed two open reading frames.
One open reading frame encodes the RfaE protein with a molecular weight of 37.6 kDa, which was confirmed
by in vitro transcription and translation, and the other encodes a polypeptide highly homologous to the
Escherichia coli HtrB protein. These two genes are transcribed from the same promoter region into opposite
directions. Primer extension analysis of the rfaE gene revealed a single transcription start site at 37 bp
upstream of the predicted translation start site. The upstream promoter region contained a sequence (TA
AAAT) homologous to the 210 region of the bacterial s70-dependent promoters at an appropriate distance (7
bp), but no sequence resembling the consensus sequence of the 235 region was found. These studies demon-
strate the ability to use complementation of defined LPS defects in members of the family Enterobacteriaceae
to identify LOS synthesis genes in NTHi.

The lipooligosaccharide (LOS) of Haemophilus influenzae is
an important factor in pathogenesis and virulence (10, 11, 36).
The lipid A portion of LOS is responsible for the toxicity
associated with this organism, but the role of the oligosaccha-
ride portion of the LOS in pathogenesis of H. influenzae infec-
tion is less clear (10). The LOS of H. influenzae is analogous to
the lipopolysaccharide (LPS) of enteric gram-negative bacte-
ria; it contains lipid A linked by 3-deoxy-D-manno-octulosonic
acid (KDO) to a heterogeneous sugar polymer, but the LOS
lacks the repeating O-antigen units (Fig. 1) (6). The physico-
chemical analysis of the structure of oligosaccharide from H.
influenzae LOS has shown a unique deep core structure with
variable branched chains which makes it more complex than
LOS from Neisseria and Bordetella species (6, 18).
The ability to study the genes required for LOS biosynthesis

has been hampered by the lack of genetic tools for Haemophi-
lus species. Several attempts have been made to elucidate the
LOS biosynthesis genes (13, 32, 33). Recently, in our labora-
tory the lsg (LOS synthesis genes) cluster was isolated from H.
influenzae type b (Hib) by using monoclonal antibodies to Hib
LOS epitopes (1, 29). The lsg locus was shown to be able to
modify the LPS of an Escherichia coli K-12 strain, and these
modified LPS species were recognized by the monoclonal an-
tibodies to the Hib LOS (29). It was also demonstrated by
using isogenic Hib mutants that the lsg locus is involved in the
Hib LOS biosynthesis (15). Sequence analysis of the 7.4-kb lsg
locus revealed that it contains seven open reading frames

(ORFs) and one partial ORF (14). The exact functions of these
ORFs, however, have not yet been established.
The rfa genes, which encode LPS core biosynthesis enzymes,

are present as a cluster on Salmonella typhimurium and E. coli
K-12 chromosomes, and several rfa genes have been cloned
and characterized. The rfaE gene of S. typhimurium is known to
be located at 76 min on the genetic map outside of the rfa gene
cluster (23). The rfaE mutant synthesizes heptose-deficient
LPS (i.e., its LPS consists of only lipid A and KDO), and the
rfaE gene is believed to be involved in the formation of ADP-
heptose (27, 34), but cloning of the rfaE gene has not been
reported yet.
The genetics of Salmonella LPS biosynthesis has been stud-

ied extensively during last two decades (25), and a great num-
ber of LPS mutant strains have been isolated and characterized
(16, 21, 30, 34). The LPS of Salmonella species and the LOS of
Haemophilus species share common structures in the deep core
region, which makes it possible to isolate genes responsible for
biosynthesis of this region from Haemophilus species by com-
plementing Salmonella mutants.
To isolate genes involved in LOS biosynthesis of H. influen-

zae, we undertook a series of complementation studies in S.
typhimurium LPS mutants with defined enzymatic defects. In
this paper, we report the cloning, sequencing, and character-
ization of the nontypeable H. influenzae (NTHi) 2019 rfaE
gene.

MATERIALS AND METHODS
Strains, plasmids, and culture conditions. The bacterial strains, phages, and

plasmids used in this study are described in Table 1. E. coli strains were grown
in LB medium, and S. typhimurium strains were grown in heart infusion (HI) or
LB medium containing appropriate antibiotics at 378C. NTHi 2019 was cultured
in HI broth supplemented with 4% Fildes reagent (Difco Laboratories) (sHI) at
378C with agitation or on sHI agar plates at 378C in 5% CO2 atmosphere. The
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test for sensitivity to LPS-specific phages was performed by applying 5 ml of each
phage stock suspension to lawns of S. typhimurium strains.
DNA manipulations. Restriction enzymes were purchased from New England

Biolabs, and T4 DNA ligase was purchased from Promega. Standard DNA
recombinant procedures were performed as described previously (22). Transfor-
mation of E. coli strains with plasmid DNA was routinely done by the CaCl2

method (7); Salmonella strains were transformed by electroporation (2). For
cloning of DNA fragments made by PCR into a vector DNA, the Promega
pGEM-T vector system was used.
Construction of a genomic library. The chromosomal DNA from NTHi 2019

was partially digested with ApoI and resolved on a 0.8% agarose gel. A DNA
fraction ranging from 4 to 8 kb was excised, purified by using DEAE-cellulose

FIG. 1. Schematic illustration of the structures of S. typhimurium LPS (A) and NTHi 2019 LOS (B). Abbreviations: Gal, galactose; Glc, glucose; GlcNAc,
N-acetylglucosamine; Hep, L-glycero-D-mannoheptose; KDO, 3-deoxy-D-manno-octulosonic acid; P, phosphate; PEA, phosphoethanolamine. Possible partial substi-
tutions are indicated with dashed arrows. The higher-molecular-weight forms of NTHi 2019 LOS have not been fully characterized.

TABLE 1. Bacterial and phage strains and plasmids used in this study

Strain or plasmid Genotype or characteristica Source or
reference

H. influenzae 2019 Wild type M. A. Apicella
S. typhimurium LT2
SL3770 rfa1 SGSCb

SL1102 rfaE543 metA22 trpC2 H1-b H2-e,n,x fla-66 rpsL120 xyl-404 metE551 SGSC
SL3019 rfaE827 rfaL446 SD14 (E1) azi gal rha his SGSC
SA1377 rfaC630(P22)1 SGSC
SL3600 rfaD657 metA22 trpC2 H1-b H2-e,n,x fla-66 rpsL120 xyl-404 metE551 SGSC

E. coli K-12
DH5aF9 F9/endA1 hsdR17 (rK

2mK
1) supE44 thi-1 recA1 gyrA (Nalr) relA1 D(lacZYA-argF)U169 deoR

[f80dlacD(lacZ)M15]
Gibco BRL

ER1647 F2 l2 trp-31 his-1 rpsL104 (Strr) fhuA2 D(lacZ)r1 supE44 xyl-7 mtl-2 metB1 recD1014
mcrA1272::Tn10 D(mcrB hsdRMS mrr)2:Tn10 Tetr Strr

Novagen

BM25.8 F9 traD36 lacIq lacZDM15 proAB/supE thi D(lac-proAB) limm434(P1) Cmr Kanr Novagen
Phage

lSHlox Cloning vector, Ampr Novagen
P22.c2 Smooth-specific phage of S. typhimurium SGSC
Felix-O Smooth-specific phage of S. typhimurium SGSC
Ffm Rough-specific phage of S. typhimurium SGSC
Br60 Rough-specific phage of S. typhimurium SGSC

Plasmids
pUC19 Cloning and expression vector, Ampr Gibco BRL
pSHlox-1 Cloning vector, Ampr Novagen
pGEM-T PCR cloning vector, Ampr Promega
pGEM-7Z(f1) Cloning vector, Ampr Promega
pHSS6 Cloning vector, Kanr 26
pHIE0 4-kb DNA from NTHi 2019 in pSHlox-1, Ampr This study
pHIE62 3.5-kb DNA from NTHi 2019 in pSHlox-1, Ampr This study
pHIE2C Mini-Tn3 inserted into rfaE open reading frame of 2.4-kb BglII fragment in pHSS6, Kanr, Cmr This study
pHIE2K Kanamycin resistance gene cassette cloned into ScaI site of pHIE2, Ampr, Kanr This study

a Abbreviations for antibiotics: Amp, ampicillin; Cm, chloramphenicol; Kan, kanamycin; Str, streptomycin; Tet, tetracycline.
b SGSC, Salmonella Genetic Stock Center, University of Calgary, Calgary, Alberta, Canada.
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membranes (Schleicher & Schuell), and ligated to EcoRI-digested lSHlox vector
arms (Novagen, Inc.). The ligated mixture was packaged by using Gigapack II
Gold packaging extract (Stratagene) according to the manufacturer’s instruc-
tions.
The plasmid library was made by in vivo excision from the phage library as

follows. The phage library stock containing approximately 8 3 105 PFU was
mixed with 2 ml of the host strain BM25.8 (optical density at 600 nm of 0.5),
which had been grown in LB with 10 mM MgSO4, 0.2% maltose, 34 mg of
chloramphenicol per ml, and 50 mg of kanamycin per ml, and incubated at 378C
for 30 min. One hundred microliters of the host-phage mixture was spread on a
150-mm-diameter LB agar plate containing 100 mg of carbenicillin per ml and
allowed to grow overnight at 378C. The colonies formed were pooled, and the
plasmids were purified by the alkaline lysis method followed by CsCl gradient
centrifugation (22).
Complementation of S. typhimurium rfa mutants. Overnight cultures of the S.

typhimurium rfa mutants were inoculated into 100 ml of fresh HI medium and
grown at 378C with vigorous shaking to an optical density at 600 nm of 0.5. The
cells were chilled on ice and centrifuged. The pellets were washed twice with
ice-cold water and resuspended with a volume of 10% glycerol–water (vol/vol)
equal to that of the pellet.
Twenty five microliters of the cells were electroporated with 10 ng of the

plasmid library DNA by using a Cell Porater (Gibco BRL), incubated in 1 ml of
HI medium at 378C for 4 h with shaking, and then spread on HI agar plates
containing 50 mg of ampicillin and 100 mg of novobiocin per ml. Plasmid DNA
was purified from each transformant and retransformed to the mutant strain to
confirm the complementation. The transformants were also tested for phage
sensitivities and LPS phenotype.
DNA sequencing and analysis.DNA sequence was determined by the dideoxy-

chain termination method (24), using a Sequenase version 2.0 sequencing kit
(U.S. Biochemical) with primers commercially available or synthesized with a
model 381A DNA synthesizer (Applied Biosystems, Inc.). DNA sequence was
analyzed with the University of Wisconsin Genetics Computer Group package
and GeneWorks software (IntelliGenetics, Inc.). Protein sequence alignment was
done by using the BESTFIT program of the Genetics Computer Group sequence
analysis software.
Genomic Southern hybridization.NTHi 2019 genomic DNA was digested with

restriction enzymes, resolved on a 1% agarose gel, transferred to Hybond-N
membrane (Amersham) by capillary blotting overnight, and cross-linked to the
membrane by using a Stratalinker (Stratagene). After prehybridization, the
membrane was hybridized with a digoxigenin-dUTP-labeled DNA probe and
washed. The hybridized probe was detected by using a DIG Luminescent De-
tection Kit (Boehringer Mannheim Biochemicals), and the membrane was ex-
posed to Kodak X-Omat AR film at room temperature.
LPS gel analysis. LPS of S. typhimurium was prepared by extraction with

phenol and precipitation in ethanol as described previously (5), separated on a
14% polyacrylamide gel containing sodium dodecyl sulfate (SDS) (12), and
visualized by silver staining as described previously (31).
Primer extension analysis. RNA was extracted from NTHi 2019 grown to an

optical density at 600 nm of 0.6 in sHI broth by sonication, digestion with
proteinase K, phenol-chloroform extraction, and ethanol precipitation as de-
scribed elsewhere (2). The purified RNA was quantitated spectrophotometri-
cally, and the quality of RNA was confirmed on a formaldehyde-agarose gel
stained with ethidium bromide.
Primer extension analysis was carried out by using a Promega primer extension

kit as instructed by the manufacturer except for annealing, which was done by
heating the reaction mixture to 708C, incubating it at 608C for 20 min, and then
slowly cooling it to room temperature. Twenty micrograms of RNA was used for
each reaction, and the reaction products were precipitated in ethanol, dissolved
in loading dye, and loaded on a 6% sequencing gel. The dideoxy sequencing
ladder with the same template and the same primer was used as a marker to
confirm the position of the primer-extended products.
In vitro transcription-translation analysis. Plasmids were purified by CsCl

gradient centrifugation and used for in vitro transcription-translation analysis
(Promega). The translation products were labeled with translation-grade
[35S]methionine (Amersham). The reaction mixtures were separated on an SDS–
11% polyacrylamide gel (12), which was dried and exposed to X-ray film. 14C-
labeled protein molecular weight Rainbow standards (Amersham) were used to
generate a linear regression curve between 14.3 and 200 kDa for determination
of relative molecular weights.
Nucleotide sequence accession number. The DNA sequence of the rfaE gene

and the adjacent region has been submitted to GenBank and assigned accession
number U17642.

RESULTS

Isolation of a plasmid carrying the rfaE gene from an NTHi
2019 library. A plasmid carrying the rfaE gene was isolated
from an NTHi 2019 library by complementing the rfaE mutant
of S. typhimurium LT2. To accomplish this, the NTHi 2019
plasmid library DNA was transformed into strain SL1102,

which is rfaE and thus defective in ADP-heptose synthesis (27,
34), resulting in an incomplete LPS core. Transformants car-
rying a plasmid containing the rfaE gene were selected on the
basis of the properties of Salmonella strains with a wild-type
LPS that are less permeable and thus more resistant to hydro-
phobic antibiotics than mutant strains with a defective LPS
core structure (21). Cells were plated on an HI plate contain-
ing ampicillin (50 mg/ml) and a hydrophobic antibiotic, novo-
biocin (100 mg/ml). Colonies that grew on this plate were
retested for resistance to novobiocin by growth in liquid cul-
ture in the presence of novobiocin. These transformants were
also tested for sensitivity to the LPS-specific phages. All of
them were resistant to the rough-specific phages, Br60 and
Ffm, and sensitive to the smooth-specific phages, Felix-O and
P22.c2 (Table 2), indicating that they synthesized a complete
LPS core structure and O-antigen repeating units. Plasmid
DNA was extracted from one of the clones and transformed
into SL1102 with selection for ampicillin resistance. All of the
transformants tested grew in the presence of novobiocin, indi-
cating that the plasmid carried a gene conferring resistance to
novobiocin. Restriction mapping revealed that this plasmid
contained an insert of 4 kb, which was designated pHIE0 (Fig.
2). LPS gel analysis confirmed that the LPS of SL1102 com-
plemented with plasmid pHIE0 was converted to the wild-type
phenotype (see Fig. 8).
Another rfaEmutant strain, SL3019, was also used to isolate

the rfaE gene from NTHi 2019 by the procedure described
above. One of the clones isolated contained a 3.5-kb NTHi
2019 DNA fragment and was designated pHIE62. SL3019
transformed with pHIE62 became sensitive to phages P22.c2
and Felix-O but also retained the sensitivity to Ffm and Br60.
SL3019 complemented with pHIE0 showed the same pattern
of phage sensitivity as seen with pHIE62 (Table 2).
Two other Salmonella LPS mutant strains, SA1377 and

SL3600, have the same LPS phenotype as SL1102, i.e., make
heptoseless LPS, but have mutations in other genes, rfaC and
rfaD, encoding ADP-heptose:lipopolysaccharide heptosyl-
transferase I and ADP-L-glycero-D-mannoheptose-6-epimer-
ase, respectively (4, 17, 27). When these strains were trans-

TABLE 2. Phage sensitivity of S. typhimurium rfa mutants
complemented with various plasmids carrying NTHi 2019 DNA

Strain Genotype Plasmid
Phage sensitivitya

P22.c2 Felix-O Ffm Br60

SL3770 rfa1 1 1 2 2
SL1102 rfaE543 2 2 1 1
SL1102 rfaE543 pHIE0 1 1 2 2
SL1102 rfaE543 pHIE1 2 2 1 1
SL1102 rfaE543 pHIE2 1 1 2 2
SL1102 rfaE543 pHIE3 1 1 2 2
SL1102 rfaE543 pHIE4 2 2 1 1
SL1102 rfaE543 pHIE5 2 2 1 1
SL1102 rfaE543 pHIE6 2 2 1 1
SL1102 rfaE543 pHIE7 1 1 2 2
SL1102 rfaE543 pHIE2C 2 2 1 1
SL3019 rfaE827rfaL446 2 2 1 1
SL3019 rfaE827rfaL446 pHIE62 1 1 1 1
SL3019 rfaE827rfaL446 pHIE0 1 1 1 1
SA1377 rfaC630 2 2 1 1
SA1377 rfaC630 pHIE0 2 2 1 1
SL3600 rfaD657 2 2 1 1
SL3600 rfaD657 pHIE0 2 2 1 1

a 1, sensitive; 2, resistant. Phage P22.c2 requires O antigen, Felix-O requires
a complete core, Ffm requires a complete lack of O antigen for sensitivity, and
Br60 recognizes inner core structure.

820 LEE ET AL. INFECT. IMMUN.



formed with pHIE0, neither of them was complemented, as
determined by phage sensitivity (Table 2).
Subcloning of the plasmid carrying the rfaE gene. To delimit

the rfaE gene region, a series of subclones was made from
pHIE0 (Fig. 2). Plasmids pHIE1 and pHIE5 were made by
deleting 2.0-kb PvuII and 2.4-kb BglII fragments from pHIE0,
respectively. pHIE2, pHIE3, pHIE4, and pHIE6 were gener-
ated by subcloning 2.4-kb BglII, 2.0-kb HindIII-BglII, 2.0-kb
PvuII, and 1.2-kb BglII-ScaI fragments into the vector pUC19,
respectively. These subclones were tested for the ability to
complement SL1102. SL1102 was transformed with each sub-
clone and tested for resistance to novobiocin and changes in
the sensitivities to the LPS-specific phages (Table 2). pHIE2
and pHIE3 were able to complement SL1102.
To confirm that the rfaE gene clone isolated is genuine

NTHi 2019 genomic DNA, genomic Southern hybridization
was carried out as described in Materials and Methods. The
probe used for hybridization was a PCR fragment made with
primers C and D (the sequences of which are shown in Table
3). As seen in Fig. 3, the HindIII digest yielded a 2.0-kb frag-
ment, the BglII digest yielded a 2.4-kb fragment, and the PvuII
digest yielded a 2.0-kb fragment, while BamHI and EcoRV
digests produced single bands hybridizing with the probe,
which was consistent with the results expected from the restric-
tion pattern of pHIE0.

Sequence analysis of the rfaE gene and determination of the
promoter region. Sequence analysis of the 2.4-kb BglII frag-
ment revealed two ORFs, one of which encoded a polypeptide
of 311 amino acid residues highly homologous to the E. coli
HtrB protein (56% identity and 74% similarity) (9). The other
ORF encoded a polypeptide of 342 amino acid residues. A
probable Shine-Dalgarno sequence was identified at 8 bp up-
stream of the predicted translation initiation codon ATG of

FIG. 2. Restriction map of the subclones of the NTHi 2019 rfaE clone. The solid lines indicate the NTHi 2019 DNA, and the dashed lines indicate deleted
sequences. The solid arrow indicates rfaE ORF, and the dashed arrow indicates the htrB ORF. Only restriction sites relevant to the plasmid constructions are shown.
Bg, BglII; H3, HindIII; RV, EcoRV; P, PvuII; S, ScaI.

FIG. 3. Genomic Southern hybridization of NTHi 2019. Genomic DNAs
were digested with various restriction enzymes, resolved on a 1% agarose gel,
blotted to a nylon membrane, and hybridized with the 2.4-kb BglII fragment after
labeling with digoxigenin-dUTP by random priming. The sizes of DNA markers
are indicated on the left. Lanes: 1, HindIII; 2, BglII; 3, PvuII; 4, EcoRV; 5,
BamHI.

TABLE 3. Sequences of the primers used in this study

Primer Sequence

A...................................59-TGGGGCTAAAAAGTGCGGTTGAAATTGAGG-39
B...................................59-AAGCATCACATCGCCTAATACAA-39
C...................................59-CCCATCCAACCATTACTAAA-39
D ..................................59-AAATATCGAAACAGCCATTAG-39
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this ORF. To construct a plasmid containing this putative rfaE
gene ORF, PCR was carried out with two oligonucleotides
(primers A and D), one upstream of the promoter region and
the other downstream of the translation stop codon. The re-
sulting 1.3-kb PCR fragment was cloned into pGEM-T vector,
yielding pHIE7. SL1102 complemented with pHIE7 was shown
to become sensitive to the smooth-specific phages, Felix-O and
P22.c2 (Table 2). Conversion of the LPS phenotype of this
strain to wild type was also confirmed by LPS gel analysis.
Disruption of this ORF in pHIE2C by insertion of mini-Tn3
abolished the complementing ability of the plasmid (Table 2),
which indicated that this ORF was the authentic rfaE gene.
Plasmid pHIE62 was partially sequenced by using an oligonu-
cleotide (primer C) located in the ORF of the rfaE gene from
pHIE0. The nucleotide sequence over 300 bp was 100% ho-
mologous to the sequence of the rfaE gene from pHIE0, sug-
gesting that these two clones contained identical genes. A
database search for sequence homology revealed that an ORF
present downstream of the E. coli fructose phosphotransferase
system genes exhibited homology with the product of the rfaE
gene (21% identity and 45% similarity) (19). Amino acid se-
quence comparison of these two genes is shown in Fig. 4.
Primer extension analysis was carried out to determine the

promoter region of the rfaE gene (Fig. 5). A single transcrip-
tion start site was found, which was designated 11 in Fig. 6.
The first nucleotide transcribed was located at 32 bp upstream
of the predicted translation start site. The region upstream of
the transcription start site contained a sequence (TAAAAT)
homologous to the 210 region of the bacterial s70-dependent
promoters at an appropriate distance (7 bp), but no sequence
resembling the consensus sequence of the 235 region (TT-
GACA) was found (Fig. 6).
Identification of the rfaE gene product. A coupled transcrip-

tion-translation system was used to confirm the production of
a protein from the rfaE gene (Fig. 7). SDS-polyacrylamide gel
electrophoresis (PAGE) analysis showed that three proteins
were produced from the 4-kb NTHi 2019 DNA (lane 3). The

deduced molecular mass of the RfaE protein was 37.6 kDa.
However, two bands produced from pHIE7 had molecular
masses of approximately 37 and 39 kDa on a gel (lane 2).
Considering that the b-lactamase precursor protein ran with an
apparent molecular mass of 33 kDa, higher than the actual
molecular mass of 31.5 kDa on the gel, however, this would be
the position of a protein of 37.6 kDa deduced from the nucle-
otide sequence of the rfaE gene. Translation using the internal
ATG codon would give a protein of 35.5 kDa, causing the
doublet with pHIE7.
LPS phenotypes of the rfaE mutant complemented with the

plasmid carrying the NTHi 2019 rfaE gene. LPS from the rfaE
mutant carrying the NTHi 2019 rfaE gene was analyzed by
SDS-PAGE followed by silver staining. LPS from SL3770,
which is rfa1, showed a wild-type phenotype (Fig. 8, lane 1).
LPS from SL1102 contained rapidly migrating bands repre-
senting heptose-deficient incomplete core structures (lane 2).
SL1102 complemented with pHIE0 showed LPS which was
indistinguishable from the wild-type LPS (lane 3). SL1102
complemented with pHIE7 showed a pattern similar to that of
SL1102 carrying pHIE0, but it still contained the band corre-

FIG. 4. Comparison of the predicted amino acid sequences of the rfaE gene
product of NTHi 2019 (HiRFAE) and the ORF present downstream of E. coli
fructose phosphotransferase system genes (EcFRU). Bars indicate identical
amino acid residues, and dots indicate similar residues. Parts of the N- and
C-terminal sequences are not shown because of lack of homology.

FIG. 5. Primer extension analysis of the rfaE gene of NTHi 2019. Total RNA
was isolated from the log-phase culture of NTHi 2019 grown in sHI medium at
378C. The sequence of the primer used (primer B) is shown in Table 3. The
position of the transcription start site is indicated with an asterisk on the se-
quence, and the position for the extended product is indicated with an arrow.
The DNA sequencing ladders (GATC) were obtained by using the same primer
as that in the primer extension reaction. Lanes: 1, 20 mg of RNA; 2, no RNA.

FIG. 6. The promoter region of the rfaE gene. The arrow indicates the
position of the transcription start site determined by primer extension analysis as
shown in Fig. 5, and the 210 region for the promoter is double underlined. The
sequence for the primer used for primer extension analysis is underlined. The
probable Shine-Dalgarno ribosome-binding site (SD) is identified upstream of
the translation initiation codon ATG.
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sponding to the low-molecular-weight incomplete core struc-
ture (lane 4), suggesting that the level of the rfaE gene expres-
sion is lower from pHIE7.
LPS from SL3019 complemented with pHIE62 showed two

bands, one corresponding to the incomplete core LPS and the
other corresponding to the complete core LPS, but no slowly
migrating ladders were found (data not shown). Transforma-
tion of SL3019 with pHIE0 produced the same result as trans-
formation with pHIE62.

DISCUSSION

The structural similarities of the enterobacterial LPS and
the Haemophilus LOS have allowed us to isolate the Hae-
mophilus rfaE gene from an NTHi 2019 library by using the S.
typhimurium rfaE mutant. From the results of novobiocin sen-
sitivity, phage typing, and LPS gel analysis, we conclude that

the isolated Haemophilus gene is able to complement the rfaE
mutation of S. typhimurium and is thus an rfaE homolog of
NTHi 2019. Other LPS mutants, the rfaC and the rfaD mutant
strains, which have the same LPS phenotype but whose muta-
tions lie in other genes failed to show complementation with
plasmid pHIE0 (Table 2). This experiment indicated that the
NTHi 2019 clone is not rfaC or rfaD.
Though both plasmids pHIE2 and pHIE3, carrying the

2.4-kb BglII fragment and the 2.0-kb HindIII-BglII fragment
from pHIE0, respectively, were able to complement the S.
typhimurium rfaE phenotype, SL1102 transformed with pHIE3
grew more slowly in broth in the presence of novobiocin than
SL1102 transformed with pHIE2 or SL3770 (data not shown).
pHIE7 containing the 1.3-kb fragment was sufficient for the
complementation (Table 2). These data suggested that the
region upstream of the rfaE gene contains the sequence which
may be important to novobiocin resistance. Since pHIE6 con-
taining the upstream BglII-ScaI fragment did not show any
ability to complement the rfaE phenotype or to give resistance
to novobiocin, the effect of this region on the novobiocin sen-
sitivity of the rfaE mutant is thought to be indirect. The gel
pattern of LPS from pHIE7 suggested that rfaE gene expres-
sion is lower from pHIE7 than from pHIE0 (Fig. 8). Deletion
of the upstream region of the rfaE gene which contains the htrB
homolog may be responsible for the lower expression. The E.
coli HtrB protein was first identified to be essential for cell
viability at high temperature and also to affect the LPS silver-
staining pattern on SDS-PAGE and thus was suggested to be
involved in LPS biosynthesis (8, 9, 25). It is interesting that in
NTHi 2019 rfaE and htrB share the promoter region and are
transcribed in opposite directions, suggesting that the mecha-
nisms of regulation of their expression are related.
Another rfa gene responsible for synthesis of heptose is the

rfaD gene, which encodes the enzyme ADP-L-glycero-D-man-
noheptose-6-epimerase (17). The rfaD gene has been cloned
and characterized in both E. coli K-12 and S. typhimurium (20,
28). Their sequences are highly homologous to each other, but
their gene expression seems to be regulated in different ways.
The E. coli rfaD gene was identified in the process of screening
for heat shock proteins and designated htrM (20). Its upstream
region contains three promoters, one of which is a s70-depen-
dent promoter and one of which is a s32-dependent heat shock
promoter, while the S. typhimurium rfaD gene lacks the heat
shock promoter (28). The rfaE gene is also involved in heptose
synthesis, but primer extension analysis showed that the NTHi
2019 rfaE gene had only a s70-dependent promoter, and its
expression was not affected by temperature (data not shown).
The database search for the rfaE homolog revealed one

ORF encoding a 33.6-kDa protein in proximity to the phos-
phoenolpyruvate-dependent sugar phosphotransferase system
gene cluster of E. coli. This ORF is present at the 39 end of the
fruA gene, which encodes a fructose phosphotransferase. How-
ever, there is a transcription termination sequence downstream
of the fruA gene, and it is thought that the ORF belongs to a
different operon and may not be a part of the fructose trans-
port or fructose phosphotransferase system genes (19). Cur-
rently, the function of this ORF is not known. Considering its
location and the homology to the NTHi 2019 rfaE gene, how-
ever, it is tempting to speculate that fruA encodes a protein
with a function similar to that of the RfaE protein, i.e., phos-
phorylation of sugars.
These experiments demonstrated that complementation of

the defined LPS mutants of S. typhimurium can be used to
isolate LOS synthesis genes from Haemophilus species. It is
thought that the NTHi 2019 rfaE gene complementing the S.
typhimurium rfaE mutant performs a similar function in NTHi

FIG. 7. In vitro transcription and translation of the rfaE gene. Lanes: 1,
pGEM7Zf(1); 2, pHIE7; 3, pHIE0; 4, protein molecular weight standards. The
open circle indicates protein products corresponding to the rfaE gene; the closed
circle indicates the b-lactamase precursor.

FIG. 8. Silver-stained LPS gel showing complementation of the S. typhi-
murium rfaE mutant by plasmids carrying the H. influenzae rfaE gene. The arrow
indicates the direction of sample migration. Lanes: 1, SL3770 (rfa1); 2, SL1102
(rfaE543); 3, SL1102 transformed with plasmid pHIE0; 4, SL1102 transformed
with plasmid pHIE7. Note that lane 4, but not lane 3, contains the low-molec-
ular-weight LPS band as seen in lane 2.
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2019. To determine whether the rfaE gene is directly involved
in LOS biosynthesis in H. influenzae, we performed a mutagen-
esis study with strains NTHi 2019 and Hib A2. pHIE2C, con-
structed by transposon mutagenesis using mini-Tn3 (26), and
pHIE2K, constructed by insertion of a kanamycin resistance
gene cassette into the rfaE gene (Fig. 2), were used to trans-
form H. influenzae. Since it is known that S. typhimurium
strains with truncated LPS show temperature sensitivity (3), we
attempted to rescue mutants by incubating cells at 308C. We
were unsuccessful in recovering an rfaE mutant of strains 2019
and Hib A2. We could rescue an rfaD mutant of strain 2019
which has the same LOS phenotype (KDO-lipid A) as would
be expected with an ADP-heptose synthase mutant obtained
by using this approach (unpublished data). This finding sug-
gests that accumulation of substrate(s) in the rfaE mutant is
responsible for the lethal effect of the mutation rather than
modification of the cell wall due to the LOS truncation.
While a similar approach using complementation of S. ty-

phimurium mutants and conversion to a novobiocin-resistant
phenotype has been used for E. coli (4), this technique for
selection of an LPS phenotype has only recently been applied
to nonenterobacterial species (35). The difficulties inherent in
the molecular manipulation of organisms such as Neisseria and
Haemophilus species make this approach particularly attractive
in the identification and cloning of LOS genes.
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