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We have determined that gene HI#1181 of Haemophilus influenzae is a homolog of Escherichia coli gmhA
(previously designated IpcA) (J. S. Brooke and M. A. Valvano, J. Biol. Chem. 271:3608-3614, 1996), which
encodes a phosphoheptose isomerase catalyzing the first step of the biosynthesis of ADP-L-glycero-p-manno-
heptose. Mutations in this gene are associated with a heptoseless core lipopolysaccharide which determines an
increased outer membrane permeability to hydrophobic compounds. The cloned H. influenzae gmhA restored
the synthesis of a complete core in the gmhA-deleted E. coli strain x711. Amino acid sequence comparisons of
the GmhA proteins of E. coli and H. influenzae with other proteins in the databases revealed the existence of

a novel family of phosphosugar aldo-keto isomerase

S.

Haemophilus influenzae is a common inhabitant of the na-
sopharynx and can be a causative agent of otitis media and
complications of chronic bronchitis (27). Capsulated H. influ-
enzae type b strains are responsible for invasive diseases in
infants, such as meningitis, epiglottitis, and pneumonia (27).
Production of capsular polysaccharide is a major virulence
factor in this bacterium (16), but also other factors have been
associated with virulence, including the lipooligosaccharide
(LOS) (4, 12, 15, 29, 30).

H. influenzae 1.OS is composed of lipid A and a heteroge-
neous oligosaccharide, and it is analogous to the lipopolysac-
charide (LPS) of enteric bacteria, except that the LOS lacks
O-specific polysaccharide. The analysis of the structure of the
LOS revealed a unique inner core structure with variable
branched chains (18). The inner structure contains 3-deoxy-D-
manno-octulosonic acid (KDO) and at least three glycero-
mannoheptose residues (2), and it is practically identical to the
inner core of enteric bacteria.

Presumably, genes with conserved functions are involved in
directing the synthesis and assembly of the inner core in most,
if not all, gram-negative bacteria. One of these genes, recently
found to be conserved in enteric bacteria, is [pcA (26), which
encodes a phosphoheptose isomerase catalyzing the conver-
sion of sedoheptulose-7-phosphate into D-glycero-pD-manno-
heptose-7-phosphate (3). This is the first step committed to the
biosynthesis of the ADP-L-glycero-p-mannoheptose precursor
for the formation of the inner core (7).

IpcA stands for lipopolysaccharide core biosynthesis, and
although appropriate, this designation is too general, especially
when the numerous designations used for other lipid A core
synthesis genes are considered. There is a concerted effort by
our and other laboratories working on genetics and biosynthe-
sis of lipopolysaccharides and other surface carbohydrates to
systematize the nomenclature of biosynthetic genes (22). All
these authors have agreed to adopt gmh for the designation of
genes involved in the synthesis of ADP-glyceromannoheptose
(22); consequently, gmhA instead of [pcA will be used through-
out this report.
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The study of the genes required for LOS biosynthesis has
been difficult because of the lack of genetic tools for H. influ-
enzae (14). Since D-glycero-D-mannoheptose has been ob-
served in the core regions of LOS of Haemophilus ducreyi, LOS
of H. influenzae (24), and LPS from enteric bacteria, it would
be a reasonable approach to isolate Haemophilus genes re-
sponsible for the biosynthesis of this region by complementing
Salmonella or Escherichia coli LPS mutants. This approach has
proven to be successful, as evidenced by the recent cloning of
the H. influenzae rfaE gene, believed to be involved in the
synthesis of ADP-glyceromannoheptose, by complementation
of a Salmonella rfal mutant (14). Furthermore, the recent
elucidation of the complete DNA sequence of the H. influenzae
genome (8) has greatly facilitated direct comparisons of gene
and protein sequences with those of other species, making it
possible to identify the functions of otherwise unknown H.
influenzae genes.

In this paper, we report the identification, molecular cloning,
and expression of the gmhA homolog of H. influenzae which
was previously considered a hypothetical gene with unknown
function (8).

We have recently cloned the gmhA gene from E. coli and
found it to encode a polypeptide of 192 amino acids (3). A
search of the H. influenzae genomic database (http://www.tigr
.com) of translated proteins revealed a polypeptide of 194
amino acids corresponding to the product of gene HI#1181,
which exhibited 74% amino acid sequence identity with the E.
coli GmhA (Fig. 1). Because of this strong conservation, we
sought to clone this gene and used it to complement a gmhA
mutant of E. coli.

Synthetic oligonucleotide primers 5'CTTGATTGAAATCA
ACCGCAC and 5'CTTGAAAAATCCCCAACT flanking the
5" and 3’ ends of HI#1181, respectively, were used in a PCR
mixture containing chromosomal DNA of H. influenzae MAP7
(21). The PCR was carried out with a Hybaid Omnigene Tem-
perature Cycler (Interscience, Markham, Ontario, Canada)
with Pwol DNA polymerase (Boehringer Mannheim, Dorval,
Quebec, Canada). The PCR consisted of one cycle of dena-
turation at 95°C for 1 min; 28 cycles of denaturation at 95°C for
1 min, annealing at 55°C for 1 min, and extension at 72°C for
2 min; and one cycle of denaturation at 95°C for 1 min, an-
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FIG. 1. Amino acid sequence comparisons of the GmhA proteins of E. coli and H. influenzae with other proteins in databases. Sequences identified by a BLAST
(1) search were aligned with the PILEUP program from the University of Wisconsin Genetics Computer Group package, version 8.1 (6). Protein sequences are
abbreviated as follows: ecgmha, E. coli GmhA (accession no. U32590); higmha, H. influenzae GmhA (accession no. U32797); eco196, E. coli 0196, a hypothetical protein
in the 67- to 76-min region of the chromosome (accession no. U18997); sycslrf, a Synechocystis sp. hypothetical protein (11) (accession no. D64004); slimbn, Streptomyces
lincolnensis LmbN (accession no. X79146). Shaded areas indicate identical amino acids; crosshatched areas indicate conserved amino acids. The comparisons involve

the entire lengths of all the proteins except for LmbN (see the text).

nealing at 55°C for 1 min, and extension at 72°C for 10 min.
The amplified fragment of ca. 760 bp was treated with T4
polynucleotide kinase (31 U) (Pharmacia Canada Inc., Baie
d’Urfe, Quebec, Canada) for 30 min at 37°C, and purified from
a 0.7% agarose gel with a QIAquick gel extraction kit (Qiagen,
Chatsworth, Calif.). This fragment was ligated into the Smal
site of the vector pMAV3 (28) and transformed by electropo-
ration into E. coli x711 (F~ leu-4 ¢ proAB118 Str* T3" arg-35
T6%). This strain was isolated by Curtiss et al. (5) and has a
chromosomal deletion that removes the gmhA gene as well as
the proline synthesis genes proAB (3, 5). Since deletion of
gmhA results in a heptoseless LPS, E. coli x711 cells are unable
to grow on Luria broth supplemented with 50 g of novobiocin
per ml (3). E. coli x711 transformants which were able to grow
on plates containing novobiocin indicated that the cloned PCR
fragment complemented the mutant phenotype. Plasmids iso-
lated from these colonies contained a ca. 760-bp DNA insert,
and one of them, designated pJB24, was used for DNA se-
quencing to confirm that the HI#1181 gene was indeed cloned.
An open reading frame identical to HI#1181 was identified by
DNA sequencing carried out with double-stranded DNA and
the same primers used for the PCR (data not shown).

To confirm that the novobiocin-resistant phenotype of x711
(pJB24) was due to the restoration of the gmhA function, we
examined the LPS profile of this strain by Tricine sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Figure 2 shows that the length of the LPS extracted from x711
(lane B) is shorter than that produced by the isogenic parental
strain x705 (lane A) and identical to that produced by strain
D31m4 (lane D). Strain D31m4 (rfa-229 rfa-230) produces a
heptoseless LPS which contains only lipid A and KDO (20). A
comparison of the core LPS profiles of strains x705 and x711
(pJB24) showed that this plasmid restored the core LPS defect
of E. coli x711 (Fig. 2, lanes A and C). Therefore, we conclude
that pJB24 carries the gmhA homolog of H. influenzae.

While this report was in preparation, Preston et al. reported
the identification of the isn gene encoding an unknown func-

tion involved in the synthesis of LOS (19). Previous work has
also shown that isn mutants formed an incomplete LOS con-
taining only phosphorylated KDO and lipid A (9) and were
associated with serum sensitivity and loss of virulence in a rat
model (30). Since the isn and gmhA DNA sequences are iden-
tical, we conclude that they correspond to the same gene, and
on the basis of our biochemical characterization of the E. coli
gmhA (3) as well as on the complementation studies reported
here, we demonstrate that the H. influenzae gene encodes a
phosphoheptose isomerase. We propose that the designation
isn (insertion sixty-nine) be replaced by gmhA, which gives the
appropriate functional connotation to this gene.

The percent G+C content of H. influenzae gmhA was 36.2%,
similar to the reported values for percent G+C content of the
H. influenzae genome (25), and the codon usage was typical for
H. influenzae genes. This suggested that the gmhA gene has not
recently evolved from horizontal transfer. Like the gmhA gene
of E. coli K-12 (3), H. influenzae gmhA is physically apart from
other genes used in LOS biosynthesis, such as the Isg and lic
loci (8). Also, like the E. coli counterpart (3), H. influenzae
gmhA is not transcriptionally linked to adjacent genes (19).

A comparison of the amino acid sequences of the GmhA

FIG. 2. Tricine SDS-PAGE analysis of lipid A core oligosaccharides. Lanes:
A, E. coli x705; B, E. coli x711; C, E. coli x711(pJB24); D, E. coli D31m4 (rfa-229
rfa-230).
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polypeptides from both E. coli and H. influenzae with other
proteins in databases (Fig. 1) revealed strong similarities with
uncharacterized open reading frames from E. coli and Syn-
echocystis sp. and with the LmbN protein of Streptomyces lin-
colnensis (64, 61, and 53% amino acid sequence identity, re-
spectively). These proteins also displayed very similar hydrop-
athy profiles (data not shown; 13). Except for LmbN, which is
a polypeptide of 275 amino acids, the other four polypeptides
ranged from 192 to 196 amino acids in length. The amino acid
conservation extended throughout the entire protein sequence,
but it was especially strong in the central region of these pro-
teins. We have previously shown that at least part of this region
in the E. coli GmhA protein has similarities with a group of
glutamine:fructose-6-phosphate amidotransferases (3), which
are also aldo-keto isomerases (23). The functions of the E. coli
polypeptide 0196 and the Synechocystis polypeptide are not
known, but LmbN is involved in the biosynthesis of the anti-
biotic lincomycin (17), which requires an isomerization step of
an eight-carbon phosphosugar precursor (10); therefore, it is
likely that LmbN is also an isomerase. We thus propose that all
these proteins define a novel family of phosphosugar isomer-
ases.
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