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cus mutans (4), Porphyromonas gigivalis (5), and Pre-
A 10-kb DNA fragment containing the gnd gene from votella intermedia (5) do not exhibit 6PGDH and G6PD,

Actinobacillus actinomy-cetemcomitans Y4 was iso- although 6PGDH plays an important role as a glucose
lated and sequenced. The structural gnd gene codes and gluconate catabolic enzyme in many microorgan-
for 6-phosphogluconate dehydrogenase that consists isms. Recently, Sweeney et al. (6) reported that theof 484 amino acids. In contrast to the gnd gene in Esch- utilization of gluconate is an important element in colo-erichia coli, Salmonella typhimurium, or Klebsiella

nization by Escherichia coli of streptomycin-treatedpneumoniae, the gnd gene of A. actinomycetemcomi-
mouse large intestine. Little is known about glucosetans was not located in the rfb or cps operon. The zwf
metabolism of A. actinomycetemcomitans to date, de-gene encoding glucose 6-phosphate dehydrogenase,
spite importance of 6PGDH and G6PD in carbon me-which is another enzyme consisting of pentose-phos-
tabolism.phate pathway, sided at 3.8-kb upstream from the gnd

To analyze the gnd gene and its flanking region, thegene. A phylogenetic tree based on sequence analyses
gnd gene was cloned from A. actinomycetemcomitansshowed higher homology of 6-phospho-gluconate de-
Y4 and its nucleotide sequence was determined.hydrogenase of A. actinomycetemcomitans with the eu-

caryotic enzymes rather than with bacterial enzymes.
q 1997 Academic Press

MATERIALS AND METHODS

Bacterial strains and media. E. coli DH5 was used as a host
strain for cosmid library. E. coli XL1-Blue was used for subcloning6-Phosphogluconate dehydrogenase (6-phospho-D- of fragments. E. coli RW231 [trpR kdgR lacZ(Am) trpA9605 D(edd-

gluconate: NADP oxido-reductase [decarboxylating], zwf )22 D(sbcB-his-gnd-rfb) recA rpsL20] (7) (Fig. 1) was used for
detection of 6PGDH activity in nondenaturing polyacrylamide gels.EC 1. 1. 1. 44; 6PGDH) and glucose 6-phosphate dehy-
E. coli strains were grown in Luria-Bertani medium at 377C. Mediadrogenase (Glucose-6-phosphate: NADP oxdoreduc-
were supplemented with antibiotics as required.tase, EC 1. 1. 1. 49; G6PD) are enzymes in the pentose

DNA isolation, polymerase chain reaction (PCR), and sequence.phosphate pathway (1). Its primary functions are the
Chromosomal DNA was extracted and purified from A. actinomycet-synthesis of ribulose 5-phosphate for biosynthesis of
emcomitans Y4 as described previously (8). PCR was carried out onnucleotides, aromatic amino acids, vitamins, and cell approximately 30 ng of chromosomal DNA. To amplify a gnd frag-

wall constituents, and production of NADPH for reduc- ment of A. actinomycetemcomitans Y4 for gene cloning, degenerate
tive biosynthesis. The gnd genes were cloned and se- oligonucleotides were synthesized according to the amino acid se-

quences conserved in reported 6PGDHs: 5*-GARTAYGGNGAYAT-quenced from several bacteria. The 6PGDH amino acid
GCA-3* (5* primer) and 5*-TARTCRCGYTGNGCYTG-3* (3* primer).sequences are highly conserved among those bacteria,
The amplified fragment was cloned into pGEM-T (Promega) and se-with 56-96% sequence identity. quenced. The nucleotide sequence was determined by the dideoxy

Actinobacillus actinomycetemcomitans is a faculta- chain termination method using the Taq dye primer cycle sequencing
tive gram-negative rod, and is considered to be associ- kit and ABI 373A DNA sequencer (Perkin-Elmer Cetus).
ated with localized juvenile periodontitis (2) and adult Cosmid library and colony hybridization. Two cosmid gene banks
periodontitis (3). Several oral bacteria, e. g., Streptococ- were constructed by using chromosomal DNA from A. actinomycet-

emcomitans Y4. The chromosomal DNA was partially digested with
EcoRI or BamHI, and fragments of 35 to 45-kb were cloned into
the EcoRI or BamHI site in pMBLcos (9), respectively. The cloned1 Corresponding author. E-mail: yindha@mbox.nc.kyushu-u.ac.jp.

Fax: /81 92 6413206. fragment amplified by PCR was labeled by random priming with
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FIG. 1. Physical map of the cloned insert and complementation of E. coli RW231. Arrows indicate direction of transcription.

digoxigenin-11-dUTP (Boehringer Mannheim) and used as a probe of 6PGDH as a cis-acting antisense RNA (11). Such a
to screen the genomic library. structure was not located in the A. actinomycetemcomi-

Detection of enzymatic activity. 6PGDH activity in nondenaturing tans gnd gene.
polyacrylamide gel was detected as described previously (10). A comparison of the derived amino acid sequence of

the 6PGDH polypeptide of A. actinomycetemcomitansNucleotide sequence accession number. The sequence data re-
ported in this paper have been submitted to the DDBJ under the with the sequences available in the data bank revealed
accession No. D88189. several conserved regions (Fig. 3). One of the regions

(amino acid residues 126 to 136) contains the highly
conserved G-X-G-X-X-G fingerprint pattern forRESULTS AND DISCUSSION
NADP(H) or NAD(H) binding (12). The amino acid se-
quence shows 52, 53, 52, and 52% identity with thatTo obtain a probe for library screening, we performed
of E. coli, Shigella flexneri, S. enterica, and Klebsiellaa genomic PCR using a pair of the gnd primers and
pneumoniae 6PGDHs, respectively, whereas amongA. actinomycetemcomitans Y4 genomic DNA template.
this taxonomic group of Enterobacteriaceae 6PGDHsTwo highly conserved amino acid stretches were se-
shows over 93% identities. Figure 4 presents phyloge-lected by comparison of previously reported sequences
netic tree for procaryotic and eucaryotic 6PGDHs pre-of the gnd genes. They were back-translated into nucle-
viously reported. Interestingly, 6PGDH of A. actinomy-otide sequence on the basis of the codon usage of the
cetemcomitans showed higher homology with the eu-A. actinomycetemcomitans Y4 groESL operon (8). The
caryotic enzymes rather than with bacterial enzymes.PCR produced a single band of 770 bp. The sequencing
The origin of this peculiar structure is unknown.of the fragment revealed that it contained a continuous

This result raised the possibility that the gene prod-ORF, which showed 56.3% sequence identity with E.
uct is a 6PGDH homologue but not exhibit 6PGDHcoli 6PGDH. Four independent genomic clones bearing
activity. Plasmid-encoded 6PGDH activity was deter-the gnd gene were isolated from 800 colonies of the
mined by complementation of the defect in E. coli. Thelibraries. Of those, two clones contained the same 10-
cells harboring pSKG100, a pBluescript SK derivativekb BamHI fragment and the rest contained the same
plasmid containing A. actinomycetemcomitans gnd,15-kb EcoRI fragment. The former two plasmids were
produced a significant amount of 47.0 kDa proteindesignated pACPS20 and the latter plasmids were des-
which was not observed in the cells harboring the vec-ignated pACPS11.
tor (Fig. 5A). This apparent molecular weight was inThe 6.0-kb HindIII fragment which hybridized with
good agreement with the predicted molecular weightthe probe was subcloned into pMCL200 (9) and the
from the deduced amino acid sequence of A. actinomy-complete sequence of both strands of the insert was
cetemcomitans 6PGDH. Only the transformants har-determined. The coding region corresponding to the A.
boring the plasmids containing the gnd gene exhibitedactinomycetemcomitans gnd gene is shown in Fig. 2.
6PGDH/ phenotype (Fig. 5B).Several inverted repeats were found in the upstream

The gnd gene was shown to map next the rfb generegion from the initiation codon. The function of these
cluster, which is responsible for the synthesis of lipo-inverted repeats in the promoter region of the gnd gene
polysaccharide antigen in E. coli (13), S. flexneri (14)is unknown. In E. coli and Salmonella enterica, the
and S. enterica serover typhimurium (15), or the cpssegment of gnd mRNA between codons 67 and 78 is
gene cluster, which is responsible for the synthesiscomplementary to an extensive portion of the gnd ribo-
of capsular polysaccharide in K. pneumoniae (16). A.some-binding site, and this region plays an important

role in growth-rate-dependent regulation of expression actinomycetemcomitans also produces capsular-like
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FIG. 2. The nucleotide sequence of the A. actinomycetemcomitans gnd gene, its flanking regions and deduced amino acid sequence. The
putative ribosome binding site before the ATG start codon is indicated by an underline. The inverted repeats found in the upstream sequence
are indicated by arrows.
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FIG. 4. Phylogenetic tree showing relationships of 6PGDHs. Dis-
tance between sequences was calculated by using the DNASIS pack-
age (Hitachi Software Engineering Co.). Abbreviations and accession
numbers for these sequences are as follows: Dme, Drosophila melano-
gaster (M80598); Sheep, Ovis orientalis aries (999886); Sce, Sacchar-
omyces cerevisiae (Z46631); Aac, A. actinomycetemcomitans Y4 (this
study); Sfl, S. flexneri (U14468); Sen, S. enterica LT2 (M64332); Cfr;
Citrobacter freundii (608061); Kpn, K. pneumoniae Chedid (D21242);
Bli, Bacillus licheniformis (D31631), Bsu; Bacillus subtilis (D45242),
Scy, Synechococcus PCC7942 (112845).

close linkage with genes that are subject to diversify-
ing selection including those of the rfb region de-
termining the structure of the polysaccharide (18).
These cell surface polysaccharides of A. actinomycet-
emcomitans also play a key role in the resistance to
phagocytosis and killing by human polymorphonu-
clear leukocytes (19). In the case of A. actinomycetem-
comitans, however, no rfb or cps gene was located
around the gnd gene (Fig. 1, Table 1). ORF2 is a
homologue of the zwf gene encoding G6PD, and ORF3
is a devB homologue encoding G6PD isozyme. G6PD
is a member of the oxidative branch of the pentose
phosphate pathway which provides ribose for nucleo-
tide biosynthesis and NADPH for reductive biosyn-
theses. It is not clear whether both the genes produce
active G6PDs in A. actinomycetemcomitans. Two
ORF7 and ORF8 located downstream from the gnd

FIG. 3. Multiple alignment of 6PGDHs from A. actinomycetem-
comitans (Aac), K. pneumoniae (Kpn), E. coli (Eco), S. enterica (Sen),
S. flexnieri (Sf1), and Synechococcus sp. PCC7942 (Syn). The amino
acid sequences of 6PGDHs were first progressively aligned using
the program Clastal V 25. and further locally improved after visual
inspection. The identities are indicated by asterisks (*) and conserva- FIG. 5. Expression of the A. actinomycetemcomitans gnd gene in
tive substitutions by plus symbols (/). gnd-deficient E. coli. Coomassie blue-stained SDS-polyacrylamide

gel (A) and G6PD activity-staining of a native polyacrylamide gel
(B) of crude extracts of E. coli RW231 harboring pSKG100 (lane 1)serotype-specific polysaccharide antigens consisting
and E. coli RW231 harboring the vector (lane 2). Total proteins ofof 6-deoxyhexoses (17). The relatively frequent ex- the cells (1 ml, OD600 Å 0.1) were resolved on an SDS- (A) or native

change of gnd within and among taxonomic groups (B) 10.0% polyacrylamide gel. Positions of molecular mass markers
are given in kilodaltons.of the Enterobacteriaceae is said to be result from its
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gene were homologues of fabF and fabG, respectively,
which are involved in synthesis of fatty acid. Two
ORFs located between devB-homologue and gnd
showed a low degree of homology to lysR and vapD,
and therefore functions of these genes are not dis-
tinct. ORF1 in the region upstream from the zwf-
homologue showed 36% identity to the cysQ gene of
E. coli.

Further functional analysis of the A. actinomycetem-
comitans gnd gene and its gene product is currently in
progress and should provide insight into the role of this
unique 6PGDH in this organism.
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