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A large gene cluster associated with the biosynthesis of the serotype-specific polysaccharide antigen (SPA)
of Actinobacillus actinomycetemcomitans Y4 (serotype b) was cloned and characterized. Western blot analysis
showed that Escherichia coli DH5a, containing a plasmid carrying this cluster, produced a polysaccharide
which reacted with a monoclonal antibody directed against the SPA of 4. actinomycetemcomitans Y4. High-
performance liquid chromatography analysis indicated that the polysaccharide produced by an E. coli trans-
formant, as well as A. actinomycetemcomitans Y4 SPA, was composed of rhamnose and fucose. Furthermore,
using various derivatives of the plasmid, we demonstrated that the cloned 13-kb BssHII-BspHI fragment was
indispensable for SPA synthesis in E. coli DHS5a. The 24,909-bp nucleotide sequence, which included this
fragment and its flanking regions, was determined. In the sequenced area, 24 open reading frames (ORFs) with
the same orientation were found. Most of these were located sequentially within a short distance of each other.
Many of the deduced amino acid sequences were similar to the gene products of the polysaccharide synthetic
genes of other bacteria. The average G+C content (37.7%) of all 24 ORFs in the sequenced area was lower than
that (45.6%) of the whole chromosome of 4. actinomycetemcomitans Y4. It is noteworthy the average G+C
content of the nine ORFs in the 8.5-kb central region of the 13-kb BssHII-BspHI fragment indispensable for
SPA synthesis in E. coli was found to be especially low (27.0%).

Actinobacillus actinomycetemcomitans is a nonmotile, gram-
negative, capnophilic, fermentative coccobacillus which has
previously been implicated in the etiology and pathogenesis of
localized juvenile periodontitis (3, 37, 55), adult periodontitis
(36), and severe nonoral human infections (14). A. actinomy-
cetemcomitans strains isolated from the human oral cavity are
divided into five serotypes, a, b, ¢, d, and e (10, 30, 56). Of these
serotypes, serotype b is most frequently isolated from subjects
with localized juvenile periodontitis (3, 56) who exhibit ele-
vated serum antibody levels to serotype b-specific polysaccha-
ride antigen (SPA) of A. actinomycetemcomitans (5, 35). SPA
has previously been shown to be one of the immunodominant
antigens in this organism (5, 24). Page et al. (24) and Perry et
al. (26) claimed that SPA is a constituent of the polysaccharide
region of lipopolysaccharide.

We reported previously that the SPA of A. actinomycetem-
comitans Y4 is a capsular polysaccharide-like antigen consist-
ing of two deoxyhexoses, D-fucose and L-rthamnose (1). We
recently demonstrated that this antigen plays an important role
in resistance to phagocytosis and killing by human polymor-
phonuclear leukocytes (51). Moreover, SPA has the ability to
induce the release of interleukin-1 by murine macrophages
(44) and to promote osteoclast-like cell formation in mouse
marrow cultures (23). Little is known, however, about the
structural genes responsible for SPA biosynthesis in 4. actino-
mycetemcomitans.

In general, the clustering of exopolysaccharide synthetic
genes is a common feature of almost all bacterial polysaccha-
ride loci studied so far. Indeed, it has previously been shown
that the exopolysaccharide synthetic genes of Salmonella en-
terica (13), Shigella flexneri (27), Erwinia amylovora (4), Esch-
erichia coli K1, K5, K7, and K-12 (29), Haemophilus influenzae
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(17), Klebsiella pneumoniae (2), and Neisseria meningitidis (9)
are clustered on segments of DNA from 10 to 25 kb in length.
In gram-negative bacteria, there appears to be a considerable
degree of sequence homology and a conserved genetic organi-
zation within these loci. Therefore, it may be that the SPA bio-
synthetic genes of A. actinomycetemcomitans are clustered in
the same fashion as are the capsular polysaccharide biosyn-
thetic genes of other bacteria and that they are similar to genes
responsible for exopolysaccharide synthesis in other organisms.
On the basis of such genetic predictions, we tried to clone and
express the A. actinomycetemcomitans SPA gene cluster in
E. coli DH5a. Here, we report the isolation and characteriza-
tion of a DNA fragment which contains the SPA biosynthetic
genes of A. actinomycetemcomitans and its flanking regions.

MATERIALS AND METHODS

Bacterial strains and culture conditions. A. actinomycetemcomitans Y4 (sero-
type b) was obtained from Y. Yamamoto (Sunstar Corp., Osaka, Japan).
A. actinomycetemcomitans Y4 was grown in Trypticase soy broth (BBL Micro-
biology Systems, Cockeysville, Md.) containing 0.6% yeast extract (Difco Labo-
ratories, Detroit, Mich.) and 0.04% sodium bicarbonate at 37°C in a 5% CO,
atmosphere (39). E. coli DH5«a [supE44 AlacU169 (080 lacZAM15) hsdR17
recAl endAl gyrA96 thi-1 relA1] (31) was used in DNA manipulations. E. coli
DHS5a was grown aerobically in 2X TY broth at 37°C (31). When required,
antibiotics were added at concentrations of 50 pg per ml for ampicillin and 20 pg
per ml for chloramphenicol.

MAb. Monoclonal antibodies (MAb) directed against A. actinomycetemcomi-
tans Y4 SPA (MAD S5) and lipopolysaccharide (LPS) (MAb L2) were prepared
and purified by the method of Koga et al. (15).

DNA manipulations. DNA fragment preparation, agarose gel electrophoresis,
DNA labeling, ligation, bacterial transformation, and colony immunoblotting
were performed by the methods of Sambrook et al. (31).

Southern hybridization and colony hybridization. Southern hybridization and
colony hybridization were performed overnight under stringent conditions (hy-
bridization fluid with 50% formamide at 25°C). Posthybridization washes were
performed twice with 2X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% (wt/vol) sodium dodecyl sulfate (SDS) at room temperature for 15
min per wash and twice with 0.1X SSC-0.1% (wt/vol) SDS at room temperature
for 15 min per wash. All other procedures that involved Southern hybridization
and colony hybridization were performed by the methods of Sambrook et al.

31).
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Cloning of the SPA gene cluster. To detect the gene homologous to the rfbA
gene of S. flexneri (one of the S. flexneri rhamnose biosynthetic genes) (27), we
constructed a digoxigenin (DIG)-labeled PCR probe with a nonradioactive DIG
DNA labeling and detection kit (Boehringer GmbH, Mannheim, Germany) in
accordance with the instructions of the supplier. The probe was amplified by
PCR with pSBASS, which contains the rfb4 gene in pUCI18 (52), and with
primers synthesized by using published sequences (27) (forward primer, 5'-AT
TCTGGCTGGTGGTTCCGGC-3', and reverse primer, 5'-CAGCAGATACTG
ACCATAAGC-3"). To construct a cosmid gene bank of A. actinomycetemcomi-
tans Y4, chromosomal DNA from this organism was completely digested with
Sall. Cosmid vector pMBLcos (22) was digested with the same enzyme. Equal
molar amounts of vector and insert fragments were ligated (T4 DNA ligase),
packaged into bacteriophage N (Gigapack II XL; Stratagene, La Jolla, Calif.),
and transfected into E. coli DH5a. The A. actinomycetemcomitans clone bank
was screened for the gene which hybridized with the rfb4 gene-specific DIG-
labeled PCR probe by colony hybridization. Confirmation of the reactivity of
screened clones with MAb S5 was made by colony immunoblotting (31).

DNA sequencing and data analysis. The SPA gene cluster was recloned into
seven subclones (data not shown). Unidirectional deletions were generated by
using exonuclease III and mung bean nuclease (Takara Shuzo Co., Kyoto, Ja-
pan). Nucleotide sequencing was performed by the dideoxy chain termination
technique of Sanger et al. (32) with a Tag dye primer cycle sequencing kit and an
ABI 373A DNA sequencer (Perkin-Elmer Japan, Urayasu, Japan). The nucle-
otide sequence was assembled with the DNASIS sequence analysis program
(Hitachi Software Engineering Co., Yokohama, Japan). Database searching was
performed with the FASTA program (19) of the DDBJ e-mail server in the
National Institute of Genetics, Mishima, Japan.

Immunodiffusion analysis. Cell suspensions of A. actinomycetemcomitans Y4
and E. coli DH5a transformants in phosphate-buffered saline (0.12 M NaCl, 0.01
M Na,HPO,, 5 mM KH,PO, [pH 7.5]) were autoclaved at 121°C for 20 min and
centrifuged at 4°C. After centrifugation, supernatants were collected and used as
autoclaved extracts. Immunodiffusion analysis was carried out in 1.0% agarose
(Gibco-BRL, Gaithersburg, Md.) in phosphate-buffered saline.

Western blotting (immunoblotting). Autoclaved extracts from A. actinomyce-
temcomitans Y4 and E. coli DH5a transformants were mixed with an equal
volume of 0.2 mM Tris-HCI buffer (pH 6.8) containing 2% (wt/vol) SDS, 2%
(vol/vol) 2-mercaptoethanol, and 40% (vol/vol) glycerol and heated at 100°C for
5 min. The mixtures were electrophoresed at 25 mA per gel at room temperature
for 1.5 h on 12.5% (wt/vol) resolving and 3% (wt/vol) stacking polyacrylamide
gels (90 by 80 by 1 mm) containing 0.1% (wt/vol) SDS and subjected to immu-
noblot analysis by the method of Towbin et al. (47). After blocking with Tris-
buffered saline (0.01 M Tris-HCI, 0.15 M NaCl [pH 7.5]) containing 3% (wt/vol)
skim milk, blots were treated with MAb S5 or L2 at a 1:400 dilution in TBST-
BSA (Tris-buffered saline containing 0.05% [vol/vol] Tween 20 and 1% [wt/vol]
bovine serum albumin). The antibody bound to immobilized replica antigens on
blots was detected by a solid-phase immunoassay with alkaline phosphatase-
conjugated goat anti-mouse immunoglobulins (Zymed Laboratories, South San
Francisco, Calif.) diluted 1:1,000 in TBST-BSA.

Sugar composition analysis. Component sugars in the partially purified poly-
saccharides from A. actinomycetemcomitans Y4 and E. coli DH5« transformants
were analyzed by high-performance liquid chromatography (HPLC) with fluo-
rescence labeling. Lyophilized-cell suspension (80 mg/ml) in DNase buffer (0.1 M
sodium acetate, 5 mM MgSO, [pH 5.0]) was autoclaved at 121°C for 20 min.
After being autoclaved, the suspension was cooled and centrifuged. The super-
natant was treated with DNase (10 pg/ml) and RNase (10 pg/ml) at 37°C for 3 h
and successively extracted with phenol-chloroform and chloroform. Low-molec-
ular-weight molecules were removed from the extract in a NAP-10 column
(Pharmacia Biotech Inc., Uppsala, Sweden), and the column eluate containing
partially purified high-molecular-weight molecules was evaporated. The pellet
was dissolved in 10 wl of distilled water, and 40 wl of 5 M trifluoroacetic acid was
added. After the tube was sealed under vacuum, the mixture was heated at 100°C
for 3 h and dried at 50°C. Free amino groups were acetylated by adding 50 pl of
a 3:6:2 mixture of pyridine-methanol-water and 2 wl of acetic anhydride. The
solution was left standing for 30 min at room temperature and dried at 35°C.
Sugar components in the hydrolyzed and acetylated solution were coupled with
2-aminopyridine, and the pyridylamino sugars were analyzed by HPLC with an
anion-exchange column by the method of Suzuki et al. (43). After the hydrolyzed
solution had been dried at 50°C, 10 wl of a coupling reagent (0.67 g of 2-
aminopyridine per ml in acetic acid) was added. The mixture was heated at 90°C
for 20 min, and excess reagents were removed by evaporation. Then 10 pl of a
reducing reagent (60 mg of borane-dimethylamine complex per ml in acetic acid)
was added. The mixture was reduced at 90°C for 35 min and dried under a stream
of nitrogen gas at 50°C for 10 min. The dried sample was analyzed by HPLC with
a PALPAK type A column (Takara Shuzo Co.) and a mixture of 0.7 M boric acid
(pH 9.0) and acetonitrile (9:1) at 0.3 ml/min. An excitation wavelength of 310 nm
and an emission wavelength of 380 nm were used to detect pyridylamino sugars.

Nucleotide sequence accession number. The sequence reported here was sub-
mitted to the EMBL and GenBank databases through DDBJ and assigned
accession no. AB002668.
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RESULTS

Isolation of plasmids carrying an SPA gene cluster. As SPA
of A. actinomycetemcomitans consists of two deoxyhexoses, D-
fucose and L-rhamnose (1), we predicted that A. actinomyce-
temcomitans Y4 chromosomal DNA includes the rhamnose bio-
synthetic genes. We used a fragment of the S. flexneri rfbA gene,
encoding a glucose-1-phosphate-tymidylyltransferase (one of
four dTDP-rhamnose biosynthetic enzymes) (27), as a probe
for Southern hybridization analysis of chromosomal DNA of
A. actinomycetemcomitans Y4. Southern blotting with the
S. flexneri rfbA gene-specific probe suggested that a 38-kb chro-
mosomal Sall fragment of A. actinomycetemcomitans Y4 con-
tained an rfbA homolog (data not shown). Based on this result,
a cosmid gene bank of A. actinomycetemcomitans Y4 was con-
structed with complete Sa/l digests of chromosomal DNA from
the organism and intermediate-copy-number cosmid vector
pMBLcos (22). This cosmid vector was chosen in order to
avoid the instability of high-copy-number plasmids containing
large inserts in E. coli DH5a. Two colonies hybridized with the
S. flexneri rfbA gene-specific probe and were isolated from 800
colonies in the library. The production of SPA in these colo-
nies was confirmed by colony immunoblotting with MAb S5.
One colony carried a 42-kb plasmid, designated pARF100,
whereas the other colony carried another plasmid, designated
PARF200, which contained the same fragment in the opposite
orientation to that of pARF100. The promoter utilized to
express the genes responsible for SPA synthesis seems to be
located on the cloned fragment since both E. coli DHS« con-
taining pARF100 and E. coli DH5a containing pARF200 pro-
duced SPA.

Localization of the region indispensable for SPA synthesis
in E. coli. To locate the genes responsible for SPA synthesis, a
restriction map of the 38-kb fragment in pARF100 was con-
structed with several restriction endonucleases and deletion
analysis of pARF100 was carried out. E. coli DH5a was trans-
formed with nine deletion derivatives of pARF100 (pARF210,
pARF102, pARF303, pARF304, pARF220, pARF211,
pARF212, pARF213, and pARF300) (Fig. 1). The genes on all
these plasmids, except for pARF102, were expressed under
lac promoter control, whereas the expression of genes on
PARF102 seems to be controlled by the same promoter as that
on pARF100 or pARF200. Only four of these nine transfor-
mants (pARF100, pARF210, pARF220, and pARF211) pro-
duced polysaccharides which reacted with MAb S5 (Fig. 1).
The production of A. actinomycetemcomitans SPA in each trans-
formant was determined by immunodiffusion analysis (Fig.
2). Moreover, E. coli DHS5a containing both pARF102 and
PARF300 produced SPA. To ascertain that the 3’ end of this
region is indispensable for SPA synthesis in E. coli DH5a.,
E. coli DH5a containing pARF102 was transformed with two
deletion derivatives of pARF300 (pARF301 and pARF302).
PARF300, pARF301, and pARF302 had the ColE1 origin and
the chloramphenicol resistance gene, whereas pARF102 had
the ColE1-compatible origin p15A and the ampicillin resis-
tance gene. E. coli DHS5a containing both pARF102 and
PARF302 produced SPA, but E. coli DH5a containing both
pARF102 and pARF301 did not (Fig. 1). These results indi-
cate that the region involved in SPA synthesis in E. coli DH5«
lies within the 13-kb BssHII-BspHI fragment combined with
pARF211.

DNA sequencing and computational analysis of the SPA
gene cluster. To analyze the genes required for SPA synthesis,
seven genomic fragments were subcloned from the 25-kb Xbal-
Sacl fragment into pMCL200, pMCL210 (22), and pHSG399
(45) and subsequently sequenced. (The sequence data were
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FIG. 1. Restriction map and deletion analysis of pARF100. A linearized restriction map of the chromosomal 38-kb Sa/l fragment containing the SPA gene cluster
is shown. Open arrows indicate the positions of ORFs. Horizontal lines below the map show the DNA inserts carried by the indicated recombinant plasmids.
A. actinomycetemcomitans SPA production in E. coli DH5a is shown to the left of each fragment as follows: +, positive production of SPA; —, undetectable production
of SPA. Restriction enzyme abbreviations: Ba, BamHI; Bg, Bglll; Bs, BspHI; Bss, BssHII; C, Clal; Ev, EcoRV; N, Nhel; P, Pstl; S, Sacl; Sal, Sall; X, Xbal.

deposited in international DNA databases [EMBL and Gen-
Bank] through DDBJ.) Twenty-four possible open reading
frames (ORFs) were identified in the sequence area (Fig. 3).
All of these ORFs had the same orientation. With the excep-
tion of ORF22, all ORFs were located one after the other,
separated by short distances. No ORF in the opposite strand of
this fragment was more than 300 bp in length.

Possible Shine-Dalgarno sequences (34) were identified just
upstream of the potential initiation codons of all 24 ORFs. Of
the putative start codons for all these ORFs, eight (ORF2,
ORF7, ORFS, ORF12, ORF13, ORF18, ORF19, and ORF23)
overlapped the stop codon of the previous ORF and nine
(ORF3, ORF5, ORFY9, ORF11, ORF14, ORF15, ORF16,
ORF17, and ORF20) were located within 10 bases of the stop
codon of the previous ORF. However, ORF22 was separated
from ORF21 by a much greater distance (541 bp). Although
GTG was used as the start codon once (ORF4), ATG was used
the other 23 times (all other ORFs). The usage of terminator
codons agreed with the usual E. coli preferences. TAA was
used 18 times as a single stop codon, and TAG was used 5
times; however, TGA was used only once. The average G+C
content of all the sequenced regions was 37.7%. An especially
low G+C content (27.0%) was observed in the region contain-
ing ORF10 through ORF19 (Fig. 3).

The amino acid sequence of each putative ORF was de-
duced, and a homology search was made. Sixteen amino acid
sequences with considerable similarities to previously reported

sequences were detected, and most of them (ORF3, ORF4,
ORF5, ORF6, ORF7, ORF8, ORF9, ORF10, ORF11, ORF12,
ORF13, ORF19, ORF20, ORF21, and ORF24) were similar to
the products of polysaccharide synthetic genes of other bacte-

FIG. 2. Immunodiffusion reactions of MAb S5 with autoclaved extracts pre-
pared from A. actinomycetemcomitans Y4 and E. coli transformants. Center wells
contained MAD S5. Outer wells contained autoclaved extracts from A. actino-
mycetemcomitans Y4 (well 1), E. coli containing pARF100 (well 2), E. coli con-
taining pARF210 (well 3), E. coli containing pARF102 (well 4), E. coli contain-
ing pARF304 (well 5), E. coli containing pARF303 (well 6), E. coli containing

pARF220 (well 7), E. coli containing pARF211 (well 8), E. coli contain-
ing pMBLcos (well 9), E. coli containing pARF213 (well 10), E. coli containing
pARF212 (well 11), E. coli containing both pARF102 and pARF300 (well 12),
E. coli containing pARF300 (well 13), E. coli containing both pARF102 and
PARF301 (well 14), and E. coli containing both pARF102 and pARF302 (well
15).
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FIG. 3. ORFs in A. actinomycetemcomitans SPA region and its flanking regions and G+C contents of the fragments responsible for A. actinomycetemcomitans SPA.
ORFs are represented by open arrows. The percent G+C content in the area sequenced was calculated for each block of 100 nucleotide residues and is shown below
the restriction map. Three hypothetical segments are shown as bars over the plot of the SPA region. Parenthetical data are the average G+C contents of regions A,
B, and C. The restriction enzyme abbreviations used are the same as those identified in the legend to Fig. 1.

ria. On the other hand, the deduced amino acid sequences of
proteins encoded by eight ORFs (ORF1, ORF2, ORF14,
ORF15, ORF16, ORF17, ORF18, and ORF23) showed iden-
tities of <10% with proteins previously identified (Table 1). It
is very interesting that the amino acid sequence of ORF12
showed considerable similarity to that of ORF20 (23.7%). The
former showed 26.6% identity to the amino acid sequence of a
rhamnosyltransferase from Salmonella enterica (13, 20), where-
as the latter showed 54.4% identity (Fig. 4).

Western blotting analysis. Autoclaved extracts from A.
actinomycetemcomitans Y4 and E. coli DH5a containing
PARF100 or pMBLcos were analyzed by Western blotting with
MAD S5 directed against A. actinomycetemcomitans Y4 SPA or
MADb L2 directed against A. actinomycetemcomitans Y4 LPS
(Fig. 5). In autoclaved extract from A. actinomycetemcomitans
Y4, high- and low-molecular-weight bands reacted with MAb
S5 and L2, respectively. On the other hand, in autoclaved
extract from E. coli DH5« containing pARF100, a high-mo-
lecular-weight band reacted with MAb S5; however, there was
no reaction with MAb L2. The size of the MAb S5-reactive
polymer in autoclaved extract from A. actinomycetemcomitans
Y4 was greater than that in autoclaved extract from E. coli DH5«
containing pARF100 (Fig. 5A, lanes 1 and 2, respectively).
Autoclaved extract from E. coli DH5a containing pMBLcos
did not react with any MADb. These results indicate that E. coli
DHS5a containing pARF100 has the ability to produce high-
molecular-weight SPA but not low-molecular-weight LPS.

Sugar compositions of partially purified polysaccharides.
The sugar compositions of partially purified polysaccharides

from A. actinomycetemcomitans Y4 and E. coli containing
pMBLcos, pARF102, or pARF211 were determined. Rham-
nose, fucose, glucose, galactose, N-acetylglucosamine, and some
unidentified sugars were detected in the polysaccharide prep-
arations from A. actinomycetemcomitans Y4 and E. coli trans-
formants (Table 2). The hydrolysate of partially purified poly-
saccharide preparation from E. coli containing either pMBLcos
or pARF102 contained no detectable amounts of rhamnose
or fucose, whereas that from E. coli containing pARF211 con-
tained detectable amounts of rhamnose and fucose. However,
the amounts of rhamnose and fucose from E. coli containing
pARF211 were approximately one-fifth of those from A. acti-
nomycetemcomitans Y4.

DISCUSSION

Although we tried to clone the genes responsible for SPA
synthesis in A. actinomycetemcomitans Y4, we failed to clone
an SPA gene cluster, probably because we used high-copy-
number vectors such as Charomid 9-28 and 9-20 (Nippon Gene
Co., Ltd., Toyama, Japan). The genes associated with SPA
synthesis seemed to be unstable in E. coli DH5a when they
were ligated into Charomid 9-28 or 9-20. Therefore, we con-
structed pMBLcos, which is an intermediate-copy-number cos-
mid vector based on pACYC177 (22). This cosmid vector
proved very helpful in our isolation of clones containing the
SPA gene cluster of A. actinomycetemcomitans.

Western blotting analysis showed that autoclaved extract
from E. coli DH5a containing pARF100 reacted with MAb S5
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TABLE 1. Profiles of ORFs in the region responsible for SPA synthesis and flanking regions
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Potential NO‘ Of. GrC Homologous Potential . Protein
ORF amino acgds content gene function Bacterium _sequence Reference
in protein (%) identity (%)

ORF1 256 44.4 —

OREF2 398 45.1 —

ORF3 293 42.8 amsB Glycosyltransferase Erwinia amylovora 22.6 4

ORF4 267 44.3 amsE Unknown Erwinia amylovora 44.8 4

ORF5 376 443 mitB Lytic transglycosylase E. coli 235 7

ORF6 355 41.3 ORF2 (rmIB") dTDP-p-glucose-4,6-dehydratase N. meningitidis 79.6 11

ORF7 290 41.0 ORF1 (rmlA®) Glucose-1-phosphate-thymidylyl- N. meningitidis 79.2 11
transferase

ORF8 292 43.3 rfbC (rmID") dTDP-4-keto-L-rhamnose E. coli 43.8 40
reductase

ORF9 179 38.2 rfbD (rmIC") dTDP-4-keto-6-deoxy-D-glucose- S. flexneri 58.6 27
3,5-epimerase

ORF10 263 25.2 tagG ABC transport protein B. subtilis 247 18

ORF11 245 31.6 abcA ABC transport protein Aeromonas salmonicida 26.6 6

ORF12 323 27.3 fbN Rhamnosyltransferase Salmonella enterica 26.6 13

ORF13 418 29.3 rfbH Unknown Y. enterocolitica 235 57

ORF14 230 25.1 —

ORF15 446 26.9 —

ORF16 122 25.1 —

ORF17 234 30.2 —

ORF18 126 26.7 —

ORF19 289 343 G Unknown S. flexneri 21.0 21

ORF20 318 42.7 fbN Rhamnosyltransferase Salmonella enterica 54.4 13

ORF21 452 42.5 wbaP Galactosyltransferase Salmonella enterica 433 50

ORF22 267 439 xth Exodeoxynuclease E. coli 69.7 33

ORF23 264 395 —

ORF24 180 46.4 rfbB (rmIB) dTDP-p-glucose-4,6-dehydratase Salmonella enterica 59.6 13

“ —, no significant homology to any previously reported gene.

> The genes for the dTDP-L-thamnose pathway were renamed rmlA, rmIB, rmIC, and rmID (28, 48).

directed against A. actinomycetemcomitans Y4 SPA (Fig. 5),
indicating that pARF100 contains the locus involved in the
synthesis of A. actinomycetemcomitans SPA. In this regard, the
size of the MAb S5-reactive band in autoclaved extract from
A. actinomycetemcomitans Y4 was different from that in auto-
claved extract from E. coli DH5a containing pARF100. The
length of the polymer may be affected by growth conditions
and the activities of enzymes involved in SPA synthesis. HPLC
analysis revealed that both rhamnose and fucose were included
in the polysaccharide preparation from E. coli DHS5a contain-
ing pARF211, whereas neither of these sugars was detected in
the polysaccharide preparation from E. coli DHSa containing
pMBLcos or pARF102. E. coli DH5a containing pARF211
produced SPA, but E. coli DH5a containing pMBLcos or
pARF102 did not (Fig. 1). These results suggest that both SPA
synthesized in an E. coli DH5« transformant and SPA pro-
duced by A. actinomycetemcomitans Y4 are composed of rham-
nose and fucose. Furthermore, our deletion analysis showed
that the genes indispensable to SPA synthesis were located
within the 13-kb BssHII-BspHI fragment of pARF100. Se-
quence analysis showed that this BssHII-BspHI fragment con-
tained 13 ORFs (from ORF9 to ORF21). To determine wheth-
er the cloned genes are sufficient for SPA synthesis on the
surface of E. coli, we carried out immunofluorescence analysis
of intact cells of recombinant E. coli with MADb S5. The binding
of MAD S5 to intact cells of E. coli DH5a containing pARF211
was observed by confocal fluorescence microscopy with fluo-
rescein isothiocyanate-conjugated goat anti-mouse immuno-
globulin G antibody (54). Moreover, MAD S5 induced strong ag-
gregation of intact cells of E. coli DH5«a containing pARF211
(54). The 13 cloned genes (from ORF9 to ORF21) may be suf-
ficient for SPA synthesis on the surface of E. coli.

The protein encoded by ORF22 showed high homology to
exonuclease III from E. coli. This enzyme has five catalytic
activities. (i) It is an apurinic-apyrimidinic endonuclease, (ii) it
is a 3’-to-5" exonuclease specific for bihelical DNA, (iii) it can
remove a number of 3’ termini from duplex DNA, (iv) it has an
RNase H activity, and (v) it can act endonucleolytically at
urea-N-glycosides in duplex DNA (33). It seems reasonable to
suppose that none of these functions is required for SPA syn-
thesis. Indeed, neither ORF22, ORF23, nor ORF24 was indis-
pensable for SPA synthesis (Fig. 1).

The N-terminal sequence of 126 amino acid residues of the
protein encoded by ORF24 was very similar to that of the same
region of glucose-4,6-dehydratase (RfbB) from Salmonella en-
terica (13), but the 54 C-terminal amino acid residues were not
similar to any sequence previously reported. The ORF24 prod-
uct does not seem to function as a glucose-4,6-dehydratase,
because this ORF was not included in the region responsible
for SPA synthesis in E. coli DH5« (Fig. 1) and this ORF was
not as long as rfbB.

The proteins encoded by ORF3 and ORF4 had high homol-
ogies to AmsB and AmsE, respectively, in Erwinia amylovora
(4). Two genes that code for these enzymes are located on the
ams operon, which is required for exopolysaccharide synthesis.
The AmsB enzyme is a putative glycosyltransferase, but the
function of the AmsE enzyme is unknown (4). The ORF5
product is similar to SIt35, which is a 35-kDa soluble lytic
transglycosylase involved in peptidoglycan metabolism in E.
coli (7). Although ORF3, ORF4, and ORFS were not required
for SPA synthesis in E. coli DH5a, the possibility that these
genes play a role in SPA synthesis in A. actinomycetemcomitans
cannot be ruled out because E. coli DH5a may have enzymes
that correspond to ORF3, ORF4, and ORFS5 products.
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REbN MK---ITLII PTYNAGSLWP

ORF20 product MTALSFVLCV PTYNADQQWQ

ORF12 product MKA---SIII PLKNGGDIFK

* * *

REfbN LASDL----K NISTFNIDSK

ORF20 product ----- WAEEA GFSVHSISQM

ORF12 product YLNNIIKNHD NVRLYQIKPY
*

RfbN ILADSDAIKN LVYYFS-DPL

ORF20 product ILASPDSLAN LLAPF-ADPE

ORF12 product LPANEFWLEE MIKPFSLDEN
* * *
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*
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* * * *
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FIG. 4. Alignment of ORF20 and ORF12 products with RfbN from Salmonella enterica (13). Amino acids identical in all three sequences are indicated by asterisks.

Dashes indicate gaps.

ORF6, ORF7, ORFS, and ORF9 showed strong homology
to the rml genes involved in dTDP-rhamnose biosynthesis in N.
meningitidis, E. coli, and S. flexneri (11, 27, 40). dTDP-L-rham-
nose is known to be synthesized from dTTP and p-glucose-1-
phosphate by the combined action of four rml/ gene products in
these bacteria. It is possible that the dTDP-rhamnose biosyn-
thetic genes are responsible for A. actinomycetemcomitans Y4
SPA, since SPA in this organism consists of two deoxyhexoses,
D-fucose and L-rhamnose (1). Deletion analysis, however,
showed that the region upstream of ORFS8 was not essential for
SPA synthesis in E. coli DH5a. Nevertheless, ORF6 and ORF7
may be essential for SPA synthesis in A. actinomycetemcomi-
tans. It is possible that the rml genes of E. coli also participate
in SPA synthesis (40).

In the exopolysaccharide transport systems of gram-negative
bacteria, several specific components are necessary for poly-
mer translocation. In general, the transport system includes at
least two cytoplasmic membrane proteins that belong to the
ATP-binding-cassette (ABC) superfamily of active transport-
ers (12). One of these proteins is a translocase, and the other
is an ATP-hydrolase that provides energy for the process. The
ORF10 product strongly resembled TagG from Bacillus subtilis
(18) and membrane-spanning domain proteins of Vibrio chol-
erae (41), Yersinia enterocolitica (57), E. coli KS (38) and K1
(25), H. influenzae (16), and N. meningitidis (8). The deduced
amino acid sequence for the protein encoded by ORF11 re-
vealed the ATP-binding motif GXXGXGKS (49) and signifi-
cant homology with the ABC protein of Aeromonas salmo-
nicida (6). Hence, it is likely that the ORF10 and ORF11
products belong to the ABC superfamily of active transporters.

Deletion analysis showed that ORF11 was indispensable for
SPA synthesis in E. coli DH5a.

Deletion analysis showed that ORF12, ORF20, and ORF21
were indispensable for SPA synthesis in E. coli DH5a. The
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FIG. 5. Western blotting analysis of autoclaved extracts of A. actinomycetem-
comitans Y4 and E. coli transformants. (A) Immobilized antigens transferred to
a nitrocellulose sheet by an electrophoretic blotting procedure were allowed to
react with MAb S5. (B) Antigens were allowed to react with MAb L2. Lanes:
1, A. actinomycetemcomitans Y4 (positive control); 2, E. coli DH5a containing
pARF100; 3, E. coli DH5« containing pMBLcos (negative control). The molecular
size markers (in kilodaltons) shown on the left of each gel are protein standards.
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TABLE 2. Sugar compositions of polysaccharide preparations from A. actinomycetemcomitans Y4 and E. coli transformants

Sugar content (nmol/g [dry wt] of whole cells)*

Strain
Rhamnose Fucose Glucose Galactose N-Acetylglucosamine
A. actinomycetemcomitans Y4 5,881 * 263 5,460 = 229 728 =27 644 = 30 1273
E. coli
DHS5a(pMBLcos) ND? ND 2,630 = 53 1,435 =29 467 £ 9
DH5a(pARF102) ND ND 2,723 = 91 3,937 = 114 908 = 27
DH5a(pARF211) 916 *= 23 902 * 26 2,003 = 50 1,278 + 33 201 =7

“ Data are means *+ standard deviations of three independent experiments.
®ND, not detectable by HPLC.

amino acid sequence of the protein encoded by ORF12
showed 26.6% identity with RfbN, which is a rhamnosyltrans-
ferase of Salmonella enterica (13, 20), whereas the ORF20
product showed 54.4% identity with the same protein. Align-
ment of the sequences of the ORF12 and ORF20 products
with RfbN is shown in Fig. 4. A number of identical and
conserved amino acids in these three sequences are observed
along the entire length of the polypeptide chain, suggesting
that both proteins encoded by ORF12 and ORF20 are sugar
transferases. However, the differences in sequence between the
two enzymes may create a difference in substrate specificity
and different linkage of the polysaccharide synthesized. The
protein encoded by ORF21 was similar to WbaP from Salmo-
nella enterica. This protein is believed to be involved in the
transfer of galactosyl-1-phosphate from GDP-galactose to un-
decaprenyl phosphate and in the inversion of the O-antigen
subunit on undecaprenyl pyrophosphate from the cytoplasmic
face to the periplasmic face of the cytoplasmic membrane (50),
suggesting that the product of ORF21 is involved in the first
step of SPA synthesis.

The protein encoded by ORF13 was similar to the Y. entero-
colitica rfbH gene product required for O-antigen biosynthesis
(57). However, the function of this protein is unclear. The
protein encoded by ORF19 was similar to S. flexneri RfbG,
whose function is also unknown (21). Both of these ORFs were
indispensable for SPA synthesis in E. coli DH5a.

All 24 genes in the 25-kb Xbal-Sacl fragment had low G+C
contents (25.1 to 46.4%) compared with the G+C content
(45.6%) of the entire A. actinomycetemcomitans Y4 chromo-
some (46) or with the average G+C content (46.6 to 53.3%) of
the eight genes we had previously cloned from A. actinomyce-
temcomitans Y4 chromosomal DNA (53) (Table 1). Based on
the average G+C content, all of the genes in this fragment can
be divided into three groups. As shown in Fig. 3, the average
G+C content of ORF20, ORF21, ORF22, ORF23, and
ORF24 (region C) was 41.7%. The average G+ C content of 10
ORFs (region B; ORF10 to ORF19) upstream from region C
was considerably lower (27.0%). The average G+ C content of
nine ORFs (ORF1 to ORFY) in the region furthest upstream
(region A) was 42.4%. The average G+ C contents of the genes
involved in exopolysaccharide synthesis in K. pneumoniae, S.
flexneri, Salmonella enterica, and E. coli are known to be low (2,
13, 21, 40). Interestingly, the average G+C content of region B
(8.5 kb) is much lower than that of genes involved in exopo-
lysaccharide synthesis in other organisms. The proteins en-
coded by ORF14, ORF15, ORF16, ORF17, and ORF18 did
not show significant homology to any protein previously re-
ported. Furthermore, these ORFs (ORF14 to ORFI18) are
indispensable for SPA synthesis (Fig. 1). The genes in this
region are novel polysaccharide synthetic genes, and the func-
tions of these five ORFs could be peculiar to SPA synthesis in
A. actinomycetemcomitans.

In general, determination of the G+C ratio is useful in
predicting a degree of genetic relatedness among bacterial
species. The divergence in G+C ratio between species is
thought to be attributable to the variation in the mutation rates
of (A/T) to (G/C) and (G/C) to (A/T) base pairs (42). There-
fore, the discrepancy in the G+C content within the SPA gene
cluster strongly suggests that some subsets of the genes in this
cluster have different origins or histories.

In conclusion, we cloned the SPA gene cluster of serotype b
A. actinomycetemcomitans. Knowledge of this SPA gene cluster
will be useful in elucidating the mechanism of SPA synthesis by
A. actinomycetemcomitans. In addition, we found that E. coli
DH5a containing the SPA biosynthetic genes produced a poly-
saccharide which was composed of rhamnose and fucose and
reacted with a MAD directed to A. actinomycetemcomitans
SPA. Further functional analysis of SPA synthetic genes and
their products is in progress.
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