INFECTION AND IMMUNITY, Oct. 1996, p. 4000-4007
0019-9567/96/$04.00+0
Copyright © 1996, American Society for Microbiology

Vol. 64, No. 10

The Hemagglutinin Gene A (hagA) of Porphyromonas gingivalis
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Porphyromonas gingivalis is a gram-negative anaerobic bacterial species strongly associated with adult
periodontitis. One of its distinguishing characteristics and putative virulence properties is the ability to agglu-
tinate erythrocytes. We have previously reported the cloning of multiple hemagglutinin genes from P. gingivalis
381. Subsequent sequencing of clone ST 2 revealed that the cloned fragment contained only an internal portion
of the gene which lacked both start and stop codons. We here report the cloning and sequencing of the entire
gene, designated hagA, as well as its relationship to other genes of this species. By use of inverse PCR tech-
nology and the construction of several additional genomic libraries, the complete open reading frame of hagA
was found to be 7,887 bp in length, encoding a protein of 2,628 amino acids with a molecular mass of 283.3 kDa,
which is among the largest genes ever cloned from a prokaryote to date. Within its open reading frame, four
large, contiguous, direct repeats (varying from 1,318 to 1,368 bp) were identified. The repeat unit (HArep),
which is assumed to contain the hemagglutinin domain, is also present in other recently reported protease and
hemagglutinin genes in P. gingivalis. Thus, we propose that hagA and the other genes which share the HArep
sequence form a multigene family with hag4 as a central member.

Porphyromonas gingivalis is a gram-negative anaerobic bac-
terial species which is isolated primarily from infectious peri-
odontal pockets and considered the major pathogen for adult
periodontitis as well as one of the major pathogens for several
forms of rapidly progressive periodontitis and refractory peri-
odontitis (36). The presence of a hemagglutinin on the P. gin-
givalis cell surface was first reported in 1974 by Okuda and
Takazoe (26). Hemagglutination activity is one of the major
phenotypic characteristics which differentiate this species from
other oral and nonoral asaccharolytic black-pigmenting species
(14).

The production of hemagglutinins is a well-established vir-
ulence factor for a number of bacterial species. These include
some of the more virulent and troublesome microorganisms
that afflict the human host, such as Vibrio cholerae (4), Salmo-
nella spp. (3, 9), Bordetella pertussis (6), and Escherichia coli
(10). It is thus reasonable to expect that the hemagglutinins of
P. gingivalis are also involved in virulence.

Hemagglutinins are expressed on the bacterial cell surface in
association either with filamentous structures such as fimbriae
(fimbrial adhesins) or with nonfimbrial surface components
(nonfimbrial adhesins) and are frequently the adhesins
through which bacteria attach to mammalian cells. It is likely
that the hemagglutinin(s) of P. gingivalis also functions as an
adhesin in vivo, although this has not yet been proven. In
addition, since this species requires heme for growth, we have
previously suggested that hemagglutination and subsequent
lysis of the bound erythrocytes might provide an efficient
means for P. gingivalis to acquire hemin (20).

To facilitate the biochemical, genetic, and functional studies
of P. gingivalis hemagglutinins and ultimately determine their
roles in pathogenesis, we have cloned multiple hemagglutinin
genes from P. gingivalis 381 (20, 30, 31). Among them is clone
ST 2, now designated hagA, which is functionally expressed in
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E. coli since its expression resulted in strong hemagglutination
activity of the transformants. Sequencing this fragment re-
vealed the presence of a 1.0-kb repeat but also that this frag-
ment (3,164 bp in length) contained only an internal portion of
the gene which lacked both 5’ and 3’ termini. The purpose of
this study was to obtain the complete gene and its sequence to
ultimately produce isogenic mutations in the gene which would
allow the determination of its importance in virulence. In ad-
dition, the cloning of the gene will allow comparisons with
other known genes and facilitate the characterization of the
gene product, such as identification of the active site. We
report here the cloning, sequencing, and characterization of
the complete hagA gene. Analysis of the sequence revealed
several striking features, including the presence of four large,
contiguous, direct repeats and an open reading frame (ORF)
which encodes a 2,628-amino-acid (aa) protein of 283.3 kDa,
among the largest, if not the largest, ORFs found to date in
prokaryotes.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. P. gingivalis 381
was grown on Trypticase soy agar (BBL Microbiology Systems, Cockeysville,
Md.) supplemented with sheep blood (5%), hemin (5 pg/ml), and menadione (5
wg/ml) in an anaerobic chamber with an atmosphere of 5% CO,, 10% H,, and
85% N,. When broth-grown cells were required, cells were grown in Todd-
Hewitt broth (BBL Microbiology Systems) supplemented with hemin (5 pg/ml),
menadione (5 pg/ml), and glucose (2 mg/ml).

E. coli IM109 [recAI endAI gyrA96 thi-1 hsdR17 supE44 relAl A(lac-proAB)
(F" traD36 proAB lacI"ZAM15)] was used for all cloning studies and cultured
aerobically on Luria-Bertani medium consisting of Bacto Tryptone (10 g/liter),
Bacto yeast extract (5 g/liter), and NaCl (10 g/liter). E. coli IM109 transformants
were maintained on Luria-Bertani medium supplemented with ampicillin (50
pg/ml).

Bacterial alkaline phosphatase-treated pUC18 (Pharmacia, Piscataway, N.J.)
was used for construction of BamHI- and Smal-generated genomic banks. The
plasmids pBluescript IT SK(+) (Stratagene Cloning Systems, La Jolla, Calif.) and
pUC19 (Bethesda Research Laboratories, Gaithersburg, Md.) were used as
vectors for subcloning.

Preparation of DNA. Chromosomal DNA was isolated from P. gingivalis 381
with hexadecyltrimethyl ammonium bromide (CTAB)-CsCl ultracentrifugation
(37).

Plasmid DNA was routinely isolated by the alkaline lysis method (35) and with
the Wizard mini-prep kit (Promega Co., Madison, Wis.). DNA samples for
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OREF, 7,887 bp from 365-8,251

FIG. 1. Restriction enzyme map of cloned fragments of P. gingivalis 381. The hatched area designates the originally cloned ST 2 fragment; the stippled area

designates the amplified IPCR fragment. Drawn to scale.

sequencing were prepared by alkaline lysis-CsCl ultracentrifugation (35) and
alkaline lysis-polyethylene glycol 8000 precipitation (2a) and with the Wizard
midi-prep kit (Promega).

Southern blot analysis. For Southern blot analysis, chromosomal DNA sam-
ples were digested with various restriction enzymes, including Accl, Asel (Bio-
labs), Avall, Bcll, Bglll, BstXI, Dral (Bethseda Research Laboratories), Dralll
(Stratagene), EcoRV, Nrul (Stratagene), PstI, Pvull, Sacl, Sall, Sphl, Sspl, Stul,
and Xhol. Unless specified otherwise, all enzymes were purchased from Pro-
mega. The resulting digested fragments were transferred to positively charged
nylon membranes (Boehringer Mannheim Co., Indianapolis, Ind.) by the capil-
lary transfer method (35). A region of the first 394 bp of ST 2, which is distant
from the repeat sequence region, was labeled with a nonradioactive digoxigenin
DNA labeling and detection kit (Boehringer Mannheim) and used as a probe to
detect the bound DNA fragments on the nylon membrane. Hybridizing frag-
ments were visualized on X-ray film with the LumiPhos 530 system (Boehringer
Mannheim).

IPCR. For inverse PCR (IPCR), a negative primer at 405 nucleotides up-
stream of the 5’ end of the ST 2 fragment (GGC AAA CCA AAA AGA TTC)
and a positive primer at 529 nucleotides upstream of the ST 2 fragment (TTC
TTC CAA CGA CTA CAC) were selected and synthesized at the University of
Florida DNA Synthesis Core Facility.

The detailed procedure for the IPCR was as described by Han and Progulske-
Fox (13). Briefly, the Asel-digested fragments were purified with phenol-chloro-
form and self-ligated at a DNA concentration of 4 ng/ul in the presence of 1 U
of T4 DNA ligase (Promega) per 50-pl reaction mixture. IPCRs were performed
as follows. First, 10 to 20 ng of the self-ligated DNA sample was heated for 30
min at 94°C in PCR buffer with deoxynucleoside triphosphates (ANTPs) and
primers in a PTC-100 programmable thermal controller (MJ Research, Inc.,
Watertown, Mass.). Tag polymerase (Promega) was then added, and the reaction
was carried out with 35 cycles of denaturation at 94°C for 1 min, primer anneal-
ing at 52°C for 1 min, and extension at 72°C for 6 min. All reactions were
performed in a 100-wl volume including 50 mM KCI, 1.5 mM MgCl,, 0.25 uM
each primer, 200 uM each dNTP, and 5 to 10 U of Taq polymerase. The am-
plified mixture was extracted with phenol-chloroform, electrophoresed through a
1% low-melting-point agarose gel, treated with agarase (Boehringer Mannheim),
and used for direct sequencing. After analysis of the sequence, the IPCR frag-
ments were digested with EcoRI and BamHI and ligated into pBluescript 1I
SK(+), and the recombinant plasmids were transformed into E. coli IM109
competent cells.

Construction of genomic banks. For construction of additional genomic banks,
10 pg of the P. gingivalis chromosomal DNA was digested with either BamHI or
EcoRV and electrophoresed in a 1% low-melting-point agarose gel. The frag-
ments were cut out from gels and treated with agarase (Boehringer Mannheim).
The isolated fragments were then cloned into the bacterial alkaline phosphatase-
treated BamHI or Smal sites of pUCI18, respectively. The recombined plasmids
were electroporated into E. coli JM109 cells prepared by standard procedures.
The resulting 2,000 to 3,000 transformants of each bank were screened by in situ
hybridization, and the positive colonies were confirmed by restriction enzyme
digestion of plasmid DNA and DNA sequencing.

Subcloning and sequencing. Subclones for sequencing were constructed with
either pBluescript I SK(+) or pUC19, and oligonucleotide primers were syn-
thesized to complete the sequencing of both strands.

Sequencing was carried out at the University of Florida DNA Sequencing
Core Facility with the Tag Dye Primer and Tag Dyedeoxy Terminator Cycle

Sequencing Protocol developed by Applied Biosystems, Inc. (Foster City, Calif.)
with a fluorescent labeled primer(s) and labeled dideoxynucleotides. The labeled
extension products were analyzed on an ABI 373 DNA sequencer (Applied
Biosystems).

DNA sequence analysis. Sequence data were analyzed by the Sequence Anal-
ysis Software Package of the University of Wisconsin.

Hemagglutination assay. Hemagglutination activity was assayed with sheep
erythrocytes by use of a microtiter plate method as described previously by
Progulske-Fox et al. (30). In each of the experiments, P. gingivalis 381 and E. coli
containing vector alone were included as positive and negative controls, respec-
tively.

Nucleotide sequence accession number. The accession number for the hagA
nucleotide sequence in GenBank is U41807.

RESULTS

Obtaining the entire hagA sequence. Southern blot analysis
results (data not shown) indicated that Asel restriction of
genomic DNA produced a single 6.9-kb fragment which hy-
bridized to the probe used. Thus, IPCR was used to generate
this fragment. Under the conditions used, a 5,963-bp fragment
was successfully amplified via IPCR. Surprisingly, restriction of
the cloned IPCR fragment with Acc651 and analysis by agarose
gel electrophoresis demonstrated that the 5,544-bp insert was
composed exclusively of several 1.35-kb fragments which were
visible as one very dense band on the gel (data not shown) and
which suggested the presence of four repeats within the am-
plified fragment, not two, as previously predicted from the
sequence of the ST 2 fragment. The sequence data of the IPCR
fragment revealed that this amplified fragment contained an
additional 2,997 bp of sequence 3’ to the ST 2 fragment, that
the size of the repeats was 1.3 kb, instead of 1.0 kb, and that the
repeats are continuous, not interrupted as previously deter-
mined from the ST 2 sequence (Fig. 1 to 3, beginning at base
1069 and ending at base 4232). In addition, the start codon was
found to be located 720 bp upstream of the 5’ end of the ST 2
fragment. However, this 6,896-bp Asel fragment did not con-
tain a stop codon. To obtain the 3" end of this gene, a BamHI
gene bank was constructed from which a 8,818-bp cloned frag-
ment containing an additional 3,362 bp of previously unknown
downstream DNA was obtained. Sequencing this downstream
region revealed that the stop codon was located 1,017 bp
downstream of the 3’ end of the 6.9-kb Asel fragment (Fig. 2).
Since this cloned fragment almost completely overlaps with the
amplified IPCR fragment (Fig. 1), any errors produced by PCR
were corrected by sequencing this genomic fragment.
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EcoRV
1 GATATCCGGCTCTTCGGCAGAGAATGCGAGAGATTCAGGATATATCGCAACGGCCTTGTCAAGATCGAGGCCTCTTTAGGTCATGGATATAACGTGAGTT
-35 -10
1021 CGATGTAAGCTTTTCGGCCTTTCCATCATACAATCGATTCGATTCTCTTTGGACTCAATAAAAAATATAAAATACTCAARAGAGTTGGCATATAACTTTGC
201 CTCAGTGGCGAGTGGCTTTTTCGGCCAATTCCTAAAGAAGAAAATAGCTGTTTGTATCTTTTTGCGAAAAAAGTTTGGCGGATTAAGATTAAAAACATAT
Asel

301 CTTTCGGGCGATAGTGGTAGAGCACTATCTTGCGAAACAIIAAZCTTTAATACTTTCAAAAGGTAIQAGAAAATTGAATTCTTTATTTTCGCTCGCCGTC

1 M R K L N $ L F 8§ L A V
401 CTATTATCCCTATTGTGTTGGGGACAGACGGCTGCCGCACAGGGAGGGCCGAAGACTGCTCCTTCTGTGACGCACCAAGCGGTGCAGARAGGTATTCGAA
13 L L 8§ L L CWG QT A AA AZGQGGP KT AU®P SV THUGQH® AVYV QX G IURT
501 CATCCAAGGTTAAGGATCTCCGAGATCCGATTCCTGCCGGTATGGCACGAATTATCTTGGAGGC TCACGATGTATGGGAAGACGGCACAGGCTATCARAT
47 S KV KDL RUDZPTIUPAGMA AR RTITIULTEA AHUDU YVWETUDUGTGUY Q M

primer (-)

601 GCTTTGGGATGCAGATCACAATCAGTACGGCGCATCCATTCCCGAAGAATCTTTTTGGTTTGCCAACGGAACGATCCCGGCCGGTCTTTACGATCCTTTC
80 L W DADU HNUQ Y G A S I PEZEST FWT FANGTTIUPAGTULTYTDUZPTF
701 GAGTATAAAGTTCCGGTCAATGCCGATGCATCTTTTTCTCCCACGAATTTCGTGCTTGATGGAACAGCATCAGCCGATATTCCTGCCGGCACTTATGACT
113 EY X v PV NADA AS FS?P TNV F VL D GTASADTIU®PATGTYVYUDY
801 ATGTAATCATTAACCCCAATCCTGGCATAATATATATAGTAGGAGAGGGTGTCTCCAAAGGTAACGATTATGTGGTAGAGGCCGGTAAGACTTATCATTT
147 v I I NUPNUP G I I Y I V G EGV S XK GNUDVY V V EA AU GI KTTYHTF
901 CACTGTCCAACGACAAGGCCCCGGCGATGCTGCGTCCGTTGTAGTGACCGGAGAAGGTGGCAATGAATTCGCTCCCGTACAGAATCTCCAATGGTCTGTA

180 T V¢ R Q G P GDAASVVVTGES GG GNTETFA APV QNTLOQUWS V
HindIIT

1001 TCTGGGCAGACAGTGACCCTCACTTGGCAAGCCCCCGCATCCGACAARACGGACTTATGTGTTGAACGAAAGCTTCGATACGCARACGCTTCCTAACGGCT

213 s 6 Q TV TULTWOQQAUPA ASUDI K RTY VL NZESFDTIQTULPNG W

1101 GGACAATGATCGATGCTGATGGTGATGGTCACAATTGGCTATCTACAATAAACGTTTACAACACTGCTACTCATACAGGTGACGGTGCTATGTTTAGCAA

247 T M I D A D GG D G HNWWIL S$ TTINUVYNTATUHTGDGAMTF S K
1201 ATCATGGACTGCTAGCGGTGGTGCAAAAATTGATTTGAGTCCTGACAACTATTTGGTAACTCCAAAGGTTACGGTTCCTGAGAATGGTAAACTTTCTTAT
280 S wWTAaA S G GG A K IDUL S PDNYL VT?P?P XV TV PENGTI KTL S Y

1301 TGGGTTTCATCTCAAGTGCCTTGGACTAATGAGCATTATGGAGTGTTCTTGTCCACAACCGGAAACGAGGCTGCAAACTTTACGATAAAGCTACTGGAAG
313 wW v s s QVPWTDNE EHY GGV FL 8§ TTGNEA AA ANV FTTIZ XKLL E E
1401 AAACCCTCGGATCCGACAAACCTGCTCCGATGAACTTGGTGAAGAGTGAAGGAGTAAAGCTTCCTGCACCTTATCAGGAAAGAACCATCGATCTCTCTGC
347 T L 6 S D K P APMNDNIULVYV K S EGV XL P AP Y Q ERTTIUDTIL S A
1501 CTATGCCGGACAACAGGTGTACTTGGCATTCCGTCATTTCAACTCTACAGGTATATTCCGTCTTTATCTTGATGATEGTGGCTGTTTCTGGTGAAGGTTCT
380 Y A ¢G Q 9 VYL A F RHPFNSTG I F RL YL DDV AUV 8 G E G 8
primer (+)

1601 TCCAACGACTACACGTACACGGTATATCGTGACAATGTTGTTATTGCCCAGAATCTCGCGGCAACGACATTCAATCAGGAAAATGTAGCTCCCGGCCAGT
413 §$ N DY TyY TV Y RUDINUVV I A QNILU-AATTT FNIGQENUVAUPGTU QY

BamHT
1701 ATAACTACTGTGTTGAAGTTAAGTACACAGCCGGCGTATCTCCGAAGGTATGTAAAGACGTTACGGTAGAAGGATCCAACGAATTTGCTCATGTACAGAA
447 N Y CcCVEV KYTAGV S P KV C XDV TV EG S NZETFAUHUV QN

KpnI
1801 CCTGACCGGTAGTGCAGTAGGTCAGAAAGTAACGCTTAAGTGGGATGCACCTAATGGTACCCCGAATCCGAATCCCGGAACAACAACACTTTCCGAATCA
480 L T G S AV G Q KV TLZXWDA ATPNTGTZP LNUZPNUPGCTT T L S E S
1901 TTCGAAAATGGTATTCCTGCCTCATGGAAGACGATCGATGCAGACGGTGACGGCAACAATTGGACGACGACCCCTCCTCCCGGAGGCACCTCTTTTGCAG
533 F E N ¢ I P A 8 WZKTTIDATDTGTDGNUNUWTTTU®PZPZPGG GTSTFA G
2001 GTCACAACAGTGCAATCTGTGCCTCTTCGGCTTCTTATATCAACTTTGAAGGTCCTCAGAACCCTGATAACTATCTGGTTACACCGGAGCTATCTCTTCC
547 HNSATICASTSASYTINTFETGT PO QNTPDNTYTLTYVTT P®ETLSTL P
2101 TAACGGAGGAACGCTTACTTTCTGGGTATGTGCACAAGATGCCAATTATGCATCAGAGCACTATGCCGTGTACGCATCTTCTACGGGTAACGACGCTTCC
580 N GGG TULTTFWV CAO QDA ANTYA ATSTEHTYA AV VYA ASSTGNTDA® A S
2201 AACTTCGCCAACGCTTTGTTGGAAGAAGTGCTGACGGCCAAGACAGTTGTTACGGCACCTGAAGCCATTCGTCGCACTCGTGTTCAGGGCACCTGGTATC
613 N F A N A L L E E V L T A K T V V T A P EATITTZRTGTT RVYVOQGTTWZY Q
2301 AAAAGACGGTACAGTTGCCTGCGGGTACTAAGTATGTTGCTTTCCGTCACTTCGECTGTACGGACTTCTTCTGGATTAACCTTGATGATGTTGAGATCAA
647 K TV QL PAGTUZ XKYVATFT RIHTFGOC CTTDTFTFWTINTILTDTDVETIK
2401 GGCCAACGGCAAGCGCGCAGACTTCACGGAAACGTTCGAGTCTTCTACTCATGGAGAGGCACCGGCGGAATGGACTACTATCGATGCCGATGGCGATGGT
680 A NG KR ADTFTETTFTES SSTHGEA ATPAEWTTTITZDA ATDTGTD G
2501 CAGGGTTGGCTCTGTCTGTCTTCCGGACAATTGGACTGGCTGACAGCTCATGGCGGCACCAACGTAGTAGCCTCTTTCTCATGGAATGGAATGGCTTTGA
713 ¢ ¢ WL CL S S G QL DWTILTABHEG G GTNV VT VA ATSTFSWNGMATLN
2601 ATCCTGATAACTATCTCATCTCAAAGGATGTTACAGGCGCAACTAAGGTAAAGTACTACTATGCAGTCAACGACGGTTTTCCCGGGGATCACTATGCGGT

747 P DNYL I S KDV TGATI KV K Y Y Y AV NDGT FU?PGDUHYAV
2701 GATGATCTCCAAGACGGGCACGAACGCCGGAGACTTCACGGTTGTTTTCGAAGAAACGCCTAACGGAATAAATAAGGGCGGAGCAAGATTCGGTCTTTCC
780 M I s X T ¢ T NAGDVPF TV VFEZETU?PNSGTINUZ KTGG G AT RTFGTUL S

2801 ACGGAAGCCGATGGCGCCAAACCTCAAAGTGTATGGATCGAGCGTACGGTAGATTTGCCTGCGGGTACTAAGTATGTTGCTTTCCGTCACTACAATTGCT
813 T E A D G A K P Q S VWIEURTVDILUZPAGTI K YV ATFIRUHYNTC S
2901 CGGATTTGAACTACATTCTTTTGGATGATATTCAGTTCACCATGGGTGGCAGCCCCACCCCGACCGATTATACCTACACGGTGTATCGTGACGGTACGAA

847 DL NYIULLDUDTIOQVPFTMGGS PTUZPTOD YT YTV VYRUDSGT K
3001 GATCAAGGAAGGTCTGACCGAAACGACCTTCGAAGAAGACGGTGTAGCTACGGGCAACCATGAGTATTGCGTGGAAGTGAAGTACACAGCCGGCGTATCT
880 1 K EGL TETTT FEEDGV ATGNUHEYCVEVEKYTAGV S
3101 CCGAAAGAGTGTGTAAACGTAACTGTTGATCCTGTGCAGTTCAATCCTGTACAGAACCTGACCGGTAGTGCAGTCGGCCAGARAAGTAACGCTTAAGTGGG
913 P K E C V N VvV T V D P V Q F N P V Q N L T G $ A V G Q K_V T L K W D
KpnI

3201 ATGCACCTAATGGTACCCCGAATCCAAATCCAAATCCGAATCCGGGAACAACAACACTTTCCGAATCATTCGAAAATGGTATTCCTGCCTCATGGAAGAC
947 A P N G T P N P N P N P NP G T T T L S E S F EDNGTI P A S WIEKT
3301 GATCGATGCAGACGGTGACGGCAACAATTGGACGACGACCCCTCCTCCCGGAGGCACCTCTTTTGCAGGTCACAACAGTGCGATCTGTGCCTCTTCGGCT
980 I DbaDbDGDGDNDNWTTT®PUPUPGGT S FAGHNU NS ATITCGCA AS S A

3401 TCTTATATCAACTTTGAAGGCCCTCAGAACCCTGATAACTATCTGGTTACACCGGAGCTATCTCTTCCTAACGGAGGAACGCTTACTTTCTGGGTATGTG
1013 s ¥ I N F E G P Q N P D N Y L V T P E UL S L P NG G TULTT F WV C A
3501 CACAAGATGCCAATTATGCATCAGAGCACTATGCCGTGTATGCATCTTCTACGGGTAACGACGCTTCCAACTTCGCCAACGCTTTGTTGGAAGAAGTGCT
1047 Q D ANVYAS EHY YAV YAS STGDNUDA AS SN NTFANA BDTLTLTETEVTL
3601 GACGGCCAAGACAGTTGTTACGGCACCTGAAGCCATTCGTGGCACTCGTGTTCAGGGCACCTGGTATCAAAAGACGGTACAGTTGCCTGCGGGTACTAAG
1080 T A K TV VvV T™APU EATIIRGGT RV QG T W Y Q KTV Q L P A G T K

FIG. 2. Nucleotide and the deduced amino acid sequences of #agA and its product. The potential promoter region of —35 and —10, the start and stop codons, the
potential terminator regions, the primers used for IPCR, and some restriction enzymes are underlined and labeled above the sequences. The amino acids at the 5’ and
3’ ends of the four repeat regions are indicated by italic letters and underlining.
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TATGTTGCTTTCCGTCACTTCGGCTGTACGGACTTCTTCTGGATCAACCTTGATGATGTTGACATCAAGGCCAACGGCAAGCGCCCAGACTTCACGGARA
Yy VA FRUHPF G CTDUFTFWINTULDU DV VTETT K ANGTE KT RUADTFEFTTET
CGTTCGAGTCTTCTACTCATGGAGAGGCACCGGCGGAATGGACTACTATCGATGCCGATGGCGATGGTCAGGGTTGGCTCTGTCTGTCTTCCGGACAATT
F E S S T™H GEAUPAEMWTTTIDA ATDTGEGDG G QGWTIL CL S S G QL
GGGECTGGCTGACAGCTCATGGCGGCACCAACGTAGTAGCCTCTTTCTCATGGAATGGAATGGCTTTGAATCCTGATAACTATCTCATCTCAAAGGATGTT
G WL TAHGGTNVV VASTFSWDNGMMATLTNT P?PUDNTYTILTISTZ KTDV
ACAGGCGCAACTAAGGTAAAGTACTACTATGCAGTCAACGACGGTTTTCCCGGGGATCACTATGCGGTGATGATCTCCAAGACGGGCACGAACGCCGGAG
T G AT KV KY Y YAV NDTGT FU?PGDUHTYA AT VMTISZ XKTTGTNA ATGD
ACTTCACGGTTGTTTTCGAAGAAACGCCTAACGGAATARATAAGGGCGGAGCAAGATTCGGTCTTTCCACGGAAGCCCATGGCGCCARACCTCAAAGTGT
FTVVJ FETETZPNGTINZI KT GG GATRTFGTULTSTTEA ATDTGA AT KT POQS V
ATGGATCGAGCGTACGGTAGATTTGCCTGCGGGTACTAAGTATGTTGCTTTCCGTCACTACAATTGC TCGGATTTGAACTACATTC T T TGGATGATATT
W I ERTVDTZLUZPAGTTZ XK YVATFIRUHEHTYNT CSDTILNTYTITULTL DTDI
CAGTTCACCATGGGTGGCAGCCCCACCCCGACCGATTATACCTACACGGTCTATCGTGACGGTACGAAGATCAAGGAAGGTCTGACCGAAACGACCTTCG
Q F T M GG S PTPTODJYTZYTVJYU RUDGTT KTITZE RKTESGTLTTETTTF E
AAGAAGACGGTGTAGCTACGGGCAACCATGAGTATTGCGTGGAAGTGAAGTACACAGCCGGCGTATCTCCGAAAGAGTGTGTAAACGTAACTGTTGATCC
EDGVATGNUHTETYTCVEVE KYTH AGV VS ?PZXKETGCVNV VTV VTDFP
KpnI
TGTGCAGTTCAATCCTGTACAGAACCTGACCGGTAGTGCAGTCGGCCAGAAAGTAACGCTTAAGTGGGATGCACCTAATGGTACCCCGAATCCAAATCCA
V Q F NPV QNULTGSA AV G Q K_V T IL K WD A PNJGTPNPNP
AATCCGAATCCGGGAACARCAACACTTTCCGAATCATTCGAAAATGGTATTCCTGCCTCATGGAAGACGATCGATGCAGACGGTGACGGCAACAATTGGA
N P N P G T T TL S ESFENTGTIU®PA ATSWI KTTIDA ATDTGT DT GNNTWT
CGACGACCCCTCCTCCCGGAGGCACCTCTTTTGCAGGTCACAACAGTGCGATCTGTGCC TCTTCGGCTTCTTATATCAACTTTGAAGGCCCTCAGARCCC
T TP PP GG TS F AGHI NS ATIGCATSTSA ASTYTINTFTETGT POQN P
TGATAACTATC TGGTTACACCGGAGCTATCTCTTCCTAACGGAGGAACGCTTACTTTCTGGGTATGTGCACAAGATGCCAATTATGCATCAGAGCACTAT
D NYL VT®PETZLSULU&PNGSGTTULTT FWVCA QDA aATNTYSASTEHY
GCCGTGTATGCATCTTCTACGGGTAACGACGCTTCCAACTTCGCCAACGCTTTGTTGGAAGAAGTGCTGACGGCCAAGACAGTTGTTACGGCACCTGARG
AV YA S ST GNUDA ASNTFANA ATLTLTETETVTLTA AT KTV V T A P E A
CCATTCGTGGCACTCGTGTTCAGGGCACCTGGTATCAAAAGACGGTACAGTTGCCTGCGGGTACTAAGTATGTTGCTTTCCGTCACTTCGGCTGTACGGA
I RGTURVYV Q GTWY QK TV QLUPAGTT KT YV VATFT RIUHETFPFGT CTTD
CTTCTTCTGGATCAACCTTGATGATGTTGAGATCAAGGCCAACGGCAAGCGCGCAGACTTCACGGAAACGTTCGAGTCTTCTACTCATGGAGAGGCACCG
F FWINZLUDUDTVETITZ KA AUNG GE KT RADTFTETT FTESSTUHGTER AP
GCGGAATGGACTACTATCGATGCCGATGGCGATGGTCAGGGTTGGCTCTGTCTGTCTTCCGGACAATTGEGCTGGCTGACAGCTCATGGCGGCACCAACG
A EWTTTIDADGDG G QG WILOCLSSGOQQULGWTILTA AEHTGT GTNV
TAGTAGCCTCTTTCTCATGGAATGGAATGGCTTTGAATCCTGATAACTATCTCATCTCARAGGATGTTACAGGCGCARCTAAGGTAAAGTACTACTATGC
V A S F S WNGMALNZPUDNINTYTU LIS KDVTGA ATT XV VX XYY Y A
AGTCAACGACGGTTTTCCCGGGGATCACTATGCGGTGATGATCTCCAAGACGGGCACGAACGCCGGAGACTTCACGGTTGTTTTCGARGAAACGCCTAAC
vV NDGVPF P GDHYAVMTISIZ KXTOGTNDNA ATSGTDTFTV VU VT FTETETTF?PN
GGAATAAATAAGGGCGGAGCAAGATTCGGTCTTTCCACGGAAGCCGATGGCGCCAAACCTCAAAGTGTATGGATCGAGCGTACGGTAGATTTGCCTGCGG
G I N K G GARTFGTL S TEA ADTGA AT KTPG QSV VWTIETRTUVDTILTZPAG
GTACTAAGTATGTTGCTTTCCGACACTACAATTGCTCGGATTTGAACTACATTCTTTTGGATGATATTCAGTTCACCATGGGTGGCAGCCCCACCCCGAC

T K Y VA F RHY NCSDULNYTIULL DD I QF TMG G S P T P T
CGATTATACCTACACGGTGTATCGTGACGGTACGAAGATCAAGGAAGGTCTGACCGAAACGACCTTCGAAGAAGACGGTGTAGCTACGGGCAACCATGAG
D Yy T Yy T V.YRIDSGT XTI KESGULTETT TV FEZEUDS GV VA TGN H E
TATTGCGTGGAAGTGAAGTACACAGCCGGCGTATCTCCGAAAGAGTGTGTAAACGTAACTGTTGATCCTGTGCAGTTCAATCCTGTACAGAACCTGACCG
Yy ¢ v EV XY T™AGV S P K ECVNVYVY TV DUP YV Q F N PV Q NTIL TG
KpnI
GTAGTGCAGTCGGCCAGAAAGTAACGCTTAAGTGGGATGCACCTAATGGTACCCCGAATCCAAATCCAARATCCGAATCCGGGAACAACAACACTTTCCGA
S AV G Q K_Vv » L K W D A P N G T P N P N P N P N P G T T T L S E

ATCATTCGAAAATGGTATTCCTGCCTCATGGAAGACGATCGATGCAGACGGTGACGGCAACAATTGGACGACGACCCCTCCTCCCGGAGGCACCTCTTTT
S FP EN G I PA S W KTTIDADGDGDNDNWTTTPUPUPGGT S F
GCAGGTCACAACAGTGCGATCTGTGTCTCTTCGGCTTCTTATATCAACTTTGAAGGCCCTCAGAACCCTGATAACTATCTGGTTACACCGGAGCTATCTC
A G HN S AICV S S A SY I NV FEG?POQNUPUDNYL VTU?PETLS L
TTCCTGGCGGAGGAACGCTTACTTTCTGGGTATGTGCACAAGATGCCAATTATGCATCAGAGCACTATGCCGTGTATGCATCTTCTACGGGTAACGACGC
P GG GG TL T F WV CA QD ANYA ASE EUHY YAV Y A S S T G N D A
TTCCAACTTCGCCAACGCTTTGTTGGAAGAAGTGCTGACGGCCAAGACAGTTGTTACGGCACCTGAAGCCATTCGTGGCACTCGTGTTCAGGGCACCTGG
S N F A NAULILUZEEV L TAIZ KTV VTAZPEA AIURUGTUZRUV QG TW
TATCAAAAGACGGTACAGTTGCCTGCGGGTACTAAGTATGTTGCCTTCCGTCACTTCGGCTGTACGGACTTCTTCTGGATCAACCTTGATGAAGTTGAGA
Yy 9 K TVQLPAGTI KYV AT FIRHTFGOCCTUDVFF W I NULUDEVETI
TCAAGGCCAACGGCAAGCGCGCAGACTTCACGGAAACGTTCGAGTCTTCTACTCATGGAGAGGCACCGGCGGAATGGACTACTATCGATGCCGATGGCGA
K A NG KU RADUVF T ETU FES$S S THGEW AU®PA AEMWTTTTIDA ATDTGTD
TGGTCAGGGTTGGCTCTGTCTGTCTTCCGGACAATTGGACTGGCTGACAGCTCATGGCGGCACCAACGTAGTAGCCTCTTTCTCATGGAATGGAATGGCT
G Q 6 wWwWUL CL S s G L DWULTAHGTGT TNV VUV ASVF S WNGMA
TTGAATCCTGATAACTATCTCATCTCAAAGGATGTTACAGGCGCAACTAAGGTAAAGTACTACTATGCAGTCAACGACGGTTTTCCCGGGGATCACTATG
L N P DNYUL I 8 KDV T GATI KV K Y Y Y AV ND GV F P GDH Y A
CGGTGATGATCTCCAAGACGGGCACGAACGCCGGAGACTTCACGGTTGTTTTCGAAGAAACGCCTAACGGAATAAATAAGGGCGGAGCAAGATTCGGTCT
v MM I 8 KT GGTDNAGTDU FTVVF EETUPNGTINIZ KT GU G ATRYF G L
TTCCACGGAAGCCGATGGCGCCAAACCTCAAAGTGTATGGATCGAGCGTACGGTAGATTTGCCTGCGGGCACGAAGTATGTTGCTTTCCGTCACTACAAT
s T EADGAIZKU®POQSVWTIEIRTUVDILUPASGTI K YV AT FIRUHYN
TGCTCGGATTTGAACTACATTCTTTTGGATGATATTCAGTTCACCATGGGTGGCAGCCCCACCCCGACCGATTATACCTACACGGTGTATCGTGACGGTA
¢ s DL NYILILDUDTIQPF ™ MGG S 9P TPTTDYTY TV Y RUDGT
CGAAGATCAAGGAAGGTCTGACCGAAACGACCTTCGAAGAAGATGGTGTAGCTACGGGCAATCATGAGTATTGCGTGGAAGTGAAGTACACAGCCGGCGT
K 1 K E G L T” ET TV F E ED GV A TGNUHEYCV EV K Y TAG YV

Asel

ATCTCCGAAGGTGTGTGTAAACGTAACTATTAATCCGACTCAGTTCAATCCTGTACAGARCCTGACGGCAGAACAAGCTCCTAACAGCATGGATGCARTC

S P KV ¢CVNVYVYTTIDNU&PT_ QO F NPV Q N L T AEIQAUPDNSMUDATI
CTTAAATGGAATGCACCGGCATCTAAGCGTGCGGAAGTTCTGAACGAAGACTTCGAAAATGGTATTCCTTCCTCATGGAAGACGATCGATGCAGACGGGG
L K WNAUPAS K RAEUVLNUETDU FENTGTIU®PS S WI KTTTIDATDTGTD
ACGGCAACAATTGGACGACGACCCCTCCTCCCGGAGGCTCCTCTTTTGCAGGTCACAACAGTGCGATCTGTGTCTCTTCGGCTTCTTATATCAACTTTGA

G NNWTTT?PP P GG S SF A GHNSATIO CYV S S A S Y I NVFE
AGGTCCTCAGAACCCTGATAACTATCTGGTTACACCGGAGCTTTCTCTTCCTGGCGGAGGAACGCTTACTTTCTGGGTATGTGCACAAGATGCCAATTAT

FIG. 2—Continued.
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G P QNPDNYLVT®PELSLPGGGTULTTFWV CAQDAN Y
GCATCAGAGCACTATGCCGTGTATGCATCTTCTACGGGTAACGACGCTTCCAACTTCGCCAACGCTTTGTTGGAAGAAGTGCTGACGGCCAAGACAGTTG
A 8 EH Y AV Y AS STGNDASNVFA AN RZzLTLTEEVTLTA ATE KTV YV
TTACGGCGCCTGAAGCCATTCGTGGCACTCGTGTTCAGGGCACCTGGTATCAAAAGACGGTACAGTTGCCTGCGGGTACTAAGTATGTTGCCTTCCGTCA

T A P EAIRGT TRV QGTWYQ KTV QL P A G T K Y VA TFR H
CTTCGGCTGTACGGACTTCTTCTGGATCAACCTTGATGATGTTGTAATCACTTCAGGGAACGCTCCGTCTTACACCTATACGATCTATCGTAATAATACA

F G ¢ TDVF F W I NILUDUDV VYV ITSGDNAPSYTYTTIJVYURNNT
CAGATAGCATCAGGCGTAACGGAGACTACTTACCGAGATCCGGACTTGGCTACCGGTTTTTACACGTACGGTGTTAAGGTTGTTTACCCGAACGGAGAAT
¢ I A s GV TETTYU®RD®PTUDULATS G FYTY GV KV VY P NG E S
CAGCTATCGAAACTGCTACGTTGAATATCACTTCGTTGGCAGACGTAACGGCTCAGAAGCCTTACACGCTGACAGTTGTAGGAAAGACGATCACGGTAAC

A I ETAT TULNTITSULADV YV T™AO QI KPY  TUL TV V G K TTITUV T
TTGCCAAGGCGAAGCTATGATCTACGACATGAACGGTCGTCGTCTGGCAGCCGGTCGCAACACGGTTEGTTTACACGGCTCAGGGCGGCCACTATGCAGTC
¢ Q G EAMTIYDM©N G R®RTILAAGT RNTV VYV Y TA AU QGGHY AV
ATGGTTGTCGTTGACGGCAAGTCCTACGTAGAGAAACTCGCTGTAAAGTAACGAGATGATTATTTTCGATCGGTATGCTCTACCAACCGATCGCTTTAAT

M Vv VvV D GG K S Y V E KL A V K *
CGGTCGCCCGGCTTCCATAAAAAGGAGTCGGGCGACTCTTTTACTCCAACCAAATAAGCATTGTTTTATAGCCTTTCGGAATATACTCCGGAAGGGGGTC
GAGCTACGCCCTACAGCGACTCGGGCTACGCCGTAGAGCGTACCGAGCTGCGCTCTACGGCTCTTCGAGCTACGCTGTAGGGCTCACTGCGCCAAGCTCT
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8501

SstI

ACGGCTCAGCTCGGCCACCTCTACGGCTCCCGGAGCGGAACTCTACGGCTCGGCTCGCTACGCTGTAGAGCGTACCTACGCCGAGCTC

FIG. 2—Continued.

To obtain an intact hag4 gene from the P. gingivalis 381
chromosome, an EcoRV bank was constructed since it was
determined from the sequence that an EcoRYV site existed near
the 3’ end of the cloned BamHI fragment and from Southern
blot analysis (data not shown) that such a fragment should
include the entire hag4A ORF. Thus a 10,119-bp EcoRV frag-
ment, which included an additional 338 bp upstream sequence
of the Asel fragment, was cloned. The complete ORF began at
base 365 and ended at base 8251 of this fragment, resulting in
an ORF 7,877 bp in length (Fig. 1 and 2). This ORF is calcu-
lated to encode a 2,628-aa protein with a molecular weight of
283.3 kDa.

Analysis of the sequence revealed potential —10 and —35
consensus sequences located at bases 168 and 143, respectively
(Fig. 2). However, no E. coli-like ribosome binding site could
be found upstream of the start codon except for AGG at the
—4 to —2 positions. Two potential stem-loop structures, form-
ing 14- and 9-bp-long inverted repeats, were identified 51 and
101 bp downstream of the stop codon, respectively (Fig. 2).
Residues 5 to 21 are consistent with a typical, hydrophobic
leader or signal sequence according to the Chou-Fasman pre-
diction (16).

The repeat region was found to begin immediately after the
first Kpnl site at base 1862 and to end at base 7265, making the
entire repeat region 5,404 bp in length without a single gap
(Fig. 2). The first repeat unit (HArep 1) is 1,350 bp and has
99.5% identity to the second repeat unit. The second and third
repeat units (HArep 2 and HArep 3) are 1,368 bp in length and
are 99.9% identical to each other. The fourth repeat unit
(HArep 4) is 1,318 bp in length and has 98.6% identity to both
HArep 2 and HArep 3. The beginning amino acid sequence of
the HArep 1 product is PNPNPGTTT, while that of the other
three repeat products is GTPNPNPNPNPGTTT. Thus, the
beginning sequences of the products of HArep 2 to 4 contain 6
aa more than the product of HArep 1. This difference is due to
the product of HArep 1 containing two fewer repeats of the PN
sequence since the GT is present before the sequence of PNP
NPGTTT in the product of HArep 1 (Fig. 2). The Chou-Fas-
man rules predict these beginning amino acids of the product
of HArep to be very antigenic and hydrophilic.

Comparison of hagA sequence with the other cloned genes of
P. gingivalis. Others have recently reported the cloning of pro-
tease genes from various strains of P. gingivalis (5, 12, 17, 18,
21, 25, 27). When the sequences of these genes were compared
with that of hagA, several of them were found to contain one
copy of the HArep sequence (Fig. 3 and 4). For example, the
product of prtH, a gene encoding a C3 protease cloned from

strain W83 (12), has a region of 270 aa with 95.6% homology
to the hagA product. The product of rgpl, the arginine-specific
cysteine protease/hemagglutinin gene cloned from strain H66
(27), contains a 522-aa region with 93.1% homology, as do the
products of prtR (18), cloned from strain W50 by Reynolds et
al. (33a), agp (25), cloned from strain 381 by Okamoto et al.
(25), and prpR1I, cloned from strain W50 also by Curtis et al.
(8a), genes identical to rgp! isolated from different strains, all
of which contain one HArep sequence of hagA. In addition, the
product of prtP, a cysteine protease/hemagglutinin gene cloned
from strain W12 jointly by M. Lantz and us, has a 849-aa
C-terminal region which has 94.4% homology to the product
of hagA, with the last 171 aa being absolutely identical. This
homologous region accounts for almost half of the length of
the prtP gene. The product of #la, another protease gene cloned
from strain W50 by Curtis et al., has a 789-aa C-terminal
region with 95.2% homology to the hagA product, with the last
171 aa completely identical (8a). This region constitutes almost
three-fourths the length of this gene. In addition, the product
of hagD, a fourth hemagglutinin gene cloned from strain 381 by
us, has a 523-aa region with 92.7% homology to the hagA
product. The product of hagE, an additional hemagglutinin

4 contiguous girect 1.3 kb, 440 to 456 AA repeats
'—._—n. PRSP, A’% 4 a4l alan " " BT MNP
hag A gene, 7,887 bp, 2,628 AA

tla gene, 1097 AA

270 AA 68 AA

S
priH gene, 990 AA
522 AA 72 A

rgp1, prtR, and prpR1genes, 1704 AA*

FIG. 3. Comparison of hagA product with products of other cloned genes.
The stippled areas represent areas of high homology (see details in Results). An
asterisk indicates that the products of these genes vary in length by 2 aa. Drawn
to scale.
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2276 TAGVSPKVCVNVTINPTQFNPVQNLTA 2302

1360 TAGVSPKECVNVTINPTQFNPVKNLKA 1386

2557 SLADVTAQKPYTLTVVGKTITVTCQGEAMIYDMNGRRLAAGRNTVVYTAQGGHYAVMVVVDGKSYVEKLAVK 2628

S LLLPVLLEEEV LT VR LT PR PR P VPPN

1633 GVADVTAQKPYTLTVVGKTITVTCQGEAMIYDMNGRRLAAGRNTVVYTAQGGYYAVMVVVDGKSYVEKLAVK 1704

FIG. 4. Comparison of the hagA product amino acid sequence with that of the rgp! product (stippled area in Fig. 3). The upper row is the hag4 product sequence,
and the lower row is the rgp! product sequence. The homology between these two sequences is 93%, and the identity is 90%. A comparison of other protease gene
products with the hagA product in the same region indicates that the homology or identity among the products of other genes is equal to or greater than that of the
rgpl and hagA products. For example, the identity between the prtP and rgpI products is 97.8% in this 522-aa region with only one gap, while the identity between the
prtP and tla products is 99.5% in a span of 795-aa without any gap. The last two lines provide a comparison of the last 72 aa of the two gene products. The homology

is 98.6%, and the identity is 95.8%.

gene also cloned from strain 381 in our lab, contains a 523-aa
region with 93% homology to the hagA product. Without ex-
ception, these high-homology regions of each of these genes
are within or extend from the repeat region of hagA.

In addition, the product of each of these genes contains a
72-aa C terminus in common with the hagA product (90 to
100% homology), except for the prtH product, in which this
region is located in the middle of the sequence (Fig. 3 and 4).

Comparison of the hag4 sequence with other sequences in the
databases. A search through the National Center for Biotech-
nology Information database with the GENINFO Experimen-
tal Blast Network Service revealed no significant homology of
the hagA sequence to any other sequences in the databases
except for the Mycoplasma gallisepticum hemagglutinin genes
(pMGA) (22) and the circumsporozoite protein (CS) genes of
Plasmodium falciparum (7). The products of these genes were
found to have partial homology to the product of hagA4 in very
short regions (11 of 14 aa for pMGA of M. gallisepticum, i.e.,
PNGTPNPNPNPNPG corresponding to positions 948, 1404,
and 1860 of the hagA product; 9 of 13 aa for the CS genes of
P. falciparum, i.e., PNGTPNPNPNPNP corresponding to po-
sitions 948, 1404, and 1860 of the hagA product [bold letters
indicate common amino acids]).

Hemagglutination results. Clone pNH 201, which contains
the entire 10.1-kb EcoRV fragment, clone pNH 1, which con-
tains the first two HArep units from base 339 to 4838, and clone
pNH 9, which contains a single HArep unit constructed from
the ST 2 fragment with Acc651, all conferred hemagglutination
activity at a titer of 1/8 (corresponding to an optical density of
2.5 to 3 at 660 nm), while E. coli cells containing vector alone
showed no hemagglutination activity even at a titer of 1/2
(corresponding to an optical density of 12 at 660 nm). The
wild-type P. gingivalis strain 381 had a titer of 1/64 (corre-
sponding to an optical density of 0.125 at 660 nm).

DISCUSSION

The cloning and sequencing of the entire hag4d ORF from
strain 381 proved to be a daunting task because of the presence
of four large, contiguous, direct repeats within this gene and
the enormous size of the ORF. The presence of the repeats
made the construction of appropriate subclones and the de-
signing of useful oligonucleotide primers difficult since most
enzymes which cut in one repeat region would cut in any other
repeat unit and the oligonucleotide primers which bind in one
repeat region would bind to any other repeat unit. In addition,
the length of the repeats was problematic since the length of
one repeat is longer than what could be sequenced in one
sequencing reaction (at most, 300 to 400 bp) at the time se-
quencing was completed. Thus, the subclones and oligonucle-
otide primers were designed to be unambiguous with respect to
the repeat units. The number and length of repeats were es-
tablished and verified from IPCR products and multiple
genomic banks.

The extremely large size of hagA is rare in prokaryotes.
Recently, Reuven et al. (33) reported the cloning of the /hr
gene, a member of the helicase superfamily II, which encodes
a 1,538-aa protein. They claimed it is the longest gene found to
date in E. coli. However, [hr is only slightly more than half
(58.5%) the length of hagA. We thus suspect that hagA is
among the longest genes ever cloned from a prokaryote.

It is likely that the HArep sequence contains the functional
hemagglutinin domain since a clone of a single repeat unit
demonstrated strong hemagglutination activity. The sequence
PGPNPNPNPNPG, which begins each of the products of the
HArep units, is very similar to a region of M. gallisepticum
hemagglutinin gene products. The common PN repeat se-
quence among P. gingivalis gene products listed above and
short peptide sequences in M. gallisepticum in which there is an
abundance of P and N amino acids may indicate that this
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region is involved in erythrocyte binding or some other com-
mon function. Interestingly, this region is predicted to be very
antigenic by the Chou-Fasman prediction methodology (16).

The fact that clone pNH 201, which contains the entire hagA
ORF including the putative promoter region, demonstrated
strong hemagglutination activity suggests that the hag4 gene,
in spite of the fact that no E. coli-like ribosome binding se-
quence was identified, is functionally expressed from its own
promoter since this fragment was cloned in the opposite direc-
tion of the lac promoter in pUC 18.

The motif of several direct repeats within an ORF has been
reported for virulence-associated genes of various other patho-
genic species, including Mycoplasma hyorhinis (38), Myco-
plasma hominis (19), group A streptococci (11), Streptococcus
gordonii (23), Rickettsia rickettsii (2), and Anaplasma marginale
(1). Interestingly, without exception, this motif is found in
genes encoding major surface antigens which are directly in-
volved in virulence. For example, in the case of M. hyorhinis
and A. marginale, the repeats are the mechanism whereby the
surface antigen undergoes antigenic or size variation (1, 38).
Other gene products in which these repeats occur include the
M protein of group A streptococci (11) and the products of
genes encoding adhesins such as the cshA gene of S. gordonii
(23) and the group A streptococcus serum opacity factor gene
(32) in which the repeats encode the fibronectin binding do-
main. The repeated sequences in these genes vary from 42 to
471 bp in length, with as few as 2 to as many as 13 repeats of
each sequence. Thus, the hagA repeats of 1,318 to 1,368 bp are
exceptionally large compared with these. Like hagA, the repeat
domains of several of these genes constitute more than 50% of
the ORF. The presence of the HArep units, establishing a motif
for hagA similar to these other surface virulence factors, and
the fact that hagA has adherence functions suggest that hagA is
a virulence factor with functions like those virulence genes
listed above. In addition, the presence of multiple repeat units
may provide a means for hagA to undergo rearrangements
(duplications or deletions of a repeat unit) and thus antigenic
variation. This possibility is presently under investigation.

Surprisingly, the HArep sequence of hagA is also found in
most protease genes of this species except for #pr, a thiol
protease gene isolated from strain W83 (5), prtC, a collagenase
gene from strain ATCC 53977 (17), and prtT, a cysteine pro-
tease/hemagglutinin gene from strain ATCC 53977 (21). The
fact that HArep is found in hagD, hagE, and several protease
genes suggests that these genes which contain HArep se-
quences form a HArep multigene family which functions in
virulence and interacts with host tissues. Given the number of
HArep sequences present in hagA, hagA likely is a central gene
in this family. The other genes of the family may be the result
of recombination events which involved a HArep unit of hagA,
or they may all be derived from a common ancestral gene
during earlier evolution of this species.

It has been reported that several types of large repeat se-
quences (>1 kb) are present in E. coli and Salmonella typhi-
murium genomes, including rrn loci, rhs loci (E. coli), rtl-atl/gat
alternation of alleles, and insertion sequences (34). These el-
ements are believed to contribute to restructuring the chromo-
some on which they reside in the form of duplications, dele-
tions, transpositions, and inversions. Whether the HArep
sequences may function similarly is not yet known. The analysis
of hagA and other genes of this family in various strains would
provide information as to this possibility.

A second distinguishing characteristic of the hagA multigene
family is the presence of a 72-aa sequence normally at the
extreme carboxyl terminus of the proteins. This region is hy-
drophobic according to the Chou-Fasman prediction and may
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serve to anchor the proteins in the outer membrane or in some
other common recognition function.

It has been suggested previously that protease and hemag-
glutination activities of P. gingivalis are related. In a study of
the trypsin-like protease activity of P. gingivalis, Hoover et al.
(15) reported that mutant strains of P. gingivalis deficient in
trypsin-like protease activity had markedly reduced hemagglu-
tination activity. Nishikata and Yoshimura (24) have reported
that a 44-kDa purified outer membrane hemagglutinin has
been further characterized as a cysteine protease. We have
previously reported that a cloned fibrinogen-binding cysteine
protease gene (presently designated prtP) from P. gingivalis
W12 has a 2.0-kb region with greater than 90% homology to
hagA (29). Recent studies of the Arg-Cys or Lys-Cys proteases
have demonstrated that protease activities are always accom-
panied by hemagglutination activity, and subsequently, these
authors reported that the Arg-Cys protease and hemaggluti-
nins were encoded by a single gene (27, 28). Collectively, these
data strongly support the idea that the P. gingivalis hemagglu-
tinins are involved with proteases and might be an important
virulence factor in the initiation and progression of periodontal
disease. We do not yet know whether the hag4 product pos-
sesses protease activity.

In addition to the in vitro data indicating that the hagA
product is a hemagglutinin and likely has virulence-related
properties, recent in vivo data suggest that the hagA product
may be involved in colonization in humans. Curtis and cowork-
ers (8) have demonstrated that a monoclonal antibody which
inhibits hemagglutination and confers passive immunization to
P. gingivalis recolonization for up to 9 months recognizes col-
onization determinants of the PrpRI B fragment which is the
adhesin domain of the prpRI gene product and which has high
homology to the hagA product. Indeed, the 25-residue se-
quence (GVSPK VCKDV TVEGS NEFAP VQNLT) encod-
ing the antigenic epitope is also present in the hagA product (in
the hagA product, residue 20 is H) immediately before the
beginning of the HArep product sequences and once in each of
the products of the HArep units, with the first 5 and last 6 aa
being identical. This clearly supports the hypothesis that the
hagA product plays a pivotal role in P. gingivalis colonization of
humans and thus in periodontal infections.

In summary, the entire hagA gene was cloned and se-
quenced. Analysis of the sequence revealed the presence of
four large, contiguous, direct repeats which make it a most
interesting gene for multiple reasons. The presence of the
HArep in other genes of this species suggests that the genes
which contain HArep form a multigene family with important
virulence functions. In addition, the unusual size and the motif
of the hagA protein as provided by the presence of the multiple
repeats, similar to virulence-associated surface proteins of
other species, indicate that this protein may have multiple roles
in the biology and virulence properties of P. gingivalis.
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