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Nucleotide sequencing of the type 1 fimbrial subunit gene ofActinomyces viscosus T14V revealed a consensus
ribosome-binding site followed by an open reading frame of 1,599 nucleotides. The encoded protein of 533
amino acids (Mr = 56,899) was predominately hydrophilic except for an amino-terminal signal peptide and a
carboxy-terminal region identified as a potential membrane-spanning segment. Edman degradation of the
cloned protein expressed in Escherichia coli and the type 1 fimbriae ofA. viscosus T14V showed that both began
with alanine at position 31 of the deduced amino acid sequence. The amino acid compositions of the cloned
protein and fimbriae also were comparable and in close agreement with the composition of the deduced protein.
The amino acid sequence of the A. viscosus T14V type 1 fimbrial subunit showed no significant global homology
with various other proteins, including the pilins of gram-negative bacteria. However, 34% amino acid sequence
identity was noted between the type 1 fimbrial subunit of strain T14V and the type 2 fimbrial subunit of
Actinomyces naeslundii VWU45 (M. K. Yeung and J. 0. Cisar, J. Bacteriol. 170:3803-3809, 1988). This
homology included several different conserved sequences of up to eight identical amino acids that were
distributed in both the amino- and carboxy-terminal thirds of each Actinomyces fimbrial subunit. These
findings indicate that the different types of fimbriae on these gram-positive bacteria share a common ancestry.

Fimbriae or pili have been identified on a number of
different microorganisms that inhabit host tissue surfaces,
and the role of these structures in bacterial adherence has
been firmly established (1, 26). The fimbriae of many gram-
negative bacteria are composed of structural subunits, re-
ferred to as pilins, that range in size from approximately 15
to 30 kilodaltons (32). With certain microorganisms, such as
Escherichia coli, additional minor proteins have been iden-
tified and associated with fimbria biogenesis and adherence
(33, 34). Common evolutionary pathways for different pili
have been inferred from comparisons of amino acid se-
quences. For instance, significant homology was noted be-
tween the type 1, PAP, and K99 pilins of E. coli (26) and also
between pilins from other members of the family Enterobac-
teriaceae (17, 31, 35). These proteins are, however, unre-
lated to pilins from certain species of Neisseria, Moraxella,
Pseudomonas, Bacteroides, and Vibrio, each of which has a
similar amino-terminal sequence beginning with N-meth-
ylphenylalanine (12, 34). In contrast to the wealth of struc-
tural and genetic information on the fimbriae of gram-
negative bacteria, little is known about the fimbriae of
gram-positive bacteria. Indeed, the presence of these struc-
tures has been observed on only a limited number of
organisms, including certain species of Actinomyces (6, 19),
Streptococcus (15, 21, 23), and Corynebacterium (43).
Two antigenically distinct types of fimbriae have been

identified on strains of Actinomyces viscosus and Actinomy-
ces naeslundii (4). The specific receptors for Actinomyces
type 1 fimbriae include the acidic proline-rich proteins that
coat the tooth surface (18), whereas those for the type 2
fimbriae are certain galactose- and N-acetylgalactosamine-
containing glycoconjugates of mammalian cells (2, 36) and
polysaccharides of certain other bacteria (29). Type 1 and
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type 2 Actinomyces fimbriae were not dissociated to sub-
units by reduction and boiling in the presence of sodium
dodecyl sulfate (4). However, cloning and expression of A.
viscosus T14V or A. naeslundii WVU45 genes in E. coli
resulted in the identification of proteins, each with apparent
molecular weight near 60,000, that reacted with antibodies
specific for either the type 1 (45) or type 2 (10) fimbriae of
strain T14V or the type 2 fimbriae of strain WVU45 (46). The
protein detected by the latter reaction was identified as the
structural subunit of A. naeslundii WVU45 type 2 fimbriae
by the finding that these fimbriae and the mature form of the
protein encoded by the cloned gene have identical amino-
terminal sequences (46).

This study was designed to determine the nucleotide
sequence of the cloned type 1 fimbrial subunit gene of A.
viscosus T14V as well as the amino-terminal sequences of
the encoded protein expressed in E. coli and the fimbriae of
A. viscosus. The amino acid sequence of the mature fimbrial
subunit predicted from the gene was compared with those of
various other proteins, including pilins of gram-negative
bacteria and the type 2 fimbrial subunit of A. naeslundii
WVU45 (46).

MATERIALS AND METHODS
DNA sequencing. Plasmid pMY3833 carrying the A. visco-

sus T14V type 1 fimbrial subunit gene (45) was purified by
CsCl-ethidium bromide gradient centrifugation (28) and di-
gested with restriction enzymes PstI and BamHI (Bethesda
Research Laboratories, Inc., Gaithersburg, Md.). The 1.83-
kilobase-pair PstI-BamHI insert containing the subunit gene
was separated from the vector by agarose gel electrophore-
sis, electroeluted in 0.5 x Tris-acetate buffer (28), and cloned
into M13mp18 and M13mpl9 phage vectors (Bethesda Re-
search Laboratories, Inc.), using E. coli JM109 (44) as the
host strain. A series of deletion clones was generated by
using exonuclease III and S1 nuclease (Bethesda Research
Laboratories, Inc.) according to the protocol of Henikoff
(22). Nucleotide sequencing was performed by the dideoxy-
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chain termination method (37), using a 17-mer primer (New
England BioLabs, Inc., Beverly, Mass.), [a-35 ]dATP (500
Ci/mmol; Dupont, NEN Research Products, Boston,
Mass.), and the large fragment (Klenow) of E. coli DNA
polymerase I (Pharmacia LKB Biotechnology, Inc., Piscat-
away, N.J.). DNA regions with a high G+C content were
also analyzed by using the modified T7 polymerase protocol
(Sequenase; United States Biochemical Corp., Cleveland,
Ohio) as described previously (46). The sequence reactions
were analyzed on 6% polyacrylamide-8 M urea linear and
buffer gradient gels. The nucleotide sequence was deter-
mined for both strands and assembled by using the computer
program developed by Staden (39). DNA sequence analyses
were performed on a VAX computer (Digital, Inc., May-
nard, Mass.), using the software of the Genetics Computer
Group (GCG; University of Wisconsin Biotechnology Cen-
ter, Madison) (9), Protein Identification Resource (PIR;
National Biomedical Research Foundation [NBRF], George-
town University Medical Center, Washington, D.C.), and
Integrated Database and Extended Analysis System for
Nucleic Acids and Proteins (IDEAS; August 1986 revision;
M. Kinehisa, National Cancer Institute, Frederick, Md.).
Searches for nucleotide and amino acid sequence homolo-
gies were performed by using the GenBank (release 60, June
1989; IntelliGenetics, Inc., Mountain View, Calif.) and
NBRF (release 21, June 1989) data base libraries.

Amino-terminal sequence and amino acid analyses. The
cloned A. viscosus type 1 fimbrial subunit was isolated from
an extract of E. coli MY3833 (45) by immunoaffinity chro-
matography using an immobilized monoclonal antibody
against type 1 fimbriae and further purified by Sephacryl
S200 (Pharmacia Inc., Piscataway, N.J.) column chromatog-
raphy (J. 0. Cisar, E. L. Barsumian, R. P. Siraganian, W. B.
Clark, M. K. Yeung, S. D. Hsu, S. H. Curl, A. E. Vatter,
and A. L. Sandberg, submitted for publication). Type 1
fimbriae were obtained by sonication of A. viscosus PK455,
a mutant of A. viscosus T14V that lacks type 2 fimbriae (5).
Purification of these fimbriae by fractional ammonium sul-
fate precipitation, gel filtration, and immunoaffinity column
chromatography has been described elsewhere (Cisar et al.,
submitted). Fimbrial proteins were dissolved in 1% trifluo-
roacetic acid and analyzed by automated Edman degradation
in a 470A gas-phase sequencer (Applied Biosystems, Inc.,
Foster City, Calif.) as described previously (46). Amino acid
compositions were determined by using the Pico-Tag system
(Waters Associates, Inc., Milford, Mass.) after the hydroly-
sis of proteins in 6 M HCI at 115°C for 24 h (46).

RESULTS

Nucleotide sequence of the A. viscosus T14V type 1 fimbrial
subunit gene. The DNA sequence of the PstI-BamHI frag-
ment from pMY3833 carrying the type 1 fimbrial subunit
gene (45) was determined in both orientations according to
the strategy illustrated in Fig. 1. The sequence of the
nontranscribed strand is shown in Fig. 2. Examination of this
sequence revealed an open reading frame of 1,599 nucleo-
tides (nucleotides 94 to 1,692) preceded by a putative E. coli
ribosome-binding site (38) nine bases upstream from the
initiation codon, ATG. The reading frame encoded a protein
of 533 amino acid residues with a calculated molecular
weight of 56,899. The amino-terminal sequences determined
by Edman degradation of the cloned protein isolated from E.
coli and the type 1 fimbriae of A. viscosus T14V were
identical through the first 26 residues and matched the
sequence encoded by the gene beginning with alanine,

Sal
Pst KXba Sal BamH

100 bp

FIG. 1. Restriction map and nucleotide sequencing strategy of
the 1.83-kilobase-pair PstI-BamHI fragment from pMY3833 contain-
ing the A. viscosus T14V type 1 fimbrial subunit gene. The amino
acid-coding region of the gene is indicated by the thickened line.
Arrows indicate the direction and extent of the nucleotide sequence
determined with different subclones. bp, Base pairs.

residue 31 of the predicted protein sequence (Fig. 3). The
percent recoveries of N-terminal alanine for these determi-
nations were similar, 40 and 46% for the cloned protein and
fimbriae, respectively. The amino acid compositions of these
proteins also were comparable and in close agreement with
that expected from the amino acid sequence of the deduced
protein (Table 1).

Sequence comparison between the A. viscosus T14V type 1
and A. naeslundii WVU45 type 2 fimbrial subunits. No
significant global homologies were noted when the nucleo-
tide and encoded amino acid sequences of the A. viscosus
T14V type 1 fimbrial subunit gene were compared with those
of other proteins included in the GenBank and NBRF data
base libraries. However, the type 1 fimbrial subunit gene
showed obvious homology with the type 2 fimbrial subunit
gene of A. naeslundii WVU45 (46). When compared by the
program BestFit (GCG), 53% identity was noted between the
nucleotide sequences of these genes (data not shown). The
encoded proteins contained 48% identical and conserved
amino acid residues (Fig. 4). Similarly, a global homology of
34% amino acid sequence identity was noted by the program
ALIGN (PIR [8, 16]), using a mutational data matrix of 250
percent accepted mutations, a bias of 6, and a gap penalty of
6. When another 100 alignments were computed by using
these parameters, an alignment score of 22.53 was obtained.
Values greater than 3 indicate highly significant structural
similarity (8, 42). Several conserved sequences containing as
many as 8 identical or 13 identical plus conserved amino acid
residues were located within the amino- and carboxy-ter-
minal thirds of each protein. When the distribution of
different conserved amino acids was examined, each of the
seven conserved proline residues was found within a dif-
ferent highly conserved sequence (Fig. 4 and 5; amino acid
residues 46 to 53, 110 to 120, 128 to 133, 145 to 153, 375 to
387, 420 to 429, and 466 to 478 of the A. viscosus type 1
fimbrial subunit and residues 45 to 52, 121 to 131, 140 to 145,
159 to 167, 370 to 382, 417 to 426 and 460 to 472 of the A.
naeslundii type 2 fimbrial subunit, respectively). No internal
repeating sequences were noted in either Actinomyces fim-
brial subunit as shown by dot matrix plots for self homology
(DotPlot; GCG).

Analysis of each protein sequence for predicted secondary
structures (3) (Fig. SB) gave a slightly greater content of beta
sheet than alpha helix: 41 versus 33% for the A. viscosus
T14V type 1 subunit and 35 versus 24% for the A. naeslundii
WVU45 type 2 subunit. The hydropathy profiles displayed
by the method of Kyte and Doolittle (27) revealed hydro-
phobic regions at the amino- and carboxy-terminal ends of
each predicted protein sequence (Fig. 5C). The former was
associated with the presence of a signal peptide, and the
latter was associated with a possible membrane-spanning
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AGGAACGCGAGAAGAACCCACGACTCCGCTCCGTCGCGCGCGGGTCACCCCTTCTATCCCTCATTCATCCCAACAACACAGGAGAGAACAGCAATGCACTCCCTCAACACGCGCCGGGGC
rbs MetHisSerLeuAsnThrArgArgGly

-30

CTCGGCCTCGCCGCTGCGATGACGCTCGCCGCCGGCGCGCTCGTCGCCCCGACCGGCGCGGCGGCACCCGCTGACCCGMCGGCTCCACCATCGACCCCGACGCGGCCACCACGCTGACC
LeuGlyLeuAlaAlaAlaMetThrLeuAlaAlaGlyAlaLeuValAlaProThrGlyAlaAlaAlaProAlaAspProAsnGlySerThrI leAspProAspAlaAlaThrThrLeuThr

-1 +1

GTCCACAAGTGCGAGCAGACCGACACCAACGGCGTCAAGGAGGGGACCGGTAACGAGGACCCCCAGGCCGAGTGCAAGCCCGTCTCCGACGTCGAGTTCACCATCACCAAGCTGAACGTG
ValHisLysCysGluGlnThrAspThrAsnGlyValLysGluGlyThrGlyAsnGluAspProGlnAlaGluCysLysProValSerAspValGluPheThrI leThrLysLeuAsnVal

TCCTTCACCGACGCCCAGACCGAGGTCGGCGCCTACCTCGTCAGCGAGACGCGCACCCCCGACAAGGTCATCCCGGCCGAGGACTTCGTCGTCACCCTGCCGATGACCAACCCGCAGGAC
SerPheThrAspAlaGlnThrGluValGlyAlaTyrLeuValSerGluThrArgThrProAspLysVal IleProAlaGluAspPheValValThrLeuP roMetThrAsnProGlnAsp

ACCGCCAAGTGGAACTACAACGTCCACGTCTACCCCAAGAACACCCTCTCCGGTGTGGACAAGCAGGTGACCGACAAGCCGGCCCCCGGCTCCGGGCGCGACATCACCTACACCATCACC
ThrAlaLysTrpAsnTyrAsnValHisValTyrProLysAsnThrLeuSerGlyValAspLysGlnValThrAspLysProAlaProGlySerGlyArgAspI leThrTyrThrI leThr

ACCTCCATCCCGAAGGTGGACTACCCCGGCGGTGCGCGCATCAAGCGCTACGAGGTCGTTGACCGCCTCGACAAGCGCATCAAGAAGGAAGCCCTGACCCCGGTCGTCAAGATCGTCGGT
ThrSerIleProLysValAspTyrProGlyGlyAlaArgI leLysArgTyrGluValValAspArgLeuAspLysArgI leLysLysGluAlaLeuThrProValVal LysIleValGly

CAGAACGAGGTGACCCTGGCGGAGACCACCGACTACACCCTCATCACTGCCGAGGGTAAGGACCACAACTGGGCCACCATCCAGCTCACCGAGGAGGGCCGCCGCAAGGCCTCCGAGGCG
GlnAsnGluValThrLeuAlaGluThrThrAspTyrThrLeuI leThrAlaGluGlyLysAspHi sAsnTrpAlaThrI leGlnLeuThrGluGluGlyArgArgLysAlaSerGluAla

120

240
19

360
59

480
99

600
139

720
179

840
219

960
259

CGCTACAACGGCAACGGCGAGACCAAGCTCCAGGTGACCCTGAACGCCAAGTTCGACGCCGCCGTCAACCTCGAGGGCGACCTGTCCAACACCGCGGGCCTCATCCCCAACGACAGCCCC 1080
ArgTyrAsnGlyAsnGlyGluThrLysLeuGlnValThrLeuAsnAlaLysPheAspAlaAlaValAsnLeuGluGlyAspLeuSe rAsnThrAlaGlyLeuI leProAsnAspSerPro 299* G~~~~~~~~~~~~~~~~~~~~~~~~~~~~~18

AACTTCACCTGGGACCCGAACAACCCCGGCACCACCACGGACATCCCCGGCATCCCCACCACCCCCGTGC TCTCCAAGTACGGCAAGGTGGTTCTCACCAAGACCGGTACGGACGACCTG 1200
AsnPheThrTrpAspP roAsnAsnProGlyThrThrThrAspI leProGlyIleProThrThrProValLeuSe rLysTyrGlyLysValValLeuThrLysThrGlyThrAspAspLeu 339

Sal I.
GCCGACAAGACCAAGTACAACGGCGCCCAGTTCCAGGTCTACGAGTGCACCAAGACCGCCAGCGGTGCCACGCTGCGTGACTCCGACCCCAGCACCCAGACCGTCGACCCGCTGACCATC 1320
AlaAspLysThrLysTyrAsnGlyAlaGlnPheGlnValTyrGluCysThrLysThrAlaSerGlyAlaThrLeuArgAspSerAspProSe rThrGlnThrValAspP roLeuThrI le 37 9

GGTGGGGAGAAGACCTTCACCACCGCCGGCCAGGGCACCGTGGAGATCAACTACCTGCGCGCCAACGACTACGTCAACGGTGCGAAGAAGGACCAGCTGACCGACGAGGACTACTACTGC 144 0
GlyGlyGluLysThrPheThrThrAlaGlyGlnGlyThrValGluIleAsnTyrLeuArgAlaAsnAspTyrValAsnGlyAlaLysLysAspGlnLeuThrAspGluAspTyrTyrCys 419

CTCGTGGAGACCAAGGCCCCCGAGGGCTACAACCTCCAGGCCGACCCGCTCCCCTTCCGGGTCCTGGCTGAGAAGGCCGAGAAGAAGGCCGCGACCGAGGTGACCGTCACCGACATCCCG 1560
LeuValGluThrLysAlaP roGluGlyTyrAsnLeuGlnAlaAspProLeuProPheArgValLeuAlaGluLysAlaGluLysLysAlaAlaThrGluvalThrvalThrAspI lePro 45 9

AAGAACGCCGGCTTCCGCCTGCCGCTGACCGGTGCCAACGGCGTCATCTTCCTGACCATCGCCGGCGCCCTGCTGGTGGCCGGTGGCGCGGTGGTCGCCTACGCCAACAAGCGCCGTCAC 1 68 0
LysAsnAlaGlyPheArgLeuProLeuThrGlyAlaAsnGlyVal IlePheLeuThrI leAlaGlyAlaLeuLeuValAlaGlyGlyAlaValValAlaTyrAlaAsnLysArgArgHis 49 9

1800
503

GTTGCCAAGCACTGACAGCCTCTGGCAGCCACTGGCAGCCACTGAGGTGACCGGCCCCAGCCGGCCGTCATCACGCTGACTGCTTCCTTGTGGGGGAGGCGGGAGAACCCGTCTCCCCCA
ValAlaLysHis***

Bam HI
CACGGGCGTCGCAGGGATCC 1820

FIG. 2. Nucleotide and predicted amino acid sequences of the A. viscosus T14V type 1 fimbrial subunit gene (GenBank/EMBL/DDBJ
accession no. M32067). The consensus ribosome-binding site (rbs) is underlined. The signal peptide is designated by negative numbers (-30
to -1), and the mature protein is indicated by positive numbers beginning with amino acid residue +1. The signal peptide processing site is
indicated by an arrow.

region. The predicted boundaries of the membrane-spanning
region were defined by the program ALOM (IDEAS [25]) as
amino acid residues 471 (-3, +4) and 493 (-2, +2) of the A.
viscosus type 1 fimbrial subunit and residues 466 (-1, +1)
and 487 (-4, +4) of the A. naeslundii type 2 fimbrial subunit.
Except for these regions, each protein was predominantly
hydrophilic.
Codon usages in the A. viscosus T14V type 1 and A.

naeslundii WVU45 type 2 fimbrial subunit genes were simi-
lar and showed a bias for C or G at the third position of each
codon (results not shown). This bias was consistent with the
relatively high G+C content present in the type 1 and type 2
subunit genes (67 and 63 mol%, respectively) as well as in
the chromosomal DNA (7) of A. viscosus T14V and A.
naeslundii WVU45 (66.7 ± 0.51 and 67.4 ± 0.47 mol%,
respectively).

DISCUSSION

Sequence analysis of the A. viscosus T14V type 1 fimbrial
subunit gene has provided a structural basis for comparing
the fimbriae of this gram-positive microorganism with those
of other bacteria. Whereas this gene encoded a protein of 533
amino acid residues, the removal of a 30-amino-acid signal
peptide would be expected to yield a mature fimbrial subunit
of 503 residues with a molecular weight of 54,053. This
protein is comparable in size to the type 2 fimbrial subunits
of A. naeslundii WVU45 (46) and A. viscosus T14V (J. A.
Donkersloot, personal communication) and approximately
two to three times larger than the pilins from various
gram-negative bacteria (26, 32). The amino acid sequence of
the A. viscosus T14V type 1 fimbrial subunit showed no
significant global homology with those of pilins or other

J. BACTERIOL.

GACCTGACGACCTACGACGGCTGGAAGACCCTCGCGGACCTCAAGGGTGACGTGGTCAAGGCCGGTGCCCTCAAGAGCACCACCGTCCAGAAGATCACCACCGGTGCCAACGGTCTGGCC
AspLeuThrThrTyrAspGlyTrpLysThrLeuAlaAspLeuLysGlyAspValValLysAlaGlyAlaLeuLysSerThrThrValGlnLysIleThrThrGlyAlaAsnGlyLeuAla
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-30
GENE: M H

-25 -20
S L N T R R G L G L A A A

-15 -10
M T L A A G A

+1 5
GENE: A P A D P N G

SUBUNIT: A P A D P N G
FIMBRIAE: A P A D P N G

-5 -1
L V A P T G A A

10 15
S T I D P D A A
S T I D P D A A
S T I D P D A A

20 25
GENE: T T L T V H K C E Q T

SUBUNIT: T (T) L - V (H) - - E (Q) T
FIMBRIAE: T T L - V (H)- - E Q T

FIG. 3. Amino-terminal sequence of the A. viscosus T14V type 1
fimbrial subunit. The amino-terminal sequence of the subunit pre-
dicted from the DNA sequence (GENE) is aligned with those
determined by Edman degradation of the cloned protein expressed
in E. coli (SUBUNIT) and the fimbriae from A. viscosus T14V
(FIMBRIAE). Symbols: -, positions where an individual amino acid
was not identified; (), the most likely amino acid. Negative numbers
denote the signal peptide; position + 1 indicates the amino-terminal
end of the mature protein.

bacterial surface proteins included in the NBRF data base.
However, 34% amino acid sequence identity was seen
between the subunits of the A. viscosus T14V type 1 and the
A. naeslundii WVU45 type 2 fimbriae (Fig. 4). Similarly,
33% sequence identity has recently been noted between the
type 1 and type 2 fimbrial subunits of A. viscosus T14V
(Donkersloot, personal communication). Taken together,
these findings suggest that the structural subunits of Actino-
myces fimbriae are members of a distinct superfamily. The
occurrence of related proteins on other gram-positive micro-
organisms is not yet known.
The signal peptides encoded by the A. viscosus T14V type

A. vsacosus T14V Type 1:

A. nasslundll VVU45 Type 2:

TABLE 1. Comparison of the amino acid composition of the
deduced A. viscosus T14V type 1 fimbrial subunit with
those determined for the purified protein from E. coli

or the isolated fimbriae

Amino No./100 residues
acid Deduced proteina Purified proteinb Fimbriaec

Asx 13.4 13.4 14.1
Thr 13.3 13.2 13.1
Glx 8.4 9.4 9.6
Ala 9.5 8.7 9.1
Lys 8.0 9.2 8.5
Gly 8.0 7.9 8.0
Pro 5.8 7.4 7.9
Val 8.4 6.8 7.2
Leu 7.2 7.7 7.2
Ile 4.0 3.3 3.7
Arg 3.0 3.3 3.4
Ser 3.0 3.8 3.1
Tyr 3.6 2.7 2.8
Phe 2.0 2.2 2.0
His 1.0 0.7 0.4
Met 0.2 0.5 0.3
Cys 0.8 d

Trp 0.8

a Mature protein deduced from the nucleotide sequence of the cloned gene.
b Protein purified from E. coli MY3833.
c Type 1 fimbriae from A. viscosus PK455.
d -, Not determined.

1 and A. naeslundii type 2 fimbrial subunit genes were
somewhat shorter than those of streptococcal M proteins
(about 40 amino acid residues [24, 30]), similar in length to
those of various other gram-positive bacteria (about 30
amino acid residues [11, 24]), and longer than those of
gram-negative bacteria (about 20 amino acid residues [11]).
Features of the Actinomyces signal peptides that were typi-

NHSLNTRRGLGLAAAMTLAAGALVAPTGAA--
I III : 1:::
NKYNTSTLGRRAAAAAGVLTLAVLGLAPMAQA

- 1

-1

APADPNGSTIDPDAATTLTVHKCEQTDTNGVKEGTGNE-DPQAECKPVSDVEFTITKLN-VDLTTY 64
::I:I: :I 11:11 1I1: 1 : :: 111:1:11 :1 :11 1

--ENANHGDINTEALGSLTIHKHLNGDGNPIGAPDGTASNDDGKGAPVSGVQFTAYEINGIDLKTS 64

DGVKTLADLKGDVVKAGALKSTTVQKITTGANGLASFTDAQTE-----------VGAYLVSETRTP 119
.11 : I :: I ::I: 1 1111:11:11
EGWAKVNALTNTGAIPDNACANPGQPTLPNYTFRSSRVSGDTDRDGEAKIESLPVKAYLVCETKTP 130

DKVIP-AKDFVVTLPRTNPQDTAK--WNYNVHVYPKNTLSGVDKQVTDKPAPGSGRDITYTITTSI 182
: : 111111:11 1 1 1:1111111 :1 1:1 1 : : I

GNIVQKAKPFVVTIPHPNTAAKADGTWLYDVHVYPKNEKIEVAKTIEDQRNNGYIVGSKVRFPVSS 196

PKVDYPGGARIKRYEVVDRLDKRIKKEALTPVVKIVGQNEVTLAETTDYTLITAEGKDHNWATIQL 248
: I I: 1 11 1:1 1 1 :I :1 11111 l I 1::

TLPKLDDNSYYKYYQFKDTLDNRLKQVTATD ---- VTLGGTRLDEGTDYTL----GTDGQTVTVTF 254

TEKGRRKASEARYNGNGKTKLQVTLNAKFDAAVNLEGDLSNTAGLIPNDSPNFTWDPNNPGTTTDI 314
I:1 I1: 111 ::: :1: III II :

NQNGLSK-----LKGNPGQKLQAVFKGVVSEVG--DGSINNTAQLISDTTYAEQPPAPETPPANPD 313

PGIPTTPVLSKYGKVVLTKTGTDD-LADKTKYNGAQFQVYECTKTASGATLRDSDPSTQTVDPLTI 379
I 1III:I::I1::I :11 11:11:1 : : I :1111

NPPTTKQVTSIVGDLTIKKVDGNDRSGDKDGLKGAEFQIYKAKDAYADTCSPEADG-----QPLTI 374

GGIKTFTTAGQGTVKINYLBANDYVNGAKKDQLTDED--YYCLVETKAPEGYNLQADPLPFRVLAE 443
1111~:: II::: 1II: :1 1 :1 1111111 11 11 1: :

NGESTFTTGZGGTINFKALFVSDSVQDTGRDNRVDAPHRCYVLVETKAPAGYVLPADASRAITVEP 440

KAKKKAATEVTVTDIPKNAGFRLPLTGANGVIFLTIAGA--LLVAGGAVVAYANKRRHVAKH 503
I :1: 1 11 II111111:::II II I::IlI : : I

GA----- GVTQQVVIDNVKQSVPGLPLTGANGNLILTASGAALLNIAVGSVLVARYRERKRNRDLAA 502

FIG. 4. Sequence homology of A. viscosus T14V type 1 (upper sequence) and A. naeslundii WVU45 type 2 (lower sequence) fimbrial
subunits. The predicted amino acid sequences of the two proteins were aligned by using the program BestFit (GCG) (gap weight = 5.0; gap
length weight = 0.3). Identical ( ) and conserved (:) amino acid residues are indicated.
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FIG. 5. Protein sequence analyses of the A. viscosus T14V type 1 (upper profile) and A. naeslundii WVU45 type 2 (lower profile) fimbrial
subunits. (A) Protein sequence homology from Fig. 4 displayed by the program GapShow (GCG). Locations of identical and conserved amino
acids are indicated by dashes; gaps within each sequence are marked by horizontal bars. (B) Possible secondary structures predicted by the
program CHOFAS (IDEAS). a, alpha helix; p, beta sheet; T, beta turn; unmarked area, random coil. (C) Hydropathy profiles determined by
the program HPLOT (IDEAS), using the Kyte-Doolittle scale (27) and a sliding window of seven amino acids; positive and negative indices
represent hydrophobic and hydrophilic regions, respectively. Vertical dashed lines are positioned at the amino-terminal end of each mature
protein (amino acid residue 1) and at each of the seven conserved proline residues.

cal (11) included a hydrophilic N-terminal region with two or
three basic amino acids followed by a hydrophobic domain
rich in alanine and leucine. The common presence of proline
at position -5, glycine or alanine at position -3, and alanine
at position -1 presumably contributes to the formation of a

specific cleavage site (11, 40) recognized in A. viscosus as
well as E. coli MY3833 (Fig. 3).
Whereas amino acid sequence homology between the

signal peptides of the A. viscosus T14V type 1 and A.
naeslundii WVU45 type 2 fimbrial subunits was not striking,
several different conserved sequences of up to eight identical
residues were present in the mature proteins. The occur-

rence of these conserved sequences in both the N- and
C-terminal regions of each protein and their association with
each of seven conserved proline residues (Fig. 5) suggests a

common pattern of protein folding for the different fimbrial
subunits. The absence of cross-reactivity between type 1 and
type 2 fimbriae of Actinomyces spp. implies that the homol-
ogous sequences probably are not antigenic determinants of
the fimbriae but instead may be buried, either within each
fimbrial subunit or by the interaction between adjacent
subunits.
The conserved sequence near the carboxy-terminal end of

the type 1 and type 2 fimbrial subunits was associated with a

potential membrane-spanning region. This region was simi-
lar to the putative membrane anchors present in certain
nonfimbrial cell surface proteins of gram-positive origin,
including Staphylococcus aureus protein A (20), streptococ-

cal M proteins (24, 30), and Streptococcus protein G (13).
With each of these proteins, a carboxy-terminal hydrophobic
region was preceded by the conserved sequence Leu-Pro-
X-Thr-Gly and followed by a cluster of basic amino acids
near the C-terminal end. Based on the expected orientation
of integral membrane proteins (41) and the predicted bound-
aries (25) of the membrane-spanning segments, the con-
served sequence, Leu-Pro-Leu-Thr-Gly, of each Actinomy-
ces fimbrial subunit (Fig. 4) may be situated on the cell
surface side of the membrane and the basic residues on the
cytoplasmic side. That the C-terminal end of the A. viscosus
T14V type 1 fimbrial subunit may function as a membrane
anchor is suggested by the previous observation that a
47-kilodalton N-terminal truncated protein, expressed in E.
coli from the PstI-SalI fragment of the type 1 fimbrial subunit
gene, was secreted into the periplasm whereas the intact
protein was associated with the inner membrane fraction
(45). A transient association between the carboxy-terminal
region of the type 1 subunit and the A. viscosus membrane
may also occur during fimbria biogenesis and be coordinated
with polymerization of fimbrial subunits. If so, the putative
membrane-spanning region may be integrated into the devel-
oping fimbria or cleaved from each fimbrial subunit as it is
translocated across the membrane.
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ADDENDUM

The authors of a recent report (14) found no homology
between the predicted amino acid sequences of the A.
viscosus T14V type 1 and Streptococcus sanguis FW213
type 1 fimbrial subunits but have suggested functional ho-
mology between these proteins on the basis of similarities of
predicted secondary structure and patterns of hydrophobic-
ity-hydrophilicity. The validity of this proposal remains to be
established, since the structural features of Actinomyces as
well as Streptococcus fimbriae responsible for functional
activity have not been defined.

LITERATURE CITED
1. Beachey, E. H. 1981. Bacterial adherence: adhesin-receptor

interactions mediating the attachment of bacteria to mucosal
surfaces. J. Infect. Dis. 143:325-345.

2. Brennan, M. J., J. 0. Cisar, and A. L. Sandberg. 1986. A
160-kilodalton epithelial cell surface glycoprotein recognized by
plant lectins that inhibit the adherence of Actinomyces naeslun-
dii. Infect. Immun. 52:840-845.

3. Chou, P. Y., and G. D. Fasman. 1978. Prediction of the
secondary structure of proteins from their amino acid sequence.
Adv. Enzymol. 47:45-148.

4. Cisar, J. 0. 1986. Fimbrial lectins of the oral actinomyces, p.
183-196. In D. Mirelman (ed.), Microbial lectins and aggluti-
nins: properties and biological activity. John Wiley & Sons,
Inc., New York.

5. Cisar, J. O., S. H. Curl, P. E. Kolenbrander, and A. E. Vatter.
1983. Specific absence of type 2 fimbriae on a coaggregation-
defective mutant of Actinomyces viscosus T14V. Infect. Im-
mun. 40:759-765.

6. Cisar, J. O., and A. E. Vatter. 1979. Surface fibrils (fimbriae) of
Actinomyces viscosus T14V. Infect. Immun. 24:523-531.

7. Coykendall, A. L., and A. J. Munzenmaier. 1979. Deoxyribonu-
cleic acid hybridization among strains of Actinomyces viscosus
and Actinomyces naeslundii. Int. J. Syst. Bacteriol. 29:234-240.

8. Dayhoff, M. O., W. C. Barker, and L. T. Hunt. 1983. Establish-
ing homologies in protein sequences. Methods Enzymol. 91:
524-545.

9. Devereux, J., P. Haeberli, and 0. Smithies. 1984. A comprehen-
sive set of sequence analysis programs for the VAX. Nucleic
Acids Res. 12:387-395.

10. Donkersloot, J. A., J. 0. Cisar, M. E. Wax, R. J. Harr, and
B. M. Chassy. 1985. Expression of Actinomyces viscosus anti-
gens in Escherichia coli: cloning of a structural gene (fimA) for
type 2 fimbriae. J. Bacteriol. 162:1075-1078.

11. Duffaud, G. D., S. K. Lehnhardt, P. E. March, and M. Inouye.
1985. Structure and function of the signal peptide. Curr. Top.
Membr. Transp. 24:65-104.

12. Elleman, T. C. 1988. Pilins of Bacteroides nodosus: molecular
basis of serotypic variation and relationships to other bacterial
pilins. Microbiol. Rev. 52:233-247.

13. Fahnestock, S. R., P. Alexander, J. Nagle, and D. Filpula. 1986.
Gene for an immunoglobulin-binding protein from a group G
streptococcus. J. Bacteriol. 167:870-880.

14. Fenno, J. C., D. J. LeBlanc, and P. Fives-Taylor. 1989. Nucle-
otide sequence analysis of a type 1 fimbrial gene of Streptococ-
cus sanguis FW213. Infect. Immun. 57:3527-3533.

15. Fives-Taylor, P. M., and D. W. Thompson. 1985. Surface
properties of Streptococcus sanguis FW213 mutants nonadher-
ent to saliva-coated hydroxyapatite. Infect. Immun. 47:752-759.

16. George, D. G., W. C. Barker, and L. T. Hunt. 1986. The protein
identification resource (PIR). Nucleic Acids Res. 14:11-15.

17. Gerlach, G-F., and S. Clegg. 1988. Characterization of two
genes encoding antigenically distinct type-i fimbriae of Klebsi-
ella pneumoniae. Gene 64:231-240.

18. Gibbons, R. J., D. I. Hay, J. 0. Cisar, and W. B. Clark. 1988.
Adsorbed salivary proline-rich protein 1 and statherin: recep-
tors for type 1 fimbriae of Actinomyces viscosus T14V-J1 on

apatitic surfaces. Infect. Immun. 56:2990-2993.
19. Girard, A. E., and B. H. Jacius. 1974. Ultrastructure of Actino-

myces viscosus and Actinomyces naeslundii. Arch. Oral Biol.
19:71-79.

20. Guss, B., M. Uhlen, B. Nilsson, M. Lindberg, J. Sjoquist, and J.
Sjodahl. 1984. Region X, the cell-wall-attachment part of staph-
ylococcal protein A. Eur. J. Biochem. 138:413-420. (Author's
correction, 143:685.)

21. Handley, P. S., and A. E. Jacob. 1981. Some structural and
physiological properties of fimbriae of Streptococcusfaecalis. J.
Gen. Microbiol. 127:289-293.

22. Henikoff, S. 1984. Unidirectional digestion with exonuclease III
creates targeted breakpoints for DNA sequencing. Gene 28:
351-359.

23. Henriksen, S. D., and J. Henrichsen. 1975. Twitching motility
and possession of polar fimbriae in spreading Streptococcus
sanguis isolates from the human throat. Acta Pathol. Microbiol.
Scand. 83B:133-140.

24. Holingshead, S. K., V. A. Fischetti, and J. R. Scott. 1986.
Complete nucleotide sequence of type 6 M protein of the Group
A Streptococcus. J. Biol. Chem. 261:1677-1686.

25. Klein, P., M. Kanehisa, and C. DeLisi. 1985. The detection and
classification of membrane-spanning proteins. Biochim.
Biophys. Acta 815:468-476.

26. Klemm, P. 1985. Fimbrial adhesins of Escherichia coli. Rev.
Infect. Dis. 7:321-340.

27. Kyte, J., and R. F. Doolittle. 1982. A simple method for
displaying the hydropathic character of a protein. J. Mol. Biol.
157:105-132.

28. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

29. McIntire, F. C., L. K. Crosby, A. E. Vatter, J. 0. Cisar, M. R.
McNeil, C. A. Bush, S. S. Tjoa, and P. V. Fennessey. 1988. A
polysaccharide from Streptococcus sanguis 34 that inhibits
coaggregation of S. sanguis 34 with Actinomyces viscosus
T14V. J. Bacteriol. 170:2229-2235.

30. Miller, L., L. Gray, E. Beachey, and M. Kehoe. 1988. Antigenic
variation among group A streptococcal M proteins. J. Biol.
Chem. 263:5668-5673.

31. Mizunoe, Y., Y. Nakabeppu, M. Sekiguchi, S.-I. Kawabata, T.
Moriya, and K. Amako. 1988. Cloning and sequence of the gene
encoding the major structural component of mannose-resistant
fimbriae of Serratia marcescens. J. Bacteriol. 170:3567-3574.

32. Mooi, F. R., and F. K. de Graaf. 1985. Molecular biology of
fimbriae of enterotoxigenic Escherichia coli. Curr. Top. Micro-
biol. Immunol. 118:119-138.

33. Normark, S., M. BAga, M. Goransson, F. P. Lindberg, B. Lund,
M. Norgren, and B. E. Uhlin. 1986. Genetics and biogenesis of
Escherichia coli adhesins, p. 113-143. In D. Mirelman (ed.),
Microbial lectins and agglutinins: properties and biological
activity. John Wiley & Sons, Inc., New York.

34. Paranchych, W., and L. S. Frost. 1988. The physiology and
biochemistry of pili. Adv. Microb. Physiol. 29:53-114.

35. Purcell, B. K., J. Pruckler, and S. Clegg. 1987. Nucleotide
sequences of the genes encoding type 1 fimbrial subunits of
Klebsiella pneumoniae and Salmonella typhimurium. J. Bacte-
riol. 169:5831-5834.

36. Sandberg, A. L., L. L. Mudrick, J. 0. Cisar, M. J. Brennan,
S. E. Mergenhagen, and A. E. Vatter. 1986. Type 2 fimbrial
lectin-mediated phagocytosis of oral Actinomyces spp. by poly-
morphonuclear leukocytes. Infect. Immun. 54:472-476.

37. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

38. Shine, J., and L. Dalgarno. 1975. Determinant of cistron speci-
ficity in bacterial ribosomes. Nature (London) 254:34-38.

39. Staden, R. 1984. A computer program to enter DNA gel reading
data into a computer. Nucleic Acids Res. 12:499-503.

40. von Heijne, G. 1984. How signal sequences maintain cleavage

VOL. 172, 1990



2468 YEUNG AND CISAR

specificity. J. Mol. Biol. 173:243-251.
41. Warren, G. 1981. Membrane proteins: structure and assembly,

p. 215-257. In J. B. Finean and R. H. Michell (ed.), Membrane
structure. Elsevier/North-Holland Biomedical Press, New
York.

42. Wilbur, W. J., and D. J. Lipman. 1983. Rapid similarity
searches of nucleic acid and protein data banks. Proc. Natl.
Acad, Sci. USA 80:726-730.

43. Yanagawa, R., and E. Honda. 1976. Presence of pili in species of
human and animal parasites and pathogens of the Genus Cory-

nebacterium. Infect. Immun. 13:1293-1295.
44. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved

M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13mpl8 and pUC19 vectors. Gene 33:103-119.

45. Yeung, M. K., B. M. Chassy, and J. 0. Cisar. 1987. Cloning and
expression of a type 1 fimbrial subunit of Actinomyces viscosus
T14V. J. Bacteriol. 169:1678-1683.

46. Yeung, M. K., and J. 0. Cisar. 1988. Cloning and nucleotide
sequence of a gene for Actinomyces naeslundii WVU45 type 2
fimbriae. J. Bacteriol. 170:3803-3809.

J. BACTERIOL.


