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The nucleotide sequence encoding pilin, the monomer protein subunit of the pilus from Bacteroides nodosus,
has been determined. The sequence predicts a short, positively charged, amino-terminal segment which is
absent from the amino acid sequence of mature pilin. The coding sequence is preceded upstream by a sequence
of five nucleotides complementary to the 3’ end of 16S rRNA of Escherichia coli—a potentially good ribosome
binding site—and even further upstream by an AT-rich region preceding several potential recognition sites for
RNA polymerase. The coding sequence is followed by a region of hyphenated dyad symmetry having the
potential to act as a rho-independent terminator of transcription.

Many gram-negative bacteria possess numerous small
filamentous surface appendages known as pili (24). Each
pilus is composed of identical subunits of the protein pilin.
The N-terminal amino acid sequences of pilin from bacterial
species as diverse as Neisseria gonorrhoeae, Pseudomonas
aeruginosa, Moraxella nonliquefaciens, and Bacteroides no-
dosus show a high degree of sequence similarity (11, 16, 20,
28). Vaccines prepared from purified whole pili have been
shown to protect against gonorrhoeal infection by urethral
challenge in humans (4), and against footrot in sheep chal-
lenged by B. nodosus of homologous serogroups (10, 30-32).
With a view to the preparation of a pilin vaccine against
footrot by a less fastidious organism than the anaerobe B.
nodosus, we have isolated colonies of E. coli RR1 trans-
formed by the fragmented genome of B. nodosus (strain 198)
cloned in the plasmid vector pBR322 (9). Several transform-
ants produced a protein recognized by anti-pili antibody and
of a mobility indistinguishable from that of pilin on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Map-
ping studies of these transformants have located the pilin
structural gene of B. nodosus spanning the single PstI site
present in all of the plasmid inserts. This study reports the
sequence of that region of the cloned DNA encompassing
the coding sequence of the pilin gene.

Sequence determination. Two recombinant clones (5AS
and 7A1E of reference 9) with plasmid inserts in opposite
orientations relative to pBR322 were used for sequence
determination. The prediction of a short, unusual ‘‘signal
sequence’’ in the coding sequence necessitated verification
in two unrelated clones. Recombinant plasmid was isolated
from bacterial cultures by Triton lysis of lysozyme-EDTA
spheroplasts followed by isopycnic centrifugation in cesium
chloride-ethidium bromide (18). Large restriction fragments
(>600 base pairs) from digestion of plasmids were separated
by electrophoresis in 1% agarose gel and recovered by
electrophoresis onto NA45 membrane (Schleicher &
Schuell, Inc.) (8). DNA sequences were initially determined
by ‘“‘forced” cloning into M13mp8 (21) the PstI-EcoRI
fragments isolated from clone SAS, to prepare templates for
the dideoxy chain-termination method of sequencing (27).
Complementary sequences were verified by the use of
synthetic oligonucleotide primers based on the extremities of
the determined sequence, with the recombinant plasmid
from clones SAS and 7A1E as templates. Sequences were
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also determined for Sau3Al-cut fragments prepared from
both the isolated PstI-EcoRI fragments of clone SAS and
directly from the smaller recombinant clone 7A1E. These
fragments were subcloned in M13mp8, and the sequences
were determined by the use of both a universal primer (6)
and synthetic primers for sequences distant from the univer-
sal priming site (Fig. 1).

Synthetic oligonucleotide primers. Oligonucleotides
(5’'AACTGACTCTAAAC, 5'CCTACTTAGACAAG,
S'TAAATATCATCTTG) were manually synthesized by a
phosphate triester method (7). These primers were purified
by ion-exchange high-pressure liquid chromatography on a
Radial PAK SAX cartridge (Waters Associates) eluted at a
flow rate of 2 ml/min with a gradient of 20 to 240 mM
KH,PO, (pH 7.0) containing 30% (vol/vol) ethanol.

Predicted amino acid sequence. The nucleotide sequence
spanning the Pst] cleavage site of the pBR322-cloned inserts
contains a single open reading-frame that encodes the pro-
tein sequence of mature pilin preceded by an amino-terminal
extension (Fig. 2). Most bacterial proteins destined for
secretion or outer membrane insertion are synthesized as
precursors that contain additional amino-terminal sequence
termed the signal sequence (23). Signal sequences generally
consist of a hydrophobic core of 12 to 20 amino acids that is
preceded by one or more positively charged residues. The
predicted amino acid sequence of pilin lacks a hydrophobic
section within the amino-terminal extension, but corre-
sponds to the general overall structure of a presecretory
protein since the small additional segment is positively
charged and the amino-terminal region of mature pilin is
highly hydrophobic. Thus, the short amino-terminal exten-
sion together with the amino terminal sequence of mature
pilin may constitute a signal sequence. A possible function
for this novel structure of presecretory pilin could be to
avoid later arrest of transfer across the cytoplasmic mem-
brane by the hydrophobic segment of pilin. Partial transloca-
tion in the case of integral membrane proteins destined for
membrane insertion rather than secretion is attained by
arresting transfer at a highly hydrophobic segment after the
signal sequence (35). Inclusion of the highly hydrophobic N-
terminal sequence of mature pilin within the signal sequence
would serve to prevent this sequence from acting as a ‘‘stop-
transfer’’ sequence (2).

Cleavage of a signal sequence is not a prerequisite for
export (19), although signal sequences are generally proteo-
lytically removed from presecretory proteins. Small residues
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FIG. 1. Summary of sequencing strategy. The pBR322-cloned inserts from clones 5AS and 7A1E, and their derived restriction fragments
cloned in M13mp8 for use in sequence determination, are shown. The pBR322 vector is indicated by thick lines. Restriction enzyme sites for
EcoRI (E), Hindlll (H), BamHI (B), Pstl (P), and Sall are indicated, together with the BamHI site (B') of pBR322 into which the DNA of B.
nodosus was inserted. Sau3Al sites (S) are only indicated within that section of the insert DNA shown expanded between the dotted lines.
Locations of synthetic primer sites are indicated by dots. The predicted coding region and direction of transctiption of pilin is indicated by

arrows.

are found preceding the cleavage point, and in this respect
the presecretory pilin sequence resembles other signal se-
quences since the amino acid preceding the mature sequence
of pilin is glycine. The ultimate function of the N-terminal
hydrophobic segment in mature pilin may be to form the
inter-subunit contacts between pilin monomers within the
pilus. That high precision is required, whatever the function,
is suggested by the outstanding sequence conservation
(100%) seen between the hydrophobic N-terminal segments
of pilin from diverse genera of bacteria. Sequence homology
is not apparent elsewhere in the molecules (20).

Several differences occur between the sequence of pilin
predicted from the gene and the reported amino acid se-
quence (20). The disparities at amino acid residues 73, 95,
and 128 have since been recognized as errors in the determi-
nation of the amino acid sequence (N. M. McKern, personal
communication). The only other disparity involves the as-
signment of an amide group to aspartic acid in the deter-
mined amino acid sequence, the gene sequence predicting
aspartic acid at position 87 of mature pilin from clones SAS
and 7A1E.

Translation and transcription signals. The only. potential
translation initiation codons (AUG, GUG, AUA, UUG)
found-within the open reading frame preceding the coding
sequence of mature pilin occur in the ;53ATGATG sequence.
A potential Shine-Dalgarno sequence (29), ;45sAGGAG, oc-
curring three nucleotides upstream from this sequence,
suggests that translation initiation occurs at the second ATG
triplet, since the distance between the proposed Shine-
Dalgarno sequence and the first ATG triplet is much shorter
than the minimal five bases generally found for initiation
codons (33). This first triplet also lacks other markers
characteristic of initiation codons (12, 33), whereas the
second ATG triplet has several. These markers are (i)
AAAA immediately after the ATG triplet, and (ii) TA eight
residues after the ATG triplet, both common sequences at

these positions relative to initiation codons. Termination
codons overlap or closely precede the translation initiation
site in all three reading frames. Termination codons in this
region are characteristic of many bacterial initiation sites (1),
although this may only reflect the high incidence of A in this
region (12).

After the protein coding sequence of the pilin gene are two
adjacent termination codons. The former, TAA, is thought
to be the major termination codon used in Escherichia coli
(3). These are followed closely downstream by a region of
hyphenated dyad symmetry ending in a run of T residues. A
very stable RNA stem and loop structure (AG = —18.4
kilocalories [77.0 kJ] [34]) can be formed from this sequence.
This feature is characteristic of the 3' termini of many
bacterial mRNAs, indicating a potential rho-independent
transcription termination signal for RNA polymerase (26).

Without transcript mapping, promoter sequences are diffi-
cult to identify. Homology with the canonical recognition
site (—35 site) and binding site (—10 site) of E. coli RNA
polymerase (15, 26) is often so low in many identified
promoters that their identification would be impossible with-
out prior knowledge of transcription initiation sites. A fea-
ture of many strong promoters (5, 22, 25), however, is an
extensive AT-rich region preceding the recognition site and
believed to lower the melting temperature of the DNA, thus
facilitating RNA polymerase-mediated strand unwinding.
Such an outstanding AT-rich region (nucleotides 21 to 63 in
Fig. 2) occurs upstream of the pilin coding sequence. Within
and after this putative entry point for RNA polymerase are
several sites showing similarity with the canonical TTGACA
recognition site and the TATAAT binding site of RNA
polymerase. A short region of hyphenated dyad symmetry, a
feature sometimes found associated with the RNA polymer-
ase binding site, is situated a few nucleotides upstream of the
potential ribosome binding site.

Codon usage. It is interesting to consider the codon usage
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1 50
5' AAAAAAAGCGCGTGTGCCAGAAAAATAATTTTTTAACTCATTGTTTTTAAATATAAAAATAATGTTGGCATTGATG

100 150
ACGCATAATGAAAGGCATCAGGCAACTGACTCTAAACAAGATGATATTTAAATGTTCACATTCTTAATAGGAGAATATG

200
ATG AAA AGT TTA CAA AAA GGT TTC ACC TTA ATC GAA CTC ATG ATT GTA GTT GCA ATT ATC
Met Lys Ser Leu Gln Lys Gly Phe Thr Leu Ile Glu Leu Met Ile Val Val Ala Ile Ile
1 10

250
GGT ATC TTA GCG GCT TTC GCT ATC CCT GCA TAT AAC GAC TAC ATC GCT CGT TCA CAA GCA
Gly Ile Leu Ala Ala Phe Ala Ile Pro Ala Tyr Asn Asp Tyr Ile Ala Arg Ser Gln Ala
20 30

300
GCT GAA GGC TTA ACA TTG GCT GAT GGT TTG AAG GTT CGC ATT TCT GAT CAC TTA GAA AGC
Ala Glu Gly Leu Thr Leu Ala Asp Gly Leu Lys Val Arg Ile Ser Asp His Leu Glu Ser
40 50

350
GGT GAA TGT AAG GGA GAT GCG AAC CCA GCT TCA GGA TCT TTA GGT AAT GAT GAT AAA GGT
Gly Glu Cys Lys Gly Asp Ala Asn Pro Ala Ser Gly Ser Leu Gly Asn Asp Asp Lys Gly
60 70

400 450
AAA TAC GCT CTT GCT ACA ATT GAT GGT GAT TAT AAT AAA GAC GCG AAA ACT GCT GAT GAG
Lys Tyr Ala Leu Ala Thr Ile Asp Gly Asp Tyr Asn Lys Asp Ala Lys Thr Ala Asp Glu
80 90

5Q0
AAG AAT GGT TGT AAA GTT GTA ATC ACT TAT GGT CAA GGT ACT GCA GGC GAG AAA ATT TCT
Lys Asn Gly Cys Lys Val Val Ile Thr Tyr Gly Gln Gly Thr Ala Gly Glu Lys Ile Ser
100 110

550
AAG TTA ATC GTT GGT AAG AAA TTG GTT TTA GAT CAA TTT GTT AAT GGT TCA TAC AAA TAT
Lys Leu Ile Val Gly Lys Lys Leu Val Leu Asp Gln Phe Val Asn Gly Ser Tyr Lys Tyr
120 130

600
AAT GAA GGC GAA ACT GAT TTG GAA CTT AAA TTT ATT CCG AAT GCT GTT AAA AAC TAATAGC
Asn Glu Gly Glu Thr Asp Leu Glu Leu Lys Phe Ile Pro Asn Ala Val Lys Asn
140 150

700
TAGCTCTTAAATGCGAAAGCCTCTCTCTTGAGAGGCTTTTTTATGGTTTATTGTTTCTATCATTTAAACAAAGGAAAAT

TAACTCATAATCATCTACTCTATATCTTGTCTAAGTAGG 3'

FIG. 2. Nucleotide sequence encoding pilin of B. nodosus (strain
198). The sequence was derived independentl]y from clones SAS and
7A1E. Only that DNA strand corresponding to the mRNA sequence
is shown. The predicted amino acid sequence of the open reading
frame containing the coding sequence of pilin is numbered from the
first amino acid of mature pilin. Two regions of hyphenated dyad
symmetry are underlined.

of the pilin gene from B. nodosus (Table 1) in relation to the
codon usage of E. coli since this has an important bearing on
the expression of pilin by this foreign host. In E. coli, the
genes of proteins produced in large quantities show a highly
preferential use of certain codons recognized by the most
abundant isoaccepting species of tRNA. Codons recognized
by the minor tRNA species are rarely used (14). These latter
codons (AUA, CUA, CG&, AG&, GG8), which might result
in inefficient translation if used excessively in a foreign gene,
are largely absent in the pilin coding sequence (Table 1).
Other codons used only sparingly in the highly expressed
genes of E. coli (UC&, ACG, CCC [13)) are also infrequent in
the pilin coding sequence.

The pilin cading sequence shows a highly preferential use
of T in the third position of the codon. This use is most
predominant in the quartet codons. A similarly preferential
use of T as the third base in the quartet codons has been
recognized in the highly expressed genes of E. coli. It has
been suggested that the preferential use of T rather than C as
the third base of the codon facilitates the efficient translation
of highly expressed E. coli genes by averting the formation
of the most tightly bound codon-anticodon complexes (13).
This feature should also facilitate expression of pilin in E.
coli.

The major disparity between the overall codon usage in

J. BACTERIOL.

TABLE 1. Frequency of codon usage in the predicted coding
region of the pilin gene®

Phe 2UUU  Ser 3 UCU Tyr 4 UAU Cys 2UGU
2UUC 0 Ucc 3 UAC 0 UGC

Leu 8 UUA 3 UCA Term UAA Term UGA
4UUG 0 UCG UAG Trp 0 UGG
2CUU Pro 1CCU His 0 CAU Arg 1CGU
1CUC 0 CCC 1 CAC 1 CGC
0CUA 1 CCA Gin 4 CAA 0CGA
0CUG 1 CCG 0 CAG 0CGG

Ile 6 AUU Thr 4 ACU Asn 6 AAU Ser 1AGU
7 AUC 1 ACC 3 AAC 1 AGC
0AUA 2 ACA Lys 12 AAA Arg 0AGA

Met 1 AUG 0 ACG S AAG 0 AGG
Val 7TGUU  Ala 10 GCU Asp 10 GAU Gly 12 GGU
0GUC 0 GCC 2 GAC 3 GGC
2GUA 4 GCA Glu 7 GAA 2GGA
0GUG 3 GCG 2 GAG 0 GGG

@ Possible initiation codons are excluded. Codons corresponding to minor
(or weakly interacting) tRNA species in E. coli are underlined. First position
totals: U, 31; C, 13; A, 49; G, 64. Second position totals: U, 42; C, 33; A, 59;
G, 23. Third position totals: U, 71; C, 25; A, 45; G, 16.

genes of E. coli and that of the pilin gene is the lack of use of
the CTG codon for leucine in the latter. In E. coli, 50% of all
occurrences of leucine are coded by CTG. However, tRNA
molecules interacting with CU§ or UUS are abundant in E.
coli (17) and should allow efficient translation of all the
leucine codons in the pilin gene.

The nucleotide sequence determined for the coding region
of pilin, together with the neighboring DNA sequence,
suggests that it may be feasible to express in E. coli the large
quantities of pilin necessary for the production of a single
protein vaccine to replace the conventional whole-cell B.
nodosus vaccine. The codon usage, the ribosome binding
site, and the transcription termination site all resemble their
counterparts in E. coli genes. Only the putative promoter
region and the unusual signal sequence are without a well-
defined equivalent in E. coli and might require genetic
manipulation for efficient expression in this host. Amino acid
sequence studies (N. McKern, personal communication) on
the protein as expressed in E. coli RR1 from a strong phage A
promoter have indicated that the short signal sequence
predicted by the gene sequence is not removed in this
organism.

The whole-cell B. nodosus vaccine currently in use is
expensive to manufacture because of the fastidious nature of
the organism and its sparse growth and variable pilus expres-
sion when grown in bulk liquid culture. In addition, the large
amount of extraneous antigen in this vaccine causes vaccinal
lesions (31). A single protein vaccine produced by recombi-
nant DNA techniques could circumvent all of these prob-
lems of the conventional vaccine.

We are grateful to D. J. Stewart, B. L. Clark, and D. L. Emery for
introducing this problem to us, and for their collaboration in the
cloning and identification of E. coli recombinants containing the
pilin gene of B. nodosus.
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