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1. INTRODUCTION 2. EXPERIMENTAL 

Bacteroides nodosus is the organism responsible 
for transmitting footrot in sheep grazing on wet 
pastures [l-3]. Vaccines prepared against homo- 
logous serotypes are highly effective in both pre- 
venting and curing the disease in immunised sheep 
[4,5]. In common with other gram-negative bac- 
teria, B. nodosus possesses flexible filaments 
known as pili which have a diameter of 5-6 nm 
and are up to 25pm in length [6-81. Each pilus is 
composed of identical subunit pilin proteins of M, 
-18 400 [8]. Although pilus vaccines are highly 
effective against infection with homologous strains 
of bacteria [9-121, a vaccine is required which will 
protect against all 8 pilus serogroups recognised in 
Australia to date [ 131. This work aims at providing 
structural information that will lead to the de- 
velopment of a cheap and highly effective vaccine 
against footrot. The current strategy is based on 
the premise that there exists a region of amino acid 
sequence in pilin common to the 8 serogroups, 
which could be used to make a peptide vaccine that 
is host protective. A similar approach is being tried 
in the search for an effective vaccine against 
Neisseria gonorrhoeae [14]. We here report the 
complete amino acid sequence of pilin protein 
from B. nodosus and compare it with those of 
some other bacteria whose pilin proteins have been 
completely or partially sequenced. 

Pili from strain 198 (CSIRO Animal Health cul- 
ture collection) of B. nodosus were isolated as in 
[ 151 and were further purified by dissolving the pili 
in 98-100% formic acid and passing the solution 
through a Biogel P6 column, using 98-100% for- 
mic acid as eluent. The pili subunits were shown to 
be homogeneous by SDS-polyacrylamide gel elec- 
trophoresis. The protein was reduced and carboxy- 
methylated with iodo[ 14C]acetic acid as in [16]. 
Enzymic digestion with TPCK-trypsin, chymotryp- 
sin and V8 protease from Staphlococcus aureus 
was carried out in 0.05 M ammonium bicarbonate 
at 37°C overnight at an enzyme: substrate ratio of 
l-50 (w/w). Thermolytic digestion was carried out 
under similar conditions, but with 5 mM CaClz 
included in the buffer. Cleavage with 2% formic 
acid was performed at 108°C for 2 h at pH 2 [17]. 
Insoluble material contained in digest solutions 
after incubation was removed by centrifugation 
and soluble peptides isolated by HPLC in 0.05% 
trifluoroacetic acid on a Waters PBondapak Cr8 
column, using an acetonitrile gradient. Some pep- 
tides (designated *) were purified by high voltage 
paper electrophoresis and subsequent chromato- 
graphy in n-butanol-acetic acid-water-pyridine 
(15 : 3 : 12: lo), by vol.). 

Amino terminal sequencing of undigested SCM- 
pilin was carried out using an automated sequencer 
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as in 1181. Peptides were manually sequenced by a 
modified Edman procedure [ 191, using 50% pyri- 
dine as the coupling buffer and extracting with 
~-heptane-ethyl acetate (2 : 1, v/v) instead of ben- 
zene [ZO]. Residues were identified as PTH-amino 
acid derivatives by HPLC gradient eIution on a 
Zorbax cl8 column (Du Pont), or as the dansy1 
derivatives by two-dimensional chromatography 
[21]. The carboxyl terminal was tritium-labelled as 
in [22]. 

3. RESULTS AND DISCUSSION 

mination of the primary structure are illustrated in 
fig. 1. The N-terminal amino acid of pilin was iden- 
tified as ~-methylphenylalanine by co-chroma- 
tography of the dansyl derivatives and this identifi- 
cation was confirmed by the finding that PTH- 
derivatives of the N-terminal amino acid and 
N-methylphenylalanine had the same retention 
time on reversed-phase HPLC. It was found that 
about half of the pilin molecules lacked the 
N-methylphenylalanine residue, as has been ob- 
served for pilin from N. gonorrhoeae [23]. Auto- 
matic sequenator analysis of intact protein provided 
sequence data UP to residue 47, residues 20-47 
being confirmed by the sequences of peptides Cl, 
C2, Tl and SA2. The overlap peptide SA4 con- 
netted peptide T3 to T4 and the sequence was 
extended to residue 98 by peptide CS overlapping 
with peptide T5. Peptide T6 was aligned by the 

The complete amino acid sequence of pilin from 
strain 198 of B. ~odosus is shown in fig. 1. The pro- 
tein contains 151 amino acid residues, correspon- 
ding to an MI in the unreduced form of 16290. 
Sequence data necessary for the unequivocal deter- 
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Fig. 1. Primary structure of pilin from B. nodmus strain 198; automated sequencing indicated by dashed line, manual 
sequencing by solid lines; T, tryptic peptides; C, chymotryptic peptides; SA, Staphlococcus aureus V8 protease peptides; 
A, peptides from dilute acid cleavage; TH, thermoiytic peptide. Only those peptides necessary for the elucidation of 

the sequence are shown. Peptides not sequenced to completion are shown by +. 
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sequence of the peptide SAS, peptides C6 and SA6 
extending the known structure to residue 122. 

Difficulty was encountered in sequencing manu- 
ally past the Asp-Gly bond (residues 128 and 129) 
in peptides T9 and C8. Problems with Asp-Gly 
bonds in other proteins have been reported before 
[24-261 and were alleviated in an automated se- 
quencing procedure by reducing the time of tri- 
fluoroacetic acid cleavage [25]. A similar modifica- 
tion to the manual technique used here enabled the 
determination of the complete sequences of pep- 
tides T9 and C8. None of the other three Asp-Gly 
bonds in B. nodosus pilin presented any sequence 
difficulties. 

The sequence was extended to residue 143 by the 
overlap of peptide Al0 with T9 and TlO, the over- 
lap peptides All and Cl0 then continuing the 
sequence to residue 15 1. Evidence that the C-termi- 
nal residue of the protein is Asn 15 1 is provided by 
3 sets of data. First, 4 different enzyme digests, as 
well as dilute acid cleavage of the protein, con- 
tained peptides ending at Asn 151. Second, the 
C-terminal amino acid was identified as either 
asparagine or aspartic acid by selective tritiation 
[22], and third, upon digestion of the protein with 
carboxypeptidase Y, asparagine was the first amino 
acid released. 

Table 1 

Amino acid composition of pilin from B. nodosus 
strain 198 

Amino acid Number of residues per subunit 

Analysis” Sequence 

CMC 1.7 2 
Asx 21.5 21 
Thr 7.2 7 
Ser 7.3 7 
Glx 13.0 12 
Pro 4.2 3 
ClY 17.3 15 
Ala 17.3 17 
Val 7.9 9 
Met 0.5 1 
Be 9.5 13 
Leu 13.3 14 
Tyr 7.6 7 
Phe 3.7 3 
LYS 15.5 16 
His 1.4 1 
Arg 2.5 2 

Total 151.4 151 

a Samples hydrolysed for 18 h at 110°C under vacuum in 
constant-boiling HCl containing 0.01% phenol 
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Fig.2. Profile of the hydrophilicity index for B. nodosus strain 198 pilin. Hydrophilicity values of each residue were 
averaged sequentially over spans of 6 residues along the protein [31] and these values plotted at the midpoint of the 
six residues averaged. N-Methylphenylalanine was assigned the hydrophilicity value of phenylalanine. For comparison, 

the profile of the hydrophilicity index for P. ueruginosu pilin is shown by the dashed line [30]. 
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The sequence obtained comprises satisfactorily 
with the amino acid analysis of the protein hydro- 
lysate (table l), except for the low values obtained 
for valine and particularly for isoleucine. The 
sequence, however, contains several peptide bonds 
with either valine or isoleucine residues in juxta- 
position (residues 8-10, 12-13, 99-101, 116-117) 
and these bonds are known to be resistant to acid 
hydrolysis [27,28]. 

subunits to form filamentous structures [23,29,30]. 
Considerable homology between the pilin sequences 
is evident up to about residue 44, but is infrequent 
for the remaining portions of sequences depicted in 
table 1. 

Pilin from strain 198 of B. nodosus contains 13 
aspartic acid, 9 glutamic acid, 16 lysine, 1 histidine 
and 2 arginine residues, indicating that the protein 
is acidic in nature. There are two half-cystine resi- 
dues per molecule and these do not form an intra- 
molecular disulphide bond, since SCM-pilin and 
unreduced pilin showed similar mobility when elec- 
trophoresed in SDS-polyacrylamide gels (thus 
indicating the absence of intermolecular bridges in 
the unreduced protein). 

When a hydrophilicity index [31] was con- 
structed from the sequence of strain 198 of B. 
nodosus using average values along spans of 6 resi- 
dues, the profile shown in fig.2 was obtained. As 
expected, the N-terminal region exhibits a negative 
hydrophilicity profile, very similar to that obtained 
for P. aeruginosa PAK pilin [30]. The remainder 
of the B. nodosus profile contains a number of 
hydrophilic regions, at least three of which have 
peaks in positions close to those in P. aeruginosa 
(residues 94, 112 and 137). 

The N-terminal 2Cresidue sequence is very hyd- 
rophobic and is highly homologous with that of 
pilin from N. gonorrhoeae, Moraxella nonlique- 
faciens and Pseudomonas aeruginosa (table 1). 
This highly conserved hydrophobic region may 
facilitate transport of the protein through cell 
membranes and promote interactions between the 

It is of interest that partial [23,32,33] or com- 
plete [34,35] amino acid sequences of pilin from 
several strains of Escherichia coli show no signifi- 
cant homology with any regions of the molecules 
listed in table 2. Furthermore, the two known 
C-terminal sequences of E. coli pilin are quite hyd- 
rophobic, whereas in pilin from B. nodosus (and 
the other pilins in table 2) it is the N-terminal se- 
quence which is particularly hydrophobic. Hence it 
appears that the subunit proteins comprising the 
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Table 2 

Amino-terminal amino acid sequences of pilin from B. nodosus (Family Bacteroidaceae), N. gonorrhoeae [23] and 
Moraxella nonliquefaciens [29] (Family Neisseriaceae) and Pseudomonas aeruginosa [30] (Family Pseudomonadaceae) 

B. nodosus 

N. gonorrhoeae 

M. nonliquefaciens 
P. aeruginosa 

B. nodosus 
N. gonorrhoeae 

M. nonliquefaciens 
P. aeruginosa 

B. nodosus 
N. gonorrhoeae 
M. nonliquefaciens 
P. aeruginosa 

1 5 10 15 20 

MePhe Thr Leu Ile Glu Leu Met Ile Val Val Ala Ile Ile Gly Ile Leu Ala Ala Phe 

MePhe Thr Leu Ile Glu Leu Met Ile Val Ile Ala Ile m Gly Ile Leu Ala Ala Val 

cl MePhe Thr Leu Ile Glu Leu Met Ile Val Ile Ala Ile Ile Gly Ile Leu Ala Ala Ile 

MePhe Thr Leu Ile Glu Leu Met Ile Val Val Ala Ile Ile Gly lie Leu Ala Ala Ile 

45 50 55 60 

Val Arg [Ile] Asp His m Glu Ser m Glu CMC Lys Gly Asp Ala 

Ser Ala Val Thr Glu Tyr Tyr Leu Asn His Gly Lys Trp Pro Glu 

Thr Gly [n/Thr 

Boxed residues are identical to those of pilin from B. nodosus 
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highly specialized bacterial appendage, the pilus, 
can consist of quite different amino acid sequences 
for different bacteria, but with one end necessarily 
being hydrophobic. 
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