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NOTES

Two Unusual Pilin Sequences from Different Isolates of
Pseudomonas aeruginosa
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The pilin genes of two Pseudomonas aeruginosa strains isolated from two different patients with cystic fibrosis
were cloned and sequenced. The predicted protein sequences of these two pilins had several unusual features
compared with other published P. aeruginosa pilin sequences.

Pseudomonas aeruginosa is an opportunistic pathogen
which readily infects hosts who have been immunocompro-
mised by cancer, thermal injury, or cystic fibrosis (3). Polar
pili, produced by this organism, are long, filamentous ap-

pendages which have been shown to be virulence factors by
virtue of their ability to promote adherence to epithelial
tissue and thus establish colonization (18, 26). The subunit
monomer of pili, pilin, has a molecular weight of about
15,000. These subunits are arranged in a helical configuration
of five subunits per turn in the assembled pilus (25). The P.
aeruginosa pilins appear to be part of a conserved family of
pilins which share extensive N-terminal sequence homology,
and they have an unusual N-methylphenylalanine (NMePhe)
(7, 9) as the first amino acid in the mature pilin. This class of
pilin is often referred to as NMePhe (17) or type 4 (13) pili
and includes the pili of P. aeruginosa, Moraxella bovis,
Neisseria gonorrhoeae, Neisseria meningitidis, and Bacte-
roides nodosus. We now present the DNA sequences and
the predicted primary structures of two other P. aeruginosa
NMePhe pilins which have several different features com-

pared with any of the other published P. aeruginosa pilin
sequences.

P. aeruginosa P1 was originally cultured from the sputum
of a patient with cystic fibrosis in the University of Minne-
sota Hospital, Minneapolis (24). It was generously provided
by D. P. Speert, British Columbia Children's Hospital Re-
search Centre, Vancouver, British Columbia, Canada. P.
aeruginosa K122-4 was isolated from a cystic fibrosis patient
in Toronto and was provided by R. T. Irvin, Department of
Botany and Microbiology, Erindale College, University of
Toronto, Missisauga, Ontario, Canada.
The chromosomal DNAs from these two strains were

isolated, subjected to several restriction enzyme digestions,
fractionated, and blotted onto nitrocellulose filter paper as

previously described (20). The blots were allowed to hybrid-
ize to the nick-translated 610-base-pair PstI fragment from
strain PAK which codes for the first 95 amino acids of
mature pilin and also has about 320 base pairs of DNA
upstream of the pilin gene (20). High-stringency hybridiza-
tion conditions were used, and the washes were performed
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at room temperature before the blots were subjected to
autoradiography (12).

Interestingly, strain P1 was the first isolate which did not
contain the pilin gene in a 1.2-kilobase (kb) HindlIl frag-
ment. The HindlIl fragment was greater than 21 kb and
therefore was not useful for cloning and sequencing. Instead,
a 3.5-kb HindIII-BamHI fragment was cloned into the vector
pUC19 (chimera pPl-001) by shotgun cloning methodology
(20). Escherichia coli DH5a [K-12 F- endAl hsdRJ7 (rK-
MK+) supE44 thi-J A- recAl gyrA96 relAl +80dlacZ AM15i
was purchased from Bethesda Research Laboratories, Bur-
lington, Ontario, Canada, and was the strain used for DNA
transformations. A 1.5-kb SphI-PstI fragment containing the
entire pilin gene was subcloned into pUC19 (chimera pPl-
005) with E. coli JM109 (27) used for the transformations. A
730-base-pair SphI fragment directly upstream of the SphI-
PstI fragment was subcloned from pPl-001 into pUC19 to
create pPl-006. This clone was constructed to obtain se-

quence information upstream of the P1 pilin gene.
On the other hand, strain K122-4 had a 1.2-kb HindlIl

fragment which hybridized to the PAK probe. The shotgun
strategy used to clone the P1 pilin gene was also used to
clone the 1.2-kb HindlIl fragment with the vector pUC19
(chimera pK122-4) and E. coli JM109.
The recombinant plasmids pPl-005, pPl-006, and pK122-4

were isolated in large quantities by CsCl density centrifuga-
tion, and the pilin genes were sequenced by the Sanger
dideoxy method (20). Both strands of both pilin genes were

sequenced. The enzymes Sau3A and SphI were used to
subclone the P1 pilin gene, and two synthetic oligonucleo-
tides encompassing nucleotide positions 263 to 279 and 664
to 680 (Fig. 1) were used as primers to obtain overlaps and
the sequence of the opposite strand. AluI, Sau3A, and
Hindlll were the only restriction enzymes required to sub-
clone the K122-4 pilin gene for the complete sequence. The
DNA sequences and the predicted protein sequences of the
P1 and K122-4 pilin genes are shown in Fig. 1. Within the
two DNA sequences, starting at approximately nucleotide
position 120, are the predicted NtrA-dependent promoters as

previously recognized by Johnson et al. (11). The putative
NtrA-dependent promoter is a region 10 to 26 base pairs
upstream of the transcription start site, where the ntrA gene
product, acting as a sigma factor, is believed to be required
for transcription initiation. Pseudomonas NtrA-dependent
promoters have also been discovered for the xylABC operon
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P1

20 40 60
AGGGGCTGCCAAATCGAGGAAATCCAGCTGTCAAAAAATGTCAC ATCCTGTCCGTTTTAA

80 100 120
GTTTGACTCTCATCGAGAAAGGAGCCCAGTTTCCTTGATCATGGCACGGTTTGATATT[j

140 160 180
GCATGGTAAGTGCTTGTTGAGGATCAGGCGTTAGGCCTATACATATCAATGGAGAAATTC

200 220 240
ATGAAAGCTGCTCAAAAAGGCTTTACCTTGATCGAATTGAlGATCGTGGTCGCGATCATC
MetLysAlaAlaGlnLysGlyPheThrLeuIleGluLeuMetIleValValAlaIleIle
-7 +1 +10

260 280 300
GGIATTCJGGCTGCCATCGCTATTCCAGCGTATCAGGACTACACCGCACGCGCTCAGCTT
GlylleLeuAlaAlalleAlaIleProAliTyrGlnAspTyrThrAlaArgAlaGlnLeu

+20 +30

320 340 360
AGCGAACGCATGACCCTGGCCAGTGGTCTCAAGACGAAAGTGAGCGATATCTTCTCTCAG
SerGluArgMetThrLeuAlaSerGlyLeuLysThrLysValSerAspIlePheSerGln

+40 +50

380 400 420
GATGGGTCCTGCCCGGCTAATACTGCTGCCACGGCAGGCATCGAGAAAGATACCGACATC
AspGlySer aroAlaAsnThrAlaAlaThrAlaGlylleGluLysAspThrAsplle

+60 +70

440 460 480
AACGGCAAGTATGITGCCAAGGTAACAACTGGTGGCACCGCAGCTGCGTCTGGTGGTTGC
AsnGlyLysTyrValAlaLysValThrThrGlyGlyThrAlaAlaAlaSerGlyGly

+80 +90

500 520 540
ACTATCGTTGCTACTATGAAAGCCTCTGATGTGGCTACTCCTCTGAGGGGGAAAACTCTG
ThrIleValAlaThrMetLysAlaSerAspValAlaThrProLeuArgGlyLysTh.rLeu

+100 +110

560 580 600
ACTTTGACTCTAGGAAATGCTGACAAGGGTTCITACACTTGGGCCTGTACTTCCAACGCA
ThrLeuThrLeuGlyAsnAlaAspLysGlySerTyrThrTrpAlar3 hrSerAsnAla

+120 +130

620 640 660
GATAACAAGTACCTGCCAAAAACCTGCCAGACTGCTACCACTACCACTCCGTAATAAAGT
AspAsnLysTyrLeuProLysThrry GlnThrAlaThrThrThrlhrPro

+140 +150

680
AGC AT AC GGC TAGGT T GT GC C GGATTAG

20 40 60
GGGGCTGCCAAACCGACGATTCCGAGATGCCAAAAAGTGTCACATATTGCCGGCAGGGGA

80 100 120
GAGCGGAACACTTTCGAAGTCCCCGCAAGAGTTGCGAAAGGAGGGCGTTTGAAAGGTTGG

140 160 180
CATGCAACCTGCTTTGAAGGGGGAAGGCGTTTGGCCTATACATACCACATGGAGATATTC

200 220 240
ATGAAAGCTCAGAAGGGTTTTACTCTGATCGAACTGATGATCGTGGTTGCGATCATCGGC
MetLysAlaGlnLysGlyPheThrLeuIleGluLeuMetIleValValAlaIlelleGly
-6 +1 +10

260 280 300
ATCCTGGCCGCCATTGCCATCCCGCAATACCAGGACTACACCGCCCGTACCCAGGTGACC
IleLeuAlaAlaIleAlalleProGlnTyrGlnAspTyrThrAlaArgThrGlnValThr

+20 +30

320 340 360
CGTGCCGTGAGTGAAGTCAGCGCGCTGAAGACCGCTGCGGAGTCGGCGATTCTGGAAGGG
ArgAlaValSerGluValSerAlaLeuLysThrAlaAlaGluSerAlalleLeuGluGly

+40 +50

380 400 420
AAGGAGATTGTTTCCAGCGCGACTCCTAAAGATACCCAGTATGACATTGGCTTCACCGAG
LysGluIleValSerSerAlaThrProLysAspThrGlnTyrAspIleGlyPheThrGlu

+60 +70

440 460 480
TCTACTTTGCTAGATGGTTCTGGTAAGAGTCAGATCCAGGTAACGGACAATAAAGATGGC
SerThrLeuLeuAspGlySerGlyLysSerGlnIleGlnValThrAspAsnLysAspGly

+80 +90

500 520 540
ACCGTTGAGTTGGTCGCTACCTTGGGTAAATCTTCTGGTTCCGCCATCAAAGGGGCTGTA
ThrValGluLeuValAlaThrLeuGlyLysSerSerGlySerAlalleLysGlyAlaVal

+100 +110

560 580 600
ATCACTGTTTCGCGTAAAAATGACGGAGTCTGGAACTGCAAAATCACCAAAACTCCTACA
IleThrValSerArgLysAsnAspGlyValTrpAsr LysIleThrLysThrProThr

+120 +130

620 640 660
GCTTGGAAGCCCAACTACGCTCCGGCTAATTGCCCGAAATCCTAA1CGGTTTTTTGAGTT
AlaTrpLysProAsnTyrAlaProAlaAsni ProLysSer

+140

680
GTTTTGAGTGTGAAGGAAGCTCCCCCGATT

FIG. 1. Nucleotide sequences and the predicted amino acid sequences of the pilins from P. aeruginosa P1 and K122-4. Nucleotides are

numbered along the top of the sequences, and amino acids are numbered along the bottom of the sequences. Negative numbering indicates
the amino acid positions within the putative leader peptides of the two pilins. Arrows indicate the putative transcription initiation sites, and
single-underlined sequences are the consensus sequences for the putative NtrA-dependent promoters (positions 119 to 133 for K122-4 and 118
to 132 for P1) (11). Double-underlined regions indicate the putative NifA recognition sites (positions 29 to 45 for K122-4 and 28 to 44 for P1)
(8). The predicted cysteine residues of the two pilins are boxed.

of the TOL plasmid (6) and the carboxypeptidase G2 gene
(15) ofPseudomonas putida. In many enteric bacteria, genes
involved in nitrogen assimilation, such as glnA, as well as
the nitrogen fixation genes in organisms like Klebsiella
pneumoniae, have NtrA-dependent promoters, and these
genes are regulated by the gene products encoded by ntrC
and nifA, respectively (8). NtrC and NifA both recognize
specific sequences upstream of the genes that they positively

regulate. Analysis of the DNA upstream of the pilin genes
from P. aeruginosa PAK (22), PAO (22), PA103 (11), P1, and
K122-4 revealed a conserved sequence among all five strains
which was located approximately 114 nucleotides upstream
of their putative transcription initiation sites. This sequence
had a strong homology with the NifA recognition sites of the
nitrogen fixation genes which are normally located 100 to 150
nucleotides upstream of the transcription initiation site (Fig.

TABLE 1. Putative NifA recognition sites from the pilin genes of five P. aeruginosa isolates

Strain (reference) Sequencea Posen ofequence ~~~~~~~~~~consensus G
Consensus (4) T G T . . . . . . . . . . . A C A -100 to -150

PAK (22) GGAGTCC GCTGTCAAAAAG£TGTCACATCCTGTCCGT -113
PAO (22) GAAATCCAGCTGTCAAAAAATGTCACATCCTGTCCGT -114
PA103 (11) GAAATCCAGCTGTCAAAAAATGTCACATCCTGTCCGT -114
K122-4 GAAATCCAGCTGTCAAAAAATGTCACATCCTGTCCGT -114
P1 G A T T C C G A C A T G C C A A A A A £ T G T C A C A T A T T G C C Q G C -114

a Underline nucleotides indicate differences from the predominant nucleotide of that position.
b Relative to the putative transcriptional initiation sites at positions 143 and 144 for P1 and K122-4, respectively (Fig. 1).
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I
-5 +1 5 10 15 20 * 25 30 35

PAK MIK . AQKGFTLIELMIVVAIIGILAAIAIPQYQNYVARSEGAS
PPE MK AQKGFTLIELMIVVAIIGILAAIAIPQYQNYVARSEGAS
CD MK AQKGFTLIELMIVVAIIGILAAIAIPQYQNYVARSEGAS
Pi MK AQKGFTLIELMIVVAIIGILAAIAIPQYD Y ART VTR
E122-4 [MKA A QKGFTLIELMIVVAIIGILAAIAIP Y Y TARA LSE

4) 45 50 55 65 70 75
PAK AL S NPLKTTVEES L S WSVKST GTEAT K VLG
PAD ALATINPLKTTVEESLS GIAGSKI IGTTASTA TETY VG

CD ALATINPLKTTVEESLS GIAGSKILIGTTASTA DTTYVGP1 AV SE TKAAEALE G KEI VSSATPKDTQ DG FTEK122-4 R M T L SGL K TIKSSD IFEQD MC P ANN A GI E .D I N

IV 1 F I IIV
0 85 90 95 100 105 110 115

P VAA DAN KDGT TM GJ N

PD IEP DAN KLG4 VA I GIA GDITFTFIQITGITISSIPINGA
CD IDE AN KLAGTTGTI T FTAT GQ[SS P KNA
Pi S TLL GS G KSI DV|NKD GITVELVXT GW S .A I
TU 22-4 K Y \;3 V TE3G G| AAA :EGf T I[A SMK A D TTL R

l VIIQI | VIII I I IC
120 125 130 135 140 145 150 155

PAK GKIITL RTAAD G L KCT Q FIPKGCSID
PAD TKVITLNRT AD G WCK S TD JMFTJPKGCIDN
CD GK ITLNRT AE G VWTCT S lTQIE IM I NK P
P1 GI lV I NUD G WNCKITKTPTAWK NYAPANC PJS
KL22-4 IG NT L1LLGNA D KLGS YWTAC Tl 1 N Af NKKLI CTQ TA TT TT P

FIG. 2. Comparison of the five pilin sequences of P. aeruginosa PAK (22), PAO (22), CD (21), P1, and K122-4 and their predicted surface
domains. The pilin sequences were aligned to obtain the greatest possible homology by visual examination on the basis of complete identity
and by using the amino acid similarity values of Bacon and Anderson (2). Empty spaces were allowed for best possible alignment, and
positions occupied by identical amino acids are boxed. The numbering of the amino acids was based on the total number of positions including
spaces rather than on the numbering of any particular pilin as a standard. The overlined sequences indicate predicted surface domains I
through IX (see text) as determined by the program of Parker et al. (19).

1) (4). Table 1 outlines the hypothetical NifA recognition
sites associated with each pilin gene. These sequences are
identical to the NifA-binding site consensus sequence of
TGT-N10-ACA (4) except for the difference in the spacing
between the conserved trinucleotides, so that N equals 11
instead of 10. Since P. aeruginosa is not known to have a
nifA gene, an ntrC-type regulatory gene may be responsible
for this regulation. Pilin expression and nitrogen assimilation
(10) in P. aeruginosa may both be regulated by an NtrC-like
protein which associates with the NifA-like recognition site,
since the ntrC and nifA genes are often interchangeable for
gene activation (8).

In Fig. 2, the predicted amino acid sequences of the five
known P. aeruginosa pilins have been aligned to obtain the
best homology possible. There are some features in the
K122-4 and P1 pilin sequences which make them distinctly
different from the other published pilin sequences. Both of
these sequences diverge from each other and the other pilin
sequences at amino acid position 31, while pilin sequences of
strains PAK, PAO, and CD differ after position 55. This
point of divergence at position 31 is similar to that of the
NMePhe pilin sequences of other genera (5). The strain P1
pilin is different from the other four pilins in that it contains
the largest putative C-terminal disulfide loop, which contains
17 residues, compared with 12 in other strains.
The K122-4 pilin has three characteristics which make it

unusual: (i) it has seven residues instead of six as a putative
leader peptide; (ii) it is the longest NMePhe pilin found in P.

aeruginosa to date, with 150 residues in its putative mature
form; and (iii) it has two additional cysteines at positions 58
and 100. Similarily situated cysteines within the pilin of B.
nodosus 198 were shown to be in the reduced state (14),
suggesting that the analogous cysteines of K122-4 pilin may
also be in the reduced state.

It is worth noting that certain amino acids besides the
hydrophobic stretch at the N terminus appear to be con-
served in all five sequences: Leu-43; Lys-44 and -86; Thr-45,
-65, -106, and -124; Gly-55, -99, and -133; Trp-136; Cys-139
and -157; Pro-154; and the aromatic amino acids at position
152. These residues may be important in maintaining a basic
tertiary structure required for pilus assembly.
The pilins of strains PA103 (11) and PA1244 (J. Sadoff,

personal communication) have sequences almost identical to
those of CD (21) and P1 pilins, respectively. Moreover, we
have sequenced other isolates with pilins nearly identical to
those of strains PAK and K122-4. Interestingly, the strains
which had closely related pilin sequences were isolated from
patients in widely separated locations throughout North
America. These data suggest that the number of unique pilin
types may be fairly limited, perhaps 10 to 15. This number
would be in keeping with results for B. nodosus (1) and M.
bovis (16), in which there are fewer than 10 pilus serogroups
for each pathogen.
The predicted surface domains for each of the five pilins

were determined by the program of Parker et al. (19) to
establish the potential antigenic sites within each pilin sub-
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unit. These surface plots were then studied to locate regions
where the surface residues of all five pilins overlapped (Fig.
2). The surface epitopes predicted on this basis were the
residues at positions 22 to 34 (Fig. 2, domain I), 44 to 48 (II),
64 to 72 (III), 79 to 87 (IV), 95 to 100 (V), 110 to 117 (VI), 127
to 131 (VII), 142 to 150 (VIII), and 155 to the C terminus
(IX). It is of interest that the strongest predicted surface
epitopes (domains III, V, and VII) were in similar regions for
all five pilins despite significant variations in amino acid
sequence. Domains III and V, located within the central,
hypervariable region of the pilins, fall within the antigenic
determinants predicted by a sequence comparison of strains
PAK, PAO, and CD (21), and experimental data gathered
from pilin peptides confirm these predictions as well (23;
P. A. Sastry and W. Paranchych, unpublished results).

This work was supported by the Medical Research Council of
Canada. B.L.P. and B.B.F. were recipients of a studentship from
the Alberta Heritage Foundation for Medical Research.
We thank Kathy Volpel for technical assistance, K. K. Lee for

running the surface plot program, and Laura Frost for valuable
discussion.
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