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1. INTRODUCTION 

Pseudomonas aeruginosa strain PAK have polar 
pili which are flexible filaments of about 5.4 nm 
diameter and 2.5 pm average length [l-3]. These 
pili consist of a single subunit, pilin, which was 
originally reported to have a A4, of 18 100 on the 
basis of SDS-polyacrylamide gel electrophoresis 
and amino acid compositional studies [4]. The se- 
quence of the first 22 amino acids of the N- 
terminal region of PAK pilin have been reported 
[5] and shown to be strikingly homologous to the 
N-terminus of pili [6] isolated from Moraxella non- 
liquefaciens and Neisseria gonorrhoeae [7]. The N- 
terminal amino acid is the unusual N-methyl- 
phenylalanine [7,8]. 

[9]. This strain was kindly provided by Dr D.E. 
Bradley (Memorial University, St. John’s, 
Newfoundland). 

Here we present the complete amino acid se- 
quence of the PAK pilus subunit protein. These se- 
quencing studies show the PAK pilus protein to 
contain 145 amino acid residues, corresponding to 
a M, of 15 082. The size of PAK pilin is therefore 
somewhat smaller than originally estimated. 

Pili were produced and purified as in [lo]. The 
purified protein was homogeneous as examined by 
polyacrylamide gel electrophoresis both with and 
without sodium dodecyl sulfate. Performic acid 
oxidation was carried out at 0°C for 16 h [ll]. 
Tryptophan was estimated as in [12]. Amino acid 
compositions were determined with a Durrum 
D-500 automated amino acid analyzer as in [ 131. 
Cyanogen bromide (CNBr) peptides were prepared 
by treating the protein with CNBr in 70% formic 
acid for 30 h at room temperature [14]. The 
resulting peptides were resolved on a Sepharose 
G-50 (superfine) column (2.5 x 180 cm) using 25% 
formic acid. 

2. EXPERIMENTAL 

P. aeruginosa PAK/2Pfs is a multipiliated mu- 
tant of PAK that is resistant to phages PO4 and Pfl 
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Prior to cleavage with trypsin, chymotrypsin and 
pepsin, pili protein was reduced and carboxy- 
methylated [ 151. Tryptic and chymotryptic diges- 
tions of PAK pilin were carried out in 0.1 M am- 
monium bicarbonate (pH 8.1) buffer at 37°C with 
sequential addition of enzyme at 0, 3 and 6 h. The 
final enzyme concentration was 3:50. Pepsin 
digestion was at 37°C for 20 h in 5% formic acid 
at a molar ratio of enzyme to substrate of 1: 50. 
Thermolysin digestion was at a molar ratio of 1: 30 
in 0.1 M ammonium acetate (pH 8.2) containing 
1 mM CaC12 at 37°C for 20 h. Since all proteolytic 
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digestion mixtures contained substantial amounts 
of insoluble peptide material due to incomplete 
digestion because of poor solubility of pilin, the 
digests were clarified by centrifugation and only 
soluble peptides were further purified. Peptide 
purification usually involved one or more frac- 
tionations by gel filtration chromatography on 
Sephadex G-50, by ion exchange chromatography 
on Chromobeads type P, or high voltage electro- 
phoresis at pH 6.5, 1.8 and/or 3.5. 

Citraconylation of the protein was performed as 
in 1161 using a slight modification. The protein was 
dissolved in 0.05 M sodium phosphate buffer (pH 
8.1). A 40-fold molar excess of citraconic 
anhydride (Eastman) over the number of lysine 
residues/monomer was added at 25°C with con- 
tinuous stirring. The pH of the reaction was main- 
tained at pH 8.1 by the addition of 3 M sodium 
hydroxide. After completion of the reaction, the 
citraconylated protein was desalted either by 
dialysis against 0.1 M ammonium bicarbonate buf- 
fer (pH 8.1) or by gel filtration using Sephadex 
G-25 equilibrated with 0.1 M ammonium bicar- 
bonate (pH 8.1) buffer. Tryptic digestion of the 
citraconylated protein was carried out at 42°C for 
3 h in 0.1 M ammonium bicarbonate buffer (pH 
8.1) at an enzyme to substrate molar ratio of 1: 50. 
Following tryptic digestion, the solution was cen- 
trifuged and the soluble peptides in the supernatant 
de~itraconylated by incubation in 10% formic acid 
at 25°C for 6 h. 

Amino acid sequencing of peptides was by 
manual Edman degradations as in [ 171 and analysis 
of N-terminal residues by the dansyl method in 
[IS]. Full details of the sequence analysis will be 

reported subsequently (Sastry, Pearlstone, Smillie 
and Paranchych, in preparation). 

The hydrophilicity values [19] for spans of 6 
residues were averaged sequentially along the 
length of the protein, and these values plotted at 
the midpoint of the averaged group of amino 
acids. The secondary structural predictions were 
obtained using the method in [20]. 

3. RESULTS AND DISCUSSION 

The complete amino acid sequence of 
~se~do~on~s ~er~ginos~ PAK pilin is shown in 
fig. 1. The protein has a total of 145 residues, 15 of 
which are aspartates and glutamates and 15 lysines 
and arginines, resulting in a net charge of close to 
zero at neutral pH. Apart from 3 charged residues, 
the N-terminal region (residues l-43) is very 
hydrophobic. The acid and basic residues are 
relatively evenly distributed throughout the re- 
mainder of the molecule. This is illustrated in fig.2, 
in which the regions of highest local average hydro- 
philicity (hexapeptide averages) are shown. Fig.2 
also shows analysis of the sequence by the method 
used in [20] for secondary structural predictions. 
Possible a-helical segments were identified bet- 
ween residues 16-21, 31-40, 46-51, 75-82 and 
134- 139, totalling 25% a-helix. Four sections of P- 
sheet structure were predicted at residues 6-15, 
23-29, 98-107 and 116-124, totalling 25% of the 
protein. It is possible that the two areas of P-sheet 
at the N-terminus are hydrogen-bonded to the two 
located in the C-terminal portion of the protein, 
thereby allowing the molecule to fold back onto 
itself in a more compact form. Seven P-turns were 

5 10 15 20 25 JO 

MePhe-Thr-Leu-Ile-G1u-Leu-Met-Ile-Val-V~l-Al~-~le-Ile-~Iy-Ile-L~~-Al~-Ala-lle-Al~-lle-Pro-Gl~-Tyr-Gl~-As~-Tyr-Val-Ala-Ar~- 

35 40 45 50 55 b0 

Ser-Gl,i-Gly-Ala-Ser-Ala-Leu-Al~-Ser-Val-Asn-Pro-Lrr?-L~s-~hr-Thr-Val-Glu-Glu-AIa-Leu-Ser-Ar~-Gly-Trp-Se~-V~l-Lys-Ser-Gi?- 

65 70 75 80 88 90 

Thr-Gly-Thr-Glu-Asp-Ala-Thr-Ly~-Lys-Glu-V~l-Pro-Leu-Gly-Val-Ala-Rla-As~-Ala-Asn-Lys-Le"-~ly-Thr-Ser-Ile-Ala-Lau-L~z-Pru- 

95 100 105 110 115 120 

Asp-Pro-Ala-Asp-Gly-Asp-(Thr-Ala)-lle-Th~-L~~-Th~-Ph~-Th~-M~t-Gly-Gly-Al~-Giy-P~~-Lys-Asn-Lys-Gl~-L"~-Ile-Ile-Thr-Leu-Th~- 

125 130 135 140 145 

Arg-Tl~r-Ala-hia-Asp-Gl"-Leu-T~~-Lys-Cys-Th~-S~~-Asp-Gl~-A~p-Ll"-Gln-Ph~-~Ie-P~~-Ly~-Gl~-Cy~-Se~-L?S-COOH 

Fig. 1. Primary structure of the pilus subunit protein from Pseudomonas aemginosa strain PAK. 
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Fig.2. Hydrophilicity index profile and secondary 
structural predictions for Pseudomonas aeruginosa PAK 
pilin. The hydrophilicity values [19] for spans of 6 
residues were averaged sequentially along the length of 
the protein, and these values plotted at the midpoint of 
the averaged group of amino acids. The secondary 
structural predictions were obtained as in [20] for 
regions of a-helix (II), P-sheet (mrm) and P-turn 

(0). 

predicted between residues 41-44, 52-55, 60-63, 
91-94, 109-112, 125-128 and 140-143. 

As indicated in [21], considerable caution must 
be exercised when using amino acid sequence in- 
formation to predict the secondary structural char- 
acteristics of proteins. The accuracy of the predic- 
tions for both P-sheet regions and for turns are 
generally lower than for the helices, and in a 
number of instances the agreement between pre- 
diction and observation is no better than would be 
expected for a random selection of residues. 

The N-terminal region of PAK pilin (residues 
l-30) is particularly interesting because of its ex- 
treme hydrophobicity and the fact that it is highly 
conserved in pili derived from genera as divergent 
as Pseudomonas, Neisseria and Moraxella [7]. 
Although current studies in this laboratory are 
aimed at elucidating the function of this 30 residue 
domain, preliminary observations suggest it may 
be involved in subunit-subunit interactions. This 
conclusion is based on pH titrations and absorp- 
tion spectroscopy at 290 nm to monitor the ionized 
state of tyrosine residues 24 and 27 (Watts, Kay 
and Paranchych, unpublished). Titration of native 
pili revealed a pK of 12.3, suggesting the tyrosine 
residues are inaccessible to titration. Parallel CD 
measurements show that no denaturation of pili 
occurs as a function of pH until about pH 12.3. 
Therefore, native pili are somewhat denatured 
before the tyrosines are accessible to hydroxyl ions. 
Alternatively, when pili are dissociated into a mix- 

ture of monomers and dimers with octyl glucoside 
[22], the tyrosine residues titrate with a normal pK 
of 10.05, suggesting that in this case the tyrosine 
residues are completely exposed to the aqueous 
environment. Since CD studies have shown that 
octyl glucoside treatment of pili does not cause any 
denaturation or change in secondary structure [23], 
the foregoing studies suggest that at least the 
region involving residues 24-27 are involved in 
subunit-subunit interactions. 

In addition to PAK pili, complete amino acid se- 
quence information is available for K88 [24] and 
CFA/I [25] pili. K88 pilin contains 264 residues, 
while CFA/I pilin contains 147 residues. We have 
searched for amino acid homologies between these 
3 pilus proteins using a variety of computer pro- 
grams but in all cases little or no homology was evi- 
dent. Thus, these 3 types of pili appear to be 
unrelated. 
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