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The DNA-binding protein of Pfl filamentous bacteriophage:
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The amino-acid sequence of the single-stranded DNA-
binding protein of bacteriophage Pfl and the nudeotide se-

quence of the corresponding gene have been detennined. The
protein has 144 amino acids and a molecular weight of
15 400; the gene consists of 435 nucleotides. The amino-acid
sequence was determined by Edman degradation, carbox-
ypeptidase A, B, and P digestion of intact protein and of pep-
tides derived by chymotrypsin, Staphylococcus aureus V8
protease, and trypsin digestion. The nucleotide sequence was

determined by the dideoxy method after random cloning of
fragments of Pf1 DNA into M13. No sequence homology
could be established between the amino-add sequence of the
DNA-binding protein of Pseudomonas aenuginosa-specific
bacteriophage Pfl and ba_teriophage fd of Escherichia coli.
Key words: DNA sequence/Pfl phage/protein sequence/
single-stranded DNA-binding protein

role in both viral DNA replication and assembly of the virion.
The DNA-binding protein of bacteriophage fd (the gene 5

protein) has a mol. wt. of 9800 and its amino-acid sequence is
known (Nakashima et al., 1974). The analogous protein of
bacteriophage Pfl has a mol. wt. of - 16 000 and a very dif-
ferent amino-acid composition from that of the fd protein
(Kneale and Marvin, 1982). Both the structure and the salt
stability of the respective in vivo nucleoprotein complexes
also differ substantially (Gray et al., 1982; Kneale and Mar-
vin, 1982). In this paper we present the results of two lines of
investigation. The amino-acid sequence of the purified DNA-
binding protein of bacteriophage Pfl and the complete
nucleotide sequence of the corresponding gene have been
determined.

Results
Amino-acid composition and C-terminal, N-terminal se-
quences

The amino-acid composition of the total protein is listed in
Table I.

The N-terminal amino-acid sequence was determined by
Edman degradation as Met-Asn-Met-Phe-Ala5-Thr-Gln-Gly-.

Introduction
Filamentous bacteriophage may be subdivided into two

classes, exemplified by fd (M13, fl) which infects Escherichia
coli and Pfl which infects Pseudomonas aeruginosa
(Denhardt et al., 1978). The virions of both classes consist of
a single-stranded circular DNA molecule with 6500 nucleo-
tides (+ 15%, depending on the species) encapsulated by a
protein coat, comprised of largely a-helical subunits (Marvin
and Wachtel, 1976). On infection of the host bacterium, the
viral DNA strand is converted to a double-stranded circular
form, which in turn acts as a template for synthesis of pro-
geny viral strands (Ray, 1969). The synthesis of progeny
single-stranded DNA depends on the presence of a viral
DNA-binding protein (in bacteriophage fd, the product of
viral gene 5) which forms a complex with the nascent DNA
strand. This nucleoprotein complex is an intermediate be-
tween DNA replication and phage assembly, and can be isola-
ted from the cytoplasm of infected cells (Pratt et al., 1974;
Kneale and Marvin, 1982). The structure of the Pfl nucleo-
protein complex has been investigated by electron microscopy
(Gray et al., 1982) and by X-ray fibre diffraction (Kneale et
al., in press). During the assembly of mature virions at the
bacterial cell membrane, the DNA-binding protein is displac-
ed from the viral DNA by the coat protein (Marvin and
Wachtel, 1976). The DNA-binding protein thus plays a major
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Table I. Amino-acid composition of DNA-binding protein of bacteriophage
Pfl

Amino acid Determined from Determined from
amino-acid analysisa sequence

Hydrolysis time Integer
25 min 50 min value

Asp 10.8 10.6 11 4
Asn 7
Thr 11.2 10.8 12 12
Ser 5.4 4.9 6 6
Glu 20.9 20.6 21 8
Gln 13
Pro 12.5 13.3 13 13
Gly 12.2 12.0 12 11
Ala 18.0 18.0 18 18
Val 9.2 10.1 10 Ild
Met 2.5 2.3 2-3 3
Ile 6.3 6.6 7 7
Leu 7.9 7.9 8 7
Tyr 3.0 3.0 3 3
Phe 5.3 5.1 5 5
His 0.6 0.5 0-1 0
Lys 8.2 8.4 8 8
Arg 6.5 6.8 7 6
Cysb 1.3 1-2 I
Trpc 1-2 1

aThe number of alanine residues was set at 18 on the basis of the mol. wt.
of DNA-binding protein and the molar concentration of alanine. Values
for other amino acids were calculated as molar ratios relative to alanine.
bCysteine was determined after performic acid oxidation of the protein
(Hirs, 1956).
cData obtained by spectrophotometry (Goodwin et al., 1946).
dTen valines were obtained from the amino-acid sequence.
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Fig. 1. a, Chymotryptic peptides of DNA-binding protein of phage Pfl on SP-Sephadex C25. The digest of 100 nmol of purified protein was applied to a
column (0.6 cm x 15 cm) and eluted with a gradient of pyridine acetate buffers. The gradient was made with 30 ml of each buffer as follows: chamber 1 and
2, 0.1I% pyridine acetate (pH 3.8); chamber 3, 0.25%7o (pH 3.9); chamber 4, 0.75% (pH 4.25); chamber 5, 1.5% (pH 4.47); chamber 6, 2.5% (pH 4.65);
chamber 7, 5.00o (pH 4.87); chamber 8, 7.507o (pH 4.96); chamber 9, 20% (pH 5.18). The elution was carried out at a flow rate of 4 ml/h at 37°C and 2 ml
fractions were collected. The final elution was carried out with a second gradient of 20%7o pyridine acetate (pH 5.18) to 30%o (pH 6.0) at 500C. The profile
was obtained by acid hydrolysis of 50 id of eluate from every second fraction followed by amino-acid analysis. b, S. aureius V8 protease digest of DNA-
binding protein of phage Pf on Biogel P30. The digest of 120 nmol of purified protein was applied to a I cm x 60 cm column and eluted with 70%o formic
acid at a flow rate of 5 ml/h at room temperature. I ml fractions were collected. The profile was obtained by acid hydrolysis of l0jsg of eluate from every se-
cond fraction. c, Tryptic peptides of DNA-binding protein on SP-Sephadex C25. The digest of 120 nmol of purified protein was applied to a column (0.6 cm
x 15 cm) and eluted with a gradient of pyridine acetate buffer as described in a. Fractions (2 ml) were collected. The profile was obtained by acid hydrolysis
of 50 yd of eluate from every second fraction.

The C-terminal amino-acid sequence was -Ala-Lys-Ala,
determined by carboxypeptidase A and B digestion.

It is possible to determine the absolute amount of the pro-
tein using amino-acid analysis data. According to the se-
quence, 1 mol protein has 18 mol of alanine residues. The
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molar concentration of alanine divided by 18 gives the molar
concentration of protein. Under our hydrolysis conditions
hydrolysis of protein is complete and alanine is not decom-
posed during hydrolysis (Tsugita and Scheffler, 1982).
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Pnimry structure of DNA-binding protein of phage Pfl

Table II. Amino-acid composition of chymotryptic peptides from DNA-binding protein of phage Pfl

C(1-4) C(5-14) C(15-21) C(22-30) C(31-34) C(35-55) C(51-55) C(56-62) C(56-67) C(63-67)

Asp 1.0 1.2 1 1.0 1.1 1.7 1 1.1 1
Asn 1 1 1 1
Thr 0.9 1 2.9 3 2.5 3 1.0 1 0.9 1
Ser 0.8 1 1.0 1 1.5 2 1.2 1
Glu 2.0 1 1.0 1 1.2 2.5 3 2.0 2 1.3 1 1.3 1
Gln 1 1
Pro 1.9 2 1.0 1 0.9 1
Gly 2.0 2 1.2 1 0.4 2.7 3 0.4 0.4
Ala 1.0 1 1.0 1 3.0 3 1.0 1 1.0 1
Val 0.7 1 1.1 1 1.1 1 0.7 1 0.7 1
Met 1.9 2
Ile 0.4 1 1.9 3 0.7 1 0.7 1 1.1 2 0.4 1
Leu 0.8 1 0.2 2.0 2 1.6 2
Tyr 0.5 1 0.7 1 0.2 1 0.7 1
Phe 1.0 1 0.8 1 0.8 1 1.4 1
His
Lys 1.0 1 0.9 1 1.0 1
Arg 0.8 1
Cys
Trpa 1.1 1

C(68-76) C(77-87) C(88-92) C(88-96) C(97-112) C(108-120) C(113-120) C(113-144) C(121-133) C(121-144)

Asp 1.1 1 1.0 1.3 0.9 1 3.2 3 3.1 3
Asn 1 1
Thr 1.0 1 0.9 1 1.8 2 0.6 1 1.3 1
Ser 1.0 1 0.4 0.3 1.2 1 1.2 1
Glu 2.3 1 1.0 1.4 1.8 3.7 2.4 8.1 4.7 6.5
Gln 1 1 1 1 3 2 8 5 6
Pro 1.0 1 1.4 1 2.0 2 3.0 3 2.0 2 5.7 6 2.7 3 4.1 4
Gly 1.8 1 1.3 1 1.3 1 1.4 2 1.3 1.5 1 1.5 1 1.3 1
Ala 0.5 1.0 1 3.0 3 5.0 5 3.0 3 8.0 8 3.5 3 5.0 5
Val 0.9 1 1.3 2 1.1 1 1.8 2 0.4
Met 0.5 1
Ile 0.3 0.6 1 0.7 1
Leu 0.7 1 1.0 1 1.5 2
Tyr
Phe 0.8 1 0.9 1
His
Lys 1.0 1 0.7 1 2.8 3 3.0 3
Arg 2.0 2 0.8 1 1.1 1 1.0 1 1.1 1 1.8 2 1.0 1 0.9 1
Cys 0.6 1
Trpa

Total composition by complete acid hydrolysis Qeft column) and total compositions from summary of sequence analysis (right column).
aTryptophan content was established by hydrolysis with 3N mercaptoethane sulfonic acid (Penke et al., 1974) using our micro-method (Maeda et al., in
preparation).

Amino-acid sequence of the peptides
After digestion by a-chymotrypsin, the peptides were

eluted as shown in Figure la. The elution pattern shows six
peaks. The fractions were rechromatographed using 70% for-
mic acid on Biogel P1O or P4 (200 mesh) columns, depending
on the estimated mol. wt. of the peptides. Twenty different
peptides were purified.
The protein was digested by Staphylococcus aureus V8.

SDS-gel electrophoresis showed that the digests consisted of a
large peptide (mol. wt. 8000) and several small peptides. Bio-
gel P30 was used for fractionation of the large peptide and
the small peptides were pooled (Figure lb). The small pep-
tides were rechromatographed on SP-Sephadex C25 column
(0.6 cm x 15 cm) using conditions similar to those described in

the legend of Figure la except that each gradient volume was
15 ml. By this procedure four pure peptides were obtained.
The trypsin digest was fractionated as shown in Figure Ic.

Further purification of fractions was carried out by Biogel
P 10 or P6 (200 mesh) columns using 7007o formic acid. Tryp-
tic digestion did not yield as many peptides as predicted from
the number of lysine and arginine residues in the protein. The
amino-acid composition of the purified peptides is listed in
Tables II and III and the sequence results are summarized in
Figure 2.
Alignment of the peptides
The N-terminal sequence of the protein obtained by Ed-

man degradation was confirmed and extended to the 14th
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Table II. Amino-acid composition of peptides obtained from digestion with Staphylococcus V8 protease and trypsin

S(13-34) S(42-51) S(52-68) S(69-144) T(l-13) T(26-44) T(45-48) T(63-75) T(87-89) T(126-135) T(139-144)

Asp 1.0 1 1.2 1.7 1 6.4 5 1.2 0.8 0.7 1.3 1 1.4 1 1.5 1
Asn 1 1 1 1 1
Thr 4.5 6 1.3 1 4.3 4 1.1 1 0.8 1
Ser 1.6 2 1.4 1 2.3 2 0.8 1.8 2 0.9 0.9 1
Glu 2.0 1 1.4 1 3.0 3 11.7 2.0 1 3.1 2 2.0 1 2.8 0.5
Gln 1 12 1 1 1 4
Pro 0.3 0.9 1 9.7 10 1.9 2 0.9 1 1.4 2 0.9 1
Gly 1.4 1 2.8 3 0.5 5.0 5 2.9 2 2.3 2 0.9 1 1.4 1 1.0 1 0.9 1 0.4
Ala 1.0 1 2.0 2 1.3 1 12.0 12 0.9 1 3.0 3 1.0 1 1.4 1 1.0 1 2.0 2
Val 1.5 2 1.1 1 6.2 6 0.8 1 1.2 1 1.8 2 0.6
Met 0.9 1 1.5 2
Ile 0.5 1 1.8 3 1.0 1 1.8 3 0.5 1
Leu 0.8 1 1.5 2 4.1 4 0.8 1 0.9 1 0.6
Tyr 1.7 2 0.6 1 0.4 0.7 1
Phe 0.7 1 0.7 1 2.3 2 0.7 1 0.5 1 1.0 1
His
Lys 1.8 2 1.2 1 5.0 5 1.1 1 0.8 1 0.9 1 1.3 1
Arg 0.9 1 5.1 5 0.8 1 1.5 1
Cys 1.0 1 0.8 1
Trp 0.9 1

5 10
Met Asn Met Phe Ala Thr Gln Gly Gly Val Val Glu Leu Trp
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-. -b % .& 4 _-_
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25 30
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Fig. 2. The partial amino-acid sequence of DNA-binding protein of phage Pfl.-: shows the sequence determined by the Edman degradation and amino-
peptidase M digestion.-:shows the sequence determined by carboxypeptidase digestion. ( ): this sequence was not determined. The order of amino acids
was obtained from the DNA sequence. The filled rectangles represent the region of established sequence; the hatched rectangles represent the regions of sug-
gested sequence; the open rectangles represent the regions of known composition. The abbreviations used for peptides are given in Materials and methods.
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Pnmmy structure of DNA-binding protein of phage Pf
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Flg. 3. The nucleotide sequence of the gene and the corresponding amino-acid sequence of the DNA-binding protein of phage Pfl. ---: shows the predicted
,B-sheet structure. : shows the predicted a-helix structure.

residue by the sequences or compositions of peptides C(1-4),
C(5 -14), as well as T(1 -13). Peptide S(13-34) overlaps
with C(5- 14), C(15-21), C(22-30), and C(31 -34). Pep-
tide T(26 -44) overlaps with C(22 -30), C(3 1-34),
C(35 -55), and S(42 -51). Peptide S(52 - 68) overlaps with
C(35-55), C(51 -55), C(56-67), C(56-62), C(63-67),
C(68 - 76), and T(63 -75). By these overlaps the N-terminal
sequence of the protein was determined to Phe76 except for
the sequence of (72Val,Leu,Cys74).
The tripeptide T(87-89) connects C(77-87) with

C(88 -96) or C(88 -92), which provides the sequence bet-
ween 77 to 96.

Because peptides C(121-144), C(113-144), and
T(139-144) have the common C-terminal sequence and
share the C-terminal sequence of the protein, those three pep-
tides locate at the C-terminal end of the protein. Peptide
C(113-144) overlaps with C(108 -120), which overlaps with
C(97 -112). The sequence from Val97 to the C-terminus was
therefore established with the exception of the following
detailed sequences; (106Pro,Met107), (1t6Arg,Pro,Gln118) and
(116GIn,Asp,Lys138).

Thus, we established the sequence of the three peptide
fragments, (N-terminal to 76), (77 to 96), and (97 to
C-terminus). The following data further confirm the connec-
tion of these three fragments: (1) the N-terminal sequence of
peptide S(69 -144) overlaps with that of C(68 -76); (2) the
total amino-acid composition is in good agreement with the
sum of these three fragments (Table I); and (3) the amino-
acid composition of peptide S(69- 144) fits with the amino-
acid composition of sequence 68 to C-terminus of the protein.

The amino-acid sequence derived from the DNA sequence
data is in complete agreement with the protein sequence
established here, with the following discrepancy. From the
DNA sequence ValWDVal' is predicted, but amino-acid
analysis of peptides C(5 -14), T(1-14) indicates that there is
only one Val even after extended hydrolysis times. As the
Val -Val bond resists acid hydrolysis, the possibility of the
second valine cannot be excluded. It should be noted that the
Gln34Ser35 bond was cleaved by both chymotrypsin and S.
aureus V8 protease. Because peptide C(3 1-34), which was
obtained by chymotrypsin digestion, has Gln as a C-terminus
and because of the specificity of chymotrypsin, we would
conclude that this Gln was partly deamidated during prepara-
tion of the protein or S. aureus V8 digestion.
Sequence of the gene coding for the DNA-binding protein
The sequence of the gene coding for the DNA-binding pro-

tein has been obtained in the course of the determination of
the complete nucleotide sequence of the DNA of bacterio-
phage Pf 1. Full details of these experiments will be described
elsewhere in due course.
The consensus nucleotide sequence obtained through the

random sequencing approach described in Materials and
methods was translated in all phases (Staden, 1977) and the
gene coding for the DNA-binding protein identified by scan-
ning the translated sequence for amino-acid sequences cor-
responding to the N-terminal and C-terminal peptides,
C(1-4) and T(139- 144), described in Figure 2. The se-
quence of 435 nucleotides comprising this gene is given in
Figure 3, together with that of the corresponding protein
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derived from it. This consensus sequence is derived from the
sequences of a total of 16 separate random clones, represen-
ting complete sequence data from both strands of the
replicative form I (RFI)-DNA.

Discussion
The DNA-binding protein of phage Pfl binds specifically

to single-stranded viral DNA. The complex is seen by electron
microscopy to be a long flexible filament similar to the DNA-
gene 5 protein complex of fd (Gray et al., 1982). The primary
structure of the DNA-binding protein of phage Pfl, deter-
mined in parallel and independently from the nucleotide se-
quence of the gene and the amino-acid sequence of the pro-
tein, is shown in Figure 3. By protein sequencing methods,
the sequences of the following parts of the molecule were not
determined: (72-74), (106-107), (116-118), and
(136-138). However, the amino-acid compositions of these
segments are consistent with the amino-acid sequence deduc-
ed from the DNA sequence. The following three points
should be noted. (1) By Edman degradation of the protein,
we found terminal redundancy namely, the N-terminal main-
ly starts at methionine but it also occasionally starts from
Asn2. Such a N-terminal redundancy was found in thio-
redoxin from spinach (Schurmann et al., 1981). (2) The DNA
sequence shows that there is a Val - Val bond at positions 10
and 11, but by protein sequencing we could not obtain this
dipeptide sequence. As Val79-Val80 was sequenced without
any difficulty, it appears that the Val10 - Val" bond is
unusually resistant to acid hydrolysis. (3) The DNA sequence
as well as the amino-acid sequence of the chymotryptic pep-
tide C(31 -34) show that the residue 34 is glutamine. On the
other hand, S. aureus V8 protease cleaved the peptide bond
between 34 and 35 suggesting that the C-terminus is Glu. This
cleavage must have occurred at Gln34 which had been de-
amidated during the purification or digestion of the protein.
The glutamine of the Gln - Ser bond has been found to be de-
amidated easily in the case of thioredoxin from Corynebac-
terium nephridii (Meng and Hogenkamp, 1981).
We have predicted the secondary structure of the protein

(Figure 3) from its primary sequence by the method of Chou
and Fasman (1974). Approximately 40%7o of the protein is in
(-sheet structure, and only 807 exists in a helical conforma-
tion. Although there is no apparent sequence homology bet-
ween the DNA-binding protein of Pfl and the gene 5 protein
of phage fd, the fd protein also has a high content of 3-sheet
structure (McPherson et al., 1979). Spectroscopic studies on
the phage fd gene 5 protein-DNA complex indicate that tyro-
sine residues are involved in the DNA-protein interaction
(Coleman and Oakley, 1980). Fluorescence studies on the Pfl
complex do not provide any evidence on the role of tyrosine
in this interaction, but show that the tryptophan is not involv-
ed (K.O. Greulich and G.G. Kneale, unpublished data).
There are three tyrosine and five phenylalanine residues in the
protein. All except Phe87 are located in the N-terminal half of
the protein. It is known from a study of model peptides that
tyrosine stacks preferentially with single-stranded DNA and
that this interaction is enhanced by the presence of basic
residues nearby (Helene and Maurizot, 1981). From the
predicted secondary structure (Figure 3), we suggest that
Tyr2l may be important for DNA-binding activity; if the area
containing Tyr21 is in f-sheet structure, two lysines face to the
same side of the ,B-sheet as the tyrosine, and may enhance its
intercalation into DNA.

Materials and methods
Isolation of the protein

P. aeruginosa (strain K) was grown to 2 x 108 cells/ml and infected at a
multiplicity of 10 with bacteriophage Pfl. The cells were harvested after a fur-
ther 3 h and treated with lysozyme/EDTA, and the nudeoprotein complex
purified from cell lysates as described by Kneale and Marvin (1982). Separa-
tion of the protein from the DNA was by isopycnic centrifugation in CsCl
gradients, followed by dialysis against 10mM Tris-HCl, pH 7.5 (Kneale and
Marvin, 1982). For most experiments, however, the complex was digested
with 200 units/ml of micrococcal nuclease (Worthington Biochemicals) in the
presence of 5 mM CaCl2 for I h at 22°C. This procedure kept the protein
more soluble and facilitated its subsequent handling. The presence of
oligonucleotides in the complex appears not to affect the amino-acid analysis
and the amino-acid composition was the same as that found for the protein
alone.

Amino-acid analysis

Purified protein was dialysed against 0.1 M pyridine/collidine acetate buf-
fer, pH 8.2. A sample of the protein (5 Ag) was hydrolysed with 300 id of 2:1
(by volume) mixture of concentrated HCI and trifluoroacetic acid containing
0.005% of phenol at 1660C for 25 min or 50 min in evacuated sealed tubes
(Tsugita and Scheffler, 1982). The amino-acid analysis was made with an

amino-acid analyser (Durrum, D500, calibrated for 2.2 nmol full scale deflec-
tion on the recorder). Peptides (0.1-I nmol) were hydrolysed and analysed
under the same conditions.

Chymotryptic digestion and fractionation of the digest

Pfl-DNA binding protein (100 nmol) was digested in 0.1 M pyridine/colli-
dine acetate buffer pH 8.2 with 45 jg of a-chymotrypsin (Worthington Bio-
chemicals) at 370C for 24 h. The digests were fractionated on a column (0.6
cm x 15 cm) of SP-Sephadex C25. Elution was carried out with a gradient of
increasing pH and ionic strength established with a 9-chamber apparatus

(Canfield, 1963). The composition of elution buffers and the mode of elution
are given in the legend to Figure la.

S. aureus V8 protease digestion and fractionation of the digest

The protein (120 nmol) was digested with 20 ug of S. aureus V8 protease

(Miles Laboratories) in 0.1 M pyridine/collidine acetate buffer pH 8.2 at 370C
for 24 h. The extent of digestion was monitored by SDS-gel electrophoresis,
which showed that the digests consisted of a large peptide (mol. wt. 8000) and

several small peptides. In order to separate the large peptide from the others,
the digests were fractionated on a column (I cm x 60cm) of Biogel P30 (Bio-
Rad Laboratory) equilibrated with 70% formic acid.

Trypsin digestion andfractionation of the digest

The protein (120 nmol) was digested with 40 Ag of L-l-tosylamido-2-
phenylethyl chloromethyl ketone (TPCK)-treated trypsin (Worthington
Biochemicals) in 0.1 M pyridine/collidine acetate buffer pH 8.2 at 37°C for 24
h. After digestion, fractionation was made on a column (0.6 cm x 15 cm) of

SP-Sephadex C25. Elution was carried out as for the fractionation of the a-

chymotrypsin digest.

Sequence analysis of peptide

The C-terminal sequence was determined by carboxypeptidase A (treated
with diisopropylfluorophosphate, Worthington Biochemicals), B (Sigma),
and P (Takara Shuzo) digestion. Peptides or proteins (1 nmol) were dissolved
in 0.1 M pyridine/collidine acetate buffer pH 8.2 for carboxypeptidase A and
carboxypeptidase B and 0.1 M pyridine formate buffer pH 2.5 for carboxy-
peptidase P. The reaction was carried out in 100 tl of buffer and 5 zg of
carboxypeptidase(s) at 37°C for 2-6 h. The digests were dried and analysed
direcdy by the amino-acid analyser.
Edman degradation was carried out on 5-10 nmol of peptides or proteins

for the N-terminal sequence, according to the procedure of Isobe et al. (1978)

except that the cyclization step was carried out in 12 N HCI for 5 min at room

temperature (Tarr, 1977). The resulting phenylthiohydantoin amino acids

were analysed by h.p.l.c. and by t.l.c. on a polyamide sheet (Schurman et at.,

1981). The amino-terminal sequences of peptides were also determined by

aminopeptidase M (Boehringer, Mannheim) digestion at 37°C in a 0.1 M pyri-

dine/collidine acetate buffer pH 8.2 for 10 min- 6 h.

Nomenclature of peptides

The peptides produced by cs-chymotrypsin digestion, S. aureusV8 protease

digestion, and trypsin digestion are designated "C", "S", and "T", respec-

tively. Numbers after these letters indicate their order in the sequence, starting

from the N-terminus of the protein.

Isolation of RHI-DNA for sequence analysis

A 11 culture of P. aeruginosa in tryptone medium (1.6% Bacto-tryptone,

1% yeast extract, NaCI) was grown with vigorous agitation to a cell densi-
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ty of 2 x 108 cells/ml. Stock bacteriophage Pfl was added to a multiplicity of
infection of 10 and the incubation continued for a further 6 h. Chlorampheni-
col (40 yg/ml culture) was then added and the cells harvested by centrifuga-
don after a further 30-40 min. RFI-DNA was isolated and purified exactly as
previously described (Hill and Peterson, 1980), except that the density of the
caesium chloride gradient was adjusted to 1.64 g/ml.

Preparation of clones
RFI-DNA was degraded randomly by ultrasonic shearing, the termini of

the degraded DNA molecules repaired with phage T4 DNA polymerase and
the products separated on the basis of size by electrophoresis on an agarose gel
as described by Deininger (to be published). Fragments of DNA of chain
length 400-600 nucleotides, as judged by comparison with suitable markers,
were recovered from the gel by electro-elution, precipitated with ethanol and
inserted through blunt-ended ligation with phage T4 ligase into the HincII site
of the phage M13mp7 vector described by Messing et al. (1981). The hybrid
phage DNA was used to transfect competent cells of E. coli JMIOI in the
presence of isopropyl-thiogalactoside and 5-bromo-4-chloro-indolyl-(3-D-,
galactoside (Messing et al., 1977). These experiments were carried out under
Category 0 conditions. "Clear" plaques were picked with a toothpick and
used to infect I ml cultures of E. coli JMIOI and the single-stranded DNA
from each clone prepared as described by Sanger et al. (1980).
DNA sequencing
The sequences of the random, cloned inserts of RFI-DNA from phage Pfl

were determined by chain extension with DNA polymerase in the presence of
dideoxynucleoside triphosphates (Sanger et al., 1977) using a chemically-syn-
thesized heptadecanucleotide (Duckworth et al., 1981) as primer. The se-
quence data thus obtained were assembled and analysed by computer (Staden,
1977, 1980).
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