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The nucleotide sequence of gene 18 of bacteriophage T4 was determined by the Maxam-Gilbert method,
partially aided by the dideoxy method. To confirm the deduced amino acid sequence of the tail sheath protein
(gp18) that is encoded by gene 18, gp18 was extensively digested by trypsin or lysyl endopeptidase and subjected
to reverse-phase high-performance liquid chromatography. Approximately 40 peptides, which cover 88% of
the primary structure, were fractionated, the amino acid compositions were determined, and the correspond-
ing sequences in DNA were identified. Furthermore, the amino acid sequences of 10 of the 40 peptides were
determined by a gas phase protein sequencer, including N- and C-terminal sequences. Thus, the complete
amino acid sequence of gp18, which consists of 658 amino acids with a molecular weight of 71,160, was

determined.

The most striking morphological change in bacteriophage
T4 upon infection is the contraction of its tail sheath. The tail
sheath is 95 nm long and 20 nm in diameter and consists of
144 protomers of the sheath protein, gpl8, arranged in 24
annuli (5, 13, 15). The structure of the tail sheath has been
studied in detail by three-dimensional image reconstruction
from electron micrographs of negatively stained specimens
and hydrated, nonstained specimens by cryoelectron mi-
croscopy (1, 20, 30). Contraction of the sheath is triggered by
conformational change in the baseplate upon infection, and
the change in arrangement of the sheath protomers is trans-
mitted like a wave toward the head-proximal end of the tail
(24). The head and the inner tube rotate during contraction
with respect to the baseplate fixed on the outer membrane of
Escherichia coli (6). The resultant contracted sheath is 38 nm
long and 25 nm in diameter. The contracted sheath is very
stable; it does not dissociate with 8 M urea or 6 M guanidine
hydrochloride, but it does dissociate when boiled in sodium
dodecyl sulfate (33).

The morphological pathway of the tail structure has been
worked out by King and co-workers (14, 15). The association
of monomeric sheath protein gpl8 with the tube-baseplate
initiates as soon as tube protein monomer gpl9 starts to
polymerize on the baseplate. The length of the tail sheath is
determined by the tube, whose length is determined by an
elongated protein, possibly gp48 (9). There is a variety of
missense, as well as nonsense, mutations in gene 18. They
should be useful in studying the structure-function relation-
ship of the protein. Furthermore, gpl8 can be readily iso-
lated in sizable quantity as a monomeric form which can
reassemble onto the tube-baseplate to form the extended
sheath (2, 34). Taking advantage of this system, we wish to
elucidate the mechanism of sheath contraction at the molec-
ular level. As a first step toward this goal, we determined the
primary structure of gpl8.

MATERIALS AND METHODS

Enzymes and reagents. DNase I and trypsin (bovine pan-
creas) were purchased from Sigma Chemical Co. Lysyl
endopeptidase, a lysine-specific serine protease from
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‘““Achromobacter lyticus’> M467-1, was purchased from
Wako Junyaku Co. Polynucleotide kinase and all of the
restriction enzymes used were purchased from Takara
Shuzo Co. Methanesulfonic acid (4 M) was purchased from
Pierce Chemical Co., and all other reagents were analytical
grade, from either Nakarai Chemicals or Wako Junyaku Co.
Nutrient broth, tryptone, yeast extract, Bacto-Agar, and
Casamino Acids were purchased from Difco Laboratories.

Medium and buffer. M9A medium was used to grow E.
coli. It contained, per liter of water, 6 g of Na,HPO,, 3 g of
KH,PO,, 0.2 g of MgSO, - 7TH,0, 0.5 g of NaCl, 1 g of
NH,CI, 4 g of glucose, and 10 g of Casamino Acids. Phages
were stored in B* buffer, which contained, per liter of water,
7 g of Na,HPO,, 4 g of NaCl, and 3 g of KH,PO,,
supplemented with 1 mM MgSO, for use.

Phage, plasmids, and bacterial strains. T4D.23amH11 is
from our collection. T4D.18am mutants (Fig. 1) were kindly
supplied by W. B. Wood and J. King. E. coli BE was used as
a nonpermissive host for amber mutant phages, and E. coli
CR63 was the permissive host. E. coli JM103 was used to
propagate M13 phages and to prepare replicative-form DNA
of M13 phage. Three E. coli BE strains, which carry plas-
mids p662, p65S5, and p664, respectively, were kind gifts
from Tom Mattson. Each of the three plasmids contains an
EcoRI fragment which forms approximately one-third of
gene 18 (Fig. 1).

Marker rescue test. Marker rescue of T4D.18am mutants
by plasmids was performed as described by Mattson et al.
(21). The results are also shown in Fig. 1.

DNA preparations for sequencing. DNA preparations for
the Maxam-Gilbert method have been described by Christ-
ensen and Young (8). DNA was 5’ end labeled with polynu-
cleotide kinase, and the strands were then separated by
polyacrylamide gel electrophoresis, or alternatively, the
double-stranded DN A was cut with a restriction enzyme and
the desired fragment was purified by polyacrylamide gel
electrophoresis.

DNA sequencing procedures. The Maxam-Gilbert method
was done essentially as described by Maxam and Gilbert
(22). The dideoxy method was carried out as described by
Messing (23).

Preparation of gp18. Gpl8 was prepared as described by
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FIG. 1. Marker rescue of 18am mutations. Marker rescue exper-
iments were carried out as described by Mattson et al. (21). The
relative positions of some of the mutations were measured by
standard crossing experiments with 17amNG178 or 19amE1137 and
are shown above the horizontal line. The extents of T4 DNA carried

by plasmids p662, p6S5S, and p664 are indicated above the marker
rescue results.

Tschopp et al. (34). Monomeric gp18 thus prepared was used
within a week. Tails, which are the immediate source of
monomeric gpl8, could be stored for several months as a
solution with 0.02% sodium azide at 4°C without loss of
activity as judged by the reassociation ability of isolated
gp18. Freezing tails for storage causes some decrease in the
yield of monomeric gp18.

For Edman degradation of whole protein, gp18 was further
purified by sodium dodecyl sulfate-gel electrophoresis as
described by Hunkapiller et al. (11).

Proteolytic digestion of gp18. Monomeric gpl8 in 1 mM
phosphate buffer, pH 7.0, was heat denatured at 90°C for 10
min, and trypsin, treated with TPCK (L-1-tosylamide-2-
phenylmethyl chloromethyl ketone) was added at a weight
ratio of 1/100. After incubation at 37°C for 2 h, trypsin was
further added at a weight ratio of 1/100 and incubated at 37°C
for 12 h. The reaction was stopped by heating in boiling
water for 3 min, and after cooling, trichloroacetic acid was
added to a final concentration of 5%. After removal of
precipitates by centrifugation at 2,300 X g for 15 min, the
trichlororoacetic acid was removed by ether extraction and
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water was removed by evaporation. The gpl8 digest was
dissolved in water at about 4 mg/ml, and insoluble materials
were removed with a 0.45-um (pore size) membrane filter
(Millipore Corp.) before application to high-performance
liquid chromatography (HPLC).

HPLC of gp18 digests. Peptides were analyzed and sepa-
rated on a reverse-phase HPLC system (Hitachi 655 or
Waters 600) equipped with a gradient former, a degasser
(Erma ERC-3510), and UV and fluorescence monitors (Hi-
tachi 638 and JASCO FP110, respectively). A column of
Nucleosil 5C,4 (0.4 by 25 cm) was used. Water was deion-
ized and doubly glass distilled before use. Twenty microli-
ters of the sample was first analytically examined, and then
200 pl was applied and peaks were manually fractionated.

Amino acid analysis. The amino acid compositions of
peptides, as well as of the whole protein, were determined,
after hydrolysis with 4 M methanesulfonic acid at 115°C for
24 h as described by Simpson et al. (29), on an amino acid
analyzer (Hitachi 835).

Sequence determination of peptides and protein. The amino
acid sequences of peptides and the protein were determined
on a gas phase protein sequencer (Applied BioSystems
470A). Usually, 0.5 to 1 nmol of sample was applied and
analyzed. Phenylthiohydantoin derivatives of amino acids
were analyzed and identified by HPLC.

RESULTS

DNA sequence determination of gene 18. Three plasmids,
p662, p655, and p664, were used to sequence gene 18. The
sequencing strategy is shown in Fig. 2b. The orientation of
the 0.6-kilobase EcoRI fragment from p655 was originally
decided on the basis of the open reading frame and then later
confirmed by peptide analysis of gpl8 as described in the
next section. Because of the difficulty encountered in finding
appropriate restriction sites in the 5'-end region of gene 18
by the Maxam-Gilbert method, the dideoxy method using
M13 phage was also used (Fig. 2b). As a result, a sequence
of approximately 2,000 bases that cover all of gene 18, the 3’
end of gene 17, and the 5’ end of gene 19 was determined

662 655 664
a) (1.5 kb) (0.6 kb) (3.4kb)
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FIG. 2. DNA sequencing of gene 18 and peptide analysis of its product. (a) Restriction map of the gene 18 region. (b) Orientations and
lengths of nucleotide sequences obtained (arrows). Arrows with closed circles represent sequence information from the Maxam-Gilbert
method, and arrows with open circles are from dideoxy sequencing using M13 clones. (c) Assignment of tryptic and lysyl endopeptidase
fragments of gp18. Locations of the peptides identified are drawn in comparison with the DNA sequence. Boxes above the continuous line
are for tryptic peptides, and those under the line are for lysyl endopeptidase-digested peptides. Open boxes represent peptides identified by
amino acid composition only, and closed boxes represent those identified by amino acid sequence as well.
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FIG. 3. Sequence of gene 18 and its product. T4 late promoter consensus sequences TATAAATA for genes 18 and 19 are doubly
underlined by solid llnes, and the putative Shine-Dalgarno sequences for the two genes are underlined by broken lines. Arrows pointed
downward along the amino acid sequence indicate the cleavage sites by trypsin or lysyl endopeptidase, and those pointed upward along the
nucleotide sequence indicate the restriction sites. The amino acids identified by analysis of the peptides are underlined by single bars, and
those identified by amino acid sequence analysis as well are underlined by arrows. The N-terminal sequence for the whole protein was
determined from Thr 1 to Pro 5. Two predicted stem-and-loop structures near the 5’ end of the two promotors between genes 18 and 19 are

marked by arrows. Their stabilization energies, calculated by the method of Ooi and Takanami (25), are —19.4 kcal (1 cal

p,) and —15.4 kcal (near p,), respectively.

(Fig. 3). The 3’ end of gene 17 has been sequenced by D
Powell, J. Franklin, F. Arisaka, and G. Mosig (manuscript in
preparation), and the 5’ end of gene 19 has also been
determined (3).

= 4.184 J) (near

Description of the DNA sequence. Figure 3 shows the DNA
sequence determined as described above. As indicated in the
figure, the T4 phage late promoter consensus sequence,
TATAAATA (8), and a putative Shine-Dalgarno sequence,
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FIG. 4. Isolation of tryptic peptides of gp18 by reverse-phase HPLC. A Nucleosil 5C,5 column (0.4 by 25 cm) was used, with elution with
a 4 to 36% acetonitrile linear gradient in 0.1% trifluoroacetic acid at 1 ml/min. The lower and upper elution profiles represent A,,, and
fluorescence emission (excitation at 286 nm, emission at 356 nm) from tryptophan residues, respectlvely The peaks indicated by arrows were
fractionated and rechromatographed under the same conditions except for 10 mM ammonium formic acid, pH 6.7, instead of 0.1%

trifluoroacetic acid.

TAAaGAGG, are upstream from the initiation codon for
gene 18; the capital letters in the latter sequence are com-
plementary to the 3’ end of the 16S rRNA. The significance
of two late promoters and the predicted two stem-and-loop
structures between genes 18 and 19 are addressed in the
Discussion.

Analysis of tryptic fragments of gp18. Purified gpl8 was
heat denatured, digested with trypsin, and then subjected to
reverse-phase HPLC (Fig. 4). A number of well-separated
peaks were fractionated and further purified by rechromatog-
raphy on reverse-phase HPLC. Their amino acid sequences
were determined by a gas phase protein sequencer; the
results are indicated by arrows in the sequence (Fig. 3). All
of the sequences were located on the DNA sequence.
Peptide T-24 is the N-terminal one; the N-terminal threonine
was further confirmed by Edman degradation of the whole
polypeptide chain. Peptide T-16 corresponds to the junction
sequence between DNA fragments 655 and 664 (Fig. 2b).
Peptide K-15, corresponding to the junction between 662 and
655, was also found in the lysyl endopeptidase digest of
gpl8, as described below.

When a protein sequence is deduced from the DNA
sequence, it is essential to determine at least the N-terminal
and C-terminal sequences of its gene product to obtain the
complete primary structure of the protein unambiguously.
Although the N-terminal peptide was found among the
tryptic fragments of gpl8 separated by HPLC (Fig. 4), the
C-terminal peptide was not. We therefore tried to isolate the
C-terminal peptide from the tryptic digest of gp18 by affinity

chromatography, in which the ability of immobilized anhy-
drotrypsin to bind peptides specifically with arginine or
lysine at their C termini was used (12, 17). We thus identified
T-A2 as the C-terminal peptide (Fig. 2c). The complete
primary structure of gpl8, consisting of 658 amino acid
residues with a molecular weight of 71,160, was determined
(Fig. 3). Excellent agreement of the amino acid sequence
with the amino acid composition of the protein was obtained
(Table 1). A predicted secondary structure of gpl8 by the
method of Chou and Fasman (7) is shown in Fig. 5.

Peptide mapping of gpl8 by lysyl endopeptidase. One-
dimensional peptide mapping of gpl8 was carried out on
reverse-phase HPLC. The objective of the peptide mapping
was twofold. (i) We intended to confirm further the primary
structure of gp18, and (ii) for future study of the higher-order
structure of gpl8, it is desirable to establish a system by
which one can readily identify a peptide whose chemical
nature has been altered by chemical modification or amino
acid substitution by mutation. Lysyl endopeptidase was
used because of its high specificity for lysine residues and
because it produces fewer peptides than does trypsin (ap-
proximately 30 instead of more than 50). gpl8 was S-
carboxymethylated with monoiodoacetic acid under dena-
turing and reducing conditions and digested by lysyl
endopeptidase as described in Materials and Methods. The
resultant digest was subjected to reverse-phase HPLC, and
all of the major peaks. were fractionated. After further
purification by rechromatography, the amino acid composi-
tion of each peptide was determined and the position of the
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TABLE 1. Amino acid composition of gp18¢

Expected no.
of residues
from nucleotide
sequence
(amino acid
analysis)

80 (83.9)
55 (54.0)
47 (44.8)
55 (59.9)
23 (22.8)
56 (57.1)
67 (70.8)
565.0
50 (39.5)
6(5.8)
50 (41.1)
42 (43.0)
31(30.7)
24 (24.0)
1(1.0)

Amino acid

7(5.5)
28 (28.6)

“ gpl8 had a total of 658 residues and a molecular weight of 71,160.

peptides along the corresponding DNA sequence was iden-
tified. The results are shown in Fig. 6 and Table 2. The
identified peaks cover 88% of the total primary structure of
gp18 (Fig. 2¢).

DISCUSSION

The complete nucleotide sequence of gene 18 and the
deduced amino acid sequence, most of which was confirmed
by peptide analysis, have been presented. Concerning the
nucleotide sequence, a T4 phage late promoter consensus
sequence was found 29 bases upstream from the initiation
codon. Since Stahl et al. (31) have demonstrated that genes
17 and 18 have no polarity effect, it is very likely that the
consensus sequence is the true late promoter for gene 18.
The stop codon for gene 17 was in the late promoter

110

J. VIrROL.

TABLE 2. Assignment of lysyl endopeptidase fragments
in HPLC*

Peptide Residue no.

1-10
11-31
3241
42-89
90-114

115-118
119-129
130-138
139-141
142-148
149-152
Not recovered
155-185
186-214
216-232
233-240
241-245
246-26
266-297
Not recovered
302-316
Not recovered
391454
455-459
460-503
504-538
539-560
561-568
569-595

“ These data are taken from Fig. 6.

sequence for gene 18 and no terminatorlike structure was
found near the 3’ end of gene 17. On the other hand, two late
promoter consensus sequences were found between genes
18 and 19. Originally, we expected to find no promoter
sequence between genes 18 and 19 because of the significant
polarity effect between these two genes (31). An S1 mapping
experiment for that region of the DNA was carried out to
elucidate the roles of the two late promoter consensus
sequences and the terminatorlike structure at the 3’ end of

~

50

3 3
=

)
8 & a3 2 g
~

FIG. 5. Predicted secondary structure of gpl8. The secondary structure of gpl8 was estimated by the method of Chou and Fasman (7).

Symbols: &, a helix; A, B sheet;

>, Bturn;  —,

remainder. The locations of five cysteine residues are indicated (C). Also,

sequences homologous to the GTP- or ATP-binding domains of some nucleotide-binding proteins (al and a2) and the EF hand of the
Ca’*-binding domain (b; see Discussion), respectively, are indicated by arrows.
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FIG. 6. Peptide mapping of gp18 by lysyl endopeptidase. An elution profile of reverse-phase HPLC as measured by absorption at 210 nm
is shown. Conditions were as described in the legend to Fig. 4, except that the peptides were eluted at a speed of 0.5 ml/min. All of the major
peaks were fractionated, and the amino acid compositions were determined. The identified peptides in the primary structure are listed in Table
2.

each late promoter sequence. It revealed that both of the
consensus sequences serve as weak promoters but most of
the transcripts arise from further upstream of the two
promoters, possibly from the promoter for gene 18 (3).

When we started the peptide analysis of gp18, we assumed
that the N-terminal amino acid residue was blocked, because
Brenner et al. (5) could not detect the N-terminal amino acid
by the 2,4-dinitrophenol method. Since we identified the
N-terminal peptide with which Edman degradation was
feasible, we reexamined the 2,4-dinitrophenol method on the
whole protein and found 2,4-dinitrophenol-threonine after
hydrolysis (data not shown). We used monomeric gpl8 for
N-terminal analysis instead of the contracted sheath which
they used. This might explain why they did not detect the
N-terminal residue. Contracted sheath is known to be ex-
tremely stable (33). Recently, Ben-Bassat and Bauer (4) have
presented an empirical rule for the removal of the N-terminal
methionine based on the second amino acid residue. The
removal of N-terminal methionine in gp18 agrees with their
rule that it is removed when the second residue is threonine.
The proposed rule also agrees with the fact that the N-
terminal methionine of gpl9 is retained when the second
residue is phenylalanine (3).

Among the three peptides not recovered (Table 3; Fig. 6),
peptide 317-390 contains most of the sequence not confirmed
by peptide analysis. This peptide is considered to be hydro-
phobic and appears to aggregate and precipitate during
protease digestion. Attempts to recover this peptide with
reasonable yield have been unsuccessful. However, it
should be noted that where confirmation of the nucleotide
sequence by peptide analysis was not carried out, the

nucleotide sequence was determined in both directions (Fig.
2b).

Determination of the primary structure is the first step
toward elucidation of the structure-function relationship of
the tail sheath protein. Twenty-nine mutant strains of T4
with distinct phenotypes are present in gene 18. They
include ts (growth at 30°C but not at 42°C; two strains), cs
(growth at 37°C but not at 25°C; three strains), hs (heat
labile; four strains), CBW (can infect in the presence of high
concentration of polyethylene glycol in the medium; three
strains), and amber mutants (17 strains). Identification of the
mutation sites in gene 18 or gpl8 will give us information
concerning roles of the amino acid residues at the mutation
sites. For example, it is likely that CBW mutants have an
altered amino acid residue located on the surface of the tail
sheath, where it must interact with the tail fibers. Also, the
peptide map produced by lysyl endopeptidase will help us to
identify peptides which contain a substituted amino acid or
those which have a chemically modified amino acid residue.

TABLE 3. Molecular weights of sheath and tube proteins

Mol wt (10) of:

Phage Sheath Tube Reference
protein protein

Ta 7 19 This study

SPO1 60 12 2

Mu 55 13 10

P2 46 20 19

PS17 36 18 2
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FIG. 7. Sequences in gp18 homologous to nucleotide-binding sites (al, reference 18; a2, reference 32) and the EF hand (b, reference 16).
Abbreviations: EGR-R, epidermal growth factor; ADH, alcohol dehydrogenase.

Some characteristic features of gpl8 drawn from the
primary structure may be pointed out. There are five Cys
residues, and all of them are in the C-terminal half of the
molecule (Fig. 5). Preliminary experiments have indicated
that two of them form a disulfide bond (data not shown).
There is a sequence in the N-terminal region with five
consecutive serine residues (Fig. 3). This region is consid-
ered to assume an undefined conformation, possibly located
on the surface of the protein. Also, there is only one histidine
residue in the total of 658 residues.

Recently, it was reported that gpl8 is a GTP-binding
protein (27). We therefore searched for homology to nucle-
otide-binding proteins. Some homology was found (Fig. 7al
and a2). Further study is necessary to assess the significance
of the homology and the role of GTP in the sheath protein.
There is also a region homologous to Ca2*-binding proteins,
the so-called EF hand (16; Fig. 7b). The significance of this
homology is not clear, but Ca®>* might be important to
stabilize the native structure of gpl8.

It has been reported that gp18 has 2 to 3% hexosamine (5,
34). Amino acid analysis of gp18 has shown that it has some
amino sugar whose elution time in the analyzer does not
coincide with that of any commonly encountered amino
sugar such as glucosamine, galactosamine, or mannosamine
(R. Muramatsu, F. Arisaka, and S. Ishii, unpublished data).
However, we did not detect this amino sugar in the amino
acid analyses of peptides in the present study, which cov-
ered 88% of the total primary structure. In particular, it was
apparent that there are no covalently attached amino sugars
in those peptides whose sequences were determined by
Edman degradation in a protein sequencer. The structure of
the amino sugar and its mode of linkage to the protein remain
to be elucidated.

Another approach to elucidation of the structure-function
relationship of the sheath protein would be to compare the
primary structure of T4 with those of other phages. Molec-
ular weights of contractile tail sheath proteins from a number
of bacteriophages are listed in Table 3. Although tail tube
proteins have relatively constant molecular weights, the
molecular weights of the sheath proteins vary considerably.
We postulate that these sheath proteins share a homologous
domain which plays an important role in sheath contraction.

Recently, tail sheath and tube genes from Pseudomonas
aeruginosa phage PS17 have been cloned (T. Shinomiya,
personal communication). Also, the sequence of the genome
of phage 186, closely related to phage P2, will be determined
(J. B. Egan, personal communication). We therefore expect

that the primary structures of at least two phages other than
T4 will soon be available. The sequence data will be very
useful in studying the structure-function relationship of the
sheath protein and may provide insights into the evolution-
ary relationship among these phages.
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