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SUMMARY The fine structures of ¢80 and ¢80 pt; phage virions were studied in
electron microscopy. ¢80 virion consists of a head with a regular hexagonal
outline and a long flexible tail. The hexagonal head has a long axis of 71 mu. The
tail has about 20 subunits arranged periodically along its tail core; the core is ap-
proximately 180 my in length and 6 mu in width. From the distal end of the tail,
tail fibers about 50 my long protrude and at its proximal end, a disc is connected.
#80 pt, virion is similar to ¢80 in morphology. Besides this particle, a small number
of spherical particles of 56 myu diameter without a tail were observed in a partially
purified preparation of ¢80 pt; phage. The significance of these small particles is
unknown.

The DNA extracted with phenol from the two phages were studied in electron
microscopy according to Kleinschmidt’s technique. Both DNA are usually linear
and form circular monomers and polymers or linear polymers when they are heated
at 75°C for 10 minutes and allowed to cool slowly. The average lengths of the
circular monomers of ¢80 and ¢80 pt; DNA are 13.841.1 & and 15.840.5 u, re-
spectively. The tryptophan region carried in ¢80 pt; DNA seems to be inserted
linearly into the phage genome and responsible for the difference in the two DNA.

Assuming the DNA to be in the B crystalline form, the length measurements
give molecular weights of 27 x 10¢ for $80 DNA and 30 x 108 for ¢80 pt; DNA.

1 Present address: Research Unit in Biochemistry, 2 Present adress: The Institute for Cancer Research
Biophysics and Molecular Biology, McMaster of Aichi Prefecture, Nagoya.
University, Hamilton, Ontario, Canada.
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INTRODUCTION

#80 phage is a specialized transducing phage
which transduces the tryptophan region of
Escherichia coli (MaTsusHIRO, 1963). $80 pt,
phage is a non-defective derivative of ¢80 and
carries parts of the tryptophan operon (Ma-
TSUSHIRO et al., 1964 ; SaTo and MATSUSHIRO,
1965). We compared the structures of virions
and DNA of the two phages, to investigate
the alteration of phage associated with the
incorporation of the tryptophan operon.

MATERIALS AND METHODS

1. Preparation of phages

Phage stocks of ¢80 and ¢80 pt, (supplied by the
courtesy of Dr. A. MATSUSHIRO) were grown on
W 3102, prototroph, a strain of Escherichia coli K 12,
in 100 ml of L-broth (Len~Nox, 1955). Phage 2.
stock (kindly supplied by Dr. H. Ozeki) was grown
on E. coli, strain C 600 S (kindly supplied by Dr.
H. Ozexk1), in 100 ml of lambda broth (polypeptone
10 g, NaCl 2.5 g, total volume 1000 ml, pH 7.2).
These lysates were stored overnight in the cold.
They were purified by a differential centrifugation
of 6,000 rpm for 10 min and 22,000 rpm for 45 min,
and the resulting pellets were suspended in 3 ml of
T, medium (6x10~*m MgSO,-7H,0, 5x107*m
CaCl,, 1x1073% gelatin, 6 x 10~ » Tris-HCI buffer,
pH 7.3). 2.38 g of CsCl were dissolved in these
phage suspensions, which were centrifuged at 23,500
rpm for at least 18 hours at 10°C using a Hitachi
RPS 40 swinging bucket rotor. The band of phage
particles formed by this density gradient centrifuga-
tion was separated by drop collection and dialysed
against 0.1 M NaCl-phosphate buffer (pH 7.1) to
remove CsCl. The purified phage suspension was
used for the preparation of phage DNA.

2. Extraction of phage DNA

To a phage suspension containing 0.2% Duponol,
was added an equal volume of 0.1 M NaCl-0.1 m
phosphate buffer (pH 7.1)—saturated phenol and
the phage DNA was extracted by rotation at 60
rpm for 30-60 minutes at 6°C, as described by
FrRankeL (1963). After low speed centrifugation,
the phenol layer was pipetted off. This treatment
was repeated 3 times. The augeous layer was trans-
ferred into a dialysis-tube by decantation and phenol
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was removed by dialysing against 0.15 a NaCl-0.015
M sodium citrate (SSC). This DNA solution was
used for observation in electron microscopy.

3.  Thermal treatment of phage DNA

The DNA solution (10 pg/ml) in 0.6 M NaCl-0.05
™ phosphate buffer (pH 6.7) was incubated at 75°C
for 10 minutes and allowed to cool slowly to room
temperature to form circular molecules of DNA.

4. Electron microscopy

Phage virions purified by 2 cycles of differential
centrifugation were diluted dropwise with distilled
water to approximately 10'° pfu/ml and mixed with
an equal volume of 2%, phosphotungstic acid (pH
7.2) and observed in a Hitachi HU 11 B type electron

microscope.

5. The DNA specimen for electron microscopy

The DNA specimen for electron microscopy was
prepared according to Kleinschmidt’s technique
(KreEinscHMIDT and Zaun, 1959). The DNA (1
ug/ml) in 0.01% cytochrome C and 2 M ammonium
acetate was spread on a water surface. The cyto-
chrome C monolayer was picked up onto formvar-
covered grids and shadowed with Pt-Pd in different
directions. Photographs were taken under a direct
magnification of 7000. The magnification was
checked with a grating replica. The lengths of the
DNA were measured on enlarged prints using a
map meter.

RESULTS

1. The structure of ¢80 and ¢80 pt; phage
VIrIONS

Fig. 1 shows the general appearance of ¢80
virions negatively stained. The virion consists
of a head and a flexible tail. The head has
a nearly regular hexagonal outline, the maxi-
mum diameter of which is 71 mu. Such an
outline suggests that the head may be an ico-
sahedron. The tail length is approximately
180 my. A fine tail fiber of about 50 my length
protrudes from the distal end of the tail and a
disc is connected at the proximal end. The
number of the tail fibers appears one although
the exact number is undefinite at present. The






FIGurRe 2 Details of ¢80 phage virions at a higher magnification, negatively
stained with phosphotungstic acid. The tail has about 20 subunits arranged
periodically along its tail core of approximately 180 my length and 6 mp width.
The tail core is clearly observed in the virions with empty heads.
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Ficure 3 A partially purified preparation of ¢80 pt; phage. Two kinds of
particles with different sizes are observed. The morphology of the large
particles, which are predominant, is similar to that of ¢80 virions. The small
particles have no tail and a diameter of 56 mu.

Ficure 4 The native ¢80 phage DNA, phenol-extracted. The DNA mole-
cules and either unbranched linear structures or multi-looped strands.
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As shown in Fig. 6, some circular molecules
have a discontinuous region. The lengths of
these discontinuous regions vary from molecule
to molecule and range from 0.1 to 0.4 u.

The formation of circular molecules of DNA
about 14 u in length but not shorter, suggests
that the DNA of this length has cohesive sites
at both ends and that it is an intact molecule
of $80 DNA (monomer).

In both Figs. 7a and 7 b, a small peak at
about 27 1 is seen. It probably represents the
dimer of ¢80 DNA. It has two discontinuous
regions which divide the total length into two
equal parts.

The circularized molecules become linear
again when they are heated at 75°C for 10
minutes and rapidly cooled.
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Ficure 7 Distribution of lengths of ¢80 DNA
molecules after thermal treatment: (a) circular
molecules ; (b) linear molecules.

4. Electron microscopy of ¢80 pt, phage DN A

The DNA of ¢80 pt, phage usually had an
unbranched linear configuration but formed a
circular structure by heating at 75°C for 10
minutes with subsequent slow cooling; this
happened as well as with ¢80 phage DNA.
The distribution of lengths of circular DNA is
shown in Fig. 9. The mean length of ¢80 pt,
DNA is 15.84+0.5  (calculated from 33 mole-
cules). The circularized DNA became linear
again by heating at 75°C for 10 minutes with
subsequent rapid cooling, as in the case of $80
DNA. Fig. 10 shows a circular molecule of
#80 pt; DNA.

DISCUSSION

The fine structures of ¢80 and ¢80 pt, phages
have been elucidated in the present studies.
We proposed from present data a morphologi-
cal model for phage ¢80 as presented in Fig. 11,
It conmsists of the following components dif-
ferentiated morphologically: a head, a tail
core, 20 subunits arranged along the tail core,
a disc at the proximal end of the tail and a tail
fibers at the distal end of the tail. We could
not detect a contractile system in the phage
tail such as has been demonstrated in the T-
even phages. The general appearance of ¢80
phage is similar to 1 phage (KELLENBERGER,
1961) and T5 phage (Kay and BrabpLEY, 1960),
in that it consists of a head with a regular hex-
agonal outline and a long flexible tail. We
wish to point out two morphological features of
the ¢80 virions; first the presence of a disc at
the proximal end of the tail within the head,
an entity as yet unknown in other phages, but
which may have a role in fixing the tail to the
head; the second, the size of the head, relative
to its DNA content. The head of the ¢80
virion is larger than that of the 2 virion (KgL-
LENBERGER, 1961; CumMINGs et al., 1965) by
more than 10 y, but contains a smaller amount
of DNA than the 2 virion (BURGI and HERSHEY,
1963 ; Ris and CHANDLER, 1963 ; MacHATTIE
and TrOMAS, 1964; Caro, 1965). This find-
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Ficure § A circular dimer of ¢80 phage DNA (the same preparation as in
Fig. 6). The discontinuities are marked by arrows. They divide the total
length of the molecule into two equal parts of 13.5 pu (monomer length).
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Figure 11 A morphological model of ¢80 virion.
It consists of the following components: a head, a
tail core, 20 subunits arranged along the tail core,
a disc at the proximal and a fiber at the distal end of
the tail. The head seems to be an icosahedral
arrangement of subunits. The exact number of
tail fibers is unknown at present.

are single-stranded and of complementary
nature as in the case of 2 DNA (Strack and
Kaser, 1965). The discontinuous regions
seen in the circular molecules may indicate the
sites of cohesion artificially separated during
the specimen preparation for electron micro-
scopy, because 1) not all the circular molecules
have discontinuous regions and 2) the lengths
of the regions vary from molecule to molecule.

The molecular length of ¢80 pt, DNA is
longer than ¢80 DNA by about 2 u. It was
also observed in zone centrifugation by Yama-
GISHI et al. (1966) that the molecular weight of
#80 pt, DNA is larger than that of $80 DNA.
The difference is probably caused by the in-
corporation of the host tryptophan region into
the phage genome. Since the difference is
observed in the circularized molecules and
since no branch is observed, this excludes the
possibility that the tryptophan operon attaches

to the phage genome as a branch. Since the
reversible cohesion of ¢80 pt; DNA as well as
#80 DNA readily occurs, the structures of both
ends of the two DNA molecules are probably
the same. These findings lead to the conclu-
sion that the tryptophan region is inserted
linearly into a site of the phage genome,

In our measurements of phage DNA, the
molecular length of ¢80 DNA is 13.8 x and that
of ¢80 pt;, 15.8 . Assuming the DNA to be
in the B crystalline form (MacHATTIE and
Tromas, 1964; Caro, 1965), the molecular
weights of $80 and ¢80 pt, are (26.5+2.1) x 108
and (30.3+1.0)x 109, respectively. We used
the circular molecules of ic phage DNA as a
reference for DNA length, because this DNA
has been extensively studied in electron micro-
scopy. Ris and CHaxpLER (1963) reported
that its length is 16.3 u, MacHaTTIE and
Tromas (1964), 16.3 u and Caro (1965), 15.6
u. Our measurements of 2 DNA gave the
length of 15.3+£0.9 g (calculated from 17
molecules). Thus our value of 1 DNA is
consistent with those of other workers and
available as a reference. Furthermore, the
fact that the length of 80 DNA is alittle shorter
than that of 2 DNA agrees with the finding
that 80 DNA sediments a little more slowly in
zone centrifugation than 2 DNA (YamacisHI
et al., 1966).
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