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ABSTRACT

WEISSBACH, ARTHUR (National Institutes of Health, Bethesda, Md.), ALLAN
LIPTON, AND ARNOLD Lisio. Intracellular forms of X deoxyribonucleic acid in
Escherichia coli infected with clear or virulent mutants of bacteriophage X. J.
Bacteriol. 91:1489-1493. 1966.-Infection of either the sensitive or lysogenic strain
of Escherichia coli K-112S by M+ leads to the formation of a new phage deoxyribo-
nucleic acid (DNA) species having the properties of a twisted circular DNA duplex.
This new phage DNA species is also seen in cells infected with clear or virulent
mutants of X which cannot lysogenize, or do so at a low frequency. The sedimenta-
tion rate of circular X DNA duplex at various pH values and its lability were ex-
amined.

The infection of either lysogenic or sensitive
(nonlysogenic) cells of Escherichia coli K-12 with
phage X leads to a rapid intracellular formation
of a new species of the phage deoxyribonucleic
acid (DNA) (la, 10). Bode and Kaiser (la) have
shown the presence of three differently sediment-
ing forms of the phage DNA isolated from the
host cells. Centrifugation in sucrose gradients,
at pH 7.4, revealed species I, sedimenting 1.9
times faster, and species II, sedimenting 1.14
times faster than the normal linear duplex DNA
molecule, species III. At pH 12, species I sedi-
ments 3.6 times faster than denatured X DNA,
whereas species II sediments at the same rate as
the latter.
Bode and Kaiser (la) suggested that DNA

species I represents a condensed circular form of
X DNA similar to the twisted circular form of
polyoma viral DNA (9), that species II is a closed
circular molecule, and that species III is the
normal linear duplex DNA molecule which is the
same as that obtained from mature X phage.
Species II seems to arise by spontaneous decay
of species I.
The occurrence of circular forms of X DNA in

cells infected with this phage may be of some
relevance to the mechanism by which X estab-
lishes a lysogenic state. Campbell (2) has pro-

1 Present address: Department of Medicine, Colum-
bia-Presbyterian Medical Center, New York, N.Y.

posed a circular X chromosome as an intermediate
in the attachment of the X DNA to the bacterial
chromosome and formation of prophage. In view
of the Campbell model and the above results
indicating the presence of circular forms of X
DNA in infected cells, it became of interest to
determine whether mutants of X that are unable
to lysogenize are also unable to produce the
rapidly sedimenting circular species ofDNA after
infection. For this purpose, we have examined
clear mutants of X having mutations in the CI,
CII, or CIII cistrons and Xvir, a multiple mutant
of X having one of its mutations in the Cr cistron.
These clear and virulent mutants of X show little
or no ability to lysogenize E. coli K-12 (1, 3).
This paper will show that infection of sensitive

or lysogenic E. coli with clear or virulent mutants
of X causes the formation of the same rapidly
sedimenting DNA form (species I) which is seen
after infection with wild-type X (X+).

MATERIALS AND METHODS
Bacterial and bacteriophage strains. E. coli K-112(S)

(nonlysogenic) and K-112(X22) (a wild-type lysogen)
have been previously described (6, 7) as has Xvir.
The following clear mutants were obtained from Ver-
non Bode: X C72 (CI mutant), X CQ8 (CII mutant),
and X C,7 (CIll mutant). Preparations of these clear
mutants were made from single plaque isolations.
E. coli CR-34(S) (nonlysogenic) and CR-34 (X) were
obtained from M. Meselson.

Preparation of H3- or C14-X. X+-E. coli CR-34(X)
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was grown in synthetic medium containing (per liter):
10 ml of 10% Casamino Acids, 5 ml of 0.5 M MgCl2,
2 ml of 0.5 M CaC12, 1.0 ml of thiamine hydrochloride
(500 jg/ml), 3.0 ml of thymine (20 MAmoles/ml), 4
ml of 0.5% leucine, 2.0 ml of 1% L-threonine, and
1 to 1.5 mc of H3-thymine (New England Nuclear
Corp., Boston, Mass.). The cells were grown with
rapid aeration at 37 C and induced with mitomycin C
when the cell population was 2 X 108 cells per milli-
liter (6). After lysis had occurred, the X phage was
isolated as described by Kaiser and Hogness (4) and
banded twice in CsCl. For the preparation of C14-X,
C14-thymine was substituted for H3-thymine.

Preparation of C14-X DNA. Purified X phage, labeled
with C'4-thymine, was shaken with phenol, and the
DNA was isolated as previously described (8).

Preparation ofH3 C mutanits and Avir. E. coli CR-34-
(S) was grown in synthetic medium containint, H3-
thymine as described above. When the cell density
reached 2 X 108 per milliliter, the culture was infected
with the appropriate X mutant at a multiplicity of
infection of one phage per 10 cells. After lysis had
occurred, the phage were isolated by two cycles of
low- and high-speed centrifugation (7) and banded
two times in CsCl.

Infection of cells with H3-X phages. E. coli K-112S
[or K-1 12(X22)] was grown in 500 ml of synthetic
medium at 37 C (5). At a cell density of 2 X 108 per
milliliter, the culture was infected with the appropriate
H3-X strain at a multiplicity of five phage per cell.
(Under these conditions over 90% of the cells lysed,
with a burst size of 100 to 200 phage per cell.) At
15 min after infection the culture was rapidly
cooled to 0 C, and the cells were collected by cen-
trifugation. The cells (0.5 g) were washed once with
0.01 M tris(hydroxymethyl)aminomethane (Tris),
pH 8.0, and either stored at -120 F or immediately
used for the DNA isolation described below.
DNA isolation from infected cells. A modification

of the procedure described by Bode and Kaiser (la)
was used. A 0.5-g amount of washed cells was sus-
pended at 0 C in 4 ml of 1.0 M sucrose in 0.01
M Tris, pH 8.0. A 2-ml amount of 0.1% lysozyme
was added, followed in 5 min by 2 ml of 0.2 M ethylene-
diaminetetraacetic acid (EDTA), pH 8.0. After an
additional 5 min, 12 ml of 0.75% sodium dodecyl
sulfate in 0.01 M Tris plus 0.001 M EDTA (pH 8.0) was
added, and the suspension was kept at 0 C for 30
min. This suspension was shaken once with an equal
volume of phenol (water-saturated with 0.01 M Tris
plus 0.001 EDTA, pH 8.0) for 3 min, and the aqueous
phase was removed by centrifugation. The phenol
layer was washed once with 10 ml of 0.01 M Tris
(pH 7.4), and the aqueous phases were combined and
dialyzed against 10-3 M Na3PO4 for 18 hr at 2 C. The
dialyzed preparations were concentrated in vacuo by
lyophilization to a final volume of 3 to 5 ml. The
preparations so obtained were usually turbid and, in
some cases, were shaken again with an equal volume
of water-saturated phenol two to four times, redialyzed
against 0.01 M Na3PO4 for 6 hr, and concentrated by
lyophilization, if necessary, to 3 to 5 ml. These prep-
arations contained 20,000 to 40,000 counts per min
per ml and were centrifuged directly in the sucrose
gradients as described below.

Sucrose gradient centrifugation. A 29-mi amount of
a linear 10 to 30% sucrose gradient was placed over
1 ml of 50% sucrose, and 1 ml of the preparation to
be analyzed was layered on top. The sucrose solutions
were prepared either in 0.01 M Tris (pH 7.4) or in
0.02 M Na3PO4. In the latter case, the pH meter
readings were 11.1 (10% sucrose) and 10.6 (30%
sucrose). In some experiments, the 10 and 30%/ sucrose
solutions in 0.02 M Na3PO4 were brought to pH 12.2
by the addition of NaOH.

Centrifugation was carried out in a Spinco SW-25
head for 16 hr at 40,692 X g at 0 C. At the end
of the centrifugation, tubes were punctured at the
bottom, and 1-ml fractions were collected. For radio-
active measurements, 0.20 ml of salmon sperm DNA
(2.5 mg/ml) and 2 ml of water were added to each
tube, and the DNA was precipitated by the addition,
with stirring, of 0.5 ml of 6% perchloric acid. The
precipitate was collected by centrifugation and dis-
solved in 0.50 ml of hyamine hydroxide (Packard
Instrument Co., La Grange, Ill.) at 50 C for 10 min.
The hyamine solutions were placed in 10 ml of toluene
scintillator (8), and were counted in a liquid scintil-
lation spectrometer.

RESULTS
Control experiments. Figure 1 shows the results

of control experiments designed to locate the
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FIG. 1. Sedimentation of X-DNA; 10 to 30%0 sucrose
gradients in 0.01 m Tris (pH 7.4) were used. (A) DNA
from C14-X+ phage. (B) DNA preparation from cells
infected at 0 C with H3-X+.
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position of X DNA in 10 to 30% sucrose gradi-
ents after 16 hr of centrifugation at 40,692 X g.
In Fig. 1A, a preparation of C'4-X DNA obtained
by phenol treatment of C14-X phage shows a
single peak migrating about one-fourth of the
way down the tube. In another control experi-
ment, E. coli K-112S cells were mixed with H3-X
(CII preparation) at 0 C under conditions similar
to those used for active phage infections at 37 C
(see Materials and Methods). Under these condi-
tions, the X phage absorbs to the cells but does
not inject its DNA into the cell (la). The DNA,
prepared from these cells infected at 0 C, also
shows one peak in the sucrose gradient (Fig. 1B),
sedimenting at the same rate as normal X DNA
obtained directly from X phage. The results are
the same whether the centrifugations are carried
out in Tris at pH 7.4 or in Na3PO4, pH 10.6 to
11.1.

Infection ofcells with wild-type X. The infection
of the wild-type lysogen E. coli K-112 (X22) at 37 C
with X+ leads to the intracellular formation of
another DNA species sedimenting about two
times as fast as normal phage DNA (Fig. 2A).
The results are similar to those described by Bode

CPM

and Kaiser. The experiment in Fig. 2A was car-
ried out in sucrose in 0.01 M Tris (pH 7.4). A
similar experiment was performed by use of a
sucrose gradient in 0.02 M Na3O4 having a pH
range from 10.6 to 11.1. Figure 2B shows that
the results are essentially the same as those ob-
tained atpH 7.4. Since we have found that similar
DNA sedimentation patterns are obtained with
sucrose dissolved either in 0.01 M Tris (pH 7.4) or
0.02 M Na3PO4 (pH range, 10.6 to 11.1), we have
used both of these conditions in our experiments.
The infection of the nonlysogenic sensitive

strain E. coli K-112S with X+ also led to the
formation of a similar rapidly sedimenting form
of X DNA (Fig. 3). The relative amount of the
rapidly sedimenting form of the X DNA was less
than that seen in lysogenic cells. This may be due
to the variable degradation of the rapidly sedi-
menting DNA species in the isolation procedure.
Bode and Kaiser (la) have recently reported

that the rapidly sedimenting form of the DNA
(species I) is converted in 0.3 N NaOH to a form
sedimenting 3.6 times as fast as normal denatured
X DNA. We found the same results (Fig. 3)
when the same DNA preparation obtained from
a X+ infection of K-112S was centrifuged in su-
crose dissolved in 0.02 M Na3PO4 at either pH
10.6 to 11.1 or at pH 12.2. At pH 10.6 to 11.1,
the usual rapidly sedimenting peak moving two
times as fast as normal DNA was noted; at pH
12.2, a DNA form sedimenting 3.5 times as fast
as denatured DNA was found with no sign of
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FIG. 2. Sedimentation ofDNA from lysogenic cells
infected with H3-X+. Sucrose gradient centrifugation
was performed in 0.01 M Tris at pH 7.4 (A), or in 0.02
M Na3PO4 at pH 10.6 to 11.1 (B).
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FIG. 3. Sedimentation of DNA from nonlysogenic
cells infected with H3-X+. Sucrose gradient centrifuga-
tion was carried out at pH 10.6 to 11.1 (solid line) or
at pH 12.2 (dashed line) in 0.02 M Na3PO4.

27

VOL.91)1966 1491



WEISSBACH, LIPTON, AND LISIO

the fast-moving form seen at pH 10.6 to 11.1
(or at pH 7.4).

Infection of cells with X C mutants and Xvir.
Figure 4 shows the results obtained when E. coli
K-112(S) is infected with various C mutants of X.
The experimental conditions were the same as
those employed when cells were infected with X+.
The CI, CII, and CIll mutants of X all formed
the rapidly sedimenting form of the phage DNA
after infection of the host cell. Again, the differ-
ent relative amounts of the rapidly sedimenting
DNA detected in these experiments may reflect
the isolation procedure. Thus, the CI and CIII
DNA preparations of Fig. 4 had received just one
treatment with phenol, whereas the ClI prepara-
tion was shaken five times with phenol. This
difference in the number of phenol treatments
with the various DNA preparations received may
also explain the variation in the sharpness and
mobility of the DNA peaks seen in the sucrose

CPM

gradients. As shown in Fig. 5, Xvir, a multiple
mutant containing a mutation in the CT region,
also forms the rapidly sedimenting DNA after
infection of E. coli K-112 (X22).

Lability of rapidly sedimenting DNA. In these
particular experiments, approximately one-third
of the infecting X DNA was found as the rapidly
sedimenting form after isolation from infected
cells. This may be a minimal amount, since the
rapidly sedimenting DNA form is labile and
quickly converts back to a form sedimenting at
the same rate as normal linear X DNA. In our
experiments, incubation of DNA preparations
containing the rapidly sedimenting form in 0.01 M
Tris (pH 7.4) at 37 C led to the disappearance of
approximately 50% of this species in 20 min and
almost complete disappearance in 60 min. Storage
of the DNA preparations at -15 C for 1 month
also caused the loss of about two-thirds of the
rapidly sedimenting DNA form. Bode and Kaiser
(la) found little if any of their species I after
storage at 5 C for 4 months. The degradation
and loss of the rapidly sedimenting form may be
due to an inherent instability of this species or to
trace amounts of nucleases still present in these
DNA preparations.

DISCUsSION

The results reported in this paper agree with
the findings reported by Bode and Kaiser (la)
that a rapidly sedimenting form of X DNA is
formed in lysogenic cells infected with X+. We
have also found this to be true in nonlysogenic
cells infected with X. Though Bode and Kaiser
were able to detect three DNA species by their
technique, our method can only distinguish the
fastest moving form of the phage DNA (species
I) from the normal X DNA (species III). DNA
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FIG. 4. Sedimentation of DNA from nonlysogenic
cells infected with H3 clear mutants of X. (A) CI,
(B) CII, (C) CIII. Sucrose gradients at pH 10.6 to
11.1 in 0.02 M NasPO4 were used.
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Fio. 5. Sedimentation ofDNA from lysogenic cells
infected with H3-Xwir. A sucrose gradient in 0.01 m
Tris (pH 7.4) was used.

1492 J. BACTERIOL.



PHAGE DNA FORMS AFTER Xc INFECTION

species II, which has a sedimentation rate only
slightly greater than species III, cannot be recog-
nized in our experiments. There is an apparent
discrepancy between the results of Young and
Sinsheimer (10) and those of Bode and Kaiser
as to the relative sedimentation rate of the fast-
moving form of X DNA at pH 12. The former
workers found the sedimentation rate of the fast-
moving DNA form to be about two times that of
X DNA in gradients run in 0.02 M Na3PO4 (pH
12.2), whereas the latter group found it to be 3.6
times that of normal denatured DNA. In our ex-
periments with sucrose gradients in 0.02 M Na3P04
titrated with NaOH and having pH meter read-
ings of 12.2, we found the mobility of the rapidly
sedimenting DNA form to be the same as that
reported by Bode and Kaiser. The use of sucrose
gradients in 0.02 M Na3PO4, which have pH meter
readings of 10.6 to 11.1 and have not been brought
to pH 12 with NaOH, results in a rapidly sedi-
menting form moving two times as fast as normal
X DNA, which is the same as the mobility at pH
7.4. If the sucrose gradients used by Young and
Sinsheimer were in fact at a pH somewhat below
12.2, their results would agree with those of Bode
and Kaiser.
The clear and virulent mutants of X are unable

to lysogenize E. coli K-12, even at a low fre-
quency. A reasonable hypothesis, based on the
Campbell (2) model of lysogenization, would be
that such mutants would be unable to form the
rapidly moving, circular form of phage DNA.
However, the present experiments show that the
C mutants of X do form the fast-moving, con-
densed circular form of DNA when they infect
the nonlysogenic E. coli K-112(S). Infection of
the lysogenic K-112 (X) with a CIII mutant has
given the same results, and one might anticipate
this to be true with the other clear mutants of X.
Similarly, Xvir infection of either sensitive or lyso-
genic cells leads to the formation of the rapidly
sedimenting DNA form.
The possible function of the rapidly sediment-

ing twisted circles of phage DNA which arise
after infection of host cells is obscure. A circular
DNA duplex fits into the Campbell (2) model of

lysogenization. Our experiments with the X mu-
tants which are defective in their ability to lyso-
genize do not negate or support this model, but
merely show that these mutants are capable of
forming the circular DNA duplex when they in-
fect a host cell.
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