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An extract prepared from Escherichia coli cells infected with ¢X174 bacterio-
phage was capable of incorporating dTTP into phage-specific DNAs in vitro. The
synthesized DNAs were associated with proteins and sedimented with S values
of 20, 50, and 90 in a sucrose gradient sedimentation. DNA isolated from 20S
material was open circular replicative form (RF), DNA in 50S material was
replicative-form DNA with an extended single-stranded viral DNA that ranged
up to one genome in length, and DNA in 90S material consisted of circular and
linear single-stranded viral DNA of full genome length and single-stranded
viral DNA shorter than full genome length. Pulse and pulse-chase experiments

indicated that 90S material derived from 50S material.

Three different modes of phage-specific DNA
synthesis have been identified in Escherichia
coli cells infected with circular, single-stranded
(SS) DNA bacteriophage $X174 (2, 14). Imme-
diately after its penetration into the host cell,
the circular SS DNA is converted to a double-
stranded form (parental replicative form [RF]).
The parental RF replicates semiconservatively
to produce a number of progeny RF molecules.
Finally, SS viral DNA is synthesized from RF
molecules.

A particularly interesting feature of $X174
morphogenesis is that production of intact SS
viral DNA depends upon the functions of seven
phage-coded genes including those specifying
virion structural proteins F, G, and H and non-
virion protein genes A, B, C, and D. The only
known phage gene that is not involved in the
maturation process is gene E (lysis).

An intermediate of viral DNA synthesis was
described previously (4, 8, 10, 15). It consists of
an RF molecule with an extended tail of SS
DNA (rolling circle of sigma [o] structure [3]).
The length of viral DNA in the o structure
ranges from one to two genomes. Recently, Fu-
jisawa and Hayashi found a DNA-protein com-
plex that is a precursor for mature phage in
cells infected with wild-type phage (5, 6). The
complex sedimented with an S value of 50 in
sucrose gradient centrifugation (50S complex)
and contained the o structure DNA and viral-
coded proteins A, A* (smaller gene A protein
[11, 12]), D, F, G, H, and J and several host
proteins. They showed that (i) elongation of
viral DNA occurred in the 50S complex, and (ii)
cleavage of viral DNA into unit length from the
o structure occurred in the 50S complex with
the action of the gene A protein.

We found that an extract prepared from in-
fected cells was capable of synthesizing circular
SS viral DNA in vitro. The system mimics the
mode of SS DNA synthesis in vivo and would be
a useful system for elucidation of the morpho-
genetic pathway of the phage.

MATERIALS AND METHODS

Preparation of cell extract. E. coli H570-22 (a
thyA derivative of H570 [F~ tsx™ A* ¢X® Str* polAl
endA rna] was grown at 37°C in tryptone-KCl me-
dium (1% tryptone, 0.5% KCl) supplemented with 10
mM potassium phosphate buffer (KPO,, pH 7.3),
0.5% glucose, and 5 ug of thymidine per ml to an
absorbancy at 660 nm of 0.8. MgCl; and CaCl, were
added to the culture at concentrations of 10 and 5
mM, respectively, and the culture was infected with
N11 (a lysis gene E mutant of $X174) at a multiplic-
ity of infection of 10 and kept at 37°C with vigorous
aeration. The infected culture was quickly chilled in
an ice bath 35 min after infection. Cells were har-
vested by centrifugation and washed twice with
buffer A (50 mM Tris-hydrochloride, 0.1 mM EDTA
[pH 7.3 at 25°C]) and twice with buffer A containing
10% sucrose. The washed cells were suspended to
1.25 x 10'/ml in buffer A containing 10% sucrose,
100 mM KCl, 500 ug of bovine serum albumin (BSA)
per ml, and 200 ug of E. coli tRNA per ml and
incubated with 5 ug of T4 lysozyme per ml for 30 min
at 0°C; then 1 mM of dithiothreitol was added to the
incubation mixture. The mixture was brought to
30°C for 2 min, chilled at 0°C for 20 min, and centri-
fuged at 30,000 x g for 20 min at 0°C in a Spinco
SW50.1 rotor. The supernatant fraction (cell ex-
tract) contained less than 10° intact cells or sphero-
plasts per ml when counted under a light micro-
scope.

Reaction mixture. A standard reaction mixture
(0.25 ml) consisted of: cell extract, 0.15 ml; Tris-
hydrochloride (pH 7.1 at 30°C), 50 mM; dATP,
dGTP, dCTP, and [*H}dTTP, 0.1 mM each; ATP, 0.2
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mM; MgCl,, 15 mM; nicotinamide adenine dinucleo-
tide, 2 mM; B-mercaptoethanol, 10 mM; and bovine
serum albumin, 500 ug/ml. At the indicated times,
80 ul of the reaction mixture was taken and diluted
with 200 ul of ice-cold buffer B (50 mM Tris-hydro-
chloride [pH 7.5 at 0°C], 100 mM KCl, 5 mM EDTA,
and 500 ug of bovine serum albumin), and 100 ul of
the diluted reaction mixture was centrifuged in a
sucrose gradient (5 to 30% in 10 mM Tris-hydrochlo-
ride [pH 7.25]-100 mM NaCl-5 mM EDTA with a
0.15-ml cushion of 55% CsCl in 50% sucrose at the
bottom of the gradient) at 49,000 rpm at 0°C in a
Spinco SW50.1 rotor for 100 min. Fractions were
collected onto Whatman 3 MM square filters, which
were washed with ice-cold 6% trichloroacetic acid
and then with ethanol, dried, and counted.

When the total incorporation of dTTP into DNA
was measured, 15 ul of the reaction mixture diluted
with buffer B was taken and mixed with 0.2 ml of 0.2
N NaOH-20 mM Na PP, and 200 ug of calf thymus
DNA per ml and incubated at 90°C for 10 min. DNA
was precipitated with 10% trichloroacetic acid at
0°C. The precipitate was collected on Whatman GF/
C glass filters and counted.

Isolation and characterization of product DNAs.
A complete reaction mixture was centrifuged in a
sucrose gradient as described above. Fractions were
collected in tubes containing sodium dodecyl sulfate,
Sarkosyl, and EDTA to give final concentrations of
0.2%, 1%, and 10 mM, respectively, and incubated at
55°C for 20 min. Fractions in corresponding 20S,
508, or 90S regions of the sucrose gradients were
pooled. Each pooled fraction was incubated with 200
ug of RNase A per ml and 50 U of RNase T1 per ml
for 50 min at 37°C. Pronase (500 ug/ml) was added to
the RNase-treated samples, and the mixtures were
dialyzed against a buffer containing 5 mM Tris-
hydrochloride (pH 8.0), 5 mM EDTA, and 0.1% so-
dium dodecyl sulfate for 12 h at room temperature.
DNA was purified from the Pronase-treated samples
by the phenol method, precipitated with 2 volumes
of ethanol, dissolved in a solution of 10 mM Tris-
hydrochloride (pH 8.0), 10 mM NaCl, and 5 mM
EDTA, and dialyzed against the same buffer over-
night. The purified DNA was analyzed (i) in a neu-
tral sucrose gradient of low ionic strength (5 to 20%
sucrose gradient in 5 mM EDTA, pH 9.5) at 49,000
rpm for 150 min at 18°C in a Spinco SW50.1 rotor
(13), or (ii) in an alkaline sucrose gradient (5 to 20%
sucrose gradient in 5 mM EDTA-0.2 N NaOH) at
49,000 rpm for 250 min at 18°C, or (iii) in an alkaline
CsCl density gradient.

DNA-DNA duplex formation. DNA samples puri-
fied as described above were mixed with formamide
to a final concentration of 96% formamide and
heated for 10 min at 95°C. Denatured DNA (2,000
cpm; ca. 0.1 ug) was mixed with (final volume, 0.2
ml) 35% formamide, 0.2 M sodium acetate (pH 5.0),
and denatured DNAs (200 ug of E. coli DNA per ml,
5 ug of RF DNA per ml, or 5 ug of SS viral DNA per
ml), and the mixture was incubated at 30°C for 14 h.
A 0.8-ml volume of water, 2,000 U of S1 nuclease,
and 0.5 mM ZnCl, were added to the mixture, which
was then incubated for 60 min at 37°C. Ice-cold
trichloroacetic acid (7%)-precipitable counts of the
mixture were taken as hybridized counts.
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RESULTS AND DISCUSSION

Characterization of the products in the in
vitro system. Cell extracts prepared as de-
scribed above supported dTTP incorporation
into acid-insoluble material for about 8 min at
30°C (Fig. 1c). When a complete reaction mix-
ture was directly fractionated by sucrose gra-
dient centrifugation, the incorporated counts
were distributed into three fractions (90S, 50S,
and 20S materials) as shown in Fig. la (S
values of these fractions were estimated by us-
ing mature phage as a sedimentation marker
[114S], Fig. 1b). Counts incorporated into 90S
increased with time (Fig. 1a). Materials from
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F1c. 1. Kinetics of dTTP incorporation and prod-
uct analysis of the in vitro system. (a) A complete
reaction mixture ([*H]dTTP, 880 cpm/pmol) was
incubated at 30°C and, at 2 (O), 4 (@), and 8 (L)
min, samples were taken and analyzed in sucrose
gradients as detailed in the text. Centrifugation time
was 100 min. Fractions 31 through 39 were dis-
carded. (b) A portion of the reaction mixture of (a)
incubated for 4 min was mixed with [“*CJthymine-
labeled mature phage (114S) and analyzed in a su-
crose gradient as described above, except that the
centrifugation time was for 45 min. (- - -) “C; (@)
3H. Sedimentation in (a) and (b) and in the subse-
quent sections was from right to left. (c) Kinetics of
[*H]dTTP incorporation into trichloroacetic acid-in-
soluble material. A 4.25-ul equivalent of the reaction
mixture was measured as described in the text.
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each of the peak regions of Fig. 1b (90S, 50S,
and 20S) were deproteinized by treatment with
Pronase in the presence of 0.2% sodium dodecyl
sulfate, and purified DNAs were hybridized to
E. coli DNA, to RF DNA, or to viral DNA
(Table 1). DNA from the 90S, 50S, or 20S re-
gion hybridized to RF DNA but not to viral
DNA or to E. coli DNA, indicating that the
product DNA in the reaction mixture contained
sequences homologous to viral (plus-strand)
DNA.

DNA from the 90S, 508, or 20S region in Fig.
la was analyzed by neutral or alkaline sucrose
gradient sedimentation or alkaline CsCl den-
sity gradient centrifugations. (Fig. 2 and 3).

DNA from the 20S region of Fig. 1b sedi-
mented at the position of the RFII marker in a
neutral sucrose gradient (Fig. 2a) and at the
position of DNA of linear unit length in an
alkaline sucrose gradient (Fig. 2b). The DNA
banded at the position of viral DNA (plus
strand) in an alkaline CsCl density gradient
(Fig. 2¢).

DNA from the 50S region of Fig. 1b sedi-
mented heterogeneously between RFI and RFII
in a neutral sucrose gradient (Fig. 2d). In an
alkaline sucrose gradient, the DNA from the
50S region sedimented heterogeneously be-
tween 18S (linear viral DNA two genomes in
length) and 14S (linear viral DNA one genome
in length), with a distinct peak at 14S (Fig. 2e).
When the DNA from the 50S region was first
treated with S1 nuclease (which is specific for
SS DNA [1]) and then analyzed by alkaline
sucrose gradient sedimentation, products from
the digestion sedimented at the position of lin-
ear viral DNA one genome in length and di-
gested material was recovered near the top of
the gradient (Fig. 2f). In an alkali CsCl density

TaBLE 1. Hybridization test of DNAs from 208,
508, and 90S materials

cpm hybridized to:
Sample Input
DNA cpm E.coli No
SS DNA RF DNA DNA DNA®
From 20S 2,010 80 1,834 64 82
From 508 1,980 25 1,662 40 43
From 90S 2,100 58 1,921 46 46
E. coli® 1,500 80 76 860 78
RF¢ 3,040 1,021 2,672 46 120
Ss4 2,820 29 2,520 21 38

2 No DNA except sample DNA was added to the
reaction mixture.

% Isolated from uninfected [*Hlthymidine-labeled
HF4704 cells as described previously (13).

¢ [*Hlthymidine-labeled RF DNA isolated as de-
tailed previously (9).

 Isolated from [*H]thymidine-labeled ¢$X174.
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gradient, the DNA from the 50S region banded
at the position of viral DNA (data not shown).

DNA in the 90S region of Fig. 1b sedimented
at the position of the viral strand, tailing to-
ward the lower-molecular-weight region in a
neutral sucrose gradient (Fig. 3a). In an alka-
line sucrose gradient, the DNA in the 90S re-
gion sedimented at three positions correspond-
ing to complete circular viral DNA, complete
linear viral DNA, and smaller than full-ge-
nome-length DNA (Fig. 3b). DNA from the 90S
region had the same density as that of viral
DNA in an alkaline CsCl density gradient (Fig.
3c).

Ratios of circular and linear DNAs in the 90S
region seemed to change with incubation time.
If the incubation of the reaction mixture was
limited to 2 min, the DNA isolated from the 90S
region was circular and linear, one full genome
in length (Fig. 3d, compare with 3b). When the
DNA from the 90S region was treated with S1
nuclease first and then sedimented in an alka-
line gradient, the circular and linear DNAs
were digested completely with the nuclease,
and the digested material was recovered near
the top of the gradient (Fig. 3e). However,
when DNA from the 90S region was treated
with exonuclease I of E. coli and sedimented in
an alkaline gradient (Fig. 3f), DNA sedi-
menting at the position of circular DNA was
resistant to the nuclease, but the DNA origi-
nally sedimenting at the position of linear
DNA was digested with exonuclease I.

These analyses of DNA in each region de-
rived from the reaction mixture by sucrose den-
sity sedimentation indicates that the 20S mate-
rial contains RFTI, the 50S material consists of
replicating SS DNA (the o structure), and the
90S material contains complete circular SS
DNA and linear DNAs.

Precursor and product relationship among
208, 50S, and 90S materials. A complete reac-
tion mixture was incubated with labeled dTTP
for 20 s, and then an excess amount of unla-
beled dTTP was added. Samples were with-
drawn at designated times and analyzed by
sucrose density centrifugations. Results are
shown in Fig. 4 (a to ), and the percentages of
the total counts in 20S, 50S, and 90S material
existing at the end of the pulse-chase periods
are plotted in Fig. 4g.

At the end of the pulse period, radioactive
counts were incorporated into 20S and 50S ma-
terials. Upon the chase, counts in the 20S mate-
rial increased before the formation of radioac-
tive 90S material (at 1 min). Counts in the 20S
material then decreased and reached a plateau,
while counts in 50S material decreased contin-
uously with a concomitant increase of the
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FiG. 2. Characterization of DNAs in 208 and 508 regions. A standard reaction mixture ([*H]TTP, 3,760
cpm/pmol) was incubated for 4 min at 30°C, and centrifuged through a sucrose gradient as described in the
legend to Fig. 1. 208 or 508 regions were pooled, and DNAs were purified from the pooled fractions and
analyzed by sucrose sedimentation or in CsCl density gradients as described in the text. (a) DNA from the 20S
region; neutral sucrose gradient; markers, RFI and RFII. (b) DNA from the 20S region; alkaline sucrose
gradient; markers, RFI and RFII (separated into circular [C] and linear [L] DNAs). (c) DNA from the 20S
region; alkaline CsCl density gradient; markers, RFI (heaviest) and RFII (plus strand [+], heaver; minus
strand (-], lighter). (d) DNA from the 508 region; neutral sucrose gradient; markers RFI and RFII. (e) DNA
from the 508 region; alkaline sucrose gradient; marker, viral DNA. () DNA from the 50S region was
incubated with 90 U of S1 nuclease per 0.15 ml in a buffer containing 50 mM acetate (pH 5.0) and 0.5 mM
ZnCl, for 10 min at 37°C and was centrifuged in an alkaline sucrose gradient; markers, RFI and RFII.
Marker RFI, RFII, and viral DNAs were labeled with [*C]Jthymine. (X) "C counts; (®) *H counts.
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Fi1c. 3. Characterization of DNA from the 90S region. (a, b, and ¢) DNA from the 90S region isolated from
the reaction mixture used in Fig. 2 (4-min incubation) was analyzed. (d, e, and f) A standard reaction mixture
was incubated for 2 min at 30°C, and DNA from the 908 region was isolated, as described in the legend to Fig.
2, and analyzed. (a) Neutral sucrose gradient; markers, RFI, RFII, and viral DNA (SS). (b) Alkaline sucrose
gradient; marker, circular viral DNA. (c) Alkaline CsCl density gradient; markers, RFI and RFII. (d)
Alkaline sucrose gradient; marker, RFII. (e) DNA of the 90S region was first treated with SI nuclease as
described in the legend of Fig. 2f and then analyzed in an alkaline sucrose gradient; marker, RFII. (f) DNA of
the 908 region was treated with 4.5 U of E. coli exonuclease I per 0.15 ml in a buffer containing 67 mM glycine
(pH 9.5), 6.7 mM MgCl,, and 1 mM B-mercaptoethanol for 30 min at 37°C and was centrifuged in an alkaline
sucrose gradient; marker, RFII. DNA from the 90S region (°H, ®). Markers RFI, RFII, or viral DNA was
labeled with [“*C]thymine (Xx).
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F1c. 4. Pulse and pulse-chase labeling of the in
vitro products. A standard reaction mixture with 5.4
uM o-[3*P]dTTP (22,400 cpm/pmol) was incubated
for 20 s at 30°C, and then unlabeled dTTP was
added to a final concentration of 1 mM. A 35-ul
volume was taken at the end of the pulse and during
the chase period and was mixed with 200 ul of buffer
B. A 190-ul portion of the diluted reaction mixture
was centrifuged as described in the legend to Fig. 1.
(A gradual decrease of trichloroacetic acid-precipita-
ble counts was observed during the chase period; 70%
of the counts existing at the end of pulse period were
recovered at the end of the 8-min chase.) (a) 20-s
pulse; (b) 1-min chase; (c) 2-min chase; (d) 4-min
chase; (e) 6-min chase; (f) 8-min chase. (g) Radioac-
tive counts recovered in the 908 region (fractions 1
through 8) (@), the 508 region (fractions 9 through
23) (O), and the 208 region (fractions 24 through 30)
(A) are expressed as percentages of the total counts.

counts in the 90S material. If we assume that
the 90S material is equivalent to phage (be-
cause the circular DNA in 90S is the end prod-
uct of this in vitro system as far as the viral
DNA synthesis is concerned), we can compare
the labeling patterns in this pulse-chase experi-
ment to those in vivo.

Previously, Fujisawa and Hayashi proposed
a model of the in vivo precursor and product
relationship among RF1I, the 50S complex, and

J. VIRoL.

mature phage, based on the in vivo pulse and
pulsechase experiments (Fig. 5) (5-7). They
observed that synthesis of SS viral DNA initi-
ated at RFII. RFII with a short tail of SS DNA
then associated with.a capsomeric protein com-
plex (omega complex) to form the 50S complex.
Elongation of viral DNA continued in the 50S
complex until one round of replication of viral
DNA was completed. Cleavage on the viral
strand by the action of the gene A product
occurred to form an RFII molecule and a com-
plex between linear DNA and the omega struc-
ture. This complex would be further processed
to mature phage. The RFII released after the
cleavage of the 50S complex would enter into
the pool of RFII, and the formation of the 50S
complex would be repeated.

Some of the features of the in vitro labeling
pattern of 20S, 50S, and 90S material in Fig. 4g
can be explained by this model. When the sys-
tem was pulse-labeled with dTTP, radioactive
counts were incorporated into endogenously ex-
isting RFII (20S) and the o structure (in the
50S). During the pulse and subsequent chase
period, 90S material that contained circular
viral DNA was formed. However, radioactive
counts would not be expected to appear in the
90S region until one round of viral DNA repli-
cation had been completed in 50S material.
Before one round of viral DNA replication is
completed, endogenously existing 50S material
is converted to 90S material (non-radioactive)
and RFII (radioactive), and de novo formation
of 508 material should occur from the radioac-
tive RFII and the omega complex. The 50S ma-
terial would then produce radioactive 90S ma-
terial upon completion of viral DNA replication.

The in vitro kinetics (Fig. 4g) indicate that
much of the radioactive dTTP, initially incorpo-
rated in 50S material, is rapidly chased into
RFII (20S) and, after a lag of about 1 min, into
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508, and 90S material. A detailed explanation of the
model is given in the text.
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90S material. These features of the in vitro
kinetics are consistent with the model previ-
ously proposed for in vivo replication of $X174
viral DNA.

Certain aspects of the kinetics shown in Fig.
4g apparently deviate from results that might
be predicted by this model. These discrepancies
can be explained in the following ways. The
rapid decrease of 50S material may be due to a
small pool size of the endogenous omega com-
plex or to slow formation of the 50S material.
During the chase period, no apparent decrease
of radioactivity in RF (20S) was observed. It is
possible that the asynchrony of formation of
50S and 90S materials in the present system
led to a fortuitous balance between the decrease
of labeled RFII due to formation of the 50S
material and the increase of labeled RF due to
its release from the 50S material. Because the
rate of incorporation of dTTP into DNA de-
creased rapidly with time in the present system
(Fig. 1), it is also possible that de novo forma-
tion of the 50S material took place only during
early times of incubation. In separate experi-
ments, we (manuscript in preparation) ob-
tained evidence indicating de novo formation of
50S material from RFII and the omega complex
in an in vitro system. The system consisted of
extracts prepared (as described in this paper)
from cells infected with different mutant
phages. Mixing of appropriate extracts resulted
in the formation of 50S and 90S materials (in
vitro complementation).

The origin of DNAs in linear forms existing
in the 90S material is not known. These DNAs
may be derived from cleavage of circular DNA
by nuclease(s) with some subsequent degra-
dation, yielding the less-than-one-genome-
length DNAs. Alternatively, full-length linear
DNA may be a result of failure of ligation. It is
possible that the DNA of smaller than unit
length would be derived from premature termi-
nation of elongation in the 50S material. The
premature termination would also be reflected
in the rapid decrease of the 50S material in Fig.
4. The molecular structure of the 90S material
is unknown. It has not been detected as a pre-
cursor for mature phage in vivo. If the 90S
material is a precursor, our present system is
deficient in protein(s) responsible for the con-
version of the 90S material to mature phage.
Alternatively, it is possible that the 90S mate-
rial is an artificial aggregate between SS DNA
and proteins.
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Finally, if the in vitro synthesis of viral DNA
in the present system proceeds by way of a
sigma structure derived from RFII, the syn-
thesis of radioactive, circular, full-genome-
length viral DNA in the 90S material must be
the result of de novo initiation, elongation, ter-
mination, and circularization.
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