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We isolated $29 DNA replicative intermediates from extracts of phage-infected
Bacillus subtilis, pulsed-labeled with [°H]thymidine, by velocity sedimentation
in neutral sucrose followed by CsCl equilibrium density gradient centrifugation.
During a chase, the DNA with a higher sedimentation coefficient in neutral
sucrose and a lower sedimentation rate in alkaline sucrose than that of viral ¢29
DNA was converted into mature DNA. The material with a density higher than
that of mature ¢29 DNA consisted of replicative intermediates, as analyzed with
an electron microscope. We found two major types of molecules. One consisted of
unit-length duplex DNA with one single-stranded branch at a random position.
The length of the single-stranded branches was similar to that of one of the
double-stranded regions. The other type of molecules was unit-length DNA with
one double-stranded region and one single-stranded region extending a variable
distance from one end. Partial denaturation of the latter molecules showed that
replication was initiated with a similar frequency from either DNA end. These
findings suggest that $29 DNA replication occurs by a mechanism of strand
displacement and that replication starts non-simultaneously from either DNA

end, as in the case of adenovirus.

Bacillus subtilis phage $29 has a double-
stranded DNA of molar mass 11.8 X 10° g mol™*
(24) with a protein covalently linked to both 5’
termini (12, 14, 23, 34). The protein attached to
the DNA is the product of cistron 3, p3 (23), a
virus-coded protein induced early after infection
(6, 13), which is essential for DNA replication
(5, 11, 30, 33).

Adenovirus DNA also has a protein covalently
linked to both 5 ends (7, 20). Replication of
adenovirus starts at either DNA end and pro-
ceeds by a strand displacement mechanism (1,
17, 28, 29). Rekosh et al. (20) have proposed a
model for the initiation of adenovirus DNA rep-
lication in which the terminal protein would act
as a primer.

In the case of phage $29, nothing is known
about the origin or mechanism of DNA replica-
tion. In this report we show the isolation and an
analysis of the structure of $29 DNA replicative
intermediates with an electron microscope. As
in adenovirus (17), the two major types of ¢$29
DNA replicating molecules are unit-length du-
plex DNA molecules with one single-stranded
branch (type I) and unit-length DNA molecules
with one double-stranded region and one single-
stranded region extending a variable distance
from one end (type II). Partial denaturation of
type II molecules shows that initiation of repli-
cation takes place with a similar frequency from

either DNA end. The results presented in this
paper suggest that phage $29 DNA replication
occurs by a mechanism of strand displacement
initiated non-simultaneously at either end of the
DNA.

MATERIALS AND METHODS

Bacteria and phage. Host bacteria were B. sub-
tilis 110NA try” spoA~ su” and B. subtilis 168 MO-99
[met™ thr'1* spoA~ su*® (18). $29 was the mutant
sus14(1242) that produces a normal burst and delayed
lysis of the bacteria infected under restrictive condi-
tions (5).

Reagents and enzymes. [methyl-*’H]thymidine
and ["“Cluracil were obtained from the Radiochemical
Centre. Sarkosyl NL97 was a gift from Geigy Chemical
Co., and p-(hydroxyphenylazo)-uracil was a gift from
Imperial Chemical Industries. Nuclease-free pronase,
B grade, was from Calbiochem, and fungal proteinase
K, chromatographically purified, was from Merck &
Co., Inc. Glyoxal was from Aldrich Chemical Co. Pro-
teinase K-treated $29 DNA, labeled with [**Cluracil,
was a gift from R. P. Mellado.

Isolation of replicating $29 DNA molecules. B.
subtilis 110NA su~ was grown at 30°C in defined
medium (6). When the cell concentration was 10°/ml,
the bacteria from 15 ml of culture were concentrated
fivefold in defined medium containing 1 mM amino
acids, uridine (200 pg/ml), and p-(hydroxyphenylazo)-
uracil (100 ug/ml) to inhibit host DNA replication (4)
and infected with mutant sus14(1242) at a multiplicity
of 10. At 50 min postinfection, [*’H]thymidine (100
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pCi/ml) was added, and 1.5 min later the incorporation
was terminated by adding 25 mM sodium azide and by
placing the cell culture in a Dry Ice bath. After cen-
trifugation, the cell pellet was suspended in 0.5 ml of
a buffer containing 10 mM HEPES (N-2-hydroxy-
ethylpiperazine-N’-2-ethanesulfonic acid; pH 7), 0.2
mM EDTA, and lysozyme (2.5 mg/ml) and incubated
for 3 to 4 min to allow the lysis of the infected bacteria.
A buffer (0.5 ml) containing 1 mM HEPES (pH 7), 0.2
mM EDTA, and 2% sodium dodecyl sulfate was then
added, and the mixture was incubated for 1 h at 37°C
to release the DNA from the bacterial membrane (R.
P. Mellado and M. Salas, unpublished data). The
sample was placed on top of a 39-ml linear 5 to 20%
sucrose gradient in 1 mM HEPES (pH 7)-0.2 mM
EDTA-0.1% sodium dodecyl sulfate and centrifuged
for 17 h at 18,000 rpm and 20°C in an SW27 rotor.
Fractions of about 1 ml were taken from the top of the
gradient, and the acid-insoluble radioactive material
was determined in a sample. The fractions containing
both unit-length and replicating DNA molecules, the
latter with a sedimentation coefficient higher than
that of native DNA, were pooled and treated with
glyoxal to prevent base pairing and pronase as de-
scribed previously (17). After phenol extraction, the
sample was concentrated with 2-butanol (26) to a
volume of about 3 ml; Sarkosyl was added to a final
concentration of 0.1%, and the density was adjusted
with solid CsCl to about 1.71 g/cm®. After centrifuga-
tion for 60 h at 40,000 rpm in a Beckman type 65 rotor,
fractions were collected from the bottom of the tube
and the total radioactivity was determined in a sample
of each fraction. Density was determined in selected
fractions of the gradient. The fractions indicated below
were pooled and dialyzed against a buffer containing
10 mM Tris-hydrochloride (pH 7.5) and 1 mM EDTA.

Electron microscopy. The formamide-cyto-
chrome c¢ spreading technique (8, 31) was used, with
80 mM Tris-hydrochloride (pH 8)-7 mM EDTA-30
mM NaCl-50% formamide-0.007% cytochrome ¢ in
the spreading solution and redistilled water in the
hypophase.

For the partial denaturation experiments, the DNA
solution containing 35 mM Tris-hydrochloride (pH 8),
15 mM EDTA, 70 mM NaCl, and 2.5% glyoxal was
heated for 1 min at 66°C and immediately quenched
in ice water. Formamide and cytochrome ¢ to final
concentrations of 50 and 0.007%, respectively, were
then added, and the DNA was spread over a hypo-
phase of redistilled water.

The film was picked up on standard carbon-coated
grids, stained with uranyl acetate, and rotary
shadowed with platinum-carbon.

Micrographs were taken in a JEOL 100B electron
microscope at 80 kV with a magnification of 10,000,
determined with a carbon grating replica of 2,160
lines/mm from Balzers Union.

The contour lengths of the DNA molecules were
measured with an SAC Digitizer, and the data were
processed in a PDP 11/45 minicomputer with a DOS/
BATCH operating system.

RESULTS
Sedimentation analysis of $29 DNA rep-
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licative intermediates. Figure 1 shows the
sedimentation analysis of the DNA synthesized
during a 1.5-min pulse with [*H]thymidine by
phage ¢29-infected B. subtilis at 50 min postin-
fection. At neutral pH, a main peak of radioac-
tivity cosedimented with mature $29 '*C-labeled
DNA used as a marker (Fig. 1A), but there was
also some radioactive material with a sedimen-
tation coefficient greater than that of unit-length
¢29 DNA. This material disappeared after a
chase with an excess of cold thymidine (Fig. 1B).
When the pulse-labeled material was centri-
fuged through an alkaline sucrose gradient, most
of the radioactivity sedimented at a rate lower
than that of mature $29 DNA (Fig. 1C). Since
no radioactive material sedimented faster than
unit-length ¢$29 DNA, the existence of covalent
circles or structures resulting from a hairpin
mechanism in the replication of $29 DNA is
unlikely. The radioactive material sedimenting
slower than mature $29 DNA disappeared after
a chase and was converted into unit-length DNA
(Fig. 1D). Uninfected bacteria, pulse-labeled and
chased under the same conditions as the ¢29-
infected cells, produced no radioactive material
under the peak of $29 DNA (Fig. 1A to D). The
above results suggested that the material with a
sedimentation rate greater than that of mature
¢29 DNA in a neutral sucrose gradient and lower
than that of phage DNA in an alkaline gradient
consisted of $29 DNA replicative intermediates.

To determine the density of the [PH]DNA
which sedimented in a neutral sucrose gradient
in the region corresponding to both mature $29
DNA and replicative intermediates, the frac-
tions collected from a preparative gradient were
pooled, treated with glyoxal and pronase as de-
scribed above (17), and subjected to equilibrium
centrifugation in CsCl. Figure 2A shows that the
DNA appeared in a peak with an average density
higher than that of mature ¢29 DNA. The in-
creased buoyant density of replicating $29 DNA
molecules could have been due to the formation
of single-stranded DNA tails in the replication
process (see below).

Electron microscopy of ¢$29 replicative
intermediates. The fractions corresponding to
mature $29 DNA and replicative intermediates,
labeled in a 1.5-min pulse at 50 min postinfection
and separated in a preparative neutral sucrose
gradient as described above, were pooled,
treated with glyoxal and pronase, and centri-
fuged to equilibrium in CsCl (Fig. 2B). Fractions
9 to 15, 19 to 24, and 25 to 29 were pooled,
dialyzed, and examined with the electron micro-
scope as described above. The DNA in fractions
25 to 29 consisted mainly of mature double-
stranded molecules. Fractions 9 to 15 contained
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F1G. 1. Neutral and alkaline sucrose gradients of $29-infected B. subtilis, pulse-labeled and chased. B.
subtilis 110NA su~ (1 ml) was infected with mutant sus14(1242) and, after 50 min, labeled with [*H]thymidine
(100 pCi/ml, 46 Ci/mmol) as described in the text. At 51.5 min, a sample was removed, a 200-fold excess of
nonradioactive thymidine was added to the remaining material, and the incubation was continued for 20
min. After lysis, all of the samples were incubated for 3 h at 37°C in the presence of 1% sodium dodecy! sulfate
and proteinase K (200 ug/ml). [*C]labeled $29 DNA (6,000 com) was added to each *H-labeled sample, and
they were sedimented in either neutral or alkaline 5 to 20% sucrose gradients in an AH650 rotor of a Sorvall
ultracentrifuge either for 2 h (neutral gradients) or for 2.5 h (alkaline gradients) at 42,000 rpm and 20°C.
Fractions were collected from the bottom of the gradient, and the trichloroacetic acid-precipitable radioactivity
was determined. A control of uninfected cells was pulse-labeled and chased under the same conditions as the
infected B. subtilis. (A) Neutral gradient, pulse; (B) neutral gradient, chase; (C) alkaline gradient, pulse; (D)
alkaline gradient, chase. Symbols: @—@®@, *H radioactivity, infected cells; A- - -A, *H radioactivity, unin-

fected cells; O- - O, C radioactivity. Sedimentation is from right to left.

single-stranded DNA with or without a small
double-stranded region at one end; most of these
molecules were shorter than unit-length ¢29
DNA and were not analyzed further. Fractions
19 to 24 contained replicative intermediates. Fig-
ures 3 and 4 show some typical electron micro-
graphs. As a control, more than 99% of B. subtilis
"DNA, labeled with [?H]thymidine before infec-
tion, sedimented to the bottom of a neutral
sucrose gradient and did not overlap with the
main peak of mature $29 DNA and replicative
intermediates.
As in the case of adenovirus (17), two major
types of structures were found in the peak of $29
DNA replicative intermediates. We will desig-

nate them type I and type II, in accordance with
the nomenclature used for adenovirus. Type I
molecules consisted of linear double-stranded
DNA, mostly with one single-stranded tail (Fig.
3A), although more than one single-stranded tail
was also seen at a lower frequency (Fig. 4A and
B and Table 1). Type II molecules consisted of
linear DNA partially double stranded and par-
tially single stranded (Fig. 3B). A combination
of type I and type II molecules, designated type
I/II molecules (17), was also observed. They
consisted of linear molecules partially double
stranded and partially single stranded, with a
single-stranded tail coming out from the double-
stranded region (Fig. 3C). Type I/1I molecules
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F16. 2. Cesium chloride gradient centrifugation of pulse-labeled $29-infected B. subtilis. B. subtilis 110NA
su” (3 ml) was infected with mutant sus14(1242) and, after 50 min, pulsed for 1.5 min with [*H]thymidine (46
Ci/mmol, at a concentration of 40 pCi/ml in [A] or 100 uCi/ml in [B]). At 51.5 min, the cells were lysed,
treated with 1% sodium dodecyl sulfate for 1 h at 37°C, and centrifuged in a 5 to 20% neutral sucrose gradient
(39 ml of total volume) as described in the text. A marker of $29 *C-labeled DNA (50,000 cpm) was added in
(A) before centrifugation. The fractions containing unit-length $29 DNA and replicative intermediates were
pooled, treated with glyoxal and pronase, and centrifuged in a CsCl gradient to equilibrium as described in
the text. Fractions were collected from the bottom of the tube, and the trichloroacetic acid-precipitable
radioactivity was determined. The density of selected fractions of the gradient was previously determined. (A)
Analytical gradient; (B) preparative gradient. Symbols: @——@, *H radioactivity; O- - -O, *C radioactivity;

A- - -4, density.

with two single-stranded tails were also seen,
although very rarely (Fig. 4C).

Table 1 shows that type I, type II, and type I/
II molecules accounted for about 84% of the
total number of molecules scored. Type II mol-
ecules were the most abundant (55%), and type
I molecules were present in a smaller proportion
(20%). If the total number of single-stranded
tails in type I molecules is considered, the num-
ber (63 molecules) increases to 24% of the total,
although it does not reach the expected value of
55%. This is probably because type II molecules
are better unfolded than type I molecules and
more non-analyzable molecules, which were not
scored, were found for type I than for type II

molecules. Type I/II molecules accounted for
9% of the total. Another class of molecules ob-
served, which we designate type III molecules
(14% of the total), consisted of linear DNA par-
tially double stranded, with single-stranded re-
gions at both ends (Fig. 3D), and linear DNA
molecules with double-stranded regions at the
two ends and an internal single-stranded portion
(type IV molecules; 2% of the total). Although
in a small proportion, molecules with branch
migration were also found (Fig. 4A).

Length determination of ¢29 replicative
intermediates. Length measurements were
made for types I, I, I/II, and III molecules, since
they were present in greater amounts. Figure 5A
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F1G. 4. Electron micrographs of type I or type I/II replicating $29 DNA molecules with two single-stranded
tails. (A) Type I molecule with two single-stranded tails moving in opposite directions; (B) type I molecule
with two single-stranded tails moving in the same direction; (C) type I/II molecule with two single-stranded
tails moving in the same direction. Bar = 0.5 pm.
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shows a histogram of the length of the double- greater than that (6.26 + 0.18 um) reported
stranded region in type I molecules, with an previously for $29 DNA (24), which was deter-
average value of 7.02 + 0.47 um. This length was mined using ethidium bromide as a spreading

agent (16). This difference was probably due to
TABLE 1. Approximate frequencies of the different  the different technique used here to spread the

types of replicating $29 DNA molecules DNA. Figure 5B shows the ratio between the
% ofana.  length of the double-stranded region with the
lyzable value more similar to that of the single-stranded

DNA molecule No.

mole- tail and the total double-stranded DNA length.

cules” As expected, there was a random distribution of
Type 1 the intersections of the single-stranded tails with

One single-stranded branch 43 20 the duplex region in type I molecules.
Two single-stranded branches 10 The length of the single-stranded tails in type
I and type I/1I molecules and the corresponding
Type II 145 55 double-stranded regions was also determined.
Type I/11 Figure 5C shows that when the ratio of single-
One single-stranded branch 22 0 to double-stranded DNA length was plotted,
Two single-stranded branches 1 there was a maximum .at a valug of 1. These
data suggest that initiation of replication occurs
Type III 36 14 at or near the end(s) of $29 DNA. The distri-
bution obtained, mainly toward the positions

Type IV 6 2

with a ratio smaller than 1, was probably due to
“ About 28% of the total number of molecules were the difficulty in visualizxpg clearly the ends (?f
non-analyzable. single-stranded DNA regions and to a suscepti-

e
Type I molecules — A 8 _ c
301 a b 15 20
;c -
2 L
3
$20f o -
o
g i |
~° - 1
5 10
-]
€
S
2z
0 -5
1 1 |_ 1 _]
2 4 6 8 02 04 06 08 0.5 1.0 1.5
(a+b), ym a/(a+b) c/a

F1c. 5. Length distribution, position of the growing points, and length of single-stranded branches in type
I replicating $29 DNA molecules. Replicating $29 DNA molecules were isolated and prepared for electron
microscopy as described in the text. In the drawings of the different types of molecules in this and the following
figures, the heavy line represents double-stranded DNA and the light line represents single-stranded regions.
(A) Length of the double-stranded DNA in 56 type I molecules. (B) Position of the growing points in type I
molecules. The histogram represents the ratio between the length of the double-stranded region with a length
similar to that of the single-stranded tail (a) and that of the total length of duplex DNA (a + b). Fifty-six type
I molecules with a total of 67 growing points were measured. The determination of the growing points of 18
type I/II molecules was also included in the histogram. In this case, the ratio between the length of the double-
stranded region with a length similar to that of the single-stranded tail and that of the total length of the
DNA (double and single stranded) was determined. (C) Length of single-stranded branches in type I molecules.
The histogram represents the ratio between the length of the single-stranded tail (c) and that of the double-
stranded region with a similar length (a). Fifty-six type I molecules with a total of 67 tails were measured. The
length of the single-stranded branches of 18 type I/II molecules was also included in the histogram.
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bility to degradation greater for single-stranded
than for double-stranded DNA.

Figure 6A shows the length distribution of
type II and type I/1I molecules. The lengths of
double- plus single-stranded regions (excluding
the single-stranded tails in type I/II molecules)
gave an average value of 7.15 + 0.70 um, similar
to that obtained for type I molecules. The point
of transition between double- and single-
stranded regions in type II and type I/1I mole-
cules was randomly located (Fig. 6B), although
molecules with a longer duplex DN A region were
more abundant than those with a longer single-
stranded region. This result was probably due to
the fact that molecules with long single-stranded
DNA regions were mainly present in the peak
corresponding to fractions 9 to 15 of Fig. 2B.

The length of the double- and single-stranded
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FiGc. 6. Length distribution and position of the
growing points in type II replicating $29 DNA mole-
cules. Replicating $29 DNA molecules were isolated
and prepared for electron microscopy as described in
the text. (A) Length of the double- and single-
stranded unbranched regions in 74 type II and 23
type I/I1 molecules. (B) Position of the transition
between double- and single-stranded regions in type
II molecules. The histogram shows the ratio between
the double-stranded region and that of the total DNA
length in 74 type II and 23 type I/II molecules.
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regions in type III molecules was 7.13 + 0.45 pum
(Fig. 7A), similar to the values obtained for type
I and type II molecules. The length of each of
the single-stranded regions in type III molecules
is shown in Fig. 7B. Since no defined maximum
was detected, there seemed to be a random
distribution in the transition points between sin-
gle- and double-stranded DNA regions.

Partial denaturation map of type II rep-
licating DNA molecules. The small number
of type I molecules with two single-stranded
tails, each growing from a different end (6 out of
a total of 56), does not permit the conclusion
that replication can be initiated at either DNA
end. To test this possibility, partial denaturation
of replicating DNA molecules was carried out,
and the map of type II molecules was obtained.
Figure 8A shows the partial denaturation map
of $29 DNA taken from the work of Sogo et al.
(25). It can be seen that the right end was always
open, whereas the left end was closed in most
cases. Figure 8B and C shows the partial dena-
turation maps of type II molecules in which the
partially denatured double-stranded region, cor-
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F1G. 7. Length of the total DNA and of the single-
stranded regions in type III replicating DNA mole-
cules. Replicating $29 DNA molecules were isolated
and prepared for electron microscopy as described in
the text. (A) Total DNA length (f + g + h) in 51
molecules. (B) The length of each of the two single-
stranded regions (f and h separately) in 51 molecules
was plotted in the histogram.
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responding to the initiation of replication, could
be clearly assigned to the left (Fig. 8B) or right
(Fig. 8C) DNA ends. A total of 32 and 23 type II
molecules were found to initiate at the left and
right DNA ends, respectively. Figure 9 shows
electron micrographs of partially denatured type
IT molecules with one end closed (Fig. 9A) and

REPLICATING ¢29 DNA MOLECULES 195

one end open (Fig. 9B), corresponding to the left
and right ends of $29 DNA, respectively.
DISCUSSION

Pulse-chase experiments suggest that the
pulse-labeled radioactive DNA with a sedimen-
tation coefficient greater than that of mature
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Fi6. 8. Partial denaturation maps of type II replicating DNA molecules. (A) Partial denaturation map of
929 DNA taken from the work of Sogo et al. (25). (B) Partial denaturation map of 32 type II replicating DNA
molecules with a denaturation degree of 25%. The double-stranded region, corresponding to the initiation of
the replication, can be assigned to the left end of the DNA. (C) Partial denaturation map of 23 type II
replicating DNA molecules with a denaturation degree of 22%. In this case, it can be seen that the double-
stranded region corresponds to the right end of the whole genome. Five mature $29 DNA molecules, partially
denatured, were included in (B) and (C) to determine clearly the ends of the histograms.



196 INCIARTE, SALAS, AND SOGO dJ. VIRoL.

FiG. 9. Electron micrographs of partially denatured type II molecules. (A) Partially denatured molecule in
which the double-stranded end is closed, corresponding to initiation at the left end of the genome. (B) Partially
denatured molecule in which the double-stranded end is open, corresponding to initiation at the right end of
the genome. Bar = 0.5 um.
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DNA consists of replicative intermediates.

When the DNA with a buoyant density in
CsCl greater than that of phage ¢$29 DNA was
analyzed with the electron microscope, type I,
type II, and type I/II molecules were found.
Length measurements of these molecules sug-
gest for ¢29 replication a displacement mecha-
nism similar to the one postulated for adenovirus
type 2 with initiation at or near the ends of the
DNA (17). Evidence that initiation of $29 DNA
replication may take place at either end of the
DNA has been obtained by partial denaturation
of type II replicating DNA molecules. Since type
I DNA molecules with two single-stranded
branches corresponding to the displaced paren-
tal strands initiating simultaneously at the two
DNA ends are found very rarely, it may be
suggested that initiation of $29 replication takes
place at or near either DNA end, but non-si-
multaneously.

For the replication of the displaced parental
strand, two possible nonexclusive mechanisms
were postulated for adenovirus type 2 (17): (i)
before the parental strand has been completely
displaced, initiation would take place at the op-
posite end of the DNA molecule; (ii) the parental
strand would be completely displaced, giving rise
to a double-stranded DNA molecule and a sin-
gle-stranded DNA molecule (Fig. 10A). Since
the 3’ ends of the two DNA strands of adenovirus
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types 2 and 5 have the same sequence of 102 and
103 nucleotides, respectively (2, 27), the initia-
tion of the replication at the 3’ end of the dis-
placed strand could take place through circle
formation by hybridization of the complemen-
tary sequence at the 5 and 3’ termini of the
DNA (17). In any case, a newly synthesized
molecule of the terminal protein of adenovirus
DNA could recognize the 3’ ends and prime
replication by the covalent attachment of the
initiating nucleotide (20).

In phage ¢29 DNA, there is no evidence for
the existence of a large region of inverted ter-
minal repetition, as in adenovirus DNA. Dena-
turation of protein-free $¢29 DNA and renatur-
ation at a low DNA concentration did not give
rise to the formation of single-stranded circles
(A. Talavera, personal communication) under
conditions in which circles were produced with
adenovirus DNA (9, 32). The partial denatura-
tion map of $29 DNA indicates that under con-
ditions in which the right end is open, the left
end remains closed (25). Nevertheless, the exis-
tence of a small region of inverted terminal
repetition cannot be ruled out. A nucleotide
sequence determination of both $29 DNA ends
is being carried out to answer this question.

An alternative mechanism to initiate $29
DNA replication would be that a newly synthe-
sized molecule of the terminal protein of ¢29
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F16. 10. Possible models for $29 DNA replication and for the role of the terminal protein in initiation of
replication. The model is an adaptation of those proposed by Rekosh et al. (20) and Lechner and Kelly (17),
considering replication on linear DNA (A) or circular DNA (B). The dots at the 5 ends of the DNA represent
the terminal protein. The dots followed by pN represent the protein linked to the initiating nucleotide (or
deoxynucleotide) that is providing the free 3-OH group to elongate the chain. Continuous lines represent
parental DNA, and discontinuous lines represent newly synthesized DNA. (1) and (2) are alternative models
to initiate the replication of the displaced strand. Only the initiation of replication of one of the DNA strands

has been drawn for simplicity.
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DNA, p3, which we have shown is needed for
the initiation of replication (R. P. Mellado, M.
A. Penalva, M. R. Inciarte, and M. Salas, sub-
mitted for publication), primes replication not
by interaction with the 3’ end of the DNA as
proposed in the case of adenovirus (20), but
rather by interaction with the parental protein
(Fig. 10). This is consistent with previous results
showing that a functional parental protein is
needed to carry out $29 DNA replication (23).
In this case, it must be assumed that before the
parental DNA strand has been completely dis-
placed, initiation would take place at the oppo-
site end of the DNA molecules (Fig. 10, possi-
bility 1A or B). However, if the replication is
initiated on the completely displaced parental
strand, some kind of protein-DNA interaction
must be postulated. If there were a small region
of identical sequence at the ends of $29 DNA, a
circle could be formed by an interaction of the
protein bound at the 5 end of the displaced
strand with the 3’ end (Fig. 10, possibility 2A or
B). Having a circle, a newly synthesized mole-
cule of protein p3 could interact with the paren-
tal protein subunit and initiate replication from
the 3’ end. If this were the case, single-stranded
circles should be found as replicative interme-
diates if no protease treatment were included in
the isolation procedure.

Besides type I, II, and I/1I replicative inter-
mediates, another class of molecules is found
both in ¢29- and in adenovirus type 2-infected
cells, which consists of linear DNA partially
double stranded with single-stranded regions at
both ends. In the case of phage ¢29, the single-
stranded regions of these molecules (type III)
have a random length. Although these molecules
are 14% of the total in ¢$29 and 9% of the total in
adenovirus (17), their presence must be ex-
plained. A possibility to account for this type of
molecule is that if a circle is formed to initiate
the replication of the displaced strand, the inter-
action between the protein and the 3’ end of the
DNA could take place occasionally at random
with internal regions of the molecule around the
3’ end. Therefore, type III molecules would be
abortive type II DNA. Another possibility for
explaining type III molecules is that they arise
by recombination between two type Il molecules
in which each of the displaced parental single
strands is being replicated in the opposite direc-
tion. This recombination event would also pro-
duce abortive DNA molecules.

It is well established that in vitro the protein
linked to $29 DNA is able to interact with itself,
giving rise to the formation of a variety of cir-
cular structures and concatemers (19, 23). The
same result is obtained in the case of the ade-
novirus DNA-protein complex (3, 15, 21, 22).

J. VIROL.

Girard et al. (10) have analyzed with an electron
microscope the replicative intermediates iso-
lated by treatment of adenovirus-infected HeLa
cell nuclei with Sarkosyl and have shown the
existence of a majority of unit-length circular
DNA molecules. It is, however, difficult to estab-
lish whether the circles are true intermediates
in DNA replication or whether they are formed
in vitro during the isolation and processing of
the samples.

The following argument, however, favors the
idea that both $29 DNA and adenovirus repli-
cation might take place on circular DNA (Fig.
10B): if replication occurred on linear DNA and
the chances to initiate replication at both ends
are similar, type I DNA molecules with two
single-stranded branches being displaced in op-
posite directions would probably be more fre-
quent than has been found both in ¢$29 and in
adenovirus type 2 (17) replication since in linear
DNA both ends would be free to initiate repli-
cation (Fig. 10A). However, if replication oc-
curred on DNA kept circular through protein-
protein interaction, there could be some con-
straint for the simultaneous initiation at the two
3’ ends (Fig. 10B), and, therefore, the above
molecules would be rare.
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