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A class of precursor DNA (pDNA) II molecules has been identified as the
immediate precursor of simian virus 40 DNA I. A pDNA II molecule contains a
strand of newly synthesized DNA with an interruption located in the region
where DNA synthesis terminates (4). These pDNA II molecules have been
isolated and further characterized. They are converted to covalently closed
structures (simian virus 40 DNA I) only when they are treated in vitro with both
T4 DNA polymerase and Escherichia coli ligase. After in vitro repair of pDNA II
with T4 DNA polymerase and nucleoside triphosphates, approximately 7 mol of
a- [2P ]dATP is incorporated per mol of DNA II. Alkaline sucrose analysis of
these gap-filled molecules, after they have been cleaved with Eco RI restriction
endonuclease, has demonstrated that gaps are specifically located in the
termination region. a- [32P]dATP is incorporated equally into the two labeled
products that are generated by R. cleavage of these molecules. This indicates
the presence of gaps in both the newly synthesized plus and minus strands.
Electrophoretic analysis of the gap-filled molecules, after they have been cleaved
with endonuclease Hind, has shown that gaps are localized in Hind fragments G
and B and to a minor degree in fragment J. pDNA II molecules have the following
properties. There is a gap in the newly synthesized linear DNA strand contained
in the pDNA II molecule. Nicked pDNA II molecules cannot be detected. The
two molecules that arise by segregation contain gaps in both of the complemen-
tary strands. Based on the amount of a- [32P ]dATP incorporated and the rate of
exonuclease III digestion of gap-filled molecules, it is estimated that the size of
the gaps is between 22 and 73 nucleotides. Models for termination of DNA
synthesis are proposed based on these findings.

Replicating cyclic DNA molecules go through
a termination event that requires the segrega-
tion of duplicated molecules and preserves their
circularity. However, to achieve segregation, it
is necessary to nick one or both of the parental
strands. In simian virus 40 (SV40) replication,
the product of this segregation event is a circu-
lar DNA molecule, precursor DNA (pDNA) II,
in which the newly synthesized DNA is present
in a discontinuous strand (4). The discontinuity
in the daughter strand of pDNA II is localized
approximately 0.5 genome lengths from the
initiation site of DNA synthesis (4). Since SV40
replication is bidirectional (10, 13), this discon-
tinuity is located in the termination region of
DNA synthesis and may be related to the
segregation of progeny molecules.

In the present study, we have demonstrated
that this discontinuity in the newly synthesized
strand is a gap rather than a single, phosphodi-
ester bond interruption. The gap has been

localized to specific endonuclease R - Hind frag-
ments, and its size has been determined.

MATERIALS AND METHODS
Isolation of pDNA II. CV-1 cells were grown in

plastic petri dishes (150 mm, Falcon Plastics) in Eagle
medium with 2 mM glutamine and 10% fetal calf
serum. Confluent monolayers were infected with SV40
at an input multiplicity of 10 PFU/cell. At 32 h after
infection, the medium was removed, and 8 ml of fresh
medium containing 10 ACi of ['H ]thymidine (specific
activity, 6.7 Ci/mmol) per ml was added for 10 min.
At the end of the pulse-labeling period, viral DNA was
selectively extracted by the 0.6% sodium dodecyl
sulfate-1.0 M NaCl method of Hirt (5). The superna-
tant fluid from the Hirt precipitation was depro-
teinized with phenol and dialyzed against TES (0.01
M Tris, pH 7.02, 0.002 M EDTA, 0.05 M NaCl).
Ethidium bromide and cesium chloride were added to
the Hirt supernatant fluid to give a final density of
1.564 and an ethidium bromide concentration of 200
gg/ml. Gradients (30 ml) were centrifuged in a Beck-
man 60 titanium rotor at 42,000 rpm for 48 h at 4 C.

614



SV40 DNA TERMINATION 615

Tubes were punctured at the bottom, and fractions The conditions for cleavage of gap-filled pDNA II
were collected. The distribution of the radioactive with endonuclease R -Hind and electrophoretic analy-
DNA was determined by counting samples in a tolu- sis of the products have been described before (2).
ene-Triton X-100-water scintillation fluid (6:3:1) con- Exonuclease III digestion. An enzyme excess, 180
training 2,5-diphenyloxazole and 1,4-bis [2-(5-phenyl- U of exonuclease III from E. coli, was used to digest
oxazolyl)]benzene. gap-filled pDNA II under conditions previously de-

Replicating molecules of SV40 DNA that have scribed (11), except that the incubation temperature
nearly completed replication band at the same den- was 12 C and fl-mercaptoethanol was not included in
sity as pDNA II in a dye-density gradient (4, 13). To the reaction mixture. Total volume of the reaction
obtain pDNA II free from late-replicating molecules, mixture was 160 Ml, and 15-Mul aliquots were removed
fractions in the pDNA II position ("light" band) were at 1, 2, 3, and 4 min. Calf thymus DNA (0.6 mg/ml)
pooled. Ethidium bromide was extracted from the was added as carrier, and the DNA in each 15-Ml
solution by isoamyl alcohol extraction, and the DNA aliquot was precipitated in cold 5% trichloroacetic
solution was dialyzed and concentrated by pressure acid. After centrifugation, the acid-soluble counts
dialysis against TES. Aliquots (0.2 ml) of the DNA contained in the supernatant fluid were measured.
were then layered onto 12 ml of 5 to 30% neutral
sucrose gradients in 0.05 M Tris (pH 7.5), 0.1 M NaCl, RESULTS
and 0.025 M EDTA. Samples were centrifuged in a In vitro repair of pDNA II. [3H thymidinee
Beckman SW41 rotor at 27,000 rpm for 16 h at 5 C. A ulseola ele of

11 was iot from CV-1
well-resolved peak ofDNA that sedimented in the 16S pulse-labeled pDNA II was isolated from CV-1
region was pooled and concentrated. These pDNA II cells and was labeled in vitro using a-
molecules were repurified by a second cycle of centrif- [S2P]dATP, T4 polymerase, and E. coli polynu-
ugation in a 5 to 30% neutral sucrose gradient as cleotide ligase as described above. The S2p_
described above. labeled reaction products were extensively

Analysis of pDNA II. 3H-labeled pDNA II that dialyzed in TES and purified from the reaction
sedimented at 16S in 5 to 30% neutral sucrose was mixture in a neutral sucrose gradient (Fig. 1). A
dialyzed in 0.1 M Tris (pH 7.5) and 0.01 M MgCl2 and single reaction product that sedimented at 16S
then cleaved with 0.2 U of Eco R1 endonuclease (Miles
Laboratory) at 37 C for 1 h. The Eco RI-cleaved pDNA was obtained. The incorporation of[dP1-
II molecules and untreated pDNA II were analyzed stdeoxyribonucleotidesinto pDNA II demon-
12 ml of 10 to 30%Y alkaline sucrose gradients contain- stated that some or all of these molecules
ing 0.7 M NaCl, 0.3 M NaOH, 0.01 M Tris, and 0.025 contain a gap. Covalently closed DNA I, which
M EDTA. Centrifugation was at 10 C in a SW41 rotor is formed by E. coli polynucleotide ligase under
at 40,000 rpm for 16 h. these conditions, has a zero superhelix density

In vitro repair of pDNA II. The "gap-filling" and sediments at 16S in neutral sucrose gradi-
reaction was performed in a total volume of 100 Ml ents (Fig. 1), as would pDNA II molecules that
that contained 0.4 ,g of DNA, 6.6 mM MgCl2, 10 mM had not been lighted. To determine the extent of
dithiothreitol, 20 MM each of dGTP, dCTP, and hadin, peak frationsfrm the egionwr
dTTP, 11 MCi of a- [82P]dATP (specific activity, 5.39 ligation, peak fractions from the 16S region were
Ci/mmol), 10 mM Tris-hydrochloride, pH 8.0, 0.06 U pooled and centrifuge to equilibrium in a ce-
of T4 DNA polymerase. The reaction mixture was sium chloride-ethidium bromide density gradi-
incubated at 37 C for 2 h; the reaction was stopped by ent. The results of this analytical gradient are
adding EDTA to a final concentration of 70 mM. illustrated in Fig. 2. In this gradient a bimodal
Molecules reacted in this way are referred to as "gap distribution of both 32P and 3H is observed. The
filled." The gap-filled DNA was dialyzed in TES, and 32P-labeled molecules of higher buoyant den-
unincorporated a- [32P]dATP was separated from sity correspond to covalently closed SV40 DNA
gap-filled pDNA II by 5 to 30% neutral sucrose I of zero superhelix density, which binds less
sedimentation. Part of the gap-filled pDNA II was ethidium bromide than supercoiled DNA I (Fig.
dialyzed in 0.01 M Tris-hydrochloride (pH 8.0) and 1 polymerase an E.col eDNverted
mM EDTA and was then treated with Escherichia coli 2). T4 polymerase and E. coli ligase converted
DNA ligase in a reaction mixture of 20 mM Tris- 25% of the pDNA II molecules to SV4o DNA I.
hydrochloride (pH 8.0), 1 mM NHXC, 2.5mM MgC12, This indicates that at least some pDNA II
50 jg of bovine serum albumin per ml, 10 mM molecules contain gaps bound by a 3-hydroxyl
nicotinamide adenine dinucleotide phosphate, and group and a 5'-phosphorylated deoxyribonucleo-
0.08 U of E. coli ligase (17). The reaction mixture was tide. Approximately 7 mol of a- [32P]dATP are
incubated at 30 C for 30 min, and the reaction was incorporated per mol of pDNA II. When pDNA
stopped by adding EDTA to a final concentration of II that has not been treated with T4 polymerase
20 mM. Covalently closed DNA was separated from is treated with E. coli polynucleotide ligase,
nicked DNA by isopycnic banding in ethidium bro- there is no formation of relaxed DNA I. This
mide-cesium chloride as described above. there1S no a bsnof nicked

DA.h
Conditions for alkaline sucrose analysis of pDNA I is consistent with the absence of nicked pDNA

that has been treated with T4 polymerase have been II molecules.
described above. Alkaline sucrose analysis of gap-filled

Electrophoretic analysis of gap-filled pDNA II. pDNA II. The linear and circular strands in
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FIG. 1. Preparative neutral sucrose gradient of
3H-labeled pDNA II reacted with a- ["P dATPand T4
DNA polymerase. The gap in pDNA II was labeled
with a-["2P]dATP and treated with E. coli ligase as
described in the text. The reaction mixture was
extensively dialyzed in TES and centrifuged in a
linear 5 to 30% neutral sucrose gradient containing
0.05 M Tris, 0.1 M NaCl, and 0.0025 M EDTA (pH
7.5). Centrifugation was performed in an SW41 rotor
for 16 h at 27,000 rpm at 5 C. Fractions (0.22 ml) were
collected from the bottom of the tube, and 10-Ml
aliquots of each fraction were counted in 10 ml of
scintillation fluid in a Beckman scintillation counter.
Sedimentation is from right to left.

pDNA II can be separated by alkaline sucrose
sedimentation. The linear strand sediments at
16S and the circular strand sediments at 18S.
Gap-filled pDNA II that was analyzed by alka-
line sucrose sedimentation is shown in Fig. 3.
The newly synthesized 3H-labeled DNA and
3P-labeled gaps were exclusively in the linear
16S strand.
Since the linear 16S strand of pDNA II

represents the full size of one strand of SV40
DNA, it is possible to localize the gaps in the
newly synthesized strands ofpDNA II (4). DNA
replication is initiated at a specific site (3, 10,
15), and the replication is bidirectional (3, 10,
15). Thus, the termination site should be at
approximately 0.5 genome lengths from the
initiation site, provided both growing points
move at equivalent rates until they meet. The
R1 restriction endonuclease introduces one
unique double-strand break into SV40 DNA I or
II (8, 9). If the gaps in the pulse-labeled pDNA
II are localized in a specific region, then cleav-
age of the newly synthesized strands by RI
endonuclease should yield two populations of
labeled fragments that can be separated by
alkaline sucrose sedimentation. Alkaline su-
crose sedimentation analysis of gap-filled
pDNA II, after cleavage by the RI endonuclease,
is shown in Fig. 4. There are two labeled
fragments produced. The larger 15.3S fragment
has a mass of about 1.43 x 10" daltons (14). The
small fragment has an s20,.w value of 8.6S and a
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FIG. 2. Dye-buoyant density analysis of in vitro repaired pDNA II. The peak fractions, which sedimented at
16S in Fig. 1, were pooled and dialyzed in TES and subjected to cesium chloride-ethidium bromide equilibrium
centrifugation as described in the text. "4C-labeled SV40 DNA I and DNA II isolated from virions were used as
markers. The location of 14C DNA I and 14C DNA II are designated by the arrows. Density increases from right
to left.

J.- VIROL.

O



SV40 DNA TERMINATION 617

i i.,., , 10 pulse-labeled pDNA II corresponds to approxi-
16S mately 19% of the mass of one strand of SV40

18S 8 DNA, which is in good agreement with previousfindings (4). Therefore, the gaps are separated
from the RI cleavage site by a distance of

6 approximately 0.19 genome lengths. The almost
t equal amount of [3P]deoxyribonucleotides
l present in the two peaks indicates that gaps are
>I4 present both in plus and minus newly synthe-

i sized strands. The broadness of the 8.6S peak
may be due to cleavage of gap-filled pDNA II

2 molecules having gaps of different sizes and/or
gaps located at varying distances from the RI
cleavage site.

0 Use of endonuclease R Hind and poly-
0 10 20 30 40 50 acrylamide gel electrophoresis for localizing

FRACTION NUMBER the gaps in pDNA II. Alkaline sucrose analysis
3. Alkaline sucrose velocity sedimentation revealed the gaps are located in the newly

sis of T4 polymerase-treated pDNA II. pDNA II synthesized strands 0.19 genome lengths from
epaired by T4 polymerase in the presence of the R1 site. In order to further localize the gaps,
']dATP as described in the text. The reaction the DNA I that was generated from pDNA II
ere was extensively dialyzed in TES and cen- b
ed in a linear 5 to 30% neutral sucrose gradient by T4 polymerase and E. coli polynucleotide
;cribed in the legend to Fig. 1. 16S material was ligase was cleaved with endonuclease R .Hind,
ted and dialyzed in 0.1 M Tris, pH 7.4, and then and the fragments were separated by poly-
ented in a 10 to 30% alkaline sucrose gradient as acrylamide gel electrophoresis. Figure 5 shows
bed in the text. 14C DNA II was added as a that 32P is primarily in fragments B and G but
?r of the 18S and 16S positions. that a very low level is also present in fragment

J.
15 8.7S
II If the gaps in pDNA II were located at an

16SWI Qendonuclease R-Hind cleavage site, then the
16 18S , 8 presence of a region of single-stranded DNA

o should block cleavage at that site, and a new
oo0 o " fragment would be seen after electrophoretic

12 ° 6 n analysis. To test this, 'H-labeled pDNA II and

Otto < uniformly 4C-labeled DNA II were simultane-
°fl\ O °1 G ^ 7- ously cleaved by endonuclease R-Hind and

U 8 tt q 8 / M4 co-electrophoresed in a polyacrylamide gel. The
results are presented in Fig. 6. As is expected,
the pulse-labeled 'H SV40 DNA is heavily

4 2 labeled in the fragments that are located ap-
proximately 0.5 genome lengths from the initia-
tion site, near the termination site. All of the

0 0 s H-labeled fragments comigrate with 14C-
0 10 20 30 40 50 labeled fragments. This demonstrates that the

FRACTION NUMBER gaps are neither within any of the endonuclease
FIG. 4. Alkaline sucrose sedimentation velocity R Hind cleavage sites nor large enough to

analysis of the Eco RI T4- polymerase-treated pDNA change the electrophoretic mobility of any frag-
II. The experiment was essentially the same as ments. The DNA I molecules produced by treat-
described in the legend to Fig. 3, except the T4- ment of pDNA II with T4 polymerase and E.
polymerase-treated pDNA II was cleaved with R. coli polynucleotide ligase and uniformly labeled

restriction enzyme before applying the sample onto an 14CJ SV40 DNA were also cleaved with endo-
alkaline sucrose gradient. nuclease R -Hind and analyzed in polyacryl-
mass of about 3.4 x 10' daltons (14). The amide gel electrophoresis (Fig. 7). The 32P label,
specific fragmentation of the pulse-labeled which is incorporated in vitro into the gaps,
strand in pDNA II demonstrates that the gaps appears in the fragments B, G, and J. Of the
exist at a specific site or are in a tightly counts incorporated into these three fragments,
clustered location on the SV40 genome. The the B and G fragments have approximately
small fragment formed after cleavage of the equal amounts of 32P, which represents 93% of
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FIG. 5. Electrophoretic analysis of D
formed from pDNA II by T4 polymera
ligase and then digested with endonuci
The conditions for endonuclease R Hin
SV40 DNAs and polyacrylamide gel e

have been mentioned in the text. Colt
are samples of 32P-labeled SV40 DNA
been cleaved with endonuclease R Hinc
used as a marker. Column 2 is the o

generated DNA I that has been isol
and cleaved with endonuclease R Hind.

the 32P counts. About 7% of the 32P counts are
in the J fragment. Since 7 mol of [32P]dATP
are incorporated per mol of pDNA II, it was
calculated that the minimum gap size is ap-
proximately 22 nucleotides. The 32P label in-
corporated into the gap should be sensitive to
exonuclease III digestion, and the time required
to remove this label should be a function of the
gap size. From the rate of digestion of 32P
labeled pDNA II by an excess of exonuclease III,
it was calculated that the maximum gap size is
73 nucleotides (Table 1).

DISCUSSION
During SV40 DNA replication, the template

strands remain covalently closed (13). Produc-
tion of two daughter molecules from a late
replicative intermediate requires segregation of
the closed template strands. These daughter
molecules have been characterized as open
circular DNA II (pDNA II) molecules with a
discontinuity in the newly synthesized DNA
strands. The discontinuity was located in the
termination region, approximately 0.5 genome
lengths from the initiation site of DNA replica-
tion (4). The present data demonstrate that this
discontinuity is a gap of 22 to 73 nucleotides,
rather than a single phosphodiester bond inter-
ruption. Thus, segregation can occur before
completion of DNA synthesis. The action of
both T4 polymerase and E. coli ligase are
required to effect the in vitro formation of
covalently closed molecules. Previous data had
demonstrated that both of these enzymes were
required for in vitro repair of "gap circles"
synthesized in the presence of hydroxyurea (7).

Location of the gap in specific endonuclease
R-Hind fragments revealed that 93% of the 32P
that was incorporated into the gaps was almost
equally divided between R . Hind fragments B
and G. Both of these fragments are in the region
approximately 0.5 genome lengths from the
initiation site, where termination is expected to
occur (Fig. 6). Three models can be proposed to
explain the equal distribution of isotope be-
tween B and G fragments.
The first model proposes a precisely located

NA I that was gap that maps at the same position in the two
tse and E. coli daughter molecules that arise by segregation.
lease R Hind. Since the amount of isotope in the B and G

d ditgestohno fragments is equal, this model requires the gap
imns 1 and 3 to be positioned at the BG junction. However, a

I I that have single-stranded region of DNA at the BG cleav-
d and that are age site in pDNA II would prevent cleavage at
enzymatically this site. Since endonuclease R -Hind cleavage
1ated (Fig. 2) of pDNA II produces B and G fragments, this

model can be excluded.

J. VIROL.
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FIG. 6. Polyacrylamide gel electrophoresis of endonuclease R-Hind fragments produced from 'H pulse-
labeled pDNA II and "4C-labeled DNA II isolated from SV40 virions. The condition for electrophoresis has been
mentioned in the text. Migration is from left to right. In the upper right corner, a physical map of the SV 40
genome is shown (10).
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FIG. 7. Polyacrylamide gel electrophoresis of endonuclease R -Hind fragments produced from DNA I gen-
erated in vitro from pDNA II by treatment with T4 polymerase and E. coli ligase and "4C-labeled DNA II iso-
lated from SV40 virions. DNA I that was isolated from the high-buoyant-density region (Fig. 2), together with
"4C-labeled DNA II isolated from SV40 virions, was cleaved with endonuclease R Hind and analyzed in
polyacrylamide gel electrophoresis. The distribution of 'H pulse label is the same as that shown in Fig. 5 and,
therefore, it is not shown in this figure. The conditions for electrophoresis are the same as described in the legend
to Fig. 6.
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TABLE 1. Rate of exonuclease III digestion of
gap-filled pDNA Ia

Incubation % 32P % Available 3H Gap size in
time (min) acid soluble acid soluble nucleotides

1 47 0.69 80
2 70 0.84 66
3 75 0.97 71
4 77 1.06 76

a 32P gap-filled pDNA II (average gap size = 73)
and uniformly 8H-labeled, randomly nicked DNA II

were digested together with an excess of exonuclease
III as described in the text. Acid-soluble counts were

measured after 1. 2, 3, and 4 min of incubation at 12
C. The percentage of available 3H (3H in nicked
strands as determined by an alkaline sucrose gradi-
ent) made acid soluble was multiplied by 5,500
(number of nucleotides in one SV40 DNA strand) and
then divided by the percentage of 32p made acid
soluble to obtain the gap size.

W

SEGREGATION

R' R'

W~~~~~~~~

IV 4 = >ROOI

FIG. 8. Schematic diagram of the segregation
event. Replicating molecules segregate to form two
daughter molecules in which the newly synthesized
strands (plus or minus) have a gap in the termination
region 0.5 genome lengths from the initiation site I.
Labeling of the gap in both daughter molecules at the
3-OH end with T4 polymerase and a- [32P]dA TP
produces one 8.7S labeled fragment and one 15.3S
labeled fragment after Eco R. cleavage and subse-
quent analysis in alkaline sucrose gradients.

A second possibility is that the gap position is
precisely located but that the gap is at different
sites in the two daughter molecules that arise by
segregation. RI cleavage of T4 polymerase-
treated pDNA II showed equal distribution of
32P in the 15.3S and 8.7S peaks, indicating that
both of the complementary daughter molecules

have a gap (Fig. 8). This finding is consistent
with a model in which there is a gap in one
newly synthesized strand in the B fragment and
that in the complementary newly synthesized
strand the gap exists in the G fragment.
A third model seems most consistent with the

available data. It proposes that the gap is not in
a specific location but is able to vary in location,
depending on where the two replicating forks
are positioned at the time of segregation. Stud-
ies of the replication of SV40 deletion mutant
DNAs have shown that the site of termination is
not determined by a specific nucleotide se-
quence but occurs where the two replication
forks meet (C. Lai and D. Nathan, personal
communication). In this model, we assume
there is a Gaussian distribution for the location
of the gap, with a mean at the junction of the B
and G fragments. It is for this reason that we
have designated the BG junction as a termina-
tion region rather than a termination site.
Based on frequency with which 32p is found in
the J fragment (0.07) and using a maximum gap
size of 73 nucleotides, it can be calculated that
85% of the pDNA II molecules would be cleaved
at the R -Hind site at the BG junction. A
fragment corresponding to a combined frag-
ment of B and G and containing approximately
15% of the amount of radioactivity as that
contained in the separated B and G fragments
has not been seen in gels. This quantity of DNA
may be difficult to detect, and it is difficult to
predict how a combined BG cleavage product
that contains a single-stranded gap would mi-
grate in the acrylamide gels.
The relation between the gaps and the segre-

gation of template strands remains unclear. We
have shown that DNA replication is not com-
plete at the time of segregation, raising the
possibility that molecular events occurring dur-
ing DNA replication may in themselves permit
segregation. During SV40 DNA replication, it
has been shown that the parental strands un-
wind and that the topological winding number,
a, decreases as replication proceeds. Thus, a
process similar to nicking, unwinding, and seal-
ing of parental strands occurs during DNA repli-
cation. A relaxing protein capable of untwist-
ing superhelical DNA has been purified from
nuclei of mouse embryo cells (1) and is also
present in nuclei of SV40 infected BSC-1 and
CV-1 monkey kidney cells (1, 6; Chen, Birken-
meier, and Salzman, unpublished data). This
activity could momentarily interrupt one or
both template strands, unwind them allowing
segregation, and then reseal the strands to main-
tain the circular integrity of the pDNA II mole-
cules. The relaxing protein purified from cul-

J. VIROL.
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tured mouse and human cells relaxes PM2 DNA
in vitro, and, once the relaxation process begins,
it appears that the protein is not released until
complete relaxation is achieved (16). The loca-
tion of the gaps could represent the areas at
which the relaxation protein binds to the super-

coiled DNA molecule throughout the cycle of
replication. The binding of this protein in the
termination region may be facilitated by un-

paired regions of DNA located in the B and G
fragments (12).
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