
Vol. 39, No. 1JOURNAL OF VIROLOGY, July 1981, p. 21-30
0022-538X/81/070021-10$02.00/0

Both Strands of Polyoma DNA Are Replicated
Discontinuously with Ribonucleotide Primers In Vivo
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Nascent polyoma DNA molecules were isolated after pulse-labeling of infected
murine 3T6 cells with [3H]thymidine. The extent of digestion of these DNA
molecules by spleen exonuclease was increased by exposure to alkali or RNase,
suggesting that ribonucleotides were present at or near the 5' termini of the newly
synthesized pieces of DNA. Intermediates shorter than 300 nucleotides were
hybridized to the separated strands of restriction enzyme fragments of the
polyoma genome: 2.5 to 3-fold more radioactivity was found in the strand whose
synthesis is necessarily discontinuous (the lagging strand) than in the strand
whose synthesis is potentially continuous (the leading strand). Separation of the
strands of [5'-32P]DNA molecules showed that the excess [3H]thymidine in
lagging-strand molecules was not simply the result of an increased number of
molecules. Therefore, assming equivalent efficiencies of labeling, lagging-strand
pieces must be slightly longer than those with leading-strand polarity. The
presence of ribonucleotides on the 5' termini of molecules with both leading- and
lagging-strand polarity was demonstrated by (i) release of 3P-ribonucleoside
diphosphates upon alkaline hydrolysis of [5'-YP]DNA separated according to
replication polarity and (ii) the change in the degree of self-annealing of nascent
molecules upon preferential degradation of DNA molecules possessing initiator
RNA moieties by spleen exonuclease. We conclude that replication of polyoma
DNA in vivo occurs discontinuously on both sides of the growing fork, using RNA
as the major priming mechanism.

During replication of polyoma and simian vi-
rus 40 DNA, radioactivity is incorporated into
short molecules of both replication polarities (3,
6, 8, 24). Most of these molecules are derived
from the strand whose synthesis is necessarily
discontinuous (the lagging strand). Short mole-
cules derived from the strand whose synthesis is
potentially continuous (the leading strand) have
been assumed to be the products of repair or
radiolysis (8, 24). In the preceding paper (20),
evidence was presented that these molecules are
indeed intermediates ofdiscontinuousDNA syn-
thesis because they contain initiator RNA
(iRNA). It was concluded that polyoma DNA is
synthesized discontinuously on both strands
during in vitro replication.
The in vitro replication system used consisted

of nuclei isolated from infected 3T6 cells; it
mimicked in vivo replication according to several
criteria (16, 26, 29). For example, Kowalski and
Denhardt (11) have shown that the intact 3T6
host cell of polyoma uses ribonucleotides to
prime DNA synthesis. Nevertheless, it is not
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certain to what extent events in isolated nuclei
accurately reflect DNA synthesis in unbroken
cells. Excessive reinitiation of synthesis in sub-
cellular systems could cause an accumulation of
iRNA-containing molecules on the strand whose
synthesis is nornally continuous in vivo. To
extend our knowledge of polyoma DNA repli-
cation to the in vivo situation, we have investi-
gated the extent of use of iRNA during viral
DNA synthesis in the intact cell by exploiting
the fact that nascent DNA molecules bearing
ribonucleotides become substrates for spleen ex-
onuclease after treatment with alkali or RNase
(11, 12, 18). Herein we demonstrate the presence
of iRNA moieties on both leading- and lagging-
strand nascent DNA molecules. Our data are
consistent with discontinuous RNA-primed syn-
thesis of both progeny strands at the growing
fork during replication in vivo of polyoma DNA.

MATERIALS AND METHODS

Most of the procedures used in cell culture, the
preparation of DNA, and the hybridization experi-
ments with the nascernt molecules were as described
in the preceding paper (20).
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22 NARKHAMMAR-MEUTH, KOWALSKI, AND DENHARDT

Enzymes and reagents. [3H]thymidine (50 to 60
Ci/mmol), [y-32P]ATP, and [32P]phosphate were pur-
chased from New England Nuclear Corp. or synthe-
sized by published procedures (5). Polyoma cRNA
synthesized by Escherichia coli RNA polymerase was
kindly provided by R. Kamen. The separated strands
of restriction enzymes EcoRl-HhaI fragment 2 of the
polyoma genome were generous gifts from G. Magnus-
son. Pancreatic DNase I and staphylococcal nuclease
were obtained from Calbiochem. RNases A and T,
were from Worthington Biochemicals Corp. E. coli
alkaline phophatase purified according to Weiss et al.
(28) was kindly provided by Neil Miyamoto. When
assayed on 5'-32P-phosphorylated DNA, it removed
more than 90% of the label. T4 polynucleotide kinase
was from P-L Biochemicals. Phosphorylation was
complete under the conditions used as judged by quan-
titative labeling with [y-32P]ATP and resistance to
spleen exonuclease of 5'-hydroxyl DNA of defined
length after phosphorylation. Spleen phosphodiester-
ase was prepared from hog spleen by Neil Miyamoto
by the method of Bemardi and Bernardi (1). It was
assayed according to Razzell and Khorana (25). By
this assay, the final preparation had a specific activity
of 7.5 nmol of synthetic substrate hydrolyzed per h per
mg of protein. It was assayed on several nucleic acid
substrates, including freshly 5'-phosphorylated 18S
rRNA and fragments generated by staphylococcal nu-
clease or DNase I treatment of 3T6 DNA. The enzyme
preparation possessed a low level of endoribonuclease
activity which cochromatographed with the 5'-hy-
droxyl-specific exonuclease activity on Sephadex G-75
and on concanavalin A-Sepharose. The two activities
also had identical temperature inactivation curves.

Labeling ofDNA in vivo. The cells were labeled
directly in the culture dish at 26 to 28 h postinfection.
To hasten the equilibration of the cellular pool with
[3H]thymidine during the very short pulse, the cells
were preincubated for 5 min on ice in 10 ml of the
medium containing 2.5 mCi of [3H]thymidine (50 to
60 mCi/mmol) (24). The ice-cold medium was then
replaced with 10 ml of equivalent medium prewarmed
to 370C, and the petri dish was floated on a 370C water
bath for about 30 s. The cells were quickly washed
with cold Tris-buffered saline and lysed with 2 ml of
0.01 M Tris-hydrochloride (pH 7.6)-0.01 M EDTA-
0.7% sodium dodecyl sulfate for 10 to 15 min at room
temperature.

Purification of the nascent molecules. A puri-
fication procedure similar to that described (20) was
used with a few modifications. The early Bio-Gel P-30
step and the CsCl equilibrium centrifugation in the
presence of propidium diiodide were omitted. To min-
imize losses in the nitrocellulose chromatography, the
column was prewashed with 100 to 200 jg of denatured
carrier DNA, and the sample was eluted with low-salt
buffer without sodium dodecyl sulfate so that the
DNA could be precipitated with ethanol directly. After
the size fractionation on Ultrogel AcA 34, three size
classes were pooled: molecules less than 300, those 300
to 600, and those more than 600 nucleotides long. The
average distribution of [3H]thymidine in the size
classes was 18, 15, and 65%, respectively. By mass, the
amount of DNA in the shortest size class was 1 to 2%
of the total labeled polyoma DNA. Typically 25 ng of

DNA shorter than 300 nucleotides was recovered from
10 15-cm culture dishes. The overall recovery was 35
to 40%. When the material was to be 5'-end labeled
with polynucleotide kinase, the carrier DNA was omit-
ted from the purification. The short molecules were
then isolated from the denatured preparation on a
neutral sucrose gradient (5 to 20% sucrose, 0.01 M
Tris-hydrochloride, pH 7.6, and 0.3 M NaCl) centri-
fuged in an SW50.1 rotor at 50,000 rpm for 3 h at 40C.

Analysis of the polarity of the nascent mole-
cules. Nascent molecules, labeled in vivo with [3H]-
thymidine or in vitro with 32P by using polynucleotide
kinase were hybridized to a 10- to 20-fold sequence
excess of the separated strands of HpaII fragment 1
and EcoRI-HhaI fragment 2 (see Fig. 3) which had
been tailed at the 3' end with polydeoxycytidylate
[poly(dC)] by using terminal transferase. The prepa-
ration of the separated strands of polyoma DNA re-
striction fragments tailed with poly(dC) and controls
for cross-contamination are described in the accom-
panying paper (20). The hybridizations were in 0.5 to
1 M NaCl-0.015 M Tris-hydrochloride (pH 7.6)-5 mM
EDTA at 650C for 10 to 20 x Cot1/2. Polyinosinic acid
[Poly(I)]-Sephadex chromatography was carried out
as described earlier (20), except that when the samples
were to be tested for pNp release, 90% formamide-0.01
M Tris-hydrochloride (pH 7.6) was used as the eluent
instead of NH3. The eluate was diluted with 1 volume
of water, adjusted to 1 M NaCl, and precipitated with
ethanol.

Sedimentation in alkaline sucrose gradients.
Samples were applied on top of a linear gradient of 5
to 20% sucrose in 0.3 M NaOH-0.7 M NaCl-0.001 M
EDTA. The gradients were centrifuged at 40C either
in an SW56 rotor at 50,000 rpm for 3.5 h or in an SW40
rotor at 36,000 rpm for about 20 h. Fractions were
collected from the bottom or the top, respectively, and
analyzed for radioactivity.

Spleen exonuclease hydrolysis. DNA was first
reacted with polynucleotide kinase (10 to 20 U/ml; 60
min at 250C) and a 500- to 1,000-fold molar excess of
ATP over the number of 5' ends in the sample. It was
then subjected to one of the following three treat-
ments: (i) alkaline hydrolysis (0.4 M NaOH, 16 h,
370C); (ii) RNase digestion (RNase A at 20,ug/ml plus
RNase T, at 20 U/ml heated for 10 min at 800C to
inactivate DNase) for 30 min at 370C; or (iii) dephos-
phorylation with alkaline phosphatase (1 U/ml for 30
min at 650C). Digestion with spleen exonuclease was
performed with 30 ,tg of the enzyme per ml in 0.15 M
CH3COONa (pH 5.5)-0.01 M EDTA-0.05 M Na2SO4
with DNA at 30 to 500 ,ug/ml. Incubation was for 60
min at 450C. The proportion of acid-soluble radioac-
tivity in the sample was determined by precipitation
and centrifugation in 0.4 M HC104 together with 200
,tg of carrier DNA per ml and comparison with an
equivalent sample that had been heated at 800C for
30 min after acid precipitation. The sensitivity of
phosphorylated and dephosphorylated DNA to this
enzyme is discussed in more detail elsewhere (11).

5'-End labeling and assay for 5'-terminal ri-
bonucleotides. Purified nascent polyoma DNA less
than 300 nucleotides long was dephosphorylated with
alkaline phosphatase and reacted with polynucleotide
kinase (20 U/ml) and [y-32P]ATP (8,400 Ci/mmol; 2.5
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RNA PRIMES POLYOMA LEADING-STRAND SYNTHESIS 23

uM). The reaction was stopped with 20 mM EDTA
and a 100-fold excess of unlabeled ATP. After addition
of carrier DNA and precipitation with ethanol, the
remaining [y-32P]ATP was removed by chromatogra-
phy on nitrocellulose. The 5'-32P-labeled nascent DNA
was then hybridized to the separated strands of poly-
oma DNA restriction enzyme fragments (see above).
32P-labeled material eluting from poly(I)-Sephadex
with formamide was concentrated by alcohol precipi-
tation and subjected to alkaline hydrolysis (0.4 M
NaOH, 16 h, 37°C). The samples were neutralized and
spotted on polyethyleneimine (PEI)-cellulose thin lay-
ers and chromatographed as previously described (18).

RESULTS
Strand polarity of nascent short mole-

cules. Polyoma DNA was pulse-labeled in vivo
for about 30 s with [3H]thymidine and purified
as described in Materials and Methods. From
the final size fractionation of the material by
chromatography on Ultrogel, three size classes
of nascent DNA molecules were isolated: less
than 300, 300 to 600, and more than 600 nucleo-
tides long (Fig. la). Sedimentation in alkaline
sucrose gradients revealed that the class of mol-
ecules 300 to 600 nucleotides long also contained
some molecules over 1,000 nucleotides in length
(Fig. lb). This contamination was likely due to
the retardation of some of the longer DNA
strands on the agarose column. The labeled mol-
ecules in the largest size class ranged from about
600 nucleotides to full-length progeny strands as

E
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judged by the sedimentation profile in alkaline
sucrose gradients (data not shown).
The isolated nascent DNA was 90 to 100%

polyoma DNA as judged by its ability to hybrid-
ize to an excess of polyoma form I DNA. Figure
2 shows the kinetics of a typical self-annealing
experiment with the shortest molecules. Table
1 shows examples of the maximal amount of
duplex DNA formed during reassociation of the
three size classes of molecules. The degree of
self-complementarity of the DNA decreased as
the length of the DNA decreased. The annealing
of the longest molecules does not truly represent
their complementarity because of the presence
of an excess of unlabeled non-nascent parental
molecules in this size class. The shortest mole-
cules reannealed to 52 ± 6% (average of 10
experiments), suggesting a greater degree of
asymmetry between the two strands in the rep-
lication fork than in vitro, where the value was
72 ± 4% (20).
The strand bias of these nascent molecules

was determined by hybridization to separated
strands of HpaII fragment 1 as described in the
preceding paper (20). As expected, a greater
fraction of label in the shortest chains annealed
to the template for lagging-strand synthesis, 1E
(Table 1). As pointed out in the preceding paper
(20) and illustrated in Fig. 3, leading-strand mol-
ecules initiated at the origin and complementary
to HpaII fragment 1L will not be present among

Fraction number
FIG. 1. (a) Chromatography on Ultrogel AcA34. Polyoma DNA pulse-labeled with 1H]thymidine and

purified as described in Materials and Methods was denatured and applied to a column (1.7 by 95 cm)
previously calibrated with denatured 3H-labeled restriction enzyme HpaII fragments 4 and 7 (about 650 and
270 nucleotides long). The column was eluted with 0.05M Tris-hydrochloride (pH 7.6)-0.001 M EDTA, and
fractions of 2.0 to 2.5 ml were collected and assayed for radioactivity. The material that was pooled is
indicated with bars. (b) Sedimentation velocity centrifugation in alkaline sucrose ofpool B from the Ultrogel
filtration. A 5 to 20% sucrose gradient was centrifuged in an SW50.1 rotor at 50,000 rpm for 3.5 h at 4°C. The
position of a marker of 5,000 nucleotides (denatured form II DNA) is indicated. Total radioactivity was 3,000
cpm.
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FIG. 2. Self-annealing of short nascent polyoma
DNA molecules. Portions of nascent 3H-labeled pol-
yoma DNA molecules shorter than 300 nucleotides
were denatured at 100°C for 3 min and self-annealed
at 65 C in 1 MNaCl-0.015M Tris-hydrochloride (pH
7.6)-0.005M EDTA. The products were analyzed on

hydroxyapatite columns at 65°C. One portion of the
material was incubated with an excess of denatured
sonicated polyoma form I DNA under the same con-

ditions. Each point represents between 500 and 1,500
cpm.

TABLE 1. Asymmetry of nascent polyoma DNA
molecules synthesized in vivoa

DNA size (nu- % Self-an- % Hybridization to:
cleotides) nealing HpaII-lE HpaII-lL

<300 55 13.8 5.7
46 12.0 3.5

300-600 85 13.3 15.3
75 8.2 12.0

>600 97 12.5 11.4
95 11.1 11.4

a Purified (as described in Materials and Methods)
nascent polyoma DNA was treated as follows. (i) Self-
annealed at 50 to 250 ng/ml for at least 50 x Cot1/2 to
ensure that the plateau of the reaction had been
reached. The Cot1/2 was corrected for the length of the
molecules; Cot1/2 for polyoma DNA of about 350 nu-
cleotides was determined to be about 3 x 10-3 mol.s
per liter in 0.12 M NaPO42- buffer. The product was
analyzed on hydroxyapatite at 65°C as described. In-
put radioactivity: 500 to 1,500 cpm. (ii) Hybridized to
a 20-fold excess (6 to 12 ng) of poly(dC)-extended
separated strands of HpaII fragment 1 (27% of the
viral genome; Fig. 3) in 50 to 100 pl (final volume) at
20 x C0t1/2. C0t1/2 was adjusted for the size of the
fragment 1 and for the sequence excess of one of the
strands over the complementary sequences in the nas-
cent DNA. Nascent sequences complementary to the
respective strands were isolated by poly(I)-Sephadex
chromatography. Input radioactivity: 1,000 to 3,000
cpm.

the isolated small Okazaki pieces because the
fragment is about 1,000 nucleotides from the
origin. The asymmetry between the two strands
varied somewhat from experiment to experi-

ment. Similar variations were obtained whether
the [3H]deoxythymidine used for labeling was of
very high or low specific activity. Furthermore,
there was no correlation between the strand
asymmetry and the time elapsed from labeling
to hybridization. Thus, we conclude that radi-
olysis caused by 3H decay did not generate the
short molecules on the leading strand.
The distribution of label between the strands

agreed quantitatively with the asymmetry ob-
served in the self-annealing data. Thus, the prep-
aration of short nascent DNA did not contain
significant amounts of non-nascent unlabeled
DNA. In accord with the observations of Hunter
et al. (6) and Perlman and Huberman (24), a
larger proportion of internediate-sized mole-
cules showed leading-strand polarity. Because of
the presence of a proportion of radioactivity in
very long molecules in this class (see Fig. 1), the
radioactivity observed on the leading strand was
most likely contributed by molecules initiated at
the origin rather than by intermediates in repair
processes.
Presence of iRNA on nascent molecules

ofpolyoma DNA. Spleen exonuclease digestion
has been used in several previous studies to
detect putative RNA primers (11, 12, 17, 18).
This enzyme degrades molecules with a free 5'-
hydroxyl group. Nascent molecules were phos-
phorylated at their 5' termini with polynucleo-
tide kinase and treated with alkali or RNase to
expose new 5'-hydroxyl groups on DNA mole-
cules having 5'-terminal or intemal ribonucleo-
tides. For quantification of the fraction of mol-
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FIG. 3. Polyoma genome. The restriction enzyme

fragments that were used were generated with either
HpaII or EcoRI-HhaI. Their relation to the origin
and terminus of replication is shown. Also indicated
are the replication polarities of the progeny strands
and the polarities of both the major mature late
message transcribed from the E strand counterclock-
wise from the region 0.68 to 0.25 and the early mes-

sage transcribed from the L strand clockwise from
the region 0. 72 to 0.25 (7).
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ecules possessing iRNA, the maximal digestion
of 5'-hydroxyl-terminated molecules was deter-
mined after dephosphorylation of all 5' ends
with bacterial alkaline phosphatase. The advan-
tage of using this approach to demonstrate
iRNA molecules is that even extensively de-
graded RNA primers can be detected.
The background digestion of phosphorylated

non-nascent DNA with or without alkali or
RNase treatment was 5% (Table 2). As observed
earlier (11), the nascent phosphorylated DNA
was hydrolyzed to a greater degree than the
control DNA, even in the absence of alkali or
RNase treatment. This is apparently because
the spleen exonuclease contains an endoribonu-
clease activity that we have been unable to
separate from the exonucleolytic activity (see
Materials and Methods). This activity attacks
the RNA primer internally and creates a sub-
strate for the exonuclease. Thus, to obtain the
true increase in sensitivity to spleen exonuclease
resulting from alkali or RNase treatment of the
nascent material, the observed values should
only be corrected for the digestion of authentic
non-nascent DNA as measured with uniformly
labeled DNA. All size classes of nascent DNA
showed an increased sensitivity to spleen exo-
nuclease after exposure to alkaline conditions or
RNase, with the largest increment occurring in

TABLE 2. Percentage of digestion by spleen
exonuclease of nascent DNA after exposure to

alkali, RNase, orphosphatasea
Radioactivity released (%)

DNA size (nu-
cleotides) Control Alkali RNase Phospha-

tase

Nascent
<300 36 45 47 51
300-600 17 32 32 29
>600 22 30 30 25

Non-nascent
<300 4.5 3.0 4.5 75
300-600 2.0 1.5 3.5 33
>600 3.0 4.0 4.5 25

a Three size classes of purified [3H]thymidine pulse-
labeled polyoma DNA were combined with uniformly
32P-labeled 3T6 or 4X174 DNA fractionated into sim-
ilar size classes after exposure to DNase I. The 5'
termini were phosphorylated with polynucleotide ki-
nase and unlabeled ATP, and the preparation was
divided into four parts. One portion received no further
treatment, one was exposed to RNase, another was
exposed to alkali, and the fourth was treated with
phosphatase. All samples were then treated with
spleen exonuclease, and the acid-soluble radioactivity
released was determined. Total radioactivity analyzed
for 3H and 32P ranged from 100 to 7,500 cpm. The
average of values from three to four independent
experiments are presented.

the shortest molecules. The values after alkali
and RNase treatment corresponded well, sug-
gesting that the increased sensitivity was truly
due to the removal of ribonucleotides.
The maximal digestion by spleen exonuclease

after phosphatase treatment of uniformly la-
beled DNA decreased with increasing size of the
molecules, and the nascent DNA showed the
same pattern. The shortest nascent molecules
were not degraded to the same extent as the
control, probably because of slight differences in
average molecular weight of the DNA in the two
preparations (the nascent DNA was a bit longer
on average). Also the longer intermediates were
less well digested than the control DNA, prob-
ably because the 3H pulse-label here was more
concentrated nearer the 3' terminus. Compari-
son of the extent of digestion after removal of
RNA primers with the extent of digestion after
phosphatase treatment indicated that up to 80%
of the shortest molecules possessed iRNA. Also,
a substantial proportion of the longer molecules
contained RNA primers.
Distribution of iRNA on leading and lag-

ging strands. The proportion of iRNA on the
leading and lagging strands during in vivo rep-
lication of polyoma DNA was determined in the
following way. Purified nascent DNA molecules
were dephosphorylated, and their 5' termini
were quantitatively labeled by using polynucle-
otide kinase and [y-32P]ATP. The [32P]DNA was
hybridized to separated strands of HpaII frag-
ment 1 and EcoRI-HhaI fragment 2 (see Fig. 3).
As described in the previous paper (20), the
separated strands of the restriction enzyme frag-
ments had been tailed at their 3' termini with
poly(dC) to allow isolation of hybrids on poly(I)-
Sephadex columns. A portion of the strand-sep-
arated material was treated with alkali, and the
32P-labeled molecules that were liberated by this
treatment were identified as 2'(3'), 5'-ribonucleo-
side diphosphates (pNp) by PEI chromatogra-
phy. Since this approach measures all 5' termini,
the total number of molecules with leading- and
lagging-strand polarity can be estimated after
the poly(I)-Sephadex chromatography. The
asymmetry in hybridization of the [32P]DNA
(1.3-fold; data not shown) to the separated
strands was less than for the [3H]DNA (2.5-fold;
see Table 1). This was probably because the 32p
label represents a number average of the mole-
cules in the two classes, whereas the 3H label
represents more of a mass average. Thus, the
results are consistent with a somewhat longer
average length of the short nascent DNA mole-
cules from the lagging strand as compared with
molecules from the leading strand; this was also
the conclusion drawn for the in vitro system
(20).
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Table 3 shows the percentage of the total 5'-
end label that was released as pNp from poly(I)-
Sephadex-purified DNA. A substantial release
of pNP from both the leading and lagging
strands was observed after alkaline hydrolysis.
The diphosphates released preferentially were
pAp and pGp (Fig. 4). Reichard and co-workers
have shown that iRNA is initiated with either
ATP or GTP (26). Thus, our results suggested
that the preparation of nascent DNA contained
a high proportion of intact iRNA molecules on
strands of both polarities. The leading-strand
molecules, measured by hybridization to HpaII
fragment 1L and EcoRI-HhaI fragment 2E, re-
leased slightly more pNp (about 1.3-fold) in both

TABLE 3. Percentage of total radioactivity released
as [32PJpNp by alkali after strand separation of
nascent molecules less than 300 nucleotides longa

Restriction enzyme fragment % pNp
HpaII-1E 67
HpaII-1L 86
EcoRI-HhaI-2E 67
EcoRI-HhaI-2L 53

aPurified nascent polyoma DNA molecules less
than 300 nucleotides in length were 5'-phosphorylated
with polynucleotide kinase and [y-3nP]ATP. A portion
of the preparation was divided into four parts. Each
part was hybridized to an excess of one of four
poly(dC)-extended separated strands of restriction en-
zyme fragments of the polyoma genome: HpaII-lE
and -1L and EcoRI-HhaI-2E and -2L. The nascent
DNA molecules complementary to the respective
strands were isolated on poly(I)-Sephadex columns.
Each strand-specific portion was divided into two
parts. One received no further treatment; the other
was hydrolyzed with 0.4 M NaOH at 37°C overnight.
The release of [3P]pNp was determined by chroma-
tography on PEI-cellulose thin-layer plates (Fig. 4)
and is expressed as the percentage of the 32P radioac-
tivity hybridizing to the restriction fragment strand
that migrated as pNp upon alkaline hydrolysis. The
values given have been corrected for background ra-
dioactivity migrating similarly to pNp in samples not
subjected to alkaline hydrolysis (10 to 30%). They are
also corrected for background originating from 5'-end-
labeled material that did not hybridize to poly(dC)-
extended restriction fragment strand but was never-
theless retained on poly(I)-Sephadex. This was deter-
mined by analyzing a portion of the material exactly
as described above, but omitting hybridization to the
restriction fragment strand. This material represented
less than 10% of the radioactivity applied to the
poly(I)-Sephadex and about 50% of the radioactivity
eluted by formamide. The source of this material is
considered in the discussion. A control for RNA con-
tamination consisting of 5'-32P-non-nascent cellular
DNA did not release any detectable pNp after alkali
treatment, even though the DNA was less extensively
purified than the viral DNA. Input radioactivity av-
eraged 450 cpm of 3P per sample chromatographed
on PEI-cellulose.

-5
0

0
0

E
0.
a-
n

5 10
Distance ( cm )

FIG. 4. Purified nascent polyoma DNA molecules
less than 300 nucleotides in length were labeled at
the 5' termini with 32P. (a) A portion of the labeled
DNA was divided into two, and one half was sub-
jected to alkaline hydrolysis. Both halves were then
chromatographed on PEI-cellulose thin-layerplates.
Symbols: 0, Alkaline hydrolysate; 0, control. (b) A
second portion of the DNA was hybridized to
poly(dC)-extended HpaII fragment JL and chromat-
ographed on poly(I)-Sephadex. The column-bound
DNA was eluted with formamide, and the eluate was
divided into two portions and treated as in (a). The
thin-layer plates were cut into 1-cm strips for scintil-
lation counting. One strip below that containing the
origin was counted to ensure recovery of all radio-
activity applied. Input radioactivity was 10' cpm in
(a) and 1.2 x 103 cpm in (b). Thepositions ofauthentic
32P-labeledpNp (18) are indicated.

pairs of separated strands. Since this is a number
average of the molecules, the data indicate that
the number of leading-strand nascent DNA mol-
ecules that possess iRNA is larger than the
number of lagging-strand molecules bearing
iRNA.

Effect of spleen exonuclease digestion on
self-annealing of iRNA-containing nascent
polyoma DNA. Another approach for ascer-
taiing the presence of iRNA on nascent mole-
cules from the leading strand uses the preferen-
tial digestion of DNA molecules containing ri-
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bonucleotides by spleen exonuclease after re-

moval ofthe RNA. Given the amount ofmaterial
available, the most feasible method to measure

the asymmetry of the remaining molecules was

the extent of self-annealing. As shown in the
preceding paper (20), the self-annealing of the
DNA correlated well with the degree of asym-

metry determined by hybridization to separated
strands. The interpretation of this experiment
relies on the fact (shown above in Table 1) that
there is an excess of radioactivity in the DNA
molecules with the polarity of the lagging strand
in the shortest size class. If only these lagging-
strand molecules possess iRNA, the fraction of
labeled DNA that self-annealed after various
degrees of digestion of the alkali-treated DNA
by spleen exonuclease should increase as the
excess lagging-strand DNA is degraded. Only if
a large fraction of these molecules possess iRNA
will the situation occur that leading-strand
pieces are unable to find complements, therefore
leading to a decrease in self-annealing.
On the other hand, if a substantial fraction of

the molecules from the leading strand also con-

tain iRNA, then the extent of self-annealing will
either remain unchanged or decrease, depending
on the relative amounts of leading and lagging
strands possessing ribonucleotides and their rel-
ative size. The conclusions drawn from the ac-
tual experimental data depend on the evaluation
of models for the behavior of the DNA given
various assumptions. Knowing the proportion of
3H pulse-label in strands of each polarity and
the overall extent of hydrolysis by spleen exo-

nuclease before and after removal ofiRNA moie-
ties, one can calculate whether the results are

compatible with the absence ofRNA-terninated
leading-strand DNA pieces.
The nascent DNA was phosphorylated at its

5' terminus with polynucleotide kinase, treated
with alkali or RNase, and precipitated with
ethanol. One half was digested with spleen exo-
nuclease, and the other halfwas incubated under
the same conditions but without the enzyme.
After purification on nitrocellulose and ethanol
precipitation, the DNA was self-annealed for at
least 50 x Cot1/2 to ensure completion of the
reaction.
Table 4 presents the results of the experi-

ments, including a control consisting of uni-
formly 3P-labeled 4X174 replicative form II
DNA. The first self-annealing value of each pair
was determined before the material was sub-
jected to any treatment and served as an addi-
tional control. After spleen exonuclease diges-
tion, a substantial decrease in self-annealing was
observed, especially among the smaller mole-
cules. The change in the larger size classes was
generally less pronounced except for the RNase-

TABLE 4. Percentage of self-annealing ofDNA
molecules before and after digestion by spleen

exonucleasea

Hy- Self-anneal-
drol- iing (

Size Treat- ysis by Af-
DNA (nucleo- ment spleenBefore tertides) exonu- Befr ter

clease diges- di-tion ges-
tion

3H-labeled <300 Alkali 25 47; 47 30
polyoma RNase 56 62; 64 35
DNA

300-600 Alkali 23 82; 84 87
RNase 41 80; 87 57

>600 Alkali 21 95; 95 95
RNase 31 90; 87 81

32P-labeled <300 RNase 5 100 94
*X174 DNA

300-600 RNase 5 100 92

>600 RNase 5 100 100

a Polyoma DNA pulse-labeled with [3H]thymidine was pur-
ified, mixed in the RNase experiment (only) with uniformly
3P-labeled ,X174 replicative forn DNA of the same size, and
incubated with polynucleotide kinase to ensure phosphoryla-
tion of all 5' termini. The samples were then treated with
RNase or alkali to expose 5'-hydroxyl groups wherever ribo-
nucleotides existed. After ethanol precipitation, one half of
the sample was digested with spleen exonuclease, and the
other half was incubated under the same conditions but with-
out the enzyme. The percentage of acid-soluble radioactivity
(500 to 3,000 total cpm) released was determined. After chro-
matography on nitrocellulose and precipitation with ethanol,
the DNA preparations were self-annealed for at least 50 x
Cot1/2. The double-stranded DNA content was analyzed on
hydroxyapatite columns. Total radioactivity after spleen exo-
nuclease digestion ranged from 7,500 to 45,000 cpm for both
3H and 'p. Experiments with alkali-treated and RNase-
treated molecules represent different DNA preparations. Sam-
ple calculation: Self-annealing of molecules of <300 nucleo-
tides before RNase and spleen exonuclease digestion is 63%
(above). This corresponds to 30% leading-strand and 70%
lagging-strand molecules, assuming similar size and specific
activity on both sides of the fork. After RNase digestion,
spleen exonuclease digests 56% of these molecules. If only the
lagging strands possess RNA, then in order to get 56% diges-
tion overall, 80% of the lagging strand DNA would have to be
digested. This would leave lagging- to leading-strand mole-
cules in the ratio of 14 to 30. The expected self-annealing
would then be 2(14)/44, or 64%. This was not observed.
Alternatively, consider the data of Table 3, where 53 and 67%
of lagging and leading strands, respectively, were shown to
possess 5'-ribonucleotides. Digestion of these molecules by
RNase and then spleen exonuclease would result in digestion
of (0.53 x 0.70) + (0.67 x 0.30), or 57%, of the radioactivity.
This is what is observed above. The product of this digestion
would consist of lagging- and leading-strand molecules in the
ratio of 33 to 10, which would self-anneal to the extent of 47%.
The self-annealing is thus expected to decrease, as was ob-
served. These calculations can be made in various ways de-
pending on what assumptions are made. In no case, however,
is it possible to account for the data with the assumption that
only the lagging-strand molecules possess 5'-terminal ribonu-
cleotides.
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treated intermediate-sized molecules.
A complication in evaluating the results is

that, as shown in Table 2, spleen exonuclease
did not completely hydrolyze even short mole-
cules. The incomplete hydrolysis by the exonu-
clease especially affects the results obtained with
the longer size classes of nascent DNA. In this
case, the interpretation is further complicated
by the possible concentration of the pulse-label
at the 3' termini of these molecules. However,
considering only the shortest newly synthesized
strands, the most straightforward interpretation
of the data (Table 4, legend) is that molecules
on both strands were made sensitive to the ex-
onuclease by alkali or RNase and therefore con-
tained iRNA.

DISCUSSION
In the preceding paper (20), evidence was

presented supporting a totally discontinuous
process for the replication of polyoma DNA in
isolated nuclei. We undertook the experiments
described in this paper to determine whether a
similar process could be detected in vivo, since
results obtained in an in vitro system unfortu-
nately cannot with certainty be extrapolated to
the environment of the intact cell. We have
shown that a majority of the short nascent viral
DNA molecules possess 5'-terminal ribonucleo-
tides, which we assume were used to prime DNA
synthesis. These iRNA-containing DNA mole-
cules are synthesized on both strands of the
replication fork, indicating that polyoma DNA
is replicated by a totally discontinuous mode in
vivo. Nascent molecules with leading-strand po-
larity more frequently possessed RNA primers
and appeared to be shorter than the nascent
molecules with lagging-strand polarity. A sub-
stantial, but smaller, fraction of longer interme-
diates also possessed RNA primers, suggesting
the same precursor-product relationship of
iRNA-primed Okazaki pieces and longer prog-
eny molecules demonstrated during in vitro rep-
lication (2, 20).
The quantification of iRNA was based on the

amount of 32P-labeled pNp released after hy-
drolysis of the separated strands of 5'-end-la-
beled nascent DNA. Poly(I)-Sephadex was used
to isolate the nascent polyoma DNA comple-
mentary to the separated strands of HpaII frag-
ment 1 and HhaI fragment 2 [tailed with
poly(dC)]. A small amount of nonspecifically
bound DNA [probably DNA containing
stretches of poly(dC)] eluted together with the
strand-specific molecules, but controls (Table 3)
showed that this background material did not
completely account for the pNp's released. It is
unlikely that the nonspecific material was free
RNA contributing to the pNp release for the

following reasons. (i) The amount of label incor-
porated from [y-32P]ATP at the 5' termini was
in agreement with the amount expected from
calculations based on the known amount of
DNA and its average length. (ii) The prepara-
tions were chromatographed twice on nitrocel-
lulose, which efficiently removes RNA not
linked to DNA. (iii) 5'-32P-labeled phosphoryl-
ated cellular non-nascent DNA, less extensively
purified than the viral DNA, did not release any
pNp upon alkaline hydrolysis (Table 3). (iv) As
a consequence of the purification procedure of
the nascent DNA, any free RNA molecules that
contaminated the short DNA molecules would
have had to be degradation products; it seems
unlikely that this would produce molecules pref-
erentially terminated at the 5' end with AMP or
GTP. (v) It is improbable that any polyoma-
specific mRNA associated with the replicative
internediates was responsible for the pNp
release from the leading strands. This is because
less than 1% of the extracted mRNA is late
polyoma mRNA (30), and only one strand in
each pair of separated strands used for analysis
is transcribed at the time of isolation of the
nascent DNA, yet we observed alkali-labile ma-
terial hybridizing to both strands.
The short DNA molecules bearing iRNA were

not confined to the origin of replication, since
one of the probes used in the analysis was con-
siderably removed from the origin (see Fig. 3).
Also, similar extents of strand bias were deter-
mined from the self-annealing of the total pop-
ulation of nascent DNA molecules and from the
fraction of molecules complementary to the sep-
arated strands of the specific part of the viral
genome encompassed by HpaII fragment 1 (see
Fig. 3).
Okazaki pieces could arise from the leading

strand through a unidirectional mode of repli-
cation of the genome or initiation at secondary
origins during replication of defective genomes.
To account for the high proportion of molecules
we detected on this strand, a majority of the
viral molecules would have to have replicated
unidirectionally or used other origins. That this
could be the case in our system is highly un-
likely. First, almost all polyoma DNA molecules
have been shown to replicate bidirectionally
from one defined origin (15). Second, our virus
stock was prepared from a doubly plaque-puri-
fied virus, and the cleavage pattern generated
by digestion with HpaII of polyoma form I DNA
synthesized during infection with this stock was
normal.
Many experiments have been performed in an

effort to distinguish semidiscontinuous from to-
tally discontinuous synthesis of papovavirus
DNA with varying results. The strand asym-
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metry of the shortest nascent molecules has
varied, depending on the replication conditions,
the method of analysis, and the virus-host sys-
tem. One point of universal agreement is that
molecules of leading-strand polarity represent
less than 50% of the total (3, 6, 8, 20, 24). Our
own results indicate that about 35% of the short
molecules synthesized in vitro (20) and about
25% of those made in vivo (Table 1) are of
leading-strand polarity. There appears to be a
quantitative difference between polyoma virus
and simian virus 40, since a lower fraction of
molecules of leading-strand polarity is consis-
tently found during simian virus 40 replication
(8, 24) as compared with polyoma virus replica-
tion (3, 6, 20). The observed variations may be
due to different concentrations of factors neces-
sary for iRNA removal, gap filling, and ligation
in the two systems.

Arbitrary dismissal of short leading-strand
molecules as products of degradation (e.g., radi-
olysis) or of repair synthesis is not justified (21).
On the contrary, our results (20; Tables 3 and 4)
indicate that a large proportion of these mole-
cules possess iRNA and therefore are the prod-
ucts of discontinuous DNA synthesis. The pres-
ence of iRNA on short intermediates was not
found during simian virus 40 replication in vitro
(9), perhaps because a faster rate of assimilation
of these intermediates in this system (discussed
above) made them harder to detect.
Polyoma virus utilizes host cell enzymes for

its replication (10, 19), and hence the viral ge-
nome is in many respects analogous to a mam-
malian replicon. In view of our data, one may
infer that previous research showing that most
of the radioactivity incorporated into mamma-
lian DNA in a short pulse is in short intermedi-
ates indicates a totally discontinuous mode of
eucaryotic replication (4, 27). In procaryotes,
also there is strong evidence that the potentially
continuously synthesized strands of phages P2
(13, 23) and OX174 (14, 17) are synthesized dis-
continuously via short intermediates, at least
some of which bear 5'-ribonucleotides. These
data from representative procaryotes and eu-
caryotes indicate that polyribonucleotides may
serve as primers of DNA synthesis even when a
3'-OH DNA terminus is available, as is the case
on the leading strand. Such a mechanism would
permit multiple initiation events to occur simul-
taneously on the leading strand, thereby maxi-
mizing the rate of DNA synthesis in vivo.
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