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The linear duplex replicative form (RF) DNA of the parvovirus H-1 has been
characterized with respect to cleavage by the bacterial restriction endonuclease
of Escherichia coli, EcoRI. RF DNA has a single cleavage site 0.22 genome
length from the left end of the molecule. The molecular weight of H-1 RF DNA
determined by gel electrophoresis is 3.26 x 10%. H-1 RF DNA has been found to
dimerize by hydrogen-bonded linkage at the molecular left end, and in some
molecules the viral strand is covalently linked to the complementary strand.
Some 10% of monomeric RF DNA also has a covalent linkage between the viral
and complementary strands at the left end. The EcoRI-B fragment, containing
the left end of the RF molecule, appears to be a replication terminus by its
labeling characteristics for both RF and progeny DNA synthesis. These findings
suggest that the left end of H-1 RF DNA has some type of “turn-around”

Vol. 21, No. 2
Printed in U.S.A.

structure and that this end is not an origin for DNA synthesis.

The parvovirus H-1 contains a genome of
single-stranded DNA with a molecular weight
of approximately 1.7 x 10° (15). We have previ-
ously characterized a double-stranded DNA
replicative form (RF) synthesized during the
replication of H-1-infected cells (17, 18). H-1 RF
DNA has been found to be linear by isopycnic
centrifugation in ethidium bromide-CsCl gra-
dients, velocity sedimentation (17, 18), gel elec-
trophoresis (in this paper), and by electron mi-
croscopy (23).

In this study, H-1 RF DNA and its dimer
have been characterized further. An improved
estimate of H-1 RF DNA molecular weight, 3.26
x 108, has been obtained by gel electrophoresis.
Based on a DNA size of about 4,920 base pairs
(bp), the H-1 genome has a total capacity to
code for proteins with a cumulative molecular
weight of about 172,000. To date, only the two
polypeptides of the H-1 capsid, VP1 and VP2,
have been demonstrated as viral-induced pro-
teins in infected cells, and their total molecular
weight of 164,000 is close to the coding capacity
of the genome (14). It has not been determined
whether the H-1 genome is transcribed to the
extent of the other parvoviruses (50 to 100% of
the rat virus viral strand is transcribed [20],
and 75% of the adenovirus-associated virus
[AAV] genome is transcribed [3-5]), or whether
VP1 and VP2 have a common structural gene.

Nevertheless, it is clear that the genetic capac-
ity of H-1 is very limited, and thus its replica-
tion must be executed largely by cellular en-
zymes. A number of conditional lethal mutants
of H-1 have been isolated and none of these has
shown a viral protein requirement for RF DNA
replication (19, and unpublished data). It is
possible, but not established, that RF replica-
tion is totally under the control of cellular pro-
teins. In any case, analysis of RF replication is
a powerful probe of cellular DNA replication
and could be useful in the study of the mecha-
nisms of replication of linear molecules.

I have examined the physical map of H-1 RF
DNA with respect to the bacterial restriction
endonuclease of Escherichia coli, endo
R-EcoRI (EcoRI). This enzyme has allowed a
more detailed characterization of one end of the
RF DNA molecule, and evidence for several
structural alternatives for this end are pre-
sented. Experiments described here indicate
that this end is a terminus for the semiconser-
vative replication of RF DNA and for progeny
DNA synthesis. This terminus is in some cases
self-cohesive, as manifested by the formation of
dimer molecules linked in an inverted manner
rather than in tandem. The viral (V) and com-
plementary (C) strands in some monomer or
dimer RF molecules are covalently linked at
this end. These findings suggest a structure for
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the RF DNA replication terminus similar to
one recently proposed for the AAV DNA ter-
mini (8, 24).

MATERIALS AND METHODS

Virus and cell strains. Parasynchronous cultures
of secondary hamster embryo or NB cells were pre-
pared and infected as previously described (14, 16).
The H-1 strains used here were wild type (wt) and
ts 1 (19). An E. coli (W1100) lysogen of Aclgs; susS
was obtained from Herbert Boyer, San Francisco.

Infection, labeling, and viral DNA extraction.
Parasynchronous hamster embryo cultures were in-
fected at 12 h poststimulation, and NB cell cultures
were infected at the time of reversal of the metho-
trexate block with medium containing thymidine
(TdR; 10-® M), adenosine (13 ug/ml), and minimal
essential medium nonessential amino acids as a
source of glycine (19). Virus adsorptions were per-
formed for 30 min at 33°C. After virus adsorption,
the cultures were incubated at the temperatures
indicated. Viral DNA was labeled by changing the
medium after two washes with Hanks balanced salts
(5 ml per petri dish) to a prewarmed medium con-
taining the appropriate labeled precursor. In most
cases, labeled TdR was used in the presence of 5'-
fluorodeoxyuridine (FUdR) at 0.5 ug/ml after en-
dogenous pools of TdR had been depleted by a prein-
cubation in medium with FUdR alone. Labeling
with 32PO, was done in medium buffered by 25 mM
HEPES (N-2-hydroxyethylpiperazine-N’-2-ethane-
sulfonic acid) and with the appropriate Cl salts sub-
stituted for PO, in the medium.

Viral DNA was extracted by a modification of the
Hirt procedure (12). The monolayer cultures were
washed once with 5 ml of Tris-buffered saline per
100-mm dish and lysed with 0.5 ml of 0.6% sodium
dodecyl sulfate in 50 mM Tris (pH 7.5)-10 mM EDTA
per dish. After 15 to 20 min at room temperature, 0.5
ml] of a solution containing 5 mg of Pronase per ml
was added to each dish, and the incubation was
continued for 30 min at 37°C. A solution of 5 M NaCl
was then added dropwise to each dish to a final
concentration of 1 M and gently mixed with the
lysate. The lysates were collected into centrifuge
tubes and incubated overnight at 0°C. After centrif-
ugation at 25,000 x g for 50 min, the supernatant,
containing viral DNA, was precipitated with 2.5
volumes of ethanol for 6 to 16 h at —20°C. The
precipitates were redissolved in 50 mM Tris (pH 7.5)-
1 mM EDTA and digested with pancreatic RNase
(heated to 80°C for 20 min) at 50 ug/ml. They were
then either extracted with phenol or directly frac-
tionated by centrifugation in 5 to 20% neutral su-
crose gradients as detailed previously (17). Gener-
ally, about two-thirds of the total isotopic incorpora-
tion was recovered as viral DNA in the Hirt super-
natant. [*H]TdR-labeled A\ DNA was prepared as
described (11).

Digestion with restriction endonuclease. Viral
DNA dissolved in 50 to 100 ul of 100 mM Tris (pH
7.5)-50 mM NaCl-10 mM MgCl, was incubated with
10 to 100 U of EcoRI for 2 or 3 h at 37°C. Endonucle-
ase R-EcoRI was purchased from Miles Laborato-
ries, Inc. Digestions with endonuclease R-Haelll

REPLICATION TERMINUS OF H-1 RF DNA

695

(Haemophilus aegyptius, kindly provided by David
T. Denhardt) were carried out for 16 h at 37°C in 50
ml of 10 mM Tris (pH 7.5)-10 mM NaCl-10 mM
MgCl,-1 mM dithiothreitol and with 5 ul of enzyme.
Reactions were stopped by addition of EDTA to a
final concentration of 50 mM.

Analytical gel electrophoresis. Electrophoresis
was conducted in cylindrical gels (0.6 by 15 cm) with
various concentrations of agarose or 3% acrylamide-
0.5% agarose in E buffer (40 mM Tris-20 mM Na
acetate-1 mM EDTA) (9) at 23°C under constant
voltage as specified in the text. DNA samples were
mixed with 0.5 volume of a solution of E buffer, 50%
glycerol, and 0.01% bromophenol blue for layering
on the gel. Gels were sliced into 1.0-mm or 1.17-mm
slices, and two slices per vial were incubated 2 to 16
h in 0.5 ml of NCS solubilizer (Amersham/Searle)
and assayed for radioactivity by liquid scintillation
spectrometry in 10 ml of a toluene-based scintilla-
tion fluid. Ninety percent or more of the activity is
eluted from the gel slices by this method.

Preparative gel electrophoresis. Viral DNA was
fractionated in cylindrical gels (1.2 by 6 cm) of 1%
agarose in E buffer using a constant voltage of 150
V. DNA in fractions of 2 ml was collected every 10
min by continuous electroelution into a chamber of
our design. Aliquots were taken for determination of
radioactivity, and appropriate fractions were col-
lected and precipitated with 0.1 volume of 3 M Na
acetate (pH 5.0) and 2.5 volumes of ethanol for 16 or
more h at —20°C.

Slab-gel electrophoresis. Slab-gel electrophoresis
was carried out in gels (0.3 by 12 by 16 cm) of 1.8%
agarose in an EC470 apparatus (E-C Apparatus
Corp., Philadelphia, Pa.). The gel and electrode
buffers were buffer E, and electrophoresis was for 18
h at 16°C with a constant voltage of 50 V. The gel
was dried in vacuo and exposed to Kodak no-screen
X-ray film NS2T for 4 days before development.

Velocity centrifugation. Neutral sucrose gra-
dients were 5 to 20% sucrose in 50 mM Tris (pH 8.0)-
1 M NaCl-1 mM EDTA-0.2% Sarkosyl centrifuged in
an SW25 rotor for 18 to 22 h at 24,000 rpm. Alkaline
sucrose gradients were 5 to 20% sucrose in 0.2 N
NaOH-0.8 M NaCl-1 mM EDTA centrifuged in an
SW50 rotor for 16 h at 30,000 rpm. Fractions were
collected through the bottoms of the tubes. Aliquots
were taken for determination of radioactivity either
by solubilization directly in 10 volumes of NCS or
after precipitation on cellulose acetate filters with
10% trichloroacetic acid and 100 ug of bovine serum
albumin, followed by liquid scintillation spectrome-
try. Alkaline gradients were fractionated on 25-mm
Whatman no. 3 filter paper disks, which were
washed twice in cold 5% trichloroacetic acid and
once in acetone, dried, and counted with 0.2 ml of
NCS solubilizer and toluene scintillation fluid.

Isopycnic centrifugation. DNA was banded to
equilibrium in Cs,SO, as previously described (17,
19), and aliquots were measured for radioactivity as
for alkaline sucrose gradients.

Benzoylated DEAE-cellulose (BDC) chromatog-
raphy. BDC was purchased from Schwarz/Mann
(Orangeburg, N.Y.). Columns (1 by 5 cm) were con-
structed and washed with 100 to 200 volumes of 0.3
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M NaCl-50 mM Tris (pH 7.5)-1 mM EDTA (0.3 M
TBS). DNA in 2 to 5 ml of 0.3 M TBS was applied to
the columns with a flow rate of 1 ml/min, and the
column was washed with 15-, 30-, and 30-ml volumes
of 0.3 M TBS. Double-stranded DNA was eluted by
two 10-ml applications of 1 M TBS, and DNA with
single-stranded regions was similarly eluted with
two 10-ml applications of 2% caffeine in 1 M TBS
warmed to 40°C. In some cases, the caffeine elution
was carried out with 20 ml of a linear gradient of 0 to
2% caffeine in 1 M TBS. The washes and aliquots of
the 1 M TBS and 2% caffeine fractions were assayed
for radioactivity by trichloroacetic acid precipitation
as above. DNA in the eluates was precipitated for
further studies by 2.5 volumes of ethanol overnight
at —20°C.

Alkaline denaturation-BDC chromatography was
done by incubating the DNA in a final concentration
of 0.2 N NaOH in a volume of 200 ul for 20 min at
ambient temperature; the solution was cooled to
0°C, neutralized, and diluted 25-fold with cold 0.2 M
TBS containing 0.2 ml of 0.2 N HCl. To minimize
intermolecular annealing, the DNA solution was
immediately applied to the column of BDC within 1
to 2 min. The elutions were carried out as described
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above. Final recoveries were 80 to 100% of the DNA
applied to the columns.

RESULTS

Endo R-EcoRI digestion of H-1 RF DNA.
H-1 RF DNA labeled with [PH]TdR was pre-
pared from ts1 H-l-infected parasynchronous
NB cells incubated at the restrictive tempera-
ture of 39.5°C (17). A portion of the major peak
at 16S in the preparative neutral sucrose gra-
dient was digested with EcoRI for 2 h at 37°C
and a control incubated in the absence of the
enzyme, and the digests were subjected to elec-
trophoresis in replicate agarose gels; the results
are illustrated in Fig. 1. EcoRl-cleaved H-1 RF
DNA into a large fragment, RI-A, and one or
more smaller fragments. This digestion did not
go to completion, but identical results were ob-
tained with complete digests using RF DNA
prepared with either ¢s1 or wt H-1 and with
electrophoresis in 3% acrylamide-0.5% agarose
gels. The EcoRI-A fragment contained an aver-

T T T T T T T
50+ RF -
40+ -

EcoRT A
30 \ .

: :

=4 "

x | :: p

g "

v :.

* 20} X -

[}
1
$ []
] { T
p L,
B
'
10+ .‘ . : ECBO'RI -
l’ ' ’
\ 4
L \ l‘ “g, -
' 2R
0 vo00® 1 S, f"" l\h .
1 10 20 30 40 50 60 70
- Fraction +

Fic. 1. Analytical gel electrophoresis of H-1 RF DNA and EcoRI-digested H-1 RF DNA. H-1 RF DNA
labeled with [*H]TdR was isolated from hamster embryo cells infected with wt H-1 at 37°C. A portion of RF
DNA that sedimented at 16.5S (cf. Fig. 3, fraction A) was digested in 50 ul of digestion buffer for 20 min at
37°C with 5 w of EcoRI, and a control was incubated similarly without enzyme. The reaction was stopped
with 20 wl of 2.5% sodium dodecyl sulfate-50% glycerol-0.01% bromophenol blue-10 mM EDTA, and the
samples were subjected to electrophoresis in cylindrical gels of 1.4% agarose. In this case the electrophoresis
buffer was 90 mM Tris-borate (pH 8.3)-2.5 mM disodium EDTA, and electrophoresis was for 20 h at 35 V at
room temperature. In the illustration, the results of the separate gels are combined to simplify comparison.
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age of 78.4% of the [*HITdR or 3?P when PO,
was used as a label, and the smaller fragments
contained the remaining 21.6%. The dispersed
electrophoretic pattern of the smaller frag-
ments suggested several possible interpreta-
tions: (i) three EcoRI cleavage sites, producing
one large fragment migrating as RI-A, one as
RI-B,, and two as RI-B, as labeled in Fig. 1; (ii)
two EcoRI cleavage sites, one within EcoRI-B,,
yielding a small fragment lost from the gel and
converting RI-B, to RI-B,; and (iii) one EcoRI
cleavage site, with structural heterogeneity of
the EcoRI-B fragment giving heterogeneous
migration in the gel electrophoresis.

The first alternative was ruled out by deter-
mining the size of the EcoRI-B fragments.
Treatment of H-1 RF DNA with the restriction
endonuclease endo R-Haelll of H. aegyptius
produces 12 unique fragments, designated A to
L, ranging in size from about 1,550 to 30 bp as
determined by their contents of 32P as shown in

Fig. 2A. In a replicate gel (Fig. 2B), the EcoRI-.

B fragments were not resolved and migrated as
one broad peak at a size position of about 1,050
bp, or 21% of the genome, in agreement with
the proportion of counts recovered in all of the B
fragments (Fig. 2C). Thus, the B fragments
represent about 22% of the genome by size and
composition and must be a heterogeneous col-
lection of the same basic fragment.

The observed 8% difference in relative mobil-
ity of EcoRI-B, and EcoRI-B, with respect to
EcoRI-A in 3% acrylamide gels suggests that a
difference in size of about 50 to 70 bp would be
expected. Although the proportions of EcoRI-B,
to EcoRI-B, were constant at 2:1 independent of
whether the digestion was complete or not as in
Fig. 1, a further experiment to detect a possible
second cleavage site near the first was con-
ducted. A relatively large amount of [*'H]TdR-
labeled RF DNA was digested to completion
with EcoRI. This digest contained 40,000 cpm of
EcoRI-B and was analyzed by electrophoresis
for 3 h at 50 V in a 3% acrylamide gel (data not
shown). Using the mobility of the EcoRI-B frag-
ment and a linear extrapolation.of mobility
versus logarithm of molecular size as in Fig.
2C, the 3-h gel would have contained fragments
with a relative mobility of 9 with respect to
EcoRI-B and an estimated size of 2 to 4 bp. A
putative fragment of 50 to 70 bp would have
contained approximately 1% of the total counts
per minute or about 2,000 cpm. No evidence for
such a fragment was obtained. Evidence in sup-
port of the third alternative, namely, that there
is one EcoRI cleavage site and that the EcoRI-B
fragment is heterogenous, is presented below.

H-1 dimer RF DNA. It has been observed
routinely in neutral sucrose gradients of Hirt
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F1c. 2. Analytical gel electrophoresis of %P-la-
beled H-1 RF DNA digested by Haelll or EcoRI. H-1
RF DNA labeled with 3*PO, was prepared in the
usual manner through the sucrose gradient step. RF
DNA in final volumes of 50 ul was digested for 16 h
at 37°C with 5 pl of Haelll (A) or for 2 h at 37°C with
5 ul of EcoRI (B). The DNA was analyzed by electro-
phoresis in cylindrical gels of 3% acrylamide-0.5%
agarose at a constant voltage of 30 V for 16 h at room
temperature. The counts recovered in each fraction
were converted to percent total counts, and the
number of base pairs for each fraction was calculated
using a total of 4,920 (cf. Fig. 4). The electrophoretic
mobility of each fragment expressed as a relative
mobility in comparison to EcoRI-A fragment was
plotted against the fragment size on a log scale in (C).
The mobility of EcoRI-B indicates a fragment size of
about 1,050 bp or 21.3% of the genome. In Fig. 2B,
EcoRI-B contained 20% of the total 3P recovered.
The Haelll fragments I-L migrated off this gel.

extracts of H-1-infected cultures that the RF
DNA peak has a fast-sedimenting shoulder
(e.g., Fig. 3). Similarly, gel electrophoresis has
revealed a species of DNA migrating more
slowly than RF DNA, e.g., fraction 6 in Fig. 1.
To determine the molecular weight of this
DNA, the [“C]TdR-labeled viral DNA illus-
trated in Fig. 3 was pooled as illustrated, and
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F1c. 3. Preparative sucrose gradient centrifuga-
tion of H-1 RF DNA. H-1 RF DNA was labeled with
[Y“C]TdR by incubating parasynchronous hamster
cultures infected with ts1 H-1 at 39.5°C 12to16 hp.i.
in medium containing FUdR (0.5 pg/ml) and
[Y“CITdR (1 pCilml, 57.1 mCi/mmol). Viral DNA
was extracted by the Hirt method and sedimented in
a gradient of 5 to 20% sucrose in 50 mM Tris (pH
8.0)-1 M NaCl-1 mM EDTA-0.2% Sarkosyl in the
SW25 rotor for 18 h at 24,000 rpm. Fractions of 1 ml
were collected through the bottom of the tube, 10-ul
aliquots were assayed for radioactivity, and the frac-
tions were pooled as in the figure. The DNA was
precipitated with 2.5 volumes of ethanol at —20°C for
16 or more h. The precipitates were collected by cen-
trifugation and washed once with 70% ethanol-50
mM Tris (pH 7.5)-1.5 M NaCl-1 mM EDTA, and the
DNA was stored in 10 mM Tris (pH 7.5)-10 mM
NaCl-0.1 mM EDTA at —20°C.

pool B, previously determined to contain some
of the RF DNA of pool A, was subjected to
coelectrophoresis with an EcoRI digest of
[*HITdR-labeled bacteriophage A DNA in 0.7%
agarose gels. The results are presented as the
log molecular weight versus distance of migra-
tion in Fig. 4, and the molecular weights de-
rived for the two peaks of H-1 DNA were 3.26 x
10° for H-1 RF DNA and 6.5 x 10¢ for the faster-
sedimenting species. These values represent
the average of two separate determinations,
which differed by less than 1%. It should be
noted that the curve is nonlinear in the regions
where the faster-sedimenting H-1 DNA is rep-
resented. This DNA has the molecular weight
expected of a dimer of H-1 RF DNA.

To clarify further the identity and structure
of this putative dimer RF DNA, [H]TdR-la-
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beled dimer was prepared as above and purified
by preparative gel electrophoresis. A portion of
this preparation was digested by EcoRI and
analyzed by electrophoresis in a 1.4% agarose
gel (Fig. 5). Three fragments were obtained; the
largest had the electrophoretic mobility of
EcoRI-A, the second migrated with a mobility
equivalent to 2,100 bp or twice the size of
EcoRI-B, and a smaller portion was at the posi-
tion of EcoRI-B. This is the expected result for a
dimer RF DNA linked through the EcoRI-B
fragments, rather than in tandem. A similar
result was obtained after a digestion of a mix-
ture of equal parts of monomer and dimer RF
DNA. The small amount of *H recovered at the
position of EcoRI-B probably arose from con-
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Fi1c. 4. Determination of the molecular weights of
H-1 monomer and dimer RF DNA. The molecular
weights of H-1 monomer and dimer RF DNA were
measured by coelectrophoresis of [“*C]TdR-labeled
H-1 DNA prepared as in Fig. 3 with the [*(H]TdR-
labeled EcoRI fragments of A phage DNA. [*H]TdR-
labeled A\ DNA was prepared as described (11) and
digested to completion with 100 U of EcoRI in a vol-
ume of 100 l. The reaction was stopped by the addi-
tion of EDTA to 50 mM, and 20 ul of the \ digest and
a 5-pd aliquot of the [*C]TdR H-1 DNA were ana-
lyzed by electrophoresis in duplicate in 1% agarose
cylindrical gels as in Materials and Methods. The
figure illustrates the distance migrated and the log
molecular weight of EcoRI \ fragments (@) and the
electrophoretic mobility of H-1 RF DNA monomer
and dimer (O). The molecular weight of the smaller
H-1 DNA was calculated using a linear regression
constructed by the method of least squares for log
molecular weight as a function of distance migrated
for the \ EcoRI fragments 2-6 (11). The molecular
weight of the larger H-1 DNA was estimated graphi-
cally, since it lay on the nonlinear part of the curve.

100
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Fi1c. 5. Analytical gel electrophoresis of an EcoRI
digest of H-1 dimer RF DNA. Electrophoresis was in
a 1.4% agarose gel as in Fig. 1 except buffer E was
used for 16 h at 25 V at room temperature. DNA
peaks were identified from the position of monomer
fragments on a replicate gel and their mobilities rela-
tive to the marker EcoRI-A.

tamination of the dimer preparation with mon-
omer RF DNA.

To determine whether the dimer DNA con-
tained covalently linked dimer length strands,
[*H]TdR-labeled dimer or monomer and 3?P-la-
beled monomer RF DNA were compared in al-
kaline sucrose gradients (Fig. 6). Virion DNA
was sedimented in a replicate gradient (not
shown), the position of which is indicated by the
arrow (V), and the arrow (D) indicates the posi-
tion of dimer length DNA expected using the
equations of Studier (25). It can be seen that the
majority of both monomer and dimer DNAs are
genome length in the alkaline gradient and
thus not covalently linked. Both preparations
show fast-sedimenting shoulders not seen with
virion DNA, which we will consider in detail
below.

The relative proportions of dimer and mon-
omer RF DNA synthesized at different times
postinfection (p.i.) were examined in wt H-1-
infected hamster embryo cells labeled with
[*H]TdR 11 to 12 h p.i., 11 to 12 h p.i. plus a 5-h
incubation in the presence of unlabeled TdR,
and 16 and 17 h p.i. The viral DNA was ana-
lyzed by electrophoresis in 0.7% agarose gels.
The proportion of viral DNA that was dimer RF
DNA varied little: 17% for the 11- to 12-h p.i.
labeling period, 26% for 11 to 12 h plus 5-h
chase, and 22% for the 16- to 17-h label. Since
the majority of the dimers are not covalently
linked, they may be formed by annealing of
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cohesive termini of the monomer RF DNA dur-
ing extraction and subsequent handling. To de-
termine whether all RF DNA could anneal, a
portion of the 11- to 12-h RF DNA preparation
above was incubated in 50% formamide for 4 h
at 40°C before electrophoresis. No increase in
dimer RF DNA occurred.

A more direct test for the possibility of ran-
dom annealing of cohesive RF monomers was
made using the density label bromodeoxyuri-
dine (BUdR). In this experiment, wt RF DNA
was prelabeled with ['*C]TdR and incubated 30
min with FUdR, followed by 30 min of labeling
with [*HJBUdR in the presence of FUdR. This
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Fi1G. 6. Centrifugation of dimer and monomer H-1
RF DNA in alkaline sucrose gradients. Labeled H-1
RF DNA was prepared as in Materials and Methods.
The B fraction of the 3H-labeled H-1 DNA shown in
Fig. 3 was fractionated into monomer and dimer
fractions by preparative gel electrophoresis in 1%
agarose. *?P-labeled monomer H-1 RF DNA was
added to the *H monomer (A) or dimer (B) fractions,
and after the mixtures were adjusted to 0.2 N NaOH,
they were sedimented in a 5 to 20% alkaline sucrose
gradient (cf. A in Fig. 3) for 6 h at 42,000 rpm at 4°C
in the SW50 rotor. A replicate tube contained *H-
labeled virion H-1 DNA, and its sedimentation posi-
tion is indicated by the arrow V. The arrow D denotes
the expected sedimentation position of dimer DNA
relative to monomer by the equation of Studier (25).
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period of density labeling was chosen to produce
a labeling of only a small portion of the total RF
pool. Therefore, if dimers formed by random
association of monomers, the majority of the
dimers labeled with *H would contain only one
[*H]BUdR-substituted monomer RF DNA and
be less than hybrid density. On the other hand,
if dimers replicate semiconservatively during
the density labeling or if they are generated by
a failure of daughter RF monomers to segregate
after replication, *H-labeled dimers would have
hybrid density. Dimer RF DNA was prepared
by sucrose gradient centrifugation and by pre-
parative gel electrophoresis, and the dimer and
monomer (sucrose gradient only) RF DNAs
were analyzed by isopycnic centrifugation in
Cs,S0, (Fig. 7A and B). About 60% of the 3H-
labeled monomer is of hybrid density, whereas
the density of the 3H dimer is intermediate
between light and hybrid, and virtually no 3H
dimer is of hybrid density. This is compatible
with a random annealing of monomer RF DNA
as the mechanism of dimer formation and rules
out a failure of daughter RF monomer segrega-
tion as a means of dimer generation. However,
this result would also be obtained if dimers
replicated more slowly than monomers, such
that a 30-min density label is less than or equal
to the replication time for dimer RF under
these conditions.

To examine this possibility, the experiment
was repeated in a similar manner, except the
period of density label was extended to 60 min
(not shown). After the 1 h of density labeling,
most of the *H-labeled dimer DNA was of hy-
brid density; however, appreciable amounts of
the total monomer RF DNA were calculated to
have become heavy (13%) and hybrid (38%)
densities. Thus, the distribution of density la-
bel in the dimer RF DNA was compatible with
a slower dimer replication process, random
annealing of RF DNA monomers, or some more
complex situation.

Covalent linkage of the V to C strand in the
EcoRI-B fragment of monomer RF DNA. It
was previously observed that the RF monomer
and dimer DNA peaks had a faster-sediment-
ing shoulder in alkaline gradients, suggestive
of the presence of single-stranded DNA of
greater than genome length. Tattersall et al.
have presented evidence for the existence of
some RF DNA of the parvovirus MVM (minute
virus of mice) that renatures unimolecularly
after heat denaturation, and suggested that a
covalently closed turnaround may exist in RF
DNA (27). We have obtained evidence for a
region at one end of H-1 RF DNA with a high
melting temperature implicating a very high
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Fi1c. 7. Isopycnic centrifugation of density-labeled
H-1 RF monomer and dimer DNA. H-1 DNA was
labeled in parasynchronous NB cultures infected
with tsl at 39.5°C first with [“*C]TdR from 12 to 15.5
h p.i. (FUdR, 0.5 pug/ml; [“*'C]TdR, 1 uCiiml, §7.1
mCi/mmol), followed by a 0.5-h treatment with
FUdR alone, and then labeled with [*(HIBUdR from
16 to 16.5 h p.i. (FUdR, 0.5 pg/ml; [*(HIBUdR, 2
uCi/ml, 10-¢ M). Viral DNA was extracted by the
Hirt method and fractionated into monomer and di-
mer by centrifugation in a neutral sucrose gradient
and by preparative gel electrophoresis in 1% agarose.
Monomer and dimer DNA were banded to equilib-
rium in Cs,S0O,: (A) dimer RF DNA, (B) monomer
RF DNA. Centrifugation was for 48 h at 35,000 rpom
at 4°C in the type 40 rotor.

guanine plus cytosine content that might fail to
denature with heat under the conditions used
for MVM RF DNA (23). Nevertheless, if such a
covalent cross-linkage is present in a portion of
the H-1 RF monomer and dimer DNAs, then it
could be isolated by using its rapid renatur-
ation rate. This was tested by alkaline denatur-
ation of wt monomer H-1 RF DNA followed by
rapid neutralization and immediate application
to a BDC column. Double-stranded DNA was
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TaABLE 1. Akaline denaturation —BDC chromatography of H-1 RF DNA®

Cycle 1 Cycle 2
Procedure
cpm % Total cpm % Total
Washes 1,295 3,108 1.7
1 M TBS—total 261,560 18.5 128,560 73.1
Caffeine —total 1,151,340 81.4 44,300 25.2

¢ [*H]TdR-labeled wt H-1 RF DNA was denatured by 0.2 N NaOH, neutralized at 0°C, and chromato-
graphed on a column of BDC as in Materials and Methods. The DNA eluted with 1 M TBS was collected by
ethanol precipitation, and the process was repeated in cycle 2. Values shown are total counts per minute

recovered and their respective percentages.

selectively eluted with 1 M TBS and DNA con-
taining single-stranded regions recovered by
elution with 2% caffeine. The results are sum-
marized in Table 1. When the double-stranded
DNA was put through a second cycle of alkaline
denaturation-BDC chromatography, the per-
centage recovered as double stranded increased
from 18.5 to 73%. A portion of this DNA was
then analyzed by alkaline sucrose gradient cen-
trifugation (Fig. 8A). A majority of the DNA
(68%) sedimented at the expected position of
dimer length single strands, in constrast to the
[*“C]TdR-labeled ¢ts1 RF DNA monomer
marker. The final recovery indicated that at
least 9% of the RF monomer contained a cova-
lent linkage between the V and C strands.

The localization of the V-C linkage was de-
termined by digesting RF DNA with EcoRI
before alkaline denaturation and BDC chroma-
tography. The double-stranded DNA so ob-
tained was analyzed by electrophoresis in a
1.4% agarose gel and compared with the total
digest (without selection for the rapidly rena-
turing DNA) in a replicate gel. The results are
illustrated together for convenience in Fig. 9A.
The EcoRI-B fragment was clearly selected for
by the procedure isolating rapidly annealing
DNA, indicating that the covalent linkage is in
the EcoRI-B fragment. A control experiment
showed that BDC chromatography of an EcoRI
digest of RF DNA without alkaline denatura-
tion resulted in the retention of about 30% of
the DNA after 1 M TBS elution, suggesting the
presence of some single-stranded regions, but it
was not selective for either fragment. This sub-
ject will be considered in more detail in a subse-
quent section of this study.

If the covalent linkage of V to C strand in
monomer RF DNA was involved in the initia-
tion of replication of RF DNA or progeny DNA
synthesis, then rapidly labeled molecules
would be enriched in this property compared
with the total collection of RF DNA molecules.
The [“C]TdR-prelabeled RF monomer DNA
used for the [’H]BUdR density label in Fig. 7B
was a ready source of DNA for comparison of

old and new molecules. This DNA was fraction-
ated by alkaline denaturation-BDC chromatog-
raphy, followed by an alkaline sucrose gradient
as above. The results in Fig. 8B show that the
3H/'*C ratios were lower for the dimer length
DNA than for the unfractionated monomer RF
DNA, 0.29 versus 1.1. Thus, newly replicated
monomer RF molecules (within 30 min) contain
less of the covalent linkage than the general
pool, as represented by the [**C]TdR-labeled RF
DNA.

Covalent linkage of V to C strand in dimer
RF DNA. Experiments similar to those used to
show linkage of V to C strands in monomer RF
DNA were carried out with [*H]TdR-labeled wt
dimer RF DNA purified by gel electrophoresis.
After one cycle of alkaline denaturation, 24% of
the 3H was recovered as double stranded in
BDC chromatography, and 87% of this DNA
sedimented as dimer length in an alkaline su-
crose gradient (not shown). This represented
about 21% of the original dimer preparation.
The gel electrophoresis of this dimer prepara-
tion after EcoRI digestion is shown in Fig. 5.
This DNA contained about 5% EcoRI-B mon-
omer would be dimer length single-stranded
20% contamination with monomer RF DNA.
Since we have seen that about 10% of the mon-
omer would be dimer-length single-stranded
DNA, this would constitute only 2% of the total
dimer preparation, so that it can be deduced
that some of the dimers contained covalently
linked V and C strands.

To test whether the covalent linkage in the
dimers is at the internal left end of the mon-
omer, and probably at the site of linkage be-
tween the monomers, dimer DNA was digested
with EcoRI and then subjected to the alkaline
denaturation-BDC chromatography procedure.
The rapidly renaturing DNA was analyzed by
gel electrophoresis (Fig. 9B). It was found that
the B fragment was isolated in a 40-fold molar
excess compared with the A fragment and thus
contained the V-C strand linkage. It is unlikely
that a covalent linkage occurred during the
Hirt extraction and subsequent handling, so
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F1c. 8. Alkaline sucrose gradient centrifugation
of rapidly renaturing RF DNA. (A) H-1 RF DNA
monomer was selected for its ability to reanneal rap-
idly by two cycles of alkaline denaturation-BDC
chromatography (Table 1). The DNA in the1 M TBS
eluate of the second chromatography was adjusted to
0.2 N NaOH and sedimented in a gradient of 5 to
20% sucrose in 0.2 N NaOH-0.8 M NaCl-1 mM
EDTA for 16 h at 32,000 rpm at 4°C. A marker of
["*C]TdR monomer RF DNA obtained from pool A of
Fig. 3 was included. (B) H-1 RF DNA monomer
prelabeled with [“C]TdR (12 to 15.5 h p.i.) and
pulse-labeled with [*(HIBUdR (16 to 16.5 h p.i.), as
described in Fig. 7, was subjected to one cycle of
alkaline denaturation-BDC chromatography. The
rapidly annealing DNA in the 1 M TBS eluate was
centrifuged in an alkaline sucrose gradient as in (A).

Fraction

this result strongly suggests that the dimer RF
DNA exists in vivo.

Evidence that the B fragment is a terminus
in RF DNA replication. By analyzing the dis-
tribution of [PH]TdR in the EcoRI-A and -B
fragments of H-1 RF DNA that have just com-
pleted replication during a short incubation in
the presence of [*HITdR, it is possible to make a

J. VIroL.

crude localization of the origin of replication. In
these experiments, ts1 H-1 was used at the
restrictive temperature to inhibit progeny DNA
synthesis. This method has been successfully
used by Danna and Nathans for simian virus 40
(7 and by Godson for ¢$X174 (10). The first
problem to be overcome with the linear H-1 RF
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Fi1c. 9. Analytical gel electrophoresis of EcoRI di-
gests of RF DNA before and after alkaline denatura-
tion-BDC chromatography. (A) RF DNA was di-
gested to completion with EcoRI and then fraction-
ated by alkaline denaturation-BDC chromatography.
A sample of the rapidly annealing DNA in the 1 M
TBS eluate and an aliquot removed before alkaline
denaturation-BDC chromatography were analyzed
separately in replicate gels of 1.4% agarose. Electro-
phoretic conditions were 17 h at 25 V at room temper-
ature. Results of the replicate gels were plotted to-
gether for convenience: before alkaline denaturation-
BDC (®), and after alkaline denaturation-BDC (O).
(B) Dimer RF DNA was digested with EcoRI and
fractionated by alkaline denaturation-BDC chroma-
tography. The 1 M TBS eluate was analyzed in a gel
of 1.4% agarose as in (A), except electrophoresis was
for20 hat25 V.
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DNA is to devise a method of isolating the
molecules that have just completed replication
during the short pulse of [PHITdR. In these
molecules, the specific activity of TdR at each
position in the molecule will increase as the
distance of that position from the origin in-
creases. In comparison, RI molecules will have
a declining specific activity in TdR as the TdR
position from the origin increases. For this pur-
pose, I have used chromatography on columns
of BDC, which separates double-stranded DNA
from the more tightly bound DNA that contains
single-stranded regions (2, 27). This method or
a similar one using benzoylated napthoylated
DEAE-cellulose has been used for the separa-
tion of viral RI molecules from mature DNA for
lambda (13), adenovirus (26), $X174 (21), MVM
(27) and, most recently, herpes simplex virus
(22).

Rapidly labeled H-1 RF DNA was found to
bind preferentially to BDC and to require caf-
feine for elution, as has been shown for other
examples of replicative intermediates cited
above. Rapidly labeled viral DNA was prepared
by labeling ts1-infected NB cultures, after incu-
bation at 39.5°C, for 5 min at 22°C, or for 5 min
or 15 min at 39.5°C, with [3H]TdR before extrac-
tion of viral DNA. A uniformly labeled RF
DNA was similarly prepared by incubating the
cultures from 12 to 16 h p.i. in FUdR and
[“CITdR (cf. fraction A in Fig. 3). After a pre-
liminary purification in neutral sucrose gra-
dients, the [*(HJDNA that sedimented as mon-
omer RF DNA (but which may also include
early RI molecules), was combined with a por-
tion of [**C]TdR-labeled RF DNA and was then
chromatographed on BDC columns (Fig. 10).
The percentage of the labeled DNA that eluted
with caffeine was 95% for the 22°C, 5-min label
(not shown), 80% for the 5-min °H label at
39.5°C, 61% for the 15-min 3H label, and 38% for
the 4-h [“C]TdR-labeled DNA. Thus, the rap-
idly labeled RF DNA was preferentially re-
tained after the 1 M TBS elution, even though
the more rapidly sedimenting RI molecules
were already partially excluded by the zonal
centrifugation in neutral sucrose.

The rather high fraction of the [*C]TdR-la-
beled DNA that remained bound after salt elu-
tion deserves further study. Electron micro-
scope visualization of this fraction showed that
only about 25% of the molecules were RI mole-
cules (23), so that one explanation would be
that these RF DNA molecules have large
enough single-stranded DNA regions to bind
BDC in 1 M TBS, as recently reported for
herpes simplex virus (22). If this were true,
then these regions may be uniquely located, so
that after EcoRI cleavage, one of the fragments
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F1c. 10. BDC chromatography of rapidly labeled
H-1 RF DNA. Parasynchronous cultures of NB cells
were infected with ts1 H-1 at 39.5°C and treated with
FUdR for 30 min, 14.5 to 15 h p.i. At 15 h p.i. the
cultures were labeled for 5 or 15 min with [*H]TdR
(20 uCi/ml, 50 Ci/mmol) in the presence of FUdR.
Viral DNA sedimenting as monomer RF DNA was
prepared in the usual manner and was chromato-
graphed with a [“*CJTdR marker (cf. Fig. 3) on
columns of BDC-cellulose using elutions of 20 ml of 1
M TBS and a 20-ml linear gradient of 0 to 2%
caffeine in 1 M TBS. One-milliliter fractions were
collected and 50-ul aliquots were assayed for radio-
activity; (A) 5-min label, (B) 15-min label. The 1 M
TBS and 2% caffeine eluates were pooled as illus-
trated and the DNA was precipitated with 2.5 vol-
umes of ethanol at —20°C overnight.

would be retained preferentially after the 1 M
TBS elution. This was tested by digesting 3H-
labeled RF DNA (4-h labeling period) with
EcoRI. The digest was extracted with phenol,
precipitated with ethanol, redissolved in 0.3 M
TBS, and chromatographed on BDC. Thirty-
seven percent of the total *H eluted with caf-
feine. Portions of the 1 M TBS and 2% caffeine
eluate were analyzed by gel electrophoresis,
and there was no preferential binding of EcoRI-
A compared with -B by the BDC (Table 2).
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TaBLE 2. Composition of BDC chromatographic
fractions of EcoRI-digested H-1 RF DNA*

% Composition

Elution with:

RF EcoRI-A EcoRI-B
1 M TBS 11 67 22
2% Caffeine 23 60 17

2 H-1 RF DNA labeled with *H was digested to
near completion with EcoRI. The digest was ex-
tracted with phenol and precipitated with ethanol.
The precipitate was redissolved in 0.3 M TBS and
fractionated on a column of BDC. The 1 M TBS and
2% caffeine eluates were precipitated with ethanol,
and the DNA was analyzed by electrophoresis in
1.4% agarose gels. The values shown represent the
percent composition of RF, EcoRI-A, and EcoRI-
B in each eluate.

The 2% caffeine eluate was enriched for the
undigested RF DNA.

If the postulated single-stranded regions
were distributed within both EcoRI-A and
EcoRI-B, then RF DNA in the caffeine eluate
should show a decrease in sedimentation veloc-
ity in alkaline sucrose gradients in comparison
to the 1 M TBS eluate. In this experiment,
uniformly labeled monomer RF DNA was frac-
tionated on a BDC column, and the DNA in the
1 M TBS eluate and the 2% caffeine was precipi-
tated by ethanol and then subjected to sedimen-
tation in alkaline sucrose gradients. A marker
of [*C]TdR-labeled RF DNA (Fig. 3) was in-
cluded, and its modal sedimentation is indi-
cated by the arrow (Fig. 11). Although the caf-
feine eluate was enriched slightly for DNA sed-
imenting slower than the genome length DNA,
both preparations were largely intact dimer
length or monomer length single strands. This
indicates that internal single-stranded gaps are
not common in the RF DNA of the 2% caffeine
eluate.

Another possibility is that the DNA is re-
tained nonspecifically and not because internal
single-stranded regions exist. If this is the case,
rechromatography of the 1 M TBS eluate
should again produce a sizable fraction retained
after 1 M TBS elution. This experiment was
done using a portion of the first 1 M TBS eluate
of Fig. 11, which represented one-tenth of the
total DNA used for the first BDC column. The
result obtained was that 24% of the 1 M TBS
fraction remained tightly bound and eluted in
the 2% caffeine eluate. This is a smaller per-
centage than during the first chromatography
(37%), but it does indicate a relatively high
level of nonspecific retention after 1 M TBS
elution. In conclusion, RI molecules are re-
tained on BDC columns after salt elution on
the basis of the kinetics of labeling and direct

J. ViroL.

visualization by electron microscopy. There-
fore, the salt fraction contains the nonreplicat-
ing molecules, even though some are retained
by the column for an unknown reason.
Returning now to the ts1 RF DNA labeled for
15 min at 39.5°C and fractionated by BDC chro-
matography (cf. Fig. 10), the 1 M TBS fraction
and 2% caffeine fraction were separately precip-
itated with ethanol and digested with EcoRI,
and the digests were analyzed by gel electro-
phoresis (Fig. 12). Additional [“*C]TdR-labeled
marker RF DNA, not fractionated by BDC, was
added before the digest to improve the 3H/**C
ratios (the absolute values for the *H/*“C ratios
of the two column fractions were not adjusted to
be equal). The *H/'C ratios for the 1 M TBS
eluate EcoRI-A and -B fragments prepared
from this mixture were 3.32 and 4.42, respec-
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Fic. 11. Alkaline sucrose gradient centrifugation
of BDC chromatographic fractions of H-1 RF DNA.
wt RF DNA labeled 4 h with [*H]TdR was fraction-
ated by BDC chromatography using batch elutions of
1 M TBS and 2% caffeine. The DNA fractions were
collected by ethanol precipitation and sedimented as
alkaline sucrose gradients as in Fig. 8. The marker
DNA of [“C]TdR-labeled RF sedimented at the ar-
row; (A) 1 M TBS eluate, (B) 2% caffeine eluate.
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F1c. 12. Analytical gel electrophoresis of EcoRI
digests of RF and RI DNA labeled 15 min. H-1 tsl
RF DNA labeled 15 min with [*H]TdR was fraction-
ated by BDC chromatography as in Fig. 10. The
DNA in the I M TBS and 2% caffeine eluates were
separately digested with EcoRI after the addition of
an aliquot of uniformly labeled [“*C]TdR-labeled tsl
RF DNA and analyzed by electrophoresis in 1.4%
agarose gels as in Fig. 9. Electrophoresis was for 17 h
at 25 V at room temperature; (A) 1 M TBS eluate, (B)
2% caffeine eluate.

tively. Thus, if the 3H/*C ratio of EcoRI-A is
normalized to 1, the ratio for EcoRI-B was 1.33.
This increase is expected if EcoRI-B does not
contain the origin of replication. The caffeine
eluate shows 3H/*C ratios of 7.94 and 8.27 for
EcoRI-A and -B, respectively. The normalized
value for the EcoRI-B/EcoRI-A was 1.04. In the
caffeine eluate the EcoRI-A fragment did not
show the expected higher *H/*C ratio compared
with EcoRI-B, but it can be seen in Fig. 12B
that a small portion of the rapidly labeled [*H]-
DNA with high 3H/*C ratios (as high as 40)
migrated ahead of EcoRI-A. This DNA was not
included in the average ratio of 7.94 cited for
EcoRI-A above.

It would be expected that RI molecules would
migrate more slowly than linear RF DNA due
to their larger size, nonlinear configuration,
and by analogy with the results reported for RI
molecules of simian virus 40 (28). On the other
hand, single-stranded regions and greater flexi-
bility might accelerate their electrophoretic
mobility. To determine whether this rapidly
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labeled DNA, migrating faster than EcoRI-A,
arose as a result of the BDC chromatography or
EcoRI digestion, the behavior of rapidly labeled
RF DNA and RI DNA in gel electrophoresis
was examined. *H-labeled ¢s1 RF DNA was
prepared by a 5-min incubation with [*H]TdR
at 39.5°C and fractionated in a neutral sucrose
gradient (Fig. 13). Tubes from the gradient
were pooled to make three fractions, A, B, and
C, as illustrated. After precipitation with
ethanol, each fraction was subjected to agarose
gel electrophoresis in the presence of a
[“*C]TdR-labeled RF preparation containing
monomer and dimer RF DNA (Fig. 14). Frac-
tion A shows [PH]DNA exhibiting a high *H/*C
ratio migrating in advance of monomer RF
DNA (Fig. 14A). Therefore, the rapidly labeled
DNA migrated ahead of RF DNA before BDC
chromatography and EcoRI digestion, with a
mobility equivalent to a duplex DNA 10 to 15%
smaller than RF DNA. After EcoRI digestion
this DNA migrated ahead of EcoRI-A, and its
mobility increased about the amount expected
if EcoRI has cleaved the EcoRI-B region from
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Fi1c. 13. Preparative sucrose gradient centrifuga-
tion of rapidly labeled H-1 RF DNA. Parasynchro-
nous NB cultures infected with tsl H-1 at 39.5°C were
treated 14 to 15 h p.i. with FUdR (0.5 pg/ml) and
labeled at 39.5°C with [*H]TdR (50 uCi/ml, 20 Ci/
mmol, + FUdR 0.5 ug/ml) for 5 min. Viral DNA
was extracted as in Materials and Methods and sedi-
mented in a gradient of 5 to 20% sucrose as in Fig. 3.
Fractions of 1 ml were collected, and 20 @l was
assayed for radioactivity directly, accounting for the
acid-soluble [*H]TdR seen in fractions 23 to 28. Se-
lected fractions were pooled as illustrated, and the
DNA was collected by ethanol precipitation.
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Fic. 14. Analytical gel electrophoresis of rapidly labeled H-1 RF DNA. H-1 RF DNA was labeled for 5 min
at39.5°C as in Fig.13. The DNA fractions pooled as A, B, and C from the preparative sucrose gradient of Fig.
13 were analyzed in 0.7% agarose gels. A marker DNA of [“*C]TdR-labeled monomer and dimer RF DNA
(pool B of Fig. 3) was added before electrophoresis. Pools A, B, and C are illustrated in (A), (B), and (C),
respectively. It should be noted that the aliquot used for A was 10% of the total, and B and C were 25% of the
total. Gel electrophoresis of the total DNA of a preparative sucrose gradient equal to a composite of fractions A
+ B + C of a ts] RF DNA labeled similarly for 5 min at 22°C with [*(H]TdR is shown in (D).

these molecules. This suggests that this DNA
contains a high specific activity of *H in the
EcoRI-A portion of the molecule, which pre-
sumably contains the origin of replication. Ex-
periments to demonstrate this more conclu-
sively using other restriction endonucleases are
in progress, and a similar conclusion has been
reached by electron microscopy, as described in

the following papers of this series.

Gel electrophoresis of fractions B and C of
Fig. 13 is shown in Fig. 14B and C. The pat-
terns revealed predominantly dimer RF DNA
and some [*H]DNA exhibiting high *H/'*C ra-
tios migrating more slowly than dimer RF.

A DNA preparation from tsl H-1l-infected
cells that had been labeled for 5 min at 22°C
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was fractionated on a BDC column as described
above, and the caffeine-eluted fraction was
banded by isopycnic centrifugation in a CsCl
gradient, precipitated with ethanol, and then
subjected to electrophoresis in a 0.7% agarose
gel (Fig. 14D). This electrophoretic pattern rep-
resents an approximate composite of Fig. 14A,
B, and C. Thus, even with relatively short la-
beling times the majority of the label has the
mobility of either the RF dimer or monomer.

Origin for progeny DNA synthesis is in the
EcoRI-A fragment. In the preceding section,
evidence was presented which implied that the
origin for semiconservative replication of ts1 H-
1 RF DNA is in the EcoRI-A fragment. Since it
was found earlier (17) that about 80% of the
labeled BUdR incorporated by wt RF DNA late
in infection at 37°C was in the V strand, it can
be estimated that approximately 60% of the
total incorporation is asymmetric V-strand syn-
thesis. This probably represents progeny DNA
synthesis by displacement of the preexisting V
strand from RF DNA by the nascent V strand.
Using the experimental design of the preceding
section, the distribution of [*HITdR in newly
completed wt RF DNA was used to determine
the polarity of synthesis and thus a crude esti-
mate of the location of the origin for progeny
DNA synthesis.

Parasynchronous NB cultures infected with
wt H-1 at 37°C were labeled for 5 min at 37°C
with [*H]TdR in the presence of FUdR after a
15-min preincubation with FUdR. The mon-
omer RF region of the neutral sucrose gradient
of the Hirt-extracted viral DNA was fraction-
ated by BDC chromatography and 10% of the
applied DNA was eluted with 1 M TBS. This
DNA and the 2% caffeine eluates were collected
as before and digested with EcoRI in the pres-
ence of uniformly labeled 32P ¢s1 RF DNA, and
the digest was analyzed by gel electrophoresis
as in Fig. 11 (not shown). The 3H/**P ratios
were as listed in Table 3. In the 1 M TBS eluate,
the EcoRI-B ®H/*?P ratio was 7.4-fold higher
than the ratio for EcoRI-A. There were only
small differences (no more than 12%) in
[*H]TdR/*?P ratios for EcoRI or Haelll frag-
ments when the [*HITdR-labeled RF was la-
beled for a 4-h period. Therefore, the distribu-
tion of TdR in RF DNA is not sufficiently asym-
metric to affect these results. This suggests
that EcoRI-B is a terminus for wt DNA synthe-
sis.

The digest of the 2% caffeine eluate was com-
plete, and the *H/3?P ratio was again higher for
EcoRI-B (0.512) than for EcoRI-A (0.200), but
the difference was not as great as for the salt-
elutable RF DNA, 2.5 versus 7.4 (normalized
values). The ratio for EcoRI-B would be ele-
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vated slightly by the 30 to 40% contamination of
the 2% caffeine eluate with the 1 M TBS DNA
as previously discussed. The expected high 3H/
32P ratio for EcoRI-A may be absent because the
RI molecules are selectively lost by this proce-
dure. The sucrose gradient fraction used here
excluded DNA migrating faster than monomer
RF DNA. Also, examination of the 2% caffeine
eluate by electron microscopy revealed that RI
molecules were not the major form present (23).
Another factor complicating the analysis of the
2% caffeine eluate is that [PH]DNA represent-
ing one-third of the total of the fraction and
with the highest 3H/**P ratio (38.25, normalized
to EcoRI-A) did not migrate as EcoRI-A or
EcoRI-B, but was in the first fraction of the gel.
Why this DNA did not migrate into the gel is
unknown. In summary, the distribution of la-
bel in newly completed RF DNA, as repre-
sented by the ®H label in the 1 M TBS fraction,
is not uniform and has a higher specific activity
in the EcoRI-B fragment than in the EcoRI-A
fragment. Thus, this fragment appears to in-
clude the terminus for both RF replication and
progeny DNA synthesis. The complementary
analysis of RI molecules as represented by the
2% caffeine eluate is complicated by several
factors and is not conclusive for the localization
of the origin.

EcoRI-B, fragment contains the turna-
round. The left end of H-1 RF DNA has been
shown to be heterogenous in its structure, as

TaBLE 3. Distribution of nascent DNA in wt RF

DNA-®
1 M TBS 2% Caffeine
Prepn Normal- Normal-
SH/3?P ized SH/%?P ized
Gel top 7.65 38.25
RF 0.457 3.07
EcoRI-A 0.149 1.0 0.200 1.0
EcoRI-B 1.107 7.43 0.512 2.56

¢ wt RF DNA was labeled with [*H]TdR for 5 min
at 16 h p.i. at 37°C (50 uCi/ml; specific activity, 20
Ci/mmol). The DNA sedimenting in a neutral su-
crose gradient as monomer RF DNA (e.g., fraction
A, Fig. 3) was fractionated by BDC chromatog-
raphy. The 1 M TBS and 2% caffeine fractions were
precipitated with 70% ethanol at —20°C, collected by
centrifugation, and dried in vacuo. The DNA was
redissolved in 50 ul of EcoRI digestion buffer com-
bined with a portion of 3?P-labeled RF DNA and
digested for 2 h at 37°C with 100 U of EcoRI. The
digest was fractionated by gel electrophoresis as in
Fig. 12. The °H and %P for each DNA species were
summed, and the 3H/32P ratios were calculated. Val-
ues shown are 3H/*P ratios and the ratios normal-
ized to the ratio for EcoRI-A.
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manifested by two forms of the EcoRI-B frag-
ment, i.e., B, and B,. We have also presented
other evidence for structural diversity in this
region: a covalent linkage of V strand to C
strand in 10% of the RF forms and self-cohesive-
ness of the left end as manifested by dimeriza-
tion. When the distribution of [PHITdR in
newly replicated RF DNA was analyzed, it was
observed in both experiments that the ratio of
3H to the uniform label of C or 3P was higher
for the slower-migrating portion of the EcoRI-B
fragment peak corresponding to B,- than for
EcoRi-B, (cf. Fig. 12). The slightly faster migra-
tion of the “snap-back” EcoRI-B versus the total
EcoRI-B in Fig. 9 suggests that it migrates as
EcoRI-B,. A more definitive analysis of these
findings was carried out by a direct comparison
of an EcoRI digest of 3?P-labeled H-1 RF DNA
before and after alkaline denaturation-BDC
chromatography by slab-gel electrophoresis
(Fig. 15). It is clear that the rapidly renaturing
EcoRI-B fragment migrates as EcoRI-B,. In ad-
dition, digestion of dimer RF DNA produced
the expected dimer EcoRI-B fragment, which
shows a single electrophoretic mobility. Frac-
tionation of the EcoRI-B digest on a BDC col-
umn was also done to determine whether either
fragment had a significant single-stranded re-
gion, and electrophoresis of the 1 M TBS eluate
shows that both EcoRI-B, and -B, are present.
Therefore, it can be concluded that newly repli-
cated RF DNA molecules contain the configura-
tion characterized by an EcoRI-B, fragment
and that these molecules are probably con-
verted to the foldback configuration with or
without the covalent linkage of the V to C
strand afterward. The differences in electropho-
retic mobilites of EcoRI-B, and -B, suggest that
the foldback region is about 50 to 70 bp in
length, assuming that they are both linear du-
plexes.

DISCUSSION

The linear duplex RF DNA of the parvovirus
H-1 replicates semiconservatively and provides
the template for the asymmetric progeny DNA
synthesis (17, 18). The latter process was found
to require at least one of the capsid proteins by
analysis of temperature-sensitive capsid pro-
tein mutants of H-1 (19). In this study, the
cleavage of H-1 RF DNA by the bacterial re-
striction endonuclease EcoRI is shown to occur
at a unique cleavage site 0.22 genome length
from the empirically designated left end of the
molecule. The smaller EcoRI fragment B was
heterogeneous in electrophoretic mobility, and
a number of alternative structures were shown
to exist in this fragment. The differences be-
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tween the two electrophoretic species for EcoRI-
B were due to differences in size and not strand-
edness, since neither B, nor B, was removed by
BDC chromatography. The EcoRI-B fragment
with the covalent V to C linkage had the elec-
trophoretic mobility of the smaller EcoRI-B,
fragment. The two types of EcoRI-B fragments
were produced by a single cleavage by EcoRI,
and a similar result has been obtained with the
H. aegyptius restriction endonuclease endo
R-Haell. This enzyme also cleaves the mole-
cule once near the EcoRI site (0.20 genome
length from the left end), producing two Haell-
B fragments (unpublished data). Since both
EcoRI-B, and -B, were found with ¢s1 RF as
well as wt RF, both fragments were preserved
during the cloning of ts1. It is probable that the
EcoRI fragments differ by about 50 to 70 bp in
length, as the difference in their electrophoretic
mobilities suggests, or they may have some
more complicated structural heterogeneity,
such as proposed for AAV DNA (8). Probably
the simplest explanation is that there is a turn-
around or hairpin at the left end that is about
50 bp in length in the B, fragment, as illus-
trated in Fig. 16 and, in the B, fragment, it is
extended by a full-length complementary
strand, but this remains to be confirmed.
Analysis of H-1 intracellular viral DNA by
agarose-gel electrophoresis has shown that H-1
RF DNA exists in two forms, a monomer and a
dimer. The identity of the larger species as a
dimer RF was made by establishing its molecu-
lar weight as twice that of monomer RF DNA
and by the specificity of cleavage of the mole-
cule by EcoRI endonuclease. H-1 monomer and
dimer RF DNA molecular weights were mea-
sured by agarose-gel electrophoresis using the
EcoRI fragments 2 through 6 of bacteriophage A
as markers of known molecular weights (11).
Monomer RF DNA had an estimated molecular
weight of 3.26 x 10°, and the dimer was found to
be a “tail-to-tail” linkage of monomer RF DNA
at their left ends rather than a tandem union.
This was revealed by digestion of the dimer RF
DNA with EcoRI, and the EcoRI fragments
obtained included two EcoRI-A molecules and a
new fragment equal to twice the molecular
weight of EcoRI-B. Sedimentation of dimer RF
DNA in alkaline sucrose gradients showed that
most of the DNA sedimented as monomer
length single strands. Thus, the dimers were
inferred to be linked by hydrogen bonds in the
self-cohesive termini at the left end of monomer
RF DNA. Incubation of RF DNA in 50% form-
amide for 4 h at 37°C resulted in a slight de-
crease in the percentage of the preparation that
was dimer length, revealing that the majority
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F1c. 15. Slab-gel electrophoresis of EcoRI digests of RF DNA. RF DNA labeled with %P was digested for 3
h at 37°C with 100 U of EcoRI. The digest was extracted with phenol, precipitated with ethanol at —20°C, and
redissolved in 20 M Tris (pH 7.5)-1 mM EDTA. Aliquots were separately fractionated by alkaline denatura-
tion-BDC or neutral BDC chromatography. A portion of 3*P-labeled dimer RF DNA (cf. pool B, Fig. 3) was
also digested with EcoRI. Electrophoresis was for 18 h at 16°C at a constant voltage of 50 V. Samples were: (1)
EcoRI digest of RF DNA; (2) 1 M TBS eluate of alkaline denaturation-BDC chromatography of (1); (3) 1 M
TBS eluate of neutral BDC chromatography of (1); (4) EcoRI digest of dimer RF DNA. Viral DNA and
fragments are labeled as follows: dimer RF DNA, DIRF; RF DNA, RF; EcoRI-A, RIA; dimer EcoRI-B,
DIRIB; and EcoRI-B, and -B,, RIB, and RIB,, respectively.

of the monomer RF DNA molecules do not di- 15 to 25% of the total at several times p.i. and
merize in vitro. also with pulse-chase labeling. Experiments us-

Dimer RF DNA was found to be relatively ing the density label BUdR were done to deter-
constant in proportion to monomer RF DNA at mine whether dimer molecules may form by: (i)
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Fi1c. 16. Model for the structure proposed for the left end of H-1 RF DNA. Letters represent terminal
sequences of 50 to 70 nucleotides, and sequence complementarity is indicated by a primed letter. The
structures shown are illustrated with a gap (arrow) between adjacent termini of the V and C strands, which in

some cases is covalently closed as indicated by a dot.

random annealing of monomers with cohesive
left termini, perhaps in vitro; (ii) replication of
previously formed dimer DNA; or (iii) failure of
replicature intermediates of monomer RF DNA
to segregate. The results showed that dimer RF
DNA incorporated the density label more
slowly than monomer RF DNA (i.e., became
hybrid density) and ruled out nonsegregation of
monomer RI molecules as the immediate mech-
anism of formation of dimer DNA. The com-
plexity of density labeling with labeling periods
greater than 30 min precluded a definitive dis-
tinction between (i) possible formation of la-
beled dimers by random association of mon-
omer RF DNA, or (ii) by replication of parental
dimer DNA.

Tattersall et al. reported what appeared to be
intramolecular reannealing of MVM RF DNA
after heat denaturation at 100°C in a solution of
moderate ionic strength (27). In a subsequent
report in this series, we will describe evidence
for a region at the right end of RF DNA with a
very high melting temperature, which, if pres-
ent in MVM DNA, could have accounted for
incomplete denaturation at 100°C. In fact, the
alkaline sucrose gradient analysis of MVM RF
DNA did not show the expected proportion of
single-stranded DNA greater than monomer
length (26). Nevertheless, a more rigorous test
for covalent linkage of V to C strands in H-1 RF
DNA was carried out using alkaline denatura-
tion followed by rapid neutralization and BDC
chromatography to separate double-stranded
DNA that had reannealed rapidly from DNA
with single-stranded regions. After two cycles
of this procedure, a fraction was isolated that
represented 19% of the total RF DNA, and this
fraction sedimented as a dimer length single-
stranded DNA in alkaline sucrose gradients.
During the preparation of this manuscript a
similar structure was reported for intracellular

AAV DNA (23). It was suggested that covalent
linkage between plus and minus strands of
AAV may be the result of the 3’ end of one
strand acting as the primer for the initiation of
the C strand synthesis, as had also been pro-
posed previously for MVM DNA (26). If this
were the case for H-1, then newly labeled RF
DNA would be expected to contain relatively
more of the covalent linkage than the total RF
DNA pool. In the present study the contrary
result was obtained; RF DNA labeled for 3.5 h
followed by a 1-h chase had a higher proportion
of the covalently linked V to C strands than
DNA labeled for the 0.5 h preceding the extrac-
tion.

The location of the covalent linkage was
shown to be in the EcoRI-B fragment, and it
seems most likely that it is located at the left
end in an inverted self-complementary “turna-
round” suggested by the dimerization observed
occurring at this site. Dimer RF DNA was ana-
lyzed in a similar manner, and covalent link-
age of V to C strands was found for at least 19%
of the population. This linkage was again dem-
onstrated to occur in the EcoRI-B fragment and
probably at the molecular left end of RF DNA.
The presence of dimer length V-C single
strands in some of the dimer RF DNA mole-
cules strongly implies that at least this type of
dimer existed in vivo, whatever the mechanism
of their formation.

Finally, the distribution of isotope in the two
EcoRI fragments, after short labeling times,
was examined to gain insight as to the location
of the origin for replication of RF DNA and
progeny DNA synthesis. When isotope is first
introduced into the precursor pools, it is incor-
porated into RI molecules. After a labeling pe-
riod that does not greatly exceed the time re-
quired for a round of replication, RI molecules
that have completed replication during the la-
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beling period will exhibit a declining specific
activity of the thymidine at each location
within the molecule as the origin of replication
is approached. This type of analysis has been
used successfully in mapping the origin for a
number of viral systems (7, 10). In this study,
BDC chromatography was used to isolate RF
DNA from RI DNA so that newly completed RF
DNA would be separated from RI molecules;
the latter showed a preferential increase in in-
corporation of isotope as the distance to the
origin decreased. The results of analysis of rep-
licating H-1 DNA by BDC chromatography
agreed with the experience of others; namely,
that rapidly labeled DNA was preferentially
retained after 1 M TBS elution (13, 25, 21, 26,
22). Confirmation of the presence of RI mole-
cules in the 2% caffeine eluate was made by
electron microscopy (23). Thus, the 1 M TBS
eluate was suitable for isolation of newly com-
pleted RF DNA, and the EcoRI-B fragment of
this DNA was shown to be enriched for *°H after
a short label with [*H]TdR in comparison with
[“CITdR, which was used as a uniform label.
This implies that the left end of the molecule is
a terminus during /s1 RF DNA replication at
the restrictive temperature. This is in agree-
ment with the previous finding that the left
end, with the covalent linkage, was not impli-
cated as an origin of replication. Also, electron
microscopic analysis of the replication of ts1 RF
DNA, to be described elsewhere, has confirmed
that the left end is a terminus for replication
(23).

A similar experiment was carried out with
wt H-1 RF DNA incubated for 5 min at 37°C.
Previous analysis of the incorporation of the
density label BUdR into RF DNA indicated
that about 75% or more of the wt RF DNA
synthetic events at 37°C consisted of asymmet-
ric synthesis of the V strand (17). This has been
interpreted as representing progeny DNA syn-
thesis by a displacement mechanism. The dis-
tribution of isotope from brief incorporation in
the RF DNA in the 1 M TBS eluate was en-
riched in the EcoRI-B fragment, and this again
implied that the left end is also a terminus for
progeny DNA synthesis. The complementary
analysis of the 2% caffeine eluate was compli-
cated by several factors. First, the 2% caffeine
eluate was contaminated with about 30% of the
1 M TBS RF DNA, which is retained nonspecifi-
cally, perhaps due to localized denaturation oc-
curring at the ends of the molecule. Second, the
most rapidly labeled DNA, which exhibited the
highest *H/'C ratios for the ¢s1 experiment or
SH/*?P ratios for the wt experiment, did not
migrate as either fragment. In the case of sl
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RF DNA, this DNA migrated just ahead of RF
DNA or, after digestion with EcoRI, just ahead
of the EcoRI-A fragment. With wt RF DNA, the
DNA with the highest 3H/**P ratios was
trapped at the top of the gel. The reason for
these anomalous electrophoretic mobilities is
unknown. The wt RF DNA trapped at the gel
surface may have occurred due to differential
difficulty in solubilizing the DNA after ethanol
precipitation, or due to an association with pro-
tein.

It was apparent in both electropherograms
that the [*H]TdR in RF DNA that had recently
completed RF replication or progeny DNA syn-
thesis was associated with the EcoRI-B, frag-
ment and not EcoRI-B,. This is in agreement
with the data indicating that the covalently
closed turnaround that is present only in
EcoRI-B, fragments was not associated with
replication. These data suggest that, after rep-
lication or progeny DNA synthesis, the left end
of RF DNA is in the extended configuration
(EcoRI-B,) and that it converts to the foldback
or turnaround structure (EcoRI-B,) afterward.

In conclusion, these studies imply that the
origin for replication for H-1 RF DNA synthesis
and progeny synthesis is in the EcoRI-A frag-
ment. The left terminus of the molecule is char-
acterized by self-cohesiveness and, in some mol-
ecules, this may result in tail-to-tail dimeriza-
tion with (and by) a covalent linkage between
the V and C strands.

It is thus likely that the left end of H-1 RF
DNA has an inverted self-complementary se-
quence as proposed for AAV (1, 8). More de-
tailed analysis of the physical map of H-1 RF
DNA is in progress. It is possible that the 3'-
hydroxyl at the turnaround at the left end of H-
1 RF DNA is serving a primer function for a
specialized system of end replication, but not
for initiation of replication for the whole mole-
cule.

No direct evidence for intracellular cleavage
of the covalent linkage of V to C strands in H-1
RF DNA has been described in this report.
However, the presence of this structure is
suggestive of the existence of a site-specific nu-
clease capable of endonucleolytic cleavage of
one strand in H-1 RF DNA, indicated by the
arrow in Fig. 16, as has also been suggested for
adenovirus-AAV-infected cells (24).

ACKNOWLEDGMENTS

This research was supported by Public Health Service
grant CA07826-11 from the National Cancer Institute.

I gratefully acknowledge Kay A. O. Ellem and Helene
Toolan for helpful criticisms of the manuscript, Jessica
Bratton for expert technical assistance, and Virginia Haas
and Janeen Pratt for secretarial duties.



712

10.

11.

12

13.

14.

RHODE

LITERATURE CITED

. Berns, K. L., and T. J. Kelley, Jr. 1972. Visualization of

the inverted terminal repetition in adeno-associated
virus DNA. J. Mol. Biol. 82:267-271.

. Caffin, N. A., and A. G. MacKinlay. 1975. Fractiona-

tion of DNA on benzoylated DEAE-cellulose. Anal.
Biochem. 63:442-451.

. Carter, B. J., G. Khoury, and J. A. Rose. 1972. Adeno-

virus-associated virus multiplication. IX. Extent of
transcription of the viral genome in vivo. J. Virol.
10:1118-1125.

. Carter, B. J., and J. A. Rose. 1974. Transcription in

vivo of a defective parvovirus: sedimentation and
electrophoretic analysis of RNA synthesized by ade-
novirus-associated virus and its helper adenovirus.
Virology 61:182-199.

. Carter, B. J. 1974. Analysis of parvovirus mRNA by

sedimentation and electrophoresis in acqueous and
nonaqueous solution. J. Virol. 14:834-839.

. Carter, B. J., G. Khoury, and D. T. Denhardt. 1975.

Physical map and strand polarity of specific frag-
ments of adenovirus-associated virus DNA produced
by endonuclease R-EcoRI. J. Virol. 16:559-568.

. Danna, K., and D. Nathans. 1972. Bidirectional replica-

tion of simian virus 40 DNA. Proc. Natl. Acad. Sci.
U.S.A. 69:3097-3100.

. Denhardt, D. T., S. Eisenberg, K. Bartok, and B. J.

Carter. 1976. Multiple structures of adeno-associated
virus DNA: analysis of terminally labeled molecules
with endonuclease R-Haelll. J. Virol. 18:672-684.

. Edgell, M. H., C. A. Hutchison III, and M. Sclair. 1972.

Specific endonuclease R fragments of bacteriophage
$X174 deoxyribonucleic acid. J. Virol. 9:574-582.

Godson, G. N. 1974. Origin and direction of ¢X174
double- and single-stranded DNA synthesis. J. Mol.
Biol. 90:127-141.

Hedgpeth, J., H. M. Goodman, and H. W. Boyer. 1972.
DNA nucleotide sequence restricted by the RI endo-
nuclease. Proc. Natl. Acad. Sci. U.S.A. 69:3448-3452.

Hirt, B. 1967. Selective extraction of polyoma DNA
from infected mouse cell cultures. J. Mol. Biol.
26:365-369.

Kiger, J. A., and R. L. Sinsheimer. 1969. Vegetative
lambda DNA. IV. Fractionation of replicating
lambda DNA on benzoylated naphthoylated DEAE
cellulose. J. Mol. Biol. 40:467-490.

Kongsvik, J. R., J. F. Gierthy, and S. L. Rhode III.
1974. Replication process of the parvovirus H-1. IV.
H-1-specific proteins synthesized in synchronized hu-

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

217.

28.

J. VIRoL.

man NB kidney cells. J. Virol. 14:1600-1603.

McGeoch, D. J., L. V. Crawford, and E. A. Follett.
1970. The DNAs of three parvoviruses. J. Gen. Virol.
6:33-40.

Rhode, S. L. 1973. Replication process of the parvovirus
H-1. I. Kinetics in a parasynchronous cell system. J.
Virol. 11:856-861.

Rhode, S. L. 1974. Replication process of the parvovirus
H-1. II. Isolation and characterization of H-1 replica-
tive form DNA. J. Virol. 13:400-410.

Rhode, S. L. 1974. Replication process of the parvovirus
H-1. III. Factors affecting H-1 RF DNA synthesis. J.
Virol. 14:791-801.

Rhode, S. L. 1976. Replication process of the parvovirus
H-1. V. Isolation and characterization of tempera-
ture-sensitive H-1 mutants defective in progeny DNA
synthesis. J. Virol. 17:659-667.

Salzman, L. A., and B. Redler. 1974. Synthesis of viral-
specific RNA in cells infected with the parvovirus,
Kilham rat virus. J. Virol. 14:434-440.

Sedat, J. W., R. B. Kelley, and R. L. Sinsheimer.
Fractionation of nucleic acid in benzoylated napthoy-
lated DEAE cellulose. J. Mol. Biol. 26:537-540.

Shlomai, J., A. Friedman, and Y. Becker. 1976. Repli-
cative intermediates of herpes simplex virus DNA.
Virology 69:647-659.

Singer, 1. L., and S. L. Rhode III. 1977. Replication
process of the parvovirus H-1. VIL. Electron micros-
copy of replicative-form DNA synthesis. J. Virol.
21:713-723.

Strauss, S. E., E. D. Sebring, and J. A. Rose. 1976.
Concatemers of alternating plus and minus strands
are intermediates in adenovirus-associated virus
DNA synthesis. Proc. Natl. Acad. Sci. U.S.A. 73:742-
746

Studi.er, F. W. 1965. Sedimentation studies of the size
and shape of DNA. J. Mol. Biol. 11:373-390.

. Sussenbach, J. S., D. J. Ellens, and H. S. Janz. 1973.

Studies in the mechanism of replication of adenovirus
DNA. II. The nature of single-stranded DNA in repli-
cative intermediates. J. Virol. 12:1131-1138.

Tatersall, P., L. V. Crawford, and A. J. Shatkin. 1973.
Replication of the parvovirus MVM. II. Isolation and
characterization of intermediates in the replication of
the viral deoxyribonucleic acid. J. Virol. 12:1446-
1456.

Tegtmeyer, P., and F. Macasaet. 1972. Simian virus 40
deoxyribonucleic acid synthesis: analysis by gel elec-
trophoresis. J. Virol. 10:599-604.



