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When A9 cells are infected with minute virus of mice, a small proportion of the virally coded NS-1
polypeptide becomes covalently attached to newly synthesized viral DNA. Antisera directed against NS-1 will
specifically precipitate two forms of monomer duplex replicative-form DNA, multimeric duplex intermediates
and progeny single strands, and restriction analysis of the duplex forms in these precipitates reveals that NS-1
is exclusively associated with extended-form conformers of the genomic termini. Pulse-labeled viral DNA,
harvested at various times in a highly synchronized infection, can be almost quantitatively precipitated with
any one of a series of antisera directed against different protein domains distributed throughout the NS-1
molecule but not with antibodies directed against other viral proteins. In each case the interaction with NS-1
can be shown to involve both termini of duplex DNA and single-strand forms, suggesting that in each case a
full-length (83-kilodalton) copy of NS-1 is present. Precipitation of the replicating viral DNA with an antibody
directed against a synthetic 16-amino-acid peptide containing the sequence at the extreme carboxy terminus of
NS-1 can be quantitatively and specifically inhibited with the immunizing peptide in its unconjugated form,
showing that the antibodies responsible for precipitating viral DNA are directed against the NS-1 sequence itself
and not against a trace contaminant. Exonuclease digestion studies show that the association effectively blocks
the 5' ends of the DNA molecules. Very little (less than 0.1%) of the newly synthesized [35S]methionine-labeled
NS-1 made in highly synchronized cells during a 15-min pulse early in infection (6.25 to 6.5 h into the S phase)
becomes associated with viral DNA immediately. However, pulse-chase experiments show that later in infection
(10 to 13 h into the S phase), when viral DNA replication is reaching its peak, a few percent of the molecules
in these preexisting pools of NS-1 do become covalently attached to the newly replicated DNA. Isolated viral
DNA-protein complexes labeled with [35S]methionine in this way can be obtained by fractionation of the
immunoprecipitated complexes on Sepharose CL4B in sodium dodecyl sulfate. Digestion of the purified
complexes with nuclease releases an 83-kilodalton molecule which exactly comigrates with authentic NS-1 in
sodium dodecyl sulfate-polyacrylamide gels.

Minute virus of mice (MVM) has a linear, negative-sense,
single-stranded DNA genome of approximately 5 kilobases
(11). The coding strand of this virus contains two major
blocks of open reading frame, of which one, the left-hand
open reading frame, contains the entire sequence used to
encode the 83-kilodalton (kDa) NS-1 polypeptide, which is
the major nonstructural protein of the virus (10). Frameshift
mutations introduced into this left-hand open reading frame
are lethal and prevent the excision and/or the subsequent
replication of the viral DNA sequences (M. J. Merchlinsky,
Ph.D thesis, Yale University, 1984), but the exact role(s) of
NS-1 in viral DNA replication remains uncertain. Most
models ofMVM DNA replication invoke a "rolling-hairpin"
mechanism, in which self-priming at the genomic termini is
coupled with a series of hairpin-transfer steps (1, 2, 30). All
such models hypothesize the use of a number of DNA-
modifying enzymes, including site-specific nickases, single-
strand binding proteins, and ligases which have yet to be
identified. The limited genetic complexity of these viruses
means that they must rely heavily on purloining cellular
mechanisms for their own preferential replication. However,
the replicative intermediates ofMVM are multimeric, and to
excise unit-length viral genomes from these intermediates at
least one site-specific nickase is required. For this function a
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specialized, virally coded, protein such as NS-1 might seem

most appropriate.
There have been several reports of proteins covalently

associated with the 5' ends of replicative-form (RF) DNA
from a number of different autonomous parvoviruses (2, 8,
15, 24, 32) and with the 5' ends of a proportion of progeny
single-strand DNA (8, 21). Because of their location, these
proteins are obvious candidates for the site-specific nickases
required to process the viral termini, although they might
easily perform other functions as well. Previous studies,
however, have suggested that in MVM these "terminal"
proteins have apparent molecular weights of around 60,000
and are antigenically distinct from any of the known virally
coded proteins (2, 8). We have recently prepared a series of
antisera directed against individual protein domains in the
nonstructural proteins of MVM (10); while analyzing in vivo
forms of the nonstructural proteins with these antisera, we
have come to the inescapable conclusion that NS-1 is
covalently associated with newly replicated viral DNA. The
experiments presented in this paper develop this observa-
tion, showing not only that full-length, 83-kDa, copies of the
NS-1 polypeptide are attached to the 5' ends of both the viral
and complementary strands of RF DNA and to all newly
synthesized progeny single-strands, but also that in our

hands they are the only viral proteins which are covalently
associated with intracellular MVM DNA.
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MATERIALS AND METHODS

Materials. Restriction endonuclease and other DNA-mod-
ifying enzymes were obtained from New England BioLabs,
Inc., Beverly, Mass. (unless otherwise stated). Radiochemi-
cals were from Amersham Corp., Arlington Heights, Ill.

Cells and viruses. The prototype strain of MVM was grown
in the mouse L-cell derivative A9 ouabrll as previously
described (29). For experimental purposes cells were syn-
chronized by using a double-block schedule described else-
where (11). Briefly, cells were first allowed to accumulate in
the Go phase by starving them of isoleucine for 48 h and then
released from the isoleucine block while simultaneously
being exposed to the DNA polymerase alpha inhibitor aphi-
dicolin. Under this regime cells leave Go somewhat asyn-
chronously in the 20 h after application of the aphidocolin
block and accumulate at the G1-S boundary. MVM virions,
added to the cells along with the aphidicolin, are able to
penetrate the cells and accumulate in the nucleus in the 20 h
before the polymerase inhibitor is washed out of the culture.
All times of infection referred to here initiate at the point
when the aphidicolin is removed from the cells and they
become free to enter the S phase of the cell cycle.

Cell labeling and extraction procedures. Cells were labeled
with 32Pi at 0.05 mCi/ml in Dulbecco modified Eagle minimal
medium containing 1/10 of the normal concentration of
unlabeled phosphate and 5% dialyzed fetal calf serum at the
time points and for the periods of time specified below.
Labeling with [35S]methionine was carried out at 0.16 or 0.5
mCi/ml (as specified below) in Dulbecco modified Eagle
medium containing 0.3 mg of methionine (one 1/100 of the
normal amount of this amino acid) per liter and 5% dialyzed
fetal calf serum, for the time periods indicated below. Cells
were washed into serum-free medium, harvested by scrap-
ing, and washed once in phosphate-buffered saline contain-
ing 0.01% bovine serum albumin. Typically, pellets of ap-
proximately 106 cells were stored frozen at -20°C until
required and then thawed immediately into 0.45 ml of buffer
A (10 mM EDTA, 1% Nonidet P-40 [Sigma Chemical Co.,
St. Louis, Mo.], 0.01 M Tris hydrochloride [pH 8], 0.15 M
NaCl) containing 2% sodium dodecyl sulfate (SDS), vor-
texed, and incubated at 37°C for 10 min, 60°C for 20 min, and
70°C for a final 10 min with repeated vortexing. Extracts
were then incubated with 5 RI of nonspecific rabbit serum at
room temperature for 20 min, and the immunoglobulin was
removed by tumbling with prewashed, Formalin-fixed
Staphylococcus aureus (Boerhinger-Mannheim Biochemi-
cals, Indianapolis, Ind.). After clearance, sample volumes
were made up to 3.6 ml with buffer A to give a final SDS
concentration of 0.25%, and each extract was used for 12
immunoprecipitations of 0.3 ml each. Extracts were incu-
bated with 3 j.1 of specific antiserum overnight at 4°C,
antigen-antibody complexes were adsorbed by tumbling for
20 min with 50 ,l of a prewashed 10% suspension of
Formalin-fixed S. aureus and collected by centrifugation,
and the resulting pellets were washed three times by suspen-
sion and tumbling in cold buffer A. Finally pellets were
washed once with either just 0.01 M Tris hydrochloride (pH
7.5) or this buffer supplemented with the divalent cations
required for any subsequent enzyme digestion. Failure to
wash immunoprecipitates sufficiently well can inhibit some
DNA-modifying enzymes. The anti-NS-1 sera used in these
experiments are relatively strong sera, such that 0.036 ml of
specific serum (12 precipitates at 3 ,ul each) is able to
scavenge at least 95% of the NS-1 expressed in 106 MVM-
infected cells harvested 12 h after release from aphidicolin.

However, at later time points extraction volumes and num-
bers of precipitates must be progressively increased to keep
precipitates relatively quantitative.

Antisera. Most of the antisera used in these experiments
have been described in detail elsewhere (10). Briefly, anti-
serum A is a rabbit serum directed against a gel-purified
bacterial fusion protein which expresses 22 amino acids of
the cro protein specified by phage lambda and the 84-amino-
acid amino-terminal peptide which is shared by both NS-1
and NS-2. Antiserum B is directed against a similar cro
fusion protein, but in this case the MVM sequence is derived
from the middle of the NS-1 molecule (nucleotides 1110
through 1638), and the antiserum is thus totally specific for
NS-1. Antiserum D is directed against a cro fusion protein in
which the MVM sequence is derived from the carboxy-
terminal half of NS-2 (nucleotides 2075 through 2291 ex-
pressed in reading frame 2) and is totally specific for NS-2.
Antiserum C is a rabbit serum directed against a synthetic
peptide of 16 amino acids derived from the extreme carboxy
terminal of NS-1 and conjugated to hemocyanin via an
additional cysteine residue added at the amino terminus of
the peptide. The full sequence of this peptide is NH2-Cys-
Gly-Ala-Glu-Pro-Leu-Lys-Lys-Asp-Phe-Ser-Glu-Pro-Leu-
Asn-Leu-Asp-COOH. Rabbit anti-MVM capsid serum was
raised against gradient-purified MVM virions.
Enzyme digests. Immunoprecipitates were suspended in 25

,ul of the appropriate buffer as directed by the supplier and
digested for 30 min at 37°C as follows: bovine pancreatic
DNase (Bethesda Research Laboratories, Bethesda, Md.),
0.1 mg/ml; proteinase K (Boehringer), 0.2 mg/ml in buffer
containing 0.05% SDS; mung bean nuclease (PL Biochemi-
cals, Inc., Milwaukee, Wis.), 17.5 U; micrococcal nuclease
(Pharmacia Inc., Piscataway, N.J.), 0.1 mg/ml; EcoRI, 10 U;
lambda exonuclease, 0.125 U; exonuclease III, 25 U. After
EcoRI digestion, pellets were centrifuged, the supernatants
were removed and stored, and the remaining pellets were
washed by suspension in 0.2 ml of cold restriction buffer and
repelleting.

Gel electrophoresis. Discontinuous SDS-acrylamide gels
were prepared by the method of Laemmli (17), and autora-
diographs were prepared as previously described (9). SDS-
agarose gels were prepared as normal for DNA analysis (18),
except that 0.2% SDS was included in both the gel and the
running buffer, and samples were preincubated in normal
sample buffer supplemented with 1% SDS and 0.05 M
dithiothreitol (Sigma) and incubated at 60°C for 5 min before
loading.

Sepharose CL4B chromatography. Sepharose CL4B (40
ml) was equilibrated in buffer B (0.01 M Tris hydrochloride
[pH 8], 0.15 M LiCl, 0.0005 M EDTA, 0.3% SDS), and
samples (0.4 ml) were loaded in buffer B containing 2% SDS.

RESULTS

Antisera specific for NS-1 precipitate viral DNA. The pres-
ence of nucleic acid covalently attached to NS-1 was first
suggested when immunoprecipitates of this molecule were
prepared from extensively denatured extracts of 32Pi-labeled
cells and analyzed on Laemmli-type, SDS-polyacrylamide
gels (Fig. 1). Whenever NS-1 (83 kDa) was present in the
precipitate, the stacking gel and the top of the running gel
contained large amounts of labeled material (lanes 2 and 5),
which could be quantitatively removed by digesting the
precipitate with nuclease before electrophoresis (lanes 3 and
6). In the experiment illustrated in Fig. 1, micrococcal
nuclease was used, but essentially similar results were
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obtained with bovine pancreatic DNase, indicating that the
labeled material was DNA rather than RNA. Precipitates
containing other viral proteins, for example, the various
forms of NS-2 (25 kDa) seen in lanes 8 and 9, did not contain
similar, nuclease-sensitive material.

Similar precipitates analyzed on SDS-containing agarose
gels (Fig. 2) show that the nucleic acid coprecipitated with
NS-1 is viral in origin (compare Fig. 2A, lanes 1 through 4
and 5, with lane 9), the higher-molecular-weight cellular
constituents (c) being largely excluded from the pellets.
After the extensive denaturation steps used to prepare cell
extracts for precipitation (see above), sera directed against
the viral capsid proteins or the other major nonstructural
protein group, NS-2, totally failed to precipitate viral DNA
(Fig. 2A, lanes 6 through 8). However, antisera directed
against gel-purified, procaryotic fusion peptides expressing
22 amino acids of the phage lambda cro protein together with
either 84 amino acids from the common amino-terminal
peptide shared by NS-1 and NS-2 (lane 1, antiserum A) or
176 amino acids from an NS-1-specific sequence (lane 3,
antiserum B) both efficiently precipitated two distinct forms
of monomer RF DNA (ml and m2 in Fig. 2), dimer RF DNA
(d), and progeny single strands (s). Figure 2B shows the
monomer RF region of lanes 1 through 5 at higher magnifi-
cation to facilitate identification of the various molecular
forms. When similar anti-NS-1 precipitates were electropho-
resed on neutral or alkaline agarose gels in the absence of
SDS, labeled nucleic acid failed to enter the gel unless the
precipitates were predigested with proteinase K. Although
we have no reason to believe that these antisera were in any
way contaminated with antibodies directed against any
eucaryotic or procaryotic proteins except the lambda cro
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FIG. 2. (A) SDS-1% agarose gel showing DNA species immu-
noprecipitated from MVM-infected cells labeled with 32p, 10 to 12 h
after release from aphidicolin, with antisera directed against the
common amino-terminal region of NS-1 and NS-2 (serum A, lane 1),
against a region in the middle of the NS-1 molecule (serum B, lane
3), against the 16-amino-acid carboxy-terminal peptide of NS-1
(serum C, lane 5), prebleed serum from the rabbit used to prepare
serum C (lane 6), serum monospecific for NS-2 (serum D, lane 7), or
a serum raised against purified MVM capsids (lane 8). The total cell
extract from which these precipitates were prepared (lane 9) con-
tains cellular DNA species (c) as well as several forms of viral DNA,
including unit-length single-stranded progeny DNA (s), two forms of
monomer duplex RF (ml and m2), and dimer duplex RF (d).
Pretreatment of immunoprecipitates with mung bean nuclease be-
fore electrophoresis (lane 2, serum B) destroys single-stranded
progeny DNA (s) and shifts and obscures the banding of monomer
RF species. Proteinase K digestion of precipitates before electro-
phoresis (lane 4, serum B) collapsed monomer RF forms into a
single band with a relatively high mobility and substantially in-
creased the mobility of single-stranded DNA. (B) The monomer RF
region of lanes 1 through 5 from Fig. 2A is shown at increased
magnification to show details of the banding pattern.
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FIG. 1. Autoradiograph of an 11% SDS-polyacrylamide gel

showing material immunoprecipitated from synchronized MVM-
infected A9 cells (lanes 2, 3, 5, 6, 8, and 9) and from similar
uninfected cells (lanes 1, 4, and 7) labeled with 32p- 10 to 12 h after
release from aphidicolin, harvested immediately, and precipitated
with antisera directed against the common amino-terminal region of
NS-1 and NS-2 (serum A; lanes 1, 2, and 3), against NS-1 alone
(serum B; lanes 4, 5, and 6), and against NS-2 alone (serum D; lanes
7, 8, and 9). Duplicate precipitates from infected cells were either
treated (designated + in lanes 3, 6, and 9) or not treated (designated
- in lanes 2, 5, and 8) with micrococcal nuclease before electropho-
resis.

sequence and, perhaps, lysozyme (10), it is theoretically
possible that the protein to which viral DNA was attached
was a minor contaminant in the immunogen rather than NS-1
itself. This interpretation is, however, rendered less proba-
ble by the precipitate shown in lane 5 of Fig. 2A and B and
by those shown in Fig. 3, where the immunizing antigen used
to evoke the anti-NS-1-specific antiserum, antiserum C, was
a synthetic 16-amino-acid peptide expressing the sequence
located at the extreme carboxy terminus of NS-1, [MVM(p)
nucleotides numbers 2229 through 2276, expressed in frame
3 as designated in reference 10]. Despite its rather different
origin, this antiserum effectively precipitated the same viral
DNA species as other anti-NS-1 sera (compare lanes 1 and 2
in Fig. 3), and its ability to precipitate these forms could be
titrated out by adding increasing amounts of the immunizing
peptide to cell extracts before precipitation (Fig. 3, lanes 3
and 4). The addition of an unrelated peptide (lanes 6 and 7)
failed to inhibit DNA precipitation with this antibody, and
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in two conformers (Fig. 4): a covalently closed "turn-
around" form, which has a single copy of the palindrome,
and an "extended" form with two copies of the palindrome.
Thus the restriction endonuclease EcoRI, which cuts each
monomer twice, yielded five distinct fragments: a single
fragment from the middle of the genome (M in Fig. 4) and
two forms of each end (Re and Rt, Le and Lt). A sixth
fragment, twice the size of fragment Lt, and designated db in
Fig. 4 (lanes 4, 5, and 7), was derived from the head-to-head
bridge of dimer RF DNA. When anti-NS-1 immunoprecipi-
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FIG. 3. SDS-1% agarose gel showing DNA species immunopre-
cipitated from MVM-infected cells labeled with 32p; 10 to 12 h after
release from aphidicolin, with antisera directed against the middle of
the NS-1 molecule (serum B, lane 1) or against the 16 amino acids at
the extreme carboxy terminus of NS-1 (serum C, lanes 2 and 5). As
in other figures, m denotes monomer RF, d is dimer RF, and s is
single-stranded progeny DNA. The addition of the unconjugated
NS-1 carboxy-terminal synthetic peptide (used as the hapten to raise
serum C), to the cell extract at a final concentration of 1 ,ug/ml (lane
3) or 100 ,ug/ml (lane 4) before precipitation with serum C effectively
inhibited precipitation of the viral DNA by competing for the
antibody-binding sites. However, the addition of 1 ,ug/ml (lane 6) or
100 pug/ml (lane 7) of an unrelated synthetic peptide (corresponding
to the carboxy terminus of the major form of NS-2) had no effect on
the efficiency of RF precipitation with this serum.

nonimmune prebleed serum from these rabbits also failed to
precipitate viral DNA (Fig. 2A, lane 6).
The single-stranded nature of the species designated as

progeny DNA (marked "s" in all figures) was confirmed by
digesting anti-NS-1 immunoprecipitates with single-strand-
specific mung bean nuclease before electrophoresis (Fig. 2,
lanes 2). This pretreatment left duplex RF DNAs relatively
intact, although it shifted and obscured the distinct banding
of monomer RF species (Fig. 2B, lane 2). Additional data
(not shown) suggested that this mobility shift may be due to
the partial removal of terminal protein from these forms by
the nuclease, presumably because the protein disrupts base
pairing of the terminal nucleotides and thus exposes short
stretches of single-stranded DNA to the nuclease. The
effects of protease treatment per se are seen in Fig. 2, lane 4,
where treatment of an anti-NS-1 precipitate with proteinase
K before electrophoresis increased the mobility of single-
strand progeny DNA and collapsed the various forms of
monomer RF into a single broad band with a higher electro-
phoretic mobility.
The data shown in Fig. 1, 2, and 3 were obtained with cells

pulse-labeled with 32p; 10 to 12 h after the onset of S-phase
in a highly synchronized cell system (11) and harvested
immediately. This labeling period covered the peak of viral
DNA amplification and progeny virus synthesis, but similar
experiments with cells labeled between 5 and 7 h after the
start of the S phase, i.e., near the start of the amplification
stage of replication, gave essentially identical results with
the various anti-viral protein antibodies, except that the
extracts contained less single-stranded DNA.
NS-1 exclusively associated with extended conformers of the

viral termini. The termini of duplex RFs of viral DNA exist
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FIG. 4. SDS-1.4% agarose gel showing total cell extracts from
MVM-infected (lane 2) and uninfected cells (lane 1), labeled with
32P 5 to 7 h after the start of the S phase. Lane 3 contains monomer
(m) and dimer (d) RF DNA, unit-length single-stranded progeny
DNA (s), and a largely uncharacterized (but single-strand nuclease-
sensitive) form of viral DNA (x) precipitated from a similar infected-
cell extract with the NS-1 specific antiserum B. As depicted in the
diagram, monomer duplex RF contains a mixed population of forms
which can have extended (e) or turnaround (t) configurations at both
the left (L) and right (R) ends of the genome. The restriction enzyme
EcoRI cuts such molecules twice (indicated by arrows and dotted
lines in the diagram), generating a single internal fragment (M) and
two forms of each terminal fragment with different electrophoretic
mobilities. Lane 5 shows material immunoprecipitated with serum B
and then digested with EcoRI, and lane 4 shows that incubation of a
similar digest with proteinase K before electrophoresis only influ-
ences the mobility of the extended form (Re and Le) terminal
fragments. When S. aureus-bound immunoprecipitates were centri-
fuged after EcoRI digestion, the pellet contained DNA fragments
which were directly attached to the antibody-bound NS-1, whereas
the supernatant contained NS-1-free DNA. In these experiments the
pellet contained the extended forms of both terminal fragments (Re
and Le, lane 6), confirming that the DNA-NS-1 linkage occurs
within these forms of each terminus, whereas turnaround forms and
internal fragments are devoid of NS-1.
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tates were digested with EcoRI before electrophoresis in
SDS-agarose gels (lane 5), single-strand forms (s and x)
remained intact, whereas duplex forms yielded the expected
fragments (lane 5). When these restriction digests were then
further digested with proteinase K before electrophoresis
(lane 4), most fragments retained the same mobility, but the
extended conformers from both the right and left halves of
the genome showed an increased mobility, suggesting that
these forms were previously complexed with protein. Re-
striction digests were carried out by directly suspending the
S. aureus pellet carrying the immunoprecipitate in restric-
tion buffer. Thus, after digestion, the bacterial pellet could
be removed by centrifugation, taking with it any restriction
fragments that were physically attached to NS-1 in the
antigen-antibody complexes while leaving behind fragments
that were not directly associated with NS-1. The pellet
fraction from such a separation was massively enriched for
the extended conformers of both duplex termini in addition
to single-strand forms of DNA (Fig. 4, lane 6), whereas the
supernatant (lane 7) contained all of the other forms.

Quantitative precipitation of viral DNA with antisera
against the two termini of NS-1. To assess what proportion of
the newly synthesized viral DNA was associated with NS-1,
we performed repeated immunoprecipitations on the same
sample of cell extract and analyzed the bound and unbound
material on SDS-agarose gels (Fig. 5). Since it was possible
that full-length copies of NS-1 might be associated with one
of the termini of duplex DNA while cleaved forms of the
protein were attached to the other terminus or to single-
strand DNA, we performed these serial precipitation exper-
iments with antisera against both termini of the NS-1 mole-
cule and analyzed the resulting precipitates by EcoRI
digestion and centrifugation as described above for Fig. 4.
Antiserum A, directed against the 84-amino-acid, amino-

terminal peptide of NS-1, removed 90 to 95% of the viral
DNA in the sample in a single round of precipitation (Fig. 5,
lanes 3 through 5). The EcoRI pellet fraction from a similar
precipitate (lane 2) showed that single-strand DNA and both
the right and left terminal restriction fragments from duplex
DNA were physically associated with NS-1 molecules which
had relatively intact amino termini. Precipitation of the small
amount of material remaining in the extract after a single
round of precipitation removed most of the remaining viral
DNA (Fig. 5, lanes 5 through 7), indicating that effectively all
of the newly synthesized DNA in the cell is associated with
NS-1 molecules carrying at least part of the 84-residue
amino-terminal peptide. In contrast to these results, antise-
rum C, directed against the extreme carboxy-terminal 16
amino acids of NS-1, only removed 75 to 80% of the DNA in
a single round of precipitation (Fig. 5, lanes 9 through 11).
Moreover, repeated rounds of precipitation with this anti-
body failed to remove most of the remaining viral DNA (Fig.
5, lanes 11 through 13). Since both duplex and single-strand
DNA remained in the unbound fraction from these precipi-
tates (Fig. 5, lanes 11 and 13), this suggests that 20 to 25% of
both of these species carry NS-1 molecules which have lost
their extreme carboxy termini, whereas the remaining 75 to
80% of all DNA forms carry full-length (83-kDa) copies of
NS-1. The unbound forms remaining after precipitation with
antiserum C could be removed from the extract by repreci-
pitation with anti-NS-1 sera directed against other protein
domains; this indicates that the association between protein
and DNA is not mediated by the extreme carboxy terminus
of NS-1. As seen in Fig. 5, lane 15, the EcoRI pellet derived
from an initial immunoprecipitate prepared with antiserum C
contained single-strand DNA and both termini of duplex
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FIG. 5. SDS-1.2% agarose gel showing serial immunoprecipi-
tates and unbound fractions from 32Pi-labeled, MVM-infected A9
cell extracts with antisera directed against the extreme amino-
terminal 84 amino acids of NS-1 (serum A, lanes 1 through 8) and the
extreme carboxy-terminal 16 amino acids of NS-1 (serum C, lanes 9
through 16). Lanes 3 and 9 contain equal cell equivalents of the
initial cell extract before precipitation. Lanes 4 and 10 each contain
the first precipitates, obtained with serum A and C, respectively,
from five cell equivalents of extract. Lanes 5 and 11 each contain
one cell equivalent of the unbound material remaining after the first
precipitation. Lanes 6 and 12 each contain five cell equivalents of
precipitate from the second set of precipitations, whereas lanes 7
and 13 each contain one cell equivalent from the unbound material
from the second precipitation. Finally, lanes 8 and 14 each contain
five cell equivalents of material precipitated in the third round of
immunoprecipitation, with the same antibodies (A and C, respec-
tively). Letter designations are as in Fig. 4. First-round precipitates
equivalent to those shown in lanes 4 and 10 were digested with
EcoRI and separated into pellet and supernatant fractions. Pellet
fractions are shown in lanes 2 (serum A) and 15 (serum C), and
supernatant fractions are shown in lanes 1 (serum A) and 16 (serum
C). M denotes the uniques EcoRI fragment from the middle of the
genome, Re is the extended-form of the terminal restriction frag-
ment from the right end of the genome, and Le is the extended-form
terminal fragment from the left end. Turnaround fragments from RF
termini are not visible at this exposure.

DNA, confirming that NS-1 molecules containing this pep-
tide are associated with all three types of termini. The
material which remained unprecipitated by antiserum C was
remarkably enriched for the lower form of monomer RF (m2
in Fig. 5; compare lanes 5 and 11). In a subsequent paper
(Cotmore and Tattersall, manuscript in preparation), we
show that the top form of monomer RF (ml in Fig. 5) has
extended forms of both right and left termini, whereas m2
has only one extended-form terminus, located predomi-
nantly at the right hand end of the molecule. Thus the
substantial enrichment of form m2 in the unbound fraction
from these precipitates probably reflects the fact that anti-
serum C has only a single chance of finding an NS-1
molecule with an intact carboxy terminal on this species,
whereas it has two chances of finding such a molecule on the
ml species.
NS-1 blocks the 5' termini of all newly synthesized viral

DNA. Bacteriophage lambda exonuclease and Escherichia
coli exonuclease III are double-stranded DNA-specific exo-
nucleases which digest DNA in a 5'-to-3' and 3'-to-5' direc-
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tion, respectively. All newly synthesized viral DNA species
precipitated with anti-NS-1 serum were resistant to digestion
in a 5'-to-3' direction by lambda exonuclease (Fig. 6, lane 2),
but duplex DNA forms were susceptible to exonuclease III
(lane 3). Since this nuclease digests a single DNA strand
from the duplex and ceases to function once the enzymes
processing in from the two 3' termini meet in the middle of
the molecule, this digestion generates single strands ofDNA
which are one-half unit length. This fragment, marked b, is
seen running as a collapsed rod in Fig. 6, lane 3, whereas a
second limit-digestion product of unknown structure is
marked a. Single-strand progeny DNA has a duplex 3'
palindrome of 116 nucleotides. Exonuclease III was able to
remove part of this palindrome, leaving a molecule with a
slightly increased electrophoretic mobility (lane 3). Protein-
ase K digestion of the exonuclease III digestion products
(lane 4) left collapsed single-strand forms of DNA which
then all migrated with slightly enhanced mobilities, con-
firming that after exonuclease III treatment the remaining
forms were still protein associated. Digestion of the EcoRI
pellets from anti-NS-1 precipitates with lambda exonuclease
(lane 6) or exonuclease III (lane 7) confirmed that both ends
of duplex DNA had blocked 5' termini and free 3' termini.
EcoRI supernatant fractions from these precipitates (lane 8)
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FIG. 6. SDS-1.4% agarose gel showing material immunoprecip-
itated from MVM-infected A9 cells labeled with 32P 10 to 12 h after
release from aphidicolin with antiserum B (NS-1 specific). Immuno-
precipitates equivalent to that shown in lane 1, containing single-
stranded viral DNA (s) and monomer (m) and dimer (d) duplex RF,
were digested with the 5'-to-3' exonuclease from bacteriophage
lambda (lane 2) or the 3'-to-5' E. coli exonuclease III (lane 3).
Single-stranded DNA fragments half the length of monomer RF are
labeled b, and an additional limit-digestion product generated by
exonuclease III is labeled a. Lane 4 contains the forms generated
when an exonuclease III digest similar to that shown in lane 3 was
further digested with proteinase K before electrophoresis. The pellet
fraction from an EcoRI digest of anti-NS-1 precipitated DNA is
shown in lane 5, and similar pellets are shown in lanes 6 and 7 after
digestion with lambda exonuclease and exonuclease III, respec-
tively. The supernatant fraction from an EcoRI digest is shown in
lane 8, and the results of digesting such fractions with lambda
exonuclease or exonuclease III are shown in lanes 9 and 10,
respectively. Letter designations are as in Fig. 6. Turnaround forms
of the termini are not visible at this exposure.

were not associated with protein, and these fragments were
totally susceptible to digestion with both lambda exonu-
clease (lane 9) and exonuclease III (lane 10).

Incorporation of [35S]methionine into terminal protein. In
the cell synchronization system used for these experiments,
amplification of viral duplex DNA first becomes readily
detectable between 4 and 5 h after the beginning of the S
phase (11) and reaches peak levels by 10 h after release from
aphidicolin. However, NS-1 synthesis can be detected
within the first 2 h of the S phase and has reached maximal
levels by 7 h (11). Given these two rather different time
scales, we decided to carry out pulse-chase experiments,
pulsing with [35S]methionine at the time of maximal NS-1
synthesis (6.5 to 6.75 h into S) and then looking for incor-
poration of labeled protein into total cell DNA and immuno-
precipitable DNA as a function of time. Under these condi-
tions there was a substantial time lag between the
incorporation of label into protein and the subsequent incor-
poration of that protein into viral DNA-protein complexes
(Fig. 7A). Parallel anti-NS-1 immunoprecipitates from each
of these time points were analyzed on SDS-acrylamide gels,
and autoradiographs of this gel (data not shown) indicated
that the total amount of labeled NS-1 remained fairly con-
stant during the experimental period (6.5 to 13.25 h after the
start of S), although there was perhaps a slight decline in the
amount available at later time points. However, incorpora-
tion of this labeled protein into DNA-protein complexes was
barely detectable until approximately 2 h after synthesis, and
progressively more label then became associated with viral
DNA as time progressed (up to 13.25 h after the start of S).
Comparison of the labeling pattern seen for total cell DNA
(Fig. 7A, lanes 2 through 6) and for immunoprecipitated
DNA (lanes 7 through 11) confirmed that the appearance of
label in material which could be precipitated with anti-NS-1
serum paralleled the incorporation of label into total DNA-
protein complexes. In both cases the label first appeared
associated with monomer RF DNA and only later became
associated with single-stranded progeny DNA (Fig. 7A,
lanes 6 and 11). Label also accumulated in dimer RF DNAs
near the end of the experimental period (lanes 10 and 11),
perhaps because the ability to nick the 3' termini became a
rate-limiting factor at this stage in the amplification of viral
DNA. Figure 7B shows an ethidium stain of the gel in Fig.
7A taken before autoradiography. Comparison of these two
figures shows that incorporation of labeled NS-1 into DNA-
protein complexes simply follows the overall expansion of
the viral DNA pool.

Isolated DNA-protein complexes release an 83-kDa polypep-
tide after digestion with nuclease. [35S]methionine-labeled
DNA-protein complexes were partially purified and concen-
trated by immunoprecipitation with anti-NS-1 serum. The
antigen-antibody complexes were then released from the
precipitating S. aureus with SDS buffer, and the resulting
mixture was chromatographed on Sepharose CL4B in the
presence of 0.3% SDS. Under these conditions all free
protein (including NS-1) was included in the column,
whereas the much larger DNA and DNA-protein complexes
were excluded and appeared in the void volume. Figure 8 is
an autoradiograph of an SDS-acrylamide gel showing se-
lected fractions from such a column separation. In this
particular experiment cells were labeled with [35S]methio-
nine 6 to 7 h after the beginning of the S phase and harvested
4 h later. Without nuclease treatment, all labeled material in
the void volume remained at the top of the stacking and
running gels (lane 1), whereas after DNase digestion (lane 2)
a major band with an apparent molecular mass of 83 kDa
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DISCUSSION
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FIG. 7. Autoradiograph of a 1% agarose-SDS gel or
tracted from MVM-infected A9 cells. Lanes 1 and 13 shc
extract and an anti-NS-1 immunoprecipitate, respecti
infected cells labeled with 32P 10 to 12 h after re]
aphidicolin. Lanes 2 through 6 show equal cell equivale
extracts from cells labeled with [35S]methionine for 1 h
from pulse-chase samples labeled with [35S]methionine
and then transferred into unlabeled medium for 45 min
min (lane 4), 3 h (lane 5), or 6.5 h (lane 6), each regime
h after release from aphidicolin. Immunoprecipitates
equivalents of each of these [35S]methionine-labeled ex
anti-NS-1 serum (serum B) are shown in lanes 7 throug
same sequence. Letter designations are as in Fig. 5
contains molecular weight standards (a 1-kilobase la(
obtained from Bethesda Research Laboratories, Ga
Md.). (B) Negative image of the gel in A, stained wit
bromide before autoradiography.

Genetic origin of MVM terminal protein. In this study we
show that full-length copies of the MVM-encoded NS-1

- d polypeptide (83 kDa) are covalently attached to the 5'
termini of extended-form conformers of both the viral and
complementary strands of all newly replicated duplex RF

ml DNA and to the 5' termini of all newly synthesized progeny
>m2 single strands. We show that a number of different and

highly specific anti-NS-1 sera, raised against a number of
different bacterially or chemically synthesized peptides and
directed against different protein domains spanning the en-

tire length of the NS-1 molecule, almost quantitatively
-s precipitate newly synthesized forms of viral DNA, and that

precipitation of viral DNA by one of these antibodies,
directed against a 16-amino-acid peptide from the extreme
carboxy terminus of NS-1, can be quantitatively inhibited by
the synthetic peptide originally used to invoke the antibody.
This control confirms that viral DNA is being coprecipitated
by antibodies directed specifically against the NS-1 se-

quences rather than against any minor contaminant which
might, somehow, have been recognized by all of the immu-

-d nized rabbits. After nuclease treatment, purified, metaboli-
cally labeled protein-DNA complexes released a single,
major polypeptide species of 83 kDa which exactly comigrat-

,Ml ed on SDS-acrylamide gels with authentic NS-1.
\M2 These are somewhat surprising observations since previ-

ous studies had described an MVM terminal protein of 60 to
65 kDa (2, 8) which was antigenically distinct from any of the
known virally coded polypeptides (8). Why our results

-s should be so dramatically different remains unclear, but
perhaps one reason for the discrepancy lies in the way the

If DNA ex- DNA complexes were treated in the two studies. Since our

)w the total procedure effectively removes these complexes from the
ively, from bulk of cellular proteins and DNA in a single-step immuno-
lease from precipitation, we are able to lyse our cells directly into high
nts of total concentrations of SDS and EDTA, thus minimizing the
(lane 2) or probability of enzyme-mediated degradation. As a result,
tor iD min
(lane 3), 90
starting 6.5
of five cell
tracts with
,h 11 in the
i. Lane 12
dder series
.ithersburg,
h ethidium

appeared. This band exactly comigrated with labeled NS-1
from the included fractions of this column (lanes 4 through
10). An additional trace band at 65 kDa also became appar-
ent in the nuclease-treated void fraction upon prolonged
exposure (data not shown). This band exactly comigrated
with a minor species seen in the included fractions which is
known to be a carboxy terminally truncated form of NS-1.
The material applied to the gel in lanes 1 and 2 represents 5%
of the total recovered in the column void fractions, whereas
the material in lanes 3 through 11 represents 5% of each
alternate column fraction through the NS-1-specific region of
the column run. Densitometry of the 83-kDa species in these
lanes suggests that at the time of harvest (11 h after the start
of the S phase and 4 h after the removal of a 1-h [35S]
methionine pulse in this experiment) approximately 1% of
the NS-1 synthesized between 6 and 7 h after the start of the
S phase had become covalently associated with viral DNA.

1 2
Om_

3 4 5 6 7 8 9 1011

powwow -83 kd
- 65 kd

FIG. 8. Autoradiograph of a 10% SDS-polyacrylamide gel show-
ing Sepharose CL4B column fractions of pooled anti-NS-1 immu-
noprecipitates prepared from extracts of MVM-infected cells. The
cells were labeled with [35S]methionine for 1 h starting 6.5 h after the
start of the S phase and then chased in medium containing cold
methionine for 4 h before harvest. Material in the column void
volume (4 ml) was pooled, and 5% samples were electrophoresed
before (lane 1) or after (lane 2) digestion with pancreatic DNase.
Samples (5%) from alternate fractions through the NS-1 peak
included in the column are shown in lanes 3 through 11.
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our analyses probably describe the situation in the infected
cell rather closely. The 60- to 65-kDa form of terminal
protein described previously could simply be a specific
proteolytic cleavage product of NS-1, especially since a
carboxy-terminally truncated form of NS-1 in this size range
is known to be present in infected cells (11), but it remains
difficult to explain the immunochemical discrepancies. How-
ever, in a study of the proteins associated with RF DNA
from the related parvovirus RV (32), Wobbe and Mitra
described a number of other proteins which are tightly bound
to RV RF DNA and copurify with it through a number of
substantially denaturing purification steps. One particular
group of these proteins, with molecular weights of around
66,000, 64,000, and 55,000, were thought to be of cellular
origin, since similar proteins from uninfected cell extracts
became associated with protease-digested RF DNA if mixed
with it before purification (32). These molecules, which
Wobbe and Mitra suggest may be related to the proteins of
the nuclear lamina, are obvious candidates for the polypep-
tide previously designated as the MVM terminal protein,
especially since immunoblots with the anti-terminal protein
antiserum clearly identify multiple proteins migrating in the
60-kDa region of the gel (8).

Quantitation and kinetics of complex formation. In our
hands, all newly replicated RF and single-stranded DNA
molecules were found to be covalently complexed with
NS-1, whereas previous reports suggest that only RF DNA
is protein associated (24), or that only a somewhat variable
proportion of the single-stranded DNA is protein associated
(2, 8). This apparent discrepancy probably reflects the fact
that in the studies presented here we analyze pulse-labeled,
newly synthesized DNA in synchronized cells at specific
points after the beginning of the S phase, whereas previous
studies dealt with DNA harvested in bulk from asynchro-
nous cultures many hours or days after infection was initi-
ated. Additional studies have shown that some of the pro-
tein-associated DNA forms identified here progress late in
infection to free DNA forms (Cotmore and Tattersall, in
preparation). Significantly, this is most apparent for single-
strand progeny DNA, which is synthesized and becomes
encapsidated as an NS-1-associated molecule which is
cleaved during particle maturation to yield a free nucleotide
strand (Cotmore and Tattersall, in preparation). Thus, virus
particles harvested late in infection would probably contain
relatively few DNA-NS-1 complexes.
Wobbe and Mitra identified 90- and 40-kDa proteins

covalently associated with the 5' termini ofRV RF, and they
cite unpublished observations suggesting that the smaller
species is a proteolytic fragment of the 90-kDa molecule (32).
As in the present study, these authors experienced difficulty
in metabolically labeling the terminal proteins with [35S]
methionine. This might suggest that the 90-kDa species was
the RV-encoded NS-1 molecule, since for MVM this diffi-
culty is easily explained by the kinetic differences between
NS-1 and viral DNA synthesis, the relative stability of NS-1,
and the high levels of NS-1 expression seen in infected cells
(11). Pulse-chase studies allowed us to monitor the gradual
transfer of protein from preexisting nuclear pools of NS-1 on
to the newly synthesized viral DNA and showed that NS-1
molecules labeled at the time of peak NS-1 synthesis (around
6 to 7 h after the start of the S phase) could remain in the
nucleus for several hours before becoming associated with
viral DNA. Earlier analyses with 32Pi-labeled complexes
(Fig. 1 ) had established that newly synthesized monomer
RF DNA could be resolved into two distinct forms on
SDS-agarose gels (a major species designated ml and a

faster-migrating species designated m2), and that both of
these forms were associated with NS-1. [35S]methionine-
labeled protein became associated with these two monomer
forms almost simultaneously but was only seen associated
with progeny single strands at substantially later times. As
DNA amplification proceeded, progressively more labeled
NS-1 was drawn from the presynthesized pool and became
complexed with the expanding pool of DNA. However,
during the time span of our experiment (up to 13.25 h after
the start of the S phase) only 1 to 2% of the labeled NS-1 ever
became protein associated, a figure which is not unreason-
able given the relatively large amounts of NS-1 synthesized
early in infection and the limited number of terminal proteins
required to supply one molecule per unit-length DNA strand.
NS-1 synthesis is down-regulated late in infection (11) when
DNA amplification and progeny single-strand synthesis are
at their peak. Our studies suggest that at such times presyn-
thesized pools of this remarkably stable protein can be used
to supply the necessary activity. Whether there is an obligate
time lag between NS-1 synthesis and its incorporation into
DNA-protein complexes is not apparent from these experi-
ments, but the incorporation of trace amounts of label into
complexes within an hour of protein synthesis (data not
shown) suggests that any time required for protein process-
ing must be rather brief.
A previously unrecognized form of replicating DNA,

designated band x in the illustrations, appears consistently
throughout these studies. This material is at least predomi-
nantly single stranded, since the band is susceptible to the
single-strand-specific nuclease from mung bean and refrac-
tory to the restriction endonuclease EcoRI. As in all other
newly synthesized forms of viral DNA, its 5' terminus is
associated with NS-1, but its exact significance in the
replication scheme remains to be examined. Its appearance
in these studies may well simply reflect the power of
SDS-agarose gels in resolving slightly different replicative
intermediates.

Potential roles for NS-1 in MVM DNA replication. The role
of covalently bound NS-1 molecules in MVM DNA replica-
tion has yet to be explored experimentally, but certain
predictions can be made based on our knowledge of intra-
cellular RFs of MVM DNA and the roles of such virally
coded proteins in other eucaryotic and procaryotic virus-
host systems. In other systems such proteins are generally
implicated either in priming complementary strand synthe-
sis, as in the replication of adenovirus and bacteriophage 429
(7, 19, 22, 23, 26, 28), or as the mediators of site-specific
nicking, as in bacteriophage (X174 (12, 13) and hepatitis B
virus (20). MVM is unlikely to require protein-mediated
priming for complementary strand synthesis since the ge-
nome is provided with palindromic termini which spontane-
ously fold into hairpin duplexes in vitro (6), thus providing
the base-paired 3'-hydroxyl necessary for initiation of DNA
synthesis. However, all models of MVM DNA replication
require at least one site-specific nickase, and it now seems
highly likely that NS-1 provides such a function.
Although the terminal palindromes account for less than

6% of the viral genome, they contain all the cis-acting
information necessary for viral DNA replication and encap-
sidation (14); thus models of parvoviral DNA replication
have focused on explaining their regeneration (1, 2, 5, 27,
30). A rolling-hairpin system of self-priming at the genomic
termini (30) coupled with a hairpin transfer mechanism
which copies the palindromic sequence at the 5' end of one
strand on to the 3' end of its complementary strand, forms
the basis of most models, but in recent years a more exact
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knowledge the DNA sequences present in the viral termini
has allowed novel predictions to be made concerning the
nature of the enzymes used to regenerate these structures (1,
2). Briefly, the termini of all autonomous parvoviruses
analyzed to date are imperfect palindromes, containing a few
asymmetrical nucleotides which are mispaired in the hairpin
form. In MVM the right- and left-hand palindromes are
different sizes (200 and 116 nucleotides, respectively) and
have quite different primary sequences (3). The presence of
the mismatched residues allows the identification of two
sequence orientations, termed "flip" and "flop," in the
right-hand termini of both viral and RF molecules of MVM,
whereas only a single sequence is present at the left end of
either molecule (1, 2). This, therefore, implies that the
mechanism used to cut and replicate the 5' (right-hand) end
of the DNA must be different from, and less conservative
than, that used to copy the left-hand (3') end. Since the
right-hand end of RF DNA is also at least 18 nucleotides
longer than that of viral DNA (1, 2), the nicking site and
possibly also the enzymes involved in generating the 5' end
of viral and RF DNA could be different. Similar length
differences are not seen at the 3' (left-hand) end of viral and
RF DNA. If covalently attached copies of NS-1 molecules
do provide fossil evidence for a site-specific nickase func-
tion, this implies that NS-1 can find specific binding and
cutting sequences which are common to both rather dispar-
ate palindromes but which are only presented in a single
orientation at 3' terminus, thus forcing incorporation of a
palindrome with a unique sequence onto the 3' end of all
viral sense strands. Astell et al. (1, 2) provide an elegant
model to account for this phenomenon, in which the se-
quences required for binding (but not those required for
cutting) at the 3' end of the viral DNA are only available in
one strand of the 3'-to-3' (head-to-head) duplex dimer inter-
mediate. The authors propose that at this site the terminal
protein could function in a manner analogous to that de-
scribed for the gene A protein of 4X174 (12, 13), nicking the
duplex at a single site and, in so doing, becoming covalently
attached to the 5' end of the molecule, while leaving a free 3'
hydroxyl for extension by a DNA polymerase. As the free 3'
end is extended, the strand carrying the terminal protein
then becomes displaced along the DNA until it encounters a
second copy of its cutting site in the opposite strand of the
duplex. The protein cuts at this site and ligates the new
3'-hydroxyl to the 5' end of the displaced strand, while
transferring itself to the new 5' end. Generation of new 5'
(right-hand) termini could proceed via a similar mechanism,
except that since both the binding and cutting sequences are
available in the turnaround form of the palindrome, simple
hairpin transfer mechanisms generate two sequence orienta-
tions at the 5' end. Knowing that NS-1 is the candidate
molecule for this postulated topoisomerase will allow us to
use genetic and biochemical means to explore the validity of
this proposal. Other parvoviruses, such as the adeno-asso-
ciated viruses, have palindromic sequences in both the flip
and flop orientations at both genomic termini (4), and it
would seem unnecessarily complex to invoke this type of
enzymology for the generation of their termini. Neverthe-
less, the adeno-associated viruses encode nonstructural pro-
teins which are essential for DNA replication (16, 31) and
which share a region of close protein sequence homology
with the NS-1 protein of MVM through a region which is
thought to encode a purine triphosphate binding site (11, 25).
Thus, it will be of great interest to see whether the nonstruc-
tural proteins function differently in the replication of these
two viral groups.
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