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When a bacterial plasmid containing the entire genome of LullI virus except for the terminal 18 nucleotides
from the right end is transfected into HeLa cells, the viral DNA is rescued and replicated, with production of
infectious virus. This experimental system was used to examine the viral proteins and cis elements required for
the excision and replication of viral DNA. The deletion of the entire NS1 gene provided a viral genome that was
excised from the plasmid and replicated only when an NS1 gene was provided in trans. A frameshift mutation
in the NS2 intron that truncates NS1 prevented excision and replication. Deletion of the left-end terminal
inverted repeat or the right-end inverted repeat prevented excision of viral DNA from that end but not from
the wild-type terminus. The viral terminus excised from the plasmid was protected from a processive
degradation process, which began on the vector portion of the plasmid. The inhibitor of DNA polymerases a
and 8, aphidicolin, blocked the excision reaction.

Parvoviruses are small DNA viruses that contain linear
single-stranded DNA genomes of about 5 kilobases (kb)
(reviewed in references 3, 6, and 35). The dependoviruses
(adeno-associated virus [AAV]) are parvoviruses that have a

nearly complete requirement for helper virus, such as aden-
ovirus or herpesvirus, for productive infection. The nonde-
fective or autonomous parvoviruses are widespread in na-

ture and in many cases are pathogens with important
economic consequences. They have a requirement for rep-
licating host cells for productive infection and tend to be
most pathogenic for the fetus or for renewal tissues that have
high rates of replication. All of the parvoviruses show a

similar overall genomic organization. Their genomes are
divided into two or three genes that are collinear. By
convention the left half of the genome contains the nonstruc-
tural (NS) gene and the right half contains the virion capsid
protein gene (see Fig. 1, VP). Each of these genes generates
two or more gene products by utilizing different splicing
arrangements, different promoters and start sites, alternate
translational starts, or a combination of these (3, 6, 35).
Despite little homology at the nucleotide sequence level
between some of the parvoviruses, all of them have a
conserved domain in the NS1 protein. This is especially
pronounced in an area that has homology to other proteins
with ATPase activity (1, 2). This includes papovavirus large
T antigens, which have been shown recently to have DNA
helicase activity (30).
The NS1 or rep proteins of both the dependoviruses and

autonomous parvoviruses have been assigned similar func-
tions. These include their requirement for viral replicative-
form (RF) DNA replication (4, 11, 16, 27, 31) and the
regulation of transcription (14, 20, 22, 32). There is also
evidence that the NS1 gene has apparent cytotoxic activity
(13, 21). The bulk of the evidence that NS1 is required for
viral DNA replication has been genetic. Plasmid clones of
various parvovirus genomes have been found to require an

intact NS1 gene in either cis or trans for the subsequent
excision and replication of the viral sequences (11, 16, 25,
26, 31). Several temperature-sensitive mutations that map to
the NS1 gene have been shown to have a phenotype of
temperature-sensitive viral DNA replication (33, 37). Thus,
the existence of a replication function for NS1 is firmly

established, but the nature of its activity is not well defined.
An important insight into the function of NS1 has been
revealed by the evidence that NS1 is the protein covalently
bound to the 5' ends of viral RF DNA and progeny single
strands (7, 10). This strongly suggests that NS1 may be the
endonuclease that has been hypothesized to be required for
the execution of the hairpin transfer reaction during viral
DNA replication (6, 17). In this study, I have described an in
vivo replication system that defines some of the functions
that require NS1 and that will permit a detailed mapping of
the cis elements necessary for autonomous parvovirus DNA
replication.

MATERIALS AND METHODS

Cells and virus. HeLa Gey cells (ATCC CCL2.1) were
used for transfections. Virus stocks were generated by
propagation in simian virus 40-transformed human kidney
cell line NB (28). LuIll virus was generated by transfection
of HeLa cells with pGLu883 and then propagation of the
culture lysate in NB cells.
DNA constructions. Lulll virus has not been fully se-

quenced so I will use the analogous nucleotide numbers of
H-1 virus (24) to describe the corresponding positions in
LuIll virus. The right end of the genome is by convention
the 5' end of the minus strand. The infectious clone of Lulll
virus, pGLu883, and plasmid pLSmal3 were provided by R.
Bates. pGLu883 is a genomic clone of Lulll virus in vector
pUC19 constructed with BamHI linkers and with the LuIll
virus left end positioned proximal to the Hindlll end of the
polylinker (Fig. IA). pGLu883 is missing approximately 18
nucleotides from the right end (7a). pLSmal3 is a clone of
the left half of LuIll virus from a blunt left end to the HindIII
site at map position 51 inserted between the SmaI and
HindIII sites of pUC19. The orientation of pLSmal3 in the
vector is opposite that of pGLu883. A number of plasmids
were constructed with deletions within the right-end palin-
drome (Fig. 1A and B), using the NdeI sites in the right-end
hairpin and in pUC19. The deletion in pGlu2ANd was
constructed by first destroying the NdeI site in pUC19 to
form pGLu2 and then deleting the right-end inverted repeat
sequences between the two NdeI sites. The construction of
pLudl, a LuIll virus clone with the right-end palindrome
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FIG. 1. (A) Diagram of the genomic clone of LulIl virus, pGLu883, and the plasmids derived from it. pGLuAN is deleted from the Ncol
site at nucleotide 264 (the start codon for NS1 and NS2) to an Ncol site at about nucleotide 3200. This deletion removes the entire NS1/NS2
gene. pP38Lu2 and pP38Lu2ANd have the first 264 nucleotides of viral DNA removed and replaced with the H-1 virus P38 promoter,
nucleotides 1862 to 2132. pP38Lu2L\Nd was derived from pP38Lu2 by deletion of all of the sequences between the inboard NdeI site in the
right-end hairpin and the NdeI site in pUC19. Abbreviations: B, BamHl; St, StyI; N, NcoI; E, EcoRI; Bg, BgIII; H, Hindlll; Nh, Nhel; S,
Sall; Nd, NdeI. (B) Diagram of deletion mutations in the right-end inverted terminal repeat of cloned LuIl virus. The numbering is based
on the corresponding numbers of the parvovirus H-1 virus (24). pGLu883 is the wild-type infectious clone of LulIl virus that is deleted by
about 18 nucleotides from nucleotides 5159 to 5176. pGLu2ANd is deleted of the 119 base pairs between the two NdeI sites, and pGLuANd
is deleted from the inboard Ndel site of LulIl virus to the Ndel site of pUC19 (161 base pairs of Lulll virus). pGLuANdK has the wild-type
18-base-pair sequence of LullI virus normally at that position inserted as a synthetic sequence between the inboard NdeI site of pGLu883
and the Kpnl site of pUC19. pLudl was prepared as described in Materials and Methods.

replaced with a left-end palindrome, was prepared by insert-
ing the first 145 nucleotides containing the left end as an

NdeI-KpnI fragment into pGLu2. This fragment was pre-

pared by creating an NdeI site at nucleotide 145 in pLSmal3
by ligating an NdeI linker at a Styl site that was blunted by
treatment with T4 DNA polymerase. Plasmid pP38Lu2 con-

sists of a genomic clone of LulIl virus with the first 262
nucleotides, that is, the left-end inverted repeat and P4
sequences, replaced by H-1 virus P38 promoter from nucle-
otides 1862 to 2132 as described previously for pP38NSlcat
(21). pP38Lu2 has a BamHI linker inserted at the Ncol site
which initiates the coding sequences of the NS1/NS2 gene at

nucleotide 264. This plasmid expresses the NS1/NS2 gene
and the capsid gene from two separate copies of P38.
pP38Lu2ANd has the deletion of right-end sequences as
described for pGLuANd in the legend to Fig. 1. pP38Lu is
the same as pP38Lu2 except that the sequences from the
Ncol site at nucleotide 264 to the BgIII site at nucleotide
1250 are from H-1 virus rather than LulIl virus (data not
shown). Thus, the NS1 gene is chimeric, with the amino-
terminal half from H-1 virus and the carboxy-terminal half
from LuIll virus. pGLuAN is a deletion of pGLu883 in
which the sequences from the NcoI site at nucleotide 264 to
the Ncol site at approximately nucleotide 3300 were re-
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FIG. 2. Southern blot analysis after transfections of HeLa cells
with pGLuAN and various helper plasmids. Cultures in 60-mm
dishes were transfected with 1 ,ug each of the following plasmids: 1,
pGLu883; 2, pGLuAN plus pGLu883; 3, pGLuAN; 4, pGLulN plus
pLuH6; 5, pGLuAN plus pP38Lu; 6, pGLuAN plus pSR1; 7,
pLuH6; 8, pP38Lu. Lane Lu contains a sample of a LuIll virus-
infected HeLa cell culture. DNA samples were collected at 48 h
posttransfection, digested with DpnI, and fractionated on a 1%
agarose gel. The gel was probed with randomly primed EcoRI-
restricted pGLu883 DNA. The sizes of DNA bands were measured
using stained HindIll lambda DNA fragments as markers. m,

Monomer LuIll virus RF DNA; d, dimer RF DNA; AN, various
configurations of monomer RF DNA generated by pGLuAN.

moved. This deletes the entire NS1/NS2 gene (Fig. IA).
pLuH6 has a frameshift insertion at the BglII site at nucle-
otide 1250 in the NS1 gene and within the NS2 intron as

described for H-1 virus plasmid pH6 (22). Plasmid pSRI is a
genomic clone of H-1 virus ts6 that was previously described
(20). This clone was made in a recA+ host and is not
infectious, presumably due to rearrangements in the terminal
hairpin sequences. pSR1 expresses the NS1/NS2 gene. The
ts6 mutation is in the capsid protein gene.
DNA transfections and replication assay. HeLa cells were

transfected as described previously (22), and low-molecular-
weight DNA was extracted by the method of Hirt (12) at the
times indicated. The DNA was treated with proteinase K for
several hours at 37°C and precipitated with isopropanol. The
DNA was dissolved, treated with RNase for 1 h at 37°C,
extracted once with phenol and once with phenol plus
chloroform, and precipitated with 2 volumes of ethanol.
Samples of DNA were treated with restriction enzymes as

indicated, using the buffers recommended by the manufac-
turer, and analyzed by horizontal agarose gel electrophore-
sis. The gels were stained with ethidium bromide and the
positions of the stained markers were measured. The mark-
ers were either Hindlll fragments of lambda or HaeIII
fragments of 4XX174 (Bethesda Research Laboratories, Inc.,
Gaithersburg, Md.). The DNA in the gels was then trans-
ferred by the rapid alkaline transfer method to Nytran
membranes, using a vacuum blot apparatus (LKB Instru-
ments, Inc., Rockville, Md.). The membranes were then
hybridized to probes generated with random 6-mer oligonu-
cleotides synthesized in my laboratory, [32P]dCTP, the Kle-
now fragment of DNA polymerase I, and pGLu883 linear-
ized with BamHI or EcoRI as the template. Restriction

FIG. 3. Southern blot analysis of the same samples used for Fig.
2 after digestion with NheI and DpnI. Lanes: 1, pGLu883; 2,
pGLu883 plus pGLuAN; 3, pP38Lu plus pGLuAN; 4, pSR1 plus
pGLuAN; 5, LuIll virus marker. The gel was 1.5% agarose and
hybridized as in Fig. 1. 1, Left-end fragments of the pGLuAN
genome; r, extended right-end fragment; r*, foldback right-end
fragment. The bands at 2.5 kb in lanes 3 and 4 are the dimer left-end
NheI fragments of pGLuAN.

enzyme DpnI was used to distinguish DNA that was unme-
thylated in one or both strands and resistant to restriction.
Resistance to DpnI implies that the DNA had replicated. All
of the plasmids were propagated in strain MV1190 [A&(lac-
proAB) thi supE A(srt-recA)306: :TnJO(Tetr) (F' traD36
proAB lacIqZAM15)] obtained from Bio-Rad Laboratories,
Richmond, Calif. Enzymes were purchased from New En-
gland BioLabs, Inc., Beverly, Mass.

RESULTS

Replication requires NS1 in trans. Plasmid pGLuAN was
used as an NSI- and NS2- construction to test for the
requirements of NS1 for replication. This plasmid has the
advantage that the entire NS1 gene is deleted so that no
truncated NS1 products can be made that might affect the
phenotype. Cotransfection of pGLuAN with infectious clone
pGLu883 resulted in the appearance of three bands with the
mobility of approximately 2 kb (Fig. 2, lane 2). This is the
expected size of the LullI virus replicon after the deletion of
3 kb. pGLuAN did not replicate when transfected by itself
(Fig. 2, lane 3) or with plasmid pLuH6, which has a
frameshift insertion in the BglII site at nucleotide 1250.
pLuH6 would express NS2 and a truncated NS1 protein.
Replication of pGLuAN was also supported by cotransfec-
tion with pSR1 and pP38Lu. Thus, the NS1 gene of H-1 virus
or a chimeric NS1 gene that is H-1 virus from NS1 amino
acid residues 1 to 329 and LuIll virus from residue 330 to the
carboxy terminus support the replication of pGLuAN. Plas-
mids pSR1 and pP38Lu show no evidence of replication. In
addition to the bands at 1.8 to 2 kb, there are additional
pGLuAN bands at 3.8, 5.7, and 7.6 kb. These appear to
represent the dimer, trimer, and tetramer of pGLuAN. The
presence of the trimer was not expected, for a trimer has not
been seen with infection (see control lane Lu in Fig. 2).
pGLuAN replicated with three different NS1 genes in

trans so that it was of interest to look for evidence of
different processing of the terminal palindromes. Samples
from the DNA of lanes 1, 2, 5, 6, and Lu of Fig. 2 were
restricted with NheI and DpnI and analyzed by Southern
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blot hybridization (Fig. 3). There is one NheI site at about
nucleotide 4300 in LullI virus so that the expected left-end
fragment and right-end fragment of pGLuAN are 1.2 and 0.9
kb, respectively. The foldback and extended configurations
of the right- and left-end palindromes were visualized and
there seemed to be no substantial difference in their relative
proportions with the different NS1 genes. The two bands in
lane 1 at about 1,300 base pairs are not the left-end fragment
of wild-type LuIll virus, which is 4,300 base pairs. They may
represent terminal digestion products of DpnI which are
known to be that size. The identities of the left-end frag-
ments of pGLuAN were confirmed by reprobing this blot
with a left-end-specific probe (EcoRI fragment, sequences 1
to 1088) (data not shown). This probe hybridized to the 1
bands and a band between the I and r bands in lane 3 only.
This band is visible in lane 3 of Fig. 3 and probably
represents the left-end DpnI fragment of pP38Lu. These
results indicate that the excision and replication of the LuIll
virus replicon are dependent on an intact NS1 gene. Since
the NS1 effect acts in trans, this implies that it is the result
of the NS1 protein.

Effects of mutations in the palindromes. A number of
mutations at the right-end palindrome were constructed as
shown in Fig. 1B and described in Materials and Methods.
All of the plasmids shown in Fig. lB with right-end muta-
tions generated infectious virus after transfection of HeLa
cells. The development of the cytopathic effect took longer
for these constructs than for the wild-type genome, and the
virus stocks produced were 10-1 to 102 of that of wild-type
virus (data not shown). The fate of these constructs in the
transient replication assay was examined in HeLa cells (Fig.
4). The DNA samples were restricted with BglII, except for
pLuH6, which has no BglII site and was restricted with NheI
or treated with DpnI. Infectious clone pGLu883 produced
three major bands (Fig. 4, lane 2), the full-length plasmid, 7.8
kb, and the two viral DNA bands at 3.9 and 1.2 kb. The
DpnI-treated sample in lane 3 showed replication of viral
DNA at the monomer and dimer RF DNA positions as
expected. The digestion with DpnI in lane 3 produced a
1.2-kb band because the BglII site at nucleotide 1250 is the
first DpnI site in LulIl virus. The full-length plasmid band
was removed by DpnI; thus, plasmid DNA had not repli-
cated. Plasmid pP38Lu2ANd, which expresses NS1/NS2 and
supports replication ofpGLuAN (data not shown), is missing
the entire left-end palindrome and 75% of the right-end
palindrome. This plasmid showed no evidence of excision or
replication (Fig. 4, 5, and 6). In contrast, plasmid pP38Lu2,
which has an intact right-end palindrome, produced a num-
ber of BgIII fragments of 3.9 kb or smaller (Fig. 4, lanes 7
and 9). DpnI digestion of pP38Lu2 without restriction with
BglII showed that there was evidence of DNA synthesis,
with multiple bands resistant to DpnI (Fig. 4, lanes 8 and 10).
This result is clearer in the experiment shown in Fig. 5 (lanes
5 and 7) and described below. Plasmid pGLuANd has the
same right-end deletion as does pP38Lu2ANd, but the left-
end palindrome is intact. pGLuANd restricted with BglII
produced the left-end 1.2-kb fragment and a fragment at 6.6
kb (Fig. 5, lane 11). This result indicated that excision had
occurred at the left end of the viral sequences. It should be
noted that the 6.6-kb fragment did not generate as much
signal as did the 1.2-kb fragment, suggesting a smaller molar
amount. DpnI digestion of pGLuANd showed that a small
portion of full-length plasmid was linear and resistant to
DpnI, implying that it had synthesized at least one strand of
new DNA (Fig. 5, lane 12). Since the results with BglII
indicated that excision at the left end was efficient, this
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FIG 4 Southern blot analysis after transfections with Lulel
virus plasmids with modified terminal repeat sequences. HeLa cell
cultures were transfected with 2 pig of each plasmid; the samples
were prepared at 48 h posttransfection and analyzed as in Fig. 1.
Lanes 1 and 4 contain samples of Bglll-restricted plasmids pGLu883
and pP38Lu2ANd, respectively. The transfected samples and their
respective enzyme treatments are as follows: pGLu883, lanes 2 and
3 (2, Bglll; 3, DpnI); pP38Lu2ANd, lanes 5 and 6 (5, Bglll; 6, Dpnl);
pP38Lu2, lanes 7 to 10 (7 and 9, Bglll; 8 and 10, Dpnl); pGLuANd,
lanes 11 and 12 (11, Bglll; 12, Dpnl); pLuH6, lanes 13 and 14 (13,
Nhel; 14, Dpnl). Lanes 9 to 14 had a longer exposure than did lanes
4 to 8, and lanes 1 to 3 were from a separate gel. Marker positions
were determined as in Fig. 1. The 3.9-kb band is the Bglll fragment
from nucleotide 1250 to the right end, and the 1.2-kb band is the
left-end BgllI fragment. Plasmids pP38Lu2ANd, pP38Lu2, and
pGLuANd are NS1' and support the replication of pGLuAN in
trans (data not shown). d, Dimer; m, monomer.

implies that a portion of the plasmid that had linearized at the
left end had also synthesized DNA. Plasmid pLuH6 with a
mutated NS1 gene showed no evidence of excision or
replication.
These results show that excision occurs at either end of

the viral sequences if the palindrome is intact and a portion
or all of the excised molecules have synthesized at least one
DNA strand. Excision did not occur without NS1. When
excision occurred at only the right end (Fig. 4, lanes 7 and 9),
the generation of a nested set of fragments from the BglII
fragment at 3.9 kb and smaller suggested that the vector end
of the DNA was not stable. These suggestions were tested
further in a similar experiment with the modification that the
extracts were digested with Bglll, Nhel, BglII and DpnI, or
Nhel and Dpnl (Fig. 5). Plasmid pGLuANd with the intact
left end produced the expected 1.2-kb left-end fragment with
Bglll and a small amount of the 6.6-kb fragment. This shows
linearization of the plasmid at the viral left end. Resistance
to cleavage with DpnI showed that some of the 6.6-kb
fragments had replicated and the 1.2-kb fragment was not
affected since it does not have a Dpnl site (Fig. 5, lane 2).
The signal for the 1.2-kb fragment was much greater than for
the 6.6-kb fragment, even without the DpnI treatment. A
control experiment in which this blot was reprobed for the
lambda markers showed that this was not due to inefficient
transfer of the larger fragments (data not shown). Nhel
produced the expected band at 4.3 kb for excision at the left
end and the amount of the 4.3-kb fragment was greater than
the 6.6-kb fragment but less than the 1.2-kb fragment. This
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FIG. 5. Southern blot analysis after transfections with LuIll
virus plasmids with modified terminal repeat sequences. Transfec-
tions and analysis are as in Fig. 4 with a 1.5% agarose gel. The
samples and their enzyme treatments are as follows: pGLuANd,
lanes 1 to 3 (1, BglII; 2, BgII plus DpnI; 3, NheI); pP38Lu2, lanes
4 to 7 (4, BglII; 5, BglII plus DpnI; 6, NheI; 7, NheI plus DpnI);
pGLu883, lanes 8 to 11(8, BglII; 9, BglII plus DpnI; 10, NheI; 11,
NheI plus DpnI); pLuH6 plus EcoRI pUC19, lane 12; pP38Lu2ANd
plus EcoRI pUC19, lane 13. The right-end NheI fragment is 0.9 kb,
the left-end NheI fragment is 4.2 kb, the right-end BglIl fragment is
3.9 kb, and the left-end BglII fragment is 1.2 kb.

supports the suggestion that the vector end of the linearized
plasmid is subject to a processive degradation. Plasmid
pP38Lu2 with the intact right end produced the right-end
fragment of 3.9 kb but not the left-end fragment of 1.2 kb
with BglII (Fig. 5, lanes 4 and 5). The 3.9-kb right-end BglII
fragment and smaller bands were partially resistant to DpnI,
indicating DNA synthesis. If there is a processive degrada-
tion from the vector end of the linearized DNA, then cutting
closer to the viral end will produce a stronger signal. This is
the result obtained for pP38Lu2 cut with NheI (Fig. 5, lanes
6 and 7). The right-end NheI fragment of 0.9 kb produces
more signal than does the 3.9-kb right-end BglII fragment
(Fig. 5, lane 6 versus lane 4). The 0.9-kb NheI fragment does
not contain a DpnI site, so the 0.9-kb band was not reduced
by treatment with that enzyme. Infectious clone pGLu883 in
lanes 8 to 11 of Fig. 5 produces the expected bands. An
attempt was made to test whether NS1 induces a processive
degradation activity that acts on linear DNA unless it is
protected. Therefore, a linearized pUC19 DNA was cotrans-
fected with pLuH6 (NS1-) or pP38Lu2ANd (NS1+) (Fig. 5,
lanes 12 and 13). The 2.7-kb band of pUC19 produced a
strong signal, suggesting no evidence of degradation compa-
rable to that of the pUC19 DNA excised from pGLu883 in
vivo (Fig. 5, lane 8 or 10).
Plasmid pGLu2ANd has an internal deletion within the

right-end palindrome that leaves a smaller palindrome of
about 60 base pairs as compared with the normal 120 base
pairs. pGLu2ANd was tested for excision at the right end
(Fig. 6). Plasmid pGLu883 with intact palindromes at both
ends shows excision at both ends and has not shown any
evidence of excision at one end and not the other (Fig. 6,
lane 3, or Fig. 5, lane 8). In contrast, pGLu2ANd gives a
clear band at 6.6 kb and the 3.9-kb right-end BglII fragment
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FIG. 6. Southern blot analysis of cultures transfected with LulIl
virus plasmids with modified right-end terminal inverted repeats.
The transfections are as in Fig. 1. Lanes: 1, pGLuANd; 2,
pGLu2ANd; 3, pGLu883; 4 and 5, longer exposures of lanes 1 and 2.
The samples were digested with BglII. The marker lane (M) contains
a mixture of a sample of Lulll virus-infected HeLa cell DNA and
the HindIII lambda DNA fragments. The full-length plasmids are
about 7.8 kb, and the BgII fragments are as in Fig. 5. The agarose
gel is 1%.

is reduced in amount compared with the left-end fragment.
pGLuANd, which has a more severe deletion and has no
inverted repeat sequences at the right end, produced little
signal in this experiment and the 1.2-kb left-end BglII
fragment is barely visible in lane 4. If there was any excision
at the right end with pGLuANd as manifest by a 3.9-kb
right-end BglII fragment, it was not detectable in any of
these experiments (Fig. 6, lane 4; Fig. 4, lane 11; or Fig. 5,
lane 1). This result shows that excision at the deleted right
end is reduced but still occurs when part of the inverted
repeat is present, but probably not when the inverted repeat
is absent.

Excision requires DNA polymerase. The excision reaction
was tested for a requirement for DNA polymerase activity
by assessing its sensitivity to the inhibitor of DNA polym-
erases a and 8, aphidicolin. Cultures were transfected with
pGLu883 and a sample was taken at 4 h, immediately after
the glycerol shock, and at 26 h, with and without treatment
with 20 ,uM aphidicolin from 4 to 26 h (Fig. 7A). The DNA
samples were restricted with BglII and visualized by South-
ern blot hybridization. Aphidicolin clearly inhibited the
appearance of the 3.9- and 1.2-kb BglII bands at 26 h
posttransfection. However, a light band at the 6.6-kb posi-
tion was apparent in the drug-treated culture (Fig. 7A, lane
2). This suggested that some excision might have occurred at
the left end and that it may be more resistant to the drug than
excision at the right end or have occurred before the drug
was applied. The reason that the predicted 1.2-kb left-end
BglII fragment is not also visible in lane 2 is not clear. If the
6.6-kb band represents excision at the left end, then plasmid
pLudl should show excision at both ends in the presence of
aphidicolin and both pLudl and pGLu883 should produce
4.3-kb bands when restricted with NheI instead ofBglII. The
results of this experiment are shown in Fig. 7B. Both pLudl
and pGLu883 produced the 4.3-kb left-end fragment in the
untreated culture and not in the aphidicolin-treated culture.
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FIG. 7. (A) Southern blot analysis of cultures transfected with
pGLu883 and treated with aphidicolin (lane 2) of dimethyl sulfoxide
only (lane 3) from 4 to 26 h posttransfection. The samples were
collected at 4 h posttransfection (lane 1) or 26 h posttransfection
(lanes 2 and 3). The DNA was restricted with BgII before electro-
phoresis on a 1% gel. (B) Southern blot analysis as in panel A with
cultures 2 and 5 treated with aphidicolin. Plasmids transfected:
pGlu883, lanes 1 to 3; pLudl, lanes 4 to 6. The samples were
collected at 4 h posttransfection in lanes 1 and 4 and at 26 h
posttransfection in lanes 2, 3, 5, and 6. The DNA was restricted with
NheI before electrophoresis on a 1% gel.

Thus, it is clear that aphidicolin inhibited excision at both
termini.

Excision is at both left-end palindromes in Ludl virus.
Plasmid pLudl generates infectious virus after transfection
of HeLa cells and this virus produces a complete cytopathic
effect in NB cells. I have also noted that plasmids
pGLu2ANd and pGLuANd can generate infectious virus as
well. In the case of pGLuANd, there is no right-end inverted
repeat sequence, so how this DNA generates infectious virus
is unknown. In this experiment the structure of the right end
of Ludl virus was examined to determine whether the
left-end palindrome on the right end was stable or had
undergone a rearrangement and whether it was used in the
hairpin transfer process. Cultures were infected with Lulll
or Ludl virus and viral DNA was extracted at 20 h postin-
fection. The right-end fragments were visualized by restric-
tion with NheI and Southern blot hybridization (Fig. 8). The
right-end NheI fragment of Ludl virus was about 40 base
pairs smaller than the NheI fragment of LulIl virus, as
predicted for an extended left-end hairpin. In a similar
experiment the right-end foldback conformation was also
visualized; it represented about 40% of the total right-end
fragments and it had a mobility indicating a size of about 60
base pairs smaller than the extended conformation (data not
shown). Restriction of Ludl virus with NheI and BssHII,
which cuts the left-end inverted repeat of LuIII virus at
nucleotides 53 and 58 (7a), reduced the size of the fragment
by about 60 base pairs. These results confirm that the
left-end inverted repeat fused to the right end in pLudl
remains on the right end of Ludl viral DNA and that the
extended right-end fragment terminates at the end of the
left-end inverted repeat sequence rather than the remaining
portion of the right-end palindrome. If the latter occurred,
the total hairpin size would be larger and BssHII would
reduce the fragment by 141 base pairs (62 from the right-end
palindrome plus nucleotides 122 to 145 plus 58 from the
left-end palindrome) rather than 58. It should also be noted
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FIG. 8. Southern blot analysis of viral DNA extracted from
HeLa cell cultures infected with LulIl virus (lanes 1 to 3) or Ludl
virus (lanes 4 to 6). Cultures were inoculated with 200 ,ul of Lulll
virus or 300 ,ul of Ludl virus (passage 2 in NB cells) and viral DNA
was extracted at 20 h postinfection. Samples of the DNA were
treated with the following: lanes 1 and 4, no treatment; lanes 2 and
5, NheI; lanes 3 and 6, NheI plus BssHII. The gel is 1.5% agarose
and the markers (M) are as in Fig. 6. d, Dimer; m, monomer; n,
0.9-kb NheI fragment.

that Ludl virus generates dimer RF DNA linked at the left
end, despite the symmetry of its termini.

DISCUSSION

The first evidence that both the autonomous parvoviruses
and the dependoviruses (AAV) required a viral protein for
DNA replication consisted of the observation that defective
interfering particles or deletion mutants required a helper
parvovirus for DNA replication (8, 18, 19). This function,
called rep, was required in trans for viral DNA replication.
rep was mapped to the left open reading frame, which codes
for the nonstructural proteins in both types of parvoviruses,
by construction of mutations within infectious clones of
AAV or minute virus of mice (MVM) (11, 16, 31). In
addition, temperature-sensitive mutants of MVM and
Kilham rat virus that have temperature-sensitive viral DNA
synthesis have been isolated and the mutations are known to
map to the NS1 gene (33, 37). A comparison of the amino
acid sequences of a number of parvovirus nonstructural
proteins has shown a highly conserved central domain that
has a consensus purine triphosphate nucleotide-binding do-
main (1, 2). These results suggest that the role in replication
for rep or NS1 is similar for all of the known parvoviruses.

Mutations in the rep gene of both AAV and MVM inhib-
ited the subsequent excision and replication of viral se-
quences from plasmid clones (11, 25-27, 31). In these
experiments, it was not clear whether the defect was at the
excision step, replication, or both. A cell enzyme has been
identified that can catalyze the excision of AAV from the
plasmid, but this activity may be specific for AAV that was
cloned using a C-tailing method (9). The construction of an
AAV clone that allowed the viral genome to be precisely
excised with restriction enzyme PvuII confirmed that rep
mutations failed to replicate viral DNA even if it was
preexcised from the plasmid (25). These mutations also
prevented rescue of the viral sequences from plasmid se-
quences. These results suggested that rep functions during
both excision and replication. Direct evidence that NS1 acts
during viral DNA synthesis is the finding that NS1 is. the
protein covalently bound to the 5' termini of RF DNA and
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viral DNA (7, 10). This implies that NS1 is the postulated
site-specific nickase in the hairpin transfer process that
occurs during viral DNA replication (6).

In this study I have shown that NS1 is required for the
excision and replication of the cloned genome of the auton-
omous parvovirus LuIII virus. Plasmid pGLuAN has had the
entire NS1 gene deleted. The deleted viral genome in
pGLuAN was excised and replicated only if an NS1/NS2
gene was supplied in trans. This activity was prevented by a
frameshift mutation in the NS1 gene. The LulIl virus repli-
con was able to replicate with the NS1 gene provided by
either LuIlI virus or H-1 virus or a chimeric NS1 gene that
was half H-1 virus and half LuIll virus. The plasmid with the
frameshift in the NS1 gene, pLuH6, showed no evidence of
excision or replication. pLuH6 was shown to be capable of
replication when NS1 was supplied in trans (data not
shown). It is possible that transfected DNA enters several
compartments in the cell and that excision, replication,
degradation, or integration takes place in only one of these
compartments, such as the nucleus. Thus, the viral genome
in pLuH6 might be excised and be promptly degraded in the
absence of NS1. The results presented here do show that a
processive degradation does occur on the vector side of an
excision event. This implies that the viral sequences, but not
the vector sequences, may be protected after excision. This
result is in agreement with NS1 being the terminally bound
protein, which protects the RF DNA from 5'-to-3' exonucle-
ase activity, but not 3'-to-5' exonuclease activity in vitro (7).
Whether NS1 is terminally bound after excision or not
remains to be formally demonstrated. The fact that the
linearized pUC19 DNA was not destroyed (Fig. 5) is not
conclusive since what remains of linearized pUC19 at 48 h
posttransfection may be in a different cellular compartment.
Nevertheless, plasmid pGLuANd in Fig. 3 and 5 has shown
some survival of full-length linear plasmid that has under-
gone an excision event at only the left end. Because
pGLuANd is deleted of 75% of the right-end palindrome and
has no inverted repeat remaining there, it would not be
expected to amplify its DNA even though the DpnI resis-
tance of a portion of the full-length linear DNA indicates that
some DNA synthesis has occurred. This synthesis is pre-
sumably of one strand, using the intact viral left end as an
origin. On the basis of the results with pGLuANd, excision
of viral DNA from pLuH6 would be detectable even without
replication of the excised DNA. Thus, it can be concluded
that NS1 is required for the excision of viral sequences from
the plasmid.

I have also tested whether DNA polymerase ot or 8 is
required for excision by using the inhibitor aphidicolin. The
results clearly indicated that the excision is blocked by 20
FM aphidicolin. We have obtained evidence that the bulk of
parvovirus H-1 DNA replication in permeabilized cells is
resistant to the inhibitor of polymerase Oa, N2-(p-n-butylphe-
nyl)deoxyguanidine triphosphate, implying that it is carried
out by polymerase 8 (S. Rhode III and J. K. Vishwanatha,
unpublished data). Since the permeabilized cells can be
expected to carry out only an elongation of already-initiated
replicative intermediates, this result has no implications as
to which aphidicolin-sensitive polymerase may be required
for excision.

Previous results have indicated that the cis sequences
required for parvovirus DNA replication are contained in or
near the terminal inverted repeat sequences (29). Defective
interfering particles that can be serially passaged have been
described that are as small as 500 base pairs with intact
terminal palindromes (8). The inverted repeats of AAV have

been modified by site-specific mutagenesis and shown to be
critically required for replication (5, 15). In this case the
shape of the foldback structure appears to be more important
than its exact sequence. In this study the deletion of the
middle portion of the right-end inverted repeat in plasmid
pGLu2ANd markedly decreased excision at the right end
and decreased replication, but it did not eliminate them
entirely. On the other hand, plasmid pLudl, which has the
same right-end inverted repeat sequences as pGLu2ANd,
but also has a complete copy of the left-end inverted repeat,
excises and replicates with about the same efficiency as the
wild-type genome in pGLu883. An important question to be
addressed is why Ludl virus executes the hairpin transfer
with the left-end hairpin sequence in preference to the
residual right-end sequence. If it is because the nickase acts
at the site most proximal to the hairpin axis of symmetry,
then this will have implications for the mechanism. An
interesting observation with pLudl is that it produces pre-
dominantly dimer RF DNA linked at the left end despite the
symmetry of the termini. In contrast, AAV produces dimer
RF DNA linked in roughly equal proportions at either end
(27). Thus, Ludl virus preserves the predominance of the
dimer bridge fragment at the left end seen with LuIlI virus,
MVM, or H-1 virus, even with the left-end palindrome on
both ends. This asymmetry is not easily rationalized with our
current information. It is possible that the A+T-rich region
at the right end influences the conversion of the right-end
foldback conformation to the extended conformation so that
the right end is predominantly in the extended conformation
for wild-type DNA. Sequences rich in A+T base pairs can
influence the structure of adjacent inverted repeats in super-
coiled plasmids (34), but whether this effect would pertain to
a linear DNA is not known. Against this hypothesis is the
observation that the proportion of foldback to extended
configuration at the right end of Ludl virus was the same as
that found at a wild-type left end. Ludl virus does not
produce as much virus as does wild-type LuIlI virus (un-
published data), suggesting that a defect other than DNA
replication, such as packaging of viral DNA, is affected by
the deletion of the right-end sequences. In support of this
interpretation, I have evidence that sequences for packaging
the plus strands of LuIII virus are in the right end (unpub-
lished data).

In summary, NS1 has been found to be required for the
excision and replication of cloned autonomous parvovirus
DNA, in agreement with previous results with AAV. The
excision reaction proceeded with similar rates at both ends
when wild-type terminal hairpins were present. Excision
was blocked by aphidicolin, suggesting a requirement for
DNA polymerase a or 8 as well. Thus, replication and
excision are closely coupled in this system. After excision
the viral sequences, but not the vector sequences, were
protected from a processive degradation, which is presumed
to have a 5'-to-3' exonuclease component. It is likely that
NS1 is terminally bound to viral sequences or the hairpin is
in the foldback configuration after the excision. The mech-
anism of the excision reaction is probably complex. I expect
that excision incorporates at least some of the steps carried
out during normal viral DNA replication, hence its require-
ment for DNA polymerase and NS1. Whether the strong
stop for polymerase previously observed in the right-end
palindrome plays a role is not clear (23, 36). The apparent
requirement for a potential cruciform conformation for ex-
cision suggests that a resolution of a cruciform by homolo-
gous recombination, which could release the viral sequences
in a foldback configuration, might be a possible mechanism.
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