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Mutation of Lysine 405 to Serine in the Parvovirus H-1 NS1
Abolishes Its Functions for Viral DNA Replication,
Late Promoter trans Activation, and Cytotoxicity
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A consensus sequence in parvovirus nonstructural protein NS1 has been predicted to be an ATP-binding
domain associated with an ATPase and a DNA helicase activity. To investigate the function of NS1 in viral gene
expression, a site-directed mutagenesis converting NS1 lysine 405 to serine in parvovirus H-1 was carried out
by the polymerase chain reaction. As shown previously, a parvovirus genome containing a deleted NS1 gene
was excised from a bacterial plasmid and replicated when a wild-type NS1 gene was provided in trans but failed
to be excised and replicate when the mutant NS1 gene was supplied. Interestingly, the serine 405 mutation
totally lost the activity of trans activation on the virus late promoter (P38) in a chloramphenicol acetyltrans-
ferase (CAT) assay and it lost evidence for cytotoxicity in two tumor cell lines (HeLa Gey and NB324K). The
serine 405 NS1 protein was translocated normally to the nucleus. These results suggest that the NS1 lysine 405
of H-1 in its putative purine nucleotide-binding site is essential for viral DNA replication and that this domain
may be involved in the regulation of the P38 promoter by an unknown mechanism. The loss of NS1 cytotoxicity
on tumor cells suggests that NS1 expression is the major cause of cell killing by parvoviruses, which may
facilitate further study of the mechanism of oncosuppression by parvoviruses.

Parvoviruses are a large family of animal viruses which
infect species from humans to insects. Those which infect
vertebrates are divided into two subgroups. Adeno-associ-
ated viruses (AAVs) are defective and need a helper virus for
their replication, such as adenovirus or herpesvirus, whereas
autonomous parvoviruses are capable of productive replica-
tion by themselves. Parvoviruses are small, and they all
contain a linear single-stranded DNA genome of about 5
kilobases (kb) with a similar genomic organization. There are
two large open reading frames in the genome; the left-hand
open reading frame, driven by the P4 promoter, encodes two
nonstructural proteins, NS1 and NS2, while the right-hand
open reading frame, controlled by the P38 promoter, en-
codes viral capsid proteins VP1 and VP2 (reviewed in
references 8 and 22).
Many functions for the rep proteins or NS1 of both AAV

and autonomous parvoviruses have been proposed. NS1
(Rep) has been found to be essential for viral replicative-
form DNA replication (2, 27, 30, 36), necessary for the
regulation of P4 and P38 promoters (19, 24, 25, 37), and
involved in the cytotoxic activity of the virus (4, 18, 26).
How NS1 exerts its functions during the viral infection cycle
is becoming apparent. In minute virus of mice, NS1 was
found to attach covalently to the 5' termini of duplex
replicative-form DNA and all newly synthesized progeny
single strands, indicating that it may have a site-specific
nickase activity during the hairpin transfer (9). In AAV, Rep
protein has been observed to have a specific nuclease and
helicase activity in viral DNA replication (15, 16, 32). An
A-type consensus sequence [(G/A)XXXXGK(S/T)] for pu-
rine nucleotide binding was found among the NS1 proteins of
parvoviruses, the large T antigens of polyomaviruses, and
the El proteins of papillomaviruses (1). This consensus is
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predicted to be an ATP- or GTP-binding site associated with
an ATPase and a possible DNA helicase activity.

In this study, we have generated a mutation at this site by
converting lysine to serine at codon 405 in the parvovirus
H-1 NS1 gene to test the hypothesis that this ATP-binding
domain plays an important role in viral DNA replication. We
report here that one amino acid substitution at the A-type
consensus sequence of NS1 abolishes most of its known
functions.

MATERIALS AND METHODS
Cell lines and virus. The simian virus 40-transformed

human newborn kidney cell line NB324K (31) and HeLa Gey
(ATCC CCL2.1) were grown in monolayer culture in Eagle
minimal essential medium (EMEM) with 5 to 10% fetal calf
serum. H-1 virus was propagated in NB324K cells.
DNA construction. The plasmids used in this study are

listed in Table 1.
Site-directed mutagenesis by PCR. Four primers (primers 3

and 4 are mutagenic) were made on an Applied Biosystems
model 380B DNA synthesizer and desalted over a C-18
Sep-Pak cartridge column (Millipore): primer 1, GCCAA
CTTTTCCATGGCTAGCACC-3' (plus strand); primer 2,
TCCTTTTTGATCAATGCGTATGGT-3' (minus strand);
primer 3, AGCACAGGGAGCTCTATTATTGCACAA-3'
(plus strand); and primer 4, CGGTCGTGTCCCTCGAGAT
AATAACGTG-3' (minus strand). Primer 1 contains an
NcoI-NheI site at nucleotides 1333 to 1338 and primer 4,
with the mutation, contains a Sacl site at nucleotide 1480
(underlined sequences). Primers 1 and 4 generate a mutated
fragment from 1333 to 1480. Primers 2 and 3 contain a BclI
site (nucleotide 1662) and a Sacl site at the mutation and
generate a mutated fragment from 1480 to 1662. The poly-
merase chain reaction (PCR) was performed in an automatic
thermal cycler (Perkin-Elmer Cetus) for 25 cycles. Each
cycle consists of 1 min of denaturation at 94°C, 2 min of
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TABLE 1. H-1- and LullI-derived plasmids used in this studya

Plasmid Origin and sequence Expression Reference(s)

pSR1 nt 1-5176 of H-1 RF wt NS1 and 24, 25
DNA NS2

pSRK405 Identical to pSR1, wt NS1 and This work
converting serine NS2
405 to lysirre

pSRS405 Identical to pSRK405 Mutant This work
except for NS1 and (Fig.
mutation of lysine wt NS2 1A)
405 to serine

pH3CAT P38 promoter (nt CAT 25
1662-2658 of pSR1)
fused to cat gene

pGLuAN Deletion of NcoI No NS1/ 27
fragment (nt 264- NS2
3300) of pGLu883, expression
genomic clone of
LuIl

pP38Lu2ANd Deletion of right-end wt NS1/ 27
inverted sequences NS2
of pP38Lu2, under
genomic clone of control of
LuIllI H-1 P38

instead of
LuIII P4
promoter

a wt, Wild type; RF, replicative form; nt, nucleotide number from 5' end of
the plus strand.
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annealing, and 3 min of extension at 72°C. The annealing
temperature was calculated by using a computer program for
virology and molecular biology (5). A 20-ng amount of
BglII-XbaI fragment (nucleotides 1247 to 2091 of H-1) was
used as the template, and 100 pmol of each primer was used
for the reaction in a volume of 100 ,ul with the reaction buffer
recommended by the manufacturer. The products of the
PCRs were restricted with NheI and Sacl or BclI and SacI
and analyzed on a 4% NuSieve agarose gel (FMC Corp.).
The restricted DNA fragments were excised from the gel and
recovered by electroelution in dialysis tubing. Then the
fragments were cloned into the plasmid pSR1 to generate
plasmid pSRS405 (Table 1) by a three-fragment ligation. The
mutation was confirmed by restriction endonuclease map-
ping and DNA sequencing (Sequenase, Version 2.0; United
States Biochemical Corporation). The procedure is de-
scribed in the legend to Fig. 1. As a final control, the
wild-type NheI-BclI (1338 to 1662) fragment was used for
marker rescue by cloning it into pSRS405 to make pSRK405.
DNA transfection. Cells were seeded in 60-mm petri dishes

with 3 x 105 cells per dish. The plasmids were transfected by
either the calcium phosphate precipitation method as previ-
ously described (26) or the DEAE-dextran method (13).
Cotransfections were done with the selectable marker gene
for aminoglycoside phosphotransferase (neo) in the plasmid
pSV2neo (34). HeLa Gey and NB324K cells were selected
for neo gene expression by exposure to G418 at 1.25 mg/ml
for 10 to 14 days, and G418-resistant clones were counted for
measuring NS1/NS2 cytotoxicity.

Transient-expression assays. The expression of chloram-
phenicol acetyltransferase (CAT) was assayed as previously
described (23, 24) and quantified by scintillation counting.

Immunofluorescent staining. The rabbit anti-NS1 antibody
was provided by S. Cotmore, and the staining procedure was
described previously (26).

Replication assay. The plasmid DNA was extracted by the

1 1000 2000 3000 4000 5000

FIG. 1. (A) Site-directed mutagenesis ot parvovirus H-1 at codon
405 of the NS1 gene by PCR. The sequences of the four primers are
given in the text. nt, Nucleotide; P4, P4 promoter of H-1; italic
letters, mutated nucleotides. Three nucleotides were mutated. As a
result, lysine 405 was changed to serine 405 and a new Sacl site was
generated. The restriction sites in the diagram are not drawn to
scale, but their nucleotide positions in the genome are given. (B)
Genomic organization of parvovirus H-1. The NS2 exons and the
splicing sites are not shown (for details, see references 22 and 26).
Restriction sites: B, BclI; Bg, Bglll; E, EcoRI; H, HindIII; N, NcoI;
X, XbaI; S, Sacl; Ap, ,-lactamase gene.

method of Hirt and analyzed by Southern blot as previously
described (27).

RESULTS
Mutation of lysine 405 to serine in the A-type consensus

sequence of NS1. The genomic map of H-1 is shown in Fig.
1B. H-1 contains a single-stranded DNA genome of 5,176
nucleotides. NS1 is composed of 672 amino acids. The
A-type consensus sequence is located between codons 399
and 412 of NS1. By changing AAA to AGC at codon 405,
lysine was substituted by serine. This was combined with a
silent mutation at codon 404 (GGC to GGG) so that a new
restriction site, Sad, at nucleotide 1480 was generated (Fig.
1A). The mutation was confirmed by restriction endonucle-
ase mapping and by complete DNA sequencing of 329
nucleotides of PCR product (NcoI [1333]-BclI [1662]) to
exclude the possibilities of genome rearrangement during
ligation or errors by Thermus aquaticus polymerase during
PCR (data not shown).

Nuclear translocation of the mutant NS1. To investigate
whether the mutant NS1 gene is expressed and the NS1 is
transported to the nucleus, an indirect immunofluorescent
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FIG. 2. Indirect immunofluorescent staining for NS1 with anti-NS1 rabbit antiserum. NB324K cells were transfected by the DEAE-
dextran method without glycerol shock and/or chloroquine treatment. Cultures were fixed for staining at 48 h posttransfection or 20 h
postinfection. (A) NB324K cells transfected by pSRK405. (B) NB324K cells transfected by pSRS405. (C) NB324K cells infected by H-1 virus.
All of them showed nuclear localization of NS1. Magnification, x400.

staining with rabbit anti-NS1 serum was carried out after
transfection with pSRS405. Wild-type NS1 was introduced
into cells either by transfection with pSRK405 or by infec-
tion with H-1 virus. As shown in Fig. 2, pSRS405 expressed
NS1 that was translocated into the nucleus normally in
NB324K cells after transfection. The two nuclei positive for
NS1S405 in Fig. 2B appeared to be daughter cells that
retained a thin nuclear bridge. This would suggest that the
mutant protein did not inhibit mitosis. The efficiency of
transfection was fairly low for both plasmids; about 30
positive cells were examined for each per cover slip. Thus,
the two plasmids transfected and expressed NS1 at about the
same frequency, and the fluorescence intensity of the posi-
tive cells appeared to be equal.

Ser-405 mutation of NS1 inhibits viral DNA excision and/or
replication. To assess the effect of the mutation in the NS1
putative ATP-binding site on viral DNA excision and repli-
cation, we used an assay which demonstrates NS1-depen-
dent replication of a test genome as described previously
(27). In this system, a LuIlI genome in the plasmid pGluAN
did not replicate when transfected by itself, since the entire
NS1/NS2 gene was deleted (Fig. 3, lane 1). Neither
pP38Lu2ANd, derived from a genomic clone of LuIII, nor
pSRK405, a genomic clone of H-1, replicated their own
genomes, but they expressed wild-type NS1/NS2 genes and
served as helper plasmids for replication of pGluA&N. As
shown in Fig. 3, lanes 2 and 4, the 1.8- to 2-kb viral genome
of pGluAN was excised from pUC19 and replicated when

wild-type NS1 was supplied in trans. When the mutant NS1
gene was provided, there was no evidence of excision and
replication (lane 3), indicating that the Ser-405 mutation
inactivated NS1 function for excision and directly or indi-
rectly abolished the viral DNA replication.

In a recent study of a similar mutation in AAV, it was
reported that the mutant Rep protein showed a trans-
dominant inhibition of viral DNA replication (6). We tested
for this effect with pSRS405. When an equal amount of
wild-type pSRK405 and the mutant pSRS405 DNA was
transfected, the amplification of LuAN was reduced to 46%
compared with pSRK405 alone (Fig. 4, lanes 4 and 2). The
replication of LuAN was further decreased to 11% of the
wild-type level when the amount of pSRS405 was increased
to twice that of pSRK405 (Fig. 4, lanes 5 and 2) and totally
abolished when the amount of pSRS405 was increased to
fourfold that of pSRK405 (Fig. 4, lane 6). In contrast,
fourfold more of the wild type than of the mutant only
increased the DNA amplification of LuAN to 58% of the
control and could not overcome the inhibition of viral DNA
replication by the mutant NS1 (Fig. 4, lanes 7 and 2). The
results indicate that the Ser-405 mutant in NS1 is dominant
for the inhibition of viral DNA excision and replication,
which is consistent with the report on AAV (6).

Ser-405 mutation of NS1 blocks its trans activation of the
P38 promoter. pH3CAT, which contains the P38 promoter of
H-1 fused to the reporter gene for CAT (cat), was used to
measure the stimulation of P38 by NS1 in transient-expres-
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FIG. 3. Southern blot analysis of parvovirus DNA excision and
replication. HeLa cells in 60-mm dishes were transfected with 2 ,ug
of each plasmid DNA by the calcium phosphate precipitation
method. DNA samples were collected at 48 h posttransfection and
fractionated on a 1.4% agarose gel. After transfer onto a Nytran
nylon membrane (Schleicher & Schuell), an EcoRI-restricted
pGlu883 DNA (27) was labeled with [a-32P]dCTP by the random
primer method and used to probe the membrane. The plasmids used
in each lane are indicated on the top. The sizes of the DNA bands
were measured by using stained HindIII-digested lambda DNA
fragments as markers. LuAN, Various configurations of monomer
replicative-form DNA generated by pGluAN. The higher-molecular-
weight bands shown in the gel represent different forms of plasmid
DNA used in this experiment.

sion assays. When pH3CAT was cotransfected with
pSRK405 expressing wild-type NS1, the CAT activity in-
creased 22.7-fold (Fig. 5, lane 2) compared with pH3CAT
alone (Fig. 5, lane 1). However, when pH3CAT was cotrans-
fected with pSRS405 expressing the mutant NS1, no stimu-
lation was seen (Fig. 5, lane 3).
To address the question of whether the mutant phenotype

is dominant, a mixture of an equal amount of pSRK405 and
pSRS405 plasmid DNAs was transfected, and the CAT
activity was tested. No inhibition was observed when both
the wild-type and mutant NS1 were present, indicating that
the wild-type phenotype seems to be dominant (Table 2). As
the amount of pSRS405 DNA was increased to 5 ,ug per dish
for transfection, the CAT activity was inhibited compared
with the basal level, perhaps by depression of the uptake of
pH3CAT (Table 2). The marker rescue plasmid pSRK405
trans activated P38 to the same level as pSR1, indicating no
hidden mutations in portions of the gene that were not
sequenced (Table 2).

Ser-405 mutation of NS1 eliminates its cytotoxicity in NB
and HeLa cells. To determine whether expression of the
Ser-405 mutant NS1 still had cytotoxic effects, cotransfec-
tions of pSRS405 or pSRK405 with pSV2neo into HeLa and
NB cells were carried out, and stable transformation to G418
resistance was measured. We and others have found that
wild-type NS1 inhibits transformation to G418 resistance (4,
18, 26). Cells that constitutively express the NS1/NS2 gene
have never been isolated. The cytotoxicity of NS1 can be
measured by the reduction of colonies compared with the
culture transfected with pSV2neo alone. A typical experi-
ment is shown in Fig. 6. No reduction in G418-resistant
colonies was seen in the HeLa cells transfected by equal
amounts of pSRS405 and pSV2neo, whereas the number of
colonies was reduced by >90% in the cells transfected by

pGLu N
pSRK405
pSRS405
pP38Lu2 Nd

2 2 2 2 2 2 2 2
0 1 0 1 11 4 0
0 0 1 1 2 4 1 0
0 0 0 0 0 0 0 1
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FIG. 4. Inhibition of parvovirus DNA replication by the mutant
NS1. The transfection of HeLa cells and the Southern blot analysis
were performed as described in the text and the legend to Fig. 3. The
amounts of plasmid DNA for each transfection are indicated on the
top of the figure (in micrograms). pUC18 plasmid DNA was used to
adjust the total amount of plasmid DNA to 7 ,ug for each treatment.
LuAN, Various configurations of monomer replicative-form DNA
generated by pGluAN. The LuAN bands in each lane were scanned
in a Betascope 603 blot analyser (Betagen), and the data are given in
the text.

pSRK405 and pSV2neo. We repeated the same experiment
several times in both NB324K and HeLa Gey cells, and very
similar data were obtained. We also used the human immu-
nodeficiency virus long terminal repeat to replace the H-1 P4
promoter for expressing the NS1 genes (both Ser-405 and
Lys-405) and cotransfected with an RSVTAT plasmid ex-
pressing the human immunodeficiency virus tat gene in a
similar experiment with identical results (data not shown).

4.

1 2 3 4

FIG. 5. trans activation of H-1 P38 promoter in HeLa cells. Cells
(3 x 10i per 60-mm dish) were seeded, and 2 ,ug of pH3cat with 0.2
,ug of each test plasmid DNA (shown on the top of the figure) were
transfected by the calcium phosphate precipitation method. Cells
were harvested at 48 h posttransfection, and CAT activity was
determined. A 20-,ul amount of CAT extract was used for each lane
except for lane 2 (5 RI). The percent acetylation is shown on the
bottom of the figure; the result for lane 2 was multiplied by 4.
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TABLE 2. CAT assaya for NS1 Ser-405 mutant in HeLa cells

Plasmids Amount of DNA (pLg) Acetylation (%)

pH3CATb 2.0 6.4
+ pSR1 0.2 108.4
+ pSR1 0.4 87.7
+ pSR1 + pSRS405 0.2 each 70.5
+ pSRS405 0.2 4.5

0.4 7.1
1.0 4.7
2.5 3.2
5.0 1.6

+ pSRK405c 0.2 74.0
a The assay is described in the legend to Fig. 4.
b pH3CAT (2 p.g) was included in each transfection, and pH3CAT alone

gave the basal level of CAT activity from the P38 promoter.
' pSRK405 was generated by converting Ser405 to Lys-405 in the NS1 gene

(see text).

DISCUSSION
A purine NTPase-associated helicase activity has been

found to play an important role in genome replication,
recombination and repair, transcription, and mRNA trans-
lation in Escherichia coli, Saccharomyces cerevisiae, in-
sects, mammals, and viruses (11, 14, 20, 33). Most, if not all,
of the established or putative helicases from different species
have been found to share a type A consensus sequence
[(G/A)XXXXGK(S/T) or GXGK(S/T)], which binds and
hydrolyzes ATP or GTP (1, 12).
The consensus topography in this purine NTP-binding

domain has been proposed from the X-ray data and com-
puter analysis. The motif is composed of the P-strand-,-
turn-ot-helix. The A-type consensus sequence is located in
the center of the structure, and the lysine residue is pre-
sumed to couple to 2,3'-dialdehyde of ATP by its amino
group (3, 7). This model is supported by the mutation of
lysine 48 to arginine in the S. cerevisiae RAD3 gene, which
is one of the essential genes for excision repair of DNA
damage (35). Their results showed that the ATPase and
DNA helicase activity of the mutant RAD3 protein was
abolished in vitro but the ability to bind ATP was retained.
The authors argue that the arginine may change the config-
uration of the binding domain but still provide a positively
charged amino group which binds ATP. Very recently, a
similar mutation was made in the AAV rep gene by changing
lysine 340 to histidine, and the resulting mutant showed a
deficiency of viral DNA replication (6).

pSV2neo +

pSRK405 +

pSRS405 -

Colonies 12 140 135

FIG. 6. Cytotoxic activity of NS1 Ser-405 mutant in HeLa cells.
Cells (3 x 10') were seeded in a 60-mm dish, and 1 ,ug of each
plasmid DNA was used for transfection by the calcium phosphate
precipitation method. Cultures were transferred into 100-mm dishes
at 48 h posttransfection and maintained in EMEM containing 1.25
mg of G418 per ml for 10 to 14 days. After the colonies were formed,
cells were fixed with cold methanol, stained with Giemsa, and
counted.

In this article, we have presented evidence that the
mutation of lysine 405 to serine in the putative purine
nucleotide-binding site of the parvovirus H-1 NS1 gene
abolished viral DNA excision from the plasmid and subse-
quent viral DNA replication. Excision alone would have
been detected in these experiments, because DpnI treatment
was not used. It is not known whether the mutant NS1 could
support replication but not excision. However, we consider
that possibility unlikely in light of the trans-dominant inhib-
itory effect of the Ser-405 NS1. The results further support
the hypothesis that the lysine residue in the A-type consen-
sus sequence is essential in viral DNA replication, indicating
that this ATP-binding domain may be associated with
ATPase and helicase activity. We were unable to test the
helicase activity directly, since we have not yet purified
wild-type or mutant NS1.

Considering that there is no positively charged group in
the serine residue, we predict that this mutant will lose all of
the ATP-binding, ATPase, and helicase activity. NS1 must
be transported into the nucleus to regulate viral DNA
replication. We have shown that the Ser-405 mutant is
translocated into the nucleus normally, and therefore the
replication defect observed was not due to altered nuclear
transportation. Because of the inefficiency of transfection,
we have not evaluated the stability or steady-state level of
the mutant NS1 protein. The trans-dominant effect on DNA
replication and the intensity of the immunofluorescence
suggest that the lack of function of the mutant protein is not
due to inadequate protein concentration.
To our surprise, the Ser-405 mutation also abolished P38

promoter trans activation and cytotoxicity. The mechanism
for trans activation of P38 is still unknown. Our previous
studies showed that maximal trans activation requires a
small 5' cis element (tar) between -137 and -116 of the P38
promoter (25). We have evidence that NS1 does not bind to
tar directly, suggesting that trans activation is mediated by
unidentified cellular factors (M.-L. Gu and S. L. Rhode III,
unpublished data). The interaction between NS1 and these
cellular factors may play an essential role in the stimulation
of P38. The Ser-405 mutation may alter the conformation of
NS1, especially in a specific domain, which in turn interferes
with the interaction between NS1 and cellular proteins that
bind to tar. Another possibility is that the regulation of P38
depends on the NTPase or helicase activity of NS1. It has
been found that large T antigen, a major regulatory protein in
simian virus 40, has both intrinsic non-ATP NTPase activity
that is stimulated by single-stranded RNA and ATPase
activity stimulated by single-stranded DNA (29). Interest-
ingly, a monoclonal antibody (PAb204) inhibited both the
DNA helicase and the RNA helicase reaction, indicating that
they may share the same active center, including their
nucleotide-binding site (29). There is no evidence, however,
that NS1 of parvoviruses is capable of binding to and
unwinding RNA to regulate viral transcription.

Since tar is important for the trans activation of P38 by
NS1, but the tar sequence is not included in the P38 RNA
transcripts, the hypothesis that P38 is regulated through a
putative RNA helicase activity of NS1 seems to be improb-
able. It should be noted that the trans-dominant inhibition of
Ser-405 NS1 on viral DNA replication was not seen with the
trans activation of P38.
One of the peculiar properties of parvoviruses is their

oncosuppressive activity. Animals persistently infected with
parvoviruses have been found to be significantly protected
against spontaneous tumorigenesis. Parvoviruses also effi-
ciently suppress the experimental induction of tumors in
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their host (reviewed in reference 28). The mechanism of
oncosuppression by parvoviruses is unknown. One explana-
tion is that neoplastic cells provide a suitable environment
for the proliferation of parvoviruses and therefore are more

susceptible to virus-induced killing (28). It has been reported
that the inhibition of tumorigenesis in animals could be
achieved by both complete virion and deleted viral DNA,
suggesting that certain regions of the viral genome may be
involved in this activity (10). Our data and the results of
others also indicated that the expression of nonstructural
proteins of parvoviruses drastically reduced the yield of
stable transformants after cell transfection with selectable
marker genes (18, 26).
The cytotoxic effect of nonstructural proteins is probably

mediated through the mechanism of inhibition of heterolo-
gous gene expression and/or cell DNA synthesis (18, 26). In
our study, the loss of cytotoxicity in the Ser-405 mutant was

evidence that NS1 is the major component of parvoviruses
for cell killing. Another nonstructural protein, NS2, seems to
be indirectly involved in the cytotoxic activity, since the
Ser-405 mutation should produce normal NS2, and no toxic
effect was observed (Fig. 5). A recent report has shown that
a truncated NS2 mutant in parvovirus minute virus of mice,

with most of its C-terminal sequences from exon 2 and exon

3 removed, reduced the inhibitory action of NS1 on stable
transformation of NB-E cells to geneticin resistance, sug-

gesting that NS2 may act synergistically in the cytotoxic
activity (4). This result agrees with our recent findings that
the contribution of NS2 to cytotoxicity may be mediated by
the enhancement of NS1 expression (X. Li and S. Rhode,
unpublished data). Evidence has been reported that the viral
capsid proteins are not cytotoxic. Mouse cell lines that
constitutively express minute virus of mice capsid proteins
VP1 and VP2 were isolated after transformation by chimeric
bovine papillomavirus-minute virus of mice vectors without
cytopathogenesis (17, 21). Further study of the mechanism
of cytotoxicity of NS1 may facilitate the understanding of
parvoviral oncosuppression at the molecular level.
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