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In-phase single-codon insertion mutations were constructed in the open reading frames of the NS-1 and NS-2
genes of the autonomous parvovirus minute virus of mice. A viral mutant containing an isoleucine insertion
exclusively within NS-1 between residues 229 and 230 was isolated that produced approximately 3 orders of
magnitude fewer plaques at 39°C than at 32°C. Preliminary characterization of the mutant demonstrated that
the NS-1 gene product is independently required for both genome amplification and the regulation of the
temporal expression between the two viral transcription units during lytic infection.

The autonomous parvovirus minute virus of mice (MVM)
contains a linear, single-stranded DNA genome about 5.1
kilobases (kb) in length with nonidentical hairpin structures
found at palindromes present at both ends of the genomic
DNA (6, 17, 50). The MVM(p) genome, like that of all other
known parvoviruses, is organized into two major coding
regions (9, 17). The left half of the MVM genome encodes
two nonstructural proteins, NS-1 (83 kilodaltons) and NS-2
(25 kilodaltons) (3, 16), and the right half of the genome
codes for the capsid proteins VP1 and VP2 (3, 25).
These coding regions are expressed from two overlapping

transcription units which produce three major cytoplasmic
mRNA species (39). Transcripts Ri (4.8 kb) and R2 (3.3 kb)
are initiated at a promoter near the left-hand end of the
genome at approximately nucleotide (nt) 201, and the R3
(3.0-kb) transcript is initiated at approximately nt 2005 (3, 8,
39). NS-1 and NS-2 are translated from the Rl and R2
transcripts (15, 16), respectively, and the viral capsid pro-
teins VP1 and VP2 are translated from the viral 3.0-kb R3
messages (3, 25). The two transcription units of MVM are
expressed in a temporal order; the appearance of the viral Rl
and R2 messages precedes the R3 messages (13). All viral
mRNAs are polyadenylated near the right-hand end of the
genome at approximately nt 4908 (12) and share three
possible splicing patterns between nts 2280 and 2399 (3, 6,
23, 35). The R2 message is, in addition, spliced between nts
516 and 1990 (23).
NS-1 is translated from Rl in open reading frame (ORF) 3,

beginning at nt 261 and terminating at nt 2278, prior to the Ri
small intron (Fig. 1) (16). NS-2 also initiates at nt 261. The
amino-terminus exon of NS-2 is translated from R2 in ORF
3 and is identical to NS-1 for 84 amino acids (16). Exon 2 of
NS-2 is translated in ORF 2 (16). Alternative splicing of the
R2 message between nts 2280 and 2399 may generate three
forms of NS-2 with different carboxyl termini (3, 6, 23, 35).
Proteins similar to the nonstructural proteins of MVM are

encoded by numerous other autonomous parvoviruses (17).
An analogous but somewhat different set of nonstructural
proteins is synthesized by the parvoviruses bovine parvo-

virus (28, 29), B19 (14, 36), and the dependovirus adeno-
associated virus type 2 (33).
The functions of the nonstructural proteins during parvo-
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virus infection have not been fully determined; however,
they are clearly multiple. The nonstructural proteins of
adeno-associated virus type 2 have been shown to be re-
quired for virus replication (21, 43, 51). The role(s) of the
nonstructural proteins of MVM in viral DNA replication is
uncertain. However, the NS-1 protein of MVM is required
for infectivity of plasmid clones of MVM DNA (M. J.
Merchlinsky, Ph.D. thesis, Yale University, New Haven,
Conn., 1984). Whether this latter requirement is at the level
of initial excision from plasmid sequences or at subsequent
steps in replication has not been definitively determined. The
nonstructural proteins of both autonomous and nonautono-
mous parvoviruses have been shown to stimulate the expres-
sion of reporter gene products driven by capsid gene pro-
moters in transient cotransfection assays (27, 40, 41, 52).
The adeno-associated virus type 2 nonstructural proteins
have, under certain conditions, been shown also to regulate
these promoters negatively (27, 52) and to influence the
translation of capsid gene mRNA as well (53). Parvovirus
nonstructural proteins also inhibit expression from numer-
ous heterologous viral promoters transfected on plasmids
(26). MVM NS-1 has been shown to be covalently attached
to the 5' end of both MVM genomic single-stranded and
double-stranded replicative form (RF) DNA (18). It has also
been suggested to possess the topoisomerase I type nicking
activity that current models of MVM DNA replication
invoke (2, 5, 49).

Genetic and functional analysis of the nonstructural pro-
teins of the autonomous parvoviruses during lytic infection
has proved difficult. Analysis of lethal mutations in the
infectious plasmid clone of MVM has been hindered by the
very low infectivity of cloned DNA. Cell lines which consti-
tutively express the nonstructural proteins and which might
complement and propagate such lethal mutants are not easily
constructed owing to the apparent toxicity of these proteins
and their inhibitory effect on the expression of cotransfected
selectable markers (26, 41; R. V. Schoborg and D. Pintel,
unpublished observation).
To overcome these barriers to studying the function of the

nonstructural proteins, we attempted to generate tempera-
ture-sensitive mutants in NS-1 and NS-2 of MVM(p). We
chose to utilize the single-amino-acid insertion technique
described by Bernstein et al. (10). Use of a similar technique
in procaryotic systems has been reported to yield a high
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FIG. 1. Map displaying putative codon insertion mutations in relation to the NS-1-NS-2 coding region. The upper part of the figure shows

the exons of three major viral mRNAs, Rl, R2, and R3, in the left 2,600 nucleotides of MVM. ORFs encoding NS-1 (solid box), NS-2 (solid
and stippled boxes), and VP1 (hatched boxes) are indicated. The bottom line represents the MVM genome from nts 0 to 2600 and shows the
location of the codon insertion mutations discussed in this report. The first letter of the mutation designation refers to the restriction enzyme
with which it was made (H, Hinfl; D, DdeI; S, Sau96I; E, EcoO109I), and the second letter designates the restriction enzyme site, starting
from the left-hand end.

percentage of conditionally lethal mutations (7). In this
paper, we report the generation of a mutation in the MVM(p)
NS-1 gene which renders the virus approXimately 1,000-fold
temperature sensitive in plaque-forming ability at 39°C.
Characterization of this mutant demonstrated directly that
MVM(p) NS-1 is required for both viral genome amplifica-
tion and the regulation of the temporal expression of tran-
scripts from the two viral transcription units during lytic
infection.

MATERIALS AND METHODS

Cells and viruses. Murine A92L (31) and A9ouabrll (47)
and human NB324K (45) cells were passaged and maintained
and MVM(p) was propagated, harvested, and assayed as
previously described (47, 48). Cells were synchronized in Gl
by isoleucine deprivation for 46 to 48 h (30) (parasynchro-
nous) or at the G1-S border by a combination of isoleucine
deprivation for 46 to 48 h followed by treatment with the
alpha-DNA polymerase inhibitor aphidicolin for 20 h (13, 17,
20, 38) (highly synchronized). For viral infection of highly
synchronized cells, virions were added 10 h before release of
the cells from aphidicolin. Plaque isolation and propagation
of virions were as described previously (47, 48), except that
parasynchronized cells were used for the early passage of
plaques. Growth curves were determined by infecting par-
allel cultures of 105 parasynchronized A9ouabrll cells in
duplicate 60-mm2 dishes at 32 or 390C with either mutant or
wild-type virus at a multiplicity of infection of 1. For the
growth curve, virions were added at the time of release of
the cells into complete medium. DNA transfections as

CaPO4 precipitates were as previously described (25).
Mutant construction. Restriction enzymes and DNA and

RNA polymerases were purchased from either New England
BioLabs, Inc. (Beverly, Mass.) or Promega Biotec (Mad-
ison, Wis.). Amino acid insertion mutants were constructed
as described by Bernstein et al. (10) with minor modifica-
tions. A BamHI-to-StuI fragment (1 to 2378) from the
infectious clone of MVM was cloned into a pBR322 deriva-
tive. The plasmid was linearized with DdeI, Hinfl, or Sau96I
in the presence of 10 to 100 ,ug of ethidium bromide per ml
(empirically determined for each enzyme and each DNA
preparation) (37). Linear DNA was isolated, filled in with the
large fragment of DNA polymerase I, religated, and used to

transform Escherichia coli HB101. Transformants were

screened for the loss of a restriction site in the MVM NS-1 or
NS-2 gene. Potential in-phase codon insertion mutations,
Da, Db, Df, Ha, and Sc, were inserted into the infectious
clone of MVM by using a BamHI-to-NarI (0 to 2290)
fragment, and mutations Dc, Dd, Hb, Hc, and Sb were
reconstructed with EcoRV-to-XhoI (384 to 2071) fragments.
The Sau96I-EcoO109I site at 2076 was resistant to cleavage
owing to overlapping dcm methylation. Molecules linearized
at this site with EcoO109I were obtained in cloned MVM
grown in the methylase-negative strain GM119 (1). To re-
store infectivity in this clone, we rebuilt the right-hand end
from the XbaI site (4340) from the infectious clone of MVM.
Potentially infectious clones were propagated in E. coli
JC8111 (11).

Analysis of viral DNA and RNA. HTirt extraction (22) of
viral DNA from infected cells and subsequent Southern
analysis were as previously described (46). Probes for South-
ern analysis were prepared by nick translation (32). RNA
was extracted from cells lysed in guanidine hydrochloride
and was purified by centrifugation through a CsCl cushion as
described previously (32). Quantitative RNase protection
assays, done in probe excess, and subsequent gel analyses
were done as described previously (13). DNA sequencing
was by the dideoxy-chain termination method (42) with the
Sequenase enzyme (U.S. Biochemicals, Cleveland, Ohio).

RESULTS

Construction and initial characterization of single-amino-
acid insertion mutants. Single-codon insertion mutations
were introduced into the NS-1-NS-2 coding region of MVM
by digestion with restriction enzymes, which produced three
nucleotide overhangs, and filling in these ends with the large
fragment of DNA polymerase I (10). To minimize the num-
ber of restriction sites for the enzymes of interest and to
direct the mutations to the NS-1-NS-2 coding region, we
cloned the left half of the MVM genome (Fig. 1) into a small
pBR322 derivative composed primarily of the ampicillin
resistance gene and the origin of replication. The plasmids
were partially digested with DdeI, Hinfl, or Sau96I in the
presence of ethidium bromide as described in Materials and
Methods to maximize the yield of singly cut linear DNA.
This DNA was then isolated, filled in, religated, and used to
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TABLE 1. Compilation of putative codon insertion mutations in
the NS-1-NS-2 coding region

Predicted
Mutation" Position (nt) insertion Phenotypeb

NS-1 NS-2

Ha 225 WT
Hb 532 Tyr TS
Da 778 Ile NV
DbC 946 Ile TS
Hc 955 Tyr NV
Dc 1073 Asn NV
Sb 1456 Arg NV
Sc 1853 Pro NV
Dd 2032 Ile His WT
E 2076 Asp Arg TS
Df 2277 Ile NV

a See legend to Fig. 1 for explanation of mutation designations.
b Phenotype when inserted into the infectious clone of MVM. WT, Wild

type; TS, temperature sensitive; NV, nonviable.
' Two independently isolated mutations at the DdeI site at 946 (Db-1 and

Db-2) were characterized further.

transform E. coli HB101. Transformants were screened for
the loss of a restriction site in the MVM NS-1-NS-2-coding
region. Full-length clones (Table 1) were obtained by substi-
tuting either an EcoRV (nt 384)-to-XhoI (nt 2071) fragment or
in some cases a BamHI (nt 1)-to-Narl (nt 2290) fragment
containing the mutations into the infectious clone of MVM
and transforming E. coli JC8111 (11). It is necessary to
propagate full-length clones of MVM in JC8111 because the
right-hand end of MVM contains two nested internal repeats
required for infectivity which are spontaneously deleted in
most other E. coli strains. All mutant clones were verified by
restriction analysis before transfection to ensure that both
the right-hand end of the genome and the restriction sites
used for cloning remained intact. Mutant clones (Table 1)
were then tested for viability by DNA transfection plaque
assay on mouse A9 cells at 32 and 37°C. Of the 11 mutants
tested, we could not detect plaques with 6, either with or
without prior excision of the MVM DNA by restriction
digestion of the terminal BamHI linkers initially used in
constructing the infectious clone of MVM (34).
Of the five viable mutants, two appeared to be wild type

by DNA transfection. One of these, designated Ha for the
first Hinfl site (at nt 225), was altered in the leader sequence
before the translational start codon for NS-1 and NS-2 (Fig.
1). The other mutation was at nt 2032 (Dd) and should
produce single-amino-acid insertions in both NS-1 and NS-2.
Three mutants, Hb, Db, and E, appeared to be good candi-
dates for conditionally lethal mutants by DNA transfection.

For Hb and Db, only a few small plaques were produced at
32°C and none were detected at 37°C. The inverse was true
for E; small plaques were produced at 37°C and none were

detected at 32°C.
Plaques from DNA transfections of Hb, Db, and E were

isolated and propagated on A9 cells at the temperature at
which they were originally isolated, and viral stocks were

subsequently plaqued on either A9 or 324K cells at 32, 37, or

39°C (Table 2). Stocks of wild-type MVM normally produce
both large and small plaques on A9 cells at all temperatures
(Fig. 2). When virus from either type of plaque is propagated
and reassayed, both large and small plaques are again
produced, suggesting that this variability is due to the assay
used rather than to a stable genetic trait (50; D. Pintel,
unpublished observations). Mutant Hb stocks were margin-
ally temperature sensitive and produced wild-type-like
plaques. E stocks produced uniformly small plaques at all
temperatures, with a maximum number of plaques at 37°C.
Db stocks also produced small plaques at both 32°C (Fig. 2)
and 39°C. They were also markedly temperature sensitive:
Db stocks produced almost 1,000 times fewer plaques at
39°C than at 32°C (Table 2). When viruses from Db plaques
are isolated and propagated at 32°C, they consistently pro-
duce small plaques (data not shown). The alteration pre-
dicted in Db is an isoleucine insertion between leucine 229
and serine 230 (Table 1).

In a similar way, we independently isolated another inser-
tion mutation at the Dde site at 946 (termed Db-1). This
mutation was substituted into the infectious clone of MVM,
and viral stocks were generated which also produced ap-
proximately 1,000-fold fewer plaques at 39°C than at 32°C
(Table 2). The original Db stock, designated Db-2, was

chosen for further characterization.
Propagation of Db-2 at high and low temperature. Because

stocks of Db-2 proved to be significantly temperature sensi-
tive compared with wild-type stocks as measured by plaque
assay, the propagation of Db-2 in culture at high and low
temperature was measured. Parasynchronous subconfluent
monolayers of A9 cells were infected at the time of release
into the S phase at both 32 and 39°C with either Db-2 or

wild-type MVM at a multiplicity of infection of 1. Virus was

harvested at various times postinfection (p.i.), and titers
were determined at 32°C on A9ouabrll cells (Fig. 3). All
infections had reached full lysis by the final time point.
During the first 48 h of infection, Db-2 accumulation was

between 10- and 100-fold less at 39°C than at 32°C, whereas
wild-type accumulation was approximately equal at the two
temperatures. Throughout the experiment, the total accumu-
lation of infectious Db-2 at both 32 and 39°C was consider-
ably less than that of wild-type virus at the comparable

TABLE 2. Plaque assays of virus stocks of wild-type MVM, two Db mutants, and an Hb and E2 mutant on A9 and NB324K cells
at 32, 37, and 39°C

PFU/ml

Mutant A9 NB324K

32°C 37°C 39°C 32°C/39°C 32°C 39°C 32°C/39°C

Wild-type MVM 1 x 108 2 x 108 1 x 108 1 3 x 109 3 x 108 10
Db-2a 2 x 106 NDb 4 x 103 5 x 102 3 x 107 1 X 103 3 x 104
Db-la 4 x 105 ND <5 x 102 >8 x 102 5 x 106 <2 x 102 >2 x 104
Hb 7 x 107 ND 4 x 106 2 x 101
E 3 x 105 5 x 106 2 x 106

a Db-1 and Db-2 are viral stocks derived from plasmid clones containing independently isolated Db mutations (see text for details).
b ND, Not determined.
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FIG. 2. Db-2 produces small plaques at 32°C. (A) Plaques of
Db-2 virus at 32°C. (B) Plaques of wild-type MVM at 32°C. Plaques
were assayed on A9ouabrll cells and stained after 11 days.

temperature. The temperature sensitivity of the plaque-
forming ability of Db-2 was confirmed by determining at both
32 and 39°C titers of virus taken from the final growth curve
time point from both the Db-2 and wild-type infections at
32°C. This Db-2 stock also plaqued approximately 1,000-fold
less at 39°C than at 32°C, compared with a less than 2-fold
difference for the wild type (Fig. 3).
Marker exchange experiments. To confirm that the isoleu-

cine insertion between residues 229 and 230 of NS-1 was

solely responsible for the observed phenotype of Db-2, we

conducted a series of marker exchange experiments to
delimit the region responsible for the Db-2 phenotype. This
was particularly important because the mutagenesis scheme
involved restriction digestion in the presence of ethidium
bromide. As noted earlier, however, an independently iso-
lated insertion mutation at the DdeI site at nt 946 (Db-1) was
similarly temperature sensitive when substituted into the
infectious clone of MVM (Table 2). Because the Db-2
phenotype was evident as cloned DNA assayed by transfec-
tion (Fig. 4A), and because its defective phenotype is not

Time (hours)
FIG. 3. Growth curves of Db-2 and wild-type MVM on

A9ouabr11 cells at 32 and 39°C. Growth curves were done as
described in Materials and Methods. Virus titers were determined at
32°C. The ordinate is total PFU; the abscissa is time p.i. I, Input
PFU for infections. Symbols: *, wild type at 39°C; O, wild type at
32°C; 0, Db-2 at 39°C; 0, Db-2 at 32°C; K, wild type at 32°C,
assayed at 39°C; *, Db-2 at 32°C, assayed at 39°C (see text for
details).

overcome at even 10 ,ug of DNA per 60-mm2 dish (4 x 105
cells) (data not shown), we proceeded to characterize a
series of marker exchange constructs by DNA transfection
at 32 and 37°C. All marker exchange clones were propagated
in E. coli JC8111 and verified by restriction enzyme analysis
before transfection to ensure that both the right-hand end
and the restriction sites used for cloning remained intact.

In the first experiment, an EcoRV-BstEII fragment (nts
384 to 1885) from the infectious plasmid clone of MVM was
substituted into the plasmid clone of Db-2 (Fig. 4, mrl).
Substitution of this wild-type fragment into Db-2 restored
wild-type transfection efficiency and plaque size, indicating
that outside of this region, Db-2 was similar to wild type.
Therefore, the Db mutation must lie somewhere between nt
384 and nt 1885. To further narrow down this region, we
performed the following additional experiments. First, the
small EaeI fragment (nts 1 to 1030) of the infectious plasmid
clone of wild-type MVM was ligated to the large EaeI
fragment (nts 1030 to 5146) of the Db-2 plasmid clone (Fig. 4,
mr2). The ligation mixture (in this case containing approxi-
mately 100 ng of uncloned 5.1-kb linear DNA per plate as
estimated on an agarose gel) was applied directly to A9 cells.
Plaques from this transfection appeared at a similar fre-
quency at 32 and 37°C and were wild type in size. To confirm

VOL. 62, 1988
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FIG. 4. Marker exchange rescue experiments confirm that that alteration responsible for the Db-2 phenotype resides between nts 763 and
1030. DNA transfection plaque assays were done at 32 and 370C on A9ouabr11 cells as described in the text, using 2.5 ,ug of cloned DNA per
60-mm2 dish (4 x 105 cells) (except mr2, see below). All MVM plasmids were amplified in E. coli JC8111 and verified by restriction digestion
to ensure that both the right-hand end and the sites used for cloning remained intact. (A) Number of plaques per 60-mm2 dish produced at
32 and 390C by parental wild-type and Db-2 cloned DNA. (B) Location of the DdeI(b) site at nucleotide 946, the putative site of the Db-2
mutation. (C) Number of plaques per 60-mm2 dish produced at 32 and 390C by the various marker exchange rescue constructs (see text for
details). Restriction sites: R, EcoRV; B, BstEII; E, EaeI; F, FspI; P, PvuII. a, Average of 11 experiments; b, average of 6 experiments; c,
results from approximately 100 ng of uncloned full-length MVM DNA (see text for details). wt, Wild type; sm, small.

these results, we substituted the FspI fragment (0 to 1063)
from cloned wild-type MVM into the Db-2 plasmid clone.
Two individually isolated constructs (Fig. 4, mr3a and mr3b)
were tested by DNA transfection and both performed as wild
type with respect to the number of plaques obtained at 32
and 37°C and to plaque size.
The nts 1 to 763 PvuII fragment from the Db-2 plasmid

clone was then substituted into the wild-type MVM infec-
tious clone. Three individually isolated constructs were
tested by DNA transfection (Fig. 4, mr4a, mr4b, mr4c), and
all were similar to wild type with respect to plaquing
efficiency at 32 and 37°C and plaque size, demonstrating that
the nt 1 to 763 region of Db-2 is similar to that of the wild
type. The nt 1 to 763 PvuII fragment from the infectious
clone was also substituted into the plasmid clone of Db-2.
Two individually isolated constructs (Fig. 4, mr5a and mr5b)
were tested by DNA transfection, and as expected if the
alteration responsible for the Db-2 phenotype resides at nt
946 (Fig. 4B), these constructs performed like cloned Db-2
with respect to both plaque frequency and size. The above
results indicate that the mutation responsible for the Db-2
phenotype must lie exclusively within the NS-1 coding
region between nts 763 and 1030. Finally, the nt 763 to 1030
region of the Db-2 plasmid was sequenced, and the only
alteration from the wild-type sequence was the expected
3-nucleotide insertion at the DdeI site at nt 946 (data not
shown).

Defective genome amplification in Db. To further charac-
terize the block to viral replication observed for the Db-2
mutant, we examined genome replication during infection
over 48 h (enough time for approximately two rounds of
infection by wild-type virus) at 32 and 39°C. Parallel cultures
of A9 cells highly synchronized at the G1-S boundary by a
combination isoleucine deprivation-aphidicolin protocol
were infected at each temperature with either wild-type
MVM (Fig. SA) or Db-2 (Fig. 5B) at a multiplicity of
infection of 0.3, 10 h before release of the cells from
aphidicolin and entrance into the S phase. Viral RFs were
monitored by Southern analysis of Hirt extracts from in-
fected cells.
At 16 h p.i., more 5.1-kb double-stranded monomer RF

(mRF) DNA was produced by wild-type MVM (Fig. 5A,
lanes 4 and 5) than by Db-2 (Fig. SB, lanes 4 and 5) at both
32 and 39°C. Considerably more mRF DNA was produced
by wild-type MVM at 39°C than at 32°C. By 24 h p.i., the
amount of wild-type mRF had reached the maximum assay-
able level at both temperatures (Fig. 5A, lanes 6 and 7). In
contrast, the amount of viral RF generated by Db-2 at 16 h
p.i. (Fig. 5B, lanes 4 and 5) at 32 and 39°C was approximately
equal. By 24 h, the accumulation of Db-2 mRF at 32°C had
increased dramatically (Fig. 5B, lanes 6 and 8), whereas the
Db-2 mRF accumulated at 39°C did not markedly increase
after 16 h p.i. (Fig. 5B, lane 10). These experiments demon-
strate that Db-2 is deficient in genome replication and that
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FIG. 5. Db-2 is deficient in genome amplification. Shown are Southern analyses of Hirt extracts taken at various times from highly
synchronized A9 cells infected in parallel at 32 and 39°C by wild-type MVM (A) or Db-2 (B) as described in the text. Lanes: 1, at the time
of release from aphidicolin (10 h after infection with virions) at 32°C; 2 and 3, 8 h p.i. at 32 and 39°C, respectively; 4 and 5, 16 h p.i. at 32
and 39°C, respectively; 6 and 7, 24 h p.i. at 32 and 39°C, respectively; 8 and 9, 36 h p.i. at 32 and 39°C, respectively; 10, 48 h p.i. at 39°C.

this deficiency is much more pronounced at 39°C. We could
not detect an abnormal accumulation of a particular RF (i.e.,
the 10-kb double-stranded dimer RF [dRF]) in these assays.

A more precise analysis of the Db-2 replicative DNA con-

formers during a single viral burst cycle in highly synchro-
nized cells is in progress.

Deficiency of Db-2 in regulation of temporal order of
expression from the two viral promoters independent of the
number of accumulated viral templates. The two transcrip-
tion units of MVM are transcribed in a temporal order; in a

highly synchronized MVM(p) infection the transcripts from
the P4 promoter (Rl and R2), which produce the nonstruc-
tural proteins (16), can be detected before those from the P39
promoter (R3) (13), which become predominant at later
times during infection (39). Also, the nonstructural proteins
of both the autonomous and nonautonomous parvoviruses
have been shown to enhance expression from viral capsid
gene promoters in transient cotransfection assays (27, 40,
52). These observations suggest that the parvovirus non-
structural proteins play a role mediating the regulation of
viral transcription during lytic infection. We therefore de-
cided to characterize the temporal order of appearance of
mRNAs produced by Db-2 at 32 and 39°C. Because Db-2 is
deficient in the replication of viral DNA, we monitored the
temporal appearance of Db-2 mRNA in relation to the
concurrent amplification of viral DNA.
The temporal expression of wild-type MVM and Db

mRNAs was assayed by analysis of RNase-protected hy-
brids formed in solution between excess complementary SP6
promoter-generated MVM RNA probes and total RNA
isolated at various times from highly synchronized A9 cells
infected at a multiplicity of infection of 0.3 (Fig. 6A and B).
Virions were added to cells 10 h before the release of the
cells from the aphidicolin block and entrance into the S
phase. The MVM HaeIII D fragment (nts 1854 to 2378) was

cloned into the pGEM vector (Promega) and was the tem-
plate for an RNA probe extending from before the acceptor
site of the large splice in R2 mRNA to within the small intron
common to all the viral mRNAs at nts 2280 to 2399. The
probe fragments which are protected by spliced or unspliced
viral Rl, R2, and R3 can readily be distinguished on se-

quencing gels (13). mRNA species employing either of the
alternative splice donor sites can be distinguished, but this

probe will not distinguish species employing alternative
small splice acceptor sites nor differentiate between un-

spliced Rl RNA and viral DNA. Hirt extractions were done
concurrently, and DNA was assayed by Southern analysis to
measure genome amplification (Fig. 6a and b).

In the experiment shown in Fig. 6, wild-type MVM R3
mRNAs became the predominant RNA species 6 h after
release of infected cells into the S phase at 39°C (Fig. 6A,
lane 2). At 32°C, the amounts of wild-type R3 mRNAs were

slightly greater than those of Rl and R2 mRNAs at 12 h (Fig.
6A, lane 5), and by 21 h, the R3 transcripts became predom-
inant (Fig. 6A, lane 7). In contrast, during Db-2 infection, the
shift to the predominant appearance of the R3 mRNAs was

delayed at both 32 and 39°C. At 21 h after release into the S
phase, at both 32 and 39°C, the Db-2 Rl and R2 mRNAs
were still the predominant species present (Fig. 6B, lanes 1
and 2). By 46 h postrelease, the R3 transcripts became
predominant at 32°C (Fig. 6B, lane 3); however, at 39°C, Rl
and R2 were still the predominant species present (Fig. 6B,
lane 4). (Although the amount of protected probe in Fig. 6B,
lane 4, is low, the ratio of P4 to P39 products is still evident.)

Concurrent analysis of Db-2 replicative DNA forms dem-
onstrated that the delay in the shift of the predominance of
R3 transcripts in Db-2 infection is not merely the result of
less mRF and dRF DNA available for transcription. At 39°C,
the R3 mRNAs were the predominant species 6 h after
release of the wild-type infections into the S phase (Fig. 6A,
lane 2), yet the amount of wild-type viral mRF present (Fig.
6a, lane 2) was considerably less than in the Db-2 infection at
39°C 21 h after release into the S phase (Fig. 6b, lane 2), at
which point Db-2 Rl and R2 mRNAs still predominated (Fig.
6B, lane 2). Likewise, at 32°C, 12 h after release of the
wild-type infection into the S phase, the R3 mRNAs became
the predominant species (Fig. 6A, lane 5), yet the amount of
wild-type mRF (Fig. 6a, lane 7) was markedly less than the
amount of Db-2 mRF accumulated at 21 h at 32°C (Fig. 6b,
lane 1), at which point the Db-2 Rl and R2 mRNAs were still
the predominant species (Fig. 6B, lane 1). Therefore, Db-2
Rl and R2 transcripts predominate even when the amounts
of Db-2 mRF and dRF exceed the amounts of RFs present in
wild-type infection at the time wild-type R3 becomes the
predominant transcript. These results suggest that Db-2 is
deficient in the regulation of the temporal expression of viral
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FIG. 6. Db-2 is deficient in regulation of the temporal appearance of transcripts from the two viral promoters independent of the number
of accumulated templates. Parallel cultures of highly synchronized A9 cells infected at 32 and 39°C with either wild-type MVM (A and a) or
Db-2 (B and b) were assayed for the temporal appearance of transcripts (A and B) by RNase protection assays of 5 ,ug of total RNA with
excess probe, as described in the text and reference 13, or for viral replicative DNA forms (a and b) by Southern analysis of Hirt extracts
as described in Materials and Methods. (A) Lanes: M. kinased (X174 HaellI markers, 603, 310, 281, 271 (doublet), and 234 nt in length; 1,
3, 5. and 7. protected fragments from 32° wild-type infection at 6, 8, 12, and 21 h, respectively; 2, 4, 6, and 8, protected fragments from 39°C
wild-type infection at 6, 8. 12. and 21 h. respectively: 9. protected fragments taken late in infection by wild-type MVM at 37°C; G and T,
sequencing tracts with ddGTP and ddTTP. respectively. The gel was overexposed to highlight the bands at the earlier time points. Lighter
exposure of lanes 6 to 9 shows a predominance of R3 mRNA characteristic of steady-state mRNA late in viral infection (13) (data not shown).
(B) Lanes: 1 and 3, protected fragments from Db-2 infection at 32°C at 21 and 46 h, respectively; 2 and 4, protected fragments from Db-2
infection at 39T at 21 and 46 h, respectively: 5. same as panel A. lane 9; A and T, sequencing tracts with ddATP and ddTTP, respectively.
RlM (426 nt), Rlm (463 nt), R2M (290 nt), R2m (327 nt). R3M (275 nt), and R3m (312 nt) are the probe fragments protected by the major (M)
and minor (m) spliced MVM RI. R2. and R3 mRNAs; bands A (524 nt) and B (373 nt) represent unspliced Rl and R3, respectively, as
described in the text and in reference 13. (a) Lanes: 1, 3, 5, 7, and 9, DNA RFs from 32° wild-type infections at 6, 8, 10, 12, and 21 h,
respectively: 2. 4. 6. and 8, DNA RFs from 39° wild-type infections at 6, 8, 10, and 12 h, respectively; M, nonradioactive plasmid DNA
markers of 9.5, 5.1, and 4.4 kb. (b) Lanes: 1 and 3, DNA RFs from 32°C Db-2 infections at 21 and 46 h, respectively; 2 and 4, DNA RFs from
39° Db-2 infections at 21 and 46 h, respectively; M, same as panel a, lane M. SS, Single-stranded DNA; mRF. monomer RF; dRF, dimer
RF. For Southern analysis, identical amounts of the nonradioactive markers were run on each gel to control for equivalent transfer and the
filters were subsequently hybridized with identical amounts of the same nick-translated probe.
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mRNAs and that NS-1 is required for this function, indepen-
dent of its role in viral DNA replication.

DISCUSSION

In-phase amino acid insertion mutations were constructed
in the ORF of the NS-1 and NS-2 genes of MVM. Five viable
mutants were isolated, two of which appeared to have a
wild-type phenotype in DNA transfection plaque assays.
The remaining three had defective phenotypes and may be
useful in defining the role of NS-1 in the lytic cycle ofMVM.
One of these mutants, Db-2, in which an isoleucine is
inserted in NS-1 between residues 229 and 230, is particu-
larly interesting in that it produces small plaques at 32°C and
is almost 3 orders of magnitude more temperature sensitive
in plaque-forming ability at 39°C.

Southern analysis of viral RFs demonstrated that Db-2 is
deficient in DNA replication at both 32 and 39°C. However,
the result is most dramatic at the higher temperature. The
relative ratios of mRF and dRF produced during Db-2
infection seem similar to those formed in wild-type samples;
therefore, Db-2 does not appear to be defective in the
production of a specific RF. We have not as yet distin-
guished between different conformers of mRF and dRF. We
are currently investigating whether Db-2 is deficient in the
production of a specific replicative intermediate.

Analysis of the expression of cotransfected plasmids has
demonstrated that parvovirus nonstructural proteins tran-
sactivate viral capsid gene promoters (27, 40, 52). The
availability of an NS-1 mutation enabled us to assay whether
this protein plays a role in the regulation of the temporal
appearance of viral transcripts during lytic infection. In
highly synchronized infection at both 32 and 39°C, Db-2 Rl
and R2 transcripts predominated even when the amounts of
Db-2 mRF and dRF exceeded the amounts of RFs present in
wild-type infection at the time wild-type R3 becomes the
predominant transcript. These results suggest that MVM
NS-1 is required for the regulation of the temporal expres-
sion of viral R3 transcripts independent of its role in DNA
replication. However, as noted above, we did not rule out
the possibility that Db-2 is deficient in the production of a
specific mRF or dRF conformer that is responsible for
enhanced transcription of R3.
The isoleucine insertion between residues 229 and 230 in

Db-2 is not within regions previously identified as conserved
within parvovirus NS-1 genes (4, 44) and which are homol-
ogous to ATPase and nucleotide-binding domains of the
simian virus 40 and polyomavirus large-T antigens and the
papillomavirus El proteins (4, 17). However analysis of this
insertion in computer-generated protein structure predic-
tions (19, 24) does predict the disruption of a short turn motif
between residues 232 and 235 of NS-1. Interestingly, an
insertion of a tyrosine just two residues downstream (Hc),
which is predicted to extend this turn an extra amino acid,
results in a lethal phenotype. We are currently characteriz-
ing the thermolability of the Db NS-1 protein by immuno-
precipitation after various pulse-chase regimens at both 32
and 39°C.
The nonviable mutants were not characterized further

because verification that they contain only the expected
insertion mutation is required. However, one of these mu-
tants, Df, was pursued because its location at nt 2277 makes
its nonviable phenotype particularly interesting. The DdeI
site at 2277 encompasses the termination codon of NS-1
(ORF 3), and a correct 3-base insertion at this site would
duplicate the TAA termination codon in ORF 3. A 102-nt

fragment spanning the altered DdeI site in Df was shown by
marker exchange experiments similar to those described for
Db-2 to be responsible for the Df nonviable phenotype (G.
Tullis and D. Pintel, unpublished data). Sequencing of this
segment revealed, however, that the Df mutation contains a
2-base insertion between nts 2279 and 2280 rather than the
expected 3-base insertion (G. Tullis and D. Pintel, unpub-
lished data). This mutation leaves the termination codon for
NS-1 (nucleotides 2276 to 2278) unaltered. The reading
frame for NS-2 should be shifted into ORF 1 just before the
splice donor site at 2280. Df therefore encodes a different set
of carboxyl termini for NS-2. We are currently characteriz-
ing this mutant to determine whether it defines a required
function for the MVM NS-2 protein during the viral life
cycle.
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