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The autonomously replicating parvoviruses contain a 5-kilobase linear single-stranded DNA genome that
produces two noncapsid proteins, Ni and N2, and two overlapping capsid proteins, VP1 and VP2. To
characterize the regulation of viral transcription, we began with a study of the promoter for the coat proteins
(P38) at map unit 38. Various constructions containing the P38 promoter were fused to the bacterial gene for
chloramphenicol acetyltransferase (cat), and the relative efficiency of expression was determined in the
presence and absence of parvovirus gene products. Our results show that the P38 promoter is a weak promoter
without a trans-activation mediated by the 76,000-molecular-weight (76K) Ni protein. The Ni protein, supplied
either by superinfection with virus or cotransfection with the cloned Ni gene, increased greatly the expression
of the P38 promoter. In addition, sequences 3' to the promoter, within the region +127 to +648 (assuming an
mRNA start site at 2008), were required for optimal expression but not for trans-activation. These results
suggest that the production of parvovirus capsid proteins is under the indirect control of the P4 promoter and
one of its gene products.

The rodent parvoviruses, which include the minute virus
of mice, H-1, H-3, and Kilham rat virus, have been studied
in the most detail. Two of these, minute virus of mice and
Hi, have been completely sequenced (1, 24). The analyses of
the viral DNA sequences, hybrid-arrested translation (24),
and hybrid-selected translation (4) experiments as well as
direct analysis of the proteins (17, 29) provide a genetic map
that is summarized in Fig. 1.
Mapping of viral RNA has placed the locations of promot-

ers at map positions 4 and 38 (6, 18, 28). These sites contain
the canonical TATA boxes, and at 38 there is also the
sequence CCAAT, which is commonly found at eucaryotic
promoters (2). In most studies, the appearances of the
noncapsid protein Ni (also called NCVP1 or NS1) and the
coat proteins are nearly simultaneous (4, 15). The plasmids
shown were constructed by standard methods (12) with
enzymes obtained from commercial sources. The plasmids
pSV2cat and pA1Ocat were obtained from L. Laimins (Na-
tional Institutes of Health). Replicative form (RF) DNA of
H-1 was isolated as previously described (20). The H-1
fragments BclI-PstI (nucleotides 1661 to 2132) and EcoRI-
PstI (nucleotides 1088 to 2132) were cloned in the vector
pUC8. They were then recovered as an EcoRI-HindIII
fragment, with the HindlIl site coming from the polylinker of
the vector, and recloned into pBR327 to give pHi and pH2,
respectively. The cat gene, the simian virus 40 (SV40)
small-T splice region, and the poly(A) signal were obtained
from pA1Ocat as a HindIII-BamHI fragment and cloned into
those sites of pHl and pH2, giving pHlcat and pH2cat. The
pH3cat plasmid was constructed by inserting the PstI-
HindIll fragment (nucleotides 2132 to 2651) obtained from
H-1 RF DNA into pHlcat that had been restricted with
HindIlI and partially restricted with PstI. pH5cat was con-
structed by inserting a HindIII fragment containing the H-1
sequences from 0+ to 2651 into the Hindlll site of
pBR327cat. pBR327cat was made by cloning the cat HindIll-
BamHI fragment into those sites in pBR327. The H-1 frag-
ment containing the entire left end of H-1 was obtained from
pSR1, a genomic clone of ts6 H-1 in the vector pUC9. pSRi

was constructed by treating about 4 pug of ts6 RF DNA with
2 U of BaI31 for 2 min at 37°C, blunting the ends with T4
DNA polymerase, and ligating BamHI linkers to the ends.
After restriction with BamHI, the DNA was purified further
by gel electrophoresis and ligated to BamHI-cleaved pUC9.
Two of the clones isolated, pSR1 and pSR2, have genomic
length inserts of H-1 DNA; one is inverted with respect to
the other. The HindlIl site in pSR1 flanking the zero position
of H-1 is from the polylinker of the vector. pH6cat was
constructed from pH5cat by restricting it with BglII, which
cleaves H-1 at nucleotide 1246, filling in the restriction site
with the Klenow fragment of pol 1, and religating the
plasmid. This will produce a 4-base insertion in the Ni gene
(but not N2), and the resulting frameshift will cause transla-
tion of Ni to terminate at nucleotide 1286, giving a truncated
Ni of about 38K. Plasmids were prepared after chloram-
phenicol amplification in Escherichia coli HB101 or TB1
(pUC8 or pUC9 vectors) as previously described (23). The
cells hosting the plasmids pH2cat, pH5cat, and pH6cat are
resistant to chloramphenicol at 170 ,ug/ml due to procaryotic
promoter activity between H-1 nucleotides 1088 and 1661, so
they were amplified with spectinomycin at 300 ,ug/ml.

In this study, various H-1 RF DNA fragments containing
the P38 promoter were fused to the chloramphenicol acetyl-
transferase (cat) gene, and their activity was assessed in
transient expression assays (5, 11, 25). The constructions
include the TATA box of the P38 promoter and extend in
both the 5' and 3' directions (Fig. 1). The breakpoint
between the H-1 sequences on the 3' side of the promoter
were at the PstI site at map position 41 or the HindlII site at
map unit 51. These plasmids were assayed for expression of
chloramphenicol acetyltransferase (CAT) activity 44 h after
transfection by the calcium phosphate precipitation method
(32) (Table 1). Transfections were in replicate cultures ofNB
cells made by seeding 100-mm petri dishes with 5 x 105 cells
per dish. The following day the medium was changed 2 to 4
h before transfection. The cells were transfected with 5 pLg of
plasmid DNA per dish in the presence of carrier salmon
sperm DNA at 20 ,ug/ml by the calcium phosphate precipi-
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FIG. 1. Genetic map of autonomously replicating parvoviruses and plasmids containing the late promoter. The promoters at map units 4
and 38 are indicated by P4 and P38, respectively. The restriction enzyme sites are: E, EcoRI; Bc, BcII; P, PstI; and H, HindlIl. The numbers
below the line are map units, with 0 at the 3' end of viral plus strand DNA. The exons are indicated as the open blocks. The reading frames
for Ni and N2 are the same. The reading frames for the VP1 exon 2 and the VP2 exon are also the same. The numbers refer to the nucleotide
number in the H-1 genome (24), and the numbers in parentheses refer to the nucleotide position with respect to the late message initiation
site assumed to be at nucleotide 2008 (1).

tation method as described by Wigler et al. (32). The cultures
were given a glycerol shock with 15% glycerol for 4 min at
room temperature at 4 h after transfection. The cultures
superinfected with H-1 virus were infected at a multiplicity
of infection of 5 to 10 PFU per cell 24 h posttransfection. For
the CAT assay, the cultures were washed once with Hanks
balanced salts and collected with the aid of a rubber police-
man in 1 ml of Hanks balanced salts. The cells were pelleted
in a microfuge for 2 min at room temperature and suspended
in 100 ,ul of 0.25 M Tris (pH 7.8) and enzyme extracted by
three cycles of freeze-thawing as described previously (11).
The extracts were clarified by 15 min of centrifugation in a

microfuge at 4°C, and 60 pl was used to assay for CAT as
described previously (5). The acetylated forms of
[14C]chloramphenicol were separated from the nonacetyl-
ated form by chromatography on silica gel plates with 95%
chloroform and 5% methanol. After autoradiography, the
thin-layer chromatogram was quantitated by densitometry of
the autoradiograph with an LKB scanning densitometer. The
plasmids pHlcat and pH2cat (Fig. 1), which have + 127 as

the 3' boundary of their H-1 sequences, had little constitu-
tive activity, but pH3cat (which extends to +648) showed a

very modest improvement. Superinfection with H-1 virus of
cells transfected with these plasmids or cotransfection with

TABLE 1. Expression of CAT by various plasmids in a transient
assay in NB cells'

Plasmid 5%o Converted Normalized
to pHlcat

pHlcat 1.1 1
pHlcat + H-1 24.8 23
pH2cat 0.6 0.6
pH2cat + H-1 20.4 19
pH3cat 3.8 3
pH3cat + H-1 39.6 36
pSV2cat 49.3 45
pSV2cat + H-1 35.9 33

a Reference 26.
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genomic clones of H-1 (Table 2) caused a significant increase
in expression of CAT. The highest level of expression was

achieved by pH3cat. When the superinfection was carried
out with the temperature-sensitive mutants of H-1, ts2, and
ts6, the trans-activation occurred at the restrictive temper-
ature of 39.5°C (ts2 data not shown) (Table 2). The mutant
ts6 is indistinguishable from tsl, and both ts2 and ts6 are
capsid protein mutants (21). This provided presumptive
evidence that the function required in trans may be supplied
by a noncapsid protein. Similarly, the related viruses Lulll
and canine parvovirus (CPV2) were also positive for the
trans-activation of the pH3cat plasmid (data not shown).
This is of particular interest, because Lulll did not comple-
ment an H-1 deletion mutant defective for RF DNA replica-
tion (22). CPV2 shows a high degree of homology to H-1 in
the structural gene sequences (both the carboxy-terminal
part of Ni and the amino-terminal part of VP1) in the region
containing the late promoter, but it does diverge for se-

quences within the intron region (22a). CPV2 was tested for
complementation for trans-activation in DK cells (16) (SV40-
transformed dog kidney) which are permissive for both CPV
and H-1 lytic infections.
The expression of CAT by the plasmids pHlcat or pH2cat

was enhanced by superinfection with H-1, but to a smaller
absolute level than by pH3cat. The extension of the pro-

moter containing sequences in the 5' direction from the BclI
site in pHlcat to the EcoRI site in pH2cat did not improve
the expression. The plasmid pSV2cat, which is similar to the
parvovirus constructions, except that it directs CAT synthe-
sis with the unrelated SV40 early promoter, showed no

enhancement of expression after superinfection with H-1;
rather, it declined. These results argue that the enhancement
has specificity and that sequences between -350 and +127
are required for the effect.
We have sought sequences in the H-1 genome that might

have enhancer activity and have cloned a number of regions
into the BglII site of pA1Ocat (5, 25). pA1Ocat has the cat gene
fused to the SV40 early promoter from which the enhancer
sequences have been deleted. The addition of enhancer
sequences to pA1Ocat may increase the expression of cat so

that this plasmid can be used to detect enhancer elements
(25). We found no enhancement with fragments containing
noncoding regions from map units 79 to 98 and 0.9 to 9 (data
not shown).
To test the noncapsid proteins coded by the left half of the

parvovirus genome for the trans-activation of the late pro-

TABLE 2. Densitometry of CAT expression by pH3cat-
transfected NB cultures'

No. Culture % Converted Normalized

1 pH3cat <0.3 1
2 pH3cat + wild-type H-1 4.9 >14
3 pH3cat + ts6 (39.5°C) 4.1 >12
4 pH3cat + ts6 (32°C) 2.1 >6
5 pH3cat + pSR1 15.6 >45
6 pH3cat + pSR2 16.2 >47

a Cultures were superinfected with wild-type H-1 (culture 2) or ts6 at either
39.5°C 32 h posttransfection (culture 3) or 32'C 30 postransfection (culture 4)
at a multiplicity of infection 3 to 5 PFU per cell. Cultures 5 and 6 were

cotransfected with 5 ,ug of the genomic clones of ts6 H-1, pSRl, and pSR2 at
37'C. The cultures were harvested at 48 h postransfection for assay of CAT.
Acetylated chloramphenicol was below detection for pH3cat at the exposure
used for this assay; based on other samples on this plate it could be estimated
that the percentage converted was less than 0.3.

TABLE 3. Densitometry of CAT expression by various plasmids'

No. Culture % Converted Normalized

1 pHlcat <0.5 1
2 pH3cat <0.5 1
3 pH3cat + pSR2 14 >28
4 pH5cat 48 >96
5 pH5cat + pSR2 36 >72
6 pH6cat <0.5 1
7 pH6cat + pSR2 16 >32
a Densitometry was as described for Table 2. The acetylated CAT produced

by pHlcat, pH3cat, and pH6cat (cultures 1, 2, and 6) was below the level
detectable with this exposure. Similar results were obtained in another
experiment. In both cases, coinfection of pH5cat with pSR2 showed a
moderate reduction in the CAT expressed. This may show competition for a
rate-limiting factor.

moter, we constructed a plasmid containing only the
noncapsid genes with the complete left half of the virus from
the genomic clone pSR1, which was active for trans-
activation by cotransfection. The region for the capsid
proteins from map unit 51 to their end is deleted in these
constructions. We also introduced a frameshift mutation in
the Ni gene by filling in the BglII site at map position 23 in
pH5cat, making the plasmid pH6cat (Fig. 1). This insertion
should produce a truncated Ni protein of about 38K and not
affect the N2 protein. The expression of CAT by these
plasmids is shown in Table 3. pH5cat expressed CAT at a
level approximately 100 times that of pH6cat. pH6cat was
reduced to a level equivalent to the constitutive level of
pH3cat in the absence of trans-activation. Both pH3cat and
pH6cat responded to trans-activation by contransfection
with the genomic clone pSR2, therefore the mutation in
pH6cat abolished the capacity of pH6cat to trans-activate
itself but not its ability to respond to trans-activation. This
identifies the Ni gene as responsible for the trans-activation
of the late promoter.
The mechanism of action of the Ni-mediated enhance-

ment of expression is unknown. Since the parvoviruses
Lulll and CPV2 complement for this function, the Ni
protein and its target sequences appear to be highly con-
served in the autonomously replicating parvoviruses. We
have not determined whether the enhanced CAT expression
is due to increased transcription or to a later event, such as
altered mRNA processing. Experiments are in progress to
distinguish between these possibilities.
The Ni protein is a phosphoprotein that is detectable by

immunoprecipitation at about the same time as capsid pro-
tein synthesis (4, 15). The results described here suggest that
Ni plays a role in maximizing expression of the P38 pro-
moter, which directs the capsid protein transcripts. There-
fore, it is possible that the P4 promoter is an early promoter
and the P38 promoter is a late promoter, in analogy to
papovaviruses and adenoviruses (8, 10, 14). We are conduct-
ing further studies to determine whether the Ni protein
trans-activates its own early promoter and are mappng the
precise sequences required for the trans-activation of the
late promoter. Parvoviruses are organized into a tandemly
arranged transcriptional complex with a noncapsid gene that
is 5' to a capsid gene that has its promoter embedded within
the early gene. This represents a remarkable conservation of
space, and the Ni gene-late promoter may make a useful
eucaryotic expression system. The autonomously replicating
parvoviruses require a trans-acting function for their RF
DNA replication (13, 22). A mutant minute virus of mice
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deleted in the capsid gene is not defective in RF DNA
replication, suggesting that either Ni, N2, or both are
required for DNA replication (13). Similar results have been
obtained for adeno-associated viruses (7, 30). During the
course of this work, it was reported that deletion mutants of
adeno-associated viruses demonstrated a similar depen-
dence on a noncapsid protein for late-promoter transcription
(M. Labow, P. Hermonat, N. Muzyczka, and K. I. Berns.
Annu. Meet. Am. Soc. Virol., August 1984).

Thus, parvoviruses join an expanding group of animal
viruses that regulate the transcription of their late genes with
a protein product of a gene expressed early in infection. This
list includes papovaviruses (3, 9), adenoviruses (14), her-
pesviruses (19), and certain retroviruses (27). This strategy is
one that has been well studied in various bacteriophages
(31). In this light, DNA animal viruses may be obliged to
secure expression of only one early gene with the host cell
transcription machinery before they can assume mastery
over the expression of the rest of their genetic program.
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