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The nucleotide sequence of the parvovirus H-1 has been determined by the
chain-terminating method of Sanger. The sequence is 5,176 nucleotides long. Two
large open reading frames (1 and 2) and two smaller open reading frames (3 and 4)
of potential importance were identified in the plus-strand sequence. Promoter
sequences are located at map positions 4 and 38 when map positions are expressed
as percent of genome length from the 3’ end of the virion minus strand. The
locations for the genes for the parvovirus capsid proteins and a 76,000-dalton
noncapsid protein (NCVP1) were mapped by hybrid-arrested translation. The
gene for the capsid proteins VP1 and VP2’ is located in the 5’ half of the virus
genome. The gene for NCVP1 is located in the 3’ half of the viral DNA.

The autonomously replicating parvoviruses
are animal viruses with linear single-stranded
DNA genomes and icosahedral capsids (13, 26,
28, 31). H-1 is one of the group of parvoviruses
of rodents that includes Kilham rat virus, minute
virus of mice (MVM), and H-3 (28). These
viruses have a high degree of nucleotide se-
quence homology and can complement each
other for many functions (3, 14, 21, 24). Other
parvoviruses less closely related to the rodent
group, such as canine parvovirus, feline panleu-
kopenia virus, porcine parvovirus, and bovine
parvovirus are important pathogens of their re-
spective hosts (2, 28).

The method of replication of parvoviruses
involves the synthesis and replication of a du-
plex replicative form DNA (RF DNA), but many
of the details of the replication process are
unknown (31). Analysis of several temperature-
sensitive mutants of H-1 has indicated that one
or both of the capsid proteins, VP1 and VP2’,
are required for progeny single-stranded DNA
synthesis (19). The phenotypes of a deletion
mutant of H-1, dl1, as well as defective interfer-
ing particles, suggest that a viral protein (RF
rep) is also required for replicative form DNA
replication (22-24). In addition, a protein has
been found covalently bound to the 5’-termini of
both the plus and minus strands of RF DNA
(19). It has been suggested that the terminal
protein is a site-specific nickase required for RF
DNA replication (25). Except for the capsid
proteins VP1 and VP2’, there has been no evi-
dence that parvoviruses contain the genes for
one or more of these other proteins implicated in
their replication process.

The H-1 parvovirus is known to encode two

capsid proteins designated VP1 (88,000 daltons)
and the major capsid protein VP2' (68,000 dal-
tons) (9, 10). Two other capsid proteins which
have been reported are VP2, which is a post
translational cleavage product of VP2’, and
VP3, which appears to be a breakdown product
of VP2’ and perhaps VP1 (16). Nearly all of the
amino acid sequence of VP2’ appears to be
contained within VP1 for the parvovirus MVM
(30), and these two proteins are highly homolo-
gous in H-1 as well (P. R. Paradiso, this paper
and unpublished data). Studies on H-1 mRNA
(7, 12) have identified two promoters in the H-1
genome mapping at positions 4 and 38, and three
major cytoplasmic mRNAs of 4,700, 3,000, and
2,800 bases, each of which is spliced RNAs with
a 2.6-kilobase (kb) common, unspliced region.
The 2.8- and 3.0-kb mRNAs are present in a
ratio of approximately five to one (12), which is
the same as the ratio of VP2’ to VP1 in the
capsid (8). This ratio and the large regions of
homology in both the RNAs and proteins leads
to the speculation that the 2.8-kb mRNA en-
codes VP2’ and the 3.0-kb mRNA encodes VP1
(7). Furthermore, Tal et al. (29) have identified
an MVM message in which 30% of the se-
quences, those between map positions (m.p.’s) 9
and 39, have been spliced out.

To derive information on the structure of
parvovirus capsid proteins and the possible exis-
tence of genes for noncapsid proteins, we have
determined the nucleotide sequence of H-1. As
an adjunct to this analysis, we have used hybrid-
arrested translation (HART) (17) with M13
recombinant clones containing H-1 minus-strand
DNA of defined sequence to assign parvovirus
gene products to the major open reading frames
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in the nucleotide sequence. These experiments
have identified a new noncapsid virus protein
(NCVP1), which maps in the left half of the
genome (between m.p.’s 4 and 49). VP1 and
VP2’, on the other hand, map in the right half of
the genome (between m.p.’s 38 and 88).

MATERIALS AND METHODS

Materials. Restriction enzymes, molecular linkers,
M13 specific primers, nucleotides, and dideoxynucleo-
tides were obtained from commercial sources as de-
scribed previously (25). The 17-mer synthetic M13
primer was superior to the 12-mer for some templates.
The Klenow fragment of Escherichia coli DNA poly-
merase | came from Boehringer-Mannheim Corp.,
New York; Bethesda Research Laboratories, Inc.,
Bethesda, Md.; or New England Nuclear Corp., Bos-
ton, Mass.; all gave satisfactory results. T4 DNA
polymerase was purchased from Bethesda Research
Laboratories.

Molecular cloning of parvovirus DNA. H-1 RF DNA
was used as the source of H-1 DNA as described
previously (25). In addition, the M13 vector mp7-01,
kindly provided by David Bentley, Oxford University,
was used in some cases. The cloning of Hhal frag-
ments was carried out by first making flush ends with
T4 DNA polymerase treatment in the presence of each
dNTP at 100 pM for 30 min at 37°C before the addition
of EcoRlI linkers and cloning in M13 mp5. Fragments
generated by Xbal, Avall, and EcoRII were similarly
made to have blunt ends before cloning.

DNA sequencing. Sequencing reactions and gel con-
ditions were as previously described (25, 27).

Isolation and translation of H-1 mRNA. NB cells
were infected with H-1 virus at a multiplicity of
infection of 25 (or no virus in the case of the mock
infections), and the total cell RNA was harvested at 16
h postinfection with 8 M guanidine-hydrochloride as
described by Adams et al. (1). The RNA (1 to 2 ng)
was then translated in a cell-free rabbit reticulocyte
lysate system (Bethesda Research Laboratories) in-
corporating [>*S]methionine (New England Nuclear;
1,000 Ci/mmol; 5 pnCi per reaction) into the proteins.

Immunoprecipitation of H-1 translation products.
Precipitation of H-1 proteins was achieved by adding 2
ul of serum directly to the reticulocyte lysate reaction
mixture at 4°C for 4 h, followed by 100 pl of a 10%
solution of Formalin-fixed Staphylococcus aureus in
phosphate-buffered saline (Pansorbin; Calbiochem-
Behring, Inc., La Jolla, Calif.) at 4°C for 15 min. The
pellets were washed twice with 0.5 ml of phosphate-
buffered saline, taken up in 75 pl of gel sample buffer
(11), and incubated at 100°C for S min before electro-
phoresis.

HART. Total infected-cell RNA (2 pg) and H-1
viral-strand DN A cloned into an M13 vector (25) (1 pg)
was made to 0.1 M KCl in a total volume of 5 pl,
sealed into a siliconized glass micropipette, and incu-
bated at 55°C for 30 min. The hybrids were then
translated, and the proteins were immunoprecipitated
with serum from hamsters that survived a neonatal
H-1 infection.

Polyacrylamide gel electrophoresis. Polyacrylamide
gels were run by the procedure of Laemmli (11) and
analyzed by fluorography as described by Bonner and
Lasky (5). The peptide mapping gel was done accord-
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ing to the procedure of Cleveland et al. (6). H-1 mRNA
was translated, cold carrier capsid protein was added,
and the proteins were separated on a 7.5% polyacryl-
amide gel and stained with Coomassie brilliant blue.
3H-labeled capsid proteins were also included as a
control. The appropriate bands were sliced out and
analyzed on a 15% polyacrylamide gel in the second
dimension in the presence of 10 pl of S. aureus V8
protease (0.1 absorbance unit at 280 nm per ml).

Purification and amino acid analysis of viral proteins.
VP1 and VP2’ were purified out of a 7.5% acrylamide
preparative slab gel with a single 10-cm sample lane
after staining with Coomassie brilliant blue. Proteins
were eluted from stained gel bands by soaking in 70%
formic acid, and the stain was removed by passing the
concentrated eluate (100 pl) over a 1-ml Bio-Gel P-6
column in 70% formic acid and collecting everything
that eluted ahead of the dye. Aliquots were dried and
hydrolyzed in 6 N HCI-0.2% phenol for 24 h at 110°C
with subsequent amino acid analysis performed on a
Beckman 121M analyzer equipped with an Autolab
computing integrator.

RESULTS

Nucleotide sequence of H-1. The nucleotide
sequences of the terminal 126 nucleotides from
the 3’ end of H-1 minus-strand DNA and the
terminal 644 nucleotides from the minus-strand
5’-terminus which includes the origin of replica-
tion have been reported (3, 25). In this study, we
determined the sequence beginning with the
Hhal site at nucleotide 59 (numbering from the
5’-terminus of the plus or sense strand) (Fig. 1).
Both DNA strands were independently ana-
lyzed. The sequencing strategy used is outlined
in Fig. 2.

We obtained a slightly different sequence
within the 5'-hairpin (plus strand) than that
previously reported, which consisted of an addi-
tion of a T at nucleotide 62, an interchange of
nucleotides 71 and 72, and a deletion of a T that
would have been nucleotide 86 (3). This change
in the sequence results in a slightly more perfect
hairpin, but it would seem to have no other
profound consequences. All restriction sites rep-
resenting fragment boundaries were sequenced
as internal sites in other overlapping fragments,
except for the terminal Hhal site at nucleotide
59, the EcoRI site at 1,086, and the terminal
HindII site at 5,169 (25).

Location of the open reading frames. The se-
quence of the plus strand was divided into the
three reference reading frames, and the posi-
tions of stop codons and AUG codons in each of
the reference reading frames were determined
(Fig. 3). In the first reference reading frame,
there is an open reading frame (frame 1) of 2,139
nucleotides or 713 codons from nucleotide 141 to
2,279. However, the only TATA sequence indic-
ative of a promoter for this reading frame is at
nucleotide 180, and the first available AUG start



VoL. 45, 1983

codon is at nucleotide 264. If frame 1 is translat-
ed without interruption through RNA splicing to
the terminator at nucleotide 2,280, a protein of
672 amino acids or a molecular weight of 76,000
would be produced.

In the second reference reading frame, anoth-
er large open reading frame (frame 2) is located
between nucleotides 2,386 and 4,572. This repre-
sents 729 codons, which would generate a protein
of about 79,300 daltons. This reading frame has
promoter sequences preceding it at m.p. 38
(nucleotide 1.979; Fig. 1).

Codon usage. Although the exact arrange-
ments of the coding sequences into the parvovi-
rus capsid proteins VP1 and VP2’ and the
NCVP1 have yet to be determined, the codon
usage for frame 1 and frame 2 was tabulated
(data not shown). The codon frequencies for
frame 1 are similar to those for frame 2, except
for the Val codon GUG, the Glu codon GAU,
the Arg codon CGA, the Gly codon GGG, and
the Cys codon UGU, which differ by more than
factors of 3. The arginine codons beginning with
AG are much more frequent than those with CG
in both open frames. Codons with CG in the
second and third positions are also infrequent.
This is similar to the reported bias against CG
pairs in other eucaryotic DNA viruses (13, 15).

Minus strand. The only RNAs transcribed
from parvovirus DNA that have been reported
to date are complementary to the minus strand
(7, 29). In the present study, analysis of the stop
codons in the minus-strand sequence revealed
an open reading frame of 483 nucleotides at
nucleotides 1,334 to 1,817 and another of 459
nucleotides at nucleotides 2,401 to 2,859. Since
there are no appropriate promoter or AUG se-
quences at these sites, nor any other sizable
open reading frames on this strand, it is unlikely
that there are any structural genes represented
in the minus strand.

Translation of H-1 mRNA and identification of
a noncapsid virus protein. Total cell RNA was
extracted from both H-1-infected NB (simian
virus 40-transformed human newborn kidney)
cells and mock-infected NB cells and was trans-
lated in a rabbit reticulocyte lysate system,
incorporating [>*S]methionine into the proteins.
Figure 4 shows the positions of the translated
capsid proteins VP2’ and VP1, which are absent
(or at least greatly reduced) in the translated
mock-infected cell RNA. Furthermore, the in-
fected-cell RNA encoded large amounts of a
protein with an apparent molecular weight of
84,000 (P. R. Paradiso, Fed. Proc. 41:1278,
1982). This protein is clearly absent in the mock-
infected RN A translation. To look directly at the
virus-specific proteins, immunoprecipitations
were done with two different anti-H-1 sera:
hamster serum from animals that survived neo-
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natal infection, and guinea pig antiserum raised
against purified capsid proteins. The hamster H-
1 antiserum was found to precipitate the two
capsid proteins VP1 and VP2’ as well as the
84,000-dalton (84K) protein (Fig. 5, lane 2). The
guinea pig H-1 antiserum, on the other hand,
precipitated only VP1 and VP2’ but not the 84K
protein (Fig. 5, lane 3). Interestingly, the serum
from hamsters surviving a neonatal infection
with the parvovirus MVM(i) also reacted with all
three viral proteins (Fig. 5, lane 3). When mock-
infected cell RNA was used, none of these
products was precipitated (data not shown).

The fact that the 84K protein did not react
with the guinea pig antiserum against the capsid
proteins suggested that it was not a degradation
product of VP1 or a precursor to VP2'. This
conclusion was confirmed by peptide mapping,
using the method of Cleveland et al. (6) (data not
shown). Thus, the 84K protein is virus specific
but noncapsid in nature, and will be referred to
from here on as noncapsid protein 1 (NCVP1).

Mapping the virus proteins by HART. To map
the virus proteins to the open reading frames
predicted from the DNA sequence, we took
advantage of our library of minus-strand (viral-
strand) clones of H-1 DNA in M13 vectors to
study the HART of H-1 mRNA. Figure 6 shows
a schematic representation of the predicted open
reading frames of H-1 and the nine different
probes we hybridized to the mRNA before
translation. Figure 7 shows the effect of the
various DNAs on the proteins synthesized by
using the hamster anti-H-1 serum to precipitate
the virus proteins. The translation of NCVP1
mRNA was arrested by all of the probes within
m.p.’s 1.1 to 39.2, which includes the 1.1-9.5,
9.5-19.2, 21.0-31.1, 35.0-39.2, 35.8-45.9, and
39.2-44.1 H-1 DNA sequences. However, it was
not arrested by the 49.5-55.2 fragment or by
anything to the right of m.p. 49.5. VP1 and VP2’
mRNA translation was arrested by all of the
probes within map positions 35.8 and 81.0,
which includes 35.8-45.9, 39.2-44.1, 49.5-55.2,
55.2-72.6, and 81.0-87.6 H-1 DNA sequences.
Thus, NCVP1 is encoded predominantly in the
left (3’) half of the viral genome, whereas VP1
and VP2’ share the right (5') half of the genome.
The 35.8-45.9 and the 39.2-44.1 H-1 sequences
arrest all three of the virus proteins, indicating a
potential overlap in the coding regions of these
proteins. As indicated by the arrowheads in the
left margin of Fig. 7, three truncated proteins
with approximate molecular weights of 65,000,
68,000, and 72,000 (lanes 4 to 6, respectively)
arose as a result of the hybridizations with
promoter proximal boundaries of 35.0, 35.8, and
39.2; they may represent shortened forms of
NCVP1 (see Discussion).

Determination of the precise structure of the
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0001 CATTTTTAGA ACTGAOCAAC CATGITCACG CAAGTGAOGT GATGACGCGC

0051 GCTGOGOGCG CTGOCTTOGG CAGTCACACG TCACTAGOGT TTCACATGGT

0101 TGGTCAGTTC TAAAMATGAT AAGOGGTTCA GAGAGITTGA AACCAAGGCG

0151 GGAAACGGAA GTGGGCGTGG CTAACTGTAT ATAAGCAGIC ACTCTGGICG

0201 GTTACTCACT CTGCTTTCAT TTCTGAGTTIT GTGAGACACA GGAGOGAGAC

0251 TAACCAACTA ACC ATG GCT GGA AAC GCT TAC TCC GAT GAG GIT TIG GGA
0300 GTA ACA AAC TGG CTG AAG GAC AAA AGT AGC CAG GAG GIG TIC TCA TTT
0348 GIT TTT AAA AAT GAA AAC GIC CAA CTA AAT GGA AAG GAC ATC GGT' TGG
0396 AAT AGT TAC AGA AAG GAG CTA CAA GAT GAC GAG CTG AAG TCT CTA CAA
0444 CGA GGG GOG GAG ACC ACT TGG GAC CAA AGC GAG GAC ATG GAA TGG GAG
0492 AGC GCA GIG GAT GAC ATG ACC AAA AAG CAA GTA TTT ATT TTT GAT TCT
0540 TTG GIT AAG AAG TGT TTG TIT GAA GIG CTC AGC ACA AAG AAC ATA GCT
0588 CCT AGT AAT GIT ACT TGG TTC GIG CAG CAT GAA TGG GGA AAG GAC CCA
0636 GGC TGG CAC TGT CAT GIG CIG ATT GGA GGC AAG GAC TTT AGT CAA CCT
0684 CAA GGA AMA TGG TGG AGA AGG CAG CTA AAT GIG TAC TGG AGT AGA TGG
0732 TTG GIG ACT GOC TGT AAT GIT CAA CTA ACA CCA GCT GAA AGA ATT ARA
0780 CTG AGA GAA ATA GCA GAG GAC AGT GAA TGG GIC ACT TTG CTT ACC TAT
0828 AAG CAT AAG CAC ACC AAG AAG GAC TAT ACC AAG TGT GIT CTIT TIT GGA
0876 AAC ATG ATT GCT TAT TAC TIT TTA AGC AAA AAG AAA ATA TGT ACC AGT
0924 CCA CCA AGG GAC GGA GGC TAT TTT CIT AGC AGT GAC TCT GGC TGG ARA
0972 ACT AAC TTT TTG AAA GAG GGC GAG OGC CAT CTA GTG AGC AAA CTG TAT
1020 ACT GAT GAG ATG AAA CCA GAA ACG GTC GAG ACC ACA GIG ACC ACT GCA
1068 CAG GAA GCT AAG OGC GGC AGA ATT CAA ACT AGA GAG GAG GIC TCG ATT
1116 AAA ACC ACA CTC AAA GAG TTG GTA CAT AAA AGA GTA ACC TCA CCA GAA
1164 GAC TGG ATG ATG ATG CAG COCA GAC AGT TAC ATT GAA ATG ATG GCT CAA

1212 OCA GGT GGA GAA AAC TTG CTT AAA AAT ACA CTA GAG ATC TGT ACA CIG

FIG. 1. The nucleotide sequence for the plus strand of the parvovirus H-1. The sequences for nucleotides 1 to
58 are from reference 2, and those for 4,535 to 5,176 are from reference 25. The 5’ terminal nucleotide has not
been definitively identified. The large open reading frames, 1 and 2, are shown with the nucleotides organized as
codons. The sequencing reactions and gel electrophoresis conditions were the same as those previously
described (25). Sites referred to in the text are underlined.
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1260 ACT CTA GCA AGA ACC AAA ACA GOC TTT GAC TTG ATT CTG GAA ARA GCT
1308 GAA ACC AGC ARA CTA GOC AAC TIT TCC ATG GCT AGC ACC AGA ACC TGT
1356 AGA ATC TTT GCT GAG CAT GGC TGG AAC TAT ATT AAA GIC TGC CAT GOC
1404 ATC TGT TGT GTG CTG AAT AGA CAA GGA GGC AAA AGG AAC ACT GIG CTC
1452 TTT CAC GGA OCA GOC AGC ACA GGC AAA TCT ATT ATT GCA CAA GOC ATA
1500 GCA CAA GCA GIT GGT AAT GIT GGT TGT TAC AAT GCT GCC AAT GIG AAC
1548 TTT CCA TIT AAT GAC TGT ACC AAC AAA AAC TTG ATT TGG GIG GAA GAA
1596 GCT GGT AAC TTT GGC CAG CAA GTA AAC CAA TTC AAA GCT ATT TGT TCT
1644 GGC CAA ACC ATA CGC ATT GAT CAA AAA GGA AAA GGC AGC AAA CAG ATT
1692 GAA CCA ACA CCA GIT ATT ATG ACC ACC AAC GAG AAC ATT ACC GIG GIT
1740 AGA ATA GGC TGT GAG GAA AGA CCA GAA CAC ACT CAA CCA ATC AGA GAC
1788 AGA ATG CIC AAC ATT CAC CTG ACA CGT ACA CTA OCT GGT GAC TIT GGT
1836 TTG GIG GAT AAG CAC GAA TGG CCT CTG ATC TGT GCT TGG TTG GTG AAG
1884 AAT GGT TAC CAA TCT ACC ATG GCT TGT TAC TGT GCT AAA TGG GGC AAA
1932 GTT CCT GAT TGG TCA GAG GAC TGG GOG GAG CCG AAG CTA GAC ACT CCT
1980 ATA AAT TCG CTA GGT TCA ATG CGC TCA CCA TCT CTG ACT CCG AGA AGT
2028 ACG CCT CIC AGC CAA AAC TAC GCT CTT ACT OCA CTT GCA TCG GAC CTT
2076 GCG GAC CTA GCT CTA GAG CCT TGG AGC ACA CCA AAT ACT CCT GIT GOG
2124 GGC ACT GCA GCA AGC CAA AAC ACT GGG GAG GCT GGT TCC ACA GCC TGC
2172 CAA GGT GCT CAA GGG AGC OCA ACC TGG TOC GAG ATC GAG GOG GAT TIG
2220 AGA GCT TGC TIC AGT CAA GAA CAG TTG GAG AGC GAC TIC AAC GAG GAG
2268 CTG ACC TTG GAC TAA GGTACA ATG GCA CCT CCA GCT AAA AGA GCT AAA
2316 AGA GGT AAG GGG CTA AGG GAT GGT TGG TTG GIG GGG

2352 TAC TAA TGTATGACTACCIGTTTTACAGGCCTGA frame 2: AAT

2389 CAC TTG GIT CTA GGT TGG GIG CCT CCT GGC TAC AAG TAC CTG GGA OCA
2437 GGG AAC AGC CTT GAC CAA GGA GAA CCA ACC AAC OCT TCT GAC GOC GCT
2485 GOC AAA GAA CAC GAC GAA GOC TAC GAC CAA TAC ATC AAA TCT GGA AAA

2533 AAT CCT TAC CTG TAC TTC TCT CCT GCT GAT CAA CGC TTC ATT GAC CAA

FIG. 1. Continued
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2581 ACC AAA GAC GOC AAG GAC TGG GGC GGC AAG GIT GGT CAC TAC TIT TIT
2629 AGA ACC AAG CGA GCT TTIT GCA CCT AAG CTT TCT ACT GAC TCT GAA CCT
2677 GGC ACT TCT GGT GIG AGC AGA CCT GGT AAA CGA ACT AAA CCA CCT GCT
2725 CAC ATT TTT GTA AAT CAA GOC AGA GCT AMA AAA AAA CGC GCT TCT CTT
2773 GCT GCA CAG CAG AGG ACT CTG ACA ATG AGT GAT GGC ACC GAA ACA AAC
2821 CAA CCA GAC ACT GGA ATC GCT AAT GCT AGA GTT GAG CGA TCA GCT GAC
2869 GGA GGT GGA AGC TCT GGG GGT GGG GGC TCT GGC GGG GGT GGG ATT GGT
2917 GIT TCT ACT GGG ACT TAT GAT AAT CAA ACG ACT TAT AAG TTT TTG GGA
2965 GAT GGA TGG GTA GAA ATA ACT GCA CAT GCT TCT AGA CIT TTG CAC TIG
3013 GGA ATG CCT CCT TCA GAA AAC TAC TGC OGC GIC ACC GIT CAC AAT AAT
3061 CAA ACA ACA GGA CAC GGA ACT AAG GTA AAG GGA AAC ATG GCC TAT GAC
3109 ACA CAT CAA CAA ATT TGG ACA CCA TGG AGC TIG GTA GAT GCT AAT GCT
3157 TGG GGA GIT TGG TTC CAA CCA AGT GAC TGG CAG TTC ATT CAA AAC AGC
3205 ATG GAA TCG CTG AAT CTIT GAC TCA TTG AGC CAA GAA CTA TIT AAT GTA
3253 GTA GTC AAA ACA GIC ACT GAA CAA CAA GGA GCT GGC CAA GAT GCC ATT
3301 AAA GIC TAT AAT AAT GAC TTG ACG GCC TGT ATG ATG GIT GCT CIG GAT
3349 AGT AAC AAC ATA CTG CCT TAC ACA CCT GCA GCT CAA ACA TCA GAA ACA
3397 CTIT GGT TTC TAC CCA TGG AAA OCA ACC GCA CCA GCT CCT TAC AGA TAC
3445 TAC TTT TTC ATG CCT AGA CAA CIC AGT GTA ACC TCT AGC AAC TCT GCT
3493 GAA GGA ACT CAA ATC ACA GAC ACC ATT GGA GAG CCA CAG GCA CTA AAC
3541 TCT CAA TIT TTIT ACT ATT GAG AAC ACC TTG CCT ATT ACT CTC CIG CGC
3589 ACA GGT GAT GAG TTT ACA ACT GGC ACC TAC ATC TTT AAC ACT GAC CCA
3637 CTT AAA CTT ACT CAC ACA TGG CAA ACC AAC AGA CAC TTG GCA TGC CIC
3685 CAA GGA ATA ACT GAC CTA CCA ACA TCA GAT ACA GCA ACA GCA TCA CTA
3733 ACT GCA AAT GGA GAC AGA TTIT GGA TCA ACA CAA ACA CAG AAT GIG AAC
3781 TAT GIC ACA GAG GCT TTG OGC ACC AGG COCT GCT CAG ATT GGC TTC ATG

3829 CAA CCT CAT GAC AAC TTIT GAA GCA AAC AGA GGT GGC CCA TTIT AAG GIT

FIG. 1. Continued
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3878 OCA GIG GIA CCG CTA GAC ATA ACA GCT GGC GAG GAC CAT GAT GCA AAC
3925 GGA GOC ATA CGA TTT AAC TAT GGC AAA CAA CAT GGC GAA GAT TGG GCC
3973 AAA CAA GGA GCA GCA CCA GAA AGG TAC ACA TGG GAT GCA ATT GAT AGT
4021 GCA GCT GGG AGG GAC ACA GCT AGA TGC TTT GTA CAA AGT GCA CCA ATA
4069 TCT ATT OCA CCA AAC CAA AAC CAG ATC TTG CAG CGA GAA GAC GCC ATA
4118 GCT GGC AGA ACT AAC ATG CAT TAT ACT AAT GIT TTT AAC AGC TAT GGT
4165 OCA CTT AGT GCA TIT CCT CAT CCA GAT CCC ATT TAT CCA AAT GGA CAA
4213 ATT TGG GAC AAA GAA TTG GAC CTG GAA CAC AAA CCT AGA CTA CAC GTA
4261 ACT GCA OCA TTT GIT TGT AAA AAC AAC CCA CCA GGT CAA CTA TTT GIT
4309 CAC TTG GGG CCT AAT CTG ACT GAC CAA TTT GAC OCA AAC AGC ACA ACT
4357 GIT TCT OGC ATT GIT ACA TAT AGC ACT TTT TAC TGG AAG GGT ATT TIG
4405 AAA TIC AAA GOC AAA CTA AGA CCA AAT CTG ACC TGG AAT OCT GIA TAC
4453 CAA GCA ACC ACA GAC TCT GIT GOC AAT TCT TAC ATG AAT GIT AAG AAA
4501 TGG CIC OCA TCT GCA ACT GGC AAC ATG CAC TCT GAT CCA TIG ATT TGT
4549 AGA OCT GIG CCT CAC ATG ACA TAC TAA CCAAC CAACTATGIT TCICIGTTTG
4601 CTTCACATAA TACTTAARACT AACTAGACTA CAACATAAAA ATATACACTT

4651 AATAATAGAT TATTAAAAAT AACATAATAT GGTAGGTTAA CTGTAAAAAA

4701 TAATAGAACT TTTGGAATAA ATATAGTTAG TTGGTTAATG TTAGATAGAA

4751 TATAAAAAGA TTTTGTATTT TAAAATAAAT ATAGTTAGIT GGTTAATGIT

4801 AGATAGAATA TAAAAAGATT TIGIATTIGG GAAATAAAAA GGGTGGTTGG

4851 GTGGTTGGTT GGTACTOCCT TAGACTGAAT GITAGGGACC AARAARATAA

4901 TAAAATAATT AAAATGAACA AGGACTACTG TCTATTCAGT TGACCAACTG

4951 AACCTATAGT ATCACTATGT TTTTAGGGTG GGGGGGTGGG AGATACATAC

5001 GTTCGCTATG GACCAAGTGG TACCGGTTGG TTGCTAAGCT OGAACAAGAC

5051 GGCTAAGOCG GTCOGGTTGG TTGAGOGCAA OCAACOGGTA CCACTIGGIC

5101 CATAGOGAAC GTATGTATCT COCACOCOOCC CACCCTAAAA ACATAGIGAT

5151 ACTATAGGTT CAGTTGGICA ACTGAA(T)-5176-3' TERMINUS

FIG. 1. Continued
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FIG. 2. The sequencing strategy used to determine
the nucleotide sequence of the parvovirus H-1. Se-
quencing in the direction of the plus strand is repre-
sented as arrows above the reference lines and in the
minus-strand direction below the reference lines. Map
position 0 is at the plus-strand 5’ terminus, and 100 is
at the 3’ terminus. It should be noted that the positions
of the Hhal fragments at m.p. 53.4-69.2 and 69.2-73.3
were mistakenly reported in the reverse order (25).
The restriction endonuclease sites referred to are: 1.
Haelll, 2. Sau3A, 3. Hindll, 4. Hhal, 5. Rsal, 6. Pstl,
7. Xbal, 8. EcoR1, 9. Avall, 10. EcoRII, 11. Pvull, 12.
Tagql, and 13. Alul.

H-1 gene products will require analysis of the
transcription products and their splicing ar-
rangements. We also intend to analyze H-1
protein peptide sequences to confirm the com-
plete accuracy of the DNA sequence. As a
preliminary step to this confirmation, we have
compiled the amino acid composition of the
hypothetical translation products of frame 1,
frame 2, and the 86,933-dalton VP1 (see Discus-

END 1
© AUG

END
" AUG

! !

END 3

J. VIROL.

VPI
84K

FIG. 4. Translation of H-1 mRNA. mRNA (1 to 2
ng) from H-l-infected and mock-infected cells was
translated as described in Materials and Methods. The
total translation products were separated on a 7.5%
polyacrylamide gel (11) and analyzed by fluorography
(5). Lane 1, *H-labeled, purified empty capsid; lane 2,
translation of infected-cell RNA; lane 3, translation of
mock-infected-cell RNA.

sion)—which utilizes part of frame 1 and most of
frame 2—and have compared them with the
compositions of H-1 capsid proteins (Table 1).
The amino acid compositions predicted by frame
2 and the 87K VP1 are reasonably close matches
to those for the values measured for the capsid
proteins VP1 and VP2'. This is in agreement

T BT TR
T LELER | T T T LA L

4

3. A WL Ll U

AUG

FIG. 3. A diagram of the stop codons and AUG codons in each of the three possible reading frames of the
plus-strand sequence. Reading frame 1 was empirically chosen to be in frame with open reading frame 1; it begins
with nucleotide 3. The major open reading frames 1 through 4 are indicated, and the arrows are positioned at the
sites of the TATAA promoter sequences at m.p.’s 4 and 38.
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FIG. 5. Immunoprecipitation of H-1 translation
products. Infected cell nRNA was translated, immu-
noprecipitated as described in Materials and Methods,
and analyzed on a 7.5% polyacrylamide gel as de-
scribed in the legend to Fig. 4. Lane 1, unprecipitated
translation products; lane 2, serum from a hamster
which survived a neonatal H-1 infection; lane 3, guinea
pig antiserum raised against purified capsid protein;
lane 4, serum from a hamster which survived a neona-
tal MVM() infection; lane S, normal hamster serum;
lane 6, guinea pig pre-bleed serum; lane 7, *H-labeled
empty capsid.

with our assignment of frame 2 to these structur-
al proteins.

DISCUSSION

The parvovirus H-1 has a genome of 5,176
nucleotides that contains two large open reading
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FIG. 7. Hybrid-arrested translation of H-1 mRNA.
Total infected-cell RNA (2 pg) and H-1 viral strand
DNA cloned into an M13 vector (1) (1 ng) were made
to 0.1 M KCl in a total volume of 5 pl, sealed into a
siliconized glass micropipette, and incubated at 55°C
for 30 min. The hybrids were then translated, and the
proteins were immunoprecipitated with serum from
hamsters surviving neonatal infection as described in
the legend to Fig. 5. The precipitates were run on a
7.5% polyacrylamide gel and fluorographed. The DNA
sequences used are described in the legend to Fig. 6.
Lane 1, Hhal 1.1-9.5; lane 2, Hhal 9.5-19.2; lane 3,
EcoRI-Haelll 21.0-31.1; lane 4, Rsal 35.0-39.2; lane
S, Haelll 35.8-45.9; lane 6, Rsal 39.2-44.1; lane 7,
Sau3A 49.5-55.2; lane 8, Sau3A 55.2-72.6; lane 9,
Sau3A 81.0-87.6; lane 10, unhybridized. The arrows
point to apparently truncated forms of NCVP1 seen in
lanes 4, 5, and 6.

frames (1 and 2) of 672 and 729 codons, respec-
tively, that are either headed by an AUG start
codon or preceded by one. There are two pro-
moter sequences at m.p.’s 4 and 38. HART
experiments have identified the open reading
frame 1 (m.p.’s 5 to 44) as the gene for NCVP1
protein of 76,000 daltons. We speculate that
NCVP1 is the RF rep gene product (24) and is

w N -
-
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Mop Position
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[ 1000 2000 3000 4000 5176
Nucleotide

FIG. 6. Strategy for hybrid-arrested translation. The top three lines indicate the major open regions in the
three reading frames of the H-1 genome, with potential initiation AUG codons at nucleotides 264, 1,998, and
2,289 indicated with arrowheads. The heavy vertical bars correspond to the H-1 DNA restriction fragments
cloned into M13 vectors that were used to arrest the H-1 mRNA translation. The restriction sites used were:
Hhal, 1.1-9.5 and 9.5-19.1; EcoRI-Haelll, 21.0-31.1; Rsal, 35.0-39.2; 39.2-44.1; Haelll, 35.8-45.9; Sau3A,
49.5-55.2, 55.2-72.6, and 81.0-87.6. The arrows represent putative promoter sites at m.p.’s 4 and 38. The
nucleotide 1 and m.p. 0 are at the 5’ terminus of the sense strand.
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TABLE 1. Amino acid composition of proteins studied
Composition predicted by”:

Amino acid

Frame 1 Frame 2 87K VP1 VP1 \Y 7% Capsid
Ala 6.6 8.0 9.7 10.1 8.8 8.0
Cys 2.8 0.8 1.0 ND? ND Tr
Asp (Asx) 4.9 (10.1) 5.9 (12.9) 5.7 (11.8) 129 14.0 10.8
Glu (Glx) 7.3 (12.2) 3.3 (8.8) 3.5(8.8 10.1 10.3 11.5
Phe 3.4 4.1 4.0 4.5 49 31
Gly 6.0 8.2 7.8 9.5 9.1 13.0
His 1.9 2.9 2.5 2.9 2.9 3.0
Ileu 4.8 4.1 3.7 3.7 4.1 3.8
Lys 71 4.5 4.3 5.4 3.5 6.5
Leu 7.9 6.4 6.6 6.2 6.2 7.8
Met 2.2 1.6 1.4 1.5 1.7 21
Asn 5.4 6.4 6.1 ND ND ND
Pro 4.2 7.4 7.6 6.9 6.4 7.7
Gin 4.9 5.5 5.5 ND ND ND
Arg 4.2 4.1 29 3.0 3.7 3.2
Ser 6.9 6.2 71 6.6 6.5 7.0
Thr 8.2 9.4 9.4 8.6 9.8 6.8
Val 5.7 4.9 4.5 4.3 4.1 4.8
Tryp 3.6 2.2 2.2 ND ND
Tyr 2.2 4.0 3.7 3.7 4.0 1.0

“ Amino acid composition of predicted proteins coded by frame 1, frame 2, and a hypothetical 87K VP1 as
proposed in the Discussion are compared with capsid protein amino acid compositions. The compositions are
expressed as mole percents, and the amino acid composition of whole capsids is from reference 19. The amino
acid compositions of VP1 and VP2’ do not include Trp and Cys in the 100%. Frame 2 codes for an 80,000-dalton
protein and therefore cannot reflect the exact composition of either VP1 (88,000) or VP2’ (68,000).

5 ND, Not determined.

either the postulated site-specific nickase (25),
the terminal bound protein (19), or both. The
open reading frame 2 (m.p.’s 46 to 88.3) has been
assigned to the capsid proteins VP1 and VP2',
but the detailed arrangements of the coding
sequences for these two proteins are unknown.

The noncapsid nature of the NCVP1 protein is
indicated by the fact that (i) it does not react
with antiserum to purified capsids and (ii) it has
never been identified as a protein component of
purified H-1 virus (9, 18). A protein with the
same characteristics as NCVP1 has been immu-
noprecipitated from extracts of H-1-infected
cells (P. R. Paradiso, unpublished data), and a
similar protein has recently been reported for
the parvovirus Aleutian disease virus (4).

The HART data indicate clearly that NCVP1
utilizes reading frame 1 (see Fig. 6) and termi-
nates to the left of map position 49, since the
49.5-55.2 H-1 DNA did not arrest the NCVP1
mRNA translation. The protein presumably ini-
tiates at nucleotide 264, which is the first AUG
start signal downstream of the promoter at nu-
cleotide 180, and terminates either at nucleotide
2,280 in reading frame 1 or at nucleotide 2,303 in
frame 3 via a splicing mechanism. In either case,
the DNA sequence predicts a molecular weight
of ca. 76,000 for NCVP1, which is 10% smaller
than predicted from gel electrophoresis. Lanes

4, 5, and 6 of Fig. 7 also show apparent truncat-
ed proteins with approximate molecular weights
of 65,000, 68,000, and 72,000, respectively. The
DNA sequence predicts that truncation of
NCVP1 at m.p.’s 35, 36, and 39 would give
proteins of 58,000, 59,900, and 65,700 daltons,
respectively. Like the intact protein, these trun-
cated proteins are about 10% larger on poly-
acrylamide gels than predicted by the DNA
sequence.

The HART results also show that VP1 and
VP2' are predominantly encoded in reading
frame 2 (Fig. 4) in the right half of the genome,
and they probably terminate at nucleotide 4,573.
The leftward boundary of these proteins is still
not known. However, the HART data suggest
that both are at or to the right of map position
39.2 (nucleotide 2,026). If the promoter se-
quence at nucleotide 1,979 signals the start of a
message at the expected 30 nucleotides down-
stream, then translation would begin at the AUG
at nucleotide 2,289 or perhaps 2,336 or 2,357.
This would provide more than enough coding
sequences for the 68K VP2'. The most likely
position would be nucleotide 2,289 (in reading
frame 1), since the probe DNA sequence repre-
senting 39.2-44.1 has its distal end at nucleotide
2,284 and arrests the translation of VP2'. This
message would splice into reading frame 2 be-
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fore the terminator at nucleotide 2,356 and con-
tinue to the polyadenylate signal at nucleotide
4,918. VP1, on the other hand, cannot use the
promoter at nucleotide 1,979 because the AUG
at nucleotide 1,998 is too close to the TATA
signal and the next available AUG would not
produce a large enough protein. Thus, it appears
that VP1 mRNA uses the promoter at nucleotide
180 as does NCVP1, but not the AUG at nucleo-
tide 264, since the translation was not arrested
by the 1.1-9.5 H-1 DNA probe. An mRNA
species, similar to that described by Tal et al.
(29) for MVM, in which a major portion of the
left half of the genome has been spliced out,
would explain the use of the leftward promoter
with coding sequences in the right half of the
genome. If this is the case, the HART data
indicate that the AUG at nucleotide 1,998 may
be used, since sequences to the left of this codon
did not arrest translation of VP1. If, for exam-
ple, the codons in frame 1 from the AUG at
nucleotide 1,998 to a splice at 2,231 and in frame
2 from 2,401 to the end were translated into
protein, an 86,933-dalton product would result.
The predicted amino acid composition of this
protein matches closely that of VP1 (Table 1).
On the other hand, determination of the DNA
sequence of canine parvovirus shows it to be
80% homologous to H-1 in this area and to have
the promoter sequences at m.p. 38, but there is
no AUG near the position analogous to the H-1
AUG at nucleotide 1,998 (S. L. Rhode, unpub-
lished data).

Figure 8 shows three potential mRNAs based
on the previous mRNA analyses (7, 12, 29) and
the data presented in this paper. The predicted
mRNA species corresponding to NCVP1, VP1,
and VP2' are approximately 4.5, 2.8, and 2.6 kb,
respectively. Splice sites have been assigned to
accommodate the predicted initiation codons
(see above), the known terminator codons, the
previously predicted common splice junctions
(7), and the sizes of the proteins. The previously
predicted 4.78-kb mRNA (7), which we have
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assumed to correspond to NCVP1, was shown
to have a common downstream splice junction
with the two major mRNA species (7). We have
depicted the NCVP1 mRNA here with splice
junctions similar to those of the VP2’ mRNA.
The splices in the VP1 mRNA permit the use of
the promoter at m.p. 4, initiation of protein
synthesis in reading frame 1 (see Fig. 6), and
coding of the bulk of the protein in reading frame
2. Similarly, the VP2’ mRNA uses the promoter
at m.p. 38, initiates the protein synthesis in
reading frame 1, and is spliced into reading
frame 2 to encode the remainder of the protein.
The polyadenylate site for all three messages is
at m.p. 95. Although these mRNA species are
somewhat smaller than predicted by Green et al.
(7), the splicing pattern and the relative sizes are
similar.

The discovery of a new parvoviral gene prod-
uct may help to answer several questions regard-
ing parvovirus replication, since this protein
may be the protein covalently linked to the 5’
terminus of H-1 RF DNA (19) or the predicted
site-specific nickase (25), or both. It is of interest
that the approximately 300-base pair deletions
found in defective interfering genomes (20) and
dlil (21) that include m.p. 38 render these ge-
nomes fully defective, with no detectable viral
proteins synthesized (P. R. Paradiso, unpub-
lished data). This is also the region which arrest-
ed the translation of all three virus proteins. The
fact that the H-1 NCVP1 was precipitated by the
hamster anti-MVM serum suggests that this pro-
tein is not unique to H-1 and in fact may be a
common product of the autonomous parvovirus-
es. Parvoviruses appear to make efficient use of
their limited coding capacity for the synthesis of
viral proteins.
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