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The nucleotide sequence of an almost-full-length clone of human parvovirus B19 was determined. Whereas
the extreme left and right ends of this genomic clone are incomplete, the sequence clearly indicates that the two
ends of viral DNA are related by inverted terminal repeats similar to those of the Dependovirus genus. The
coding regions are complete in the cloned DNA, and the two large open reading frames which span almost the
entire genome are restricted to one strand, as has been found for all other parvoviruses characterized to date.
From the DNA sequence we conclude that the organization of the B19 transcription units is similar although
not identical to those of other parvoviruses. In particular, we predict that the B19 genome may utilize a fourth
promoter to transcribe mRNA encoding the major structural polypeptide, VP2. Analysis of the¢ putative
polypeptides confirms that B19 is only distantly related to the other parvoviruses but reveals that there is a
small region in the gene probably ericoding the major nonstructural protein of B19, which is closely conserved
between all of the parvovirus genomes for which sequence information is currently available.

The Parvoviridae are a family of small DNA viruses with
single-stranded, linear genomes approximately 5,000 nucle-
otides (nt) in length (46). Viruses of this family which infect
vertebrates fall into two distinct groups. The adeno-
associated viruses (AAV), also called dependoviruses, re-
quire a helper adenovirus or herpesvirus to complete their
replication cycle. Members of the autonomously replicating
group of parvoviruses, although capable of independent
replication without the aid of a helper virus, require the host
cell to exhibit a highly specific physiological and differenti-
ated phenotype. To date, three serotypes of AAV have been
described which infect human populations, but none of these
are associated with human disease (7, 21). Until recently,
autonomously replicating parvoviruses had only been iso-
lated from rodents and domestic animals. These viruses are
often highly pathogenic, causing lytic destruction of mitoti-
cally active cells of particular differentated types and thus
inducing diseases involving rapidly proliferating tissues
(such as the gut epithelium and lymphoid system) in adults
(45), whereas transplacental infections of fetuses with vi-
ruses of this subgroup typically cause resorption, abortion,
or teratogenesis.

The human virus B19 (previously known as serum
parvoviruslike virus) has recently been definitively charac-
terized as a parvovirus (17, 49), but DNA hybridization
studies showed that, although it is not detectably related to
the dependoviruses, it is only very distantly related to some
other autonomously replicating members of the family (17).
Although the pathogenicity of this virus was unknown at the
time of the initial report (15), B19 is now known to be the
causative agent of erythema infectiosum (fifth disease; 1;
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S. M. Hall, C. L. Bartlett, B. J. Cohen, P. P. Mortimer, and
M. S. Perevia, Letter, Lancet i:1378, 1983) and of a type of
reticulocytopenic aplastic crisis associated with several
types of hemolytic anemia (e.g:, homozygous sickle cell
anemia, hereditary spherocytosis, pyruvate kinase defi-
ciency, and B-thalassemia; 19, 28, 29, 32, 34, 44). Recently,
B19 virus has also been shown to cause transient postinfec-
tion arthropathy in adults (35, 51) and to cross the placentas
of women infected during pregnancy (11), eliciting an im-
mune response in the developing fetuses (23). Clearly, B19
exhibits the pathogenic potential characteristically associ-
ated with an autonomous parvovirus, a proposition which is
supported by the recent observation that some cells in
erythropoietin-stimulated human bone marrow cultures ap-
pear to support the replication of B19 in vitro (N. S. Young,
personal communication).

To learn more about the genetic strategy and evolution of
this virus and its relationship to the other parvoviruses, we
determined the DNA sequences of two distinct B19 viruses
isolated 10 years apart, which we molecularly cloned into
plasmid vectors. The first of these sequences, presented in
this paper, is of a virus designated B19-Au and obtained from
the serum of a child with homozygous sickle cell disease who
was in the early phase of reticulocytopenic aplastic crisis.
The clone which was sequenced contained an almost-full-
length viral genome but lacked small regions from the viral
termini which, by analogy with the other parvoviruses, are
likely to be essential for self-priming during DNA replica-
tion. Thus, the clone (pYT103) analyzed in this paper is
probably not an infectious form of the virus but does contain
all of its coding sequences.

(A preliminary report of these data was presented at the
EMBO Workshop on Parvoviruses, Grangeneuve, Switzer-
land, September 198S5.)
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MATERIALS AND METHODS

Enzymes and chemicals. Restriction endonucleases, T4
DNA ligases, and T4 polynucleotide kinase were purchased
from Bethesda Research Laboratories, Inc. DN A polymerase
I (Klenow fragment) was obtained from Promega Biotec, and
exonuclease III and linkers were from New England
BioLabs, Inc. S1 nuclease was purchased from PL-Phar-
macia. a->2P-deoxyribonucleoside triphosphates (dNTPs)
were obtained from Amersham Corp. a-Thio-dNTPs (aS-
dNTPs) were supplied by New England Nuclear Corp.
NACS-52 columns were obtained from Bethesda Research
Laboratories.

Cloned viral DNA. Virus was obtained from the serum of a
child with homozygous sickle cell disease during the early
stages of reticulocytopenic aplastic crisis. Clinical details
and a more detailed description of virus isolation and con-
struction of the almost-full-length clone will be presented
elsewhere (S. F. Cotmore et al., manuscript in preparation).
Briefly, the procedures used parallel those described previ-
ously for the cloning of the B19-Wi isolate (17). The duplex
viral termini were used to prime the synthesis of comple-
mentary strands by the Klenow fragment of Escherichia coli
DNA polymerase 1. The genome was cloned in two parts
using an internal cut at the single BamHI site in the virus and
oligonucleotide linkers attached to the viral termini. In this
instance, EcoRI linkers were used in preference to the
BamHI linkers used in cloning the B19-Wi genome (17).

Restriction endonuclease mapping of the viral clone. To
facilitate mapping of the genome, the EcoRI insert from
pYT103 was digested with BamHI (map unit 76), and the two
fragments of 3.9 and 1.4 kilobases (kb) were mapped sepa-
rately by the method of Smith and Birnstiel (47). Restriction
endonucleases used were Aval, BamHI, BgllIl, Clal, EcoRI,
EcoRV, Hindlll, Pstl, Pvul, Pvull, Sall, Sstl, Sstll, Xbal,
and Xhol.

Sequence determination. To facilitate sequencing the
genome, the major portion of the sequence of both the
left-end (3.9-kb) EcoRI-BamHI and right-end (1.4-kb)
BamHI-EcoRI fragments were recloned, and a series of
nested deletions was constructed as described below.

Sequence of the right-end (1.4-kb) fragment. The 1.4-kb
BamHI-EcoRI fragment (map units 76 to 100 [see Fig. 1A])
was recloned into pUC13 and transformed into JM101 cells.
Plasmid DNA from several white colonies was isolated by
the mini-alkaline lysis method (26), characterized by diges-
tion with BamHI and EcoRI, and subsequently transformed
into DH1 cells for large-scale (1 liter) growth. Plasmid DNA
was purified by the alkaline lysis procedure followed by CsCl
density gradient centrifugation (26). Plasmid DNA (30 ng)
designated pUC13-1.4 (see Fig. 1B) was digested with Ps:I
and BamHI. After phenol-CHCIl; extraction and ethanol
precipitation, DNA was digested with exonuclease III for 0
to 3 min (aliquots were removed at 0.5-min intervals) fol-
lowed by S1 nuclease to remove the single-stranded tail.
After phenol-CHCIl; extraction and ethanol precipitation,
DNA was incubated with DNA polymerase I (Klenow
fragment) and all four dNTPs to ensure that the molecules
were blunt ended. DNA was ligated overnight at 14°C and
transformed into DH1 cells. Colonies from time points 0 to 3
min were grown (1.5-ml cultures), and plasmid DNA was
isolated. DN A was digested with restriction enzymes (EcoRI
and HindlIIl) and analyzed on 0.7% agarose gels to size the
deletions. DNA from appropriate clones was further purified
on NACS-52 columns as described by the manufacturer.
Each clone was digested with EcoRI to linearize the DNA
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and sequenced by the enzymatic method (42) with the
universal reverse primer. To obtain the end sequence (near-
est the EcoRlI linker site at nt 5107), one clone was digested
with HindIII and sequenced with universal forward primer.
The concentration of primer used in enzymatic sequencing
of double-stranded DNA clones was 10-fold that used with
single-stranded (M13) templates.

Sequence of the left-end (3.9-kb) fragment. Attempts to
clone the 3.9-kb EcoRI-BamHI fragment into M13 vectors
(host cells, IM101) repeatedly met with failure. We also were
unsuccessful in many attempts to clone this fragment into
double-stranded pUC vectors by using JM101 or DH1 celis.
Eventually the fragment was cloned into pUC13 by using
JM101 cells. However, large-scale preparations of this clone
could not be achieved in these cells. Hence, the DNA from
a mini-alkaline lysis preparation was transformed into DH1
cells, where the plasmid appeared to be stable. Because of
the initial difficulty in cloning and amplifying the plasmid, the
insert was carefully mapped with several restriction endo-
nucleases to ensure that it had not undergone rearrangement
during the cloning procedure. Indeed, the 3.9-kb insert
corresponds to that fragment in the original clone (pYT103)
except for the extreme left-end EcoRI-HindIIl fragment
(map units 1 to 12). This fragment contains the left hairpin
region, and in our pUC13 clone this region had undergone a
deletion of approximately 130 base pairs. The pUC plasmid
containing the 3.9-kb fragment was further altered to destroy
the Xbal site in the multiple cloning region of the vector.
This was accomplished by partial Xbal digestion and purifi-
cation of the linear (6.6-kb) DNA on a 0.7% agarose gel.
DNA, blunt-ended with DNA polymerase I (Klenow frag-
ment) and all four ANTPs, was ligated with T4 DNA ligase
and transformed into DH1 cells. Twelve clones were grown,
and the plasmid DNAs were characterized by restriction
digestion to identify a clone which retained the Xbal site at
nt 477 of the insert but had lost the Xbal site in the multiple
cloning region. This clone was designated pUC13-3.9 (see
Fig. 1B) and used for sequencing.

The sequence of pUC13-3.9 was obtained by generating a
series of nested deletions essentially as described above with
the exception of the initial steps. DNA (15 pg) was digested
with EcoRI, and the recessed ends were filled in with
aS-dATP by using DNA polymerase I (Klenow fragment).
DNA, after ammonium acetate-ethanol precipitation, was
digested with Xbal. Following another ethanol precipitation
step, the DNA was redissolved (0.25 pg/pl), and a series of
nested deletion clones was constructed as described above
except that exonuclease III aliquots were taken every
minute for 0 to 14 min. DNAs from appropriate plasmid
clones were purified on NACS-52 columns, linearized by
digestion with BamHI, and sequenced using the universal
forward primer (10-fold concentration of that used with
single-stranded DNA).

The sequence of the complementary strand was obtained
by cloning the 3.9-kb EcoRI-BamHI fragment from
pUC13-3.9 into M13mp1l0. The host cells used, DH21 cells,
are DH1 cells which contain an F’, although they lack the
color selection of the JM series of cells. The M13 clone
obtained was designated M13mp10-3.9 (see Fig. 1B). The
sequence of M13mp10-3.9 was obtained by constructing a
series of nested deletions similar to that described above for
pUC13-3.9. M13mpl0-3.9 replicative-form DNA was di-
gested with Sall, and the recessed ends were filled in with
oS-dTTP by using DNA polymerase 1 (Klenow fragment).
To get complete protection of the Sall site from exonuclease
III, we found it necessary to add dGTP to the filling-in
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FIG. 1. (A) Restriction endonuclease map of the B19-Au genome cloned in plasmid pYT103. To sequence the genome by creating a series
of nested deletions, the BamHI and EcoRI fragments (1.4 and 3.9 kb) were cloned into pUC13 and M13mp10. (B) The arrangements of the
inserts and relevant restriction endonuclease sites in these clones are illustrated below the linear map (see Materials and Methods for details).
The arrows indicate the direction of exonuclease I1I digestion used to generate deletion clones. Although we were unable to clone the 3.0-kb
fragment directly from pYT103 into M13, we were able to transfer it from our pUC13-3.9 clone into M13mp10. We believe that the left hairpin
end was deleted sufficiently in the pUC clone to permit its recovery in an M13 clone.

reaction. It seems probable that, without dGTP, the 3’
exonuclease activity of the polymerase digests back into the
DNA before it has added the thiophosphate derivative.
Hence, by adding the penultimate nucleotide, we were able
to prevent this from occurring. After phenol-CHCl; extrac-
tion and ethanol precipitation, the DNA was digested with
BamHI, and deletion clones were constructed as described
above. Single-stranded M13 DNA deletion clones were sized
on a 0.7% agarose gel (100 V for 16 h), and appropriate
clones were sequenced by the enzymatic procedure using
universal forward primer.

After the sequence of the above clones was obtained,
several regions still remained in doubt. To repeat the se-
quence in these regions, synthetic deoxyribooligonu-
cleotides (13- to 16-mers) were synthesized on an Applied
Biosystems oligonucleotide synthesizer and used as primers
on appropriate clone templates. To sequence through the
BamHI site at the junction of the 3.9- and 1.4-kb fragments,
plasmid pYT103 DNA (approximately 20 pg) was digested
with BglII and Pstl (see Fig. 1A), and the Bgl/II ends were
labeled with dGTP and [a->**P]dATP using DNA polymerase
I (Klenow fragment). DNA was run on a 5% acrylamide gel,
and the appropriate fragment was electroeluted and se-
quenced by the chemical method (27).

RESULTS

Restriction endonuclease map of the cloned B19-Au genome
and the sequencing strategy. Figure 1A is a restriction endo-
nuclease map of some of the six-base-pair recognition en-
zymes. In addition, a list of such enzymes which do not cut
the DNA is given. The list is not exhaustive, but all known
restriction endonuclease sites are included in Fig. 2, which

lists the entire nt sequence of the pYT103 clone of B19-Au
together with the amino acid sequences encoded by the
major regions of the open reading frame (ORF). The se-
quencing strategy for the B19-Au genome is depicted in Fig.
3 and described in Materials and Methods. The sequence
through the BamHI site of the pYT103 clone (nt 3996) was
confirmed by chemical sequencing (27), but it should be
noted that in the construction of this clone viral DNA was
digested with BamHI and the left and right fragments were
cloned separately. Thus, it is possible that a small BamHI
fragment may have been lost during the cloning procedure.
We will not be able to exclude this possibility until viral
DNA or a junction clone is sequenced.

Sequence of the left- and right-hand hairpin regions. Our
difficulty with cloning the left EcoRI and BamHI fragment
was almost certainly due to the presence of the terminal
inverted repeat. Hence, our pUC13-3.9 and M13mpl0-3.9
clones had deleted at least 130 nt relative to the longest
inverted repeat in clone pYT103. We believe that the termi-
nal hairpin at the left end in pYT103 is deleted, even from the
virion DNA. The sequence of the longest cloned left-end
hairpin was obtained from pYT103 by 3’-end labeling at
either the EcoRI (nt 1), Xbal (nt 477), or HindIII (nt 595) site
and sequencing by the chemical method (27). This approach
gave us nt 1 to 595, which overlapped with the enzymatic
sequencing results by at least 450 nt (Fig. 3). The right end of
the genome was also sequenced with clone pYT103. The
hairpin at the right end was much shorter in clone pYT103
than that at the left end (Fig. 4), and this indicates that, in the
construction of this clone, DNA polymerase I (Klenow
fragment) extension ended shortly after the polymerase
entered the stem portion of the hairpin. We know that the
right hairpin contains a large palindrome, because analysis of
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20 40 60 80 100 120
GAATTCCGCCAAATCAGATGCCGCCGGTCGCCGCCGGTAGGCGGGACTTCCGGTACAAGATGGCGGACAATTACGTCATTTCCTGTGACGTCATTTCCTGTGACGTCACAGGAAATGACG
CTTAAGGCGGTTTAGTCTACGGCGGCCAGCGGCGGCCATCCGCCCTGAAGGCCATGTTCTACCGCCTGT TAATGCAGTAAAGGACACTGCAGTAAAGGACACTGCAGTGTCCTTTACTIGC

EcoR1l SfaNI] FnudHI Hpall EcORI* Aatll Maelll Maell
EcoRI* Cfri01 Hpall Rsal Maell Maell Maell
FnudHl Cfr101 MaelllAcyl Maelll
140 160 180 200 220 240

TAATTGTCCGCCATCTTGTACCGGAAGTCCCGCCTACCGGCGGCGACCGGCGGCATCTGATTTGGTGTCTTCTTTTAAATTTTAGCGGGCTTTTTTCCCGCCTTATGCAAATGGGCAGCC
ATTAACAGGCGGTAGAACATGGCCTTCAGGGCGGATGGCCGCCGCTGGCCGCCGTAGACTAAACCACAGAAGAAAATTTAAAATCGCCCGAAAAAAGGGCGGAATACGTTTACCCGTCGG

EcoRI* Rsal Cfr101 Cfr101 SfaNl Mboll Ahalll Bbvl
Hpall FrudHI FnudHI EcoRI*
260 280 300 320 340 360

ATTTTAAGTGTTTTACTATAATTTTATTGGTTAGTTTTGTAACGGTTAAAATGGGCGGAGCGTAGGCGGGGACTACAGTATATATAGCACGGTACTGCCGCAGCTCTTTCTTTCTGGGCT
TAAAATTCACAAAATGATATTAAAATAACCAATCAAAACATTGCCAATTTTACCCGCCTCGCATCCGCCCCTGATGTCATATATATCGTGCCATGACGGCGTCGAGAAAGAAAGACCCGA
EcoRI* Maelll Rsal Bbvi Bbvi
Alul

3mMELFRGVLOVSSNUVL

380 400 420 440 460 480
GCTTTTTCCTGGACTTTCTTGCTGTTTTTTGTGAGCTAACTAACAGGTATTTATACTACTTGTTAACATCCTAACATGGAGCTATTTAGAGGGGTGCTTCAAGTTTCTTCTAATGTTCTA
CGAAAAAGGACCTGAAAGAACGACAAAAAACACTCGATTGATTGTCCATAAATATGATGAACAATTGTAGGATTGTACCTCGATAAATCTCCCCACGAAGT TCAAAGAAGATTACAAGAT
BstNI Kiul Hpal FokI ~ Nlalll mn11 Mool Xbal

Scrfl HindIl Alul Mael

D C A NDNUWWC S L L DL DT S D WEUPLTHTNRILMATIEIYULS SV A S KL
$00 520 540 560 580 600
GACTGTGCTAACGATAACTGGTGGTGCTCTTTACTGGATTTAGACACTTCTGACTGGGAACCACTAACTCATACTAACAGACTAATGGCAATATACTTAAGCAGTGTGGCTTCTAAGCTT
CTGACACGATTGCTATTGACCACCACGAGAAATGACCTAAATCTGTGAAGACTGACCCTTGGTGATTGAGTATGATTGTCTGATTACCGTTATATGAATTCGTCACACCGAAGATTCGAA
HgtAl Nlalv AfI111 HindIII

Sdul DdelAlul

D F T GG P L A G C LY F F QV ECNIKTFETEGY HTIHV VT G GP G L NUPRN
620 640 660 680 700 720
GACTTTACCGGGGGGCCACTAGCAGGGTGCTTGTACTTTTTTCAAGTAGAATGTAACAAATTTGAAGAAGGCTATCATATTCATGTGGTTACTGGGGGGCCAGGGTTAAACCCCAGAAAC
CTGAAATGGCCCCCCGGTGATCGTCCCACGAACATGAAAAAAGTTCATCTTACATTGTTITAAACTTCTTCCGATAGTATAAGTACACCAATGACCCCCCGGTCCCAATTTGGGGTCTTTG

Caull Haelll Tthiifll MaellIEcoRI* B NlalllMaelll Nlalv
HpallAsul Mael Rsal Mboll AsulBstNI
Nlalv Haelll

L T VvV CV E G L F NNUVLYHULUVTENUVIKLIKTFL®PGMTTI KGN KYF RDGE
740 760 780 800 820 840
CTTACAGTGTGTGTAGAGGGGTTATTTAATAATGTACTTTATCACCTTGTAACTGAAAATGTGAAGCTAAAATTTTTGCCAGGAATGACTACAAAAGGCAAATACTTTAGAGATGGAGAG
GAATGTCACACACATCTCCCCAATAAATTATTACATGAAATAGTGGAACATTGACTTTTACACTICGATTTITAAAAACGGTCCTTACTGATGTTTTCCGTTTATGAAATCTCTACCTCTC
Mn1I Rsal Hphl Maelll Alul EcoRI* BstNI

Q F I ENY L M K K I P LNVVWCV T NIDGY Y11 DTTZ CTI S ATEFRRGA ATCH
860 880 900 920 940 960
CAGTTTATAGAAAACTATTTAATGAAAAAAATACCTTTAAATGTTGTATGGTGTGTTACTAATATTGATGGATATATAGATACCTGTATTTCTGCTACTTTTAGAAGGGGAGCTTGCCAT
GTCAAATATCTTTTGATAAATTACTTTTTTTATGGAAATTTACAACATACCACACAATGATTATAACTACCTATATATCTATGGACATAAAGACGATGAAAATCTTCCCCTCGAACGGTA
Ahalll MaelllSspl Alul Nlalll

A K K PRI T TATI NDT S SDAGTE S S G T G AEV VP F NGKGTNKASTIHK
980 1000 1020 1040 1060 1080
GCCAAGAAACCCCGCATTACCACAGCCATAAATGATACTAGTAGTGATGCTGGGGAGTCTAGCGGCACAGGGGCAGAGGTTGTGCCATTTAATGGGAAGGGAACTAAGGCTAGCATAAAG
CGGTTCTTTGGGGCGTAATGGTGTCGGTATTTACTATGATCATCACTACGACCCCTCAGATCGCCGTGTCCCCGTCTCCAACACGGTAAATTACCCTTCCCTTGATTCCGATCGTATTTC
Spel SfaNI Hinfl FnudHI MmNl Ddel Mael
Mael Mael Nhel

F Q T M V N W L C ENRUV F T EDKOWEKLVDTFNOYTLLSSSHSGSF ol
1100 1120 1140 1160 1180 1200
TTTCAAACTATGGTAAACTGG?TGTGTGAAAACAGAGTGTTTACAGAGGATAAGTGGAAACTAG?YGACTT?AACCAG?ACACTTTACYAAGCAGTAGTCACAGYGGAAG?TTTCAAA?T
AAAGTTTGATACCA?TTGACCAACACACTTTTGTCTCACAAAYG?CTCCTATTCACC?TYGATCAACTGAAA?TGGTCAYGTGAAATGA7TCGTCA1CAG?GTCACCTYCAAAAGTYTAA
MmNl I SpelHindI1 Rsal Ddel Maelll EcoRl1*
Mael

0 S A L K ULATI Y KATNLUVPTSTFLLHTOQTFTEU GQVMCTIKTD N K I V K L
1220 1240 1260 1280 1300 1320

CAAAGTGCACTAAAACYAGCAATTTA?AAAGCAACTAATYTAGYGCCTACTAGCACATYTTTATTGCATACAGACTTTGAGCAGGTTATGTGTATTAAAGACAA?AAAATYG?TAAATTG

GTTTCACGTGATTTTGATCGTTAAATATTTCGTTGATTAAATCACGGATGATCGTGTAAAAAYAACGTAYGTCYGAAACTCGTCCAATACACATAATYTCTGTTATTTYAACAATTTAAQ

Mael . EcoRI* EcoRI*
;lg‘i‘:! Mael EcoRI* EcoRl Mael Noelll

L LCOQOGNVYTUDTPTULTULVYG QHVYLKUWTIDIKU KT ECSGHKTIKNTLWFY G PP ST G K T
Aton caoe Toar Aian CACTGTGGTTTYATé;:gCGCCAAGTACAGGAAA::zg
TTACTTTGTCAAAACTATGACCCCCTATTGGTGGGGCAGCATGTGTTAAAGTGGATTGATAAAAAATGTGGTAAGAAAAATA
AATGAAACAGTTTTGATAcTGGGGGATAAccACCCCGTCGtACACAATYYCAccTAACTATTTTT?ACACCATTCYTT?TATGTGACACCAAAAYAQCCGBCGGTTCATGTCCTTTTTGT
BbvINlalll AsulFnud4HIRsal

Nsp(7524)1 Haelll

N L A MATI AKTSV VPV Y GMVNUWNNTENTFPTFNDUVAGKSLV V WD E G I
Troc Tt TanT 15207 TAGCAGG‘AAAAGC:?;gTGGTCTGGGATGAAGG;:??

AACTTGGCAATGGCCATTGCTAAAAGTGTTCCAGTATATGGCATGGTTAACTGGAATAATGAAAACTTTCCATTTAATGATG

7TGAACCGYTACCGGTAACGATTTTCACAAGGTCATATACCGYACQAATTGACCTYATTAC?TTTGAAAGGTAAATTAC7ACATCGYCCTYTTTQGAACCACCAGACQCTAQYTCCATAA

Ball Nlalll Xmnl HindIIl EcoPl Fokl
Hael HindIl Alul
cfrl Hpal
3 T S N
1 K S T 1 V E A AKAI L GG QZPTRUVDOQGQKMRGS SV AV P GV PV VI
1580 1600 1620 1640 1660 1680

ATTAAGTCTACAATTGTAGAAGCTGCAAAAGCCAT7TTAGGCGGGCAACCCACCAccszGATCAAAAAATGcGTGGAAGTGTAGCTGTGCCTGGAGTACCYGTGGTTAfAAcCAGCAAt
TAATTCAGATGT?AACATCTTCGACGTYT7CGGTAAAATCCGCCCGYYGGGTGGTCCCATCTAGTTTTTTACGCACCTTCACATcGACACGGAQCTCATGGACACCAATAYYGG?C TTA
Accl EcoRl* Alul HgiIEII Sau3A Alul  BstNI Rsal Hg{EIl
Bbvl BstNI Gsul
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G ODI T F VV S GNTTTTVHAIK ALK KEWRMVKLNITFTUVRCSPODMG L L
1700 1720 1740 1760 1780 1800
GGTGACATTACTTTTGTTGTAAGCGGGAACACTACAACAACTGTACATGCTAAAGCCTTAAAAGAGCGCATGGTAAAGTTAAACTTTACTGTAAGATGCAGCCCTGACATGGGGTTACTA
CCACTGTAATGAAAACAACATTCGCCCTTGTGATGTTGTTGACATGTACGATTTCGGAATTTTCTCGCGTACCATTTCAATTTGAAATGACATTCTACGTCGGGACTGTACCCCAATGAT

Hphl RsalINlalll Hhal SfaNI NlallIMaelll
MaelIll Nsp(7524)1 Nlalll BbvI

T E A DV Q Q W LT W CNA AW QS WDHY ENWATINYTTFDTFPG I N ADAL H
1820 1840 1860 1880 1900 1920
ACAGAGGCTGATGTACAACAGTGGCTTACATGGTGTAATGCACAAAGCTGGGACCACTATGAAAACTGGGCAATAAACTACACTTTTGATTTCCCTGGAATTAATGCAGATGCCCTCCAC
TGTCTCCGACTACATGTTGTCACCGAATGTACCACATTACGTGTTTICGACCCTGGTGATACTTTTGACCCGTTATTTGATGTGAAAACTAAAGGGACCTTAATTACGTCTACGGGAGGTG
Mn1I Rsal Nlalll Alul Asul BstNIEcCORI* SfaNIMn1ITaqll
NlalvAvall

P DL OQTTPTITVTDTS I S S S GG E S S E E L S E S S F F N L I T P G A W N
1940 1960 1980 2000 2020 2040
CCAGACCTCCAAACCACCCCAATTGTCACAGACACCAGTATCAGCAGCAGTGGTGGTGAAAGCTCTGAAGAACTCAGTGAAAGCAGCTTTTTTAACCTCATCACCCCAGGCGCCTGGAAC
GGTCTGGAGGTTTGGTGGGGT TAACAGTGTCTGTGGTCATAGTCGTCGTCACCACCACTTTCGAGACTTCTTGAGTCACTTTCGTCGAAAAAATTGGAGTAGTGGGGTCCGCGGACCTTG

Mn11 ECORI* Bbvl Hphl Mboll Ddel Fnu4HI Mn11 Hphl BstNINarIBstNI
EcoPl Maelll EcoP 1S HaelIBstXINlalVv
EcoP 15 HhalHgiCl

T E T PR S S T P I P G T S S G E S F VG S P V S S E V V A A S W E E A F Y T P
2060 2080 2100 2120 2140 2160
ACTGAAACCCCGCGCTCTAGTACGCCCATCCCCGGGACCAGTTCAGGAGAATCATTTGTCGGAAGCCCAGTTTCCTCCGAAGTTGTAGCTGCATCGTGGGAAGAAGCCTTCTACACACCT
TGACTTTGGGGCGCGAGATCATGCGGGTAGGGGCCCTGGTCAAGTCCTCTTAGTAAACAGCCTTCGGGTCAAAGGAGGCTTCAACATCGACGTAGCACCCTTCTTCGGAAGATGTGTGGA

FnuDIIMael FokI Aval Hinfl MN1 T SfaNI Mboll
Hhal Rsal CaulINlalVv Alul

SmalAvall BbvI

CaullAsul

L ADQF RELLV GV DY V WDGVRGLUPVCCVQHTINNSGS GSGIULGIULC
2180 2200 . 2220 2240 2260 2280
TTGGCAGACCAGTTTCGTGAACTGTTAGTTGGGGTTGATTATGTGTGGGACGGTGTAAGGGGTTTACCTGTGTGTTGTGTGCAACATATTAACAATAGTGGGGGAGGGTTGGGACTTTGT
AACCGTCTGGTCAAAGCACTTGACAATCAACCCCAACTAATACACACCCTGCCACATTCCCCAAATGGACACACAACACACGTTGTATAATTGTTATCACCCCCTCCCAACCCTGAAACA

EcoPl MN1I Tthit1l

P H C I NV G A W Y NG WK F R ETF TP DLV RC S CHV GASNUZPTF SV L TC
2300 2320 . 2340 2360 2380 2400
CCCCATTGCATTAATGTAGGGGCTTGGTATAATGGATGGAAATTTCGAGAATTTACCCCAGATTTGGTGCGATGTAGCTGCCATGTGGGAGCTTCTAATCCCTTTTCTGTGCTAACCTGC
GGGGTAACGTAATTACATCCCCGAACCATATTACCTACCTITAAAGCTCTTAAATGGGGTCTAAACCACGCTACATCGACGGTACACCCTCGAAGATTAGGGAAAAGACACGATTGGACG
FokI EcoRI* EcORI* Alul  Nlalll Alul
Taql B8bvl

1M s K K S G K WWZESDTDTKTFAKA AVY QQTF V EF
K K C A Y LS GLQSTF VDY E *

2420 2440 2460 2480 2500 2520
AAAAAATGTGCTTACCTGTCTGGATTGCAAAGCTTTGTAGATTATGAGTAAAAAAAGTGGCAAATGGTGGGAAAGTGATGATAAATTTGCTAAAGCTGTGTATCAGCAATTTGTGGAATT
TTTTTTACACGAATGGACAGACCTAACGTTTCGAAACATCTAATACTCATTTTTTTCACCGTTTACCACCCTTTCACTACTATITAAACGATTTCGACACATAGTCGTTAAACACCTTAA

HindIII EcoRI* Alul EcCORI* EcoRI*
Alul
Y E K VT G T D L E L I Q@ I L KDHY NT SLDNZPTLTENZPSSLTFOD L:!V A R I
L L v
2540 2560 2580 2600 2620 2640

TTATGAAAAGGTTACTGGAACAGACTTAGAGCTTATTCAAATATTAAAAGATCATTATAATATTTCTTTAGATAATCCCCTAGAAAACCCATCCTCTCTGTTTGACTTAGTTGCTCGTAT
AATACTTTTCCAATGACCTTGTCTGAATCTCGAATAAGTITATAATTTTCTAGTAATATTATAAAGAAATCTATTAGGGGATCTTTTGGGTAGGAGAGACAAACTGAATCAACGAGCATA
Maelll Ddel Alul Sspl Sau3A Sspl Mael Fokl Tth11111
MN1I EcoADdel

K N NL KNS P D LY S HHTFQSHG QUL SDMHPHA AL S S S S SHATETU®PRGE
LK I TLKTULQTVYTITVITITFIKUVMDSY LT TP MPYHUPV AV MOQONILEE
2660 2680 2700 2720 2740 2760
TAAAAATAACCTTAAAAACTCTCCAGACTTATATAGTCATCATTTTCAAAGTCATGGACAGTTATCTGACCACCCCCATGCCTTATCATCCAGTAGCAGTCATGCAGAACCTAGAGGAGA
ATTTTTATTGGAATTTTTGAGAGGTCTGAATATATCAGTAGTAAAAGTTTCAGTACCTGTCAATAGACTGGTGGGGGTACGGAATAGTAGGTCATCGTCAGTACGTCTTGGATCTCCTCT
Gsul Nlalll NilaIll FokI NlaIll MaelIMn11

N A V L §$ S EDLHIKUZPG QV SV QLPGTNYV GPGNTETILUGQAGTPUZPAGQSAV

K M Q@ Y Y L V K TY T S L GIK LAY NYPV LT MLGLAMS Y KTULGUZPURIKV L
2780 2800 2820 2840 2860 2880
AAATGCAGTATTATCTAGTGAAGACTTACACAAGCCTGGGCAAGTTAGCGTACAACTACCCGGTACTAACTATGTTGGGCCTGGCAATGAGCTACAAGCTGGGCCCCCGCAAAGTGCTGT
TTTACGTCATAATAGATCACTTCTGAATGTGTTCGGACCCGTTCAATCGCATGTTGATGGGCCATGATTGATACAACCCGGACCGTTACTCGATGTYCGACCCGGGGGCGTTTCACGAQA

Mael Mboll BstNI Rsal Caull BstNI Alul DrallHgiJll HindIl
Rsal Asul AlulApalINialVv
HaelIl AsulSdul

D S A ART HUDTFRY S QL A KWLGTINZPTYTHUWTV ADTETETLTULJZKNTIIKNTET
L T VL Q@GF M T L GTI ANUWIL S WE =
2900 2920 2940 2960 2980 3000
TGACAGTGCTGCAAGGATTCATGACTTTAGGTATAGCCAACTGGCTAAGTTGGGAATAAATCCATATACTCATTGGACTGTAGCAGATGAAGAGCTTTTAAAAAATATAAAAAATGAAAC
ACTGTCACGACGTTCCTAAGTACTGAAATCCATATCGGTTGACCGATTCAACCCTTATTTAGGTATATGAGTAACCTGACATCGTCTACTTCTCGAAAATTTTTTATATTTTTTACTTTG
BbvI HinfINlalIl Ddel MbolIAlulAhalll

G F Q AQ V V KD Y F T L K G A A AP V A HTF QG S L P E V P A Y NA S E K VY P
3020 3040 3060 3080 3100 3120
TGGGTTTCAAGCACAAGTAGTAAAAGACTACTTTACTTTAAAAGGTGCAGCTGCCCCTGTGGCCCATTTTCAAGGAAGT TTGCCGGAAGTTCCCGCTTACAACGCCTCAGAAAAATACCC
ACCCAAAGTTCGTGTTCATCATTTTCTGATGAAATGAAATTTTCCACGTCGACGGGGACACCGGGTAAAAGT TCCTTCAAACGGCCTTCAAGGGCGAATGTTGCGGAGTCTTTTTATGGG
Tthi1111 Ahalll BbviBbvIBgl1! Asul Hpall Ddel Tthii1Il
PvulIAlul Haelll Mn1I
NspBI1

925
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S M T S V N S A E A ST GAG GGG S NSV K S MWSEGATTFSANSUVTCT
314C 3160 3180 3200 3220 3240
AAGCATGACTTCAGTTAATTCTGCAGAAGCCAGCACTGGTGCAGGAGGGGGGGGCAGTAATTCTGTCAAAAGCATGTGGAGTGAGGGGGCCACTTTTAGTGCTAACTCTGTAACTTGTAC
TTCGTACTGAAGTCAATTAAGACGTCTTCGGTCGTGACCACGTCCTCCCCCCCCGTCATTAAGACAGTTTTCGTACACCTCACTCCCCCGGTGAAAATCACGATTGAGACATTGAACATG

Nlalll EcoRI*PstlI Mn1I EcoRI* NlalIl Mn1IAsul Maelll Rsal
Nsp(7524)1 Nlalv
Haelll

F S R Q F L I PY DUPEUHUHTYKUVTF SPAASST CHNASGT KTEAKVCTTISP

3260 3280 3300 3320 3340 3360

ATTTTCCAGACAGTTTTTAATTCCATATGACCCAGAGCACCATTATAAGGTGTTTTCTCCCGCAGCGAGTAGCTGCCACAATGCCAGTGGAAAGGAGGCAAAGGTTTGCACCATCAGTCC

TAAAAGGTCTGTCAAAAATTAAGGTATACTGGGTCTCGTGGTAATATTCCACAAAAGAGGGCGTCGCTCATCGACGGTGTTACGGTCACCTTTCCTCCGTTTCCAAACGTGGTAGTCAGG
EcoRI*Ndel HgiAISdul BbvI AlulBbvl Mn11

1 M G Y S T P W R Y L DF NALNWLTFTFSPLETFQHTULTIENYSGSTIAUPDAL
3380 3400 3420 * 3440 3460 3480
CATAATGGGATACTCAACCCCATGGAGATATTTAGATTTTAATGCTTTAAATTTATTTTTTTCACCTTTAGAGTTTCAGCACTTAATTGAAAATTATGGAAGTATAGCTCCTGATGCTTT
GTATTACCCTATGAGTTGGGGTACCTCTATAAATCTAAAATTACGAAATTTAAATAAAAAAAGTGGAAATCTCAAAGTCGTGAATTAACTTITAATACCTTCATATCGAGGACTACGAAA

NlalIll Ahalll Hphl EcORI* EcoRI* Alul SfaNI
Ncol EcoRI*
Styl

T Vv T1 S E1 AV KDUVTDI KTGSGGVQQVTDSTTGRTULCMLVDHE]YK]Y
3500 3520 3540 3560 3580 3600
AACTGTAACCATATCAGAAATTGCTGTTAAGGATGTTACAGACAAAACTGGAGGGGGGGTACAGGTTACTGACAGCACTACAGGGCGCCTATGCATGTTAGTAGACCATGAATACAAGTA
TTGACATTGGTATAGTCTTTAACGACAATTCCTACAATGTCTGTTTTGACCTCCCCCCCATGTCCAATGACTGTCGTGATGTCCCGCGGATACGTACAATCATCTGGTACTTATGTTCAT

Maelll EcoRI* FokIMaelIIl Gsul Rsal Maelll Haell Nlalll Accl NlalIll Rsal
MN1 I NlalVAcyl Nsp(7524)1 EcoPl Accl
HgiCI Avalll
Narl

P YV L G Q G QD T L AP ELUPTI W VY FPPQY AY LTV GDUVNTU GOQSGTI SG
3620 3640 3660 3680 3700 3720
CCCATATGTGTTAGGGCAAGGTCAGGATACTTTAGCCCCAGAACTTCCTATTTGGGTATACTTTCCCCCTCAATATGCTTACTTAACAGTAGGAGATGTTAACACACAAGGAATTTCTGG
QGGTATACACAATCCCGTTCCAGTCCTATGAAATCGGGGTCTTGAAGGATAAACCCATATGAAAGGGGGAGTTATACGAATGAATTGTCATCCTCTACAATTGTGTGTTCCTTAAAGACC
Ndel AcclISnal . Mn1l HindIIHpal EcoRI*Gsul

D $S K K L A S E E S A F Y VL EH S S F QLLGTGOGTASMSYKTF PP VP P
3740 3760 3780 3800 3820 3840
AGACAGCAAAAAATTAGCAAGTGAAGAATCAGCATTTTATGTTTTGGAACACAGTTCTTTTCAGCTTTTAGGTACAGGAGGTACAGCATCTATGTCTTATAAGTTTCCTCCAGTGCCCCC
TCTGTCGTTTTITAATCGTTCACTTCTTAGTCGTAAAATACAAAACCTTGTGTCAAGAAAAGTCGAAAATCCATGTCCTCCATGTCGTAGATACAGAATATTCAAAGGAGGTCACGGGGG
EcoRI* MbolIIHiInfI Alul Rsal Mni1l SfaNI Mn1I  Sdul
Rsal Gsul

E NL E G C S QH F Y E MY NUZPILY GSRLGV?PDTULGGDUPKTF R S L T HE
3860 3880 3900 3920 3940 3960
AGAAAATTTAGAGGGCTGCAGTCAACACTTTTATGAAATGTACAATCCCTTATACGGATCCCGCTTAGGGGTTCCTGACACATTAGGAGGTGACCCAAAATTTAGATCTTTAACACATGA
TCTTITAAATCTCCCGACGTCAGTTGTGAAAATACTTTACATGTTAGGGAATATGCCTAGGGCGAATCCCCAAGGACTGTGTAATCCTCCACTGGGTTTITAAATCTAGAAATTGTGTACT

EcoRI*MNII Pstl HindIl Rsal BamHI Ddel Mn1IMaelll EcoRI*Saulda Mboll
EcoABbv1 NlalvBinI Nlalv BstEIl Xholl Nlalll
Xholl Hphl 8glll

D HA I Q P QNTF MP GP L VNSV ST KTEGD S S NTGAGH KA ALTGIL S TG
3980 4000 4C20 4040 4060 4080
AGACCATGCAATTCAGCCCCAAAACTTCATGCCAGGGCCACTAGTAAACTCAGTGTCTACAAAGGAGGGAGACAGCTCTAATACTGGAGCTGGAAAAGCCTTAACAGGCCTTAGCACAGG
TCTGGTACGTTAAGTCGGGGTTTTGAAGTACGGTCCCGGTGATCATTTGAGTCACAGATGTTTCCTCCCTCTGTCGAGATTATGACCTCGACCTTTTCGGAATTGTICCGGAATCGTGTCC

EcoPl EcoRI* NlalIll HaelllMael Ddel Accl Mn1l Alul GsulAlul Stul Kpnl
NlaIIl Asul Spel HaelODdel HgiCl
BstNI Nlalv

T S Q NT R 1 S L RPGUPV S QP Y HHWDTDU K Y VT GTINATISHG QTTY
4100 4120 4140 4160 4180 4200
TACCTCTCAAAACACTAGAATATCCTTACGCCCTGGGCCAGTGTCTCAGCCATACCACCACTGGGACACAGATAAATATGTCACAGGAATAAATGCCATTTCTCATGGTCAGACCACTTA
ATGGAGAGTTTTGTGATCTTATAGGAATGCGGGACCCGGTCACAGAGTCGGTATGGTGGTGACCCTGTGTCTATTTATACAGTGTCCTTATTTACGGTAAAGAGTACCAGTCTGGTGAAT
MN1 I Mael BstNIAsul Ddel Maelll Nlalll EcoPl
Rsal HaelIll HgiEII

G N A E DK E Y Q @ GV GRF P NZEJIKTEU OQLIKA Q,LQGLNMHTYFPNIKGTDOQ
4220 4240 4260 4280 . 4300 4320
TGGTAACGCTGAAGACAAAGAGTATCAGCAAGGAGTGGGTAGATTTCCAAATGAAAAAGAACAGCTAAAACAGTTACAGGGTTTAAACATGCACACCTACTTTCCCAATAAAGGAACCCA
ACCATTGCGACTTCTGTTTCTCATAGTCGTTCCTCACCCATCTAAAGGTTTACTTTTTCTTGICGATTTTGTCAATGTCCCAAATTTGTACGTGTGGATGAAAGGGTTATTTCCTTGGGT

Maelll Mboll Alul Maelll AhallINlalll Nlalv
Nsp(7524)1
Q Y T D Q@I ERP L MV G S V W NI RRALMHYE S QL WS KTTIPNILUDOD S F KT
4340 4360 4380 4400 4420 4440

GCAATATACAGATCAAATTGAGCGCCCCCTAATGGTGGGTTCTGTATGGAACAGAAGAGCCCTTCACTATGAAAGCCAGCTGTGGAGTAAAATTCCAAATTTAGATGACAGTTTTAAAAC
CGTTATATGTCTAGTTTAACTCGCGGGGGATTACCACCCAAGACATACCTTGTCTTCTCGGGAAGTGATACTTTCGGTCGACACCTCATTITAAGGTITAAATCTACTGTCAAAATTTTG

Sau3aEcoRI*Haell Mboll NspBI1 EcORI* EcCORI* Ahalll Ddel
HgiJll Alul
Sdul Pvull

Q F A AL GG WG L HOQ®PU®PUP QI F L K1 L PQ@SGUP I GOGI K SMGTI TTLUV
4460 4480 4500 4520 4540 4560
TCAGTTTGCAGCCTTAGGAGGATGGGGTTTGCATCAGCCACCTCCTCAAATATTTTTAAAAATATTACCACAAAGTGGGCCAATTGGAGGTATTAAATCAATGGGAATTACTACCTTAGT
AGTCAAACGTCGGAATCCTCCTACCCCAAACGTAGTCGGTGGAGGAGTTTATAAAAATTTTTATAATGGTGTTTCACCCGGTTAACCTCCATAATTTAGTTACCCTTAATGATGGAATCA
Bbvl Ddel Mn1I SfaNl Mn1l Sspl AhalllSspl Dralll Asul EcoRI*Mnl1l EcoRI* Ddel
Saul Fokl MnI I Haelll

Q Y AV GI MTV T MTTFIKIULGPRI K ATGRWNUPUGQ®PGVYPPHAAGHILT®P
H L NWGPV K L RDGGTILNULEVYTIPRTOQOQUVIVY

4580 4600 4620 4640 4660 4680
TCAGTATGCCGTGGGAATTATGACAGTAACTATGACATTTAAATTGGGGCCCCGTAAAGCTACGGGACGGTGGAATCCTCAACCTGGAGTATATCCCCCGCACGCAGCAGGTCATTTACC
AGTCATACGGCACCCTTAATACTGTCATTGATACTGTAAATTTAACCCCGGGGCATTTICGATGCCCTGCCACCTTAGGAGTTGGACCTCATATA GTGCGTCGTCCAGTAAATGG

EcORI* Maelll EcoRI*ApalSdul Alul Hinfl Gsul BbvlI Ndel
AhaIll AsulNlalVv MN11 BstNI EcoP 15

HgiJllDrall
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Y VL Y D P T AT D A K QHHRMHGYEKPETETULWTAK SRV HP L *
H M Y Y M TP QL Q M Q NNTTDMDMIK S L KNIGCG G OQUPIKA AUV CTMHT CIKMHTS P
4700 4720 4740 4760 4780 4800
ATATGTACTATATGACCCCACAGCTACAGATGCAAAACAACACCACAGACATGGATATGAAAAGCCTGAAGAATTGTGGACAGCCAAAAGCCGTGTGCACCCATTGTAAACACTCCCCAC
TATACATGATATACTGGGGTGICGATGTCTACGTTTTGTTGTGGTGTCTGTACCTATACTTTTCGGACTTCTTAACACCTGTCGGTTTTCGGCACACGTGGGTAACATTTGTGAGGGGTG
Rsal Alul SfaNI BstXI NilalIl Mboll HgiAITaqll
EcoRI* Sdul

P C P QP G CV T KRUPP VP PRLY L PPUP UV PIROQPNTWNKUDTIODNUVE F K
4820 4840 ! 4860 4880 4900 . 4920
CGTGCCCTCAGCCAGGATGCGTAACTAAACGCCCACCAGTACCACCCAGACTGTACCTGCCCCCTCCTGTACCTATAAGACAGCCTAACACAAAAGATATAGACAATGTAGAATTTAAGT
GCACGGGAGTCGGTCCTACGCATTGATTTGCGGGTGGTCATGGTGGGTCTGACATGGACGGGGGAGGACATGGATATTCTGTCGGATTGTGTTTTCTATATCTGTTACATCTITAAATICA
SduIMNn1l BstNISfaNIMaelll RsalTaqll Rsal MNn1I  Rsal EcoRI*Scal
Ddel FokI Rsal

Y L TR Y E QH VI R ML RLCNMY QN L E K *
4940 4960 4980 5000 5020 5040
ACTTAACCAGATATGAACAACATGTTATTAGAATGTTAAGATTGTGTAATATGTATCAAAATTTAGAAAAATAAACATTTGTTGTGGTTAAAAAATTATGTTGTTGCGCTTTAAAAATTT

TGAATTGGTCTATACTTGTTGTACAATAATCTTACAATTCTAACACATTATACATAGTTITAAATCTTTTTATTTGTAAACAACACCAATTTTITAATACAACAACGCGAAATTTTTAAA

STRUCTURE OF A HUMAN PATHOGENIC PARVOVIRUS 927

Af1II11 EcoRI* EcoRI* HhalAhalll Ahalll
NlalIl EcoRI*
Nsp(7524)1
5050 5060 5070 5080 5090 5100 5110

AAAAGAAGACACCAAATCAGATGCCGCCGGTCGGCCGGTAGGCGGGACTTCCGGTACAAGATGGCGGAATTC
JTITCTTCTGTGGTTTAGTCTACGGCGGCCAGCCGGCCATCCGCCCTGAAGGCCATGTTCTACCGCCTTAAG

Mboll SfaNI Cfr101 Cfr10t Rsal
Fnud4HICfriIxXmalll Hpall
GdiIl

EcoRl

FIG. 2. The nucleotide sequence of the cloned B19-Au genome. The top line of the sequence corresponds to the complementary (plus)
strand (5’ to 3'). Amino acid sequences of putative polypeptides corresponding to the major ORFs are shown above the sequence. All
restriction endonuclease sites are shown below the sequence. A list of potentially relevant promotorlike sequences and downstream
translation start and stop signals is given in Table 1. The sequence is complete except for ~150 nt at the left end and ~280 nt at the right end.
One nt within the coding region remains in doubt. The A at position 3940 is not present in our pYT103 clone. Lack of this nt would shift the
reading frame from 1 to 3, which contains numerous stop codons. Because we also sequenced a closely related isolate (B19-Wi) and found
that the A is present in this clone, we believe that the A is missing in pYT103 because of a cloning artifact (M. C. Blundell and C. R. Astell,
unpublished data). In any event, except for the amino acids at this junction, the predicted amino acid sequence is still valid for purposes of
comparison with other viral polypeptides (Astell et al., manuscript in preparation).

a clone from another isolate, B19-Wi, indicates that the right
hairpin is at least 240 nt long (M. C. Blundell and C. R.
Astell, unpublished data). However, what is striking from
the data presented here on the B19-Au clone is that the left
and right ends are related (Fig. 4), unlike other autonomous
parvoviruses characterized to date [(MVM(p) (4-6), MVM(1)
(3), and H1 (38)], and similar to that seen with AAV2 (25).
However, the B19 termini appear to be substantially longer
than the AAV termini and much more unstable when cloned
into circular plasmid vectors.

Potential protein coding regions. The final DNA sequence
of the B19-Au clone was analyzed by the SEQNCE program
of A. Delaney (18). Figure 5 summarizes the positions of
termination codons. Like all other parvoviruses character-
ized to date, only one strand of the viral genome has
significant blocks of ORF in frames 1, 2, and 3 (Fig. 5A).
Hence, this strand of B19 almost certainly defines the sense
of viral transcription (2). Comparison of the genomes of
B19-Au with those of MVM(p) and MVM() (3, 6, 40), H1
(39), CPV (36), FPV (12) (all autonomous parvoviruses) (Fig.
5B), and AAV2 (48) (a defective parvovirus) (Fig. 5C) shows
that the organization of the B19 genome is similar to that of
both the autonomous parvoviruses and AAV2, but there are
notable differences. Frame 1 (Fig. 5A) is open from nt 2441
to nt 4786. By analogy with other parvoviruses (3, 6, 12, 36,
39, 40), this region would be expected to code for viral
structural proteins (VP1, VP2, VP3). The second codon into
this ORF is a methionine codon, unlike other autonomous
parvoviruses (3, 6, 12, 36, 39, 40), in which the first in-frame
ATG in the major right-hand OREF is at least 500 nt down-
stream or in the AAV2 genome, in which the first in-frame
ATG in the 2.3-kb spliced message is at nt 2870. Although it
has been established that the long ORFs present in autono-
mous parvovirus sequences encode the majority of virus-
specific polypeptide, it is now clear that mRNA splicing is

also used to connect smaller, less obvious ORF segments to
create contiguous protein coding sequences. For instance, in
MVM and H1 one such small region exists in frame 2 (~nt
1936 to 2299 in MVM) and has recently been shown to
encode the carboxy-terminal half of the smaller nonstruc-
tural protein NS2 (S. F. Cotmore and P. Tattersall, manu-
script in preparation). A comparable alternate short ORF
does not appear to exist in B19, FPV, or CPV (Fig. 5).
However, the B19 genome has at least two other small ORFs
in frame 2 which may be used. One of these is located
between nt 2631 and 2936 (map units ~51 to 58). A compa-
rable region is also open in frame 2 of MVM and H1 (map
units ~47 to 53). The AAV2 genome also has several short
ORFs near the center of the genome, one of which may be
used instead of the major right-hand ORF to encode the
amino-terminal region of VP1 (22; see the Discussion). The
second minor ORF, in frame 2 of B19 at map units 88 to 97
(nt 4596 to 4991), has no obvious analog in MVM or H1.
Transcription signals. A search of the complementary
strand of the B19-Au genome reveals that there are multiple
potential transcription start and polyadenylation signals. The
sequence TATAAA occurs at nt 1225 (map unit ~24) and nt
2986 (map unit ~58.5). A search for related TATA-like
signals positioned upstream of major ORFs identified a
TATTAA sequence at nt 2247, a TATAAT sequence at nt
2308, and five different TATA-like sequences at nt 257, 319,
321, 323, and 412. In addition to the consensus sequences,
some of these regions have appropriately spaced upstream
CAAT sequences. These sequences are summarized in Ta-
ble 1. As yet we do not have information on functional
promotor sequences within the B19 genome; hence, we
cannot say which of these TATA boxes are used. Experi-
ments to determine functional promoters are in progress.
Comparison of TATA boxes within the MVM(p), H1, and
AAV2 genomes suggests that, if all the TATA-like se-
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FIG. 3. Sequencing strategy for the B19-Au insert in plasmid pYT103. The sequences obtained from the deletion clones constructed in
M13mp10-3.9 (A), pUC13-3.9 (B), and pUC13-1.4(C) are illustrated with arrows. Deletions of the M13mp10-3.9 clone were not obtained for
the regions ~nt 1700 and ~nt 3200. This latter region was obtained in another M13 clone of opposite orientation, which is bracketed. In
addition, the regions obtained by chemical sequencing are illustrated below (D). The cross-hatched area (E) corresponds to the sequence of
the B19-Wi isolate obtained by chemical sequencing (Blundell and Astell, unpublished data; see the legend to Fig. 2). The sequences obtained
by using specific synthetic oligonucleotides are indicated by arrows at the bottom (F). The open box at the left is the region (~130 base pairs)
which is deleted in our pUC13-3.9 clone, and the sequence in this region was obtained from the original pYT103 clone.

quences in the B19 genome are furictional, then the organi-
zation of this genome is somewhat different from those of
either the autonomous or defective genomes.

The distribution of polyadenylation signals is also unlike
that of either the autonomous or defective parvoviruses (Fig.
5). There are six polyadenylation signals in B19-Au. These
occur throughout the genome at nt 1303, 1872, 2935, 4168,
4307, and 4990. The autoriomous parvoviruses, MVM(p) (3)
and H1 (39) have, respectively, four and three polyadenyla-
tion sites, all clustered at map units approximately 90 to 96
(Fig. 5b). The presence of an upstream AATAAA sequence
is seen in the AAV2 genome (at nt 2182) and the FPV
genome (at nt 483) (Fig. 5b). However, at least for AAV2,
analysis of transcripts show that this upstream site is not
used, as all AAV?2 transcripts are coterminal at ~96 map
units (13), and the AATAAA sequence is likely spliced out of
mature 2.3-kb mRNA. At present nothing is known about
the splicing of B19 transcripts, as viral transcripts have not
been characterized because there is no in vitro cell culture
system currently available for studying virus replication.

1 10 20 30

40

However, transcription and splicing patterns for MVM(p)
(33) and AAV2 (13) are included in Fig. 5.

Potential polypeptides encoded by B19-Au. While we do not
as yet have data on transcripts from B19, the two largest
ORFs both contain a methionine codon within the first few nt
of the start of the open frame, therefore it is not unreason-
able to assume that this entire region is translated. We
deduced the amino acid sequence encoded by these regions
as well as the two short open regions in frame 2 (Fig. 2 and
SA).

The left-hand ORF extends from nt 427 to the TAA
termination codon at nt 2449. The first in-phase ATG codon
occurs at nt 436, and if translation begins at this position, a
protein of 671 amino acids could be synthesized. This
putative polypeptide would have a slightly negative net
charge, as there are 55 basic amino acids (lysine; arginine)
and 65 acidic residues (aspartate, glutamate). While the
hydropathy profile (Fig. 6A) shows that hydrophilic and
hydrophobic regions alternate throughout the protein with
no large concentration of either, its average hydropathy

70 74
1 !

60

oA : ] L} ] | [}
. B b A !
S- TTAAAAATTTAAAAGAAGACACCAAATCAGATGCCGCCGGTCG-~GCCGGTAGGCGGGACTTCCGGTACAAGAT GGCGG's

R} 10 20 30 40 $0 60 70
' ) [ [ [ ' 1 [

. : .
S-6c Y‘:AAAA'T!A AAAGAAGACACCAAATCAGATGCCGCCGGTCGCCGCCGGTAGGCGGGACTTCCGGT ACAAGATGGCGGACAATTACGTCATTTICCTGTGACGTCA G

80
i

100
!

cte

/- GGTTTAGTCTACGGCGGCCAGCGGCGGCCATCCGCCCTGAAGGCCATGT TCTACCGCCTGT TAATGCAGTAAAGGACACTGCAGT, A.‘

} ] [} [} 1 [} ]
196 190 180 170 160 150 140

1
130

!
120

]
110

FiG. 4. The nucleotide sequences of the hairpin erids present in the pYT103 clone of the B19-Au genome. As discussed in the text, the
right hairpin (top) is missing ~280 nt, and the left hairpin (bottom) is missing ~150 nt. The inverted terminal repeats begin at nt 1.



VoL. 58, 1986

FPV H1

CPV

B19-Au

STRUCTURE OF A HUMAN PATHOGENIC PARVOVIRUS

MVM(p) .

AAV2

1872
3% 1303 AATAAA
321 13 2247 2935
323 AATAAA TATTAA AATAAA
412 1225 2308 2986
_TATA - TATAAA - TATAAT TATAAA
LA 18 . IIII |
Il |0 4
e 1NN B
HY I 1 |
5000 4000 3000 2
r T Y T T T Y T T T )
10 20 30 40 50 60 70 80 80 ;InOS
4602
4755
. 4820
177 1976 4885
JATAAG ) . AATAAA
LRNNL] < , A 1
THAT . ' W11 1] » 2
: . L HIALINIA 3
1000 2000 4000 4716
i
180, 1979 4899
TATAA TATAAA AATA
) . 1
E [ 1] [ 1] ! 2
- I T 3
1000 2000 3 4000 6000
, 1308
483 893 TATAAA 1923 3816
AATAAA TGTAAA TATAAA AATAAA )
. - i 1
L e DIIETT I il ! 2
RN lil s
1000 2 3
318
733 . .3190
TATAAA - AATAAA
; 1
1l ] UL 2
| 3
1
2586 843 1822 2182 4420
TATTTA TATTTA ATATAA AATA
IR Il i 1
il || I 2
LI [ LT TT K]
1000 2000 3000 4000

929

FIG. 5. Comparisoh of genome organization of B19-Au DNA with that of autonomous parvoviruses [MVM(p), H1, FPV, and CPV] and
AAV?2, a dependovirus. For reference, transcription maps for MVM(p) (33) and AAV2 (13) are illustrated above their respective ORF

diagrams. m.u., Map units.



930 SHADE ET AL.

TABLE 1. Summary of promotorlike sequences in the
complementary strand of the B19 genome, including relevant
downstream translation initiation and termination signals

Nt no. and:

. . In-phase
CAAT-like TATA-like PuNNATGPu P
sequence sequence sequence term::on

257 291 303

TATAATT AAAATGG TAG
319 436 2445
TATATATA AACATGG TGA
412 436 2445

TATACT AACATGG TGA
1195 1225 1288 2445
CAAATT TATAAA GTTATGG TGA
2247 2294 2297

TATTAA TTAATGT TAG
2352 2355

GCGATGT TAG
2363 2393

GCCATGT TAA
2406 2445

AAAATGT TGA
2444 4787

ATTATGA TAA
2283 2308 2352 2355
CCATT TATAAT GCGATGT TAG
2363 2393

GCCATGT TAA
406 2445

AAAATGT TGA
2444 4787

ATTATGA TAA
2950 2986 3125 4787
TCATT TATAAA AGCATGA TAA

value (—0.10) is within the range of some membrane-
spanning proteins. However, this protein does not contain a
large hydrophobic region, suggesting a membrane associa-
tion (24). The right-hand ORF begins at nt 2441 and extends
to the TAA termination codon at nt 4787. The first methio-
nine codon occurs at nt 2444, and if translation begins here,
a 781-amino acid protein could be synthesized. It is note-
worthy that this protein, a presumptive VP1, is larger by at
least 50 amino acid residues than the VP1 polypeptides of
other parvoviruses, whereas the VP1 polypeptide present in
B19 virus comigrated with that of MVM in sodium dodecyl
sulfate-polyacrylamide gels (Cotmore and Tattersall, unpub-
lished data). This polypeptide would have a net negative
charge with 64 basic amino acids and 76 acidic residues. The
hydropathy curve (Fig. 6B) is typical of a soluble protein
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which has fairly evenly spaced hydrophobic and hydrophilic
regions. The average hydropathy value is (—0.52) (24).

Two other short ORFs occur in reading frame 2 (Fig. 5A).
One extends from nt 2631 to the TAA stop codon at nt 2937
and contains seven methionine codons. The other ORF is
near the end of frame 2, beginning at nt 4596 and extending
to the TAA codon at nt 4992. Whereas there are seven
methionine codons within this region, it is unlikely that
translation begins here. This region would be expected to be
a terminal exon spliced to another ORF if it is used at all. It
is interesting that the TAA termination codon at the right-
hand side of this ORF is part of the most downstream
polyadenylation signal.

Protein sequence comparisons with other parvoviruses.
Computer analyses of putative viral polypeptides from
MVM(p), AAV2, and B19-Au have identified significant
regions of homology between all three of these genomes,
although the overall picture is of three quite distinct and
different viruses. By comparing homologous sequences be-
tween B19, MVM, and AAV2, we identified regions con-
served in both the left-hand and right-hand ORFs.

Left-hand ORF. A region located in the middle of the ORF
is highly conserved (Fig. 7). Using protein homology as a
guide, the nt sequences were lined up below the protein
sequences. No gaps were necessary in the lineups to maxi-
mize the amino acid homologies, although in several places
leaving gaps in the nt lineups improved homology slightly.
The levels of nt homology in this 425-nt stretch are 52%
between B19 and AAV2, 52% between B19 and MVM, and
53% between MVM and AAV2. At the protein level, these
homologies are 51, 41, and 51%, respectively. However, if
one looks at shorter regions within this sequence, the
homologies are much higher. For example, at the protein
level, there is a region within the B19 genome between nt
1486 and 1521 (Fig. 7, arrows A and B), where 11 of the 12
amino acids are identical between B19 and AAV2 (92%
homology). The same region in MVM has 8 of 12 amino acids
identical to the B19 sequence (67% homology), but interest-
ingly, at the nt level MVM and B19 share an 18-base stretch
of perfect homology within this region, while the longest
perfect match between AAV and B19 is 8 nt. In general,
many changes at the nt level occur at the third position of
codons and do not alter the protein sequence. Other nt
changes often result in conservative amino acid changes, and
if conservative changes are permitted, the level of amino
acid homology is much higher. For comparison, the se-
quences of H1, CPV, and FPV are included in Fig. 7.

Right-hand ORF. The right-hand ORF encoding the capsid
genes can most easily be considered as two distinct seg-
ments: the VPl-specific region and the region common
between VP1 and VP2. In AAV this is particularly useful
because a large segment of the VP1-specific region may be
located in a different ORF from the VP2 sequence (22).
Amino acid sequence homology between B19, AAV2, and
MVM supports this suggestion. The presumed VP1-specific
regions of all three viruses contain a highly conserved
30-amino-acid sequence (Fig. 4, nt 2815 to 2905 in B19 frame
1, nt 2341 to 2431 in AAV?2 frame 1, and nt 2407 to 2496 in
MVM(p) frame 1). At the protein level, homology in this
region is 47% between B19 and AAV2, 50% between B19
and MVM, and 70% between MVM and AAV?2. Interest-
ingly, the homology between AAV2 and the other two
viruses stops at this point, while the homology between
MVM and B19 continues for a significant distance (50%
homology over 44 amino acids to nt 2947 in B19 and 38%
homology over 81 amino acids to nt 3058 in B19).
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In the VP2-specific region, the most striking protein ho-
mologies are seen between AAV2 and B19. For example,
over a region of 29 amino acids [nt 3368 to 3454 in frame 1 of
B19, nt 3023 to 3109 in frame 2 of AAV2, and nt 3109 to 3195
in frame 1 of MVM(p)], the exact homologies are 50%
(AAV-B19), 28% (MVM-B19), and 34% (AAV-MVM). In
the rest of the VP2 gene, B19 and AAV have at least three
regions of between 30 and 40 amino acids where the exact
homology is between 40 and 50%, while the homologies
between MVM and B19 are substantially lower in each case.
Unlike other autonomous parvoviruses for which sequence
information is available, B19 does not contain a character-
istic glycine-rich region just downstream of the ATG pre-
sumed to initiate VP2.

DISCUSSION

The sequence of an almost-full-length clone of the B19-Au
genome is presented. Portions of the genome that are not
included are an estimated 280 nt of the hairpin at the right
end and an estimated 150 nt of the hairpin at the left end. We
believe that the transcription signals and coding regions are
complete; hence, these can be compared with those of
autonomous [MVM(p)] and helper-dependent (AAV?2)
parvoviruses.

Whereas the structures of the right and left hairpins from
the cloned B19-Au are incomplete, they do indicate that,
unlike all autonomous parvoviruses characterized to date,
the B19-Au ends are extensively homologous and may in fact
contain inverted terminal repeats similar to those seen in
AAV2. The termini, which are presumed to be identical
except for a difference of two C residues which are missing
in the stem of the right-hand hairpin relative to the left-hand
hairpin (Fig. 4), are extremely GC rich, although the se-
quence itself is not related to any known autonomous or
helper-dependent terminal hairpins. Moreover, if our size
estimates are correct, then at around 330 nt these palin-
dromes are much longer than any other parvoviral termini
characterized to date. Like the AAVs, which also have
related terminal sequences, B19 packages both plus and
minus DNA strands into virions with approximately equal

efficiencies (17, 51), whereas those autonomous parvo-
viruses which have been fully sequenced (MVM [6] and H1
[39]) have different terminal sequences and package the
minus strand predominantly. The termini of another auton-
omous parvovirus, Lulll, have not yet been characterized;
however, this virus packages both plus and minus strands in
approximately equal amounts (8). Thus, the B19 sequence
presented in this paper remains consistent with the sugges-
tion that there is a specific nt sequence or three-dimensional
DNA structure which directs the packaging of only one or
either strand into virions. The difference between the left
and right hairpins of B19 is an interesting one in that it has
been shown with AAV?2 that alteration of one hairpin end of
the AAV2 genome can result in a correction mechanism in
which presumably the intact end acts as a template for repair
of the altered (nonfunctional) end (41). If such a mechanism
operates in B19 replication, the fact that a two-base-pair
difference can exist in the stem region implies that the
system which recognizes topological features of the hairpin
ends is insensitive to a minor sequence or length difference
or both in the stem of the hairpin. A further implication of
the structure of the B19 terminal inverted repeats is that, as
with AAV2, it is possible that this genome may integrate
within the host chromosome under conditions in which lytic
viral replication is blocked (10, 14).

Like all other parvoviruses, the coding region of the B19
genome is confined to one strand, by definition the plus or
complementary strand. The entire genome from map units
~8 to 98 is open, although the reading frame shifts at
approximately map units 45 to 50 from frame 3 to frame 1
(Fig. 5A). By comparison with other autonomous
parvoviruses and AAV2, the left-hand ORF would be ex-
pected to encode nonstructural polypeptides, and the right-
hand ORF would be expected to encode viral polypeptides.
Procaryotic expression studies confirm this organization;
antibodies raised against a sequence encoded in frame 3 of
B19 between nt 1072 and 2044 identify a 71,000-dalton
nonstructural protein in B19-infected fetal bone marrow,
whereas antibodies against the amino acid sequence speci-
fied in frame 1 between nt 2897 and 3749 recognize both the
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AAV 1 [;] F |G P T G K T AJEJA I AJH T |V PIF Y G V N W|T N E N F
B19 L Yl PPIS T G K AJMIA T AlK S|V PjV Y G N WIN|N N F
MVM vV L H |G P K| S AJQ A _I AJQ A N Y A A v
H1 vV L H A K S 1 A Q Al A Q AV G NV G C Y N A ANV NTF
FPV V L F H G P A S T G K S I I A Q A I A QA V GNUVGTCY NAANUVNTF
cPv
AAV  GGCAAGAGGAACACCATCTGGCTGTTTGGGCCTGCAACTACCGGGAAGACCAACATCGCGGAGGCCATAGCCCACACTGTGCCCTTCTACGGGTGCGTAAACTGGACCAATGAGAACTTT

IR I N I N I I N e 1 g g i
B19 GGTAAGAAAAATACACTGTGGTTTTATGGGCCGCCAAGTACAGGAAAAACAAACTTGGCAATGGCCATTGCTAAAAGTGTTCCAGTATATGGCATGGTTAACTGGAATAATGAAAACTTT
RN T T 1] i LEN
MVM  GGCAAAAGAAATACTGTTTTATTTCATGGACCAGCCAGCACAGGCAAATCTATTATTGCACAAGCCATAGCACAAGCAGTTGGCAATGTTGGTTGCTATAATGCAGCCAATGTAAACTTT
H1 GGCAAAAGGAACACTGTGCTCTTTCACGGACCAGCCAGCACAGGCAAATCTATTATTGCACAAGCCATAGCACAAGCAGTTGGTAATGTTGGTTGTTACAATGCTGCCAATGTGAACTTT
FPV  GGTAAAAGAAATACAGTTCTTTTTCATGGACCAGCAAGTACAGGAAAATCTATTATTGCTCAAGCCATAGCACAAGCTGTGGGTAATGTTGGTTGTTATAATGCAGCAAATGTAAATTTT
CcPV
AAV P F ND v D MV r K M T A K VIV EJSJA K A I LJ|IG6 G|S K VIR V D Q K
819 P F ND A G S D | I 1 K S 7 1]V A K A I L G P T IR D Q@ K
MVM P F N O T N N t 1 A G N F G Q Q[VIN Q0 FK _A S T I(R]1
H1 T N N v A G N F G Q Q V NQ F K A I €C S G Q TT1I R 1T D QK
FPV P F ND CTNIKNIULI W1 EEAGNTFGQQVNOQTFKAIOCSGOQTTIIRTIDOQK
cPv 0 Q K
AAV  CCCTTCAACGACTGTGTCGACAAGATGGTGATCTGGTGGGAGGAGGGGAAGATGACCGCCAAGGTCGTGGAGTCGGCCAAAGCCATTCTCGGAGGAAGCAAGGTGCGCGTGGACCAGAAA
nmonun | it My e oo e o o
B19 CCAT?TAATGATGTAGCAGGAAAAAGCTTGGTGGTCTGGGATGAAGG?AtTATTAAGTCTACAATTGTAGAAGCTGCAAAAGCCATTTTAun- GCAACCCACCAGGGTAGATCAAAAA
gy | HTRRUIR 1o 1} i Bl it o
MVM  CCATTTAATGACTGTACCAACAAGAACTTGATTTGGGTAGAAGAAGCTGGTAACTTTGGACAGCAAGTAAACCAGTTTAAAGCCATTTGCTCTGGTCAAACTATTCGCATTGATCAAAAA
H1 CCATTTAATGACTGTACCAACAAAAACTTGATTTGGGTGGAAGAAGCTGGTAACTTTGGCCAGCAAGTAAACCAATTCAAAGCTATTTGTTCTGGCCAAACCATACGCATTGATCAAAAA
FPV CCATTTAATGACTGTACCAATAAAAATTTAATTTGGATTGAAGAAGCTGGTAACTTTGGTCAACAAGTTAATCAATTTAAAGCAATTTGTTCTGGACAAACAATTAGAATTGATCAAAAA
CPV GATCAAAAA
AAV  C A:loprpvr]vrsnr M _C A IDGNSTTFEHOI’LIODR
819 L] \" P PV q I ]T S NJ|G F V S|G Nl T 7] T H{ A L] K R
MVM G K I ] E PV 3 M |T NJE v R 1 C E E R P T ] I R |
H1 G K K Q E T PV M T T N E N T VV R 1 G C E E R P E H T Q P I R D R
FPV G K G S K Q I E P T P V I M T TNENTITTIVR1G6TCTETETURUPTEMHTO®P 11 RDNR
CPV G K G S K Q I E P T P V I M T TNJEWNITTIUVRI GCETEURUPTEMHTGQZ®PTIRUDNR
AAV  TGCAAGTCCTCGGCCCAGATAGACCCGACTCCCGTGATCGTCACCTCCAACACCAACATGTGCGCCGTGATTGACGGGAACTCAACGACCTTCGAACACCAGCAGCCGTTGCAAGACCGG
| ! W oo 1nn RTINS v g n
B19 ATGCGTGGAAGTGTAGCTGTGCCTGGAGTACCTGTGGTTATAACCAGCAATGGTGACATTACTTTTGTTGTAAGCGGGAACACTACAACAACTGTACATGCTAAAGCCTTAAAAGAGCGC
1 | TR R LI oo et g |
MVM  GGAAAAGGCAGCAAACAGATTGAACCAACACCAGTCATCATGACCACAAATGAGAACATTACAGTGGTCAGAATAGGCTGCGAAGAAAGACCAGAACACACTCAACCAATCAGAGACAGA
H1 GGAAAAGGCAGCAAACAGATTGAACCAACACCAGTTATTATGACCACCAACGAGAACATTACCGTGGTTAGAATAGGCTGTGAGGAAAGACCAGAACACACTCAACCAATCAGAGACAGA
FPV GGTAAAGGAAGTAAGCAAATTGAACCAACTCCAGTAATTATGACAACTAATGAAAATATAACAATTGTAAGAATTGGATGTGAAGAAAGACCTGAACATACACAACCAATAAGAGACAGA
CPV  GGTAAAGGAAGTAAGCAAATTGAACCAACTCCAGTAATTATGACAACGAATGAAAATATAACAATTGTGAGAATTGGATGTGAAGAAAGACCTGAACATACACAACCAATAAGAGACAGA
AAV F F E TIR la’l! 0O HJD
819 v L N Ti V LR s pP|oO
MVM L NI HIL TIH (L] P G |D
H1 L NI H L R T P G G
FPV M L NI KL VCK L P GD F @G
cpv M L NI K L V C K L P G D F G
AAV T A

ATGTTCAAATTTGAACTCACCCGCCGTCTGGATCATGACTTTGGG
werin b f RN
819 fIfG:A::GTTAAACTITACTGTA?GA}GCAGCCC}fffAIGGGG
MVM  ATGCTTAACATTCATCTAACACATACCTTGCCTGGTGACTTTGGT
H1 ATGCTCAACATTCACCTGACACGTACACTACCTGGTGACTTTGGT
FPV  ATGCTGAACATTAAGTTAGTATGTAAGCTTCCAGGAGACTTTGGT
CPV  ATGTTGAACATTAAGTTAGTATGTAAGCTTCCAGGAGACTTTGGT

FIG. 7. Homology between putative NS1 protein of B19 and NS1 polypeptides from helpe;-dependen} (AAV2) and -indepepdent (MVM)
parvoviruses. A region of conserved amino acid sequence is shown along with the corresponding nucleotide sequence. Nucleotide homology
between B19 and AAV2 or MVM is indicated by short vertical bars. At the protein level, homology between B19, AAV2, anq MVM is
indicated by boxes enclosing the homologous amino acids. The corresponding sequences from other related autonomous parvoviruses are
shown for comparison. The nucleotide sequences in this figure begin at nt 1293 (AAV2 [48]), nt 1390 (B19-Au [this pal?er]), nt 1428 [MVM(p)
(6)], nt 1431 (H1 [39]), nt 1 (CPV [36]), and nt 345 (FPV [12]). Arrow A marks nt 1486, and arrow B marks nt 1521 in the B19 sequence.

83,000- and 58,000-dalton capsid proteins (Cotmore et al.,
manuscript in preparation). The TATA-like sequences (Fig.
SA) positioned at nt 257, 319, 321, 323, and 412 likely
function in initiation of transcription from approximately
map unit 7. Further examination (Table 1) indicates that
there is no upstream CAAT box associated with any of these

sequences. If the TATA box at nt 257 is functional and
transcription originates ~30 nt downstream, then the first
ATG codon occurs at nt 291 but is followed by an in-frame
TAG codon at nt 303. The TATA box at nt 412 is also not
likely to be used, as the ATG codon at nt 436 near the start
of the left-hand ORF would be very close to the 5’ end of the
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OREFs are enclosed in boxes, and open triangles indicate the positions of the first methionine codons at the beginnings of the major left- and
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transcript. Hence, we favor the idea that the TATA se-
quence at nt 319 is the functional left-hand promotor, in
which case transcription would begin at ~nt 350 (map unit
~6.5). The first downstream ATG codon at nt 436 is followed
by an ORF ending with TGA at nt 2445.

The right half of the genome may be transcribed from a
promoter at map unit ~45. Two TATA-like sequences are
present at nt 2247 and 2308 (Fig. SA; Table 1). The second,
at nt 2308, is preceded by the sequence CCATT at nt 2283.
The methionine codons downstream of these promoters are
at nt 2325, 2363, 2406, and 2444 (Table 1). The first three are
followed by in-frame termination codons within 50 nt; hence,
they are either nonfunctional or provide leader peptides (by
mRNA splicing) for the primary translation product (VP1),
as has been suggested for other autonomous parvoviruses (3,
6, 12, 36, 39). This may also be the case with AAV2;
however, the precise coding region for the AAV2 VP1
protein is uncertain (22). If none of these ATG signals in B19
(nt 2352, 2363, or 2406) is used, the one at nt 2444 is the
second codon into the right-hand ORF which terminates
with the TAA codon at nt 4787. If this ATG signal at nt 2444
is used, it is interesting that the left- and right-hand coding
regions overlap by four nt.

A TATAAA sequence occurs at nt 1225 (~map unit 24)
and, if functional, does not have a comparable promoter in
other autonomous parvoviruses, although the AAV2 genome
has a functional promoter within the middle of the left-hand
OREF (Fig. 5C) at map unit 18 (nt 843). This B19 TATA-like
sequence is preceded by an upstream CAAATT sequence nt
1195. There is also a TATAAA sequence at nt 2986 in the
B19 genome (Fig. 5A) which also may be functional (see
below), and it is preceded by an upstream TCATT sequence
at nt 2950. A similar signal is seen in the FPV genome at nt
1923, although it is not present in the closely related CPV
genome (12, 36).

Although we lack information on splicing of B19 tran-
scripts, both large ORFs have ATG codons near the begin-
ning; hence, we deduced a protein sequence of 671 amino
acids for the left-hand region and one of 781 amino acids for
the right. In all parvoviruses analyzed to date, the right-hand

ORF has been shown to encode a nested set of structural
proteins in which the amino acid sequence of the smaller
proteins is entirely contained within the carboxy-terminal
region of the largest. Similarly, procaryotic expression stud-
ies cited previously have shown that in B19 at least two
structural polypeptides (with apparent molecular weights of
83,000 and 58,000) utilize a region of the genome between nt
2897 and 3749. Comparison of the genomes of MVM(p) (6),
MVMQ() (3), H1 (39), CPV (36), and FPV (12) shows that the
sequence near the small splice at map unit ~45 is highly
conserved, and a search for splice site donor and acceptor
positions has identified two donor sites (at nt 2280 and 2316)
and one acceptor site (at nt 2399; see reference 3). In
addition, recent cDNA sequencing studies have identified a
second acceptor site at nt 2377 (C. V. Jongeneel, G.
McMaster, R. Sahli, and B. Hirt, EMBO Workshop on
Parvoviruses, abstr. no. P11, p. 64, 1985). Splicing from the
second donor site (nt 2316) to the second acceptor site (nt
2399) is believed to produce an mRNA encoding VP1 (3). An
alternate splice (the first donor site, nt 2280, to the acceptor
site at nt 2377) removes upstream ATG sequences (in all
three reading frames) such that the in-frame ATG codon
encountered is approximately 675 nt from the start of the
mRNA. Studies with H1 proteins have shown that this
methionine codon is the translation start position for VP2
(31), and such an mRNA would therefore program the
synthesis of the VP2 molecule, which is the major protein
species produced by the virus. A number of cDNA clones
with this splice junction have recently been identified
(Jongeneel et al., EMBO Workshop on Parvoviruses, 1985).
In comparison, the B19-Au genome contains many ATG
codons (in all reading frames) between the presumed start of
the transcript (~nt 2340), the first methionine codon in the
ORF (nt 2444, frame 1), and the second in-phase methionine
codon, which occurs 681 nt later at nt 3125 (Fig. 8). In B19,
an alternate method for synthesis of VP2 in the same reading
frame but several hundred nt downstream of the start of VP1
might be to utilize an additional promoter (e.g., the
TATAAA sequence at nt 2986). This strategy would avoid
the problem (seen with VP2 synthesis in MVM) of having the
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ribosome ignore three ATG codons in the leader of the
mRNA and recognize the fourth ~675 nt from the start of the
messenger. In B19 the problem is accentuated with possibly
16 ATG codons before the in-frame one at nt 3125 (Fig. 8).
Further analysis of transcription and coding regions within
the B19 genome must await in vitro studies identifying
functional promoters and splicing patterns.

The hydropathy curve of the right-hand ORF shows that
hydrophilic and hydrophobic regions alternate through the
protein with no large concentration of either (Fig. 6). This is
in marked contrast to the situation in many of the autono-
mous parvoviruses (36), where the VP1-specific region of the
capsid gene is markedly hydrophilic and contains a high
concentration of basic residues which are thought to interact
with and stabilize DNA in the intact virus particle. In all of
the autonomous viruses for which sequence information is
available, this highly charged region of VP1 is separated
from the bulk of the capsid gene by a glycine-rich sequence
of some 23 residues beginning approximately 22 residues
downstream of the AUG initiating VP2. However, the right-
hand major ORF of B19 does not contain such a sequence. In
AAYV, the precise coding region for the amino terminus of
VP1 (protein A) is still uncertain. Janik et al. (22) have
shown that this polypeptide is likely initiated within the
small intervening sequence contained in the unspliced 2.6-kb
RNA species (Fig. 5). There are three ATG codons (nt 1919,
1967, and 2213) in frame 2 followed by in-phase termination
codons (nt 2165, 2177, and 2258). Janik et al. (22) proposed
that one of these ATG codons may be the initiation codon for
VP1 and downstream terminators are either read through or
VP1 is translated from an mRNA species which is spliced to
remove these terminator codons. This mRNA has so far not
been detected, but if the splice were extremely small, this
RNA may comigrate in gels with the 2.6-kb unspliced
transcript. Another possibility is that the amino terminus of
VP1 is encoded in either of the other two reading frames and
that VP1 is generated by a frameshift to frame 2 (22). Based
on our observations on amino acid homology among the
equivalent regions of the VP1 proteins of AAV2, MVM, and
B19 (see Results), we suggest that the VP1 protein of AAV2
is initiated in an alternate reading frame (frame 1), possibly
at the ATG at nt 2203, and a small, so far undetected splice
joins reading frame 1 to frame 2 beyond nt 2431. VP3
(protein C) of AAV2 is initiated at the ATG codon at nt 2810,
and it is believed that VP2 (protein B) begins at a novel ACG
codon at nt 2615 (9). Peptide homology searches suggest that
the amino-terminal region of the B19 VP1 protein is not
encoded in an alternate reading frame (although there is an
alternative frame open in this region), since in B19 the
30-amino-acid sequence (nt 2815 to 2905) which is homolo-
gous in the VP1-specific region of B19, MVM, and AAV2 is
located in the continuous ORF in B19.

Perhaps the most striking feature revealed by such
searches is that B19 is as different from MVM(p) and AAV2
as those two viruses are from each other. Given that the
overall homology between the three viruses is sufficiently
widespread and extensive as to suggest divergent rather than
convergent evolution, this would suggest that the ancestors
of the three modern viruses separated at approximately the
same point in evolutionary time. DNA hybridization studies
make it clear that there are other members of the autono-
mous parvovirus genus, such as bovine parvovirus, which
are only very distantly related to the KRV-type group (which
includes KRV, MVM, H1, Lulll, FPV, and PPV). However,
such studies also fail to reveal detectable nt homology
between B19 and bovine parvovirus (17), and antibodies

J. VIROL.

raised against bacterial peptides expressing B19 NS1 and
capsid sequences fail to recognize bovine parvovirus pro-
teins synthesized in vitro in a rabbit reticulocyte lysate
system programmed with mRNA from bovine parvovirus-
infected cells (Cotmore et al., manuscript in preparation).
Since B19 appears to replicate in erythropoietin-stimulated
human bone marrow cultures without the aid of a helper
virus (Young, personal communication), it is probably an
autonomous virus, suggesting that this genus contains vi-
ruses which are physically as different from each other as
they are from the dependoviruses (AAVs). Clearly physical
characteristics such as unique versus identical termini can-
not be used to assign new viruses to a particular genus, and
recent experiments suggest that even the ultimate distinction
of their being able to replicate without the aid of a helper
virus may require redefinition, since it seems that AAVS
may be able to replicate in some mutagen-treated cells in
vitro without the help of another virus (43).

At the present time, the B19 genome appears to have
features in common with both autonomous and helper-
dependent viruses. Computer analyses of putative viral
polypeptides from MVM(p), AAV2, and B19-Au have also
identified extensive regions of homology between the
polypeptides encoded by all three of these genomes.

Computer searches have identified a highly conserved
145-amino-acid sequence located in the middle of the NS1
gene of all three viruses. The function of the NS1 protein is
not fully understood; however, it seems to be a multi-
functional polypeptide. The gene product of the major
left-hand ORF has been shown to be necessary for viral
DNA replication (20, 50) as well as transactivation of the P38
promotor used for transcription of mRNA encoding viral
structural proteins (37). In addition, it has been proposed
that the protein may be the nicking enzyme responsible for
resolving dimer replicative-form molecules (5). Sebring and
Rose have observed an accumulation of AAV DNA con-
catemeric intermediates when AAYV polypeptide synthesis is
restricted (E. Sebring and J. Rose, personal communica-
tion). Presumably, the highly conserved amino acid se-
quence identified in Fig. 7 has a very specific role to play in
at least one of these functions. A computer search of the data
base for relatedness of the B19 sequence with other proteins
failed to recognize any significant homologies.

The observation that AAV2 and MVM both share a region
of 50% nt sequence homology with B19 seems inconsistent
with the finding that B19 DNA hybridizes weakly to MVM
DNA but not AAV2 DNA (17). However, analysis of the
nucleotide sequence of this region presented in Fig. 7 shows
that, whereas there are at most 9 nt in a row in the B19
sequence that match perfectly with the AAV?2 sequence, this
same region shares an 18-nt region of perfect homology with
the MVM sequence. Since the formation of stable DNA-
DNA hybrids in short regions of homology relies on
stretches of perfect homology which are intact over a
minimum stable length rather than a numerically equivalent
but more dispersed type of homology, the sequence compar-
isons of B19 with MVM and AAV?2 provide a cautionary
note with regard to correlating low-level cross-hybridization,
or lack thereof, with evolutionary relatedness.

In support of our sequence data we have now cloned the
region from the Xbal site (nt 477) to the Kpnl site (nt 4079)
from B19-Au and sequenced the region spanning the BamHI
site (nt 3896) in two different clones. This experiment
confirmed that the sequence across the BamHI site is correct
(and that no small BamHI fragment was lost during the
original cloning). Also, in both clones the sequence at nt
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3937 is AAAATTT (Fig. 2). Hence, our pYT103 clone is
missing one A residue at nt 3940, presumably because of a
cloning artifact (see the legend to Fig. 2).
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