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We studied the transcription program of Aleutian mink disease parvovirus (ADV) by using a combination of
cDNA cloning and sequencing, primer extension, and Northern (RNA) blot hybridization with splice-specific
oligonucleotides. The 4.8-kilobase ADV genome was transcribed in the rightward direction, yielding plus-sense
polyadenylated transcripts of 4.3 (Ri RNA), 2.8 (R2), 2.8 (R3), 1.1 (RX), and 0.85 (R2') kilobases. Each RNA
transcript had potential translation initiation sites within open reading frames, suggesting protein translation,
and a scheme encompassing ADV structural and nonstructural proteins is proposed. Each of the five RNA
transcripts had a characteristic set of splices and originated from a promoter at nucleotide 152 (map unit 3 [Ri,
R2, R2', and RX]) or at nucleotide 1729 (map unit 36 [R3]). The transcripts terminated with a poly(A) tail at
one of two positions: either at map unit 53 (R2' and RX) or at map unit 92 (Ri, R2, and R3). Similarities with
and differences from the transcription maps of other parvoviruses are discussed, and possible roles of the
unique features found in ADV transcription are related to the special pathogenic features of this virus.

Aleutian mink disease parvovirus (ADV) is an autono-
mous parvovirus (14) which causes a number of interesting
clinical and pathological syndromes in mink. These syn-
dromes span from abortion (1, 25, 26, 39) through acute
pneumonia in neonatal mink (1, 2, 4, 5) to chronic immune
complex-mediated glomerulonephritis and arteritis in adult
mink (1, 3, 27, 41-43). Previous studies have shown that
acute disease is caused by a primary cytopathic injury of
infected cells associated with permissive high-level replica-
tion and expression of the viral genome, whereas, in con-
trast, the chronic disease is characterized by restricted
low-level viral replication and expression leading to persist-
ent infection and immune-complex disease (3, 4). Since the
input viral genome can be the same in each case, the
differences in viral gene expression may reflect differential
interaction of various viral and cellular gene products, and,
furthermore, this regulation may determine the outcome of
infection. Analysis of viral transcription is an obvious start-
ing point for comparing viral gene expression in permissive
and nonpermissive systems, and definition of the ADV
transcription program in a permissive cell culture system will
provide a framework on which in vivo comparisons may be
made.
We recently sequenced the ADV genome and showed that

ADV had the same general genetic organization as other
autonomously replicating parvoviruses (11). This general
parvovirus organization includes an approximately 5,000-
base single-stranded DNA genome of minus polarity with
terminal hairpin structures. The transcription program uses
overlapping transcripts and multiple reading frames to in-
crease the genetic information included in the short genome.
Two or three viral structural proteins are encoded by the
right side of the genome by spliced RNA transcripts starting
from a promoter around map unit (mu) 39. Several nonstruc-
tural proteins are specified by spliced transcripts from the
left side of the genome using a promoter around mu 4.
Because these nonstructural proteins are presumably in-
volved in viral replication and in regulation of viral gene
expression, it may be especially interesting to study these
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proteins and the transcripts from which they are encoded
during ADV infection.

In the present report we define the transcription scheme of
ADV-G in cell culture and suggest a model for the translation
of these RNA transcripts into viral proteins. This model is
compared with the transcriptional and translational scheme
of related parvoviruses, and features which might explain
the unique pathogenic properties of ADV are discussed.

MATERIALS AND METHODS
Materials. All enzymes, isotopes, and other chemicals

were obtained from sources previously listed (3, 4, 11).
Preparation and analysis of RNA. Total cellular RNA was

prepared from control and ADV-G infected CRFK cells (14,
23) by using the guadinium thiocyanate method (33). Follow-
ing ethanol precipitation, the RNA was dissolved in distilled
water at 40 ,ug/ml, and contaminating DNA was digested by
adding MgCl2 to 10 mM, Tris hydrochloride (pH 7.9) to 40
mM, dithiothreitol to 5 mM, RNasin (Promega Biotec) to 400
U/ml, and RNase-free DNase (Promega Biotec) to 20 U/ml
and incubating the mixture at 37°C for 30 min. This DNase
step was necessary to avoid contamination of the final RNAs
with virion DNA. Samples were then extracted with phenol
and chloroform and ethanol precipitated. Poly(A)+ RNA
(mRNA) was purified from total RNA on an oligo(dT)-
cellulose column as described (20).
For Northern (RNA) blot analysis, samples were electro-

phoresed into a 0.7, 1, or 1.5% agarose gel containing 6%
formaldehyde and blotted (20) onto nylon membranes (Hy-
bond-N; Amersham Corp.), and the RNA was fixed by
baking. Selected filters were hybridized either with a 15- to
88-mu ADV probe (12) nick translated with [32P]dCTP as
previously described (13), with strand-specific RNA probes
as previously described (2, 16), or with specific oligonucle-
otides as described below. An RNA size marker was in-
cluded in each blot and consisted of 1 pLg of a bacteriophage
lambda RNA ladder (Bethesda Research Laboratories,
Inc.). This part of the filter was probed with nick-translated
bacteriophage lambda DNA (13).

Construction of cDNA libraries. cDNA libraries were con-
structed by using poly(A)+ RNA from ADV-infected CRFK
cells and a cDNA synthesis kit from Bethesda Research
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Laboratories. This system uses a cloned Moloney murine
leukemia virus reverse transcriptase and involves the use of
RNase H in the second-strand reaction. This strategy made
it easy to obtain blunt-ended cDNAs, making subsequent
cloning with linkers very efficient, although sequence infor-
mation at the extreme 5' end of the RNA is inevitably lost.
Two libraries were constructed. Library 1 was prepared
from 5 ,g of poly(A)+ RNA purified from infected cells at 24
h postinfection. cDNA was synthesized from this RNA with
oligo(dT) as the primer, and the synthesized DNA was
methylated with EcoRI methylase, filled in with the Klenow
fragment of DNA polymerase, ligated to EcoRI 8-mer link-
ers, cloned into the EcoRI site of Xgtll, packaged, and used
to infect Escherichia coli Y1088 (20). Plaques were screened
by blotting onto nitrocellulose filters and were probed with a
15- to 88-mu ADV probe nick translated with [32P]dCTP (20).
This library resulted in 2 x 104 independent plaques, of
which 69 (0.35%) were ADV specific. Selected ADV-posi-
tive plaques were picked and purified by replating twice.
Bacteriophage DNA was isolated from positive phages by
the Lambdasorb solid-phase immunoadsorbent method (Pro-
mega Biotec). Initially, five of these clones were nucleotide
sequenced, but we were unable to obtain long stretches of
readable sequence, and ultimately ADV inserts were sub-
cloned into the EcoRI site of plasmid pUC8.
The percentage of ADV-positive clones in library 1 was

relatively high, and we therefore prepared a second library in
a plasmid vector. We also wanted to use RNA isolated
during late infection to pick up cDNAs representing late
transcription products. Thus, library 2 was constructed from
10 ,ug of poly(A)+ RNA from infected cells harvested 40 h
postinfection. The cDNAs from this reaction were ligated to
XbaI 8-mer linkers and cloned into the XbaI site of plasmid
p-GEM3 (Promega Biotec). The ligation mixtures were then
used to transform competent E. coli JM109, ED8654, and
DB1256 (11, 16, 24). This library resulted in 3 x 104 colonies,
of which 600 (2%) were ADV specific. Ten of these clones
were nucleotide sequenced.

Hybridization with specific oligonucleotides. Oligonucleo-
tides, 20 to 22 bases in length, based on either the published
sequence of ADV-G (11) or the sequence information de-
rived from the cDNAs sequenced in the present paper, were
prepared as noted (11). For hybridization with oligonucleo-
tides, filters were prehybridized at 30°C for 3 h in 6x SSPE
(33) containing 0.1% sodium dodecyl sulfate, 5x Denhardt
solution, and 100 jig of sheared and denatured salmon sperm
DNA per ml. Oligonucleotides were 5' end labeled with 32p
(20) and allowed to hybridize to the filters in the same
solution at 2 ng/ml (approximately 106 cpm/ml) at 30°C for 16
h. The filters were washed twice in 2x SSPE-0.1% sodium
dodecyl sulfate for 30 min at 37 to 48°C according to the
calculated Tm of the oligonucleotides (33, 36, 50) and were
exposed to film at -70°C with a Cronex Lightning-Plus (E. I.
du Pont de Nemours & Co., Inc.) intensifying screen.

Sequencing. DNA nucleotide sequencing was done by
using the dideoxynucleotide chain termination method of
Sanger et al. (46) with commercially available primers or
ADV-specific oligonucleotide primers as described previ-
ously (11).
Primer extension. Poly(A)+ RNA isolated from control

cells and from cells harvested 24 or 40 h after infection was
hybridized to 32P-labeled oligonucleotide primers and ex-
tended with reverse transcriptase essentially as described
(36). Extended primers were then suspended in 90% form-
amide, denatured by heating, and electrophoresed on 8%
polyacrylamide-7 M urea sequencing gels. 4X174 DNA cut
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FIG. 1. Northern blot analysis of RNA isolated from CRFK cell
cultures. Whole-cell RNA and poly(A) RNA (mRNA) from uninfec-
ted (control) and ADV-G-infected CRFK cells were extracted as
described in Materials and Methods, and 1-,ug samples were elec-
trophoresed into a formaldehyde-agarose gel and Northern blotted
onto a nylon filter. The filter was probed with an ADV-specific probe
as described in Materials and Methods. The time after infection and
type of RNA are indicated. An RNA size marker is included in the
blot (left), and the sizes of the RNAs are indicated in bases.

with HaeIII and 5' end labeled with 32P (20) as well as a
standard sequencing reaction were electrophoresed in par-
allel as size markers.

RESULTS

Northern blot analysis of RNA. Our initial step in analyzing
the transcription pattern of ADV infection in CRFK cells
was to characterize the sizes of the mRNAs. When total and
poly(A)+ containing RNA were examined by Northern blot-
ting, ADV-specific RNA was not detected in uninfected
cultures or in cell cultures harvested 12 h after infection. At
20 h after infection and later, three size classes of ADV RNA
could be detected (Fig. 1) in ADV-G-infected CRFK cells;
0.85, 2.8, and 4.3 kilobases (kb). All three bands were
detected at each time point, and the relative abundances
remained the same. The same three bands were noted in
both total RNA and poly(A)-selected mRNA. Furthermore,
the relative amount of ADV-specific mRNA increased dra-
matically with time after infection, suggesting preferential
transcription of ADV mRNA. Northern blots were also
hybridized to strand-specific RNA probes (2, 16); only
RNAs hybridizing to the minus-sense probe could be de-
tected (data not shown), indicating that all detectable ADV
RNA is plus in sense.

Analysis of ADV RNA by cDNA cloning. Two cDNA
libraries were prepared from poly(A)-selected mRNA iso-
lated from ADV-infected CRFK cells. Of more than 600
ADV-positive clones, a total of 20 cDNA clones were
nucleotide sequenced. The sequence analysis provided data
on two aspects of ADV transcription. First, several consis-
tent patterns of molecules were observed in cDNA libraries.
Second, only four different splices were identified on the
basis of juxtaposition of bases that were noncontiguous in
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FIG. 2. Nucleotide sequence map of selected cDNAs. A diagram showing selected cDNA clones was prepared and aligned on a schematic
indicating the major open reading frames of ADV-G. The number of independent cDNA clones having a particular structure is indicated.
-, Actual sequences; -, spliced introns; -, poly(A) tails. The nucleotide numbers at the 5' end (left) and 3' end (right) of the clones,

as well as the designation of introns, are indicated. The span of the introns was as follows: intron A, nucleotides 385 to 2041; intron B,
nucleotides 1962 to 2041; intron C, nucleotides 2214 to 2286; intron H, nucleotides 385 to 1736. For illustration purposes, the clones are

arranged to fit the open reading frames shown at top. cDNA clones 17.3, 15.3, and 20.3 are in Xgtll; 42.314 and 25.31 are lambda clones
subcloned into pUC8; and IC94, IB21, and 3B2 are cDNA clones in pGEM-3.

the genomic sequence. Representative cDNA clones are

depicted in Fig. 2. The nucleotide numbering is based on the
ADV genomic sequence (11). To indicate shifts in potential
translational frames caused by splicing, we have arranged
the sequences to fit into probable open reading frame (see
below).
A large number of clones (seven) had poly(A) tails (10 to

20 bases long) originating from ADV nucleotide 4424. Five of
these clones (represented by 15.3 and IB21) extended unin-
terrupted for 2,138 bases in the left-hand direction to nucle-

otide 2287, at which point nucleotides 2214 to 2286 had been
spliced out and a 171-base segment (nucleotides 2042 to
2213) was juxtaposed. This splice was designated splice C
and was found in all cDNA clones spanning this region (15
clones). To the left of splice C, three different splices were
found. Four clones (represented by 20.3 and 25.31) had
nucleotide 2042 juxtaposed to nucleotide 1961, splicing out
nucleotides 2041 to 1962. This splice was designated splice
B. Three other clones (represented by 3B2) also had splice
B, but had, in addition, nucleotide 1737 juxtaposed to
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FIG. 3. Detailed oligonucleotide mapping of ADV-G mRNAs. Replicate Northern blots were probed with a series of 5'-end-labeled
oligonucleotides specific for either the mRNA splices or positions on the ADV-G genome. The splices are designated A, B, C, and H, and
the splice found in each mRNA is indicated. The positive (+) or negative (-) reaction of ADV mRNA species with oligonucleotides is
indicated. The exact nucleotide coordinates of the oligonucleotides used as probes for genomic localization are as follows: 7 (323 to 342), 11
(523 to 542), 32 (1553 to 1572), 37 (1753 to 1772), 40 (1931 to 1950), 41 (1964 to 1983), 45 (2185 to 2204), 47 (2230 to 2249), 50 (2395 to 2414),
57 (2733 to 2752), and 83 (3953 to 3972). The oligonucleotides specific for the splice junctions were constructed to contain 10 or 11 bases on

each side of the splice juhctions as follows: oligonucleotide A (374 to 384 plus 2042 to 2052), oligonucleotide B (1952 to 1961 plus 2042 to 2051),
oligonucleotide C (2204 to 2213 plus 2287 to 2296), and oligonucleotide H (375 to 384 plus 1737 to 1746).

nucleotide 384 (splice H). Eight clones (represented by
42.314, IC94, and IB21) had nucleotide 2042 juxtaposed to
nucleotide 384 (splice A). All 11 clones having either splice A
or splice H had their 5' ends at nucleotides 196 to 198.
One other position of polyadenylation other than the one

at nucleotide 4424 was found. Two clones (represented by
IC94) had a poly(A) tail of 10 to 20 bases originating from
ADV nucleotide 2586 (Fig. 2).

Six clones (represented by 20.3, 25.31, and 3B2) had no

poly(A) tail, and their 3' ends were at nucleotide 2352. These
clones were probably derived from RNAs at which the
oligo(dT) inadvertently had primed at the A-rich stretch
around nucleotide 2352 (13 adenine residues of 17 total).

Detailed Northern mapping. The results obtained from
cDNA analysis suggested that there were four types of
splices in the various ADV mRNA molecules. However,
because most of the cDNAs probably did not reflect com-
plete mRNA molecules, we could not unambiguously deter-
mine which splices were in which sizes of mRNA. Conse-
quently, we constructed a series of oligonucleotides specific
for either the four splice junctions or different short seg-
ments of the ADV genome and used them to probe Northern
blots. A schematic representation of the reaction of North-

em blots probed with the different oligonucleotides is de-
picted in Fig. 3, and the actual reaction of Northern blots
with selected oligonucleotides is shown in Fig. 4. Although
three bands were detected on Northern blot analysis, these
experiments led us to conclude that there are a total of five
separate RNA species. We have designated these RNAs
according to the convention for the prototype parvovirus,
minute virus of mice (MVM) (6, 9, 19, 21, 22, 28, 32, 35, 36,
40, 47).

0.85-kb RNA. The 0.85-kb band consisted of a single RNA
species, in this paper designated R2', having splice pattern A
and C, a 5' end upstream of nucleotide 323, and a 3' end
between nucleotides 2414 and 2733.

2.8-kb RNAs. The probe reaction on the 2.8-kb RNA band
could be explained only by the existence of two different
RNA species of the same size. One species, designated R2,
presumably had the same 5' end and A,C splice pattern as

R2', but extended throughout the right-hand end of the
genome. Another species also banded at 2.8 kb but was

different from R2. This species was designated R3 and
apparently had the same 3' end as R2 but had the splice
pattern B,C (reacted with oligonucleotide B and C). The size
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FIG. 4. Selected Northern blots performed with using specific
oligonucleotides. Poly(A)-selected RNA from ADV-G-infected and
uninfected CRFK cells was electrophoresed into formaldehyde-
agarose gels and probed with specific oligonucleotides as described
in Materials and Methods and in the legend to Fig. 3. A purified 15-
to 88-mu ADV DNA fragment (pADV-G DNA) was included in each
blot as a positive control for oligonucleotides spanning this segment
of the genome and as a negative control for the splice-specific
oligonucleotides. The sizes of the RNAs and the oligonucleotides
used as probes are indicated. For details on probe designations, see

Fig. 3. Oligonucleotide D was constructed to span a hypothetical
splice junction (nucleotides 2162 to 2172 + 2287 to 2297).

(2.8 kb) and this B,C splice pattern indicated a 5' end
somewhere between nucleotides 1500 and 2000.

4.3-kb RNA. The 4.3-kb RNA (designated R1) apparently
consisted of a single RNA species having a 5' end upstream
of nucleotide 323 and having the same B,C splice pattern as
R3 and a 3' end in the right-hand end of the genome.

1.1-kb RNA. When Northern blots were hybridized with
oligonucleotide H (specific for splice H), a fifth RNA could
be detected (Fig. 4), and this RNA was designated RX, since
no RNAs with such a structure has been described for the
other parvoviruses. The RX RNA was a 1.1-kb species with
splice pattern B,C,H, a 5' end upstream of nucleotide 323,
and a 3' end around nucleotide 2500 (Fig. 3).

Interestingly, when Northern blots were probed with
oligonucleotide 50, which binds to all the RNA species, a
different relative intensity of the bands was observed com-

pared with those in blots hybridized with the 15- to 88-mu
probe (Fig. 1 and 4). With oligonucleotide 50 the 4.3-kb RNA
was faint (<5%), the 2.8-kb RNAs were more abundant (35
to 45%), and the 0.85-kb RNA was very abundant (50 to
60%). Close inspection of the blot showed that the 1.1-kb RX
RNA was present as a faint band (<5%). This apparent
discrepancy probably occurs because the 20-nucleotide oli-
gonucleotide hybridizes stoichiometrically to specific RNA
molecules independent of size, whereas the 3.5-kb partial
genomic probe favors large RNAs.
Primer extension studies. As discussed above, the precise

5' boundaries of the mRNAs cannot be inferred from cDNA
analysis or Northern blotting. Therefore, we used primer
extension studies with oligonucleotides whose domains were
close to the presumed 5' ends of the mRNAs. The extended
products were separated in polyacrylamide sequencing gels
to obtain superior resolution of relatively small products.
The results of these experiments are depicted in Fig. 5 and 6.
When the data obtained from cDNA sequencing and RNA
mapping were correlated with the length of the extended
products, the 5' ends of the mRNAs could be estimated to an

accuracy of +1 nucleotide. When oligonucleotide 7 (span-
ning nucleotides 323 to 342 and annealing to the Rl, R2, R2',
and RX RNAs) was used as the primer, a major doublet band
of 162 and 163 bases was found (Fig. 6A). This extended-
product size indicated that the 5' end of the RNAs was at
nucleotide 180 + 1 (Fig. 5). Minor bands were also evident;
however, several of these were also present in extended
RNA from uninfected control cells, and smaller bands than
those of the major products might represent premature
termination of the reverse transcriptase. When oligonucleo-
tide 45 (spanning nucleotides 2185 to 2204) was used, major
bands of 371 and 365 ± 10 nucleotides were found, together
with a minor band of 620 ± 30 nucleotides. These data also
would suggest a 5' end around 180 for an RNA with splice
pattern A,B (365-nucleotide product) or splice pattern B,H
(620-nucleotide product). A product of 371 nucleotides indi-
cates a 5' end around nucleotide 1750 for an RNA having
splice pattern B (Fig. 5), consistent with the mapping data.
Primer extension was then done with oligo(A) as a primer.

This experiment resulted in a major extended product of 216
+ 1 nucleotides (Fig. 6B). Oligo(A) reacts only with the
2.8-kb R2 and the 0.85-kb R2' RNAs, indicating a 5' end at
nucleotide 180 for both of these two mRNAs. Finally, the
RNA was extended with oligonucleotide 40 (spanning nucle-
otides 1931 to 1950) as a primer. This resulted in two major
products of 207 ± 1 and 420 ± 10 nucleotides (Fig. 6C). This
oligonucleotide hybridizes to the 4.3-kb Rl, the 2.8-kb R3,
and the 1.1-kb RX RNA, indicating a 5' end around nucleo-
tide 180 for the RX mRNA (420-nucleotide product) and at
nucleotide 1744 ± 1 for the R3 mRNA (207-nucleotide
product) (Fig. 5). The expected product for the Rl RNA
would be around 1.7 kb, which is too big to be detected by
this technique.
No difference in the pattern of extended products could be

found between RNA isolated 24 or 40 h after infection,
although extended products were much more abundant at 40
h postinfection (data not shown).

Search for alternative splice patterns. In MVM, which is
the parvovirus whose transcription pattern has been the
most intensively investigated, alternative splice patterns
have been implied (6, 28, 36, 40). No evidence for such a
mechanism was found in ADV transcription. All cDNAs
sequenced had a definite set of splices (either splice A plus C
or splice B plus C or splice H plus B plus C), and primer
extension studies did not indicate alternative splices in the
areas analyzed. Furthermore, Northern blotting with oligo-
nucleotides specific for three alternative splice patterns were
all negative (Fig. 4; data not shown), indicating that, if
present, such RNA species are of very low abundance. The
possibility of RNAs of very low abundance and with a
different splice pattern cannot be totally excluded. However,
a major role for such RNAs in the production of significant
amounts of viral structural proteins as described for MVM is
very unlikely to occur in ADV transcription and translation.

DISCUSSION

Previous studies, involving in situ hybridization (3, 4),
have suggested that ADV transcription is modulated during
in vivo persistent infection, and we have suggested that
restricted transcription might be involved in the develop-
ment of persistent infection and chronic immune dysfunc-
tions (3). However, to verify this hypothesis, we must define
ADV transcription under defined conditions of infection, and
we have chosen to do this during ADV-G infection of
cultured CRFK cells. Once this study is completed, we can

J. VIROL.
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FIG. 5. Summary diagram of the primer extension experiments. Primer extension was performed on poly(A) mRNA from ADV-G-infected
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calculated. The results of these experiments are schematically depicted. The 5' ends of the different RNAs with their characteristic splices,
the oligonucleotides used for primers, the length of extended products, and the derived 5' ends of the RNAs are indicated. Abbreviation: ND,
not detected.

begin to analyze in vivo ADV transcription in different
experimental systems.
On the basis of the data presented in the present report, a

model for ADV transcription and translation can be pro-
posed (Fig. 7). The model accounts for the RNAs seen in
Northern blot analysis, as well as the known structural and
nonstructural proteins of ADV, and, furthermore, indicates

a possibility for the translation of one hitherto unrecognized
nonstructural protein, tentatively designated NS-3. The nu-

cleotide sequences of selected areas around initiation sites,
splices, polyadenylation sites, and putative promoters are

shown in Fig. 8. In this section, we will discuss the various
mRNAs and their probable gene products.

Rl. The size of Rl RNA is 4.3 kb in Northern blot analysis

Size of Product

162V163

ND (-1.7kb)

ND (-1.9kb)

Size of Produc

1621163

216±1

365±10

Size of Produc

162/163

420±10

620±30

Size of Product

207±1

VOL. 62, 1988

It



3690 ALEXANDERSEN ET AL.

1 2 M M 2 1
A. C.

163--
162 420

M 2 1

B.

--216

207

FIG. 6. Primer extension analysis on poly(A) RNA from infected

(lane 1) and uninfected (lane 2) CRFK cells with oligonucleotide

primers as described in Materials and Methods and in the legend to

Fig. 5. A standard sequencing reaction (lanes M) was included in

each electrophoresis and served as a precise size marker. The sizes

of the extended products are indicated in nucleotides. (A) Oligonu-
cleotide 7 (323 to 342) as primer; (B) oligonucleotide A (specific for

splice A) as primer; (C) oligonucleotide 40 (1931 to 1950) as primer.

and 4.1 kb as calculated from cDNA and primer extension

data. This indicates a poly(A) tail of about 200 bases,

consistent with the size of the poly(A) tail reported for other

parvoviruses (19). From primer extension data, the 5' end of

this RNA is at nucleotide 180 ±+ 1. This location is consistent

with a promoter (GTATATAAGC) at nucleotides 151 to 160

(-29 from initiation of transcription [Fig. 8]) and a CAT

enhancer motif at nucleotides 97 to 99 (-83 from initiation of

transcription [Fig. 8]). This location of a promoter and

upstream enhancer element conforms to the published con-

sensus for initiation of transcription (8, 29-31). Moreover,
this ADV promotor (nucleotides 151 to 160) is identical to

the putative Kilham rat parvovirus P4 promoter and differs

by only one nucleotide from the adeno-associated virus PS

promoter (19). Initiation of transcription at nucleotide 179 or

180 would be consistent with the most common initiation at

a purine (19), whereas initiation at nucleotide 181 would

indicate initiation at a pyrimidine, which has been observed

for certain cellular and viral mRNAs (19) and has also been

indicated for parvovirus RNA (19). RNA mapping and

cDNA sequencing show that the Ri RNA has a 3' end at

nucleotide 4424. This is consistent with a poly(A) signal
(AATAAA) at nucleotides 4394 to 4399 and the general rule

of poly(A) addition at a CA, GA, or UA 11 to 30 bases

downstream of the polyadenylation signal (10, 34). One

cDNA clone had a poly(A) tail originating from the middle of

the genome (data not shown), suggesting that in some

instances this RNA polyadenylates after the poly(A) signal
at nucleotide 2564, as described below for the R2' mRNA.

However, an mRNA of the predicted size of such a short Ri

RNA (around 2.4 kb) could not be identified in Northern

blots, suggesting that such an mRNA is of low abundance.

From oligonucleotide mapping and sequence analysis
data, the Ri RNA can unambiguously be shown to have two

splices, giving the final structure shown in Fig. 7. Both
introns have the canonical GT at their 5' ends (donor site)
and AG at their 3' ends (acceptor site), and the base
composition around the donor and acceptor sites correlates
well with the established consensus (37). On the basis of the
structure of this RNA, the large nonstructural protein (NS-1
or p71) is encoded from the left-hand open reading frame (M.
E. Bloom, S. Alexandersen, and J. B. Wolfinbarger, Abstr.
II Parvovirus Workshop, abstr. no. MA9, p. 32, 1987), and
by analogy to the other parvoviruses (18, 21, 22), the Ri
RNA most probably codes for the 71-kilodalton (kDa) NS-1
nonstructural protein described for ADV (5, 15). Translation
of this protein probably initiates at the ATG in reading frame
2 at nucleotides 206 to 208. This ATG is in a very favorable
context (ANNATGG) for initiation of translation (30, 31) and
is followed by an open reading frame all the way to the splice
at nucleotide 1961, at which point Ri splices to reading
frame 1 at nucleotide 2042. Translation of NS-1 then may
proceed in reading frame 1, which is open until nucleotide
2208, where the translation terminates. This gives an esti-
mated molecular mass for NS-1 of 72,500 Da, which is in
agreement with the experimental value of 71,000 Da for the
ADV NS-1 protein p71 (5, 15).

R3. The R3 RNA is a 2.8-kb RNA, including the poly(A)
tail. This RNA initiates at nucleotide 1744 + 1 (Fig. 7), which
correlates with a promoterlike sequence (TATTAAA) at
nucleotides 1729 to 1735 (-15 from initiation of transcrip-
tion) and an enhancer CCATT motif at nucleotides 1674 to
1678 (-70 from initiation of transcription [Fig. 8]). Initiation
at this position, mu 36, correlates well with a P38 promoter
described for the other parvoviruses (9, 17, 19, 21, 22, 28, 32,
40, 45), although initiation of transcription only 15 bases
downstream of the putative promoter is unusual for eucary-
otic transcription (8, 19, 29-31). However, the predicted site
of initiation has the characteristics of a cap box in which six
of nine nucleotides are identical to the adeno-associated
virus P40 cap structure (19), further suggesting this site as a
bona fide site of ADV P36 initiation of transcription. Trans-
lation would initiate on R3 at the ATG in reading frame 2 at
nucleotides 2204 to 2206. This would give a potential protein
of 3 amino acids in reading frame 2 spliced to 686 amino
acids in reading frame 3 and probably terminating at nucle-
otide 4346. The resulting protein of 689 amino acids would
have an estimated molecular mass of 78,500 Da, in fairly
good agreement with an experimental value of 85,000 Da for
the ADV VP-1 protein p85 (5, 15). Since there was no
evidence for other mRNAs coding for the other known ADV
structural protein (VP-2 or p75) (5, 15), it is most likely that
the R3 RNA also codes for VP-2. Initiation of translation at
the ATG at nucleotides 2406 to 2408 in reading frame 3
would give a protein of 646 amino acids with an estimated
molecular mass of 73,500 Da, in good agreement with the
experimental value of 75,000 Da for the ADV VP-2 structural
protein, p75 (5, 15). The ATG at nucleotide 2421 (VP-2) is in
a much more favorable context (GNNATGG) (30, 31) than
the ATG at nucleotide 2204 (VP-1), which could explain how
two different proteins can be translated from the same
mRNA, and, furthermore, this provides a reasonable mech-
anism for the observed constant higher ratio of p75 to p85
being produced (15). This mechanism would rely on the
strength of the individual initiators of translation as the
control of viral protein abundance, as opposed to a splice
control mechanism proposed for MVM (36). In the present
study no evidence of such a splice mechanism involving
alternative splices around the initiation of translation of the
large structural protein (VP-1) was found for ADV transcrip-

J. VIROL.



ADV TRANSCRIPTION 3691

NUCLEOTIDE c

5,
MAP UNIT X

FRAME 1

FRAME 2

FRAME 3

a
o o
o o

I

o o
a a
to a

I l

o o a a a a
a o a a a a
In a to a to c

I I I I I -

I I- I I I I

I l. l. I I I I I I I. . I
D 220 40 60 80 104

SOFWI

I

I ~~ ~~IFC IO

lo -FAGHTOF I

RNA PROTEIN FRAME

2206

/,_\1 IS,206
RI NS-1 2 '

3 .

4424
-i'N,N, POLY-A

TAIL

424
POLYLA

R2 NS-2 1? _ A
2 * 2204\
3.0

1'0 206

R2' NS-2 2' A \5.s

3.0

R3 VP-i

VP-2

1

1744 _
22043 .

POLY-A
TAIL

2406

Isis
H~~~~ePOLY-A

I'Ig 206
B

_ TAIL

RX NS-3 2*/ \2s

3.0

4424

FIG. 7. Transcriptional and translational schemes of ADV-G. The predicted structures of the five mRNAs and four hypothetical protein
products are diagrammed. The upper portion of the figure depicts the five open reading frames used in ADV-G. The predicted structure of
the mRNAs is shown with the 5' end at the left. Initiation of transcription and translation is indicated in nucleotides. Symbols: -, RNA
sequence; -, spliced introns; _, E=i, open reading frames presumably used in translation of the RNAs: the R3 mRNA probably codes
for both VP-1 (_) and VP-2 (rzI). Nucleotide numbers at the start and end of RNA transcription and putative translation are indicated,
as is the splice designation.

tion. A mechanism of initiation at two different ATGs at the
same mRNA, as suggested here for ADV, has previously
been suggested for AAV (7) and has also been observed for
other viruses; it has been explained by a mechanism of leaky
scanning by the ribosomes on the RNA (31).
About 20 amino acids downstream of the supposed initia-

tion of the VP-2 protein is a glycine-rich stretch of 23 amino
acids (containing 19 glycines). A similar motif has been
described for the other parvovirus VP-2s and may reinforce
the probability of VP-2 initiation at this point.
A third structural protein has been described for the other

autonomous parvoviruses, but not for ADV. The VP-3 for
the other parvoviruses is derived by proteolytic cleavage of
VP-2 at an arginine residue immediately upstream of the
glycine-rich stretch (19, 22), and perhaps ADV does not have
such a VP-3 because in ADV the glycine-rich stretch is
preceded by an alanine. If the protein is processed by a

trypsinlike protease, such an enzyme would not cut in ADV,
because trypsin cuts only at the carbonyl groups of arginine
and lysine, explaining the absence of an ADV VP-3.

R2. R2 is a 2.8-kb RNA including a poly(A) tail of
approximately 200 bases. The 5' end of this RNA is similar
to the Ri RNA at nucleotide 180, and the 3' end is also
similar to the Ri RNA, i.e., nucleotide 4424. The R2 RNA
has splice pattern A,C, consisting of a big splice covering
nucleotides 385 to 2041 (A) and a small splice similar to the
second Ri splice covering nucleotides 2214 to 2286 (C). Both
splice donors and acceptors are in agreement with estab-
lished consensus (37). The protein encoded by this RNA is
probably NS-2, the second parvoviral nonstructural protein
(21, 22). This protein most probably initiates as NS-1 in

reading frame 2 at nucleotide 206 and reads in frame to
nucleotide 384, where it splices to reading frame 3 at
nucleotide 2042. This reading frame is open until nucleotide
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A. ADV-G promoter sequences

92 103 151 162 175 185 201 212
p3 promotor: AACTTCATATTG ..... GTATATAAGCAG ..... GCAAAGCACAGA ..... GTAACATGGCT...

1670 1681 1726 1749 2199 VP-1 B
p36 promotor: AAACCCATTACT ..... ATCTATTAAAGGCTGTGTCATTGT ..... TCGGCATGAGTA' TTCC

2401 VP-2
.....AGGAAATGGATT.....

B. ADV-C splice sequences

Splice Found in mRNA Donor Acceptor

384 2042
A: R2,R2' CTGACCTAAG'GTTACCTTTT .... TACTTTACAG' AGACTACTGG

1961 2042
B: R1,R3, RX CTGTACTTAG' GTAAGTGCCG .... TACTTTACAG 'AGACTACTGG

2213 2287
C: R 1,R2, R2',R3,RX ATGAGTAAAA'GTAAATAACC .... TTTACTTTAG'TTCCTCAGCA

384 1737
H: RX CTGACCTA.AG'GTTAGCTTTT.....TCTATTAAAG'GCTGTGTGAT

C. ADV-G polyadenylatlon site sequences

2561 2590
53 MU: AGTAATAAACAATGAAGTGTATATATTACTTG

4391 4428
92 MU: CTCAATAAAAGTTACATGAATAGTGAACAACCTAAATA

FIG. 8. Selected areas of ADV-G nucleotide sequence in the regions of promoters, initiation sites, splices, and polyadenylation sites. The
nucleotide sequence of the ADV-G genome and the numbering are derived from Bloom et al. (11). (A) The position and nucleotide sequence
of the P3(TATAA) and the p36 (TATAA) promoters with upstream enhancer elements (CAT), as well as initiation sites of transcription ()
and translation (AMG), are shown. For the P36 promoter, the position of the B splice ('), as well as the presumed site of initiation of VP-1
and VP-2, is depicted. (B) The nucleotide sequence around the splices is listed. The actual splice sites are depicted ('). (C) The position and
nucleotide sequence of the two polyadenylation signals (AATAAA) and the two actual sites of poly(A) tail addition (TA) are shown.
Sequences not shown are indicated by dotted lines.

2204, where the protein translation probably is terminated.
The predicted size of this NS-2 protein is 13,400 Da, which
is somewhat smaller than the reported size for other parvo-
viral NS-2 proteins (21, 22). A protein of this size has not
been reported for ADV; however, Western blot experiments
do show the presence of one or more proteins in this size
range (M. E. Bloom and S. Alexandersen, unpublished
observations). Further experiments are in progress to iden-
tify an NS-2 for ADV.

R2'. The R2' RNA is a very abundant species with a size
of 0.85 kb, including the poly(A) tail. This RNA is very
similar to the R2 RNA; i.e., it has the same 5' end and the
same splice pattern but differs from R2 at the 3' end, which,
for R2', is at nucleotide 2586 (Fig. 7 and 8). The presence of
a 3' end at this site is in excellent agreement with a poly(A)

signal (AATAAA) at nucleotides 2564 to 2569 and the
addition of the poly(A) tail at a UA 17 bases downstream
from this signal. This RNA can code for the same NS-2
protein as described for R2.
RX. The RX RNA is a 1.1-kb species having three splices,

giving it a unique structure (Fig. 7 and 8) without similarities
to other parvoviral RNAs described so far. The possibility
that this RNA is an artifact could be vigorously excluded by
the facts that three.,independent cDNA clones had the same
structure and that an RNA of the predicted size and struc-
ture could be found in Northern blots probed with a splice-
specific oligonucleotide. This RNA is potentially able to
code for a third, probably nonstructural, protein, tentatively
designated NS-3. This protein could initiate at the same ATG
as NS-1 and NS-2 at nucleotide 206 in reading frame 2. NS-3
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would thus share the amino-terminal part with NS-1 and
NS-2 until nucleotide 384, where it splices to reading frame
1 at nucleotide 1738 and picks up a small open reading frame
of 27 amino acids until terminated at nucleotide 1818. This
gives a potential nonstructural protein 3 (NS-3) of 86 amino
acids with an estimated molecular mass of 10,000 Da.

Alternatively, this RNA might initiate translation at one of
the multiple ATGs in reading frame 2 at nucleotide 1829,
1886, or 1943 and then splice to reading frame 1 at nucleotide
1961, pick up reading frame 1 at nucleotide 2042, and then
terminate at nucleotide 2208. This would give a protein
sharing the carboxy terminus with NS-1 and having a max-
imum of 99 amino acids with an estimated molecular mass of
11,000 Da. However, a protein of this structure could also be
encoded by either of the Ri or R3 mRNAs, making it more
likely that if expressing protein, this RNA (RX) most prob-
ably codes for an NS-3 nonstructural protein of the structure
given in Fig. 7. No nonstructural proteins of this predicted
size or mRNAs of the structure described for the RX RNA
has been described for ADV or for the other parvoviruses.
Fairly detailed transcription maps have been published for
MVM (9, 19, 21, 22, 28, 32, 35, 36, 40) without description of
such an RNA, although the other RNAs have a high degree
of similarity to those described for ADV in the present
paper. Perhaps a similar RNA does exist for MVM but has
been overlooked, or perhaps the unique features of ADV
pathogenesis (1-4) are controlled in part by the hypothetical
protein translated from this RNA. Any specific role of the
nonstructural proteins of the parvoviruses has yet to be
identified, although these proteins have been implicated in
viral replication and termed REP proteins (9, 19, 49). As our
understanding of the complexity of parvoviral control mech-
anisms for gene transcription and replication emerges, it is
not surprising that several independent REP proteins are
necessary to efficiently control these events.

In the present report, detailed mapping of ADV transcrip-
tion resulted in a scheme ofADV transcription including five
mRNA species. The general picture of ADV transcription
showed extensive homologies to the transcription maps of
the other autonomous parvoviruses, especially MVM, which
is the most characterized (9, 19, 21, 22, 28, 32, 35, 36, 40, 45).
Like the other parvoviruses, ADV had two major promoters
around mu 3 and 36 (Fig. 7 and 8). However, in contrast to
the MVM and the H-1 parvovirus P3 promoter, the ADV P3
promoter appeared to be functionally stronger than the P36
promoter even in late infection. The P36 promoter has been
described to be transactivated by the P3 promoter protein
products during parvovirus infection (44, 49). Perhaps this
transactivation does not occur in ADV, causing decreased
expression of viral structural gene products. If so, this
decreased expression could be an explanation for the nonly-
tic growth of ADV in cell culture and for the development of
restricted persistent infection in mink. Another explanation
might be that either the R2' or the RX RNA or protein
product in some way competes or interferes with the trans-
activation mechanism.
Analogs to the two transcription products R2' and RX

have not been found in the prototype parvovirus MVM or in
the other rodent parvoviruses (9, 19, 21, 22, 28, 32, 35, 36,
40, 45, 48). However, the structures of these products have
similarities to those of abundant products found in the
human B19 parvovirus transcription (38), suggesting that
ADV uses a complex RNA transcription program with
strategies including those found in the rodent parvoviruses
and in B19 to compress the coding information into a short,
4.8-kb genome.
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