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The four major adeno-associated virus type 2 (AAV2)-specific RNAs were

mapped on the linear viral genome by a variety of biochemical techniques,
including Si nuclease and exonuclease VII mapping, RNA gel-transfer hybridi-
zation, and analysis of reverse transcriptase extension products. All the major
AAV2 RNAs were derived from the minus DNA strand and had 3' termini at
position 96. The nucleus-specific 4.3- and 3.6-kilobase (kb) RNAs had 5' termini
at positions 6 and 19, respectively. The 5' terminus of the 2.6-kb RNA mapped to
position 38.5. The predominant 2.3-kb AAV2 mRNA was spliced and contained
a short leader sequence (approximately 50 nucleotides) which mapped to position
38.5, coincident with the 5' terminus of the 2.6-kb RNA. The 5' end of the body
of the 2.3-kb RNA mapped to position 46.5. These results are discussed in terms
of the involvement of single versus multiple promoters (for transcription) and
RNA splicing mechanisms in the generation of the AAV2 RNAs.

Mammalian DNA viruses have provided pow-
erful models for the analysis and formulation of
mechaisms of gene expression in eucaryotic
cells. The well-studied DNA tumor viruses, pa-
povaviruses and adenoviruses, have been partic-
ularly useful in this regard. An enonnous
amount ofinsight into the structure and function
of eucaryotic genes has resulted directly from
the intensive efforts to elucidate the structural
relationship between these viral genomes and
their products (i.e., RNAs and proteins).

In contrast, parvoviruses have been investi-
gated much less intensely than other DNA vi-
ruses. However, these viruses also provide po-
tentially useful systems for study since their
programs of gene expression may be much less
complex than those of the tumor viruses. For
example, in contrast to papovaviruses and ade-
noviruses, which display at least two phases of
gene expression (early and late) and require viral
proteins to express late genes (17), the autono-
mous parvovirus Hi appears to produce the
same viral RNAs at early and late times after
infection and apparently utilizes host cell mech-
anisms and components which are independent
of viral protein synthesis (18). Although the
defective parvovirus AAV2 (adeno-associated
virus type 2) does require heterologous viral
functions for replication (8), there is as yet no
evidence that the AAV2 transcripts vary quali-
tatively during the lytic cycle. The small size of
the parvovirus single-stranded linear DNA ge-
nome, 1.4 x 106 to 1.6 x 106 daltons, also makes
these viruses among the least complex viruses
that infect eucaryotic cells (32, 39).

In our earlier studies ofAAV2 (19), we defined
and partially characterized four predominant
AAV2 RNAs in virus-infected cells, indicating
that the previous mapping studies ofAAV2 tran-
scripts were incomplete (for a discussion of these
early mapping studies, see reference 7). In light
of the small size of the viral genome, the number
and sizes of the AAV2 RNAs we detected (19)
initially suggested a transcriptional map with
considerable overlaps in the viral RNAs; it there-
fore became necessary to map the AAV2 tran-
scripts in more detail. For this purpose, we have
used high-resolution techniques which have, in
addition, the sensitivity necessary to detect the
less abundant RNAs. In this analysis, we were
aided by the very complete physical mapping
studies that have been published for the AAV2
genome (4, 13). In this report, we describe the
orientation of the four major AAV2 RNAs with
respect to the viral genome. Moreover, these
mapping data reveal a spliced structure for the
major AAV2 mRNA, which has a short 5' leader
sequence (about 50 nucleotides) ligated to a long
(2.3-kilobase) body. Similar conclusions regard-
ing map positions of the AAV2 transcripts and
the spliced structure of the 2.3-kb RNA were
reported while this manuscript was in prepara-
tion (27).

MATERIALS AND MEETHODS
Cells and virus. AAV2 was propagated in and

purified from adenovirus type 2 (Ad2)-infected KB
cells according to standard procedures (5). For prepa-
ration of 3P-labeled AAV2, 1 liter of KB cells was
infected with AAV2 (10 PFU/cell) and Ad2 (5 PFU/
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cell). At 10 h postinfection, 0.25 mM 32P-labeled inor-
ganic phosphate (25 mCi) was added, and virus was
purified at 40 h postinfection. AAV2 virions were
banded two or three times in CsCl, followed by dialysis
against 10 mM Tris-hydrochloride (pH 7.5).

Nucleic acids. To prepare AAV2 DNA, virions
were digested with 300,ug of proteinase K (Beckman
Instruments, Inc.) per ml in 0.5% Sarkosyl (2 h, 37°C)
and extracted three times with phenol-chloroform-
isoamyl alcohol (1:1:0.05) and once with ether. After
removal of the ether with N2 gas, the DNA was di-
alyzed against 0.15mM sodium citrate-1.5 mM sodium
chloride. RNA was extracted at 24 h after infection,
and polyadenylated RNA was selected by oligodeox-
ythymidylate-cellulose chromatography as described
(18).
AAV2 DNA preparations were routinely self-an-

nealed overnight at 68°C in 0.72 M NaCl-10 mM
piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES;
pH 6.7)-i mM EDTA-0.05% sodium dodecyl sulfate
to ensure that all DNA was double stranded. After
ethanol precipitation to remove reagents, the DNA
was resuspended in a buffer appropriate for restriction
endonuclease digestion. The enzymes BamHI,
HindIII, EcoRI, and HaeIII were prepared in this
laboratory according to published procedures. HpaII
was purchased from New England Biolabs. DNA frag-
ments were resolved in 1.4% agarose gels or 5 to 20%
gradient acrylamide gels modified from Jeppesen (23).
After detection of DNA bands by ethidium bromide
staining, DNA was purified from gel slices by overnight
electroelution into dialysis bags. The DNA was passed
through glass wool, concentrated by repeated 2-bu-
tanol extractions, and ethanol precipitated.
AAV2 DNA restriction fragments were selectively

labeled at the 3' ends by filling in recessed 3' ends with
Klenow DNA polymerase in the presence of an a-32P
labeled-deoxyribonucleoside triphosphate (dNTP).
Reaction mixtures (40 ,ul) contained DNA, 10 mM
Tris-hydrochloride (pH 7.9), 10 mM MgCl2, 50 mM
NaCl, 10 mM /8-mercaptoethanol, 50 jiM of each un-
labeled dNTP, and 30 ,uCi of the radioactive dNTP
(Amersham; 350 Ci/mmol; added after evaporation to
dryness). After the addition of 2 U of Klenow polym-
erase (a gift of Wayne Barnes), the fill-in reaction was
carried out at SoC for 20 min. After inactivation of the
polymerase at 70°C for 5 min, labeled DNA was pur-
ified from unincorporated triphosphates on a 1-mil
Sephadex G-50 column.
DNA restriction fragments to be labeled at their 5'

ends were dephosphorylated immediately after the
restriction endonuclease digestion by the addition of
bacterial alkaline phosphatase (Bethesda Research
Laboratories), and sodium dodecyl sulfate (to 0.5%;
34) and incubation at 37 to 45°C for 45 min. After
phenol and ether extractions, the DNA was subjected
to gel electrophoresis and the fragments were purified
as described above. The 5' labeling reactions contained
(in 15 pd) 50 mM Tris-hydrochloride (7.5), 10 mM
MgCl2, 0.1 mM EDTA, 5 mM dithiothreitol, 0.5 mM
spermidine, and at least 1 jiM [y-32P]ATP, which was
prepared as described (38). After the addition of 5 U
of T4 polynucleotide kinase (P-L Biochemicals), the
reaction was incubated at 37°C for 30 min. After kinase
inactivation by heating at 70°C for 5 min, labeled
DNA was purified from unincorporated [y-32P]ATP

on a 1-ml Sephadex G-50 column.
Si nuclease and exonuclease VII mapping. Hy-

bridization reactions (20 pl) containing AAV2 [32p]_
DNA and RNA in an 80% formamide buffer (9, 37)
were incubated at 70°C for 4 min and then at 52 to
60°C for 0.25 to 3 h. Reactions were terminated by
adding 250 pl of Si nuclease buffer, S1 nuclease (pre-
pared as described in reference 18 or purchased from
Sigma Chemical Corp.), and 6 jig of denatured salmon-
sperm DNA and continuing the incubation at 37 or
50°C for 45 min (18). Alternatively, hybridization re-
actions were terminated by adding 250 ,il of exonucle-
ase VII buffer (15 mM Tris-hydrochloride, pH 7.9, 50
mM potassium phosphate, 10mM ,B-mercaptoethanol,
and 8 mM EDTA) and excess exonuclease VII (a gift
of J. Chase) and continuing the incubation at 37°C for
1 h. The extent of DNA excess (10- to 100-fold in the
experiments reported) was determined by assaying a
small portion of the hybridization reaction for single-
stranded [32P]DNA (18). Decreasing the DNA/RNA
ratio 10-fold had no effect on the pattern of S1 nu-
clease-generated [32P]DNA-RNA hybrids (data not
shown; see reference 18).

Electrophoretic resolution, transfer, and de-
tection of AAV2 RNAs on diazobenzylmethyl-
paper. RNA and DNA samples were glyoxylated by
incubation for 2 h at 37°C in reactions (40 jil) contain-
ing 50% dimethyl sulfoxide, 0.25 M HEPES (N-2-hy-
droxyethylpiperazine-N'-2-ethanesulfonic acid) (pH
7.5), and 1 M glyoxal. After electrophoresis of the
samples in 1.4% agarose gels (18), glyoxal adducts were
removed and the RNAs were transferred to diazoben-
zylmethyl-paper according to published methods (1).
Prehybridization (6 h) and hybridization (36 h) reac-
tions were conducted at 45°C as described (1).
Reverse transcriptase extension products.

AAV2 5' [32P]DNA restriction fragments (105 cpm)
were hybridized at 52°C for 2 h to 30 jug of total cellular
RNA from AAV2/Ad2-infected cells in 20 jl of the
same 80% formamide buffer (9, 37) used in nuclease
mapping studies. Nucleic acids were ethanol precipi-
tated and redissolved in 40 mM Tris-hydrochloride
(pH 8.0), 5 mM MgCl2, 25 mM NaCl, 5 mM dithio-
threitol, and 1 mM of all four dNTP's. Eighteen units
of avian myeloblastosis virus reverse transcriptase (J.
W. Beard, Life Sciences, Inc., Petersburg, Fla.) was
added, and the reaction was incubated at 41°C for 3 h.
After phenol and ether extractions, nucleic acids were
precipitated with ethanol, collected and redissolved in
alkaline-agarose electrophoresis buffer, and subjected
to electrophoresis on 2% alkaline agarose gels.

RESULTS
Mapping of AAV2 RNAs by using large

uniformly labeled restriction fragments. To
initially assign the four major AAV2 RNAs to
specific genomic regions, we used large uni-
formly labeled DNA restriction fragments as
probes in Si nuclease mapping studies. If an
RNA maps entirely within the fragment, hybrid-
ization and Si nuclease digestion produce a
DNA-RNA hybrid whose length is identical to
that of the original RNA. In contrast, if a portion
of the RNA maps outside the boundaries of the
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restriction fragment, the hybrid is truncated by
the same extent that the RNA maps outside of
the probe. A partial restriction map of AAV2,
taken from de la Maza and Carter (13) is shown
in Fig. 1.
BamHI cleaves AAV2 DNA at position 22 to

produce a 3.7-kb A fragment (22 to 100) and a
1.1-kb B fragment (O to 22) (Fig. 2, lane 2). In an
Si nuclease mapping experiment with BamHI-
A and RNA from virus-infected cells, four bands
were observed (lane 5). The uppermost faint
band (unlabeled) corresponded to a DNA-DNA
hybrid which was also visualized when RNA
from mock-infected cells was used (lane 4). The
other three bands in lane 5 corresponded to viral
RNA-DNA hybrids and consisted of a predom-
inant 2.3-kb hybrid and less abundant 2.6-kb.
and 3.6-kb hybrids. For comparison, the 4.3-,
3.6-, 2.6-, and 2.3-kb hybrids generated with an
intact DNA probe are shown in lane 3 (hybrid
positions indicated by small arrows; see also
reference 19). The 2.3- and 2.6-kb hybrids
formed with BamHI-A were equivalent in length
to the corresponding hybrids forned with full-
length DNA, whereas the 3.6-kb BamHI-A hy-
brid was slightly shorter than the 3.6-kb hybrid
formed with full-length DNA. With BamHI-A
no 4.3-kb hybrid was observed, as expected from
the length of the DNA fragment. From these
data we conclude that, within the resolution of
the gel system (50 to 100 nucleotides), all se-
quences encoding the 2.3- and 2.6-kb RNAs are
within map positions 22 to 100. Additionally, the
4.3-kb, and probably the 3.6-kb, RNA contains
sequences from positions 0 to 22.

HindI[II cleaved AAV2 DNA once at position
40, producing a 2.9-kb A fragment (40 to 100)
and a 1.9-kb B fragment (O to 40) (Fig. 3, lane 1).
With RNA from AAV2-infected cells, the
HindIll A fragment produced two specific DNA-
RNA hybrid bands in Si nuclease mapping ex-
periments (Fig. 3, lane 4). For comparison, the
four hybrids formed with full-length DNA are
shown in lane 2 (small arrows). A 2.3-kb band

(lane 4) comigrated with and had a relative
abundance equal to the control 2.3-kb DNA-
RNA hybrid formed with full-length DNA (lane
2). However, the apparent 2.6-kb band generated
with HindIII-A (lane 4) appeared slightly trun-
cated relative to the control 2.6-kb hybrid band
(lane 2). Neither a 4.3- nor a 3.6-kb band was
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FIG. 2. SI nuclease-generated AAV2 BamHI-A
[32P]DNA-RNA hybrids displayed on 1.4% neutral
agarose gels. Lane 1 contains an EcoRI digest ofAd2
[32P]DNA (for fragment sizes, see reference 18). Lane
2 contains a BamHI digest ofAAV2 [rP]DNA. Lane
3 contains Si nuclease digestion products ofAAV2
[32P]DNA annealed with whole-cell RNA from
AAV2/Ad2-infected KB cells. Lane 4 contains SI
nuclease digestion products of AAV2 BamHI-A
[32P]DNA annealed with whole-ceU RNA from Ad2-
infectedKB cells. Lane 5 contains Si nuclease diges-
tionproducts ofAAV2BamHI-A [32P]DNA annealed
with whole-cell RNA from AAV2/Ad2-infected KB
cells.
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FIG. 1. Restriction endonuclease cleavage map ofAAV2 DNA. This map was redrawn from datapresented
in reference 13. However, also see reference 4particularly in regard to map assignments and discussion ofthe
terminal DNA fragments. One map unit is approximately 48 nucleotides.

EcoRI
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Fig. 4A (the small C fragment has been run off
the gel in this experiment). In an Si nuclease
mapping experiment with AAV2 RNA (Fig. 4A),
the EcoRI A fragment produced a 2.3-kb DNA-
RNA hybrid (lane 5) indistinguishable in length
and relative abundance from the control 2.3-kb
hybrid band seen with full-length DNA (lane 3).
Thus, within the resolution of the gel system,
the 2.3-kb RNA must map between positions
42.7 and 100. The EcoRI A fragment did not
generate a hybrid that comigrated with the con-
trol 2.6-kb DNA-RNA hybrid (lane 3), but did
produce a band which migrated slightly faster

__ .._.

FIG. 3. Si nuclease-generated AAV2 HindIII-A
[32P]DNA-RNA hybrids displayed on 1.4% neutral
agarose gels. Lane 1 contains a HindIII digest of
AA V2[32P]DNA (thisparticular enzymepreparation
was contaminated by HindII activity resulting in the
minor bands). Lane 2 contains Si nuclease digestion
products of AA V2 [12P]DNA annealed with whole-
cell RNA from AA V2/Ad2-infected KB cells. Lane 3
contains Si nuclease digestion products of AAV2
HindIII-A [32P]DNA annealed with whole-cell RNA
from Ad2-infected KB cells. Lane 4 contains Si nu-
clease digestion products ofAA V2 HindIII-A [32p]_
DNA annealed with whole-cell RNA from AAV2/
Ad2-infected KB cells.

observed with the HindIII A fragment since this
probe was itself shorter than 3.6 kb. Thus, within
the resolution of the gel system, we conclude
that the 2.3-kb RNA maps between positions 40
and 100 and that the 2.6-kb RNA contains some
sequences from positions 22 to 40 (in addition to
those derived from positions 40 to 100).
EcoRI cleaved AAV2 DNA at positions 38.1

and 42.7, producing a 2.7-kb A fragment (42.7 to
100), a 1.8-kb B fragment (0 to 38.1), and a 0.2-
kb C fragment (38.1 to 42.7), the first two of
which are seen as the major bands in lane 2 of

.: _-dl
FIG. 4. Sl nuclease-generatedAAV2EcoRI-A and

-B [32P]DNA-RNA hybrids displayed on 1.4% neutral
agarose gels. (A) Lane I contains an EcoRI digest of
Ad2 [32P]DNA. Lane 2 contains an EcoRI digest of
AA V2 [32P]DNA. Lane 3 contains Si nuclease diges-
tion products of AAV2[32P]DNA annealed with
whole-cell RNA from AAV2/Ad2-infected KB cells.
Lane 4 contains Si nuclease digestion products of
AAV2 EcoRI-A [32P]DNA annealed with whole-cell
RNA from Ad2-infected KB cells. Lane 5 contains Si
nuclease digestion products of AAV2 EcoRI-A
[32P]DNA annealed with whole-cell RNA from
AAV2/Ad2-infected KB cells. (B) Lane 1 contains Si
nuclease digestion products of AAV2 EcoRI-B
[32P]DNA annealed with whole-cell RNA from Ad2-
infected KB cells. Lane 2 contains Si nuclease diges-
tion products ofAA V2 EcoRI-B [32P]DNA annealed
with whole-cell RNA from AAV2/Ad2-infected KB
cells. Lane 3 contains an HaeIII digest of 4X174
replicative form [32P]DNA. The sizes of the MX174
HaeIIIDNA fragments in this and subsequentfigures
are based on nucleotide sequence analysis of OX1 74
DNA (33) and are (in nucleotide number): A, 1,353;
B, 1,078; C, 872; D, 603; E, 310; F, 281; G, 271; H, 234;
I, 194; J, 118; K, 72.
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(lane 5). Thus, in combination with the results
obtained with HindIII-A and BamHI-A, we con-
clude that the 2.6-kb RNA contains sequences
between 22 and 42.7, as well as those derived
from within the region of 42.7 to 100.

In an Si nuclease mapping experiment with
EcoRI-B (Fig. 4B), two specific DNA-RNA
bands were observed (lane 2) in addition to the
DNA-DNA renaturation band (compare lanes 1
and 2). The sizes of the DNA-RNA hybrids were
1,500 and 900 nucleotides, based on migration
positions relative to those of radioactive OX174
(double-stranded) HaeIII DNA fragments (lane
3). Since the previous experiments showed that
the 4.3- and 3.6-kb RNAs contain sequences
from the 0 to 40 region of the genome, it is likely
that the 1,500- and 900-nucleotide hybrids result
from hybridization ofEcoRI-B with the left ends
of the 4.3- and 3.6-kb RNAs, respectively. Ex-
periments presented below prove this hypothe-
SiS.
Strand and region specificity of the large

AAV2 nuclear specific RNAs. AAV2 RNA is
reported to be encoded only by the minus DNA
strand (7). However, since these early studies
were based on results from RNA excess satura-
tion-hybridization experiments, it is possible
that only the very abundant 2.3-kb RNA was
detected. To determine whether the much less
abundant 4.3- and 3.6-kb RNAs were also de-
rived from the minus DNA strand and to gain
further mapping information, we constructed a
region- and strand-specific probe for the large
nuclear AAV2 RNAs.

After AAV2 DNA was cleaved with BamHI,
the largerA fragment was isolated and the minus
strand was selectively labeled by "filling in" the
staggered BamHI site with Klenow polymerase
in the presence of [a-32P]dATP (see Materials
and Methods). This radioactive BamHI A frag-
ment was then cleaved with EcoRI (position
38.1), and the resulting radioactive 22 to 38.1
DNA fragment was isolated and used as the
probe in an RNA gel-transfer hybridization ex-
periment (see Materials and Methods).
The probe detected only RNAs corresponding

to the scarce 4.3-, 3.6-, and 3.4-kb RNAs and
none corresponding to the more abundant 2.3-
and 2.6-kb species (positions indicated; Fig. 5,
lane 3). Thus, the 4.3-, 3.6-, and 3.4-kb RNAs
were transcribed from the same DNA strand
(minus) as was the more abundant species.
Moreover, genomic sequences from positions 22
to 38.1 encoded only the larger AAV2 RNAs and
not the 2.3- and 2.6-kb transcripts, as concluded
in the previous section. These deductions about
strand origin and map positions for all viral
transcripts are corroborated by data presented
above and below.

1 23

44.3
*3.6

*2.6
*2-3

FIG. 5. Detection ofAAV2 RNAs with a position
22 to 38.1 minus-strand [32P]DNAprobe by RNA gel-
transfer hybridization. RNAs were glyoxylated, sub-
jected to electrophoresis on 1.4% neutral agarose gels,
transferred to diazobenzylmethyl-paper, and ana-
lyzed by hybridization with the labeled DNA con-
ducted as described (19). Construction of the 22 to
38.1 minus-strand [32P]DNA probe is described in
the text. Lane 1, glyoxylated [32P]labeledAd2 EcoRI
fragments B to D run as markers. Lane 2, 2 pg of
poly(A)(+), whole-cell RNA from Ad2-infected KB
cells. Lane 3,2 pg ofpoly(A)(+) whole-cell RNA from
AAV2/Ad2-infected KB cells.

Positioning the 5' ends of the AAV2
RNAs. The 5' termini ofRNAs can be identified
and positioned in S1 nuclease mapping experi-
ments, using 5' end-labeled DNA probes (2, 36,
40). If a 5' end-labeled DNA fragment encodes
only the 5', and not the 3', terminus of an RNA,
hybridization results in an overlapping hybrid in
which the 5' label is protected from S1 nuclease
digestion. S1 nuclease digestion generates a
shortened DNA fragment, the length of which is
equivalent to the distance between the 5' end of
the RNA and the labeled DNA end. Alterna-
tively, if the DNA encodes only an internal
portion of the RNA, the resulting hybrid DNA
will be flanked by RNA at both the 5' and 3'
ends. The 5' label will, therefore, be protected
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from Si nuclease digestion and the labeled DNA
will be equal in length to the original fragment.
We searched initially for the 5' ends of the 4.3-

and 3.6-kb RNAs since their size and strand
origin (Fig. 5) dictated that the 5' sequences
would be encoded in the leftward portion of the
genome. The EcoRI B fragment (0 to 38.1),
labeled at the 5' end of the minus strand (posi-
tion 38.1), provides an appropriate probe for this
purpose, on the basis of the preliminary mapping
data presented above. The mapping data with
this probe (Fig. 6, lane 3) indicate that the 5'
ends of the two larger RNA species map within
this fragment at 900 and 1,500 nucleotides to the
left of positions 38.1 (map positions 19 and 6).
Significantly, these lengths are identical to the
lengths of the two hybrids observed with the
uniformly labeled EcoRI B fragment (Fig. 4B),
indicating that only two 5' RNA ends map in the
0 to 38.1 region as predicted. From these data,
as well as the 3' terminus mapping information
presented below, we conclude that the 5' ends of
the 4.3- and 3.6-kb AAV2 RNAs map at positions
6 and 19, respectively. (The 4.3-kb RNA could
not have a 5' end at position 19 since the small
genome could not then accommodate the mole-
cule.)
The previous mapping data (Fig. 4A) sug-

gested that the 2.3-kb transcript mapped to the
right of position 42.7 and the 2.6-kb RNA
mapped predominantly to the right of position
40 (possibly with some sequences to the left of
position 40). Based on early AAV2 transcription
studies (7), we felt it highly probable that these
RNAs were also encoded on the minus DNA
strand. Therefore, we chose the 5' end-labeled
0.7-kb HpaII B fragment (=36 to 50) as a probe
to map the 5' ends of these RNAs. This DNA
fragment produced two strong AAV2 RNA-de-
pendent bands in Si nuclease mapping experi-
ments (Fig. 7, lane 3). (The 700-nucleotide band
in lanes 2 and 3 was due to reannealing of the
[32P]DNA probe.) The more intense of these
hybrid bands was 180 nucleotides and the second
was 550 nucleotides in length (based on calibra-
tion with 5' end-labeled 4X174 HaeIII DNA
fragments; lane 1). Based on the size and map
positions of the bodies of the 2.3- and 2.6-kb
RNAs (Fig. 1 to 3, above), the relative intensities
of the 180- and 550-nucleotide bands, and 3'
terminus mapping results (below), we interpret
the 180- and 550-nucleotide bands as the 5' ends
of the 2.3- and 2.6-kb RNAs, respectively. These
results also provide strong and consistent evi-
dence that the 2.3- and 2.6-kb transcripts are
encoded by the minus DNA strand, since posi-
tive strand transcripts of this length could not
map entirely to the right of position 22 (Fig. 2)
and still have 5' ends mapping in the HpaII B

FIG. 6. Sl nuclease-generated 5'-labeled AAV2
EcoRI-B [32P]DNA-RNA hybrids displayed on 1.4%
neutral agarose gels. Lane 1 contains an EcoRI
digest ofAd2 [32P]DNA. Lane 2 contains Sl nuclease
digestion products of 5'-labeled AAV2 EcoRI-B
[32P]DNA annealed with whole-cell RNA from Ad2-
infected KB cells. Lane 3 contains Sl nuclease diges-
tion products of5'-labeled AA V2 EcoRI-B [32P]DNA
annealed with whole-cell RNA from AAV2/Ad2-in-
fected KB cells. Lane 4 contains an HaeIII digest of
4X174 replicative form [32P]DNA.

fragment (Fig. 7). Therefore, we position the 5'
ends of the 2.3- and 2.6-kb RNAs (as detected
by this methodology) at 180 and 550 nucleotides
to the left of position 50, at positions 46.5 and
38.5, respectively.
As a check on our methodology and to inves-

tigate the possibility that other viral RNA 5'
termini existed, we also performed Si nuclease
mapping experiments with other 5' end-labeled
DNA fragments. Significantly, the HpaII A, D,
E, and I fragments, HindIII A fragment, and
EcoRI A fragment all failed to result in the
production of any labeled hybrids shorter than
the [32P]DNA probe (not shown).
Major AAV2 transcripts form a 3' coter-

minal family. The sizes, relative mapping as-
signments, strandedness, and location of the 5'
ends of the four AAV2 RNAs suggested that all
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FIG. 7. Sl nuclease-generated 5'-labeled AAV2
HpaII-B [32P]DNA-RNA hybrids displayed on 2%
alkaline agarose gels. Lane I contains 5'-labeled
OXD 74 replicative form HaeIII [32PJDNA fragments.
Lane 2 contains Sl nuclease digestion products of 5'-
labeled AAV2 HpaII-B [32P]DNA annealed with
whole-cell RNA from Ad2-infected KB cells. Lane 3
contains Sl nuclease digestion products of5Y-labeled
AAV2 HpaII-B [32P]DNA annealed with whok-cell
RNA from AAV2/Ad2-infected KB ceUs.

the AAV2 transcripts might cotermiinate at
about position 95 on the genome. This conten-
tion was directly tested in Si nuclease mapping
experiments using 3'-labeled DNA fragments,
which are specific for the 3' ends of RNAs. To
initially search for 3' termini ofthe less abundant
4.3-, 3.6-, and 2.6-kb RNAs, we constructed an
EcoRI-A probe (42.7 to 100), labeled at the 3'
end of the minus DNA strand (42.7). In S1
nuclease experiments, this [32P]DNA fragment
produced only one DNA-RNA hybrid band (2.5
kb), about 200 nucleotides shorter than the orig-

inal EcoRI A fragment (Fig. 8, lane 3). This
result indicates that 3' ends of the AAV2 RNAs
detected mapped to position 96 and were not
distributed heterogeneously. Also shown in Fig.
8 (lanes 4 and 5) is an Si nuclease mapping
experiment using a 3'-labeled EcoRI B fragment.
Only the DNA-DNA renaturation band, and no
DNA-RNA hybrid bands, was evident. There-
fore, no AAV2 RNA had a 3' end mapping
between positions 0 and 38.1 on the plus DNA
strand, a result consistent with the other map-
ping data and strand assignments presented
above.
The experiment with the EcoRI DNA frag-

ment A could not detect the 3' terminus of the
predominant 2.3-kb RNA, since the body of this
transcript mapped to the right of the labeled
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FIG. 8. Sl nuclease-generated 3'-labeled AAV2
EcoRI-A and -B [3rPJDNA-RNA hybrids displayed
on 1.4% neutral agarose gels. Lane 1 contains an
EcoRI digest ofAd2 [32P]DNA. Lane 2 contains Sl
nuclease digestion products of 3'-labeled AAV2
EcoRI-A [32P]DNA annealed with whole-ceU RNA
from Ad2-infected KB cells. Lane 3 contains Sl nu-
clease digestion products of 3'-labeled AAV2 EcoRI-
A [32PJDNA annealed with whole-cell RNA from
AAV2/Ad2-infected KB cells. Lane 4 contains SI
nuclease digestion products of 3'-labeled AAV2
EcoRI-B [32P]DNA annealed with whole-cell RNA
from Ad2-infected KB ceUs. Lane 5 contains Sl nu-
clease digestion products of 3'-labeled AAV2 EcoRI-
B [32PJDNA annealed with whole-cell RNA from
AAV2/Ad2-infected KB cells. Lane 6 contains an
HaeIII digest of XI 74 replicative form [32P1DNA.
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DNA terminus at position 42.7. To map the 3'
end of this transcript, to further analyze for
heterogeneity of the 3' ends of all RNAs, and to
more precisely delineate the 3' map position(s),
we used a 3'-labeled HpaII C fragment (=89 to
99) in Si nuclease mapping experiments. (The
size, strandedness, and general location of the
2.3-kb RNA imply that the 3' end of this tran-
script maps within the HpaII C fragment.) The
results are shown in Fig. 9 (lane 3), in this case
displayed on a nondenaturing polyacrylamide
gel. The faint band (indicated by upper arrow)
represents the renatured full-length DNA (480
nucleotides). The strong single DNA-RNA hy-
brid band (lower arrow) was 320 nucleotides in
length, as estimated from the length standards
run in lane 1. Thus, the 3' ends of all the AAV2
RNAs mapped 320 nucleotides to the right of
position 89, at position 96. The data in Fig. 9
reveal no evidence for heterogeneity of the Si
nuclease-generated DNA-RNA hybrids when
analyzed on a gel system capable of distinguish-
ing differences of 10 nucleotides and less (see,
for example, the separation of the 271- and 281-
nucleotide 4X174 HaeIIIDNA fragments in lane
1). We therefore conclude that the AAV2 RNAs
form a 3' coterminal family with heteroge-
neously positioned 5' ends.
The 2.3-kb AAV2 RNA contains a short

leader sequence. During the course of our
mapping studies, several observations suggested
that the 2.3-kb RNA might contain a short
leader sequence spliced to its 5' end. First, when
Si nuclease-generated hybrids formed with the
5'-labeled HpaII-B probe were analyzed on non-
denaturing gels, the smallest hybrid observed
was 225 nucleotides in length (Fig. 10, lane 3).
Significantly, this hybrid was 45 nucleotides
longer than the hybrid observed when the anal-
ysis was conducted under denaturing conditions
(see Fig. 7, above). In contrast, the renatured
DNA and larger hybrid band (derived from the
2.6-kb RNA) were the same length under dena-
turing and nondenaturing conditions (approxi-
mately 700 and 550 nucleotides, respectively). A
plausible interpretation of this result is that the
2.3-kb RNA contains a 5' leader sequence, ap-
proximately 45 nucleotides long, encoded in the
HpaII B fragment. The leader would be released
from the hybrid under denaturing (but not non-
denaturing) conditions, resulting in the disparate
length measurements. No evidence for this
leader was obvious when full-length hybrids
were analyzed under denaturing versus nonde-
naturing conditions (19) because the gel system
used could not resolve 45-nucleotide differences
in this size range (2,000 to 4,000 nucleotides).
However, differences of 45 nucleotides can be

1 2 2-,3

-I
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FIG. 9. Si nuclease-generated 3'-labeled AAV2
HpaII-C [32PJDNA-RNA hybrids displayed on 7%
neutral polyacrylamide gels. Lane 1 contains an
HaeIII digest of qX174 replicative form [32PJDNA.
Lane 2 contains S1 nuclease digestion products of3'-
labeled AAV2 HpaII-C [32P]DNA annealed with
whole-cell RNA from Ad2-infected KB cells. Lane 3
contains Si nuclease digestion products of3'-labeled
AAV2 HpaIH-C [32P]DNA annealed with whole-cell
RNA from AA V2/Ad2-infected KB cells.

easily resolved when hybrids of several hundred
nucleotides are analyzed.
The second result suggesting that the 2.3-kb

RNA contained a 5' leader sequence was from
experiments localizing the 5' ends of viral RNAs
by analysis of reverse transcriptase extension
products. 5'-labeled DNA fragments are hybrid-
ized to RNA (DNA excess, high formamide con-
ditions) followed by extension of the labeled
DNA primer by reverse transcriptase. The
length of these extension products provides in-
formation about the location of the 5' ends of
the RNAs relative to the restriction fragment.
We hose the HpaII Q fragment (50 to 51.1) as a
primer since it was small and located close to
the presumptive 5' end of the 2.3-kb RNA. The
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observed (lane 3). The shorter, more intense
band was 280 nucleotides and resulted from
extension of the primer in hybrid with the 2.3-
kb RNA. The longer extension product was 600
nucleotides and resulted from extension of the
primer in hybrid with the 2.6-kb RNA.
The Si nuclease mapping experiment using

the 5' HpaII-B probe detected a very abundant
180-nucleotide DNA-RNA hybrid (Fig. 7). If this
represented the real 5' terminus of the 2.3-kb

4-600
4-225

._

4-+280

FIG. 10. Sl nucleqe-generated 5'-labeled AAV2
HpaII-B e32PJDNA-ANA hybrids displayed on 7%
neutral polyacrylamide gels. Lane I contains 5'-la-
beled 4X174 replicative form HaeIII[nP]DNA frag-
ments. Lane 2 contains Si nuclease digestion prod-
ucts of5'-labeledAAV2HpaII-B[P]DNA annealed
with whole-ceU RNA from AAV2/Ad2-infected KB
cells.

reverse transcriptase extension products of this
primer are shown in Fig. 11. If no reverse tran-
scriptase was added to the hybrids, only a single
band equivalent in length (50 nucleotides) to the
original Hpall Q fragment was observed (lane
2). However, if the hybridized primer was ex-

tended with reverse transcriptase two discrete
products, in addition to the Hpall-Q band, were

4*50

FIG. 11. Reverse transcriptase extension products
of5'-labeledAAV2 HpaII-Q [32PJDNA-RNA hybrids
displayed on 2% alkaline agarose gels. Lane 1 con-
tains 5'-labeled 4X174 replicative form HaeIII
[32P]DNA fragments. Lane 2 contains 5'-labeled
AAV2 HpaII-Q [32P]DNA-RNA hybrids after an ex-
tension reaction in which the reverse transcriptase
was omitted. Lane 3 contains 5'-labeledAAV2HpaII-
Q [32P]DNA-RNA hybrids after extension with re-

verse transcriptase.

1 2

4-700

4-550

II.
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RNA, then the major reverse transcriptase ex-
tension product of the HpaII-Q fragment should
be equal in length to HpaII-Q (=50 nucleotides)
plus the 180 nucleotides of RNA that maps into
the HpaII B fragment (230 nucleotides). Signifi-
cantly, the 280-nucleotide length of the major
reverse transcriptase extension product is 50 nu-
cleotides longer than this 230-nucleotide predic-
tion, suggesting that the 2.3-kb RNA contains
approximately 50 additional nucleotides at its 5'
end. Moreover, the 600-nucleotide length of the
second reverse transcriptase extension product
is in excellent agreement with the S1 nuclease
mapping results (Fig. 7); thus, its length is equiv-
alent to that of the 50-nucleotide primer (HpaII-
Q) plus that segment (550 nucleotides) of the
2.6-kb RNA that maps in the HpaII B fragment.
Thus, this experiment provides no evidence for
additional 5' sequences for the 2.6-kb RNA map-
ping leftward from the 38.5 position deduced by
Si nuclease mapping. Significantly, these data
also offer strong support for the minus strand
origin and our mapping assignments for the 2.6-
and 2.3-kb transcripts. Equivalent results and
conclusions were also obtained in reverse tran-
scriptase extension experiments with a 5'-labeled
HpaII-I primer (not shown).
The previous two experiments suggest that

the 2.3-kb RNA contains approximately 50 nu-
cleotides in addition to those which map to the
right of position 46.5 and which were determined
by Si nuclease mapping. Moreover, this 5' leader
sequence is expected to be encoded in the HpaII
B fragment (Fig. 10). To confirm this result and
to more precisely map the position of the leader
sequence, we formed DNA-RNA hybrids by us-
ing the 5' labeled HpaII-B probe and, in this
case, digested the hybrids with exonuclease VII
(Fig. 12). This nuclease will digest the unhybrid-
ized HpaII-B DNA (minus strand) extending
from the unlabeled 3' end (the 5' end will be
hybridized to RNA) to the leader sequence, but
any looped-out DNA (intervening sequence) will
remain intact. Only one DNA-RNA hybrid
band, 550 nucleotides in length (lane 3), is ob-
vious. The 700-nucleotide hybrid (lanes 2 and 3)
represents the DNA-DNA band. In contrast to
the Si nuclease mapping experiment with the
same probe (Fig. 7), the 180-nucleotide band
(due to the 2.3-kb RNA) was totally absent, but
the 550-nucleotide band (due to the 2.6-kb RNA)
was identical in both experiments. These results
demonstrate that the 2.3-kb RNA is spliced and
contains a 5' leader sequence which maps coin-
cident with the 5' end of the unspliced 2.6-kb
RNA. This result was suggested by an earlier
mapping experiment using exonuclease VII and
full-length AAV2 [32P]DNA (19). In that case,
we observed a significantly increased ratio of the

FIG. 12. Exonuclease VII-generated 5'-labeled
AAV2 HpaII-B [32P]DNA-RNA hybrids displayed
on 2% alkaline agarose gels. Lane 1 contains 5'-
labeled OX174 replicative form HaeIII [32P]DNA
fragments. Lane 2 contains exonuclease VII digestion
products of 5'-labeled AAV2 HpaII-B [32P]DNA an-
nealed with whole-cell RNA from Ad2-infected KB
cells. Lane 3 contains exonuclease VII digestion
products of 5'-labeled AAV2 HpaII-B [32P]DNA an-
nealed with whole-cell RNA from AAV2/Ad2-in-
fected KB cells.

2.6-kb to the 2.3-kb bands compared with SI
nuclease digestion products, although a 2.3-kb
band was also present. It is likely that in the
earlier experiment, the higher hybridization
temperatures (60 versus 52°C) or the size of the
probe (full-length DNA versus the HpaII B frag-
ment) resulted in some hybrids containing lead-
ers not hybridized to DNA, thus allowing diges-
tion of the intervening sequence by exonuclease
VII. Significantly, both exonuclease VII experi-
ments, interpreted in conjunction with our other
mapping data, indicate that 5' ends of viral
RNAs map to positions 6, 19, and 38.5. Of course,
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our results do not exclude the possibility that a
small number of nucleotides, derived from other
genome regions, are spliced to either end ofthese
RNAs.
Our mapping data are summarized in Fig. 13.

We believe that this is the only model consistent
with all of the data. The length of the transcripts
deduced from the map positions agrees well with
the lengths we originally reported based on siz-
ing full-length hybrids in Si nuclease mapping
experiments (19).

DISCUSSION
Elsewhere (19) we demonstrated that cells

productively infected with AAV2 accumulate
multiple viral RNAs, which were also analyzed
with respect to size, cellular location, and specific
structural features. In the present communica-
tion, we have extended these studies by deter-
mining the positional relationships between the
four major AAV2 transcripts and the viral ge-
nome (Fig. 13). As indicated, the four predomi-
nant AAV2 RNAs coterminate at position 96.
The 5' ends of the 4.3-, 3.6-, and 2.6-kb RNAs
map, respectively, to positions 6, 19, and 38.5.
The 2.3-kb RNA is spliced and contains a 50-
nucleotide leader sequence (5' end at 38.5) and
a 2.3-kb body (5' end at 46.5). As indicated, the
arrangement of the AAV2 RNAs is similar in
several respects to the arrangements of certain
classes of transcripts observed in other eucar-
yotic viruses. Thus, in both early and late classes
ofAd2 transcripts, there are examples offamilies
of (overlapping) mRNAs whose main bodies
have common 3' termini but heterogeneously
positioned 5' terminal regions (10, 29, 30). More-
over, long polyadenylated nuclear RNAs with 3'
ends identical to those of shorter cytoplasmic
mRNA's have been reported at late times of
infection (2), and these could be analogous to
the AAV2 4.3- and 3.6-kb nuclear RNAs. Papo-
vaviruses (3), alphaviruses (26), and RNA tumor
viruses (22) also encode overlapping RNAs with
common 3' sequences.

In contrast, the pattern and organization of
the AAV2 RNAs appear to differ from the tran-
script patterns found for certain regions of sev-
eral other DNA viruses. Thus, 5' terminii of the
AAV2 RNAs map to distinct regions on the
AAV2 genome, but in the case of Ad2 the major
late viral mRNA's (11, 15) and long nuclear
RNAs (2) contain identical 5'-terminal leader
sequences which are encoded at the beginning
of the late transcription unit (42). In this regard,
however, we emphasize that the methodology
used in this report may not have detected, on
the various AAV2 RNAs, a short terminal se-
quence of nucleotides encoded at an "upstream"
site(s) on the AAV2 genome.

5'
6

19

38.5

38.5 -

46.5

3'
4.3kb

3.6 kb

2.6kb

96

0 10 20 30 40 50 60 70 80 90 100

FIG. 13. AAV2 transcription map. The four major
AAV2 transcripts are referred to by size (in kilobases)
in the right margin. All four viral RNAs are tran-
scribed from the minus DNA strand, with 3' termini
at positiorn 96 and 5' termini at 6, 19, and 38.5 as
indicated for each RNA. This map does not exclude
the presence of 5' RNA sequences encoded at other
(upstream) regions (see text). The sequence spliced
out of the 2.3-kb RNA is indicated by the caret.

The relationship between the major 2.3-kb
AAV2 RNA (a presumptive mRNA [19]) and
the viral genome also shows a similarity to the
relationship between autonomous parvovirus
RNAs and their DNA templates. In the case of
both minute virus of mice (MVM) (35) and Hi
(18; M. R. Green and R. G. Roeder, unpublished
data), the bodies of the abundant viral RNAs
map to the right end of the genome; in all three
cases (AAV2, MVM, and H1) transcription pro-
ceeds from left to right. However, there is a
major difference between the major AAV2 RNA
and the predominant Hi and MVM transcripts.
The latter contain long leader sequences (200 to
400 nucleotides [18]) which in the case of MVM
(35) map near the extreme left end of the ge-,.
nome; in contrast, the predominant AAV2 RNA
contains a short leader which maps near the
center of the genome.
On the basis of the relative concentrations and

sequence overlaps (homologies) between the Hi
virion polypeptides and on the basis of the sizes,
relative concentrations, and splicing pattems
(which indicated a large common sequence ele-
ment) of the Hi RNAs, we speculated that the
translation products of the 3.0- and 2.8-kb RNAs
were, respectively, the minor (92,000-dalton) and
major (72,000-dalton) Hi virion proteins. On the
basis of similar reasoning, it is plausible that the
predominant 2.3-kb AAV2 RNA, which is both
polyadenylated and present in polysomes, en-
codes the major AAV2 virion protein (66,000
daltons) and that the 2.6-kb AAV2 RNA encodes
one of the two minor AAV2 virion polypeptides
(80,000 and 90,000 daltons). (The third virion
polypeptide might be derived by proteolytic
cleavage as occurs in nondefective parvoviruses
[39], but this has not yet been demonstrated for
AAV2.) The apparently low concentration ofthe
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presumptive 2.6-kb mRNA (or any other minor
species) in the polysome population may simply
be a reflection of the exceedingly low molar ratio
of the minor virion polypeptide(s) relative to the
major virion protein. This hypothesis regarding
multiple AAV2 mRNAs would also explain the
reported observation of several primary trans-
lation products in AAV2-infected cells and in
cell-free translation systems (6). Additionally,
the RNA mapping data presented here demon-
strate extensive sequence overlap between the
2.3- and 2.6-kb AAV2 RNAs (Fig. 13), consistent
with the extensive sequence homology between
the AAV2 virion proteins (24) and in support of
a model in which two mRNA's are translated in
the same reading frame.
A noteworthy feature of the AAV2 RNAs is

that, of the four major species detected, only the
very abundant 2.3-kb mRNA appears to exist in
a predominantly spliced form. Thus, the 4.3-,
3.6-, and 2.6-kb RNAs are predominantly or
exclusively (by mass) present as unspliced struc-
tures. Our data do not exclude the existence of
spliced counterparts for the 4.3- and 3.6-kb
RNAs, which have been detected in a recent
AAV2 transcription study (27); however, if large
spliced RNAs are present, they represent a mi-
nor fraction (by mass) of the population of large
viral nuclear RNAs. For example, in our pre-
vious study we detected a 3.4-kb AAV2 RNA
which might be a spliced counterpart to the 3.6-
kb RNA, but even in this case, the unspliced 3.6-
kb RNA is significantly more abundant than the
3.4-kb RNA (19).
These results for the AAV2 RNAs clearly

differ from those reported in our studies of the
autonomous parvovirus Hi transcripts. In the
case of Hi, the three major viral RNAs exist
predominantly (by mass) as spliced structures
and contain bodies that are identical in length
(2.6 kb) (18). Potential unspliced forms of the
three major spliced Hi RNAs were detected
only in nuclear RNA preparations in drastically
reduced amounts compared with the spliced Hi
RNAs (18).
Our cellular localization studies (19) demon-

strated that the unspliced AAV2 RNAs are pre-
dominantly confined to the nucleus, whereas the
spliced 2.3-kb mRNA is also found in significant
amounts on polysomes (19). These results are
very consistent with recent studies which sug-
gest that splicing may in some cases be essential
for or enhance mRNA formation and stabiliza-
tion (20, 21).
The mapping data allow the formulation of

two extreme models for the biogenesis of the
AAV2 RNAs. First, in a single-promoter model,
a primary transcription event involving tran-

scription of 90% or more of the AAV2 genome,
followed by polyadenylation, would generate the
4.3-kb RNA. The other AAV2 RNA species
could then be derived from this primary tran-
script by a series of 5' exonucleolytic or endo-
nucleolytic cleavages and splicing (in the case of
the 2.3-kb RNA) reactions. A strong precedent
exists for this model in that families of related
adenovirus and papovavirus RNAs are produced
from single transcriptional units by a similar
series of events (for review, see reference 12 and
references therein). Second, in a multiple-pro-
moter model, the various AAV2 RNAs would
result from independent and separate initiation
events at different regions along the viral ge-
nome, followed by posttranscriptional modifica-
tions, including splicing. This model is reminis-
cent of the manner in which late viral RNAs are
synthesized from some bacteriophage genomes
(25).

Significantly, since all the major AAV2 RNAs
are polyadenylated (19), both models are com-
patible with recent data suggesting that poly-
adenylation precedes splicing (31). Moreover, in
both models the 2.6-kb RNA would be the un-
spliced counterpart of, and possibly the imme-
diate precursor to, the spliced 2.3-kb mRNA.
Therefore, AAV2 may provide an advantageous
system for studying RNA splicing. The 2.6-kb
RNA is present in nuclear RNA preparations in
amounts easily detectable by biochemical pro-
cedures such as S1 nuclease mapping and RNA
gel-transfer hybridization (19). Moreover, the
2.6-kb transcript can be directly detected in pol-
yadenylate [poly(A)](+) RNA preparations
after agarose gel electrophoresis by ethidium
bromide staining (Green and Roeder, unpub-
lished data). In contrast, unspliced nuclear
RNAs (potential precursors) are often difficult
to detect in other systems, presumably because
unspliced substrates are spliced rapidly after
synthesis. For example, as mentioned above, the
three major parvovirus Hi RNAs are present
almost exclusively (by mass) in spliced forms,
including the largest nucleus-specific transcript
which is 95% of the Hi genome in length (18).
The two different models suggested for the

biosynthesis of AAV2 RNAs can be tested by
several distinct experimental approaches. First,
sequence analysis of the 5' ends of the AAV2
RNAs may provide insight into the location, and
possibly identity, of their promoters on viral
DNA. Second, the number and location of the
promoters can be determined by techniques
such as nascent nuclear RNA mapping (14), and
the size of the transcription unit(s) can be mea-
sured by determining the sensitivity of viral
RNAs to UV irradiation (16). Third, recently

J. VIROL.



MAJOR RNAs OF AAV2 91

developed in vitro transcription systems (28, 41)
that faithfully initiate RNA synthesis when pro-
gramed with DNA containing a bona fide eucar-
yotic RNA polymerase II promoter sequence
may provide strong indications of those regions
of the AAV2 genome at which RNA synthesis is
initiated in vivo.

If the AAV2 genome, in fact, acts as a single
transcription unit, then AAV2 provides a model
system to study transcription and RNA process-
ing, since the viral RNAs are relatively simple
in terms ofnumber and structure and are present
in sufficient quantity for detailed study. On the
other hand, if the AAV2 genome contains mul-
tiple promoters, then AAV2 provides an inter-
esting system to study a somewhat novel situa-
tion (in eucaryotes) in which transcription units
with different promoters utilize common termi-
nation signals.
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