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Recombinant adeno-associated virus type 2 (AAV2) can be produced in adenovirus-infected cells by cotrans-
fecting a plasmid containing the recombinant AAV2 genome, which is generally comprised of the viral terminal
repeats flanking a transgene, together with a second plasmid expressing the AAV2 rep and cap genes. However,
recombinant viruses generally replicate inefficiently, often producing 100-fold fewer virus particles per cell
than can be obtained after transfection with a plasmid containing a wild-type AAV2 genome. We demonstrate
that this defect is due, at least in part, to the presence of a positive-acting cis element between nucleotides 194
and 1882 of AAV2. Recombinant AAV2 genomes lacking this region accumulated 14-fold less double-stranded,
monomer-length replicative-form DNA than did wild-type AAV2. In addition, we demonstrate that a minimum
genome size of 3.5 kb is required for efficient production of single-stranded viral DNA. Relatively small
recombinant genomes (2,992 and 3,445 bp) accumulated three- to eightfold less single-stranded DNA per
monomer-length replicative-form DNA molecule than wild-type AAV2. In contrast, recombinant AAV2 with
larger genomes (3,555 to 4,712 bp) accumulated similar amounts of single-stranded DNA per monomer-length
replicative-form DNA compared to wild-type AAV2. Analysis of two recombinant AAV2 genomes less than 3.5
kb in size indicated that they were deficient in the production of the extended form of monomer-length
replicative-form DNA, which is thought to be the immediate precursor to single-stranded AAV2 DNA.

Adeno-associated virus type 2 (AAV2) is a human parvovi-
rus of the dependovirus subgroup. Unlike other parvoviruses,
dependoviruses generally require coinfection with a helper vi-
rus, such as adenovirus or herpesvirus, to initiate a lytic infec-
tion (4). In the absence of a helper virus, AAV2 integrates into
the host chromosome and remains latent until it is activated by
an adenovirus or herpesvirus infection or other stress, such as
DNA damage (46, 66, 67). After adenovirus or herpesvirus
infection, AAV2 excises from the chromosome and replicates
its genome as linear, double-stranded DNA molecules called
replicative forms (51). Repeated sequences at the ends of
AAV2 DNA serve as origins of replication and packaging
elements. Like other parvoviruses, AAV2 packages one ge-
nome-length, single-stranded DNA.

AAV2 contains only two major open reading frames, rep and
cap, named for their roles in DNA replication and encapsida-
tion (19, 48, 56). Rep78 and Rep68 are generated from tran-
scripts that derive from the P5 promoter, and they differ in
their C termini due to alternative splicing of the P5 transcripts
(7, 58). Rep78 and Rep68 are DNA helicases that also have a
single-stranded DNA endonuclease activity (5, 23, 65, 69), and
either protein is sufficient to support AAV2 DNA replication
(21). Rep78 and Rep68 are also required for site-specific in-
tegration of AAV DNA into the host cell genome and for
excision (2, 49, 52). Rep52 and Rep40 are translated from
transcripts generated from a promoter, P19, located within the
rep gene. Rep52 and Rep40 are translated from the same open
reading frame as Rep78 and Rep68 and vary in their C termini
due to the same alternative splicing. Rep52 and Rep40 lack the
DNA binding and endonuclease domains of the larger Rep

proteins (62) but retain a functional helicase domain (50).
Rep52 and Rep40 are not required for the replication of dou-
ble-stranded DNA, but they are required for the efficient pro-
duction of single-stranded AAV2 DNA (9). The cap gene
encodes three structural proteins: VP1, VP2, and VP3.

Most AAV2-based vectors contain a transgene flanked by
the AAV2 terminal repeats (36, 45). AAV2 vectors are prop-
agated by cotransfecting a plasmid carrying the recombinant
viral molecule plus a plasmid expressing the AAV2 rep and cap
genes into mammalian cells. The cells are either infected with
adenovirus or cotransfected with a third plasmid expressing the
adenovirus helper genes required to produce AAV2. The re-
combinant AAV2 (rAAV2) construct and complementing vec-
tor can be configured to share no sequence homology (44)
so that contaminating pseudo-wild-type virus can arise only
via nonhomologous recombination. Unfortunately, however,
AAV2 vectors generally replicate less efficiently than wild-type
AAV2, producing only 103 to 104 recombinant particles per
cell.

Several improvements to the original method for vector pro-
duction have been reported. Most have involved improved
methods for providing the rep and cap gene products in trans,
including (i) optimizing the complementing plasmid-to-AAV2
vector ratio (12, 16); (ii) expressing rep and cap from heterol-
ogous promoters (31, 61); (iii) reducing the level of Rep78 and
-68 by altering their initiation codons from AUG to ACG (31);
(iv) producing rep- and cap-expressing cell lines (20, 24, 32, 39,
68); and (v) expressing rep and cap from herpes simplex virus
amplicons (13, 25). These modifications improve the yield of
recombinant AAV2 but at levels that fall significantly short of
the yield obtained after transfection with a plasmid containing
wild-type AAV2 DNA.

We demonstrate here that the inefficient replication of re-
combinant molecules is due in part to the presence of a cis-
acting DNA replication element in the wild-type AAV2 ge-
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nome that is deleted in most recombinant constructs. We also
show that efficient production of single-stranded DNA re-
quires an rAAV2 genome that is 3.5 kb in size or greater. Small
genomes are deficient in the accumulation of the extended
form of monomer-length replicative-form DNA, the apparent
precursor to single-stranded AAV2 DNA.

MATERIALS AND METHODS

Plasmids. To facilitate the cloning of pGET015, we synthesized a 238-bp
mega-cloning site that contained all of the restriction endonuclease sites neces-
sary for the cloning of pGET015. The mega-cloning site was created by using six
oligonucleotides: Mega1 (59-GTACATCTAGACTCGAGGACACTCTCTATG
ATCAGACTTTTTGTCGGCCGGCCTAGTCTT-39), Mega2 (59-AGGGTCG
ACCAATTGTTAATTAAGACAATAAGTCTACGTAGAAGACTAGGCCG
GCCGACA-39), Mega3 (59-AATTAACAATTGGTCGACCCTAGGATCCGG
CGCGCCGCGGCCGCCTGCAGCTTAAGACCG-39), Mega4 (59-CTATGCA
TGTTAACGGGCCCGCTAGCACGCGTAAGCTTACCGGTCTTAAGCTG
CAGGCGG-39), Mega5 (59-GGGCCCGTTAACATGCATAGATCTTAATTA
ACCAGCGATCGCTTGGACTAGTCCA-39), and Mega6 (59-TCGAATCTAG
ACCAGCGCTGGCCTGGACTAGTCCAAGCGATCG-39).

The oligonucleotides (300 pmol of each in 10 mM Tris-HCl [pH 7.5]–5 mM
MgCl2–7.5 mM dithiothreitol) were denatured at 95°C for 10 min, and the
mixture was allowed to cool slowly until it was below 35°C. Deoxyribonucleotides
(dATP, dGTP, dCTP, and dTTP; 10 mM each) and DNA polymerase I (Klenow
fragment; 20 U) were added to the mixture (total volume of 80 ml), which was
then incubated at 37°C for 1 h. The products of the reaction were separated on
a 10% polyacrylamide gel, and DNA approximately 200 bp in length was isolated.
This DNA was amplified by PCR using Vent DNA polymerase (New England
Biolabs) and the outer two oligonucleotides (Mega1 and Mega6; 100 nM each)
as primers. The PCR product was amplified a second time using Taq DNA
polymerase (Boehringer Mannheim), to add an A to the 39 end of the DNA, and
the product was then cloned into a T-tailed vector, pT7-Blue (Novagen). The
resulting clone, pT7B-MCS, was sequenced to verify that the insert was as
expected.

pGET015 was constructed in six subsequent steps: (i) the insert from pT7B-
MCS was cloned as an XbaI fragment into the XbaI sites of psub201(2) (44) to
produce pGET001; (ii) the simian virus 40 (SV40) polyadenylation site was
cloned as an HpaI-to-BglII fragment from pCDM8 (Invitrogen) into pGET001 to
produce pGET003; (iii) the SV40 early promoter was isolated from pSVbgal
(Promega) as an EcoRI-to-AvrII fragment and cloned into the MfeI and AvrII
sites of pGET001 to produce pGET005; (iv) the enhanced green fluorescent
protein (EGFP) gene was isolated as a BamHI-to-NotI fragment from
pEGFP-N1 (Clontech) and cloned into the same sites in pGET005 to generate
pGET007; (v) the puromycin-N-acetyltransferase gene, which confers resistance
to puromycin, was isolated as a 730-bp HindIII-to-NheI fragment from pBABE-
PURO (37) and cloned into the same sites in pGET007 to produce pGET011;
and (vi) the internal ribosomal entry site (IRES) from pCIN4 (from E. S. Rees,
Glaxo Wellcome) was cloned as a PstI fragment into pGET007 to generate
pGET015.

p015-AAV was constructed by inserting a PvuII fragment from pGT620(1)
that contains a wild-type AAV2 genome into the SwaI site of pGET015. Plasmid
pGT620(1) was made by cloning the wild-type AAV2 genome as an MscI
fragment from pSM620 (43) into psub201(2), so that the wild-type AAV2
genome is flanked by terminal repeats from psub201(2). Therefore, all four
terminal repeats in p015-AAV are identical. To create psubl-AAV2, a 4,378-bp
EagI-AvrII segment of l DNA (sequence positions 19944 to 24322) was cloned
into the SpeI and EagI sites in p015-AAV in place of the EGFP-puromycin
resistance expression cassette. A series of deletions of various lengths within the
l insert of psubl-AAV2 were constructed by digesting with the appropriate
restriction enzymes, filling in the ends with T4 DNA polymerase as necessary,
and religating. The restriction enzymes used were HpaI and RsrII for psubldl339,
HpaI and BglII for psubldl522, EagI and BlpI for psubldl797, BlpI and HpaI for
psubldl1157, and BlpI and RsrII for psubldl1495.

Transfection of adenovirus-infected cells. 293 cells were propagated in
Iscove’s modified Dulbecco’s medium supplemented with 10% fetal bovine se-
rum (HyClone Laboratories). The 293 cells were seeded at 4 3 105 cells/well in
six-well dishes 36 to 40 h before an experiment. The cells were infected at a
multiplicity of 5 PFU/cell with Ad5dl312 (26), which contains a deletion in the
E1A region of adenovirus type 5. After 1 h, cells were transfected by the calcium
phosphate precipitate method. DNA (2 to 4 mg/well) was premixed with 23
HeBS, pH 7.05 (0.280 M NaCl, 50 mM HEPES, 1.5 mM Na2HPO4) (120
ml/well), and then an equal volume of CaTE (0.30 M CaCl2, 1 mM Tris-HCl [pH
7.5], 0.1 mM EDTA) (120 ml/well) was added. The DNA-calcium phosphate
precipitate was allowed to form for 2 to 5 min at room temperature before being
added to tissue culture medium (2 ml/well). Transfected cells were incubated
overnight at 37°C, rinsed two times in phosphate-buffered saline (0.137 M NaCl,
2.7 mM KCl, 1.5 mM KH2PO4), 8.1 mM Na2HPO4), and refed with medium
supplemented with 10% fetal bovine serum. In time course experiments, time
zero was the point at which cells were refed after the transfection procedure.

Analysis of intracellular AAV2 DNAs. At various times following transfection,
cells (8 3 105 to 106 cells/sample) were resuspended in spent tissue culture
medium and then separated from the medium by centrifugation (13,000 rpm for
2 min). The cells were lysed in hypotonic TE buffer (10 mM Tris-HCl [pH 8.0],
1 mM EDTA) and subjected to three rounds of freezing at 280°C and thawing
at 37°C, and the cell pellet was separated from the lysate by centrifugation
(13,000 rpm for 5 min). The cell pellets were resuspended in lysis buffer (2%
sodium dodecyl sulfate [SDS], 0.15 M NaCl, 10 mM Tris-HCl, 1 mM EDTA) at
3 3 106 cell equivalents/ml and incubated for 2 h at 55°C. Cellular DNA was
sheared by passing the sample through a syringe fitted with a 25-gauge needle 10
times. Hypotonic TE lysates and tissue culture medium were adjusted to 2% SDS
and 0.15 M NaCl. All samples were digested with proteinase K (0.5 mg/ml) for
1 to 2 h at 37°C. An equal number of cell equivalents (104) of each sample was
subjected to electrophoresis through a 1% agarose gel in TAE buffer (20 mM
Tris-HCl [pH 8.5], 2.5 mM sodium acetate, 0.5 mM EDTA), and the DNA was
transferred to a nitrocellulose membrane. The membrane was hybridized over-
night at 65°C to a 32P-labeled, random-primed probe DNA in a mixture con-
taining 0.75 M NaCl, 75 mM sodium citrate, 25 mM Na2HPO4, 0.1% polyvi-
nylpyrrolidone 40 (Sigma), 0.1% Ficoll type 400 (Sigma), 0.1% bovine serum
albumin, and 0.25 mg of sonicated salmon sperm DNA per ml. The membranes
were washed two times in 0.3 M NaCl–0.03 M sodium citrate–0.1% SDS for 30
min at 65°C and two times in 0.03 M NaCl–0.003 M sodium citrate–0.1% SDS for
30 min at 65°C. Bands were quantified using a PhosphorImager (Molecular
Dynamics).

For analysis by two-dimensional agarose gel electrophoresis (60), the cell
pellet and hypotonic TE lysate fractions containing equal numbers of cell equiv-
alents were combined. One lane containing DNA from both the cell pellet and
hypotonic TE lysate was cut off of the first neutral agarose gel (1% agarose in
TAE) and fused to a new gel for the second dimension (1% agarose, 50 mM
NaCl, 1 mM EDTA), which was presoaked in alkaline running buffer (30 mM
NaOH, 1 mM EDTA) for 1 h and then subjected to electrophoresis at 30 V for
48 h. The DNA from the first and second gels was transferred to nitrocellulose
and hybridized to a 32P-labeled probe as described above.

RESULTS

Recombinant vGET015 DNA exhibits a cis defect in repli-
cation. As discussed above, AAV2 vectors do not replicate as
efficiently as wild-type AAV2. To determine whether this de-
ficiency results from a problem in providing AAV2 gene prod-
ucts in trans or from a cis-acting defect, we cotransfected
adenovirus-infected 293 cells with equal amounts of plasmid
carrying a phenotypically wild-type AAV2 genome called
psub201(2) (Fig. 1A) (44) and a plasmid with an rAAV2
vector, pGET015 (Fig. 1A). For clarity, we use a “v” prefix to
denote the viral DNA that derives from a plasmid, e.g.,
vGET015 is viral DNA from pGET015. vGET015 encodes a
bicistronic mRNA that contains the EGFP gene followed by an
IRES followed by a puromycin resistance gene. Expression of
the bicistronic message is controlled by the SV40 early pro-
moter. By 60 h following transfection, vGET015 monomer-
length replicative-form DNA was approximately 20-fold less
abundant than the corresponding vsub201(2) species (data not
shown). Additionally, approximately 100-fold less vGET015
single-stranded DNA was produced relative to vsub201(2)
(data not shown). Because psub201(2) expresses all of the
AAV2 gene products required in trans for replication, it ap-
peared likely that vGET015 exhibits a cis-acting defect.

Since vsub201(2) can replicate to high copy number (106

molecules per cell) on its own but vGET015 requires
vsub201(2) to replicate, it was possible that the apparent dif-
ference in replication efficiencies was due to replication of
psub201(2) in cells that did not receive pGET015. To rule
out this possibility, we cloned a copy of wild-type AAV2 into
pGET015 to create a plasmid called p015-AAV (Fig. 1A). In
this way, all transfected cells received exactly equal molar
amounts of vGET015 and wild-type AAV2. Since p015-AAV
contains four copies of the AAV2 terminal repeat sequence,
excision can potentially occur at any combination of these
repeats. However, the recombinant and AAV2 genomes are
preferentially excised and replicated due to the presence of the
20-bp D sequence, which is located on the inboard side of the
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125-bp palindrome within the terminal repeat (63, 64). To
ensure that excisions of both wild-type AAV2 and vGET015
from the plasmid were similar, p015-AAV was cloned such
that all four terminal repeats are identical and derive from
psub201(2). Terminal repeats from psub201(2) lack 13 bp
from the end of wild-type AAV2, which may affect their exci-
sion (44).

Adenovirus-infected 293 cells were transfected with p015-
AAV and, at various times posttransfection, processed as out-
lined in Fig. 1B. An equal number of cell equivalents of all
samples was subjected to Southern blot analysis using a 32P-
labeled probe DNA specific for the AAV2 terminal repeats
that detects both wild-type and vGET015 DNAs (Fig. 2A).
Most of the progeny virions were in the hypotonic lysate (Fig.
2A, lanes L), as evidenced by the presence of greater than 90%
of the single-stranded DNA in this fraction. Most (.70%) of
the double-stranded replicating DNA was in the cell pellet
(Fig. 2A, lanes C). The amount of double-stranded replicative-
form DNAs in the hypotonic lysate varied from one experi-
ment to another, apparently due to slight differences in the
lysis procedure. AAV2 packages both plus and minus strands,
which could potentially anneal to form a double-stranded
DNA. However, this does not appear to be a major source of
monomer-length replicative-form DNA in the hypotonic ly-
sate, because the ratio of monomer-length to dimer-length
replicative form DNA in the lysate is similar to their ratio in
the cell pellet.

By 12 h posttransfection, most of the input plasmid DNA
was degraded; residual plasmid was linear (Fig. 2A). This lin-
ear form persisted throughout the infection and, as discussed
later, appears to be replicating like AAV2 replicative form. By
12 h posttransfection, monomer-length replicative-form DNA
of both wild-type AAV2 (4.7 kb) and vGET015 (3.1 kb) was
detected. At this time, wild-type monomer-length replicative-
form DNA was approximately twofold more abundant than the
equivalent vGET015 DNA. By 60 h following transfection,
wild-type monomer-length replicative-form DNA was 14-fold

more abundant than the vGET015 species. Because both wild-
type and vGET015 genomes were delivered to the cell on the
same plasmid at equal molar amounts and because wild-type
AAV2 provides all of the products necessary for replication in
trans, vGET015 was clearly defective in cis.

To better detect vGET015 DNA and to definitively distin-
guish it from wild-type AAV2 DNA, we analyzed the same
samples on a second Southern blot using a 32P-labeled probe
corresponding to the EGFP coding region (Fig. 2B). The ratio
of dimer to monomer-length replicative-form DNA observed
for vGET015 was similar to the ratio observed for wild-type
AAV (Fig. 2). However, in comparison to the wild type, the
amount of vGET015 single-stranded DNA was reduced rela-
tive to the amount of vGET015 monomer-length replicative-
form DNA. At 60 h posttransfection, the amount of vGET015
single-stranded DNA was 50-fold less than the amount of wild-
type single-stranded DNA present in the same sample. In ad-
dition to a defect in the accumulation of vGET015 single-
stranded DNA, the distribution of the single-stranded DNA in
the cell pellet and hypotonic lysate was altered. Whereas
.90% of wild-type single-stranded DNA was in the hypotonic
lysate, only 60% of vGET015 single-stranded DNA was in
this fraction. Consequently, the amount of single-stranded
vGET015 DNA, and presumably vGET015 virions, in the hy-
potonic lysate was approximately 100-fold less than the amount
of wild-type single-stranded DNA. This is noteworthy because
the production of a freeze-thaw hypotonic lysate is usually the
first step in purification of virus particles. Since the assay does
not distinguish between naked and encapsidated single-strand-
ed DNA, we cannot determine whether the vGET015 single-
stranded DNA in the cell pellet is a replicating form that may
also be present in the wild type or is due to a defect in egress
of vGET015 virions from cells.

The terminal repeats of vGET015 are fully functional. Be-
cause the AAV2 terminal repeats are the only cis elements
known to be necessary for AAV2 replication and packaging,
we wanted to rule out the possibility that the cis defect might
result from a lesion in the terminal repeats in pGET015. Ac-
cordingly, we cloned the rep and cap genes from psub201(2)
between the terminal repeats of pGET015 to create pGET201
(1) (Fig. 1A). To ensure that this clone was not merely the
original psub201(2), we selected a clone in which the rep
and cap genes were inverted relative to their relationship to
the terminal repeats in psub201(2). The two orientations of
vsub201(2) DNA excise and replicate equally well (44). Ade-
novirus-infected 293 cells were transfected with either psub201
(2) or pGET201(1) and processed at various times after
transfection (Fig. 1B). As expected, vGET201(1) excised and
replicated as efficiently as wild-type AAV2 (Fig. 3), confirming
that the terminal repeats in pGET015 were fully functional.

The vGET015 replicon lacks a cis-acting element required
for efficient accumulation of monomer-length replicative-form
DNA. It was conceivable that the EGFP-IRES-puromycin re-
sistance cassette in vGET015 contained a cis-acting element
that inhibited replication of the recombinant molecule. To test
this possibility, we cloned a 4.3-kb DNA fragment from bac-
teriophage l in place of the EGFP-IRES-puromycin resistance
cassette in p015-AAV to create psubl-AAV2 (Fig. 1A). Given
its prokaryotic origin, this insert is less likely to bind mamma-
lian proteins than the EGFP-IRES-puromycin resistance cas-
sette, and it does not appear to have unusual secondary struc-
ture.

Adenovirus-infected 293 cells were processed (Fig. 1B) at
various times following the transfection with psubl-AAV2.
Because vsubl is similar in size to wild-type AAV2 (4.7 kb),
two identical Southern blots were prepared. One was hybrid-

FIG. 1. Plasmids and lysis procedure. (A) Maps of plasmids. AAV2 terminal
repeats are drawn as black boxes. Open reading frames are designated by arrows
and correspond to AAV2 rep, AAV2 cap, EGFP gene (egfp), puromycin-N-
acetyltransferase gene (pac), and b-lactamase gene (bla). Additional elements
include l DNA and an IRES (ires). (B) Processing of infected cells. Infected cells
were harvested at various times following transfection by resuspension in spent
tissue culture medium (M fraction). The cells were removed from the M fraction
and subjected to three freeze-thaw cycles in hypotonic buffer; then the cell mem-
brane pellet (C fraction) was separated from the hypotonic lysate (L fraction).
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ized to a 32P-labeled probe DNA corresponding to the AAV2
rep and cap genes (Fig. 4A), and the other was hybridized to a
probe specific for l DNA (Fig. 4B). To determine the amount
of vsubl monomer-length replicative-form DNA relative to the
equivalent wild-type species, we compared the amount of rep-
licative-form DNA obtained from infected cells to a known
amount of psubl-AAV2 that had been digested with SrfI,
which cuts twice within each AAV2 terminal repeat (Fig. 1A).
As observed for vGET015 (Fig. 2), the amount of vsubl mono-
mer-length replicative-form DNA was 14-fold reduced in com-
parison to the wild-type species at 60 h posttransfection (Fig.
4). Since it is unlikely that we introduced negative-acting cis
elements with similar inhibitory effects into both vGET015 and
vsubl, this result indicates that a positive element acting in cis
is present in wild-type AAV2 but not in vGET015 and vsubl.
Therefore, this cis-acting element must reside between se-
quence positions 194 and 4498 in AAV2.

To more precisely localize the element, we introduced de-
letions into a plasmid containing an AAV2 genome with frame-
shift mutations that prevent expression of both Rep and Cap
proteins. Each deletion removed about one-third of the AAV2
genome (pdlA, pdlB, and pdlC [Fig. 5A]), and as a conse-
quence of the frameshift mutations, none of the deletion con-
structs express AAV2 gene products (data not shown). We
then cloned the mutant sequences in place of the vGET015

FIG. 2. Replication of vGET015 is reduced relative to wild type. Ad5dl312-infected 293 cells were processed at the indicated times after transfection with p015-
AAV, and 104 cell equivalents of the cell pellet (lanes C), hypotonic lysate (lanes L), and medium (lanes M) were analyzed by Southern blotting using a probe corresponding
to the AAV2 terminal repeats (A) or the EGFP gene (B). To estimate the amounts of AAV2 and vGET015 replicative-form DNAs, known amounts of linearized p015-AAV
DNA were included in the analysis. p015-AAV (uncut) was used as a marker for input plasmid. A 9.6-kb PpuMI-SwaI fragment of p015-AAV (9.6 kb) was used as a
marker for AAV2 dimer-length replicative-form DNA (dsDNA), which is 9.4 kb. A marker for AAV2 monomer-length replicative-form DNA and single-stranded DNA
(ssDNA) was prepared by mixing equal amounts of a 4.7-kb PvuII fragment from psub201(2), which was either left untreated or denatured (wt [wild-type] AAV2).
Likewise, markers for vGET015 monomer-length replicative-form DNA and single-stranded DNA were prepared using a 3.2-kb AseI-FspI fragment of pGET015
(pGET015). The AseI-FspI fragment (3,170 bp) is slightly larger than predicted size of vGET015 monomer-length replicative-form DNA (3,112 bp).

FIG. 3. The terminal repeats in pGET015 are fully functional. Ad5dl312-
infected 293 cells were processed at the indicated times time after transfection
with psub201(2) or pGET201(1), and equal amounts of the cell pellet (lanes C)
or hypotonic lysate (lanes L) were analyzed by Southern blotting using a probe
corresponding to the AAV2 rep and cap genes. Markers (lanes M) were prepared
by loading a 4.7-kb PvuII fragment from psub201(2) and either left untreated (u)
or denatured (d). dsDNA, double-stranded DNA; ssDNA, single-stranded DNA.
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genome in p015-AAV to create pdlA-AAV2, pdlB-AAV2, and
pdlC-AAV2, respectively. We transfected the set of plasmids
into adenovirus-infected 293 cells, processed the cells at vari-
ous times, and assayed DNA accumulation by Southern blot-
ting using a 32P-labeled probe DNA to the AAV2 terminal
repeat. At 48 h posttransfection, the ratio of wild-type to vdlA
monomer-length replicative-form DNAs was 6.2, which is sim-
ilar to the ratio of wild-type to vGET015 monomer-length
replicative-form DNAs. In contrast, the ratios of wild-type to
vdlB and vdlC monomer-length replicative-form DNAs were
1.0 and 1.7, respectively. Clearly, the element is located within
the region deleted in vdlA, i.e., between sequence positions 194
and 1882.

Genome size influences the accumulation of single-stranded
DNA. Whereas vGET015 single-stranded DNA was reduced
3.3-fold relative to the amount of its monomer-length replica-
tive-form DNA in comparison to wild-type AAV2 DNA (Fig.
2), the ratio of vsubl monomer-length replicative-form DNA
to vsubl single-stranded DNA was similar to the wild-type
ratio (Fig. 4). Because vsubl is similar in size to wild-type
AAV2 (4.7 kb) and vGET015 is substantially smaller (3.1 kb),
we wanted to determine whether the defect in accumulation of
vGET015 single-stranded DNA was due to its small size or
whether vGET015 contained an inhibitory element. To accom-
plish this, we made a set of deletions in psubl-AAV2. The
deletions progressively reduced the size of vsubl from 4,712 to

3,217 bp, which is similar to the size of vGET015. Adenovirus-
infected 293 cells were transfected with this set of deletion
derivatives and processed 48 h later (Fig. 1B). As noted pre-
viously, the amount of monomer-length replicative-form DNA
increased as genome length decreased (48). The molar ratio of
vsubl monomer-length replicative-form DNA per vsubl sin-
gle-stranded DNA was calculated to be 1.4, similar to the
wild-type AAV2 ratio of 1.7 (Fig. 6). Deletion of up to 1,157 bp
from the l DNA in psubl-AAV2 had only a modest effect on
the ratio of monomer-length replicative-form DNA to single-
stranded DNA, but deletion of 1,495 bp to give a genome
length of 3,217 bp resulted in a fourfold increase in the ratio,
to 8.5 (Fig. 6). This is similar to the ratio (5.3) of monomer-
length replicative-form DNA to single-stranded DNA ob-
served for vGET015. Therefore, the defect in accumulation of
single-stranded DNA is due to the length of the genome rather
than the sequence of the insert in vGET015.

All three of the deletion mutants analyzed in Fig. 5 exhibited
defects in the accumulation of single-stranded DNA similar to
vGET015 and vsubldl1495. The defect was most dramatic for
vdlB, which replicated all double-stranded forms equivalent to
wild type but accumulated eightfold less single-stranded DNA
than wild type. Therefore, the lower size limit for efficient
production of single-stranded DNA is between 3,445 bp (the
size of vdlC) and 3,555 bp (the size of vsubldl1157).

FIG. 4. The AAV2 recombinant vsubl is deficient in the accumulation of replicative-form DNA. Ad5dl312-infected 293 cells were processed at the indicated times
after transfection with psubl-AAV2 DNA, and 104 cell equivalents of the cell pellet (lanes C), hypotonic lysate (lanes L), and medium (lanes M) were analyzed by
Southern blotting using a probe corresponding to the AAV2 rep and cap genes (A) or the l insert in psubl-AAV2 (B). To estimate the copy numbers of vsubl and
AAV2 replicative-form DNAs, psubl-AAV2 was digested with SrfI, which cuts twice in each AAV2 terminal repeat, and 109, 3 3 108, or 108 copies were loaded per
lane. Both vsubl and AAV2 SrfI fragments are approximately 4.6 kb in length. In panel B, the probe to the l insert also hybridized to a 7.4-kb partial digestion product
(p). As a marker for input plasmid DNA, 108 copies of psubl-AAV2 was loaded (uncut). To make a marker for AAV2 and vsubl dimer-length replicative-form DNAs,
which are both 9.4 kb, we used a 9.8-kb Eco47III fragment from psubl-AAV2 (Eco47III). This fragment hybridizes to both the rep and cap probe used in panel A and
the l probe used in panel B. As a marker for AAV2 monomer-length replicative-form (dsRNA) and single-stranded DNA (ssDNA), equal amounts of a 4.7-kb PvuII
fragment from psub201(2) that had been denatured or left untreated were combined and loaded into one well (wt [wild-type] AAV2). Likewise, a marker for vsubl
monomer-length replicative-form DNA and single-stranded DNA was made using a 4.6-kb SrfI fragment from psubl-AAV2 (psubl).
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Genome size influences the accumulation of extended mono-
mer-length replicative-form DNA. Parvoviruses replicate their
DNA (see Fig. 9) by a mechanism known as rolling hairpin
replication (8, 51, 55). The terminal palindromes fold back on

themselves to form hairpin structures, which serve as primers
for subsequent rounds of replication. The hairpin is nicked by
Rep78 or -68, and replication by a host DNA polymerase forms
a full-length, extended end. Therefore, replicating parvovirus

FIG. 5. Localization of the DNA element responsible for efficient accumulation of monomer-length replicative-form DNA. (A) Map of AAV2 deletion constructs.
pdlA contains a large deletion in the rep gene (light gray box) and a frameshift mutation (fs) at the BsiWI site in the cap gene (darker gray box). pdlB and pdlC contain
deletions in the capsid gene and frameshift mutations at the BamHI site in the rep gene. Also indicated are the three AAV2 promoters (P5, P19, and P40),
polyadenylation site (polyA), and terminal repeats (TR). (B) Ad5dl312-infected 293 cells were processed at the indicated times after transfection with p015-AAV or
its mutant derivatives, and equal amounts of the cell pellet (lanes C) or hypotonic lysate (lanes L) were analyzed by Southern blotting using a probe corresponding to
the AAV2 terminal repeats. Markers for AAV2 monomer-length replicative-form DNA and single-stranded DNA (ssDNA) were prepared by combining equal amounts
of a 4.7-kb PvuII fragment of psub201(2) that had been denatured or left untreated (AAV2). Similar markers were prepared for the rAAV2 genomes using a 3.2-kb
AseI-FspI fragment from pGET015 or a 3.0-kb PvuII fragment from a pdlA, a 3.3-kb PvuII fragment from pdlB, or a 3.4-kb PvuII fragment from pdlC. The
single-stranded DNA from these markers is not evident, but a longer exposure revealed that for each construct they comigrated with the band below the 4.7-kb
single-stranded DNA band. Markers approximately the size of AAV2 dimer-length replicative-form DNA (9.4 kb) and vdlC dimer-length replicative-form DNA (6.8
kb) were prepared using a 9.6-kb PpuMI-SwaI fragment of p015-AAV and NotI-linearized pGET015. These two markers were combined (lane m).

FIG. 6. Short recombinant AAV2 molecules are deficient for the accumulation of single-stranded DNA. Ad5dl312-infected 293 cells were transfected with
psubl-AAV2 (subl) plus a series of deleted derivatives (dl339, dl522, dl797, dl1157, and dl1495), infected cells were harvested 60 h later, and 3 3 104 cell equivalents
of the cell pellet (lanes C) or hypotonic lysate (lanes L) were analyzed by Southern blotting using a probe comprised of a l sequence that is present in all of the deletion
constructs. The probe also hybridized to a 7.4-kb partial digestion product (p). To estimate the amount of replicative-form DNA (dsDNA) and single-stranded DNA
(ssDNA) present, 109, 3 3 108, or 108 copies of SrfI-digested psubl-AAV2 were included in the analysis. Markers (lanes m) for each deletion construct were prepared
using a SrfI fragment from the appropriate clone; equal amounts of denatured and untreated marker DNA fragments were combined. Below the autoradiograph, the
expected size of each deletion construct is listed, as well as the observed molar ratio of monomer-length replicative-form DNA to single-stranded DNA (ds/ss). For
this calculation, we assumed that one monomer-length replicative-form DNA equaled two single-stranded DNA molecules.
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DNAs contain a mixture of extended and covalently closed
ends. Replicative forms that are covalently closed on one or
both ends are called turnaround forms. Turnaround forms can
be distinguished from extended forms by two-dimensional aga-
rose gel electrophoresis (14, 48, 60), where DNA samples are
subjected to electrophoresis under neutral conditions in the
first dimension and under alkaline conditions in the second
dimension. Monomer-length replicative-form DNA that is ex-
tended on both ends migrates as a 4.7-kb double-stranded
DNA in the first dimension and denatures into 4.7-kb single-
stranded DNA under alkaline conditions. Turnaround mono-
mer-length replicative-form DNA, which is covalently closed in
one end and extended in the other, comigrates with extended
monomer-length replicative-form DNA in the neutral dimen-
sion but denatures into 9.4-kb single-stranded DNA under
alkaline conditions. Monomer-length replicative-form DNA
that is covalently closed on both ends migrates as single-
stranded DNA circle in the alkaline dimension (14). It mi-
grates slightly faster than extended monomer-length replica-
tive-form DNA (4.7 kb) in the neutral dimension and slightly
slower than 9.4 kb in the alkaline dimension. (For more details
on the migration of parvovirus replication intermediates, see
reference 60).

Adenovirus-infected 293 cells were transfected with psubl-
AAV2 and processed 60 h later (Fig. 1B). To detect both
single-stranded DNA and double-stranded replicative-form
DNA on the same blot, equal amounts of the cell pellet and
hypotonic lysate were combined and loaded onto two lanes of
a neutral agarose gel. The second lane was cut off and fused to
an alkaline agarose gel. After electrophoresis, the DNA was
transferred to a nitrocellulose membrane and hybridized to a
32P-labeled probe corresponding to the AAV2 rep and cap
genes, which hybridizes only to wild-type DNA (Fig. 7A). As
expected, wild-type monomer-length replicative-form DNA
separates into three bands under alkaline conditions, which
correspond to the extended form (4.7 kb), the turnaround form
(9.4 kb), and the covalently closed form, which migrates
slightly slower than the 9.4-kb species. The 4.7-kb extended-
form band comigrates with wild-type single-stranded DNA in
the second dimension; 40% of the wild-type monomer-length
replicative-form DNA was turnaround, and 60% was extended
DNA (Fig. 7A). A second Southern blot was prepared from
the same samples and hybridized to a 32P-labeled probe spe-
cific for the l insert in psubl-AAV2 (Fig. 7B). Similar to wild
type, vsubl monomer-length replicative-form DNA was com-
prised of 50% turnaround and 50% extended DNA, indicating
that substitution of l DNA for AAV2 sequences had little
effect on the accumulation of extended and turnaround forms.
In contrast, when samples from psubldl1495-transfected cells
were subjected to the same analysis, a significant increase in
turnaround (70%) relative to extended (30%) DNA was ob-
served (Fig. 8A). Since all of the l DNA sequence found in
psubldl1495 is also present in the parent vector, psubl-AAV2,
it is likely that this difference is due to the difference in the size
of the recombinant genome, rather than due to an inhibitory
sequence within the l insert.

Similar results were obtained with vGET015, which shares
no homology with vsubldl1495 other than the AAV2 terminal
repeats but is similar in size (Fig. 8B). Both vGET015 and
wild-type AAV2 replicative forms can be visualized in the same
blot because of the difference in their sizes. As expected, the
majority of the replicative-form DNA was derived from the
wild-type genome since vGET015 lacks the cis-acting element
needed for efficient accumulation of double-stranded DNA.
Approximately 60% of wild-type monomer-length replicative-
form DNA was turnaround, and 40% was extended DNA.

In this Southern blot, the gel was slightly distorted during
transfer, such that the wild-type AAV2 single-stranded DNA
appears to be migrating faster than the 4.7-kb extended mono-
mer-length replicative-form DNA. Similar to wild-type mono-
mer-length replicative-form DNA, vGET015 monomer-length
replicative-form DNA separates into two bands corresponding
to extended (3.2 kb) and turnaround (6.4 kb) DNA. A third
band corresponding to vGET015 covalently closed monomer-
length replicative-form DNA was not observed. These mole-
cules probably comigrate with vGET015 turnaround mono-
mer-length replicative-form DNA molecules, because the
distance separating single-stranded circles and single-stranded
linear DNA in the alkaline dimension appears to be inversely
proportional to size (Fig. 8B); compare the distance between
wild-type covalently closed monomer-length replicative-form
and turnaround DNA (9.4 kb) with the distance between
vGET015 covalently closed dimer-length replicative-form and
turnaround DNA (12.8 kb) and with the distance between
wild-type covalently closed and turnaround dimer-length
replicative-form DNA (18.8 kb). However, whereas wild-type
monomer-length replicative-form DNA was comprised of

FIG. 7. AAV2 recombinant vsubl accumulates normal proportions of ex-
tended and turnaround replicative-form DNAs. Ad5dl312-infected 293 cells were
transfected with psubl-AAV2 and harvested 60 h later; 104 cell equivalents of
the cell pellet (lanes C), the hypotonic lysate (lanes L) or the two combined
(lanes B) were subjected to electrophoresis in a neutral agarose gel and then
analyzed by Southern blotting (left autoradiograms). For two-dimensional elec-
trophoresis (right autoradiograms), a lane identical to lane B was cut off the
neutral gel, fused to an alkaline gel, and subjected to electrophoresis. Southern
blots were analyzed using a probe corresponding to AAV2 (A) or l DNA (B).
Markers for panel A were ClaI-linearized psubl-AAV2 (lane Li) and a 4.7-kb
PvuII fragment of psub201(2) that was either untreated (lane M) or denatured
(lane S). Markers for panel B were ClaI-linearized psubl-AAV2 (lane Li) and a
4.6-kb SmaI fragment from psubl-AAV2 that was either untreated (lane M) or
denatured (lane S). Markers for the alkaline gel were loaded onto a well at the
bottom of the first gel. These markers have been cut off of the autoradiographs,
but their positions are identified by size designations above the autoradiograms.
For panel A, the markers were a 4.7-kb PvuII fragment of psub201(2) plus a
9.7-kb ClaI-to-BsiWI fragment of psubl-AAV2. For panel B, the markers were
a 4.6-kb SmaI fragment of psubl-AAV2 plus a 9.7-kb ClaI-BsiWI fragment of
psubl-AAV2. ssDNA, single-stranded.
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approximately 60% turnaround and 40% extended DNA,
vGET015 monomer-length replicative-form DNA in the same
sample was comprised of about 80% turnaround and only 20%
extended DNA. As with vsubldl1495, vGET015 was clearly
deficient in the accumulation extended monomer-length rep-
licative-form DNA.

Both vsubldl1495 and vGET015 were deficient in the accu-
mulation of both extended monomer-length replicative-form
DNA and single-stranded DNA, and extended monomer-
length replicative-form DNA is presumed to be the immediate
precursor to single-stranded DNA (Fig. 9). Consequently, our
results suggest that the suboptimal sizes of vsubldl1495 and
vGET015 result in a deficiency in the accumulation extended
monomer-length replicative-form DNA, and this in turn leads
to a deficiency in the production of single-stranded DNA.

Analysis of wild-type and vGET015 dimer-length replica-
tive-form DNA on the same two-dimensional gel (Fig. 8B)
suggests that an additional cis-acting feature of either dimer-

length replicative-form DNA or vGET015 may affect the ac-
cumulation of extended forms. Similar to monomer-length
DNA, AAV2 dimer-length replicative-form DNA separated
into a 9.4-kb band, which derives from DNA in the extended
form and an 18.8-kb band that derives from DNA that is
turnaround in one end. A third band that migrated slower than
the 18.8 kb band in the second dimension probably corre-
sponds to DNA that is covalently closed in both ends. Addi-
tionally, we observed a 4.7-kb band that probably derives from
dimer-length replicative-form DNA that has been nicked in
the dimer bridge region. Another band deriving from dimer-
length replicative-form DNA is also present but is obscured by
the tail of the 18.8-kb band. This band is probably three ge-
nomes (14.1 kb) in length and derives from turnaround forms
of dimer-length replicative-form DNA that have been nicked
in the dimer bridge. About 60% of AAV2 dimer-length repli-
cative-form DNA was turnaround and about 40% was ex-
tended form, whereas vGET015 dimer-length replicative-form
DNA was .80% turnaround form. Since vGET015 dimer-
length replicative-form DNA (6.4 kb) is larger than wild-type
monomer-length replicative-form DNA (4.7 kb), this result is
not due to the size of the replicating molecule. This difference
may be due to a negative-acting cis element in vGET015 but
not vsubl, or due to a difference in the replication of dimer-
length relative to monomer-length DNA. For example, dimer-
length replicative-form DNA contains two potential replica-
tion origins in the middle of the molecule that would be lacking
in monomer-length replicative-form DNA.FIG. 8. Short recombinant AAV2 genomes are deficient in the accumulation

of extended relative to turnaround replicative-form DNA. Ad5dl312-infected 293
cells were transfected with psubldl1495 (A) or p015-AAV (B), infected cells
were harvested 60 h later, and 104 cell equivalents of the cell pellet (lanes C), the
hypotonic lysate (lanes L), or a mixture of the two (lanes B) were subjected to
electrophoresis in neutral agarose and analyzed by Southern blotting (left auto-
radiograms). Two-dimensional electrophoresis was carried out as described in
the legend to Fig. 7 (right autoradiograms). Southern blots were hybridized to a
probe specific for lDNA. Markers for panel A were 6.4-kb SfiI-to-Eco47III
fragment of psubldl1495 (lane D) and a 3.3-kb SmaI fragment of psubldl1495
that was either untreated (lane M) or denatured (lane S). In panel B, both
Southern blots were hybridized to a probe corresponding to the AAV2 terminal
repeats. Markers for panel B are undigested p015-AAV (lane U), 11.4-kb p015-
AAV NheI-linearized fragment (lane L), a 9.6-kb PpuMI-SwaI fragment from
p015-AAV that is similar in size to AAV2 dimer-length replicative-form DNA
(lane D), and a 4.7-kb PvuII fragment from psub201(2) that was either left
untreated (lane M) or denatured (lane S). Markers for the second dimension
were loaded in a well that was originally at the bottom of the first gel. The
markers are not shown, but their positions are identified by size designations
above the autoradiogram. They were a mixture of a 3.2-kb AseI-FspI fragment of
pGET015, a 4.7-kb PvuII fragment from psub201(2), a 6.8-kb NotI-linearized
pGET015, and a 9.6-kb PpuMI-SwaI fragment from p015-AAV. ssDNA, single-
stranded DNA.

FIG. 9. Replication of AAV2 DNA. AAV2 virions contain a linear single-
stranded DNA, which is converted to a double-stranded monomer-length repli-
cative-form DNA that is covalently closed in one end. This is called a turnaround
form. Turnaround ends are nicked by Rep78 or -68 (closed circle), which be-
comes covalently attached to the 59 end of the DNA (3a). DNA polymerase
extends through the terminal repeat to generate a monomer-length replicative-
form DNA that has two extended ends (4a). Steps 3a and 4a are often referred
to as terminal resolution. Isomerization of the terminal repeat generates a new
hairpin, which serves as the primer for DNA synthesis (5a). This may occur at
either end. In the absence of encapsidation, both strands are converted to
turnaround monomer-length replicative-form DNA, leading to the amplification
of monomer-length replicative-form DNA. Capsids bind to displaced strands and
package them into viral particles (6a). If in step 2 a new hairpin is formed and
DNA synthesis begins prior to resolution of the turnaround end (3b and 4b), the
replication complex will proceed through the turnaround end and generate
dimer-length replicative-form DNA. Larger concatemers can form by replicating
the 5b structure by the same mechanism (not shown). Dimer-length replicative-
form DNA (5b and 6b) can be nicked by Rep78 or -68 at the palindrome in the
middle of the molecule to form two monomer-length replicative-form DNAs that
are turnaround in one or both ends (not shown).
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In addition to wild-type and vGET015 replicative forms, we
detected a set of bands that presumably corresponds to linear
p015-AAV that is replicating like AAV2 (Fig. 8B). This DNA
comigrated with linear p015-AAV (11.4 kb) in the neutral
dimension and separated into three bands in the alkaline
dimension, similar to extended, turnaround, and circular
replicative forms. None of these bands comigrated with the
vGET015 or wild-type replicative form in the second dimen-
sion, which is consistent with their identity as 11.4-kb linear
v015-AAV2.

DISCUSSION

We have identified two elements that are important in the
production of recombinant AAV2. First, wild-type AAV2 con-
tains a positive, cis-acting element located between sequence
positions 194 and 1882; rAAV2 lacking this region accumu-
lated 14-fold less monomer-length replicative-form DNA than
did wild-type AAV2 (Fig. 2 and 4). Second, a genome size of
3.5 kb or greater is required for the efficient production of
single-stranded AAV2 DNA. This requirement was best dem-
onstrated using the deletion mutants vdlB and vdlC (Fig. 5A),
because they contain the cis-acting element required for effi-
cient accumulation of double-stranded replicative forms.
These mutants were both about eightfold deficient in the ac-
cumulation of single-stranded DNA (Fig. 5B). Additionally,
two recombinant molecules of suboptimal length, vGET015
(3.1 kb) and vsubldl1495 (3.2 kb), were deficient in the accu-
mulation of extended relative to covalently closed, turnaround
replicative form (Fig. 8).

Bacteriophage fX174 has a lower limit (78.5% of genome
length) for the production of infectious virus particles (1),
similar to the limit observed here for the efficient accumulation
of AAV2 single-stranded DNA (75% of wild-type length).
fX174 is similar to parvoviruses in that it packages a single-
stranded circular DNA into an icosahedral particle, it repli-
cates its DNA by a mechanism similar to that of parvoviruses,
and fX174 gene A protein nicks a single strand of DNA and
becomes covalently attached to the 59 end in a fashion analo-
gous to the AAV2 large Rep proteins. The lower limit on
fX174 genome length is thought to be due instability of the
virions rather than a defect in either the production or pack-
aging of single-stranded DNA (1). As yet, we cannot rule out
the possibility that less than optimal-length vectors package
single-stranded DNA as efficiently as wild-type AAV2 but are
unstable so that single-stranded DNA is quickly degraded or is
converted back to double-stranded monomer-length replica-
tive-form DNA. This hypothesis, however, leaves open the
question as to why parvovirus particles, which are markedly
stable when empty or full, would be particularly unstable when
only partially full. Although we have not measured the stability
of vGET015 virions directly, the infectivity of vGET015 parti-
cles (DNA per infectious unit) was similar to that of wild-type
AAV2, suggesting that vGET015 virions are not particularly
unstable (G. Tullis and T. Shenk, unpublished data).

Accumulation of single-stranded AAV2 DNA is believed to
require sequestration of displaced single-stranded DNA by
encapsidation, because little or no single-stranded DNA is
made in the absence of capsids (19, 56). Therefore, the amount
of single-stranded DNA produced is indicative of the amount
of virus produced. Dong et al. (15) found that rAAV DNAs
,4.1 kb in length were suboptimal for the production of re-
combinant virus, which they interpreted as a packaging defect.
Our results, however, indicate that the deficiency in production
of rAAV from shorter than optimal genomes is actually due to
aberrant DNA replication. In our experiments, the amount of

double-stranded replicative-form DNA was increased and the
amount of single-stranded DNA produced was decreased for
shorter than optimal genomes (Fig. 6). Senapathy et al. (48)
have made a similar observation using large deletion mutants
that derived from naturally occurring defective interfering par-
ticles (40 to 50% of wild-type length). These deletion mutants
accumulated double-stranded replicative forms but were de-
fective in cis for the accumulation of single-stranded DNA.
The lower limit for efficient production of single-stranded
DNA may, therefore, be linked to the time it takes a replica-
tion fork to proceed from one hairpin to the other.

Current models of parvovirus replication suggest that ex-
tended monomer-length replicative-form DNA is the immedi-
ate precursor to single-stranded DNA (Fig. 9). Consequently,
it seems likely that the defect in the accumulation of single-
stranded DNA by small rAAV2 genomes results from a defi-
ciency in the accumulation of extended replicative-form DNA,
rather than the other way around. As the replication fork
reaches the opposite hairpin, it may induce the isomerization
of the hairpin and the initiation of a subsequent round of DNA
replication by unwinding the DNA helix. If this occurs before
resolution of the turnaround end can occur (Fig. 9, steps 3a
and 4a), it would result in the accumulation of more dimer-
length replicative-form DNA and higher concatemers (Fig.
9, steps 3b to 6b). A dimer-length replicative-form DNA is
then processed into two monomer-length turnaround DNAs
by a mechanism similar to terminal resolution. Therefore, the
smaller the genome, the more quickly the DNA replication
complex will transverse the genome, and this will increase the
probability that reinitiation will occur before resolution of the
turnaround end (Fig. 9, step 3b versus step 3a). This would
generate more dimer-length replicative-form DNA and larger
concatemers. We did not observe an increase in the ratio of
vGET015 dimer-length to monomer-length replicative-form
DNA compared to AAV2 ratio (Fig. 2). Perhaps the process-
ing of dimer-length into monomer-length replicative-form
DNA reduces this effect so that we failed to detect it. We did,
however, consistently observe an increase in higher-order con-
catemers of vGET015 replicative-form DNA, up to eight ge-
nomes in length (25 kb), in contrast to wild-type AAV2, which
is limited to a length of four genomes (18.8 kb) or less (Fig. 2
and 8). With even smaller (0.7- to 2.4-kb) AAV2 DNAs, a
ladder of concatemers was observed (G. Tullis, J. LaBonte,
and T. Shenk, unpublished data). Thus, the number of con-
catemers was inversely proportional to the size of the rAAV2
genome, consistent with the above model.

Alternatively, as the replication fork reaches the opposite
hairpin, it might displace the 39 hairpin before the encapsi-
dation reaction is completed (Fig. 9, steps 5a and 6a). The
displaced single-stranded DNA may then be converted to a
turnaround monomer-length replicative-form DNA molecule,
resulting in a surplus of turnaround monomer-length replica-
tive-form DNA relative to extended forms. Thus, the defi-
ciency in extended monomer-length replicative-form DNA
might be a result of inefficient or aborted encapsidation. We do
not favor this model because the complete absence of encap-
sidation due to mutations in the capsid gene did not result in
abnormal ratios of extended and turnaround DNAs in another
parvovirus, minute virus of mice (MVM) (59).

Our first model assumes that terminal resolution is indepen-
dent of elongation and therefore may occur while elongation is
proceeding. Ni et al. (38) have proposed that the two may be
linked. This hypothesis is based on their failure to observe
DNA on two-dimensional agarose gels with the mobility pre-
dicted for intermediates that have been nicked in the terminal
palindrome during elongation. A similar observation has been
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reported for MVM DNA (60). Due to the absence of the
predicted DNA intermediates, Ni et al. (38) suggested that
terminal resolution occurs only after the completion of the
elongation step. This may be due to either the physical state of
the DNA during DNA polymerization or masking of the
Rep78 binding site by protein factors associated with DNA
synthesis. Reduction of genome length may, therefore, disrupt
the coordination between completion of elongation and termi-
nal resolution.

Astell and coworkers have identified a tripartite, cis-acting
element in MVM DNA that is functionally similar to the ele-
ment that we have identified in AAV2 (6, 53, 54). This element
was mapped to sequence positions 4489 to 4695, which is 213
bp upstream of the MVM polyadenylation site. This is on the
opposite end of the genome from the AAV2 element, which
we have mapped to between sequence positions 194 to 1882
(Fig. 5). Several cellular factors that bind to MVM DNA within
the cis-acting element have been identified (54). However,
none of their binding sites is evident in the AAV2 domain
containing the cis-acting element, suggesting that these ele-
ments might function through the binding of different factors.

What might bind to the AAV2 cis-acting element that en-
hances the accumulation of double-stranded replicative-form
DNA? The AAV2 domain between sequence positions 194
and 1882 includes all three AAV2 promoters (Fig. 5A), and
consequently it contains numerous binding sites for cellular
factors, which may play a dual role in transcription and repli-
cation. The SV40 origin, for example, contains six Sp1 binding
sites that enhance both DNA replication and transcription
(18). Alternatively, the virus-encoded Rep78 and -68 proteins
might play a role. These proteins are essential for DNA rep-
lication (19, 56), for repression of the P5 and P19 promoters (3,
22, 28, 29, 30, 41, 57), and for transactivation of the P19 and
P40 promoters (30, 33, 41, 42, 57). In addition to the binding
sites in the AAV2 terminal repeats (10, 23, 35, 40), Rep binds
to a high-affinity binding site between the TATA box and the
transcription initiation site in P5 and to two lower-affinity sites
upstream of P19 (11, 34).

Senapathy and Carter (47) observed that the 39 end of the
capsid gene, which is located between sequence positions 2944
and 4680, tends to be preferentially retained in defective in-
terfering genomes. However, the cis-acting element that we
have identified maps to the other end of the genome. The
retention of the capsid gene in defective particles may be due
to recombination hot spots in this region that increase the
probability that the deletion junction will occur within this
region of the genome.

Kestler et al. (27) identified in the cap open reading frames
of MVM and the closely related virus H1 an approximately
800-bp cis element that is required for the efficient production
of recombinant virus. Unlike the AAV2 element, this domain
is not required for the efficient accumulation of MVM or H1
replicative-form DNA but is presumably required for either
the production or the encapsidation of single-stranded DNA.
The inclusion of this region of MVM recombinants resulted in
up to a 50-fold increase in the yield.

Using a monoclonal antibody that recognizes full capsids,
Grimm et al. (17) found that wild-type AAV2 particles are
approximately 50% empty and 50% full, whereas greater than
80% of recombinant AAV2 particles are empty, leading to the
suggestion that the encapsidation of recombinant genomes
may be inefficient. Our data suggest that the excess empty
capsids in rAAV2 stocks probably result from a DNA replica-
tion defect rather than encapsidation. If such a packaging
element exists, it has only a modest (,2-fold) effect on single-
stranded DNA production, because vsubl accumulated single-

stranded DNA and monomer-length replicative-form DNA in
a ratio similar to wild-type AAV2 (Fig. 4).

More precise localization of the cis-acting element that we
have identified within sequence positions 194 to 1882 should
facilitate the construction of rAAV2 vectors that replicate
more efficiently than current vectors.
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