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An in vitro system to study the mechanism of site-specific integra-
tion of adeno-associated virus (AAV) was developed. This system
is based on two substrates, a linear or circular AAV donor and a
circular acceptor containing the preintegration locus AAVST. In the
presence of HelLa extract and the His-Tag-purified Rep68 protein,
specific covalent junctions between AAV and AAVS1 were formed
and detected by PCR. The majority of the junctions were located
within the Rep binding site of both the AAV and the AAVST
substrates, underlining the involvement of the Rep protein. A
limited amount of replication and the presence of nuclear factors
promoted the efficiency of the reaction. The process was ATP-
dependent, indicating that the helicase activity of Rep may be
important in the formation of the junctions. According to current
models of integration, the formation of the junctions would
represent a first step in the process of AAV integration. This step
could be crucial for the site specificity of the recombination event
that leads to the integration of AAV into human chromosome 19
in vivo.

nder nonpermissive conditions, adeno-associated virus 2

(AAV) infection of human cell lines results in stable
integration of the viral DNA into a specific site on chromosome
19 (1-4). AAV is maintained as a latent provirus until super-
infection with a helper virus (e.g., adenovirus) induces the lytic
phase of the AAV life cycle (5). Subsequently, AAV gene
expression is activated and leads to rescue of the provirus from
the chromosome, replication of the viral genome, and produc-
tion of progeny virus. AAV is unique among eukaryotic DNA
viruses in its ability to integrate at a specific site within the
human chromosome (19q13.3—qter) and for this reason, and
because it is nonpathogenic, has become increasingly attractive
as a vector for gene delivery. To enhance the utility of AAV as
a vector, it is important to fully understand the mechanism of
AAV site-specific integration.

The linear single-stranded AAV genome contains two ORFs
and inverted terminal repeats (ITRs) of 145 nt at its ends. The
OREF in the left half of the genome encodes four regulatory
proteins with overlapping primary sequences (the larger prod-
ucts are extended at the amino termini) known as the Rep
proteins. Both the ITRs and the larger Rep proteins are required
for site-specific integration (6, 7).

The ITRs contain the Rep binding site (RBS) and a specific
cleavage site for the bound Rep (i.e., a terminal resolution site,
TRS) and constitute the origin for viral replication (8—12). The
AAV preintegration site in chromosome 19, termed AA4VS1, has
been cloned and a region of 4 kb has been sequenced (3). Genetic
analysis of the A4 V'S target locus led to identification of a 33-bp
region required and sufficient to target AAV integration (13-
15). This short sequence also contains the two signals (RBS and
TRS) that are present in the ITR of AAV. Thus, at the genetic
level RBS and TRS have been identified as the necessary
cis-active sequences in both the incoming viral DNA and in the

target site. The large Rep proteins have been shown to be the
necessary viral trans-active component (6, 16, 17).

In vitro studies have shown that the RBS and TRS signals
within the AAVSI1 target locus can serve as an origin for
Rep-mediated replication (18). In addition, Rep is able to form
complexes by binding to an AAV ITR and an A4VSI oligonu-
cleotide containing the two signals (19). These findings have
been summarized in a model that suggests that as a first step of
the integration process, a limited amount of Rep-mediated
replication generates a junction between AAV and the AAVSI
sequence (15, 20, 21). Rep, as a hexamer, binds to the RBS of a
circular AAV genome and directs AAV to the AAVSI target
locus by forming a complex at the RBS and TRS sites of AAVS].
After nicking the AAVSI substrate at TRS, the helicase activity
of Rep unwinds the DNA and thereby initiates replication by the
cellular polymerase complex. Strand switching, a characteristic
feature of AAV replication in the absence of adenoviral lytic
infection, then will lead to the formation of the AAV-AAVS]
junctions.

To facilitate the investigation of AAV recombination, we
decided to develop an in vitro system for AAV site-specific
integration. We have designed an assay based on PCR that
specifically and with high sensitivity detects the formation of the
AAV-AAVS1 junction, which is believed to be the first step to
occur in AAV site-specific integration. In accordance with the
model, the generation of these AAV-AAVS1 junctions depends
on the presence of Rep, the ITR of the AAV substrate, and the
AAVS1 target locus.

Materials and Methods

Primers and Probes. The oligonucleotides were synthesized by
Gene Link or Genosys. The AAV primers for the right end were
BAAV4 (5'-GCCGGATCCGCGTGGAGATCGAGTGG-
GAGC-3'; 4239-4259) and BAAVS (5'-CCCGGATCCTTG-
GCACCAGATACCTGACTCG-3'; 4383-4401) and for the left
end Brml3 (5'-GCCGGATCCTCACGTGACCTCTAATA-
CAGG-3'; 193-214). The AAVSI primers were H4d1l (5'-GG-
CAAGCTTCCATCCTCTCCGGACATCGCAC-3', 426-447)
and H5d (5'-GCCAAGCTTCGGCGTTGGTGGAGTCCAG-
CAC-3'; 703-725). The primer AAVD (14) was used as a
hybridization probe to specifically detect the ITR region of
AAV, and the primer H4d1 was used to detect the AAVSI
sequence.

DNA Substrates. The linear AAV substrate was derived by Bg/II
digestion of pPBAV2. pBAV2 contains the AAV 2 genome cloned
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into the Bgl/II site that had been inserted into the Scal site of
pBR322 (C. Giraud and K.I.B., unpublished data). For the
circular AAV construct, the Bg/II fragment was religated. For
the “head-to-tail” (HT) substrate the equivalent of a full-length
AAYV genome was isolated by PpuMI digestion of the recombi-
nant R31 retrieved from the cellular recombination assay (14).
A small PpuMI fragment (product 189-249) containing the P5
promoter was lost when the PpuMI AAV DNA was recircular-
ized, recut with BamHI, and cloned into the BamHI site of
pUCI1S, resulting in the construct pJZ1. To prepare the HT
substrate, pJZ1 was digested with BamHI. “No-end” DNA was
prepared as described (22). Linear AAV DNA lacking the ITRs
was prepared by digestion of psub201 with Xbal. For all of the
substrates, the vector backbone was cut with additional restric-
tion enzymes. The vector fragments then were separated from
the DNA substrates by use of a 5-20% sucrose gradient (23).
Sucrose gradient purification was done, because agarose isola-
tion of AAV substrates resulted in very poor replication in the
in vitro assay (P. Ward, J.D., and K.I.B., unpublished data). The
AAVSI constructs p220.2/AAVS1 (kilobases 0-1.6) and p220.2/
AAVS1 (kilobases 0.51-1.6) have been described (13).

Cell Extracts. Cytoplasmic extracts from HeLa cells, uninfected or
infected with adenovirus, were prepared as described (24, 25).
For a nuclear extract enriched with DNA binding proteins, HeLa
nuclei were resuspended in one packed nuclei volume of low-salt
buffer (20 mM Hepes, pH 7.9/1.5 mM MgCl,/20 mM KCl1/0.2
mM EDTA/0.2 mM PMSF/0.5 mM DTT]. Two packed nuclei
volumes of extraction buffer (20 mM Hepes, pH 7.9/1.5 mM
MgCL,/0.2 M KCI/10 mM EDTA/10 mM EGTA/0.2 mM
PMSF/0.5 mM DTT] were added dropwise while stirring. The
resulting suspension was tilted 1 h and then centrifuged for 30
min at 25,000 X g. The supernatant was dialyzed twice for 4 h
against 50 vol of dialysis buffer (20 mM Hepes, pH 7.9/20%
glycerol/100 mM KC1/0.2 mM EDTA/0.2 PMSF/0.5 mM
DTT]. The dialysate was centrifuged for 20 min at 25,000 X g and
then stored at —80°C. Crude high mobility group (HMG)
extracts were prepared by an acid-free method (26) and by
perchloric acid extraction (27, 28). A mixture of equal amounts
of the two extracts was used in the integration assay.

Integration Assay. Integration reactions were carried out in 15 ul
and contained 40 mM Hepes (pH 7.7), 7 mM MgCl,, 4 mM ATP,
200 uM CTP, 200 uM GTP, 200 uM UTP, 100 uM dATP, 100
uM dCTP, 100 uM dGTP, 100 uM dTTP, 2 mM DTT, 40 mM
creatine phosphate, 0.5 ug of creatine phosphokinase, 30 ug of
HeLa extract protein, 50 ng of AAV substrate, 100 ng of AAVS1
substrate, and 50 ng of His-Tag-purified Rep68 (molar ratio:
AAV/AAVSI/ReP = 1:1:50). Reactions were incubated at 34°C
for 6-16 h and then stopped by adding 50 ul of a solution of 20
mM Hepes (pH 7.9), 10 mM KCl, 10 mM EDTA, 1% SDS, and
50 mM NaCl. After proteinase K digestion, phenol-chloroform
extraction, and ethanol precipitation, the DNA products were
dissolved in 20 ul of 2.5 mM TrissHCI (pH 7.5) and 0.25 mM
EDTA. PCR amplification was performed with 1-5 ul of the
resuspended DNA pellet as described below.

PCR Amplification and Analysis of the AAV-AAVS1 Junctions. To
facilitate amplification of the G+ C-rich regions, the PCRs were
carried out with the Advantage-GC PCR kit (CLONTECH).
The cycling conditions were 94°C for 5 min, followed by 30 cycles
of 94°C for 45 sec and 72°C for 3 min. The PCR products were
analyzed on 1.5% agarose gels and then transferred bidirection-
ally (29) to Hybond-N nylon membranes (Amersham Pharma-
cia). Southern blot hybridization was performed according to the
manufacturer’s protocol using the primers AAVD or H4d1 as
probes (Boehringer Mannheim). The probes were labeled with
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Fig. 1. Schematic diagram of the assay for AAV site-specific integration. Rep
mediates the formation of specific junctions between the linear AAV substrate
and the circular substrate containing the preintegration locus AAVST. The
AAV-AAVST junctions are detected by PCR with specific primers for the AAV
(BAAV4) and the AAVST (H5d) sequences. Depending on the position of the
crossover points (wavy line), the length of the amplified fragments was
expected to vary between 650 and 750 bp.

the digoxigenin oligonucleotide 3’-End Labeling Kit (Boehr-
inger Mannheim).

Cloning and Sequencing of the AAV-AAVS1 Junctions. The restriction
sites BamHI and HindlIlI included within the PCR primers were
used to clone the AAV-4A4VS1 junctions into pBluescript SK+.
Sequencing was done with the primers T3HT (5'-AATTAAC-
CCTCACTAAAGGG-3") or BAAVS at the BioResource Cen-
ter at Cornell University in Ithaca.

Results

To facilitate the study of AAV site-specific integration, an in
vitro system based on the AAV replication assay was developed
(Fig. 1). The reaction contained an extract from HeLa nuclei, the
His-Tag-purified Rep68, and two substrates for recombination,
double-stranded AAV as the donor substrate and a circular
plasmid DNA carrying the AAVS1 integration locus as the
acceptor substrate. Characterization of provirus configurations
in latent cell lines, as well as provirus configurations recovered
in Epstein—Barr virus episome integrants (13, 14), has shown that
junctions occur preferentially in the vicinity of the RBS and the
TRS signals of the two substrates (refs. 6 and 14 and N. Dutheil,
personal communication). According to the model (15), the
initial events in AAV integration should lead to the formation
of intermediates containing a characteristic “AAV-A4A4VS1”
junction as shown in Fig. 1. Therefore, we designed primers that
allow specific amplification of the AAV-AAVSI junction by
PCR. As the breakpoints of recombinant junctions analyzed
differ, PCR products were expected to vary within a range of 100
bp (650750 bp).

Four different AAV donor substrates were compared in the in
vitro integration system (Fig. 2a). Initially, a linear AAV sub-
strate with the ITRs positioned at the ends of the AAV molecule
was used. This substrate also was used in its circularized form.
The HT AAV substrate was isolated from the recombinant R31
generated in the cellular system (14). Apart from deletion of a
short sequence including the P5 promoter, the HT-AAYV sub-
strate represents a full AAV genome equivalent containing the
fused termini with HT organization at an internal position
(positions 257-4555, 1-248, and 249-256 deleted). The appear-
ance of the HT formation of the ITRs in several recombinants
was seen as an indication that circularization of the AAV
genome might form a precursor to integration (14, 27). Others
have suggested that an AAV substrate termed “no-end” DNA
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Fig. 2. PCR detection and analysis of AAV-AAVST junctions. (a) Substrates
tested in the integration assay are shown. (b) The integration assay was carried
out with the HT-AAV substrate in the presence (+) or absence (—) of Rep. The
integration products were detected by PCR using the primers BAAV4 and H5d
and analyzed by gel electrophoresis. (c) Southern blot hybridization with an
AAV probe (AAV D). (d) Southern blot hybridization with an AAVST probe
(H4d1). Lane M contains the digoxigenin-labeled DNA molecular weight
marker VI from Boehringer Mannheim.

represents a precursor for AAV integration (22, 30). No-end
AAV DNA is a double-stranded linear AAV genome that has
closed hairpin structures at both ends. Surprisingly, all four AAV
substrates generated junctions at comparable yields and the PCR
products were of a similar size, about 700 bp (Fig. 2 and data not
shown). The junctions were detected only if the in vitro reactions
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Table 1. Summary of the cloned recombinant junctions and the
AAV substrates and PCR primers used for generation and
amplification

AAVS1
Recombinant AAV substrate AAV primer primer
r1 No end DNA BAAVS8 H4dl
r2 No end DNA BAAVS H4dl
r3 No end DNA BAAVS8 H4dl
r4 HT-AAV BAAVS8 H4dl
r5 HT-AAV BAAVS H4dl
ré HT-AAV BAAVS8 H4dl
r15 HT-AAV BAAV4 H4dl
r8 HT-AAV BAAV4 H5d
r10 HT-AAV BAAV4 H5d
r24 HT-AAV BAAV4 H5d
r25 HT-AAV BAAV4 H5d
r29 HT-AAV BAAV4 H5d
r30 HT-AAV BAAV4 H5d
r27 HT-AAV BAAV4 H4d
r1 HT-AAV BAAV4 H5d
r12 HT-AAV BAAV4 H5d
r28 HT-AAV BAAV4 H5d
ri4 Linear AAV Brml 3 H5d
ri6 Linear AAV Brml 3 H5d
r7 Circularized AAV Brml 3 H5d
r32 Circularized AAV Brml 3 H5d
r33 Circularized AAV Brml 3 H5d

were incubated with Rep (Fig. 2b). Bidirectional Southern blot
hybridization showed that amplified PCR products were positive
for the AAV (an internal oligonucleotide from the AAV ITR)
and AAVS1 probes (Fig. 2 ¢ and d).

AAVS1
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Fig.3. Structures of the AAV-AAVST junctions generated in the integration assay. (a) The regions of both substrates involved in formation of the AAV-AAVS1
junctions are shown. The elements TRS and RBS are indicated with their respective nucleotide positions. (b) AAV-AAVST junctions with the crossover point within
the RBS of AAV and AAVST. (c) AAV-AAVST junctions with the crossover point outside of the RBS of AAV and AAVST or outside of AAVST only.
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Formation of the AAV-AAVST junctions depends on the TRS and RBS signals on both the AAV and the AAVST substrates. The integration assay was carried

out with AAV and AAVST substrates containing (+) or lacking (—) the TRS and RBS signals. (a) Gel analysis of the PCR products. (b) Southern blot hybridization
with an AAV probe (AAV D). (c) Southern blot hybridization with an AAVS1 probe (H4d1). Lane M contains the digoxigenin-labeled DNA molecular weight marker

VI from Boehringer Mannheim.

Cloning and sequencing the PCR products revealed the
structures for the AAV-AAVS1 junctions (Fig. 3). A summary of
the recombinant junctions retrieved from the integration assay
is given in Table 1. The junctions were PCR-amplified with an
AAV primer, specific for the right (BAAV4, BAAVS) or the left
end (Brml3) of the AAV genome, and an AAVSI primer located
close to the RBS (H4d1) or further downstream of the RBS
(H5d). Independent of which AAV substrate was used, the
majority of the junctions were localized directly at the RBS of
AAV and AAVS1, the only difference being the number of the
repeats of the RBS (Fig. 3b). Five junctions were located outside
of the RBS of A4V S1 and AAV or outside of A4VS1 alone (Fig.
3c).

The RBS and TRS signals of the AA4VS1 preintegration locus
have been shown to be essential to direct integration of AAV
into the AAVSI episome (15). To test the importance of these
signals for formation of junctions in our assay, the regions
containing the signals were removed from the AAV substrate
(deletion of the ITRs) and the AAVSI insert (deletion of
positions 1-501). As expected, the deletion mutants could not
generate any junctions, showing that the presence of the RBS
and TRS signals are essential (Fig. 4). A weak band was detected
with the AAV substrate with the ITRs deleted, indicating that
a small amount of nonspecific interaction between the substrates
had occurred. However, this signal could be removed completely
simply by denaturing the DNA (10 min, 95°C; chill on ice, 5 min)
before PCR amplification (Fig. 5, lanes 3 and 4). The weak signal
represented a PCR artefact, and it now became important to find
out whether the junctions generated with the original substrates
were covalent before amplification by PCR. Indeed, PCR prod-

Fig.5. Heat denaturation removes unspecific interactions between the AAV
and AAVST DNA substrates. The integration assay was carried out with an AAV
substrate containing (lanes 1 and 2) or lacking (lanes 3 and 4) the TRS and RBS
signals. In lanes 5 and 6, the two DNA substrates alone were incubated in
Tris/EDTA buffer at room temperature for 16 h. In lanes 2, 4, and 6, the DNA
was heat-denatured (10 min at 95°C and 5 min on ice) before PCR amplifica-
tion. Lane M contains the DNA molecular weight marker VI from Boehringer
Mannheim.
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ucts of similar size could be amplified simply by mixing the two
substrates and incubating the solution over a longer period (Fig.
5, lane 5). Heat denaturation of the DNA removed the nonspe-
cific signal (Fig. 5, lane 6). In contrast, the PCR signals amplified
from the DNA that had been incubated with extract and Rep in
the reaction mix were resistant to denaturation, although a
decrease of the signal was observed sometimes (Fig. 5, lanes 1
and 2). As a final control, we incubated the AAV and AAVSI
substrates separately in the assay, which should allow only
replication of the substrates. The DNA products of the two
reactions were mixed at a ratio of 1:1 and amplified by PCR. No
signal was detected under these conditions (data not shown),
showing that replication of the two substrates did not create
intermediates that promote artificial AAV-AAVSI junctions
during PCR. Therefore, it is likely that the majority of the
junctions detected by PCR represent covalent AAV-AAVSI
junctions formed during the in vitro integration reaction in the
presence of Rep.

A preliminary characterization of the requirements for the
assay was done (Fig. 6). Because the PCRs were carried out
without internal controls, only semiquantitative data could be
obtained. Titration of the His-Tag Rep68 showed that a molar
ratio of 50:1 of the Rep to the set of substrates is optimal (Fig.
6a). A 10-fold increase or decrease of Rep resulted in lower
yields of product. The yield of recombinant junctions increased
progressively with continued incubation for 24 h (Fig. 6b).

The efficiency of the reaction was reduced drastically when the
ATP-regenerating system was not present (Fig. 6¢, lanes 1 and
3). This can be easily explained, because Rep itself is an ATPase
(11). The yield of product also seems to rely on the presence of
the divalent cation Mg?*, which implies the involvement of DNA
binding proteins (Fig. 6¢, lane 2). The model for AAV site-
specific integration suggests that a certain amount of replication
is involved in the event and that the AAV-4A4VSI junction is
formed by strand switching of the cellular polymerase complex
(15). The formation of the junction was reduced significantly
when the extract or the nucleotides were removed from the
reaction (Fig. 6c, lane 4 and 5). Surprisingly, a small amount of
activity was detectable in the absence of the HeLa extract (Fig.
6c, lane 4). Heat treatment did not remove the signal, indicating
that the junctions formed were covalent and not created during
PCR amplification. Unless the Rep protein was contaminated
with replication proteins, one has to conclude that to a certain
extent the junctions are formed independent of replication or,
alternatively, contamination of the Rep protein with endonu-
clease and ligase activities might give rise to replication-
independent junctions. Comparison of different extracts showed
that the integration assay performed best with the nuclear
extract that had been prepared in the presence of EDTA to
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Fig.6. Characterization of the in vitro integration assay. (a) The integration assay was carried out with increasing ratios of Rep to substrates (0:1, 0.5:1, 5:1, 50:1,
and 500:1). (b) The integration reaction was incubated at 34°C for 24 h, aliquots were removed at eight points (0, 0.25, 0.5, 1, 2, 6, 18, and 24 h), and the reaction
was stopped by adding SDS. (c) Lane 1 represents the integration assay as described. The integration reaction was carried out in absence of Mg?* (lane 2), ATP,
creatine phosphate, and creatine phosphokinase (lane 3), HelLa extract (lane 4), nucleotides (lane 5), or DNA substrates (lane 6). Lane M contains the DNA

molecular weight marker VI from Boehringer Mannheim.

release the DNA binding proteins (Fig. 7a, lane N). The cyto-
plasmic extracts from uninfected and adenovirus-infected cells
did less well (Fig. 7a, lanes C and Ad). The higher yields seen
with the nuclear extract indicated that nuclear DNA binding
proteins may be involved in promoting the formation of the
AAV-AAVSI junctions. Protein HMGI1 is a DNA binding
protein that bends DNA and is involved in various recombina-
tion processes (31-33). Recently, HMG1 has been suggested to
enhance the assembly of the nucleoprotein structure that is
involved in AAYV site-specific integration (27). HMG1 interacts
with Rep and enhances its DNA binding to RBS and nicking
activities at TRS. Adding HMG-enriched extract to the cyto-
plasmic extract did indeed increase the intensity of the signal
(Fig. 7b). More detailed studies with purified HMG will be
necessary to confirm these initial results.

Discussion

We have developed an assay that detects the formation, in an in
vitro system, of covalent junctions between AAV DNA and the
target sequence for in vivo AAV site-specific integration. In this
assay linear AAV is targeted to the A4VSI insert of a circular
substrate when incubated in a cellular extract supplemented with
the viral protein Rep. The interaction of the two substrates with
each other leads to the formation of a specific AAV-4A4VS1
junction that can be detected by PCR. The generation of the
AAV-AAVSI junctions depends on Rep in trans and the pres-
ence of the ITR in the AAV donor and the 500-nt sequence
known to contain the in vivo target site in the AAVS1 substrate.
The products are resistant to heat, extensive treatment with
proteinase K, and subsequent phenol and chloroform extraction,
suggesting that the products formed contain covalent junctions.
Experiments using Escherichia coli transformation did not lead
to the detection of circular recombinants (J.D. and K.I.B,,
unpublished data). We, therefore, think it unlikely that the
identified junctions belong to products that represent fully

a b

M N C Ad Moo01051

Fig. 7. Comparison of various Hela extracts in the integration assay. (a) The
reaction was carried out with 30 ug of uninfected nuclear extract (lane N),
uninfected cytoplasmic extract (lane C), or adenovirus-infected cytoplasmic
extract (lane Ad). (b) Increasing amounts of crude HMG extract (0, 0.1, 0.5, and
1 ng) was added to the integration reaction containing cytoplasmic Hela
extract.
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resolved recombinants. However, the AAV-4A4VS1 junctions
could belong to intermediates of recombination, and their
generation would represent the first step of the AAV site-
specific recombination event according to proposed models (15,
20, 21).

Seventeen of the 22 junctions were within the RBS. With the
model system used to study site-specific integration in vivo (13,
14), only one of the junctions that were sequenced showed
joining within the RBS with preservation of the entire sequence
(14). All but one, though, were grouped very close to the RBS
within A4AVSI (within 15 nt). Thus, the in vitro assay does appear
to mimic the in vivo model system. AAV-specific DNA synthesis
can be initiated on purified AAV or AAVSI DNA in vitro (18,
34). The models for AAV integration have proposed that
integration begins by a copy choice mechanism in which the
elongating strand switches the template being copied (in this
case from a viral to a cellular strand or vice versa). The existence
of short repeated sequences, such as those found within RBS,
may well facilitate the process (35-37). If the in vitro assay is a
faithful reflection of integration in vivo, we must suppose that
there could be sufficient differences between the in vitro and in
vivo mechanisms to explain why the in vitro switch would be so
much more specific, although these are unknown. Also, fully half
the junctions observed in vivo occur near the RBS, proximal to
the leftward most promoter at map position 5. In the in vitro
assay, all detected junctions occurred within the ITR. However,
this is simply a reflection of the primers used. Junctions near p5
would not have been observed. In any event, the requirements
for the observed reaction in vitro and the products seem suffi-
ciently similar to those observed in vivo to warrant further
characterization of the reaction.

Our major concern was whether the junctions detected by
PCR could have been the result of experimental artifact. Clearly,
some of the bands observed were of this nature because they
could be eliminated by heating before the PCR. Indeed, these
may have represented earlier intermediates held together only by
hydrogen bonding, but they did not contain covalent junctions.
Formation of apparent covalent junctions resistant to heat
denaturation required the ITR in the AAV and the region of
AAVSI carrying the target site for integration. Formation of the
covalent junctions also was time-dependent and required an
appropriate stoichiometric ratio of AAV Rep protein to DNA
substrate. Finally, incubation of the two DNA substrates in
separate reactions that were mixed after the reactions were
stopped but before the PCR did not yield detectable junctions.

The reaction was enhanced by, but did not seem to totally
require, Mg?*, all four deoxynucleotides, or an ATP-generating
system. These observations are similar to those of Ward and
Berns (34) in their characterization of the in vitro DNA repli-
cation assay and in large part are likely to reflect the presence
of a large amount of cell extract in the reaction mixture.
However, the presence of a detectable band representing a
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junction in the absence of the cell extract is more puzzling, and
we have no good explanation. This is particularly true in the light
of the reaction enhancement observed with addition of an
extract enriched for HMG proteins to the reaction mixture.

The observation that an extract from uninfected cells was
more effective in the in vitro assay for integration than an extract
from adenovirus-infected cells was in accord with observations
in vivo that adenovirus infection activates AAV replication and
rescue from the integrated state (5) but does not promote
integration.

The in vitro system for AAV site-specific integration provides
a useful tool to define the optimal conditions for AAV integra-
tion that will lead to fully resolved recombinants. Testing frac-
tionated cell extracts, chemical inhibitors, or antibodies directed
against specific cellular proteins in this assay should allow the
identification of the proteins involved in AAYV integration and
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eventually lead to reconstitution of the preintegration complex
of AAV.

Apart from providing the information needed for efficient and
safe rAAV vectors, the system also could find answers to other
interesting questions such as whether AAV actually is able to
integrate in a cell that does not have any DNA synthesis at all.
This is an important issue for gene therapy for nondividing cells
and has until now been difficult to prove in vivo.
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