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Adeno-associated virus (AAV) type 2 is a human parvovirus whose replication is dependent upon cellular
proteins as well as functions supplied by helper viruses. The minimal herpes simplex virus type 1 (HSV-1)
proteins that support AAV replication in cell culture are the helicase-primase complex of UL5, UL8, and UL52,
together with the UL29 gene product ICP8. We show that AAV and HSV-1 replication proteins colocalize at
discrete intranuclear sites. Transfections with mutant genes demonstrate that enzymatic functions of the
helicase-primase are not essential. The ICP8 protein alone enhances AAV replication in an in vitro assay. We
also show localization of the cellular replication protein A (RPA) at AAV centers under a variety of conditions
that support replication. In vitro assays demonstrate that the AAV Rep68 and Rep78 proteins interact with the
single-stranded DNA-binding proteins (ssDBPs) of Ad (Ad-DBP), HSV-1 (ICP8), and the cell (RPA) and that
these proteins enhance binding and nicking of Rep proteins at the origin. These results highlight the impor-
tance of intranuclear localization and suggest that Rep interaction with multiple ssDBPs allows AAV to
replicate under a diverse set of conditions.

Adeno-associated virus (AAV) is a nonpathogenic human
parvovirus with a biphasic life cycle (reviewed in reference 45).
The linear, single-stranded DNA genome of AAV possesses
inverted terminal repeats (ITRs) at either end that fold into
hairpin structures and serve as the origin of replication. There
are two open reading frames that encode the replication (Rep)
and structural (Cap) proteins. The two large Rep proteins
(Rep68 and Rep78) are required for replication and possess
multiple activities, including specific DNA binding and site-
specific endonuclease nicking at the viral ITR (45). Productive
AAV infection in cell culture requires helper functions that
can be supplied by coinfection with a second virus. In the
absence of helper virus, the AAV genome stably integrates into
the host genome. Helper viruses that enable efficient AAV
replication include adenovirus (Ad) and viruses of the herpes-
virus group, such as herpes simplex virus types 1 and 2 (HSV-1
and -2) (12), human herpesvirus 6 (51), and human cytomeg-
alovirus (HCMV) (43). Replication of AAV can also be
achieved in several cell lines by the addition of a variety of

genotoxic agents (67–69), and autonomous replication has
been demonstrated in cultured differentiating keratinocytes
(44). A basic question in AAV biology is the nature of the
helper effect supplied by the different helper viruses as well as
by other permissive conditions.

Genetic analysis using mutant helper viruses and expression
of individual helper virus genes has defined gene products that
are required for efficient AAV replication. The helper func-
tions of Ad are well characterized and are supplied by E1a,
E1b, E2a, E4, and the VA RNA (36, 50). Specific functions
have been assigned for these proteins and their predominant
role appears to be in regulation of gene expression for AAV
proteins. The product of the E2a gene is a single-stranded
DNA-binding protein (ssDBP), referred to as Ad-DBP, that
has been shown to play a direct role in aiding processivity of
DNA synthesis during AAV replication (56). During AAV and
Ad coinfection, it is the replication machinery of the host cell
that is utilized for AAV replication. In vitro studies have iden-
tified cellular factors involved in AAV replication (46, 56).
These include replication protein A (RPA), a heterotrimeric
cellular complex that is an ssDBP involved in both replication
and repair of cellular DNA (reviewed in reference 34).

The specific role of HSV-1 helper proteins in the AAV life
cycle has not been extensively studied. Seven of the HSV-1
open reading frames encode factors essential for HSV-1 DNA
replication. These include UL30/42 (DNA polymerase and ac-
cessory protein), UL9 (origin-binding protein), UL5/8/52 (he-
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licase-primase), and UL29 (the ssDBP known as ICP8) (re-
viewed in reference 39). Using either HSV-1 with mutations in
individual replication genes or transfections of different com-
binations of replication genes, Weindler and Heilbronn de-
fined the minimal helper activities for AAV replication (60).
The helicase-primase complex of UL5, UL8, and UL52 and the
major DNA-binding protein ICP8 were all that was required to
enable AAV replication in cell culture. In this context, the
virus is utilizing the cellular replication machinery. In vitro
studies have shown that the HSV-1 polymerase UL30 can also
be used to replicate AAV in a reconstituted system of purified
HSV-1 replication proteins (57). The helicase-primase com-
plex was not required for UL30-dependent DNA synthesis on
the AAV template in this in vitro system (57). AAV replication
takes place through a rolling hairpin mechanism that utilizes a
DNA primer to initiate synthesis and is exclusively mediated by
leading-strand synthesis, suggesting that other functions of the
HSV-1 helicase-primase complex may explain its requirement
for AAV replication in cultured cells.

Many viral infections demonstrate remarkable spatial regu-
lation, with the formation of structures within the nucleus,
called replication centers, in which viral transcription and rep-
lication occur. Both Ad and HSV-1 helper viruses replicate at
discrete intranuclear sites that can be observed by immunoflu-
orescence using antibodies specific to their replication proteins
(21, 37, 48). Cellular proteins involved in DNA replication
colocalize to these discrete subnuclear sites of viral DNA syn-
thesis (8, 13, 23, 64). Early during HSV-1 infection, small
punctate nuclear structures, termed prereplicative sites or foci,
are formed (49). The viral core proteins UL5, UL8, UL52,
UL9, and ICP8 are essential for the formation of prereplicative
sites in infected cells (13, 40). In cells transfected with expres-
sion vectors for UL5, UL8, UL52, and ICP8, discrete foci are
formed but these do not require the viral UL9 protein (41, 52).
Omission of any member of the helicase-primase complex re-
sults in ICP8 being detected in either a diffuse nuclear pattern
or at a limited number of foci (41). In the presence of the viral
polymerase UL30, the accessory protein UL42, and the origin-
binding protein UL9, replication compartments can form that
expand throughout the nucleoplasm (41, 52).

Our goal is to understand how a diverse set of helper activ-
ities can each achieve an intracellular environment that en-
ables productive AAV replication. Ad proteins have been im-
plicated in individual steps in the AAV life cycle, such as
enhancement of second-strand synthesis on the AAV genome
(24, 25) and activation of the AAV p5 promoter (15). We
found no evidence of a role for the HSV-1 helper proteins in
these steps of AAV infection (T. H. Stracker and M. D. Weitz-
man, unpublished data). Among the helper proteins from Ad
and HSV-1, the two that appear most likely to be similar in
function are the Ad-DBP protein and the HSV-1 ICP8 protein.
These are both proteins that possess nonspecific single-
stranded DNA-binding activity and are involved directly in
viral DNA replication. A common feature among many DNA
viruses is the interaction of an ssDBP with the viral origin-
binding protein. For example, the ICP8 protein of HSV-1
interacts directly with the origin-binding protein UL9 (6, 7)
and stimulates its helicase and ATPase activities (1, 5, 38).
RPA is the ssDBP present in human cells, and it can be re-
cruited for viral replication through direct interactions with

origin-binding proteins such as EBNA1 of Epstein-Barr virus
(71), E1 of bovine papillomavirus (29), and the large T antigen
of simian virus 40 (SV40) (22, 61). AAV does not encode its
own ssDBP, but Ad-DBP, ICP8, and RPA have all been im-
plicated in AAV replication (46, 56, 57). Our laboratory has
previously shown that the AAV Rep protein colocalizes with
Ad-DBP at intranuclear viral replication centers during coin-
fection with Ad helper virus (62). We therefore investigated
the localization of the different ssDBPs under a variety of
conditions that support AAV replication and examined the
physical and functional interactions of the ssDBPs with the
AAV origin-binding Rep protein. By use of transfections, we
show that the HSV-1 genes for UL5, UL8, UL52, and ICP8 are
sufficient to establish AAV replication centers at which Rep
and ICP8 colocalize. Mutants of the helicase-primase complex
that fail to complement HSV-1 replication are able to support
AAV replication in transfections of cultured cells. These mu-
tants are still capable of forming discrete foci for ICP8 and
Rep, suggesting that the role of the HSV-1 helicase-primase
complex in AAV helper activity is to modulate the function or
subnuclear localization of ICP8. In vitro replication assays
confirm that the helicase-primase is not required and suggest
that ICP8 plays an analogous role to Ad-DBP by increasing
processivity of replication by the cellular polymerase. We fur-
ther show that the AAV origin-binding proteins Rep68 and
Rep78 are able to interact physically with the ssDBPs of Ad,
HSV-1, and the host cell (RPA) and that these proteins en-
hance the DNA-binding and enzymatic activities of Rep. To-
gether, our results suggest that Rep interactions with numer-
ous ssDBPs allow AAV to utilize a diverse set of conditions for
replication.

MATERIALS AND METHODS

Cell lines. HeLa, Vero, and 293 cells were purchased from ATCC and main-
tained as monolayers in Dulbecco modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS). All cultures were maintained at
37°C in a humidified atmosphere containing 5% CO2.

Plasmids and transfections. The AAV type 2 (AAV-2) genome was supplied
by the plasmid pNTC244 (17). The adenovirus helper genes Ad-DBP, E1b55K,
and E4orf6 were expressed from the HCMV promoter in expression vector
pRK5 or pcDNA3.1 (Clontech). The HSV-1 helper proteins were supplied by
expression vectors for the individual genes, as previously described (60). Mutants
of UL5 and UL52 were generated by site-directed mutagenesis (4, 14). Subcon-
fluent monolayers of cells were transfected by calcium phosphate precipitation
according to standard protocols.

Viruses. Wild-type Ad type 5 was propagated in 293 cells and purified by
sequential rounds of ultracentrifugation in CsCl gradients. Titers of Ad were
determined by plaque assays on 293 cells. Wild-type AAV-2 was generated by
transfection of 293 cells with an AAV plasmid, pNTC244, together with the
pXX6 plasmid, which supplies Ad helper functions (66). Virus was purified
through iodixanol gradients as described elsewhere (72). The titer of AAV
genome-containing particles per milliliter was determined by real-time PCR
using SYBR Green I double-stranded DNA-binding dye and an ABI Prism 7700
sequence detection system (PE Biosystems). The KOS strain of HSV-1 was used
as the wild-type virus and was propagated and titrated by plaque assay in Vero
cells.

Hirt extractions and Southern blotting. Low-molecular-weight episomal DNA
was extracted from cell pellets by a modified version of the Hirt procedure, as
previously described (24, 25). DNA was ethanol precipitated at �20°C overnight,
resuspended in TE (10 mM Tris–1 mM EDTA), and digested with DpnI and
XbaI at 37°C overnight. The DNA was electrophoresed in 0.8% agarose gels in
1� Tris-acetate-EDTA buffer at 75 V for 4.5 h. The gels were stained with
ethidium bromide and denatured in 0.2 N HCl for 5 min. Gels were denatured
and neutralized, and the DNA was transferred onto a nylon membrane in 10�
SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) overnight. The
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membranes were cross-linked at 1,200 J and prehybridized at 65°C with Rapid-
Hyb buffer (Amersham) for 30 min. The probe was added and hybridization
continued at 65°C for another 3 to 4 h. The probe was a 4-kb plasmid fragment
containing a partial AAV genome. Blots were washed twice with 1� SSC–0.1%
sodium dodecyl sulfate (SDS) and 0.1� SSC–0.1% SDS at 65°C for 20 min and
then with 0.1� SSC–0.5% SDS at 70°C for 15 min. Blots were exposed to X-ray
film for autoradiography.

Immunofluorescence. For immunofluorescence, cells were grown on coverslips
in 24-well plates and infected with virus or transfected with plasmids. Infections
were performed in 250 �l of DMEM–2%FBS for 2 h, with regular agitation. The
medium was replaced with DMEM–10%FBS and incubation was allowed to
proceed for the indicated time. HeLa cells were plated on glass coverslips for
24 h prior to transfection by calcium phosphate precipitation. For labeling of
sites of active replication, infected cells were pulsed with bromodeoxyuridine
(BrdU) (200 mM) for 15 min prior to fixation. After 40 h, cells were washed three
times in phosphate-buffered saline (PBS) and fixed in 3.7% paraformaldehyde
for 15 min. Cells were washed in PBS and permeabilized for 10 min in 0.1%
Triton X-100 in PBS. Cells were incubated for 60 min at room temperature with
primary antibodies diluted in PBS-B (5% bovine serum albumin in PBS). The
primary antibodies and dilutions used were as follows: for Rep, rabbit polyclonal
(1:250; gift of J. Trempe) and mouse monoclonal (1:200; gift of J. Samulski)
antibodies; for RPA32, mouse monoclonal (1:300) and rabbit polyclonal (1:500
to 1:1,000) antibodies; for ICP8, mouse monoclonal 39S (1:300; ATCC) anti-
body; for Ad-DBP, mouse monoclonal (1:5,000; gift from A. Levine) and rabbit
polyclonal (1:10,000) antibodies; and for BrdU, mouse monoclonal (1:32; Roche)
antibody. Secondary antibodies were conjugated to fluorescein isothiocyanate
and Texas red (both 1:200; Jackson). Nuclear DNA was stained with 4�,6�-
diamidino-2-phenylindole (DAPI). Coverslips were mounted with Fluoro-
mount-G (Southern Biotechnology Associates) and immunoreactivity was visu-
alized by epifluorescence by use of a Nikon microscope in conjunction with a
charge-coupled device camera (Cooke Sensicam). Deconvolution images were
collected in series (12 to 15 images; 0.5-�m increments along the z axis) through
the focal plane of the cell and deconvolved by use of the constrained iterative
function of Slidebook software, with a maximum of 10 iterations. A single image
slice is presented in the figures, representing a 0.5-�m cross section of the cell.
Images were obtained in double or triple excitation mode and processed by use
of SlideBook and Adobe Photoshop.

Protein purification. The Rep68 and Rep78 proteins were expressed in Esch-
erichia coli and purified as recombinant proteins with either a polyhistidine tag
(Rep68H) or a maltose-binding protein (MBP) tag (MBPRep78), essentially as
previously described (18, 70). The plasmid containing Rep68 protein fused to a
C-terminal polyhistidine tag (Rep68H) was a gift from R. J. Samulski (70). The
double mutation (Y121H/K340H) was introduced into the Rep68 gene in the
His-tagged pQE70 vector (Qiagen) by use of the QuickChange site-directed
mutagenesis kit (Stratagene).

The HSV-1 proteins were expressed by recombinant baculoviruses in Sf9
insect cells and purified as previously described (28). The Ad-DBP protein was
purified from baculovirus-infected cells as previously described (53). The RPA
heterotrimeric complex was overproduced in E. coli with the T7 expression
system and purified to near homogeneity as described previously (29). The Oct-1
protein was purified as previously described (21a). The E. coli single-stranded
DNA-binding protein (SSB) was purchased from Amersham Pharmacia. Purified
proteins were visualized by denaturing SDS-polyacrylamide gel electrophoresis
and staining with Coomassie brilliant blue, using standard protocols.

In vitro replication assay. In vitro replication assays for AAV were performed
as previously described (57), with HeLa cell extracts, recombinant Rep protein,
and full-length open-ended AAV duplex DNA substrate in the presence of
32P-labeled dCTP. Aliquots of the radiolabeled products were separated by
electrophoresis in a 0.8% agarose gel in Tris-borate-EDTA buffer and exposed
to film for autoradiography.

ELISAs. Enzyme-linked immunosorbent assays (ELISAs) were carried out in
96-well plates with purified proteins, as previously described (29). Micrococcal
nuclease was included in the ELISAs to prevent DNA bridging. For each inter-
action, the assay was performed in duplicate and repeated at least twice and a
representative experiment is presented in each figure.

Assays for Rep activities. Electrophoretic mobility shift assays (EMSAs) were
performed essentially as previously described (35, 47). The amount of purified
Rep fusion protein (either MBPRep78 or Rep68H) is indicated for each exper-
iment. In brief, reactions contained purified Rep proteins, the indicated amount
of ssDBP, and approximately 1 to 2 ng of radiolabeled DNA substrate (1,000
cpm), which was either the AAV ITR in the hairpin configuration or a linear
fragment containing the Rep recognition sequence (RRS). Reactions were per-
formed in the standard binding buffer (47) at room temperature for 20 to 30 min

and resolved by 5% polyacrylamide gel electrophoresis in 0.5� Tris-borate-
EDTA buffer at 100 V for 3.5 h. The gels were dried and data were analyzed by
PhosphorImager and ImageQuant software (Molecular Dynamics).

Endonuclease assays were performed essentially as previously described (18,
35, 47). The reaction mixtures contained 1,000 cpm of 32P-labeled AAV hairpin
DNA in terminal resolution buffer (47). Wild-type and mutant Rep68H proteins
were purified by virtue of the His tag and added into the reaction in the presence
or absence of the indicated ssDBPs. Reactions were carried out for 1 h at room
temperature and samples were boiled in SDS buffer prior to electrophoresis
through a 5% polyacrylamide gel. The gels were dried and data were analyzed by
PhosphorImager and ImageQuant software (Molecular Dynamics).

RESULTS

AAV colocalizes with HSV-1 sites in coinfected cells. Mem-
bers of our laboratory previously showed by immunofluores-
cence and in situ hybridization that AAV colocalizes with Ad
replication centers (62). We have now used immunofluores-
cence to visualize viral proteins during coinfection of Vero
cells with AAV-2 and its helper virus, HSV-1. A number of
different patterns were observed for the spatial intracellular
distribution of Rep and Cap proteins and these were reminis-
cent of those previously described by our laboratory (62) and
others (33, 65) for infections with Ad as a helper. These pat-
terns have been suggested to reflect stages during the progres-
sion of AAV infection (62, 65). We observed colocalization of
signals for the AAV-2 Rep proteins and the HSV-1 ICP8
protein (Fig. 1). In some cells, sites of Rep accumulation in the
nucleus partially overlapped with discrete sites of ICP8 (Fig. 1a
to c). In cells infected with HSV-1 alone, only large globular
replication centers were detected at this time point. The pres-
ence of small discrete replication centers during coinfection
with AAV may reflect inhibition of HSV-1 replication by the
AAV Rep protein, as previously reported (31). In other cells,
the Rep and ICP8 proteins were both found diffusely spread
throughout the nucleoplasm (Fig. 1d to f). Based on previous
studies with Ad as a helper and analysis of viral replication by

FIG. 1. AAV colocalizes with HSV-1 sites in coinfected cells. Vero
cells were coinfected with AAV-2 (1,000 genomes/cell) and HSV-1
(multiplicity of infection of 0.1 PFU/cell). Subcellular localization of
viral proteins was visualized by indirect immunofluorescence at 12 h
postinfection (a to c) and 16 h postinfection (d to f). The AAV-2 Rep
proteins were detected with a rabbit polyclonal antibody and ICP8 of
HSV-1 was visualized with a mouse monoclonal antibody. Nuclei were
located by costaining DNA with DAPI, as shown in the merged images
in the right columns.
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DNA hybridization (data not shown), we believe that the dis-
crete centers represent early sites of AAV replication that
colocalize with HSV-1 replication proteins and that the diffuse
pattern represents late stages of AAV replication.

AAV colocalizes with HSV-1 helper proteins at foci formed
in transfected cells. We next examined whether Rep and ICP8
proteins colocalize at sites formed upon transfection of viral
genes. Infectious AAV can be generated by transfection of the
AAV genome together with genes for the UL5, UL8, UL52,
and ICP8 helper proteins (60). We transfected HeLa cells with
this minimal set of HSV-1 helper proteins in the presence and
absence of a plasmid containing the AAV-2 genome (16). We
analyzed the localization of the AAV Rep and HSV-1 ICP8
proteins by immunofluorescence (Fig. 2). Transfection of ex-
pression plasmids for UL5, UL8, UL52, and ICP8 leads to
formation of discrete ICP8 foci (Fig. 2b) which require the
presence of all four HSV-1 proteins (14, 40, 41, 52). When the
AAV plasmid was included in the transfection, we observed
diffuse Rep localization in the nucleus, with some areas of
concentration resembling the replication foci observed with
helper virus coinfection (Fig. 2d). These sites of concentration
overlapped with ICP8 staining (Fig. 2f), and we propose that
they represent sites of AAV replication within the transfected
cells. To determine if these sites of Rep concentration corre-
sponded to sites of DNA synthesis, we pulse-labeled the cells
with BrdU. In cells transfected with UL5, UL8, UL52, and

ICP8, we observed BrdU accumulation in small discrete foci
(data not shown). With the addition of the AAV plasmid,
larger sites of BrdU localization appeared, which colocalized
with accumulation of Rep protein (Fig. 2h). Therefore, Rep
colocalized with ICP8 and BrdU at discrete sites that are pre-
sumed to be active centers for viral DNA synthesis.

The helicase-primase activity of the UL5-UL8-UL52 com-
plex is not required for AAV replication. We asked whether the
enzymatic functions of the helicase-primase are important for
their helper activity by using mutants of UL5 and UL52. Two
UL5 mutants were used which contained insertions of two
alanine residues at positions 158 and 211 (AAins158 and
AAins211, respectively). These mutants retain interactions
with the other members of the primase-helicase complex, as
determined by their ability to form foci upon transfection with
UL52, UL8, and ICP8, but they fail to complement an HSV-1
UL5 mutant virus for replication (S. K. Weller, unpublished
data). The UL52 protein contains a zinc finger motif that is
highly conserved among primases (3). A double mutation in
the conserved cysteine residues (C1023 and C1028) of the zinc
finger results in proteins that can still form complexes with
UL5 and UL8 but are severely defective in biochemical activ-
ities (3). A series of alanine substitution mutants were gener-
ated in UL52 (H988A, C993A, C1023A, and C1028A), and all
of these produced proteins that were unable to complement
replication of a UL52 mutant virus (14). The four HSV-1
genes, either wild-type or mutant, were transfected into cells
with the cloned AAV genome and the degree of AAV repli-
cation was determined by Southern blot analysis of low-molec-
ular-weight DNA extracted after 40 h (Fig. 3). No AAV rep-
lication was observed with just the UL5, UL8, and UL52 genes
of the helicase-primase complex or with the UL29 gene alone
(Fig. 3A), but in combination these four HSV-1 helper genes
facilitated AAV replication and two characteristic bands that
represent replicative intermediates of AAV in the monomer
and dimer form (RFm and RFd) were observed with the AAV
probe. Omission of UL5 or UL52 abolished AAV replication
entirely (Fig. 3B and C). However, mutants of UL5 (Fig. 3B)
and UL52 (Fig. 3C) that were unable to complement replica-
tion of mutant HSV-1 viruses were still able to provide some
helper activity for AAV replication. The efficiency of replica-
tion varied between the different mutants but in every case the
degree of replication was higher than that observed in the
absence of either UL5 or UL52.

Transfection and immunofluorescence were also used to
analyze the mutant helicase-primase complex (Fig. 3D). In the
absence of any member of the helicase-primase complex, the
ICP8 protein was detected either in a diffuse nuclear pattern or
in very few ICP8 foci, as previously described (41, 52). In the
presence of the helicase-primase complex, the ICP8 protein
was detected at numerous discrete foci. These foci were
formed with all the mutants tested in the replication assay: one
example is shown in Fig. 3D and the remainder were similar
(14; data not shown). The localization of AAV replication, as
determined by immunofluorescence of the Rep protein, was
examined with the different HSV-1 mutants. In all cases, Rep
colocalized with ICP8 in a similar pattern to that observed with
the wild-type proteins (Fig. 3E and data not shown). Taken
together, these results demonstrate that the enzymatic activi-
ties of the helicase-primase complex are not essential for AAV

FIG. 2. AAV colocalizes with ICP8 at discrete sites formed by
transfection of HSV-1 helper genes. Transfection of HeLa cells with
plasmids expressing UL5, UL8, UL52, and ICP8 (a to c) resulted in
formation of discrete sites of ICP8 accumulation, as detected with a
mouse monoclonal antibody. Cotransfection of the AAV genome with
ICP8 and the helicase-primase (d to i) results in the formation of larger
foci, to which Rep (d) and ICP8 (e) localize in the nucleus (f). Pulse-
labeling with BrdU followed by immunofluorescence using a mouse
monoclonal antibody demonstrated that sites of Rep accumulation (g)
are active sites of DNA synthesis (h). Nuclei were located by costaining
DNA with DAPI, as shown in the merged images in the right columns.
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helper activity but suggest that the correct subnuclear localiza-
tion of the UL5-UL8-UL52-ICP8 complex or recruitment of
host factors may be important for AAV replication in a cellular
context.

ICP8 protein enhances in vitro replication of AAV. The
study of AAV replication has been facilitated by the use of in
vitro assays (46, 59). AAV DNA synthesis can be observed in
an ori-dependent fashion in cell extracts supplemented with
purified recombinant Rep protein (59). Extracts from Ad-in-
fected cells are able to replicate AAV DNA with much greater
processivity than uninfected cell extracts, resulting in a sub-
stantial enhancement in the production of full-length AAV
replication products (55). This has been shown to be due to
Ad-DBP and can be achieved by addition of the protein to an
extract from uninfected cells (56). We employed an in vitro
assay to assess a direct role for HSV-1 replication proteins in
AAV replication (Fig. 4). For this assay, an extract from un-
infected cells is supplemented with purified recombinant
Rep78 protein, and replication of a linear duplex form of AAV
DNA is assessed by incorporation of radiolabeled nucleotides
(59). It has previously been reported that two full-length prod-
ucts are observed upon gel electrophoresis of the products of
the in vitro AAV reaction (58). The upper band represents the
full-length duplex DNA genome and a faster migrating band is
thought to be made up of single-stranded genome molecules
(58).

Using an extract from uninfected HeLa cells for this assay
resulted in minimal incorporation of radiolabeled nucleotides
into full-length replication products and this was accompanied
by a faint smear of shorter products (lane 3) which were shown
to be newly synthesized DNA that is less than the full length
(55). There was very little production of the full-length single-
stranded progeny DNA in the uninfected HeLa cell extract.
The presence of Ad-DBP, provided either from an Ad-infected
extract (lane 2) or as a purified protein added to an uninfected
extract (lane 1), increased the processivity of AAV replication.
In the presence of Ad-DBP, the labeled DNA appeared pre-
dominantly in the faster migrating band, which agrees with
previous studies and is consistent with the strand displacement
model for AAV replication (56, 58). We assessed the effect of
HSV-1 proteins by using the UL5, UL8, UL52, and ICP8
proteins purified from baculovirus extracts (28). The addition
of ICP8 alone was sufficient to increase AAV replication in a
similar fashion to Ad-DBP and generated the full-length sin-
gle-stranded DNA progeny genomes (lane 4). In contrast, the
addition of a mixture of UL5, UL8, and UL52 proteins to
uninfected HeLa cell extracts had a minimal effect on AAV
replication (lane 5). Combining ICP8 with the other three

FIG. 3. The helicase-primase activities of the UL5-UL8-UL52
complex are not required for AAV helper activity. Human HeLa cells
were transfected with a clone of AAV-2 (pNTC244) alone or together
with various combinations of vectors expressing wild-type or mutant
versions of the four HSV-1 helper genes for UL5, UL8, UL52, and
ICP8. Cells were harvested at 40 h posttransfection, and low-molecu-
lar-weight DNA was extracted and digested with XbaI and DpnI to
remove the input plasmid. A Southern blot of the samples run on an
agarose gel was hybridized with an AAV probe. The replicative inter-
mediates in monomer or dimer form (RFm and RFd) are indicated on
the right. (A) AAV replication requires both the UL5, UL8, and UL52
genes that encode the helicase-primase complex (HP) and the UL29
gene that encodes the ICP8 protein. Controls included the input AAV
plasmid digested with XbaI and DpnI, the AAV plasmid transfected
into Ad-infected cells as a positive control for AAV replication, and a
transfection of the AAV plasmid without any HSV-1 helper genes
(none). (B) AAV replication in transfections of HSV-1 helper genes
without UL5 (none) or with mutants of UL5 (AAins158 and
AAins211). (C) AAV replication in transfections of HSV-1 helper
genes without UL52 (none) or with mutants of UL52 (H988A, C993A,
C1023A, and C1028A). (D) The mutants of UL5 and UL52 are still
able to assemble complexes at HSV prereplicative sites. Cells were
transfected with the indicated viral genes and processed for immuno-
fluorescence after 40 h. The UL29 gene product (ICP8) was detected
by indirect immunofluorescence. In the absence of UL52, the ICP8
protein is detected in a diffuse pattern, but with either wild-type or
mutant UL52, it is localized to discrete foci. All mutants tested showed

formation of these discrete ICP8 centers. Nuclei were stained for DNA
with DAPI, as shown in blue. (E) AAV Rep proteins colocalize with
ICP8 at foci formed with mutant primase-helicase complexes. Cells
were transfected with the AAV genome together with constructs ex-
pressing wild-type or mutant versions of the four HSV-1 genes. At
40 h, cells were processed for immunofluorescence with a rabbit poly-
clonal antibody against Rep and a monoclonal antibody against ICP8.
The merged image is shown to the right, with costaining of nuclear
DNA using DAPI. The example shown is for the UL52-C993A mutant,
but all mutants tested showed similar discrete sites where Rep and
ICP8 proteins colocalized.
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HSV proteins gave no additional increase in AAV replication
(lane 6). Therefore, accumulation of single-stranded DNA is
observed in the in vitro assay with the addition of single-
stranded DNA-binding proteins ICP8 and Ad-DBP from
helper viruses (Fig. 4) and also with the cellular ssDBP com-
plex RPA (58), but not with a nonspecific E. coli SSB (58).
These results suggest that the crucial HSV-1 helper protein is
ICP8 and that it can play an analogous role to the Ad-DBP
during AAV replication in vitro. The in vitro assay bypasses the
need for subnuclear localization and hence the UL5, UL8, and
UL52 proteins are not required for ICP8 to enhance replica-
tion. These results are consistent with the conclusion from the
transfection experiments above, which show that the enzymatic
functions of the complex are not required for AAV replication.

Cellular RPA colocalizes with Rep at AAV replication cen-
ters. Our experiments in cell culture and in vitro demonstrated

a key role for ssDBPs from Ad and HSV-1 helper viruses in
AAV replication. The cellular RPA complex has been re-
ported to be recruited to replication centers of HSV-1 and
HCMV (26, 64). We therefore examined the localization of
RPA in cells during AAV replication (Fig. 5).

In actively dividing HeLa cells, the RPA complex can be
visualized by immunofluorescence with an antibody against the
RPA32 subunit and is detected diffusely throughout the nu-
cleus, with accumulation at replication sites in S-phase cells
(9). When cells were transfected with UL5, UL8, UL52, and
ICP8, the RPA subunit was localized to the discrete sites that
stain for ICP8 (Fig. 5A, top row). We then investigated
whether this was also the case when AAV replication was
supported by the minimal HSV-1 helper proteins. Addition of
the AAV plasmid led to the formation of enlarged foci (Fig.
5A, middle row) in which Rep and RPA colocalized (Fig. 5A,
bottom row).

We also examined RPA localization under conditions in
which Ad genes supplied helper activity for AAV replication.
We observed colocalization of RPA with the Rep protein dur-
ing coinfection of AAV with the Ad helper virus (T. H.
Stracker and M. D. Weitzman, unpublished data). We also
used two different transfection approaches to analyze AAV
replication in the presence of Ad helper proteins. For the first
experiment, the gene for Ad-DBP was transfected, together
with an AAV plasmid, and the localization of Rep, Ad-DBP,
and RPA was assessed by immunofluorescence (Fig. 5B).
Transfection of Ad-DBP alone in the absence of other adeno-
viral proteins can support replication of AAV to a similar level
as that with the minimal HSV-1 helper proteins (Stracker and
Weitzman, unpublished data). In the absence of AAV, Ad-
DBP localization was diffusely nuclear and the distribution of
RPA was unaltered (Fig. 5B, top row). The addition of the
AAV plasmid led to the formation of discrete foci of Ad-DBP
that also contained both Rep and RPA. In a second set of
experiments, cells were transfected with expression vectors for
the adenoviral helper proteins E4orf6 and E1b55K, which can
also support AAV replication. For these experiments, no viral
ssDBP was included. Two different patterns were observed in
approximately equal numbers, and representative images are
shown in Fig. 5C and D. Either the proteins appeared at
discrete intranuclear sites (Fig. 5C) or the proteins were ob-
served in a pattern that covered the nucleoplasm (Fig. 5D). We
believe that these probably represent early and late stages of
AAV replication, respectively, based on patterns seen during
Ad coinfection. Rep and RPA again colocalized in transfected
cells (Fig. 5C, top row) and sites of RPA concentration colo-
calized with BrdU upon pulse-labeling (Fig. 5C, bottom row).

Together, these data demonstrate that RPA is a component
of AAV replication centers formed by transfection of minimal
helper proteins from either Ad or HSV-1, regardless of
whether a viral ssDBP is present. Other cellular proteins in-
volved in the AAV life cycle may be similarly located at these
sites.

Interaction of Rep with ssDBPs. The data we have presented
demonstrate colocalization of AAV Rep protein with three
ssDBPs (RPA, ICP8, and Ad-DBP) at sites of AAV replica-
tion. We therefore investigated whether there was a physical
interaction between Rep and these proteins. We used an
ELISA to detect protein-protein interactions in vitro (Fig. 6).

FIG. 4. The product of the HSV-1 UL29 gene (ICP8) and the
Ad-DBP protein fulfill analogous functions and provide a direct helper
effect to enhance AAV DNA replication in an in vitro assay. In vitro
replication assays were performed as described in Materials and Meth-
ods. Extracts used were made from Ad-infected HeLa cells (A) or
uninfected HeLa cells (H). Extracts were supplemented with recom-
binant Rep78 protein, and replication of a linear AAV DNA molecule
was monitored by the incorporation of radiolabeled nucleotides. Rep-
lication products were separated by gel electrophoresis and two full-
length products were visible: the upper band represents the full-length
duplex genome (ds) and the lower band represents single-stranded
DNA progeny genomes (ss), as previously described (55). The effect of
proteins from the helper viruses was assessed by the addition of puri-
fied Ad-DBP or the HSV-1 proteins UL5, UL8, UL52, and ICP8, as
indicated.

446 STRACKER ET AL. J. VIROL.



This type of assay has previously been employed to demon-
strate interactions of RPA with the SV40 T antigen (22) and
the papillomavirus E1 proteins (29). In the first set of experi-
ments (Fig. 6A), ssDBPs were immobilized in a 96-well ELISA
plate and challenged with increasing amounts of purified re-
combinant proteins. The immobilized proteins used were E.
coli SSB and recombinant human RPA. These were challenged
with MBP, His-tagged Rep68 (Rep68H) (70), or a fusion pro-
tein of Rep78 and MBP (MBPRep78) (18). There was no
significant interaction observed for the control pairings of RPA
and SSB with MBP. In contrast, both Rep68 and Rep78 inter-
acted with human RPA but not with E. coli SSB. The recipro-
cal assay, adding increasing amounts of RPA to immobilized
MBP or MBPRep78, also demonstrated an interaction of RPA

with Rep (data not shown). Similar assays were performed with
the HSV-1 ICP8 and Ad-DBP proteins (Fig. 6B and C). In all
cases, specific interactions were detected with the AAV Rep
protein in a dose-dependent manner. We were also able to
demonstrate an interaction between Ad-DBP and Rep78 by
immunoprecipitation assays (data not shown). Together, these
data demonstrate that the three ssDBPs that enhance AAV
replication (Ad-DBP, ICP8, and RPA) can each interact with
the AAV Rep protein, whereas E. coli SSB, which does not
facilitate AAV replication in the in vitro assay (56), does not
interact with Rep.

ssDBPs enhance Rep functions in vitro. The Rep proteins
perform a number of essential functions during AAV DNA
replication (45). We assessed whether these were affected by

FIG. 5. Accumulation of RPA at sites of AAV replication. Various combinations of Ad and HSV-1 proteins that allow replication of AAV were
analyzed by indirect immunofluorescence after transfection of HeLa cells. (A) RPA colocalizes with sites formed by transfection of the
helicase-primase and ICP8 of HSV-1. The ICP8 protein colocalized with RPA in cells transfected with the HSV-1 genes for UL5, UL8, UL52, and
ICP8 (top row). The addition of an AAV plasmid resulted in some enlarged foci in which Rep and RPA colocalize. (B) RPA colocalizes at
replication centers formed by Ad-DBP and AAV. Transfection of Ad-DBP alone results in diffuse nuclear expression and RPA is unaltered (top
row). Cotransfection with an AAV genome results in the formation of discrete centers of replication in which RPA colocalizes with both DBP and
Rep. (C and D) Transfection of expression vectors for the Ad helper proteins E1b55K and E4orf6 enables AAV replication in the absence of a
viral ssDBP. Two major patterns of replication were observed in an equal number of cells, as shown. In both cases, Rep colocalized with RPA (top
rows) and the replication centers were stained by Rep and BrdU (bottom rows). These images represent a single focal plane from a 0.5-�m cross
section of the cell after deconvolution.
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the addition of interacting ssDBPs. The effect on DNA binding
was assessed by including the proteins in an EMSA. In the first
set of experiments, we examined MBPRep78 binding to the
AAV ITR in its hairpin configuration (Fig. 7). We observed an
overall enhancement of binding of the Rep fusion protein in
the presence of HSV ICP8 (Fig. 7A), Ad-DBP (Fig. 7B), and
RPA (Fig. 7C). We also examined the effect of ssDBPs on
binding of Rep proteins to a linear double-stranded DNA
substrate that contained the consensus sequence for Rep bind-
ing known as the RRS. Binding of MBPRep78 to the linear
fragment was also enhanced by ICP8 and RPA, but not by E.

coli SSB, suggesting that there is some specificity to the effect
(Fig. 8A). Similar observations were made when His-tagged
Rep68 (Rep68H) was examined for binding to the linear DNA
fragment in the presence of ssDBPs (Fig. 8B and data not
shown).

One possibility was that the helicase activity of the Rep
protein unwound the double-stranded DNA substrate in the
region of the RRS, allowing ssDBPs to bind to the exposed
single-stranded DNA. To address this issue, we used purified
Rep proteins that possess a mutation in the nucleotide triphos-
phate binding domain (K340H) or a double mutant that com-

FIG. 6. The AAV Rep protein interacts with RPA, ICP8, and Ad-DBP. ELISAs were performed in which purified protein was immobilized in
96-well plates and then challenged with increasing amounts of a second purified protein. In each case, the first protein listed is the immobilized
one and the second is the challenging protein. (A) Rep proteins specifically bind to immobilized RPA. Recombinant human RPA (250 ng) or E.
coli SSB (250 ng) was immobilized and challenged with increasing amounts of bacterially purified MBP, MBPRep78, or Rep68H. Interactions were
detected with rabbit polyclonal antibodies against MBP or Rep and horseradish peroxidase anti-rabbit antibody. (B) Recombinant ICP8 binding
to immobilized MBPRep78. Purified MBPRep78 (250 ng) or MBP (250 ng) was bound to ELISA wells and challenged with ICP8. Binding was
detected with an anti-ICP8 monoclonal antibody. (C) Rep binding to immobilized Ad-DBP. Purified Ad-DBP (500 ng) was bound to ELISA wells
and challenged with increasing amounts of MBPRep78 or the POU homeodomain of Oct-1 as a control protein. Binding was detected with an
anti-MBP monoclonal antibody or an Oct-1 antibody (21a).

FIG. 7. ssDBPs enhance Rep binding to the AAV hairpin ITR. EMSAs were performed with the 32P-labeled AAV terminal repeat hairpin
DNA (1,000 cpm) incubated with the indicated amounts of MBPRep78 protein in the presence or absence of the ssDBPs. The numbers at the top
represent the amounts of added protein, in micrograms. A constant amount of Rep (indicated by asterisks) was assessed for the effect of the
ssDBPs. Rep binding was enhanced with HSV-1 ICP8 (A), Ad-DBP (B), and RPA (C). The lane marked “ITR alone” contains no added proteins.
The positions of free DNA probe (F) and DNA probe bound in a Rep complex (B) are shown to the right.
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bines this with a mutation in the helicase active site (Y121H/
K340H). These proteins have lost their helicase function (54).
The ssDBPs (Ad-DBP, RPA, and ICP8) all enhanced binding
to the RRS by both of these mutants, whereas E. coli SSB still
had no effect (Fig. 8C and data not shown). This suggests that
the increased shifts observed with the ssDBPs reflect an in-
crease in Rep protein complex formation.

We used competition EMSAs to address the question of
whether the Rep-RRS complexes were more stable in the
presence of ssDBPs or whether there were simply more com-
plexes forming. The specificity of the enhancement of binding

by Rep was confirmed by competition experiments using un-
labeled RRS or a mutant version of the RRS (mRRS) that is
not bound by Rep (63). Even in the presence of the ssDBPs, no
binding was observed for the mRRS and competition was only
observed for the wild-type RRS sequence (data not shown).
We then allowed Rep-RRS complexes to form, and these were
chased with increasing amounts of RRS competitor DNA (5�,
15�, and 45�). We found that in both the presence and ab-
sence of Ad-DBP, the Rep-RRS complexes had similar disso-
ciation rates (Fig. 8D). This indicated that the stabilities were
similar, regardless of whether the ssDBP was present. We

FIG. 8. Enhanced binding by Rep proteins is specific and does not require helicase activity. (A) Effect of ssDBPs on binding of MBPRep78 to
a linear DNA substrate containing the RRS. The radiolabeled RRS fragment (1,000 cpm) was incubated with MBPRep78 (the numbers at the top
indicate the amounts of protein, in micrograms). The ssDBPs were incubated with the probe in the absence (�) or presence (�) of MBPRep78.
Binding was enhanced by the HSV-1 ICP8 and RPA proteins but not by the E. coli SSB protein. A constant amount of Rep (indicated by the
asterisk below) was assessed for the effect of the ssDBPs. The lane marked “RRS alone” does not contain any added protein. The positions of free
DNA probe (F) and DNA probe bound in a Rep complex (B) are shown to the right. (B) Enhanced binding of Rep68 to the RRS fragment. Either
1 ng (�) or 2 ng (��) of His-tagged recombinant Rep68 protein (Rep68H) was incubated with a radiolabeled RRS fragment together with the
indicated ssDBP. (C) ssDBPs increase binding of a mutant Rep protein that has lost helicase activity. A mutant Rep protein (Y121H/K340H) was
incubated in an EMSA with a 32P-labeled linear DNA fragment containing the RRS, in the presence or absence of the indicated ssDBPs.
(D) Complex dissociation was assessed with Rep68H alone or in the presence of Ad-DBP. The Rep68H protein was bound to the RRS fragment
and then dissociation was assessed by the addition of increasing amounts of unlabeled competitor DNA to assembled complexes. Binding assays
were analyzed by gel electrophoresis and relative binding was quantitated by PhosphorImager analysis of gels.
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found that the addition of Ad-DBP at any time point in the
reaction could enhance Rep binding (data not shown). This
suggests that the specific enhancement by ssDBPs is due to an
increase in formation of the Rep-DNA complex.

We also examined the effect of the ssDBPs on the endonu-
clease activity of Rep, using the ITR as a substrate for site-
specific cleavage at the trs site (35). Rep nicking of the 5�-
labeled ITR releases a short labeled product in this assay (Fig.
9A). The Ad-DBP, RPA, and ICP8 proteins all enhanced the
Rep68 endonuclease activity, whereas E. coli SSB had no ef-
fect. The Y121H/K340H mutant did not nick this double-
stranded DNA substrate, as it lacks the helicase activity re-
quired to unwind the DNA to facilitate transesterification (11).
Addition of the ssDBPs did not enable this mutant to nick,
suggesting that their effect is not through destabilization of the
DNA double helix of the ITR. Quantitation of these data
demonstrated a two- to threefold enhancement of Rep activity
at the concentrations shown (Fig. 9B), which correlates to the
observed enhancement of binding. Similar results were ob-
tained with RPA and in vitro-translated Rep78 protein in a
rabbit reticulocyte lysate (data not shown). These results sug-
gest that enhanced binding of Rep in the presence of the
ssDBPs results in an increase in nicking activity.

DISCUSSION

The results of this study, together with previous analysis of
AAV replication in Ad-infected cells (33, 62, 65), implicate
discrete intranuclear sites as important for the helper functions
for AAV replication. Although in this study we have not ana-
lyzed the location of AAV nucleic acid, based on our previous
extensive characterization of the relative locations of AAV
proteins and nucleic acid in Ad-infected cells, we believe that
the Rep pattern will reflect that of AAV DNA. The helper
viruses each initiate important structural rearrangements in

the nucleus as they subvert host cellular mechanisms for viral
production (reviewed in references 10 and 37). Cellular pro-
teins involved in DNA replication, such as DNA polymerase
alpha, PCNA, topoisomerase II, and tumor suppressors p53
and Rb are often selectively found localized to these viral
replication centers (23, 26, 64). It is possible that AAV benefits
from sequestration of cellular proteins into the replication
centers of helper viruses. The transfection experiments with
the HSV-1 helper proteins suggest that the UL5, UL8, UL52,
and ICP8 proteins are sufficient to form a scaffold for the
accumulation of cellular replication proteins that enable AAV
replication. For HSV, recruitment of the viral polymerase to
the scaffold of UL5, UL8, UL52, UL9, and ICP8 requires an
active primase unit (14). However, in the experiments that we
have described for the present study, recruitment of the cellu-
lar polymerase to allow replication of the AAV genome did not
appear to require functional primase. Results from infections
(30), transfections (60), and the in vitro replication assay (57)
suggest that the HSV-1 polymerase may also be used for AAV
replication in some circumstances. AAV replication may there-
fore have adapted to use replication components from the cell
and also from different helper viruses. It will be interesting to
examine AAV infection in the presence of genotoxic agents to
determine whether replication takes place at specific sites and
what cellular factors are involved.

The addition of RPA stimulates AAV replication in cellular
extracts by increasing polymerase processivity on the AAV
templates (56). It remains puzzling that although abundant in
infected cells, RPA is not sufficient to replicate AAV in the
absence of a helper virus or genotoxic stress. RPA activity is
regulated by both protein-protein interactions and modifica-
tion by phosphorylation, both of which are likely altered by
virus infection. We have observed hyperphosphorylation of
RPA32 during AAV replication, and this may affect its inter-

FIG. 9. Enhancement of Rep endonuclease activity by ssDBPs. The trs nicking assay included 32P-labeled AAV terminal repeat hairpin DNA
(1,000 cpm) and either wild-type or mutant purified Rep68H in the presence or absence of the ssDBPs. (A) A representative experiment
demonstrating increased endonuclease activity of Rep68H in the presence of ICP8, RPA, and Ad-DBP, but not E. coli SSB. Purified recombinant
proteins of wild-type Rep68H (W) or the Y121H/K340H mutant (M) were incubated with the ITR in the hairpin configuration. A titration of
wild-type Rep68H showed nicking of the hairpin substrate (S) and release of the cleavage product (P). The mutant failed to nick the double-
stranded hairpin ITR. The amount of Rep protein (in nanograms) is indicated above the lanes, and the asterisks below indicate the amounts of
wild-type and mutant Rep proteins incubated with the ssDBPs. The amount of each ssDBP included is indicated at the top, in nanograms. Samples
of the hairpin (ITR alone) and the ssDBPs in the absence of Rep protein were included as negative controls. (B) Quantitation of endonuclease
activities. The amount of nicked product in each reaction was quantitated by PhosphorImager analysis and plotted relative to a constant amount
of Rep protein (1 ng). At least three independent reactions were quantitated for each experimental condition.
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actions (Stracker and Weitzman, unpublished data). By anal-
ogy to other viral origin-binding proteins that interact with
RPA, it is likely that Rep binds directly to the RPA70 subunit,
similar to SV40 T antigen, EBNA1 of EBV, and E1 of human
papillomaviruses (29, 71). This would support a recent struc-
ture analysis of the N terminus of Rep, which found an unex-
pected structural relationship between Rep and other viral
origin-binding proteins such as SV40 T antigen and papillo-
mavirus E1 (32).

It is interesting that an analogous situation seems to exist
with other parvoviruses. A recent report used a similar ap-
proach to ours to show that the parvoviral NS1 protein of the
minute virus of mouse also interacts with the cellular RPA
complex in vitro (19). In this case, RPA also enhanced unwind-
ing of the origin nicked by the NS1 protein, and it was sug-
gested that RPA may be required to form a functional repli-
cation complex for parvovirus replication. E. coli SSB had no
effect on unwinding and it did not interact with NS1 in the
ELISA (19). Another study examined the spatial organization
of minute virus of mouse replication and found NS1 at discrete
nuclear structures, where RPA and other cellular replication
factors also accumulated (2). These results are completely con-
sistent with our observations for the Rep protein of AAV.

The enhancement of Rep’s DNA-binding and endonuclease
activities by the ssDBPs is similar to the effect noted for the
high-mobility group chromosomal protein 1, which also inter-
acts with Rep (20). It is possible that the ssDBPs enhance
binding by bringing Rep into contact with its substrate or by
promoting multimerization of the protein. The increase in
DNA binding could result from either promotion of complex
formation or enhanced complex stability. Our competition
EMSA results suggest that the former scenario is most likely.
The enhanced levels of nicking are probably due to an increase
in binding induced by the ssDBPs, as similar fold increases
were observed. Enhancing the ability of Rep protein to bind to
the ITR and nick the trs could contribute to the increase in
viral DNA replication observed when these ssDBPs are added
to cellular extracts (56). The cellular RPA protein could also
contribute to complex formation between the viral genome and
the AAVS1 integration locus during Rep-mediated targeted
integration in the absence of a helper virus (63).

Studies of helper functions from different viruses will pro-
vide us with a better understanding of the cellular environment
that promotes productive AAV replication. One area that will
benefit from studies of the requirements for AAV propagation
is the production of recombinant AAV (rAAV) vectors for
gene therapy. AAV is a promising candidate that is being
developed into a gene transfer vector for a wide range of
applications. A thorough understanding of the basic biology of
the virus is crucial to its successful development as a vector.
Conventional production of rAAV is achieved by cotransfec-
tion of the AAV vector construct and the packaging plasmid
into cells infected with a helper virus. One approach to im-
proving rAAV production is to bypass the requirement for
extensive purification of helper virus by using plasmid trans-
fections instead of helper virus infections (27, 42, 66). Under-
standing the role of HSV-1 helper proteins in AAV replication
will enable HSV-based transfection protocols. It is also con-
ceivable that by combining features from different viruses it

will be possible to improve upon current systems which use
either Ad or HSV-1 alone.
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