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Adeno-associated virus type 5 (AAVS) is distinct from other dependovirus serotypes based on DNA hybrid-
ization and serological data. To better understand the biology of AAVS5, we have cloned and sequenced its
genome and generated recombinant AAV5 particles. The single-stranded DNA genome is similar in length and
genetic organization to that of AAV2. The rep gene of AAVS is 67% homologous to AAV2, with the majority of
the changes occurring in the carboxyl and amino termini. This homology is much less than that observed with
other reported AAYV serotypes. The inverted terminal repeats (ITRs) are also unique compared to those of the
other AAV serotypes. While the characteristic AAV hairpin structure and the Rep DNA binding site are
retained, the consensus terminal resolution site is absent. These differences in the Rep proteins and the ITRs
result in a lack of cross-complementation between AAV2 and AAVS as measured by the production of
recombinant AAV particles. Alignment of the cap open reading frame with that of the other AAV serotypes
identifies both conserved and variable regions which could affect tissue tropism and particle stability. Com-
parison of transduction efficiencies in a variety of cells lines and a lack of inhibition by soluble heparin indicate
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that AAVS may utilize a distinct mechanism of uptake compared to AAV2.

The adeno-associated viruses (AAV) are members of the
parvovirus family and are helper virus dependent for replica-
tion and gene expression. Of the six serotypes of AAV which
have been identified in primates, only three (AAV type 2
[AAV2], AAV3, and AAVS5) have been isolated from humans.
While AAV4 can infect human and rat cells in culture, sero-
logical data suggest that its natural host is the African green
monkey (2). Several of these serotypes have been recently
cloned, expanding our knowledge of basic AAV biology.

The most extensively studied of these serotypes is AAV type
2 (AAV2). The genome of AAV?2 consists of a single strand of
DNA 4,680 nucleotides in length (29, 44). The terminal se-
quence is organized as interrupted palindromes that can form
a characteristic hairpin structure which is energetically stable.
Two large open reading frames (ORFs) have been identified
within the genome. The left ORF encodes the nonstructural
replication initiator polypeptides (Rep). The Rep proteins reg-
ulate AAV DNA replication, transcription, and the accumula-
tion of single-stranded progeny genomes (4, 5, 8, 20, 32, 39, 46,
47). The importance of the Rep proteins is emphasized by their
high degree of conservation. The Rep ORFs of AAV2, AAV3,
AAV4, and AAV6 are approximately 90% identical, with most
of the changes being conserved amino acid substitutions. The
Rep ORF can encode four different polypeptides from two
promoters, with a splice variant in each.

The p5-promoted Rep proteins (Rep78 and Rep68) can
bind to DNA in a sequence-specific manner and nick duplex
inverted terminal repeats (ITRs) in a site- and strand-specific
manner. This cleavage reaction occurs at the terminal resolu-
tion site (frs) within the ITR and permits the replication of the
ends of the linear genome. The DNA-nicking activity requires
the binding of the Rep proteins to tandem repeats of a GAGY
motif present in the ITRs, structures at the ends of the viral
genome (6, 8, 34, 36, 42). DNA binding and terminal resolution
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are central to the preferential integration of the AAV genome
into the AAVSI locus on the q arm of human chromosome 19
(26, 38, 48, 50).

The ITR serves as the origin of viral DNA replication.
Within the ITR, two elements are described which are central
for this function: a GAGC repeat motif and the frs. While a
number of sequence differences within the ITR have been
reported in the different serotypes, the ability to fold into a
hairpin conformation and the existence of a Rep binding site
and frs are conserved.

Two additional Rep proteins are produced from an internal
promoter in the Rep ORF at map unit 19 and are referred to
by their apparent molecular masses: Rep52 and Rep40. While
these two proteins lack the DNA binding ability of Rep68 and
Rep78 they have recently been shown to possess ATP-depen-
dent DNA helicase activity (40). All four of the Rep proteins
possess nucleoside triphosphate (NTP) binding activities,
DNA and RNA helicase activities (22, 23, 25, 51), and nuclear
localization signals (25, 54).

In addition to the role of Rep proteins in the life cycle of
AAV, Rep expression results in a characteristic phenotype.
Overexpression of Rep68 and Rep78 can either negatively or
positively affect transcription of heterologous promoters, in-
hibit cellular transformation by papillomavirus or by adenovi-
rus Ela plus an activated ras oncogene (17-19, 24, 27, 28, 40),
and inhibit progression through the cell cycle (16, 53). While
some of these activities may be mediated by the direct inter-
action of Rep with DNA, other effects may result from inter-
actions with cellular regulatory proteins. Rep52 and Rep78
have recently been shown to bind to the cyclic AMP-dependent
protein kinase (PKA) and to a novel PKA-like kinase (PrKX).
This interaction results in an inhibition of the protein kinase
activity and an alteration in gene expression in vivo (11).

The AAV2 virion is a nonenveloped, icosahedral particle
approximately 25 nm in diameter. It consists of three related
proteins referred to as VP1, VP2, and VP3. These proteins are
found in a ratio of approximately 1:1:10, respectively (3), and
are each derived from the right-hand ORF. These proteins
differ from each other as a result of alternative splicing and
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FIG. 1. Sequence of the AAVS5 genome. The genomes of AAV2, AAV3, AAV4, AAVS, and AAV6 were aligned by using the Align program (Scientific and
Educational Software). The sequence of the ITR region is presented in lowercase type, and the rest of the genome is shown in capitals. s are indicated by vertical
arrows. Proposed transcription factor binding sites are boxed, with the name of the site above, as is the single polyadenylation site. Identified promoters are indicated
by horizontal arrows, with their corresponding AAV2 map position indicated. Initiation (ATG) and termination (STOP) codons are marked. Splice donor and acceptor

sites are indicated by solid and open triangles, respectively.

from the use of an atypical start codon. The cap OREF is less
conserved among serotypes than the rep ORF. Protein se-
quence alignment of the different serotypes indicates blocks of
divergent and conserved sequences. Comparison with the X-
ray crystallographic structure determined for canine parvovirus
indicates that some of these sequences may exist on the exte-
rior of the virion, thus accounting for the altered tissue tropism
among the different serotypes (10, 33, 35) and the hemagglu-
tination activity of AAV4. Recent work has demonstrated that
heparan sulfate proteoglycans (HSP) can play a role in virus
binding and uptake, presumably through an interaction with
the capsid proteins (45).

AAV has a number of characteristics which make it an
attractive vector for gene therapy (21). Transduction with
AAV vectors results in stable, long-term transgene expression
in vivo in skeletal muscle, photoreceptors, liver, and central

nervous system neuronal cells (14, 31, 43, 52). The ITRs have
been shown to be the only cis element required for rescue,
replication, packaging, and integration (37). Since no viral
genes are included in the recombinant particle, a host immune
response directed against viral genes expressed in vivo is pre-
vented. In contrast to other viral vectors, AAV is naturally
replication defective and is classified as nonpathogenic.

A comparison of human AAV2, AAV3, and AAVS by DNA
Southern blot hybridization indicates a high degree of homol-
ogy between AAV2 and AAV3 compared to that between both
types 2 and 3 and AAVS (1). In addition, serological data have
shown that seroconversion occurs in early childhood with
AAV2 and AAV3 but not until 15 to 20 years of age with
AAVS (15), further suggesting that AAVS5 is a more distantly
related member of the AAV family. While the seroconversion
pattern for AAV2 and AAV3 closely follows that of adenovi-
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rus, the later seroconversion for AAVS temporally occurs
closer to and follows that for herpes simplex virus (HSV). This
suggests that HSV, instead of adenovirus, may serve as the
natural helper virus for AAVS. While adenovirus type 12 has
been shown to function as a helper virus, the circumstantial
association of AAVS and HSV suggests an altered tissue tro-
pism for AAVS compared to that of types 2 and 3. To better
understand the nature of AAVS and to determine its useful-
ness as a vector for gene transfer, the viral genome was cloned
and sequenced and recombinant virus was produced using the
AAVS rep and cap genes.

MATERIALS AND METHODS

Cell culture and virus propagation. cos and HeLa cells were maintained as
monolayer cultures in D10 medium (Dulbecco’s modified Eagle’s medium con-
taining 10% fetal calf serum, 100 pg of penicillin/ml, 100 U of streptomycin/ml,
and 1X Fungizone) as recommended by the manufacturer (GIBCO, Gaithers-
burg, Md.). All other cell types were grown under standard conditions as previ-
ously reported. AAVS stocks were a kind gift from Ursula Bantel-Schaal. Re-
combinant virus was produced, and titers were determined as previously
described (9).

DNA cloning and sequencing. Viral DNA was isolated by digestion of con-
centrated virus with proteinase K at 50°C for 1 h, followed by phenol-chloroform
extraction and ethanol precipitation. The DNA was annealed by heating to 95°C
for 5 min, followed by slow cooling to 65°C for 18 h.

The full-length genome of AAVS was constructed by reassembling overlapping
clones using unique restriction sites. The right ITR was cloned by creating a blunt
end of the viral DNA with T4 DNA polymerase and then digesting it with XAol.
A 700-bp fragment was isolated and cloned into the Sall-Smal sites of plasmid
NEB193 (NEB). The DNA sequence was determined by using an ABI 373A
automated sequencer and FS dye-terminator chemistry (ABI). Both strands of
the plasmid were sequenced and confirmed by sequencing of a second clone.
Because of the high degree of secondary structure within the ITR this region was
sequenced using radiolabeled dye-terminator chemistry (Amersham). The pack-
aging plasmids were assembled by subcloning a large fragment of the AAV5
genome (260 to 4448 nucleotides) into the Xbal site of pUC/SV40ori (9). Two
different helper plasmids were produced by this cloning strategy. SRepCapA has
the simian virus 40 origin (SV40ori) fragment adjacent to the p5 promoter at the
5’ end of the AAVS RepCap fragment, and SRepCapB has the SV40ori adjacent
to the polyadenylation signal at the 3" end. The helper plasmid SV40ori(—)
contains the AAV5 RepCap fragment but lacks the SV40ori.

The AAVS5 vector plasmid which contains the AAV5 ITRs and the nucleus-
localized beta-galactosidase gene with a Rous sarcoma virus (RSV) promoter
was constructed by the seamless cloning system (Stratagene). The plasmid was
assembled by ligating the following fragments in the indicated order: pAV2 (29)
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AAVE ..
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AAVS ..

pi9 Rep
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5.276
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FIG. 2. (Top) Rep functional domains. Within the rep gene, two promoters,
located at map units 5 and 19, direct the expression of four proteins, Rep78 and
Rep68 and Rep52 and Rep40, respectively. Two proteins are produced from
each promoter, one spliced, Rep68 and Rep40, and one unspliced, Rep78 and
Rep52. Within the rep OREF, several functional domains have been identified and
are indicated at the top. These include DNA binding (DB), s (Y), NTP binding
pocket (NTP), nuclear localization domain (NLS), zinc finger (Zn), and splice
sites, with their relative amino acid positions indicated below. (Bottom) Com-
parison of rep ORF. The rep ORFs of AAV2, AAV3, AAV4, AAV6, and AAV5S
were compared by using the Palign program (Pcgene). Identical amino acids are
indicated by a dot. Dashes indicate gaps in the sequence added by the alignment
program. The initiator codon of the p5 Rep proteins Rep78 and Rep68 and the
p19 Rep proteins Rep52 and Rep40 are indicated by a horizontal arrow. Ty-
rosine 152 which has been shown to be important in #rs activity is indicated by an
asterisk. The NTP binding site is overlined, and lysine 340 is in bold. Regions
necessary for multimerization are indicated above the sequence. Basic amino
acids of the nuclear localization signal (NLS) are underlined and indicated
above. A vertical arrow indicates the point of divergence for the Rep78 and
Rep52 proteins from Rep68 and Rep40 as a result of the splicing event. The
coordinating cystine and histidine amino acids which form the zinc finger struc-
ture in the carboxy terminus are indicated by dots.

backbone sequence 4934 to 7412; AAVS ITR sequence 1 to 188; beta-galacto-
sidase expression cassette from pAAVRnLacZ (9), nucleotides 300 to 4340; and
AAVS ITR sequence 188 to 1. The final plasmid is referred to as pAAV5LacZ
and was confirmed by sequencing.
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N....V.E..A.Q..A.K..ANQQ.0.NA. 59
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289
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350
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......... 340
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. .MDAGQE.S.....N.......... CG.V--T.NTSQ.QTD.NA. 398

AAV5 ....V.NGTE....A..PQ..TL..... A...RD.TE---NPTE.... 397
AAV2 YLSRTN-TPSGTTTOSRLOFS| 463
AAV3 464
AAVE 464
AAV4 455
AAVS 450
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aav3 [ . .pQsMsL.a. 514
AAV6 [RGSPAGMSV.PH-~—.............. ... 514
AAV4 INFTKLRPTNF.N -A.Q.YKIPA. .SDSLIKYE.HST.D. 513
AAVS [KNL.GRYANTY. MG.T.GWNLG.GV.RA. VSAFATT - “NRME.E.A 500

ARV2 DSLVNPGPAMASHKDDEEKFFPQSGVLIF - GKQGSEK— -TNVDIEKRVM-ITDEEEIRTTN 569
-MH CE.TTA--S.AELDN. .-........... 570

. . MM ..ESAGA**STALD e JKA.. 570
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AAV5 SYQ.P.Q.NGMTNNLQGSNTYALENTM. . NS.PANPGT.ATYL.GN.L..S5.5.TQPV. 559

AAV2 PVATEQYGSVSTNLQRG———NRQAATADVNTQ GVI PGMVWQDRDVYLQGPIWAKIPHTD 625
3 .TAPT.GT..H.- 626

AAVE ..., RF T AV SS***STDP. .G. .HVM- .A . 626
AAV4 ATD.DMW.----..PG.DQS.SNLP.V.RL.AL.A’ 624
AAVS R..YNVG.QMA..N.SS---TTAP..GTY.L.-ET 615

ARV2 GHFHPSPLMGGFGLKHPPPQIL IKNTPVPANPSTTFSAAKFASF ITQYSTGQVSVEIEWE 685
ARV3 M .P 686

AAVE 686
ARVE ... 684
AAVS AL, 674

736
. 736
. 734
. 724

FIG. 3. Comparison of cap ORF. The capsid ORFs of AAV2, AAV3, AAV4,
AAVS5, and AAV6 were compared, using the Palign program (Pcgene). Identical
amino acids are indicated by a single dot. Dashes indicate gaps in the sequence
added by the alignment program. The theoretical initiator codons of VP2 and
VP3 are indicated by horizontal arrows and identified. Regions which have been
proposed to be on the surface of AAV are overlined (3a). Divergent regions are
boxed.

Sequence analysis. The presence of potential transcription factor binding sites
was analyzed with the TESS computer program (University of Pennsylvania).
DNA sequence alignments were performed with the Align program (Scientific
and Educational Software Inc.). Protein alignments were done using the Palign
program (PcGene), and the phyolgenetic trees were assembled with the
CLUSTAL program (PcGene).
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FIG. 4. AAVSITR. The sequence of the ITR is shown in the hairpin conformation. The putative Rep binding site is boxed, and the region homologous to the AAV2

trs is underlined, with the sequence differences in the #rs outlined.

Transduction of cells. Exponentially growing cells (2 X 10*) were plated in
each 2-cm well of a 12-well plate, transduced with serial dilutions of virus in 800
wl of medium, and incubated for 48 to 60 h at 37°C. After this period, the cells
were fixed and stained for beta-galactosidase activity overnight at 37°C with
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) (ICN Biomedicals).
No endogenous beta-galactosidase activity was visible after 24 h of incubation in
X-Gal solution. Infectious titers were determined by counting the number of
positive cells in the different dilutions, using a calibrated microscope (ocular
diameter, 3.1 mm?) and then multiplying by the area of the well and the dilution
of the virus. Titers were determined by the average number of cells in a minimum
of 10 fields per well.

Heparin competition. Serial dilutions of dialyzed virus were incubated in 400
wl of medium supplemented with 20 pg of heparin/ml (Sigma H-3149) for 1 h at
room temperature and then added to 2 X 10* cos cells in a 12-well plate. The
cells were incubated with the virus for 1 h, after which the virus was removed and
the cells were rinsed three times with medium. One milliliter of medium was
added to the cells, and the cells were incubated for 48 to 60 h, followed by fixing
and staining as described above.

Nucleotide sequence accession number. The sequence of AAVs is available
through GenBank under accession no. AF085716.

Bgal transducing units/mi

T T T T

2iTR SITR 2ITR 20TR 5iTR 2ITR 5ITR

2RepCap S5RepCapA 5RepCapA SRepCapA 2RepCap  puc puc
2Rep

FIG. 5. Complementation assay. Recombinant AAV particles were produced
in cos cells by using plasmids which contain the rep and cap genes of AAV2
(2RepCap), AAVS (5RepCapA), or AAV2 Rep alone (2Rep) and a nucleus-
localized beta-galactosidase gene with an RSV promoter and either AAV2 ITRs
(2ITR) or AAVS5 ITRs (SITR). After electroporation, the cos cells were infected
with adenovirus and cleared viral lysate was prepared and used to transduce cos
cells.

RESULTS

A seed stock of AAVS produced by coinfection of adherent
cos cells was expanded by passage through HeLa cells in sus-
pension cultures. The viral particles were isolated by CsCl
isopycnic gradient centrifugation. DNA dot blots of the gradi-
ent fractions indicated that the highest concentration of viral
genomes was contained in fractions with a buoyant density of
1.385 to 1.420 g/cm?, which is similar to that of AAV2. Analysis
of annealed virion DNA obtained from these fractions indi-
cated a major species of 4.6 kb in length, which upon restric-
tion analysis with BamHI or EcoRI gave bands similar in size
to those previously reported (1). Additional restriction endo-

400 1

300 -

200

Relative Transduction Efficiency

100 4

T
Sv40ori(-)

SHepCapB 5RepCapA

FIG. 6. Effect of SV40ori on particle production. cos cells were electropo-
rated with a vector plasmid containing AAV5 ITRs and a nucleus-localized
beta-galactosidase gene with an RSV promoter (AAV5RnlacZ) and one of three
helper plasmids: AAV5RepCapA, AAV5RepCapB, and SV40ori(—). Cells were
infected with adenovirus, and at 48 h postinfection, clear viral lysate was pre-
pared and serial dilutions of the virus were used to transduce cos cells. The
relative transduction efficiencies are reported compared to the transduction
efficiency of the SV40ori(—) helper plasmid.
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FIG. 7. Titers for rAAV2LacZ and rAAV5LacZ. Different cell lines were
transduced with an equal number of particles in serial dilutions of either rAAV2
or rAAVS5 expressing LacZ (see Materials and Methods) and are expressed as
transducing units per milliliter.

nuclease mapping indicated a unique BssHII site at one end of
the viral genome. This site was used in cloning the major
fragment of the viral genome. Additional overlapping clones
were isolated, the sequence of the entire viral genome was
determined, and two distinct ORFs were identified (Fig. 1).

Computer analysis indicated that the left-hand ORF was
approximately 67% homologous to that of the AAV2 Rep
ORF (Fig. 2). In contrast, the rep gene sequences of AAV2,
AAV3, AAV4, and AAV6 were greater than 90% similar. The
central portion of the AAVS Rep ORF (amino acids [aa] 322
to 470), which is present in all four Rep proteins, has the
greatest homology (90%) with the Rep ORFs of the other
cloned AAV serotypes. Although some sequence differences
were found in this region, data from functional studies of
AAV2 Rep predict that these changes will not affect the bio-
chemical activities of AAVS5. The amino terminus (aa 1 to 322)
of the p5-promoted Rep proteins (Rep68 and Rep78) was 62%
similar between AAV2 and AAVS5. The carboxyl-terminal por-
tion (aa 470 to 610) of the unspliced Rep polypeptides (Rep78
and Rep52) was 26% similar. The amino terminus of Rep is
necessary for DNA binding and for #rs endonuclease activities.
Although the specific amino acids involved in DNA binding
have not been identified, AAV2 tyrosine 152 is conserved and
is important for #s endonuclease activity (49). An amphipathic
helix region important for Rep multimerization (aa 159 to 179)
(41) was also conserved in AAVS5. The carboxyl termini of
Rep78 and Rep52 encode a Zn finger motif which is conserved
among the AAV serotypes. This region is required for inter-
action with the cellular kinases PrKX and PKA (11), causing
the inhibition of kinase activity.

Similarities between the AAV2 and AAVS5 p5 promoters
were also found. Core transcriptional elements such as the
TATAA box and Rep and USF binding sites were conserved
(Fig. 1). However, the YY1 sites at positions +1 and —60
relative to the transcription start site were not found, suggest-
ing that AAVS gene expression is regulated differently from
that of AAV2. The organization and sequence of the pl19
promoters were conserved. The presence and relative position
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of transcription factor binding sites within the p40 promoter of
AAYVS were retained but were shifted in their alignment com-
pared to those of the other serotypes (Fig. 1).

The right ORF of AAVS, which encodes the three viral
capsid proteins, was found to be approximately 56% identical
to the capsid ORF of AAV2 (Fig. 3). As with the sequences of
the other reported AAV serotypes, the related structural ele-
ments can be organized into blocks of similar and divergent
sequence. By using the published three-dimensional structure
of the canine parvovirus and computer-aided sequence com-
parisons, a number of these divergent regions have been shown
to be on the exterior of the virus, thus suggesting an altered
tissue tropism (Fig. 3).

The VP1 ORF of AAVS has approximately 60% homology
with those of AAV2, AAV3, and AAV6 and the goose depen-
dovirus (59%). A phylogenetic analysis (CLUSTAL) of the
VP1 OREF indicated that AAVS is equally divergent from
AAV2, AAV3, and AAV6 and goose dependovirus (data not
shown). Furthermore, the rep ORF of AAVS has a slightly
greater homology with the other AAV serotypes (66%) than
with the goose dependovirus (57%) (data not shown).

The ITR of AAVS5 was cloned as a fragment from the right end
of the genome. The AAVS ITR is only 58% homologous with the
AAV2 ITR but still retained the ability to fold into a hairpin
structure (Fig. 4). As with the rep OREF, this percent homology
was much lower than that observed with the other cloned AAV
serotypes (2, 3, 4, and 6). Two sequence elements within the stem
region of the hairpin have been found to be critical for the func-
tion of the ITR as an origin of viral replication. A repeat motif
of GAGC/T serves as the recognition site of Rep78 and Rep68
and is conserved between AAV2 and AAVS. The AAV2 trs
recognition motif (GGTTGA) located downstream of the Rep
binding site is conserved among AAYV serotypes 3, 4, and 6 but
has only weak homology with that of AAVS serotypes. This
suggests that the ITRs and Rep proteins of AAVS5 will not
complement those of the other known AAV serotypes.

We tested the ability of AAV rep and cap gene products to
replicate and package a type 5 ITR genome containing a beta-
galactosidase reporter gene and conversely, the ability of
AAVS5 Rep and Cap to replicate and package an AA2 ITR
beta-galactosidase construct. Recombinant particles were
packaged by either using type 2 Rep and Cap (2RepCap) or
type 5 Rep and Cap (SRepCapA) expression plasmids as pre-
viously described (9). As shown in Fig. 5, a combination of the
2ITR and SITR with their respective AAV2 and AAVS ex-
pression plasmids produced high titers of virus, but a combi-
nation of the 2ITR with the SRepCapA expression plasmid or
the SITR with the 2RepCap expression plasmid produced no
detectable transduction events. Likewise, no transducing units
were detected with a combination of 2ITR or SITR with pUC.
However, cotransfection of the 2ITR vector with the 5Rep-
CapA expression plasmid and a plasmid expressing the Rep78
protein of AAV2 (2Rep) produced some transducing particles
(Fig. 5). This result suggests that the AAV2 DNA could be
packaged into an AAVS capsid. The lack of cross-complemen-
tation between AAV2 and AAVS is a distinct result from that
of other serotypes of AAV which have shown cross-comple-
mentation of the Rep and ITRs (10).

The inclusion of SV40ori in the AAV2 RepCap packaging
(expression) plasmid has been shown to improve the yield of
recombinant particles 50- to 100-fold (9). The inclusion of this
element in the AAVS packaging plasmid also resulted in an
increase in the number of particles generated (Fig. 6). Com-
paring relative transduction efficiencies of particles generated
using a packaging plasmid lacking the SV40ori [SVori(—)]
versus one that includes it (SRepCapA) resulted in greater
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FIG. 8. Heparin competition. (A) Effect of soluble heparin sulfate on AAVS
and AAV2 transduction as determined by preincubation of rAAVS5 virus (MOI,
100) containing the beta-galactosidase gene with 20 ug of heparin sulfate/ml
prior to transduction of cos cells. Free virus was washed from the cells after a 1-h
incubation and stained for beta-galactosidase activity. Transduction efficiency
was then normalized to the heparin-minus condition. (B) Effect of heparin
sulfate on AAV5 and AAV?2 transduction at an MOI of 1,000.
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than a 100-fold increase in the relative number of transducing
particles produced (Fig. 6). The orientation of SV40ori relative
to the RepCap fragment also had an effect on the yield of
transducing particles. Positioning the SV40ori next to the
poly(A) signal (SRepCapB) resulted in a 2.9-fold increase in
transducing particles compared to that produced by placement
of the SVori adjacent to the p5 promoter (SRepCapA) (Fig. 6).
It has not been determined whether the difference in particle
yields results from replication of the helper plasmid, i.e., in-
creased copy number of the plasmid or enhanced expression.

After purification of recombinant AAVS and AAV2 parti-
cles (rAAVS and rAAV2) by CsCl isopycnic density gradient

centrifugation, quantitation by DNA dot blot hybridization
indicated that a greater number of AAVS particles were gen-
erated per producer cell than AAV2 particles. In a compara-
tive study using packaging plasmids with the SV40ori in the
same orientation relative to the RepCap fragment, 1.2 X 10'?
rAAVS5 particles were produced from 8 X 107 cos cells com-
pared to 1 X 10" rAAV?2 particles. These results were similar
to those observed with AAV4, in which the yield of recombi-
nant AAV4 particles was approximately 10-fold greater than
that of AAV2 (10).

The sequence divergence in the capsid protein ORF implies
that the tissue tropisms of AAVS and AAV2 may differ. Tissue
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tropism was assessed in part by transducing a variety of cell
lines with serially diluted, purified rAAVS or rAAV2 contain-
ing the gene for nucleus-localized beta-galactosidase. As
shown in Fig. 7, cos cells transduced with an equivalent number
of TAAV2 or rAAVS particles resulted in a sixfold higher
transducing titer of rAAV2 than rAAVS. Similarly, 293, HeLa,
and IB3 cells were transduced more efficiently with rAAV2
than with rAAVS5 (nine-, seven-, and eightfold, respectively).
However, transduction of MCF7 cell lines with rAAV2 was
approximately 32 times higher than that obtained with rAAVS.
NIH 3T3, skbr3, and t-47D cell lines exhibited poor transduc-
tion efficiencies for both vectors.

Previous work has shown that adenovirus can increase the
transduction efficiency of AAV2 (12, 13). As a control for
adenovirus effects on transduction levels, cos, HelLa, 293,
MCF7, NIH 3T3, and IB3 cells were coinfected with rAAV
and adenovirus and stained for beta-galactosidase activity after
24 h. The transduction efficiency of rAAV increased in the
presence of adenovirus; however, there was no increase in the
relative transduction efficiencies between rAAV2 and rAAVS
in any of the cell lines (data not shown). This suggests that the
difference in transduction efficiencies was not the result of
adenovirus contamination.

The large difference in transduction efficiencies for AAV2
and AAVS in MCF7 cells compared to cos, HeLa, and 293 cells
suggests that distinct virus uptake mechanisms may exist for
AAV2 and AAVS. A recent publication demonstrated that
HSP on the surfaces of cells are involved in AAV2 transduc-
tion (45). Incubation of soluble heparin with rAAV2 was
shown to inhibit transduction by blocking viral binding. Since
the transduction data suggested a difference in tissue tropism
for AAVS and AAV2, the sensitivity of AAVS transduction to
heparin was determined. At a multiplicity of infection (MOI)
of 100, a final concentration of 20 pg of heparin/ml had a
minimal effect on AAVS transduction as shown in Fig. 8A. In
contrast, this amount of heparin inhibited 90% of the AAV2
transduction. Even at an MOI of 1,000, a strong inhibition of
AAV?2 transduction was observed, with a minimal effect on
AAVS (Fig. 8B). These data support the hypothesis developed
from the tissue tropism study that AAV2 and AAVS5 may
utilize distinct cell surface molecules for binding and uptake.

DISCUSSION

With the cloning and sequencing of AAV3, AAV4, AAVS,
and AAV6, our understanding of the AAV family has in-
creased significantly. The high degree of conservation of the
rep ORF between AAV2, AAV3, AAV4, and AAV6 empha-
sizes the importance of this gene to the biology of the virus.
While the rep ORF of AAVS is significantly more divergent
than in other serotypes, the core region (aa 322 to 470) which
is common to all four Rep proteins is highly conserved among
the serotypes (90% similar). Furthermore, the ITRs of each
serotype are similar in length and symmetry, retaining the
ability to form a characteristic hairpin structure. Mutational
analysis has demonstrated that the ability to form the terminal
hairpin structure is vital to AAV replication (30); conservation
of this motif among the five AAV serotypes supports these
findings.

The divergent sequences among the serotypes have also
been informative. Comparison of the capsid ORFs of the dif-
ferent serotypes has identified a number of divergent sequence
blocks within a framework of conserved regions. Some of these
divergent sequences may lie on the exterior of the viral parti-
cle, thus accounting for the altered tissue tropism, antibody
response, and hemagglutination activity that has been reported
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in the different serotypes. Furthermore, the divergence in the
AAVS Rep and ITR may be useful in defining the DNA
binding domain, as well as amino acids that are involved in frs
activity.

Sequence analysis, tissue tropism, and the heparin sensitivity
studies identify AAVS as a distinct virus among the character-
ized dependoviruses. Although some of the p5 promoter ele-
ments are retained in AAV serotypes 2 through 6, other con-
served elements are absent in AAVS, suggesting alternative
mechanisms of transcriptional regulation. Conversely, the con-
servation of some transcriptional elements within the p40 pro-
moter, despite the divergence in their sequences and relative
positions, indicates the importance of these sites in the regu-
lation of expression.

The rep ORF of AAVS is distinct from that of AAV sero-
types 2, 3, 4, and 6, and no AAV2 ITR-containing genomes can
be packaged into type 5 capsids. However, transducing parti-
cles are produced if AAV2 rep ORF is added, suggesting that
the lack of complementation is not at the level of viral assem-
bly, e.g., viral DNA packaging, but at the level of viral DNA
replication. The absence of an AAV2 frs consensus motif sup-
ports this idea and has been confirmed by in vitro replication
data (7). Unexpectedly, production of rAAVS particles using
standard packaging systems is approximately 10- to 50-fold
more efficient than that for rAAV2, which may facilitate its use
as a vector for gene therapy.

AAV2 transduction is inefficient in the absence of HSP and
is inhibited by soluble heparin (45). Although the role of hepa-
ran sulfate binding in AAV2 transduction is not understood, it
may be that a second interaction is responsible for AAV2
uptake, with HSP acting to concentrate the virus on the cell
surface through an electrostatic interaction. If an interaction
between the virion and a less abundant but higher affinity
receptor(s) is necessary, the weaker interaction with HSP
would promote entry. Though the nature of this additional
interaction is speculative, the fact that AAVS transduction is
not neutralized by soluble heparin is evidence that AAV5 may
utilize a distinct pathway for uptake.

AAVS is distinct among the dependent parvoviruses in that
it was originally isolated from a patient sample instead of from
laboratory stocks of adenovirus. Sequence analysis and bio-
chemical results define AAVS5 as unique among the dependovi-
ruses. The AAVS ITR and Rep protein are unique and do not
complement those of AAV2. Moreover, AAVS5 transduction is
not sensitive to heparin, which inhibits AAV2. These distinct
activities of AAVS and their linkage to the viral sequence will
be of importance with regard to the analysis of the viral protein
structure and function and the development of chimeric vec-
tors.
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