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The complete nucleotide sequence of the adeno-associated virus 2 genome was
determined. The single-stranded genome is 4,675 nucleotides in length and
contains inverted terminal repeats of 145 nucleotides, the first 125 nucleotides of
which form a palindromic sequence. Within the inverted terminal repetitions,
there are two distinct sequences representing an inversion of 43 nucleotides that
can exist on either terminus. The 5' and 3' termini of three major mRNA
transcripts, which are present in both spliced and unspliced forms, were also
mapped on the viral genome. Potential initiation and termination codons for
efficient protein synthesis were identified, and genome segments were assigned
that code for three major viral capsid proteins and, possibly, some as-yet-
unidentified, nonstructural viral proteins.

Adeno-associated virus (AAV) is a defective
parvovirus that requires coinfection with either
adenovirus or herpesvirus for its growth and
multiplication (1, 2, 9, 25). The AAV genome is a
linear, single-stranded DNA with a molecular
weight of 1.5 x 106, and DNA strands of both
polarities are encapsidated in separate mature
virions with equal frequency (3, 8, 21, 33, 36).
AAV provides a good model system to study
eucaryotic genome organization and gene
expression because it is one of the smallest
DNA-containing viruses. Extensive studies
have been carried out on the physical character-
ization of AAV DNA (5, 6). The genome is
flanked by inverted terminal repeats that are 145
nucleotides in length. Nucleotide sequence anal-
ysis of the inverted terminal repetition has been
done (31). The first 125 nucleotides of the invert-
ed terminal repeats are palindromic, and the
significance of the palindromic termini in DNA
replication has been well documented (6, 17, 39,
40).
Although DNA strands of both polarities are

encapsidated into separate virions, the tran-
scription of AAV occurs only from the minus
strand (14-16, 37). A significant body of data is
available concerning several mRNA transcripts
of AAV, which are polyadenylated and present
in both spliced and unspliced forms (12, 23, 29).
The 5' termini of the three major transcripts
have recently been mapped on the AAV genome
(22, 29). All of the transcripts appear to have a

t Present address: Department of Medicine, University of
Arkansas for Medical Sciences, Little Rock, AR 72205.

common 3' terminus (29). The spliced form of
the shortest mRNA, which is also the most
abundant species late in infection, is believed to
code for all three major viral capsid proteins (26,
29). This transcript is 2.3 kilobases long, and its
promoter maps at 0.385 map unit. The transcrip-
tion is initiated 31 ± 1 bases downstream from
the Goldberg-Hogness box, and the RNA is
spliced between map units 0.41 and 0.49 (22-24,
29). Data are scant with regard to possible
nonstructural viral proteins and polypeptides
and their coding regions. The existence of large
transcripts which do not code for structural
proteins suggests that nonstructural proteins
might exist (23, 25, 26). In light of the foregoing,
it was of interest to ascertain the nucleotide
sequence of the entire AAV genome to gain
further insight into the genome organization and
gene expression of AAV. Lusby and Berns (30)
have recently reported the nucleotide sequence
of the left 45% of the genome (nucleotides 1 to
2,116). We report here the complete nucleotide
sequence of the AAV genome, possible gene
organization, and the amino acid sequences of
major viral capsid proteins and of putative non-
structural viral proteins.

MATERIALS AND METHODS
Cells and viruses. AAV 2H (25) was propagated in

HeLa cells in suspension culture with adenovirus type
2 (Ad2) helper as described before (36).

Virus and DNA purification. AAV was purified from
Ad2 by banding in CsCl after the treatment of infected
cell lysates with trypsin and deoxycholate as described
before (36). AAV DNA labeled with [3H]thymidine
was purified by sedimentation through alkaline su-

555 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
28

 A
pr

il 
20

22
 b

y 
96

.2
2.

17
7.

44
.



556 SRIVASTAVA, LUSBY, AND BERNS

crose gradients, and the resulting single strands were
annealed to form duplex DNA (7, 8).
Enzymes and reagents. Restriction endonucleases

and T4 polynucleotide kinase were purchased from
Bethesda Research Laboratories, Inc. (Gaithersburg,
Md.). Bacterial alkaline phosphatase was purchased
from Worthington Diagnostics (Freehold, N.J.). Re-
verse transcriptase from BAI strain A avian my-
eloblastosis virus was obtained from J. Beard, Life
Sciences, Inc., Gulfport, Fla. Chemicals for DNA
sequencing were dimethylsulfate (Aldrich Chem-
ical Co., Milwaukee, Wis.), hydrazine (Kodak, Roch-
ester, N.Y.), and piperidine (Sigma Chemical Co., St.
Louis, Mo.). [^y-32P]ATP (specific activity, >2,000 Ci/
mmol) was obtained from Amersham Corp. (Arling-
ton Heights, Ill.). Oligodeoxythymidylic acid [oli-
go(dT)-12-18] and deoxynucleoside triphosphates
were purchased from P. L. Biochemicals, Inc. (Mil-
waukee, Wis.).

Purification of restriction fragments. Usually 50 p.g
of AAV DNA was digested with a given restriction
endonuclease under the conditions specified by the
supplier. Restriction fragments were then subjected to
bacterial alkaline phosphatase treatment at 65°C and
labeled at their 5' termini with 0.2 mCi of [.y-32P]ATP
and bacteriophage T4 polynucleotide kinase at 37°C.
Labeled fragments were then resolved on and extract-
ed from polyacrylamide gels (acrylamide-bisacryl-
amide, 40:1) as described by Maxam and Gilbert (32),
except that the extracted DNA was sedimented at top
speed in a microcentrifuge for 5 min to remove small
acrylamide pieces before precipitation with at least 3
volumes of cold ethanol.
DNA sequencing. All nucleotide sequences were

determined by the partial chemical degradation meth-
od essentially as described by Maxam and Gilbert (32)
with slight modifications. Piperidine reactions with 100
*.d of 1 M piperidine were carried out at 90°C for 30 min
without making any efforts to make the Eppendorf
tubes airtight during the heating step. The gels were
autoradiographed at -70°C with Cronex-4 (Du Pont
Co., Wilmington, Del.) or XAR-5 (Kodak) X-ray films.
Mapping of 3' termini of RNA. Polyadenylated RNA

was isolated from Ad2-AAV-infected HeLa cells as
described before (30). A 200-,ug amount of RNA
dissolved in 0.3 M NaCl-0.01 M PIPES [piperazine-N,
N'-bis(2-ethanesulfonic acid)]-0.01 M EDTA-0.1%
sodium dodecyl sulfate (pH 6.7) was annealed to 20 ,ug
of oligo(dT)-12_18 dissolved in 0.1 M NaCl at 45°C for
60 min, slowly cooled, and ethanol precipitated. The
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precipitate was washed once with cold ethanol, dried,
and suspended in sterile 0.05 M Tris (pH 8.0) contain-
ing 0.025 M NaCl, 5 mM MgCl2, and 5 mM dithiothrei-
tol. A 1 mM concentration of each deoxynucleoside
triphosphate, 1 ,ug of actinomycin D per ml, and 80 U
of reverse transcriptase were added, and the reaction
mixture was incubated at 41°C for 3 h. RNA was
hydrolyzed with 0.2 N NaOH at 37°C for 16 h and
neutralized, and single-stranded cDNA was ethanol
precipitated. cDNA was washed once with cold etha-
nol, dried, and dissolved in 0.05 M NaCl-6 mM Tris-6
mM MgCl2-1 mM dithiothreitol.
A specific primer, 16 nucleotides in length, was

obtained by digesting a 5'-terminally labeled BgIl
fragment (4,375 to 4,632) with Hinfl. The fragments
were strand separated on a 20% polyacrylamide gel,
and the labeled 16-nucleotide-long primer was extract-
ed from the gel, annealed to cDNA at 60°C for 60 min,
cooled slowly, ethanol precipitated, washed, and sus-
pended in 0.04 M Tris-5 mM dithiothreitol-5 mM
MgCl2, pH 8.0. Each deoxynucleoside triphosphate
(to 1 mM) and 80 U of reverse transcriptase were
added, and the reaction mixture was incubated at 41°C
for 3 h. Sodium acetate was added to a 0.3 M final
concentration, and the extended primer was ethanol
precipitated, washed, dried, dissolved in deionized
water, and sequenced as described before (35).

RESULTS
Nucleotide sequence of the AAV 2 genome. We

determined the complete nucleotide sequence of
AAV DNA. The sequencing strategy for nucleo-
tides 1 through 2,116 has been presented before
(30). An outline of the sequencing strategy for
the remainder of the genome is shown in Fig. 1.
This part of the sequence was determined exclu-
sively by the method of Maxam and Gilbert (32),
using virion DNA. For the majority of the
genome, strands of both polarities were indepen-
dently sequenced. All of the restriction sites
used as starting points were also sequenced as
internal points in overlapping fragments and
could be accounted for from the known restric-
tion maps of AAV DNA. The complete nucleo-
tide sequence of AAV DNA is shown in Fig. 2.
The sequence is 4,675 nucleotides in length and
is shown with the same polarity as AAV mRNA.

2100 2300 2500 2700 2900 3100 3300 3500 3700 3900 4100 4300 4500 ITR

Hoe mil < 4r

Hpa J 7< l 4l

Hae I:
) ,J

Hinc I < 8

Taq I 3l

Alu I F ,J74"
FIG. 1. Strategy for sequencing the right 55% of the AAV 2 genome. All restriction fragments were labeled at

the 5' terminus. The vertical bars represent the restriction sites, and the arrows indicate the direction and the
extent of the sequence obtained. The inverted terminal repeat (ITR) is shown as a closed box.
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VOL. 45, 1983 AAV 2 GENOME SEQUENCE 557

I- %Inverted terminal repeat 'Flip' orientation
5'-TTGGCCACTC CCTCTCTGCG CGCTCGCTCG CTCACTGAGG CCGGGCGACC AAAGGTCGCC CGACGCCCGG GCTTTGCCCG GGCGGCCTCA GTGAGCGAGC 100

A B B' C C' A'
Inverted terminal repeat(-1

GAGCGCGCAG AGAGGGAGTG GCCAACTCCA TCACTAGGGG TTCCTGGAGG GGTGGAGTCG TGACGTGAAT TACGTCATAG GGTTAGGGAG GTCCTGTATT

Promoter 1 5' terminus of RNA 1

AGAGGTCACG TGAGTGTTTT GCGACATTTT GCGACACCAT GTGGTCACGC TGGGTATTTA AGCCCGAGTG AGCACGCAGG GTCTCCATTT TGAAGCGGGA
Coding region 1

I 4
GGTTTGAACG CGCAGCCGCC ATGCCGGGGT TTTACGAGAT tGTGATTAAG GTCCCCAGCG ACCTTGACGG GCATCTGCCC GGCATTTCTG ACAGCTTTGT

GAACTGGGTG GCCGAGAAGG AATGGGAGTT GCCGCCAGAT TCTGACATGG ATCTGAATCT GATTGAGCAG GCACCCCTGA CCGTGGCCGA GAAGCTGCAG 500

CGCGACTTTC TGACGGAATG GCGCCGTGTG AGTAAGGCCC CGGAGGCCCT TTTCTTTGTG CAATTTGAGA AGGGAGAGAG CTACTTCCAC ATGCACGTGC

TCGTGGAAAC CACCGGGGTG AAATCCATGG TTTTGGGACG TTTCCTGAGT CAGATTCGCG AAAAACTGAT TCAGAGAATT TACCGCGGGA TCGAGCCGAC

TTTGCCAAAC TGGITCGCGG TCACAAAGAC CAGAAATGGC GCCGGAGGCG GGAACAAGGT GGTGGATGAG TGCTACATCC CCAATTACTT GCTCCCCAAA

Promoter 2 5' terminus of RNA 2

ACCCAGCCTG AGCTCCAGTG GGCGTGGACT AATATGGAAC AGTATTTAAG CGCCTGTTTG AATCTCACGG AGCGTAAACG GTTGGTGGCG CAGCATCTGA

Coding region 2

CGCACGTGTC GCAGACGCAG GAGCAGAACA AAGAGAATCA GAATCCCAAT TCTGATGCGC CGGTGATCAG ATCAAAAACT TCAGCCAGGT ACATGGAGCT 1000

GGTCGGGTGG CTCGTGGACA AGGGGATTAC CTCGGAGAAG CAGTGGATCC AGGAGGACCA GGCCTCATAC ATCTCCTTCA ATGCGGCCTC CAACTCGCGG

TCCCAAATCA AGGCTGCCTT GGACAATGCG GGAAAGATTA TGAGCCTGAC TAAAACCGCC CCCGACTACC TGGTGGGCCA GCAGCCCGTG GAGGACATTT

CCAGCAATCG GATTTATAAA ATTTTGGAAC TAAACGGGTA CGATCCCCAA TATGCGGCTT CCGTCTTTCT GGGATGGGCC ACGAAAAAGT TCGGCAAGAG

GAACACCATC IGGCTGTTTG GGCCTGCAAC TACCGGGAAG ACCAACATCG CGGAGGCCAT AGCCCACACT GTGCCCTTCT ACGGGTGCGT AAACTGGACC

AATGAGAACT TFCCCTTCAA CGACTGTGTC GACAAGATGG TGATCTGGTG GGAGGAGGGG AAGATGACCG CCAAGGTCGT GGAGTCGGCC AAAGCCATTC 1500

TCGGAGGAAG CAAGGTGCGC GTGGACCAGA AATGCAAGTC CTCGGCCCAG ATAGACCCGA CTCCCGTGAT CGTCACCTCC AACACCAACA TGTGCGCCGT

GATTGACGGG AACTCAACGA CCTTCGAACA CCAGCAGCCG TTGCAAGACC GGATGTTCAA ATITGAACTC ACCCGCCCTC TGGATCATGA CTTTGGCAAG

FIG. 2. Complete nucleotide sequence of the AAV 2 genome. The nucleotide sequence of the plus strand is
shown. Inverted terminal repeats, sequence heterogeneity (flip and flop orientations), palindromic stretches,
TATA boxes, splice region, polyadenylation signals, 5' and 3' termini of major mRNA transcripts, and major
coding regions are highlighted and discussed in the text. Figure 2 is continued on the next two pages.

A 1- to 2-base heterogeneity at either end of the the terminal 125 nucleotides. As a consequence
DNA has been described previously. At the 5' of DNA replication, there is an inversion of the
termini, 35, 50, and 15% of the molecules con- terminal 125 nucleotides, leading to two possible
tain TTGG, TGG, and GG, respectively (19). sequences at either end of the genome. The
Another feature of the genome is the presence of heterogeneity is only in the 43 nucleotides con-
inverted terminal repeats that are 145 nucleo- tained within the two small internal palindromes
tides long. The first 125 nucleotides are palin- (31). In Fig. 2, the ffip and flop orientations are
dromic (30) and have been shown to be implicat- highlighted in the left and right terminal repeats,
ed in AAV DNA replication in vivo (6, 17, 39, respectively. There are no sites for restriction
40). In detail, there are two internal palindromes enzymes BgIII, HpaI, PvuI, XbaI, and XorII
contained within a larger overall palindrome in and only one site each for restriction enzymes
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558 SRIVASTAVA, LUSBY, AND BERNS J. VIROL.

GTCACCAAGC AGGAAGTCAA AGACTTITTC CGGTGGGCAA AGGATCACGT GGTTGAGGTG GAGCATGAAT TCfACGTCAA AAAGGGTGGA GCCAAGAAAA

Promoter 3 1 >5' terminus of RNA 3
GACCCGCCCC CAGTGACGCA GATATAAGTG AGCCCAAACG GGTGCGCGAG TCAGTTGCGC AGCCATCGAC GTCAGACGCG GAAGCTICGA TCAACTACGC

Splice
AGACAGGTAC CAAAACAAAT GTTCTCGTCA CGTGGGCATG AATCTGATGC TGTTTCCCTG CAGACAATGC GAGAGAATGA ATCAGAATIC AAATATCTGC 2000

ITCACTCACG GACAGAAAGA CTGTTTAGAG TGCTTTCCCG IGTCAGAATC TCAACCCGTT TCTGTCGTCA AAAAGGCGTA TCAGAAACIG TGCTACATIC

Polyadenylation signal
ATCATATCAT GGGAAAGGTG CCAGACGCTT GCACTGCCTG CGATCTGGTC AATGTGGATT TGGATGACTG CATCTTTGAA CAATAAATGA ffTAAATCAG

Splice < Terminator
GTATGGCrGC CGATGGTTAT CTTCCAGATT GGCTCGAGGA CACTCTCCT GAAGGAATAA GACAGTGGIG GAAGCTCAAA CCTGGCCCAC CACCACCAAA

GCCCGCAGAG CGGCATAAGG ACGACAGCAG GGGTCTTGTG CTTCCTGGGT ACAAGTACCT CGGACCCTTC AACGGACTCG ACAAGGGAGA GCCGGTCAAC

GAGGCAGACG CCGCGGCCCT CGAGCACGTA CAAAGCCTAC GACCGGCAGC TCGACAGCGG AGACAACCCG TACCTCAAGT ACAACCACGC CGACGCGGAG 2500

TTTCAGGAGC GCCTTAAAGA AGATACGCCT TrTGGGGGCA ACCTCGGACG AGCAGTCTTC CAGGCGAAAA AGAGGGTTCT TGAACCTCTG GGCCTGGTTG

AGGAACCTGT TAAGACGGCT CCGGGAAAAA AGAGGCCGGT AGAGCACICT CCTGTGGAGC CAGACTCCTC CTCGGGAACC GGAAAGGCGG GCCAGCAGCC

TGCAAGAAAA AGATTGAATT TTGGTCAGAC TGGAGACGCA GACTCAGTAC CTGACCCCCA GCCTCTCGGA CAGCCACCAG CAGCCCCCTC TGGTCTGGGA

Coding region,3
ACTAATACGA TGGCTACAGG CAGTGGCGCA CCAATGGCAG ACAATAACGA GGGCGCCGAC GGAGTGGGTA ATTCCICCGG AAATTGGCAT TGCGAT CCA

CATGGATGGG CGACAGAGTC ATCACCACCA GCACCCGAAC CTGGGCCCTG CCCACCTACA ACAACCACCT CTACAAACAA ATTTCCAGCC AATCAGGAGC 3000

CTCGAACGAC AATCACTACT ITGGCTACAG CACCCCTTGG GGGTATTTTG ACTTCAACAG ATTCCACfGC CACTTTTCAC CACGTGACTG GCAAAGACTC

ATCAACAACA ACTGGGGATT CCGACCCAAG AGACTCAACT TCAAGCTCTI TAACATTCAA GTCAAAGAGG TCACGCAGAA TGACGGTACG ACGACCATTG

FIG. 2. Continued.

AccI, BamHI, BclI, BstEII, Ecal, HindIll,
MstI, Sacl, Sal, SstI, and XhoII.

Transcription of the viral genome. Although a
significant amount of data on AAV-specific
RNA transcripts is available, a knowledge of the
complete nucleotide sequence of the genome has
enabled us to gain further insight into AAV
transcription. Details of the RNA transcripts
have been reported earlier (14, 22-24, 29, 30).
Three major viral transcripts have been detected
in infected cells in both spliced and unspliced
forms, and all are polyadenylated (12, 23, 29).
Initiation sites have previously been mapped for
all three transcripts at nucleotides 287 and 873
by Lusby and Berns (30) and at 1,853 by Green
and Roeder (22), and it was noted that the
sequence around the leftward-most promoter
(175 to 320) contained a large number of direct
and reverse repeats. In this same region, a 17/19

base homology was noted with the AdS Ela
promoter (30). Green and Roeder (22) have
mapped the splice region which spans nucleo-
tides 1,907 to 2,227, a total of 320 nucleotides.
It is interesting to note that the genome con-
tains two potential polyadenylation signals,
AATAAA, occurring at nucleotide positions
2,182 and 4,420. The internal polyadenylation
signal, however, lies within the splice region and
may not be functional. It has been reported that
all major AAV transcripts share common 3'
termini mapping at position 0.96 on the genome
(29). We carried out the precise mapping of the
3' termini of the transcripts as described above
(35). A 12% sequencing gel depicting the nucleo-
tide sequence ladder corresponding to the se-
quence between nucleotides 4,377 and 4,447 is
shown in Fig. 3. This sequence places the com-
mon 3' termini of the AAV transcripts at nucleo-
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VOL. 45, 1983 AAV 2 GENOME SEQUENCE 559

CCAATAACCT TACCAGCACG GTTCAGGTGT TTACTGACTC GGAGTACCAG CTCCCGTACG TCCTCGGCTC GGCGCATCAA GGATGCCTCC CGCCGTTCCC

AGCAGACGTC TTCATGGTGC CACAGTATGG ATACCTCACC CTGAACAACG GGAGTCAGGC AGTAGGACGC TCTTCATTTT ACTGCCTGGA GTACTTTCCT

TCTCAGATGC TGCGTACCGG AAACAACTTT ACCTTCAGCT ACACTTTTGA GGACGTTCCT TTCCACAGCA GCTACGCTCA CAGCCAGAGT CTGGACCGTC 3500

TCATGAATCC TCTCATCGAC CAGTACCTGT ATTACTTGAG CAGAACAAAC ACTCCAAGTG GAACCACCAC GCAGTCAAGG CTTCAGTTTT CTCAGGCCGG

AGCGAGTGAC ATTCCGGGACC AGTCTAGGAA CTGGCTTCCT GGACCCTGTT ACCGCCAGCA GCGAGTATCA AAGACATCTG CGGATAACAA CAACAGTGAA

TACTCGTGGA CTGGAGCTAC CAAGTACCAC CTCAATGGCA GAGACTCTCT GGTGAATCCG GCCATGGCAA GCCACAAGGA CGATGAAGAA AAGTTTTTTC

CTCAGAGCGG GGTTCTCATC TTTGGGAAGC AAGGCTCAGA GAAAACAAAT GTGAACATTG AAAAGGTCAT GATTACAGAC GAAGAGGAAA TCGGAACAAC

CAATCCCGTG GCTACGGAGC AGTATGGTTC TGTATCTACC AACCTCCAGA GAGGCAACAG ACAAGCAGCT ACCGCAGATG TCAACACACA AGGCGCTCTT 4000

CCAGGCATGG TCTGGCAGGA CAGAGATGTG TACCTTCAGG GGCCCATCTG GGCAAAGATT CCACACACGG ACGGACATFT TCACCCCTCT CCCCTCATGG

GTGGATTCGG ACTTAAACAC CCTCCTCCAC AGATTCTCAT CAAGAACACC CCGGTACCTG CGAATCCTTC GACCACCTFC AGTGCGGCAA AGTTTGCTTC

CTTCATCACA CAGTACTCCA CGGGACACGG TCAGCGTGGA GATCGAGTGG GAGCTGCAGA AGGAAAACAG CAAACGCTGG AATCCCGAAA TTCAGTACAC
BglI Hinfl

Terminator L I,L
TTCCAACTAC AACAAGTCTG TTAATCGTGG ACTTACCGTG GATACTAATG GCGTGTATTC AGAGCCTCGC CCCATTGGCA CCAGATACCT GACTCGTAAT

Polyadenylation signal 3' termini of RNAs
CTGTAATTGC TTGTTAATCA ATAAACCGTT TAATTCGTTT CAGCTGAACT TTGGTCTCTG CGTATTTCTT TCTTATCTAG TTTCCATGGC TACGTAGATA 4500

Inverted terminal repeat
AGTAGCATGG CGGGTTAATC ATTAACTACA AGGAACCCCT AGTGATGGAG TTGGCCACTC CCTCTCTGCG CGCTCGCTCG CTCACTGAGG CCGGGCGACC

A B
'Flop' orientation Inverted terminal repeat 4-

AAAGGTCGCC CGACCCCCG GCTTTGCCCG GGCGGCCTCA GTGAGCGAGC GAGCGCGCAG AGAGGGAGTG GCCAA-3'
B' C C' A'

FIG. 2. Continued.

tide 4,447 on the genome, 22 nucleotides down-
stream from the polyadenylation signal,
consistent with other eucaryotic transcriptional
termini (20). It is also interesting to note that the
first TATA box and the functional polyadenyla-
tion signal AATAAA are both approximately
250 nucleotides into the genome from either end,
which is in agreement with the data of others
that virtually the entire AAV genome is tran-
scriptionally active.
Open reading frames and viral gene products.

Open reading frames in the DNA sequence were
determined by computer analysis. Figure 4 rep-
resents such an analysis and a schematic repre-
sentation of the distribution of initiator triplets
(ATG) and terminator triplets (TGA, TAA)
across the AAV genome, as well as the spliced
and unspliced forms of the three transcripts. As
is evident from Fig. 4, both spliced and un-

spliced transcripts contain at least three major
open reading frames, two of which lie in the left
half of the genome and share a common reading
frame. The third, in the right half of the genome,
overlaps with a fourth smaller one, but different
reading frames are used.
Although no viral proteins have yet been

identified that are coded for by the transcripts
originating at 0.06 and 0.19 map unit positions,
the spliced forms of these transcripts can code
for two proteins with approximate molecular
weights of 67,000 and 40,000. Their unspliced
counterparts, however, can code for two larger
proteins with approximate molecular weights of
77,000 and 50,000, respectively. These two open
reading frames are in phase and can code for
proteins with a common carboxy terminus. Nu-
merous shorter open reading frames exist, but
none would code for a polypeptide of molecular
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560 SRIVASTAVA, LUSBY, AND BERNS

G AGC A

G AG CT C AC

Wbw

, .:

......

* -

..r 0w

FIG. 3. Mapping of the 3' termini ofAAV 2 transcripts. An autoradiograph of a 12% sequencing gel, depicting
the common 3' termini of the AAV mRNA transcripts, is shown. The indicated sequence is identical to that
presented in Fig. 2 between nucleotides 4,377 and 4,447.

weight >7,000. It has been reported that the
spliced form of the shortest transcript is the
most abundant species late in infection and the
only one associated with polysomes at that time
(24). Independent data suggest that the shortest
transcript codes for all three coat proteins (mo-
lecular weights, 85,000, 72,000, and 61,000) (26).
In the spliced form of this transcript, there is -a
leader sequence of approximately 640 nucleo-

tides before the first AUG triplet. The succeed-
ing open reading frame codes for a protein with
an approximate molecular weight of 63,000 only.
The unspliced form of the same transcript, how-
ever, contains an AUG triplet at a position 69
nucleotides downstream from the 5' terminus of
the mRNA, but the reading frame starting at this
point could potentially code for a protein of
approximately 10,000 daltons only. A larger,

J. VIROL.

..:

d6ow

,.l.-.,

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
28

 A
pr

il 
20

22
 b

y 
96

.2
2.

17
7.

44
.



AAV 2 GENOME SEQUENCE 561

400 800 1200 1600 2000 2400
1 1 I I I I

2800 32 3600 4000 4400
1 -1 I I I _

35'

514 -

AUG UGi

, I I 1I k= )L

AUG UAA

II I 11 I I IIII I:

AUG

II

UAA

l liil

AUG UAA

llil

FIG. 4. Organization of the genome for major viral structural and nonstructural proteins of AAV. (A)
Transcriptional map of the AAV 2 genome. Spliced and unspliced forms of all three major transcripts are shown.
The splice region is indicated as an open box. (B) Major open reading frames in spliced transcripts. (C) Major
open reading frames in unspliced transcripts. The solid arrows indicate the extent of open reading frames, the
vertical bars represent overlapping ATG triplets, and the broken vertical lines represent the terminator triplets.

additional open reading frame originating with a

nonoverlapping initiator AUG triplet at nucleo-
tide 3,924 could also code for a protein of
approximately 20,000 daltons. Buller and Rose
(10) have detected a nonstructural viral protein
of similar molecular weight in infected cells.
There are at least four other nonoverlapping
open reading frames in the right half of the
genome, but none can code for polypeptides
of >6,000 daltons.

Finally, the analysis was extended to deter-
mine the frequency of codon usage by the puta-
tive gene for the viral capsid proteins. Such an
analysis is shown in Table 1. It is noteworthy
that CGN triplet codons are used at a much
lower frequency, an observation consistent with
other known eucaryotic genes (27, 41). Data
shown in Table 2 compare the amino acid com-
position of the viral capsid proteins derived from
the nucleotide sequence and that determined

TABLE 1. Codon usage of genes for viral structural proteins
First Second nucleotide in codon Third

nucleotide nucleotide
in codon U C A G in codon

Phe 15 Ser 9 Tyr 4 Cys 2 U
U Phe 12 Ser 7 Tyr 18 Cys 4 C

Leu 0 Ser 8 Term.a 1 Term. 0 A
Leu 1 Ser 4 Term. 0 Trp 10 G

Leu 6 Pro 10 His 3 Arg 4 U
C Leu 15 Pro 7 His 13 Arg 2 C

Leu 1 Pro 8 Gln 12 Arg 5 A
Leu 8 Pro 5 Gln 23 Arg 1 G

Ile 8 Thr 4 Asn 13 Ser 7 U
A Ile 8 Thr 21 Asn 25 Ser 11 C

Ile 0 Thr 8 Lys 6 Arg 9 A
Met 10 Thr 9 Lys 10 Arg 2 G

Val 4 Ala 7 Asp 6 Gly 5 U
G Val 9 Ala 6 Asp 19 Gly 11 C

Val 5 Ala 10 Glu 9 Gly 20 A
Val 8 Ala 5 Glu 7 Gly 5 G

a Term., Terminator.

5'
A.

B.

C.

| I;

W 14
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TABLE 2. Amino acid composition of AAV 2
capsid proteins

Amino acid % Total residues
Observed' Calculated

Phenylalanine 4.8 5.4
Leucine 6.2 6.2
Isoleucine 3.3 5.2
Methionine 1.7 1.9
Valine 5.3 5.2
Serine 8.3 9.1
Proline 6.6 5.9
Threonine 8.6 8.3
Alanine 4.5 5.6
Tyrosine 4.6 4.4
Histidine 2.1 3.2
Lysine 3.8 3.2
Cysteine 0.3 1.2
Glycine 9.9 8.1
Arginine 4.8 4.6
Glutamine + glutamic acid 10.6 10.1
Aspargine + aspartic acid 14.7 12.5
Tryptophan b 1.9

a Values were taken from Rose et al. (38).
b , Not done.

experimentally by Rose et al. (38). The similar
values obtained indicate the likelihood that the
viral structural proteins are indeed coded for by
the mRNA transcripts that map on the right half
of the AAV genome.

DISCUSSION
Mammalian DNA viruses have provided pow-

erful model systems for studies on eucaryotic
genome organization and gene expression. By
virtue of its small size, the AAV genome is
readily amenable to the type of detailed study
described in this paper. We determined the
complete nucleotide sequence of the AAV
genome to define the intricacies involved in viral
replication, transcription, and gene expression
at the molecular level.
The inverted terminal repeats in the single-

stranded viral genome are interesting in several
respects. They have been demonstrated to be at
junctions between viral and cellular sequences
in AAV latently infected cells (18) and seem to
be important in the rescue of AAV DNA from
the integrated state (Samulski et al., unpublished
data). These data suggest that the AAV genome
may function as an insertional element, all of
which contains terminally inverted repeats (11).
Additionally, in its most common form, the
genome is flanked by TG and CA, which is also
of interest because all known eucaryotic inser-
tional elements have the same dinucleotides at
their termini. The relationship between the ar-
rangement of terminal sequences in AAV DNA
and the process of AAV DNA replication is well
established (6, 39, 40).

The process of AAV genome transcription has
been described in relatively great detail. Studies
on in vivo transcription indicate that only the
negative strand of AAV DNA is transcribed by
the host cell RNA polymerase 11 (13). Whether
there is regulation of the relative amounts of the
three major RNA transcripts that are derived
from overlapping regions representing approxi-
mately 92% of the viral genome has not been
rigorously determined. Although the shortest
transcript is the most abundant species late in a
productive infection (26), this is not the case
when cells containing functional Ad Ela and b
are infected by AAV alone. Under these condi-
tions, the longer species are more abundant
(M. A. Labow and K. I. Berns, unpublished
data). Little information is available on AAV-
specific protein synthesis. Three major capsid
proteins (approximate molecular weights,
85,000, 72,000, and 61,000) and two nonstruc-
tural proteins (approximate molecular weights,
25,000 and 16,000) have been observed in infect-
ed cells (10). All three of the capsid proteins are
believed to be derived from the smallest RNA
transcript, initiating at 0.385 map unit. This
presents an apparent paradox, because the open
reading frame can potentially code for a protein
with a maximum molecular weight of 63,000.
Several explanations are possible. (i) The se-
quence is incorrect, and there is an earlier ATG
in phase. We think this is unlikely, because
Green and Roeder (22) sequenced much of this
control region and have also failed to find an
ATG triplet. (ii) A triplet other than ATG (or
GTG) is used for initiation; this would be
unique. (iii) The molecular weight determined
for the proteins may be incorrect because of
post-translational modifications or unusual con-
formations, which might alter the gel mobilities.
(iv) The putative TAA stop codon might be
suppressed in some instances. However, this
alone would be insufficient to account for the
size discrepancy unless transcripts were copied
off multimeric or circular forms of the genome.
(v) There could be unsuspected processing of
either RNA transcripts or proteins. Indeed,
F. W. Studier (personal communication) has
found that the translation of the mRNA of
bacteriophage T7 gene 10 involves a phase
change leading to the synthesis of two coat
proteins of different sizes with overlapping ami-
no acid sequences. Data to support any of the
above hypotheses have yet to emerge. In addi-
tion, the reason for the presence of a rather large
leader sequence upstream of the first AUG
triplet codon in the spliced form of the smallest
transcript is still unclear, although a similar
observation has been made in an immediate-
early gene transcript (IE mRNA-5) of herpes
simplex virus type 1 (42).
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The large open reading frames on the left half
of the genome suggest the existence of nonstruc-
tural proteins. Although no proteins known to be
coded for by the two large transcripts mapping
on the left half of the genome have yet been
detected in infected cells, at least two nonstruc-
tural viral proteins could conceivably be derived
from these transcripts. Putative functions for
such nonstructural proteins could include a role
in DNA replication or in the integration process
in latent infection. A similar situation exists in
the gene expression of the autonomous parvovi-
rus, minute virus of mice, wherein one of the
nonstructural proteins that is found associated
with the 5' ends of the viral DNA is believed to
be coded for by the transcript mapping in the left
half of the genome (D. Ward, personal commu-
nication). McPherson and Rose (Abstr. Annu.
Meet. Am. Soc. Microbiol. 1982, S74, p. 247)
have presented some evidence for an approxi-
mately 72,000-molecular-weight protein, which
was seen after AAV-human Ad coinfection of
African green monkey kidney cells. Under these
conditions, AAV coat protein synthesis is sup-
pressed. One possible function for a nonstruc-
tural protein might be in DNA replication.
Laughlin et al. (28) have suggested a possible
"rep" function for AAV, based on their studies
with AAV defective interfering particles. Anoth-
er possibility is that a nonstructural protein
might be involved in AAV latent infection. The
notion of an early protein is supported by the
observation of Ostrove and Berns (34) of AAV
RNA transcripts in the absence of normal AAV
DNA replication.
The organization of the AAV genome parallels

that of the autonomous parvovirus genome in
several major aspects. (i) Both have palindromic
terminal sequences, and in both the 3' terminus
is believed to serve as a primer for DNA replica-
tion. (ii) The 5'-terminal sequences in both are
found in two orientations (5). (iii) In both, there
are several overlapping transcripts and three
major open reading frames. (iv) In both, all three
coat proteins seem to be coded for by the open
reading frame in the right half of the genome.

In summary, we obtained the complete nucle-
otide sequence of the AAV genome, mapped all
the major mRNA transcripts on the genome, and
assigned segments of the genome to code for
putative nonstructural viral proteins and the
major viral capsid proteins. Further work in-
volving the identification of other viral proteins
is under way.
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