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A physical map of the adeno-associated virus type 2 genome has been
constructed on the basis of the five fragments produced by the restriction
endonucleases HindII + III from Hemophilus influenzae. There are three endo
R HindII cleavage sites and one endo R HindIll site. Evidence has been
obtained to support the existence of two nucleotide sequence permutations in
adeno-associated virus DNA, the start points of which have been estimated to be
separated by 1% of the genome. The three cleavage fragments produced by endo
R -Eco R, have been ordered and oriented with respect to the endo R -HindII +
III cleavage map.

Adeno-associated virus (AAV) is a small,
defective, DNA virus which contains a linear
single-stranded genome of 1.4 x 101 mol wt. For
a productive infection adenovirus is required as
a helper (1, 12). AAV is unusual in that there
are two types of virions which contain DNA
molecules with complementary nucleotide se-
quences (2, 4, 6, 12, 16). After isolation the
complementary polynucleotide chains originat-
ing from different virions base pair to form
double-stranded DNA if exposed to conditions
favorable for annealing. Because the genome
contains a limited number of nucleotide se-
quence permutations, two basic types of linear
duplexes may be formed, the first with even
ends, and a second with single-stranded cohe-
sive termini. The latter may go on to form
hydrogen-bonded circles or concatenates (9).

In an effort to further elucidate the fine
structure of the DNA isolated from AAV vi-
rions, we have characterized with respect to
molecular weight and physical map order the
fragments produced by digestion of double-
stranded linear AAV DNA of unit length using
three bacterial restriction endonucleases, endo
R-HindII + III and endo R-Eco RI, isolated
from Hemophilus influenzae and Escherichia
coli, respectively. These enzymes cleave double-
stranded DNA at specific nucleotide sequences
leading to the production of unique fragments
(13, 17). In this paper we report that AAV-2
contains three HindII sites and one HinduII site.
The resulting five fragments have been sized
and ordered with respect to their locations along
the genome. There are two R, cleavage sites
in AAV-2 DNA (5), and the resulting frag-

ments have been oriented with regard to the
five Hind restriction fragments.
The endo R -HindII + Ill digestion was com-

patible with the presence of two major nucleo-
tide sequence permutations in AAV DNA,
the start points of which would be approxi-
mately 1% apart on the AAV genome.

MATERIALS AND METHODS
Production of AAV containing radioactively la-

beled DNA. AAV-2 (AAV-2 H) (10) containing radi-
oactively labeled DNA was grown in human KB cells
co-infected with adenovirus type 2 as helper in Eagle
medium (8) which had been supplemented with 5%
horse serum (Microbiological Associates). The multi-
plicity of infection for both AAV and adenovirus was
10 infectious units/cell. To produce 'H-labeled AAV
DNA, ['H ]thymidine (10 gCi/ml; New England
Nuclear Corp.) was added 6 to 7 h after infection.
AAV containing "P-labeled DNA were produced in
KB cells which had been suspended in low PO4 (10-'
M) Eagle medium 10 to 12 h prior to infection. The
"'P (9 pCi/ml; New England Nuclear) was added
to the culture 7 h after infection. At 48 h after
infection cells were harvested, and virus were puri-
fied as previously described (4) by treatment with
deoxycholate and trypsin and repeated equilibrium
centrifugation in CsCl density gradients. The puri-
fication procedure was modified by omission of steps
involving sonication. After treatment with deoxy-
cholate and trypsin the crude virus suspension
was homogenized with 20 strokes using a Dounce
homogenizer before addition of CsCl.
DNA purification. AAV DNA was isolated by ex-

posure of virions in 1 x SSC (0.15 M'NaCl plus 0.015
sodium citrate), 0.15% Sarkosyl to 0.1 N NaOH for 10
min at room temperature and to subsequent sedimen-
tation through a 5 to 20% alkaline sucrose gradient
(0.1 N NaOH, 0.9 M NaCl, 0.05 M EDTA, 0.15%
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FINE STRUCTURE OF ADENO-ASSOCIATED VIRUS DNA 713

Sarkosyl) using the SW50 rotor in a Beckman model
L ultracentrifuge (11). Conditions of sedimentation
were 45,000 rpm for 4.5 h at 20 C. Intact AAV single
strands were isolated from the gradient and dialyzed
against 0.01 M Tris buffer, pH 7.8. To produce
double-stranded AAV DNA the complementary single
strands thus obtained were exposed to 0.1 N NaOH.
After 10 min at room temperature an amount of Tris
buffer, pH 7.8, equivalent to the NaOH was added,
and the solution was made 49% formamide (Mathe-
son, Coleman, and Bell) and maintained at room
temperature for 24 h. DNA concentration in the
annealing procedure was 2 to 10 Ag/ml. Unit length
duplex linear monomers were isolated from neutral
sucrose gradients (9).
Lambda bacteriophage DNA was a gift from T. J.

Kelly, Jr., and SV40 DNA was a gift from D. Nathans.
Digestion of DNA with restriction nucleases.

Endo R-HindII + III and endo R-HindIII which had
been prepared as described (7) were kindly provided
by W. Scott, N. Muzyczka, and D. Nathans. Endo
R-Eco RI was prepared by P. Geshelin, following the
procedures of R. N. Yoshimori (Ph.D. thesis, Univer-
sity of California Medical Center, San Francisco,
1971).

In all enzyme digestions a 0.10 volume of enzyme
was used and the DNA concentration was 5 to 7.5
Mg/ml. The endo R HindII + III reaction mixture
contained 7 mM 0-mercaptoethanol, 8 mM MgCl2,
6.6 mM Tris, pH 7.6, and 50 Mg of gelatin per ml. The
digestion was allowed to proceed for 1 to 3 h at 37 C. A
preparation of endo R -HindIl + III enriched for endo
R -HindII was also used. The reaction mixture con-
tained 6.6 mM Tris, pH 7.4, and 8.7 mM MgCl2 in
addition to enzyme and DNA. Digestion conditions
were as above. In the case of endo R * HindIII digestion
the reaction mixture contained 7 mM MgCl,, 6.6 mM
Tris, pH 7.6, and 50 gg of gelatin per ml. The
digestion was for 16 to 18 h at 37 C. The endo R-Eco
R, digestion reaction contained 10mM MgCl2, 75 mM
NaCl, and 15 mM Tris, pH 7.8. Digestion was for 2 h
at 37 C.
Agarose gels. Cylindrical 10-cm 1.4% agarose gels

were run using a buffer containing 40 mM Tris, pH
7.8, 5 mM Na acetate, and 0.1 mM EDTA in a
Buchler Polyanalyst. Seakem agarose was obtained
from MCI Biomedical. Electrophoresis was at 10
V/cm for 60 to 70 min at room temperature. A 0.10
volume of bromophenol blue in 50% sucrose and 1 mM
EDTA was added to the sample as a marker. DNA

bands in the gel were stained by placing the gel after
electrophoresis into gel-running buffer containing
ethidium bromide (0.5 Mg/ml) for 15 to 30 min. The
bands were visualized under UV light and photo-
graphed using Polaroid type 57 film.
Polyacrylamide gels. Vertical polyacrylamide

slab gel electrophoresis and subsequent autoradiogra-
phy were carried out as described by Danna et al. (7).

Radioactivity assays. Assays of 3H and S2p radio-
activity were done using Triton X-100/toluene (1:2)
containing Omnifluor (4 g/liter; New England Nu-
clear) and 10% water in a Beckman LS 230 scintilla-
tion counter. In some cases samples containing 32P
were assayed in the same counter by measuring Ceren-
kov radiation.

81P labeling of 5' termini. Alkaline phosphatase
and polynucleotide kinase (19) were provided by B.
Weiss. [-y32PATP was obtained from New England
Nuclear. Labeling of the 5' termini of AAV DNA was
done according to the method of Weiss et al. (19).

RESULTS
Digestion with endo R HindIl + III. A

complete digestion of linear duplex AAV DNA
of unit length with endo R -Hindll + III yielded
five discrete bands (Fig. 1). Increasing the time
of digestion or the amount of enzyme used did
not lead to any further fragmentation of the
DNA. Decreased time of digestion resulted in
the appearance of bands representing larger
fragments (Fig. 2) which were considered to be
the product of partial digestion. The five frag-
ments resulting from complete digestion have
been labeled A to E in order of decreasing size
(Table 1). The four fragments resulting from
partial digestion were all larger than fragment A
and have been labeled 1 to 4 (Table 1).
Determination of the molecular weights of

fragments A to E. The molecular weights of the
fragments produced by endo R -Hindll + III
digestion were estimated by comparing their
mobilities to the mobilities in parallel gels of
fragments of SV40 DNA (form I) produced by
the same enzymes (7) and of fragments of
adenovirus type 2 DNA produced by digestion
with endo R-Eco RI (15). The molecular weights

I I I I I I
Intact AB C D E

FIG. 1. A complete endo R*HindII + III digest of unit length linear duplex AAV DNA. The five fragments
produced were separated in a 1.4% agarose gel. Fragments have been labeled A to E in order of increasing
electrophoretic mobility.
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I II I I

Intact 1 23 4 A B
I I

C D E
FIG. 2. A partial digestion of unit-length linear duplex AA V DNA was achieved by decreasing the time of

digest. Fragments were separated in a 1.4% agarose gel. The four partial digestion products noted in the bottom
gel have been numbered 1 to 4 in order of increasing electrophoretic mobility. The two bands in the top gel
corresponding to I and 4 represent the endo R HindIII cleavage products.

TABLE 1. Molecular weight estimates of AAV DNA
fragments produced by cleavage with endo R -Hind

Molecular weight (x 10-6f)
HindII + III Relative

fragment

Radiolabela electrophoreticmobilityb

1 1.7
2 1.4
3 1.3
4 1.17
A 0.98 0.96
B 0.86 0.86
C 0.40 0.41
D 0.30 0.31
E 0.25 0.27

a Uniformly labeled sP DNA was digested, and the
resulting bands cut out from a gel and counted. The
fraction of total counts recovered in any one band
were converted to molecular weight, assuming a
molecular weight of 2.8 x 106 for unit-length duplex
DNA. The results are the averages of the data from
two independent experiments.

'Molecular weights were calculated from relative
electrophoretic mobility as described in the text and
are the averages of the data from two independent
experiments.

for AAV fragments A to E ranged from 9.6 x 10'
for A to 2.4 x 105 for E (Table 1). By this method
the molecular weight determined for intact
duplex linear AAV molecules of unit length was
2.8 x 106 to 2.9 x 106, which is in good
agreement with the figure of 2.8 x 106 reported
by Gerry et al. (9). The total molecular weight
determined for fragments A to E was 2.79 x 10'.
Because the additive molecular weight of the
bands was the same as that of intact DNA, this
strongly suggested that each band observed in
the gels represented a unique fragment, a con-
clusion supported by data presented below.
Determination of the relative amounts of

endo R HindII + III fragments A to E. In
order to directly ascertain the relative amounts
of the five endo R- HindII + III fragments

observed, a preparation of AAV DNA uniformly
labeled with 32P was digested and electro-
phoresed through a 1.4% agarose gel. The bands
were stained with ethidium bromide, cut out,
and counted (Table 1). The relative radio-
activities of the five fragments were in good
agreement with the molecular weights de-
termined for each of the fragments by relative
electrophoretic mobility.
Digestion with endoR Eco R1. Digestion of

linear duplex AAV DNA of unit length with
endo R-Eco RI produces three fragments A to C,
two of which are large and one of which is about
the same length or slightly smaller than endo
R-HindII + HI fragment K of SV40 DNA (1.3
x 106) (Fig. 3). The faint band observed to
migrate to a position between SV40 A and B is
tentatively attributed to contamination of the
endo R-Eco RI preparation with a second en-
zyme endo R Eco RI. The relative electropho-
retic mobilities indicated molecular weights of
RI A and B of 1.57 x 106 and 1.1 x 106,
respectively. Partial digestion with endo R -Eco
RI produced two fragments slightly larger than
the two large fragments A and B produced by
complete digestion, establishing a map order of
BCA (Fig. 4). These data are in agreement with
those of Carter and Khoury (5).
Alignment of the physical orders of the

fragments produced by endo R * HindII + III
and endo R -Eco RI. In order to determine the
two terminal endo R-HindII + III fragments,
unit-length duplex linear monomers were la-
beled at the 5' termini with 32P using polynu-
cleotide kinase. After phenol extraction the re-
covered DNA was cleaved with endo R HindII
+ Im. Bands A to E were cut out, dissolved
in concentrated perchloric acid, neutralized
with NaOH, and counted. Only the bands
corresponding to fragments B and C contained
radioactivity (Table 2), thus identifying these
as the terminal fragments.
With the knowledge that endo R * HindII + III

fragments B and C were terminal, the five
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fragments A to E were assigned to the products
of partial digestion with endo R-Hindll + III,
fragments 1 to 4, on the basis of molecular
weight, i.e., combinations of complete digestion
fragments A to E whose additive molecular
weights most closely agreed with the molecular
weights determined for partial digestion frag-
ments 1 to 4 (Table 3). From this a tentative
physical order of BEDAC was determined.
Endo R-HindllI cleaved unit length duplex

linear monomers at only one site, producing
endo R -HindII + III partial digestion fragments
1 and 4 (Fig. 2). These two fragments were
separated on a neutral sucrose gradient and
digested with endo R Hindll + III. The compo-
sition of fragment 1 was endo R -HindII + III
fragments ACD, and the composition of frag-
ment 4 was endo R -HindII + III fragments EB
(Table 3).

Similarly, endo R-Eco RI fragments A and
B were separated and digested with endo
R Hindll + L. Endo R-Eco RI A contained

endo R .HindII + III fragments A and C and a
fragment slightly smaller than D. Endo R-Eco
RI B contained endo R-HindII + III fragment B
and a fragment slightly smaller than E (Table
3).

Cleavage of AAV DNA with an endo RH-Hind
preparation enriched for endo R HindIl pro-
duced a new band between bands B and C
(Fig. 5). The relative position of the new band
corresponded to a molecular weight of 6 x 106,
about what would be expected (5.8 x 105) for a
fragment containing endo R -HindII + III frag-
ments D and E.
From these experiments we concluded that

the physical order along the AAV DNA mole..
cule of the endo R Hindll + m fragments is
BEDAC (Fig. 6). From a knowledge of the
physical order and molecular weights of the
products of digestion with endo RH Eco RI, it was
possible to align these fragments on the endo
RHHindII + Im cleavage map (Fig. 6).
Evidence for two nucleotide sequence per-

Hin d 31+M SV40
I

I I

..
T.-

.....

II I
A B

RTAAV
FIG. 3. A complete endo R-Eco R, digest of unit-length linear duplex AA V DNA. The three fragments

produced were separated in a 4% polyacrylamide gel. Fragments have been labeled A to C in order of increasing
electrophoretic mobility. As a molecular weight standard, a parallel gel containing an endo R HindII + III
digest of SV40 DNA was present.

I I IB
A+C B±C

FIG. 4. A partial endo R-Eco R, digestion of unit-length linear duplex AAVDNA. Intact DNA, partial, and
complete digestion products were separated on a 1.4% agarose gel. Fragment C is not visible.
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TABLE 2. Labeling of endo R HindII + III terminal
fragments with 32p by using polynucleotide kinasea

Fragment Counts/min

A 19
B 232
C 240
D 9
E 2

a Fragments were visualized in a 1.4% agarose gel
using ethidium bromide, and were cut out, dissolved,
and counted.

TABLE 3. Composition of endo R HindII + IIIpartial
digestion fragments 1 to 4 and endo R Eco RI

fragments A and B

Composition

Fragment Digestion Mole-with endo cular
R-Hindl weighta
+ III

endo R Hindll + III1 ACD ACD
endo R HindII + III 2 AC
endo R HindHI + III 3 AD
endo R HindII + III 4 BE BEC

endo R Eco R, A ACD'b
endo R Eco RI B BE'b

a Determination of composition by molecular
weight is described in the text.

ID' and E' had slightly greater mobilities than D
and E.
cThe molecular weight of partial digestion frag-

ment 4 is actually closer to the additive molecular
weights of fragments B + D than B + E. However, to
be internally consistent with the other assignments in
column 3, this fragment was tentatively identified as
B + E, which turned out to be also consistent with the
data derived from further digestion of fragments 1 and
4 (column 2).

mutations in AAV DNA. Gerry et al. (9)
concluded that AAV DNA contained a small
number of nucleotide sequence permutations,
possibly only two, all of whose start points
occurred within a limited region representing
less than 6% of the genome. This conclusion has
been supported by the work of Koczot et al. (11)
and Carter et al. (5). Digestion of a population
of DNA molecules containing permuted nucleo-
tide sequences with a bacterial restriction en-
zyme should generate more than two terminal
fragments (Fig. 7). Moreover, terminal frag-
ments would not be equimolar with internal
fragments. However, if the limited region of
permutation in AAV DNA were small compared
to the average size of the terminal fragments

generated by the restriction enzyme, resolution
might prove to be difficult. With 1.4% agarose
gels, as illustrated above, only five bands were
visible after digestion of unit-length duplex
AAV DNA with endo R HindII + III. Further-
more, all five bands were present in equimolar
amounts including the two terminal fragments
(B and C).

In order to improve resolution, the cleavage
products of an endo R-HindII + III digestion of
AAV DNA were separated by electrophoresis
through a 4% polyacrylamide slab gel (Fig. 8).
Under these conditions the bands representing
fragments B and C were clearly resolved into
two species. Additionally, on the original auto-
radiogram partial digestion fragments 1, 2, and
4, which contain C or B, could also be resolved
into doublets, whereas fragment 3 was still
single. (In Fig. 8 only the 2 and 4 doublets are
still visible.) Assuming that the resolution of B
and C into doublets represents species differing
in molecular weight rather than base composi-
tion or conformation, the two species of frag-
ment B differed in molecular weight by approxi-
mately 3 x 10' and the two fragment C species
differed by 2.8 x 10' to 2.9 x 10' as estimated
by mobility. If the resolution of terminal frag-
ments B and C into two species each did reflect
the existence of two nucleotide sequence permu-
tations in AAV DNA, it would have been
expected that the molecular weight difference
between the two species of fragment B would
have been equal to the difference between the
species of fragment C as was the case.

Five experiments of the type illustrated in
Fig. 8 were performed. In every case the two C
bands were sufficiently separated to be quan-
titated by microdensitometry of the autoradio-
gram. The AAV DNA preparation illustrated in
Fig. 8 was used twice. The ratio of larger to
smaller C band species (as estimated by relative
mobility) was 0.67:1 in the experiment shown in
Fig. 8 and 0.88:1 in a second experiment. Three
more experiments with three different AAV
DNA preparations yielded ratios of 1:1. In each
case the presence of two B bands was evident
but separation was insufficient to allow a simi-
lar analysis. If we assume that the presence of
two B bands and two C bands on polyacrylam-
ide electrophoresis does indeed represent the
existence of two permutations, the variation in
the ratio may either reflect differences in the
relative amounts of each permutation in differ-
ent DNA preparations or experimental artifact.
We conclude that the bulk of the evidence is

compatible with the existence of two major
nucleotide permutations in AAV DNA, al-

J. VIROL.
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I I I I
A B D+E C D E

FIG. 5. AA V linear duplex DNA was digested with an endo R HindII + III preparation enriched for endo
R HindII. A new fragment corresponding to endo R HindII + III D + E in molecular weight was observed on
electrophoresis through a 1.4% agarose gel.

Hind It + m
Ba I E DI

n m n

RI
B CI

FIG. 6. A cleavage map of the A.
relative position of endo R Eco R, C
from the molecular weight determ
agarose gels for fragments A and B

2 3

23

FIG. 7. A model to demonstrate ti
linear duplex DNA molecules conta
tide sequence permutations would yi
terminal fragments with respect to
from each end upon digestion w
endonuclease.

though additional structural cor
be absolutely ruled out.

DISCUSSION
The major contribution of t

regard to the fine structure of
evidence compatible with the e
cleotide sequence permutatioi
strated by the high-resolution
gels of endo R-HindII + III
data might result from two sj
duplex AAV DNA, one of wE
deletion at each end. This woi
difference in molecular weight b
species. We have been unable I
length duplex linear AAV DNA

one species under conditions with 0.6% agarose
C gels where two lambda bacteriophage DNA

endo R Eco RI fragments of approximately
AAV size which differ by as little as 2% in mo-
lecular weight may be resolved (N. Muzyczka,
personal communication). A deletion of 1% at
only one or the other end of the DNA molecule
would be the equivalent of the suggested

A permutation model. No evidence for subterm-
inal or more internal deletions of 1% or more

AV genome. The has been obtained from high-resolution elec-
was determined tron microscopy (Berns and Kelly, unpub-

inations on 1.4% lished data). However, a 1% deletion (30 to 40
(see Fig. 3). nucleotides) would be close to the borderline of

detectability in our experience. Single-strand
2 3 termini on some molecules might contribute to

heterogeneity in terminal fragments, but there
is no evidence for such termini in unit length

2 duplex linear AAV DNA molecules isolated
hat a collection of from neutral sucrose gradients (9).
ining two nucleo- It is not completely clear why we are unable
ield two species of to resolve the two endo R HindII + III AAV C
molecular weight species in 1.4% agarose gels. However, we have
ith a restriction been able to separate the two species of C using

0.6% and 0.4% agarose gels although overall
nplexity cannot resolution suffers and diffusion of the bands

increases (data not shown).
Again assuming that the resolution of the

terminal endo R HindII + III fragments into
two species each on polyacrylamide gels reflects

;his paper with primarily difference in molecular weight, these
f AAV DNA is gels have enabled us to measure the separation
Lxistence of nu- on the AAV genome of the starting points for the
ns as demon- two permutations. The figure of 1% of the AAV
polyacrylamide genome is especially intriguing because this is
ligests. Similar the same value determined for the length of the
pecies of linear natural terminal nucleotide sequence repetition
iich had a 1% by Gerry et al. (9) and is close to the value of
ald imply a 2% 1.5% reported for the length of the inverted
letween the two terminal repetition by Berns and Kelly (3). This
to resolve unit- is the figure which might be expected if AAV
into more than DNA replicated via a concatenate and were
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,SI

I 11I IY
1 234 AB

I

C
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D E
FIG. 8. An endo R HindII + III digest of unit length linear duplex AAVDNA molecules was electrophoresed

through a 4% polyacrylamide slab gel. A complete digest displayed doublet bands corresponding to terminal
endo R HindII + III fragments B and C. A partial digestion revealed that partial digestion products (2 and 4)
containing terminal fragments B and C were also doublets.

packaged via a "headful" mechanism as has
been suggested for some bacteriophage DNAs
(18). However, the existence of only two permu-
tations would imply the longest concatenate to
be only a dimer or trimer.
We have been interested in the fine structure

of AAV DNA because of the implications of
such studies with regard to events at the molec-
ular level during viral multiplication. The abil-
ity to obtain unique fragments representing
specific segments of the mature genome should
be useful with regard to transcriptional map-
ping and the sequencing of interesting parts of
the AAV genome. Segments of particular inter-
est would include the termini which have been
reported to have properties consistent with both
a natural terminal nucleotide sequence repeti-
tion (12----12) and an inverted terminal nucleo-
tide sequence repetition (12----2'1', where 2' and
1' represent nucleotide sequences complemen-
tary to 2 and 1, respectively) (3, 9, 11), and
potential initiation and termination sites of
transcription.
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