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The cleavage of adenovirus-associated virus type 2 (AA V2} DNA by the restriction 
endonuclease R-EcoRI was investigated using neutral and alkaline sucrose sedimentation, 
electrophoresis in composite agarose-acrylamide gels, and reassociation kinetics. Linear 
monomeric AA V2 DNA duplexes were cleaved at two specific sites to yield three fragments 
A, B and C, each of which is equivalent to a unique region of the genome of approximately 
57.2, 38.2 and 4.6%, respectively. Fragment C may possibly consist of two smaller 
fragments, and in this case there would be three, rather than two, specific cleavage sites 
within a 4.6% region of the genome. Cleavage of oligomeric forms of AAV2 DNA (including 
linear and circular oligomers and network-like structures) yielded fragments A, B and C 
and two additional components, AB' and AB. In alkaline sucrose, both AB' and AB yielded 
only A and B strands. Component AB' had a neutral sucrose sedimentation coefficient and 
electrophoretic mobility close to those of intact linear monomer AA V duplexes whereas AB 
sedimented more rapidly in neutral sucrose and was specifically trapped close to the 
electrophoretic origin in composite gels. In conditions expected to dissociate cohesive ends 
(80° in 1 x SSC), approximately 50% of both AB' and AB released equimolar amounts of 
fragments A and B. Therefore. at least part of both AB' and AB appear to consist of 
fragments A and B joined by cohesive ends. The remaining portion of both AB' and AB 
apparently consists of more bizzare structures such as branched molecules {originating 
from DNA networks) or they may contain single-stranded regions. The probable physical 
order of fragments A, B and C in the AA V genome can be deduced. 

INTRODUCTION 

Virions of the defective parvovirus, ade­
novirus-associated virus (AA V), contain 
either a "plus" or "minus" linear DNA 
strand having a molecular weight of 1.4 x 
106

• Upon isolation from virions, particu­
larly in the presence of the high salt 
concentrations and elevated temperature 
usually employed, the complementary plus 
and minus strands anneal to form duplex 
molecules of molecular weight 2.8 x 106 

(Rose et al., 1969; Mayor et al., 1969; 
Koczot et al., 1973; Gerry et al., 1973). The 

'To whom an. reprint requests should be ad­
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terminal nucleotide sequences of the AA V 
DNA strands have been studied in some 
detail. At least 70% of both plus and minus 
strands possess inverted, terminal repeti­
tions (comprising less than 10% of the 
strand length) such that individual single 
strands form circles closed by a duplex, 
hydrogen-bonded segment or "panhandle" 
(Carter et al., 1972; Koczot et al., 1973; 
Berns and Kelly, 1974). Two additional 
types of terminal sequences in AAV DNA 
have been described by Gerry et al. (1973): 
(a) a regular (noninverted) terminal repeti­
tion (representing about 1 % of the genome) 
and (b) a limited permutation comprising 
about 6% of the genome. The consequence 
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of the limited permutation is that some 
AA V duplexes possess single-stranded 
("cohesive") termini analogous to those of 
phage lambda DNA (Hershey et al., 1963) 
and can therefore form hydrogen-bonded 
circular and linear oligomeric molecules. 
Whether or not all three types of sequence 
arrangement are present in all AAV DNA 
strands is not yet clear, but all these 
phenomena occur within less than 10% of 
the genome length at either strand ter­
minus (Carter et al., 1972; Koczot et al., 
1973; Gerry et al., 1973; Berns and Kelly, 
1974). 

We previously showed that only 70-75% 
of the AAV DNA minus strand, and none of 
the plus strand, is represented in the single 
stable 20S AA V mRNA of molecular 
weight 0.9 X 106-1.0 X 106 (Carter et al., 
1972; Carter and Rose, 1974; Carter and 
Khoury, manuscript in preparation). Pre­
liminary analysis suggested that the re­
gions of the AA V DNA minus strand that 
are not represented in the stable RN A 
included the terminal, inverted repetition. 
To determine this more precisely, we have 
first undertaken an analysis of restriction 
endonuclease cleavage of AAV DNA to 
provide defined fragments suitable for 
transcription mapping as well as other 
studies. 

In this report we describe an analysis of 
the specific cleavage of AA V2 DNA with 
the restriction endonuclease R -EcoRI (Yo­
shimori, 1971) which cleaves duplex DNA 
at the sequence 

(T/A)G1AATT C(A/T) 
(A/T)C TTAA1G(T/A) 

by breakage of phosphodiester bonds at the 
sites indicated by arrows to produce cohe­
sive termini of four nucleotides (Hedgpeth 
et al., 1972). This enzyme makes two (or 
possibly three) specific breaks in AAV 
DNA duplexes to yield three (or possibly 
four) fragments. The probable physical 
order of these fragments in the duplex 
genome can be deduced. In addition, this 
work ·provides further evidence for the 
presence of cohesive termini in AA V DNA 
duplexes as previously indicated by Gerry 
et al. ( 1973). Elsewhere we describe a 
rigorous physical proof of the physical 

order as well as the strand polarity of the 
AA V DNA R-EcoRI cleavage products 
(Carter, Khoury, and Denhardt, manu­
script in preparation). 

MATERIALS AND METHODS 

Preparation and purification of viral 
DNA. Adenovirus-associated virus type 2 
(AA V2) and adenovirus type 2 (Ad2) were 
propagated by coinfection of KB-3 cells in 
Eagles spinner medium at 37° as described 
before (Carter et al., 1973; Carter and 
Rose, 1974). Cells were harvested at 40-48 
hr post-infection, and AAV and Ad virions 
were purified by sonication and digestion 
with trypsin and sodium deoxycholate fol­
lowed by three cycles of preparative cen­
trifugation in CsCl buoyant density gradi­
ents as previously described (Rose et al., 
1969; Berns and Rose, 1970). 

Isotopic labeling and bromodeoxyuridine 
(BUdR) substitution of AAV DNA and Ad 
DNA was carried out using procedures 
modified from those described by Berns 
and Rose (1970). To prepare 3H-labeled 
viral DNA, 5-fluorodeoxyuridine (FUdR) 
was added to a final concentration of 2 x 
10- 5 Mat 8 hr post-infection. Thirty min­
utes later [3H ]methyl-thymidine ( 43 Ci/ 
mmole) was added to 2-5 µCi/ml (12-28 
ng/ml) and also thymidine to 5 x 10-s M 
and uridine to 1 x 10-s M. To obtain 
3H-labeled, BUdR-substituted DNA, 
BUdR was added to a final concentration 
of 1.5 µg/ml at the time of addition of 
[

3H ]thymidine and cold thymidine was 
omitted. To prepare 32P-labeled DNA, the 
cells were resuspended at the time of infec­
tion in phosphate-free medium and carrier­
free [32P J (H 3 [

32P ]0 4 ; New England Nu­
clear) to 2-3 µCi/ml. To obtain 32P-labeled, 
BUdR-substituted DNA, FUdR was added 
at 8 hr post-infection followed 30 min later 
by BUdR (final concentration of 1.5 µg/ 
ml), uridine (final concentration 10-s M) 
and thymidine (final concentration 20 ng/ 
ml). These conditions yield approximately 
90% substitution of thymidine by BUdR 
(Baldwin and Shooter, 1963). 

Viral DNA was extracted from purified 
virions using an enzymatic digestion proce­
dure (Rose et al., 1969), including digestion 
with papain and trypsin followed by incu-
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bation with sodium dodecyl sulphate 
(SDS) at 50° and three successive phenol 
extractions in ice. For adenovirus DNA, 
the trypsin digestion was omitted and the 
SDS incubation was performed at room 
temperature. The DNA preparations were 
exhaustively dialysed (at least three 
changes for 30 hr each) against a buffer 
containing 10 mM Tris-HCl (pH 8.0), 10 
mM NaCl, and 1 mM Na2EDTA at 4° and 
were then stored in this buffer at 4 °. In 
some cases, in the first dialysis step the 
buffer was 1 x SSC (0.15 M NaCl, 0.015 M 
sodium citrate). For BUdR-substituted 
DNA, care was taken to perform all manip­
ulations in subdued light to minimize pho­
tochemical damage. DNA concentrations 
were determined optically assuming 1 opti­
cal density unit at 260 nm is equivalent to 
50 µg/ml. The specific activity of 32P­
labeled DNA was usually 1 x 105-2 x 105 

counts/min/µg and for 3H-labeled DNA 
was 0.7 X 105-1.4 X 105 counts/min/µg. 
(
32P]SV40 DNA fragments obtained by 

cleavage with the restriction endonuclease 
Hind (Danna and Nathans, 1971) were 
kindly provided by Dr. Peter Howley. 

Cleavage of DNA with restriction endo­
nuclease. The restriction endonuclease 
R • EcoRI, purified from Escherichia coli 
RY13 according to Mulder and Delius 
(1972), was kindly provided by Dr. George 
Fareed. For cleavage of DNA, reaction 
mixtures contained 0.1 M Tris-HCl (pH 
7.5), 5 mM MgCl 2, DNA up to several 
micrograms, and R-EcoRI restriction en­
zyme (1 unit/50 ng of DNA) in final volume 
of 100 to 300 µL. Reactions were incubated 
for 45 min at 37° and stopped by chilling to 
0° and by addition ofNa2EDTA to 10 mM. 
One unit of enzyme activity is the amount 
needed to convert 0.1 µg SV40 DNA I to 
DNA III under the assay conditions de­
scribed (Martin et al., 1973). To ensure 
that the enzyme cleavage of AAV DNA 
went to completion, Ad2 DNA or SV40 
DNA was included in some reactions (see 
Results section). 

The products of the reaction were then 
analysed directly on acrylamide gels or 
neutral sucrose gradients. For analysis in 
alkaline sucrose, it was necessary to dialyse 
briefly the reaction mixture against 10 mM 

Tris (pH 8.0), 10 mM NaCl, 1 mM EDTA 
to avoid precipitation of some of the DNA 
which otherwise occurred at alkaline pH. 

Sedimentation analysis of DNA. Neutral 
gradients (11.3 ml) were formed in nitrocel­
lulose tubes and contained a 5-20% sucrose 
gradient in 1 M NaCl, 50 mM Tris-HCl 
(pH 8.0) and 1 mM Na 2EDTA. 

Alkaline gradients (11.3 ml) were formed 
in nitrocellulose tubes and contained a 
5-20% sucrose gradient in 0.3 M NaOH, 0. 7 
M NaCl and 0.15% sarkosyl. 

All gradients were centrifuged in the 
SW41 rotor of a Beckman L2-65B 
ultracentrifuge at 20° and 35,000 rpm 
(149,800 gav). The gradients were then 
fractionated by piercing the bottom of the 
tube and collecting drops using a constant 
volume device. Usually, approximately 52 
equal fractions (225 µL) were collected. 
Either the entire fraction or aliquots (20 
µL) were taken and counted for radioactiv­
ity in 10 ml of a toluene-triton x 
100-liquiflor scintillation cocktail. Recov­
ery of isotope in the gradients was 85-95%. 

Gel electrophoresis. DNA preparations 
were analyzed electrophoretically in com­
posite agarose-acrylamide gels. Cylindrical 
gels containing 0.5% agarose and 2.0% 
acrylamide were formed in 0.6 x 12 cm 
glass tubes to a height of 10-11 cm essen­
tially according to Dingman and Peacock 
(1968) except that the buffer contained 50 
mM Tris, 40 mM sodium acetate and 1 
mM Na2EDTA adjusted to pH 7.6 with 
acetic acid, and 0.1 % SDS was included in 
gels and buffer. Gels were pre-run for 1 hr, 
then the DNA sample was adjusted to 1 % 
SDS, 50 mM Tris (pH 7 .6), 40 mM sodium 
acetate, 1 mM Na2EDTA and 10% sucrose 
and layered on top of the gel column. 
Electrophoresis was then performed ini­
tially for 20 min at 1 mA/gel and then at 
4-6 mA/gel for 4-20 hr. Following this, gels 
were cut into 1.25 mm slices using an 
"egg-slicer." Each slice was dissolved at 
60° in 50 µL of H 20 2 and radioactivity was 
determined in 10 ml of toluene-triton-scin­
tillation cocktail. Recovery of isotope in the 
gel was at least 90%. 

Reassociation kinetics of viral DNA. 
Reassociation of viral DNA fragments was 
measured as described before (Carter et 
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al., 1972). Briefly, DNA solutions were 
adjusted to 0.14 M phosphate buffer (pH 
6.8) and 0.4% SDS and heat denatured for 
5 min at 100°C. The mixtures were then 
incubated at 68°C and aliquots were re­
moved at appropriate times for determina­
tion of the proportion of DNA in duplex 
molecules by hydroxyapatite chromatogra­
phy at 60°. Reassociation data is plotted as 
the proportion of duplex DNA as a function 
of C0t (product of initial DNA concentra­
tion and time of incubation). 

RESULTS 

Sedimentation Analysis of AA V DNA 
R-EcoRI Cleavage Products 

In order to obtain specific duplex frag­
ments of AAV DNA that could then be 
separated into complementary strands (for 
use in transcription mapping experi­
ments), we have used mainly BUdR-sub­
stituted AA V DNA. For intact molecules, 
this allows preparative separation of the 
complementary strands by equilibrium 
density gradient centrifugation in CsCl 
(Berns and Rose, 1970). Preparations of 
BUdR-substituted or nen-substituted AAV 
DNA labeled with either sH or s2p were 
used interchangeably and gave similar re­
sults. Substitution of BUdR for thymidine 
to the extent of about 90% in the prepara­
tions used causes an increase in sedimenta­
tion rate by a factor of 1.09-1.1. In 1 MN a+ 
(using SV40 DNA components I, II and III 
as reference markers), AAV2 DNA has S 
values of 14.2 and 15.5 at neutral and 
alkaline pH respectively, while BUdR-sub­
stituted AA V2 DNA has sedimentation 
values of 15.5S at neutral pH and 17 .OS at 
alkaline pH. 

The action of the specific restriction 
endonuclease R • Eco RI on [sH ]BUdR AA V2 
DNA was first studied by sedimentation as 
shown in Fig. 1. Prior to incubation with 
the enzyme, about one half of the AA V 
DNA molecules sedimented in neutral su­
crose as linear monomers at 15.5 Sand the 
other half sedimented more rapidly (Fig. 
la). This sedimentation profile is charac­
teristic of AAV DNA. The faster sediment­
ing DNA contains several species including 
circular monomers, linear and circular di-

mers, and other oligomers and large aggre­
gated networks (Gerry et al., 1973). As 
shown by sedimentation at alkaline pH 
(Fig. lb), all the AAV duplex DNA species 
contained only linear strands of unit length 
(17 .0 S), at least 90% of which were intact. 

After incubation of the AAV DNA with 
R-EcoRI, neutral sucrose sedimentation 
(Fig. le) revealed three cleavage products 
with S values of 12.6, 11.0 and 6.6 and 
designated A, Band C respectively accord­
ing to the convention proposed by Smith 
and Nathans (1973). Components A and B 
jointly contained about 65% and fragment 
C about 5.5% of the total sH label. The 
neutral sucrose gradient of Fig. le also 
shows that about 15% of the total 3H label 
(component AB') still sedimented in the 
position of intact monomers (15.5S) and an 
additional 14% (component AB) still sedi­
mented more rapidly than 15.5 S. Analysis 
of the cleaved DNA preparation in alkaline 
sucrose (Fig. ld) showed only the three 
single strand populations A, B and C with 
S values of 13.6, 11.8 and 6.0 and contain­
ing approximately 53, 40.5 and 5-6% re­
spectively of the total 3H label. The com­
plete absence of any AAV strands sedi­
menting at 17.0 Sin alkaline sucrose fol­
lowing incubation with the R • Eco RI en­
zyme (Fig. ld) indicates that all strands 
had been cleaved at least once. Thus, the 
two molecular species AB' and AB ob­
served in neutral sucrose following enzyme 
cleavage (Fig. le) do not represent mole­
cules which were resistant to the R • Eco RI 
enzyme, but must represent molecules in 
which all the component strands had been 
cleaved but remained associated by some 
non-covalent structure. 

Electrophoretic Analysis of AA V DNA 
R-EcoRI Cleavage Products 

The cleavage of AAV DNA with R-Eco­
RI was also analysed by electrophoresis in 
composite agarose-acrylamide gels (Fig. 2). 
In these gels, uncleaved [32P ]AAV DNA 
showed two major components (Fig. 2a); 
about 50% of the DNA (presumably duplex 
monomers) migrated as a discrete peak 
and about 50% remained close to the elec­
trophoretic origin. Following cleavage with 
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Fm. 1. Sedimentation analysis of cleavage of AAV DNA by nuclease R-EcoRI. [3H]BUdR-AAV2 DNA 
(specific activity 1.99 x 105 counts/min/µg) was incubated with the R-EcoRI enzyme, and aliquots of the 
reaction mixture were analysed in neutral and alkaline sucrose gradients as described in Materials and 
Methods. (a) Neutral sucrose and (b) alkaline sucrose sedimentation profile of ['H]BUdR-DNA prior to 
cleavage. (c) Neutral sucrose and (d) alkaline sucrose profile of [3H]DNA following enzyme cleavage. Gradients 
were centrifuged for 11.5 hr. To each sample layered on the gradients was added a trace amount of 
[ 82P]BUdR-AA V DNA (specific activity 1.08 x 10• counts/min/µg). e---e, ['H]BUdR-AAV2 DNA. 0- - -0, 
["P]BUdR-AA V2 DNA. 

R-EcoRI (Fig. 2b), two new species (A and 
B) were observed migrating more rapidly 
than intact AAV DNA. There was, how­
ever, a significant proportion of material 
remaining close to the electrophoretic ori­
gin and also a component which migrated 
approximately in the position of linear 
SV 40 DNA. To reveal fragment C in the 
cleaved DNA, the gel electrophoresis was 
performed for a shorter period as shown for 
[
3H]BUdR-AAV DNA in Fig. 2c. In this 

gel, fragments A and B were still resolved 
from components AB' and AB, and frag­
ment C was observed to migrate much 
more rapidly. Also included in the gel 
shown in Fig. 2c were the purified frag­
ments G and K obtained by cleavage of 
[
32P]SV40 DNA with the restriction endo­

nuclease Hind (Danna and Nathans, 1971). 

The SV40 Hind-K fragment comigrated 
with the AAV Eco-RI fragment C. Other 
experiments (not shown) employing 5% 
acrylamide gels also showed comigration of 
AAV fragment C with SV40 Hind-K. 

R-EcoRI Cleavage of "15.5 S" and "Oligo-
mer" Fractions of AA V DNA 

Since the population of AA V DNA du­
plex molecules formed upon extraction 
from virions is a mixture of species, several 
questions arise from the cleavage experi­
ments described thus far. Although every 
AAV duplex is apparently cleaved by 
R • Eco RI, does each topological species 
yield the same population of cleavage pro­
ducts? What is the correlation between the 
DNA species observed in neutral sucrose 
gradients and those in gels? What is the 
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FIG. 2. Electrophoretic analysis in composite 2.0% 
acrylamide-0.5% agarose gels of the cleavage of AA V2 
DNA by nuclease R-EcoRI. (a) ["P]AA V2 DNA (0.05 
µg; specific activity 2.1 x 10• counts/min/µg) 
analysed prior to enzyme cleavage. (b) [02P]AAV2 
DNA (0.02 µg) analyzed following incubation with 
R-EcoRI. [8H]SV40 DNA component I, in which 
R-EcoRI makes one site-specific break (Morrow and 
Berg, 1972; Mulder and Delius, 1972), was included in 
the cleavage reaction. (e____.), [32P]AAV DNA. 
(0- - -0), Linear ['H]SV40 DNA. (c) Analysis of 
['H]BUdR-AAV2 DNA (0.15 µg; specific activity 2 x 
10• counts/min/µg) following cleavage with the 
R-EcoRI enzyme. A trace amount of purified 
[
32P]SV40 Hind-G and ["P]SV40 Hind-K fragments 

were added as molecular weight standards prior to 
electrophoresis. (e--e), ['H]BUdR-AAV DNA. 
(0- - -0), ["P]SV40 DNA. Note the tenfold change 
of scale for ['H]DNA beginning at fraction 30. The 
gels shown in (a) and (b) were electrophoresed for 10.0 
hr at 3.0 mNgel. The gel shown in (c) was run for 6 hr 
at 3 mNgel. Migration in the gels is from left to right 
in order of decreasing molecular weight. 

structure of components AB' and AB? Are 
fragments A, B and C unique regions of the 
AA V duplex genome? The experiments 
described next are addressed to the first 
two of these problems. The latter two 
questions are considered in succeeding sec­
tions. 

[3H ]BUdR-AA V DNA was sedimented 
in a neutral sucrose gradient (Fig. 3), and 
DNA from the two regions designated "15.5 
S" and "oligomers" were separately 
pooled. The "15.5 S" pool should contain 
predominantly linear duplex molecules as 
well as hydrogen-bonded circles (which are 
expected to sediment approximately 10% 
more rapidly than linear monomers) 
whereas the "oligomer" pool should com­
prise circular and linear oligomers and 
network-like structures as well as some 

"' Q 

z 
:E 
' u, 
I-

8 

6 

~ 4 
0 u 

~" 

10 15 20 25 

FRACTION NUMBER 

FIG. 3. Fractionation of AA V DNA by neutral 
sucrose sedimentation. 5 µg of ['H ]BUdR-AA V2 DNA 
(specific activity, 7.5 x 10• counts/min/µg) was sedi­
mented in a neutral sucrose gradient for 5 hr. Frac­
tions (450 µL) were collected and 10 X aliquots of each 
were taken for radioactivity determinations by scintil­
lation counting. The remainder of each fraction from 
the two regions designated "oligomer" and "15.5 S" 
were separately pooled, concentrated by pressure 
dialysis, then dialysed against 0.01 M Tris pH 8.0, 
0.01 M NaCl. Following this the pools were further 
analysed as described in Fig. 4. 
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hydrogen-bonded monomer circles (Gerry 
et al., 1973). Portions of each pool were 
then electrophoresed in composite 
agl;\rose-acrylamide gels (Fig. 4). The 
"oligomer" pool (Fig. 4a) was almost totally 
comprised ( >85%) of molecules which re­
mained near the gel origin whereas the 
"15.5 S" fraction (Fig. 4b) consisted of 
molecules about 65% of which migrated as 
a discrete peak, 30% that remained at the 
origin, and 5% which migrated intermedi­
ate distances. The proportion of molecules 
remaining near the origin in the "15.5 S" 
fraction presumably indicates the extent of 
contamination with the oligomer fraction. 
As shown in Fig. 4d, cleavage of the "15.5 
S" DNA with R-EcoRI produced mainly 
fragments A and B (45 and 33% respec­
tively fo the total 3H label) as well as some 
component AB' (13% of total) and only a 

16 
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z 

very minor amount of AB. Cleavage of the 
"oligomer" fraction (Fig. 4c) produced also 
fragments A and B (22 and 15% of total) 
and component AB' (13% of total) but in 
addition a larger proportion of component 
AB (22% of total). In these gels, fragment C 
migrated off the end of the gel and was 
therefore not observed. 

The experiments shown in Figs. 3 and 4 
thus served to correlate the neutral sucrose 
components AB, AB', A and B of AA V 
DNA with those observed in composite 
gels. This correlation was confirmed also 
both by elution of these components from 
composite gels and subsequent analysis in 
sucrose gradients and by their purification 
from neutral sucrose gradients and subse­
quent electrophoresis in gels ( data not 
shown; Carter, Khoury, and Denhardt, in 
preparation). 
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FIG. 4. Electrophoretic analysis in composite gels of R-EcoRI cleavage of "oligomer" and "15.5 S" fractions 
of AAV DNA. Portions of the "oligomer" and "lfi.5 8" fractions of [3H]BUdR-AAV2 DNA obtained from the 
neutral sucrose gradient as described in Fig. 3 were analyzed in composite gels without any additional 
treatment. (a) "oligomer" fraction (b) "15.5 S" fraction. The remainder of each fraction was mixed with tracer 
amounts of [32P]BUdR-Ad2 DNA and incubated with nuclease R-EcoRI. (c) Electrophoresis of "oligomer" 
fraction of [0H]BUdR-AAV2 DNA following enzyme cleavage. (d) "15.5 S" [•~UdR-AAV2 DNA following 
enzyme cleavage. In gels (c) and (d) the AAV DNA components are designated AB, AB', A and B. The six Ad2 
DNA R • RI cleavage products in order of decreasing molecular weight from left to right are A, B, C, D, E and F 
(Pettersson et al., 1973). The Ad2 fragments Band Care incompletely resolved in these gels. Electrophoresis 
was performed for 16 hr at 3 mNgel. .____., (1H ]BUdR-AAV2 DNA. 0- - -0, ["P]BUdR-Ad2 DNA. 
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In the cleavage reactions analyzed in 
Figs. 4c and 4d, [32P]BUdR-Ad2 DNA was 
included to provide an internal molecular 
weight calibration (Pettersson et al., 1973). 
Gel electrophoresis of the cleavage prod­
ucts (Fig. 4) showed that the AAV R-RI-A 
fragment migrated close to the Ad2 
R-RI-D fragment and the AAV R-RI-B 
fragment migrated close to the Ad2 R-RI-F 
fragment. The 32P label showed the ex­
pected distribution among the six Ad2 
R-RI fragments (Pettersson et al., 1973) 
which indicates that the enzyme digestion 
was complete and also that the substitu­
tion of BUdR for thymidine did not alter 
the specificity of the R-EcoRI enzyme. An 
additional point, illustrated by the experi­
ment shown in Fig. 4, is that the trapping 
of part of the AAV DNA at or near the gel 
origin is probably not solely a function of 
high molecular weight since no Ad2 DNA 
remained at the origin. In these composite 
gels, linear DNA duplex molecules larger 
than about 3 x 106 molecular weight (up to 
the value of at least 22 x 106

) all migrate 
with the same electrophoretic mobility in 
the position of the Ad2 R • RI-A fragment 
shown in Figs. 4c and 4d (Pettersson et al., 
1973; see also Fig. 8). 

The gel analysis of the "15.5 S" and 
"oligomer" fractions in Fig. 4 did not 
reveal AA V fragment C since it had mi­
grated beyond the end of the gel. To 
determine if both fractions of AAV DNA 
yielded fragment C upon cleavage with 
R • EcoRI, the reaction mixtures were 
analysed in neutral sucrose gradients. As 
shown in Fig. 5, both the "oligomer" frac­
tion (Fig. 5a) and the "15.5 S" fraction 
(Fig. 5b) yielded upon cleavage approxi­
mately 5.5% of the 3H-labeled AAV DNA 
in fragment C. Thus, apparently all AAV 
duplexes in the population yield the same 
proportion of fragment C upon cleavage. 
These gradients show also that, in addition 
to fragment C, the "15.5 S" fraction 
yielded only fragments A and B whereas 
the "oligomer" yielded fragments A and B 
and also components AB' and AB, consist­
ent with the gel analysis in Fig. 4. (The 
"oligomer" and "15.5 S" pools used in the 
experiment of Fig. 5 were taken from a 
gradient similar to that shown in Fig. 3 but 

a. 

AB1 B 

4 

FRACTION NUMBER 

FIG. 5. Neutral sucrose sedimentation analysis of 
"oligomer" and "15.5 S" fractions of [8H]BUdR­
AAV2 DNA following cleavage by R-EcoRI. 
['H]BUdR-AAV2 DNA (specific activity 8.4 x 10• 
counts/min/µg) was separated into "oligomer" and 
"15.5 S" fractions by neutral sucrose sedimentation in 
a similar fashion to the separation shown in Fig. 3, but 
with one minor modification as detailed in the text. 
The separated fractions were incubated with R • EcoRI 
and sedimented through neutral sucrose gradients for 
12 hr. (a) "oligomer" fraction cleaved by R-EcoRI. (b) 
"15.5 S" fraction cleaved by R-EcoRI. 

in which only the very peak fractions of the 
monomer region were taken as "15.5." 
Thus, hydrogen-bonded circular monomers 
should be almost completely contained in 
the "oligomer" fraction in contrast to the 
fractionation shown in Fig. 3 in which the 
hydrogen-bonded circular monomers were 
probably distributed between both frac­
tions. This accounts for the fact that, in the 
gradients in Fig. 5, the "15.5 S" peak 
yielded little or no component AB' whereas 
some component AB' was produced from 
"15 .5 S" in the gels of Fig. 4d.) 

The Structure of Components AB' and AB 

The components AB' and AB arise from 
cleavage of the "oligomer" fraction of AA V 
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DNA. Furthermore, the alkaline sucrose 
gradient analysis (Fig. 1) suggested that 
these two components apparently con­
sisted of two or more of fragments A, B or C 
held together by some non-covalent (al­
kali-sensitive) structure. To determine di­
rectly the single-strand composition of 
components AB' and AB, the experiment 
shown in Fig. 6 was performed. [3H]BUdR­
AAV DNA, cleaved with R-RI, was sedi­
mented in neutral sucrose (Fig. 6a) and 
regions corresponding to components AB, 
AB', A, B and C respectively were sepa­
rately pooled and analyzed subsequently in 
alkaline sucrose gradients. This an'alysis 
showed that fragments A, B and C each 
contained a discrete class of single-strands 
of the size expected if each fragment is a 
discrete duplex molecule containing few if 
any nicks (Figs. 6d-f). Both components 
AB' (Fig. 6c) and AB (Fig. 6b) in alkali 
released approximately equimolar propor­
tions of single-strands equal in length to 
those of both fragments A and B, but there 
were no strands released equal in size to 
those of fragment C. There was some 
heterogeneous material sedimenting more 
slowly than peak B in the alkaline profile of 
AB (Fig. 6b), but this material sedimented 
ahead of the expected position of C 
strands. Thus, AB and AB' both appear to 
comprise fragments A and B held together 
by some non-covalent structure. One possi­
ble structure is a "cohesive end" or single­
strand complementary termini. Such cohe­
sive ends are generated by R-EcoRI cleav­
age but are only four nucleotides in length 
with Tm of 6° (Mertz and Davis, 1972) and 
would be unstable under the conditions of 
sedimentation or gel electrophoresis at 20 °. 
Also, if this were the structure responsible 
for formation of AB and AB', fragment C 
should also be present in such structures 
since it must also have at least one R. RI 
generated cohesive terminus. Furthermore, 
the linear monomer AAV DNA as well as 
the oligomer fraction would be expected to 
yield components AB and AB' after R-RI 
cleavage. A more probable explanation is 
the presence of cohesive termini in some 
AA V DNA duplexes (Gerry et al., 1973) 
which accounts for the presence of the 
circular and linear oligomers in duplex 
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FIG. 6. Analysis of separated 'AAV DNA R-EcoRI 
cleavage products in alkaline sucrose. ['H)BUdR­
AA V2 DNA (6 µg; specific activity 8.4 x 10' 
counts/min/µg) was cleaved with R-EcoRI en­
zyme, and the reaction mixture sedimented through a 
neutral sucrose gradient for 12 hr as shown in panel 
(a). Aliquots (10 µL) of each fraction from the 
gradient were taken for radioactivity counting. Frac­
tions were then pooled as indicated in a) to yield 
components AB, AB', A, B and C. Each pool was 
dialyzed against 0.01 M Tris, pH 8.0, 0.01 M NaCl, 
0.001 M EDTA, and concentrated by pressure dial­
ysis. Aliquots of each pool were then taken and 
sedimented in alkaline sucrose gradients for 12 hrs as 
shown in panels (b)-(f). (b) Alkaline sedimentation 
profile of component AB, (c) component AB', (d) 
fragment A, (e) fragment B, (f) fragment C. 

In (b) and (c) the arrows indicate the expected 
position in the gradient of fragment C. 

AA V DNA. These cohesive ends can be 
melted by heating at 80° in 1 x SSC which 
is equivalent to 12° below the Tm of AAV2 
DNA (Gerry et al., 1973). 

As shown in Fig. 7, incubation at 80° 
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Fm. 7. The effect of heating on AAV DNA R-Eco­
RI cleavage products. Aliquots of the DNA fractions 
from the neutral sucrose gradient in Fig. 6a were 
adjusted to 1 x SSC, and one-half of the mixture was 
heated at 80° for 10 min and rapidly cooled by 
quenching in ice-water, then analyzed in neutral 
sucrose gradients. The remaining half of the mixture, 
which was not heated, was analysed on a parallel 
gradient. To facilitate visual comparison, the gradient 
profiles of both the heated and unheated portions are 
plotted in one frame. (a) component AB, (b) compo­
nent AB', (c) fragments A, B and C. Note that for 

converted about 40% of both AB (Fig. 7a) 
and AB' (Fig. 7b) to equimolar amounts of 
fragments A and B, wherea~ the sedimen­
tation rate of fragments A, B and C (Fig. 
7c) was not altered by such treatment. The 
melting experimen!.Jn Fig. 7 also shows 
that upon heating AB or AB' there was no 
detectable release of any fragment C which 
is consistent with the alkaline sedimenta­
tion analysis in Figs. 6a and b. Compo­
nents AB and AB' obtained by elution from 
gels also showed approximately 50% con­
version to fragments A and B when melted 
under conditions identical to those de­
scribed in Fig. 7. In addition, melting of 
unfractionated intact AA V DNA under 
similar conditions also resulted in conver­
sion of about 40-50% of the oligomer frac­
tion to linear monomers. Finally, we note 
that, under the same melting conditions, 
Gerry et al. (1973) also observed about 50% 
conversion of an AAV DNA oligomer frac­
tion (their peak III material) to monomeric 
molecules. Thus, at least part of compo­
nents AB and AB' are apparently com­
prised of fragments A and B joined non­
covalently by cohesive termini. 

Molecular Weight Determination for the 
AA V DNA Fragments 

The molecular weights of the AAV DNA 
fragments can be determined from sedi­
mentation in neutral and alkaline sucrose, 
from relative electrophoretic mobility in 
composite gels, or from the distribution of 
isotope in each fragment (Table 1). For 
fragments A and B, sedimentation analy­
ses in either neutral or alkaline sucrose 
yielded estimated molecular weights of 
approximately 1.6 x 106 and 1.1 x 106 

respectively. To obtain molecular weight 
estimations for A and B from electrophore­
sis, the gel system was calibrated as shown 
in Fig. 8 using the Ad2 DNA R-RI frag­
ments as reference standards (Pettersson 
et al., 1973). This yielded values for the 
AA V fragments A and B of 1.65 x 106 and 

analysis of A, Band C, portions of the respective pools 
from Fig. 6a were mixed together in the proportions 
shown prior to heat treatment. In panels (a) and (b) 
the arrows indicate the expected position of fragment 
C. 0- - -0, unheated. •-------• heated prior to sedi­
mentation. 
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TABLE 1 

533 

MOLECULAR WEIGHT OF AAV-2 DNA R•EcoRI FRAGMENTS0 

DNA Neutral sucrose Alkaline sucrose Gel electrophoresis Isotope distribution 

s MW s MW MW % .. P MW 

Intact 14.2 2.8 X 101 15.5 
RI-A 11.7 1.59 ± .1 X 106 12.5 1.63 ± .1 X 106 1.65 ± .1 X 101 57.2 1.6 X 101 

RI-B 10.4 1.12 ± .06 X 106 10.8 1.1 ± .1 X 106 1.10± .1 X 101 38.2 1.05 X 10° 

RI-C 5.5 
1.7 ± .1 X 106 

5.0 1.65 ± .1 X 10• 
1.3 X 10• 

4.6 1.3 X 10• 
0.7 .1 X 105 0.74 X 106 ± 

• The molecular weights were calculated from sucrose gradients using the relationships derived by Studier 
(1965). The sedimentation constants are those for non-BUdR containing AAV DNA. Molecular weights 
determined from alkaline sucrose are reported as those for the equivalent duplex DNA molecule. The error is 2u. 
For fragment C, the value of 1.7 x 10• was determined using the Studier relationship, and the value of0.7 x 10• 
using the modified relationship proposed by Danna and Nathans. The two values for C from gel electrophoresis 
are based on comigration with SV40 Hin-Kand taking the molecular weight of Hin-K as 0.74 x 10• (Danna and 
Nathans, 1971) or 4% of SV40 DNA (molecular weight 3.2 x 10°) = 1.3 x 10• (Nathans et al., 1974). Values 
based on isotope distribution were computed from analysis of [82P]DNA in gels. The amount of isotope in A and 
B was normalized to account for that present as AB and AB' assuming both these components have equimolar 
proportions of A and B. 
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FIG .. 8. Molecular weight calibration of 2.0% 
acrylamide-0.5% agarose gels for duplex DNA. The 
calibration curve was drawn using the following 
DNA's as standards: Intact Ad2 DNA (22.9 x 10"), 
Ad2 R-RI-A (13.6 x 108

), Ad2 R•RI-B (2.7 x 10°), 
Ad2 R-RI-C (2.3 x 106 ), Ad2 R-RI-D (1.7 x 10"), Ad2 
R·RI-E (1.4 x 108

), and Ad2 R•RI-F (1.1 x 10") 
(Pettersson et al., 1973), SV40 R-RI (3.2 x 10°) and 
intact AAV2 duplex monomer (2.8 x 10°) (Gerry et 
al., 1973). For each fragment, the relative electropho­
retic mobility was computed relative to that of AA V 
R-RI-A which was taken as 1.0. All values for the 
standards and the AA V R • RI fragments A and B are 
the mean of at least seven individual measurements 

1.1 x 106 which are in good agreement with 
the sedimentation data. The estimated 
molecular weights of A and B, based upon 
the distribution of isotopic label 32P and 
assuming a random distribution of the 
isotope, were also in excellent agreement 
with the sedimentation and electrophoretic 
estimates. Thus A and B respectively rep­
resent approximately 57.2 and 38.2% of the 
AAV duplex monomer DNA. 

The values obtained for the molecular 
weight of the AA V fragment C showed 
some variation depending upon the proce­
dure used. Based upon the proportion of 
32P label in C, this fragment is equivalent 
to 4.6% of the AA V genome which yields a 
calculated molecular weight of 1.3 x 105

• 

This value is in good agreement with the 
observed comigration of C with the SV40 
Hind-K fragment which comprises 4% of 
the SV40 genome (Nathans et al., 1974) 
equivalent to a molecular weight of L3 x 
105 (assuming 3.2 x 106 for the entire SV40 
genome). Estimation of the size of frag­
ment C in neutral or alkaline sucrose 
except that for SV40 R•RI which is a mean of three 
determinations. Substitution of AAV2 or Ad2 DNA 
with BUdR caused no alteration in the relative or 
absolute mobility of either intact DNA or the R-RI 
fragments. The Ad2 and SV40 DNA standards are 
indicated by solid circles. Intact AA V2 duplex mono­
mer and the AAV2 R-RI fragments A and B are 
indicated by open circles. 
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gradients yielded somewhat higher values 
of 1.7 x 105 and 1.65 x 105

• Danna and 
Nathans (1971) suggested that the Burgi 
and Hershey (1963) relationship used to 
determine molecular weights by neutral 
sucrose sedimentation should be modified 
for DNA species smaller than 1 x 106

. 

Using this modification, a value of 0.71 x 
105 is obtained for the molecular weight of 
the AA V C fragment which is equivalent to 
Danna and Nathans' estimate for SV 40 
Hind-K obtained by extrapolation of mo­
lecular weight analyses in acrylamide gels. 
All these procedures are somewhat unrelia­
ble for. the estimation of molecular weights 
of DNA much smaller than 1 x 106, but for 
the present we have taken 1.3 x 105 as a 
reasonable estimate of the size of fragment 
C. Thus C is equivalent to 4.6% of the AA V 
duplex genome. It is possible that C might 
represent two smaller fragments each 
equivalent to about 2.3% of the AAV ge­
nome and having molecular weights of 
about 0.65 x 105-0.7 x 105, although 
reassociation experiments described below 
might argue against this. 

Reassociation Rates of ·AAV DNA Frag­
ments 

The reassociation kinetics of the AA V 
EcoRI fragments were analysed as shown 
in Fig. 9. Fragments A, B and C reas­
sociated in 0.14 M phosphate buffer (0.21 
M Na+) at t38° with C0 t½ values of 5.4 x 
10-4, 4.5 x 10- 4 and 1.7 x 10- 4 respec­
tively, and when fragments A and B were 
mixed in equimolar proportions and reas­
sociated, the C 0 t½ of this reaction was 9 .5 x 
10- 4

• Under the same conditions of re­
association, the C 0t ½ for intact AA V 
strands is 7.5 x 10-4, and for AAV strands 
fragmented by sonication to 1/8 to 1/10 
genome size, the C0 t½ is 1.2 x 10-a (Carter 
et al., 1972). These data therefore indicate 
that each of the R-RI AAV fragments con­
tains only a portion of the AA V genome. 

If the R • RI fragments each contain a 
unique region of the AA V genome, then 
their expected reassociation rates relative 
to that for intact AAV DNA can,be calcu­
lated according to the relationship deduced 
by Wetmur and Davidson (1968) that the 
rate of reassociation is proportional to 
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FIG. 9. Reassociation analysis of purified AAV2 
DNA R-RI fragments. Fragments A, B and C ob­
tained from cleavage of ['HJBUdR-AAV2 DNA by 
R-EcoRI were purified from neutral sucrose gradients 
as described in Fig. 6a. Subsequent analysis of the 
purified fragments in alkaline sucrose gradients (Figs. 
6d-f) and neutral sucrose gradients and composite 
gels (Carter, Khoury, and Denhardt, in preparation) 
showed that each of the fragments was at least 95% 
pure, and more than 90% of each preparation wa~ free 
of single strand nicks. Reassociation reactions were 
performed in 0.14 M phosphate buffer pH 6.8 (i.e., 
0.21 M Na+) at 68° and analyzed as described in 
Materials and Methods. The data was not corrected 
for "zero-time" values (i.e., the proportion of duplex 
DNA following heat denaturation ,but prior to reas­
sociation) which was less than 2-3% in all cases. 
e--4, Reassociation offragment C. 0--0, Reas­
sociation of fragment B. /::;.-t,., Fragment A. 
0---0, Fragments A + B mixed in equimolar 
proportions. 

£0· 5/N where Lis the strand length and N 
is the complexity. For a unique DNA 
sequence, the complexity is directly pro­
portional to molecular weight. Shown in 
Table 2 are the expected relative reassocia­
tion rates of the AAV DNA fragments, and 
these values are compared to the observed 
relative reassociation rates calculated as 
being inversely proportional to the C0 t½. 

Assuming that A and B are unique frag­
ments of molecular weight 1.6 x 106 and 
1.1 x 106 yields excellent agreement be­
tween the expected and observed reassocia-
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TABLE 2 

535 

RELATIVE REASSOCIATION RATE or AAV-2 DNA R-EcoRI FRAGMENTS 

DNA Cat,,• Observed relative Molecular weight Expected relative 
reassociation rate reassociation rate 

A+B 9.5 X 10-• 0.78 2.7 X 10" 0.71 
Intact 7.4 X 10-• 1.00 2.8 X 10" 1.00 

A 5.4 X 10-• 1.37 1.6 X 10" 1.33 
B 4.5 X 10-• 1.64 1.1 X 10" 1.63 

4.05 
C 1.7 X 10-• 4.45 

[

1.7 X 10-• 
1.3 X 10-• 4.60 
0.71 X 10-• 6.30 

• C0 t., values were measured in 0.14 M phosphate buffer at 68° (see legend to Fig. 9). The observed relative 
reassociation rate was ca)culated as the reciprocal of the C0 t., value and normalized to that of intact duplex 
(LO). The expected relative reassociation rate was calculated according to Wetmur and Davidson (1968) that 
k, = L 0·'/N where L is the single-strand length (molecular weight) of the reassociating species and N is the 
complexity (molecular weight of the double-stranded species). For the reassociation of equimolar amounts of A 
+ B, L was taken as the mean of L for A and B, and N was taken as 2.7 x 10• (molecular weight of A duplex+ 
molecular weight of B duplex). 

tion rates. Mixing of A and Bin equimolar 
amounts resulted in an observed reassocia­
tion rate in good agreement with the rate 
expected if A and B are separate, unique 
regions of AAV DNA and together account 
for nearly the entire genome. 

The expected reassociation rate for frag­
ment C is more difficult to predict because 
of the uncertainty in the molecular weight 
estimates. Shown in Table 2 are the ex­
pected rates if C is a unique fragment of 
molecular weight 0.71 x 105, 1.3 x 105 or 
1.7 x 105

• The best fit with the observed 
rat is obtained if the molecular weight of C 
is 1.3 x 105

• Therefore, C is probably not 
one piece as small as 0.71 x 105

, but it 
might be two pieces of this molecular 
weight. The relative reassociation rate 
would be 6.3 if both pieces were identical 
sequences and 3.15 for nonidentical se­
quences. Neither of these two assumptions 
gives a good fit of the observed rate and ex­
pected rate. These arguments relating to 
the size of fragment C depend upon the 
validity of the Wetmur and Davidson rela­
tionship for this size range which, for a 
molecular weight of 0.7 x 105, is approxi­
mately 100 nucleotide pairs. Below this 
value, the rate of reassociation is propor­
tional to L rather than L 0 • 

5 (Wetmur and 
Davidson, 1968). In this case, the relative 
reassociation rate for C, taking a molecular 
size of 0. 7 x 105 would be 6.3. 

From these considerations, the best esti-

mation for the size of C at present appears 
to be about 1.3 x 105 which is equivalent to 
approximately 4.6% of the AA V genome 
and about 200 nucleotide pairs. Fragments 
A and B are equivalent to 57.2 and 38.2% 
and 2400 and 1600 nucleotide pairs respec­
tively. 

DISCUSSION 

The experiments described in this study 
show that the R • EcoRI nuclease makes two 
site-specific breaks in linear, duplex mono­
mers of AA V2 DNA, thus producing three 
fragments, A, B and C, equivalent in size 
to 57 .2, 38.2 and about 4.6% respectively of 
the intact genome. The distribution of 
isotope in AA V DNA randomly labeled 
with 32P, together with molecular weight 
estimates from sedimentation and electro­
phoretic analyses, indicated that all three 
fragments were produced in equimolar pro­
portions, and that each probably contains 
a unique region of the duplex genome. This 
latter conclusion is supported further by 
measurement of the rate of reassociation 
for each of the purified fragments. Because 
of some uncertainty in the molecular 
weight estimates of C, it is possible that 
this fragment might represent two frag­
ments of 2.5% of the genome rather than 
one 5% fragment. A consideration of data 
from the reassociation analysis argues 
against this possibility, but this argument 
rests upon uncertain assumptions regard-
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ing the molecular weight range in which 
the excluded volume of a single DNA 
strand affects the rate of reassociation as 
described by Wetmur and Davidson. Thus 
we cannot rigorously exclude the possibil­
ity of three, rather than two, R-EcoRI sites 
within a single 200 nucleotide region of 
AAV DNA, although this would represent a 
remarkable clustering of cleavage sites. 
Also, we cannot completely exclude the 
occurrence of additional R • EcoRI cleavage 
sites in AAV DNA since fragments less 
than 1 % of the genome ( 40 nucleotides 
long) might have escaped detection. How­
ever, this would also require additional 
sites to be located near to the region from 
which C arises because we show elsewhere 
that the A and B fragments each contain 
one terminus of the DNA duplex and 
fragment(s) C arises from a single contigu­
ous 5% region of the AAV genome (Carter, 
Khoury, and Denhardt, in preparation). 
Thus, at least for the purposes of establish­
ing the physical map of the R-EcoRI frag­
ments or their use in transcription map­
ping, fragment C can be regarded as a 
single fragment. 

Gerry et al. (1973) demonstrated in AAV 
duplex DNA the presence of cohesive ends 
apparently resulting from a limited permu­
tation such that the starting point of each 
strand may vary within a 6% region of the 
genome sequence. The presence of cohesive 
ends thus results in formation of circular 
and linear duplex oligomers. A direct pre 0 

diction of this model is that cleavage of the 
oligomeric molecules with a restriction en­
zyme should yield two fragments (the ter­
minal fragments obtained from cleavage of 
linear monomers) which will be joined by 
cohesive ends provided, of course, that the 
cleavage does not occur within the region of 
the permutation. This prediction is ful­
filled by the experiments described here 
which showed that cleavage of AA V duplex 
oligomers yielded, in addition to fragments 
A, B and C, two components AB' and AB, 
both of which consist of equimolar 
amounts of A and B strands present in 
structures which depend at least in part 
upon annealing of cohesive ends. This is 
illustrated in Fig. 10b which shows the 
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FIG. 10. Schematic diagrams of cleavage of AA V2 
DNA by R-EcoRI nuclease. For individual DNA 
strands, the 5' terminus is indicated by the solid circle 
(e--) and the 3' terminus by the arrow(:-). The 
physical order and strand polarity of the fragments A, 
B and C as shown in this figure was unambiguously 
determined by labeling the 5' termini with radioactive 
phosphorus as will be detailed elsewhere (Carter, 
Khoury, and Denhardt, manuscript in preparation). 
(a) Cleavage of linear duplex monomer AAV2 DNA. 
(b) Cleavage of hydrogen-bonded, duplex circles of 
AA V2 DNA. As drawn, the molecule is shown con­
taining a cohesive end resulting from the presence of a 
limited permutation. The cohesive end might contain­
single-stranded gaps or single-stranded tails as noted 
in the text (see Discussion). The inset shows a 
possible alternative structure for formation of hydro­
gen-bonded circles in which one strand does not 
contain the inverted repetitious sequences (see Dis­
cussion). (c) A possible hypothetical model of an AAV 
DNA duplex aggregate or "network." R-EcoRI cleav­
age sites are indicated by the arrows. Cleavage of such 
networks might result in complexes of A strands or B 
strands which could account for some of the observed 
sediment.ation and electrophoretic properties of com­
ponent AB. It should be noted that the network 
structures may also contain cohesive ends as dis­
cussed in the text. Finally, the models shown in these 
diagrams represent only the most simple hypotheses, 
and more complex models can be drawn. 
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most likely structure of component AB' as 
that of one fragment A and one fragment B 
held by a cohesive end. This structure 
would be expected to have a neutral su­
crose sedimentation coefficient and elec­
trophoretic mobility close to that of intact 
linear monomers which are 5% larger. That 
the component AR' has electrophoretic 
mobility which is slightly lower than linear 
monomers may reflect the presence of sin­
gle strand gaps or tails in the annealed 
cohesive ends which would also be pre­
dicted if the limited permutation is varia­
ble and which would decrease the electro­
phoretic mobility (Dingman et al., 197 4). 
Recently Tye et al. (1974) have demon­
strated the presence of a limited but varia­
ble permutation in the DNA of ph~e P22. 

The structure of component AB is less 
certain, but it may arise from cleavage of 
DNA "networks" formed as a result of 
extraction of AA V DNA from virions at 
high concentration (30-100 µg/ml in typi­
cal preparations). These networks presum­
ably arise from participation of more than 
two strands in duplex formation causing 
branching and also because of the presence 
of cohesive ends. Thus, as shown in Fig. 
10c, cleavage might yield, in addition to 
fragments A, B, C and AB', branched 
molecules consisting of several A or B 
strands. Such branching might also result 
in single-strand tails. Since branching 
would occur less frequently in the C region, 
and also because A and B might also be 
involved in cohesive end joining, cleavage 
of networks would generally release frag­
ment C, consistent with our observations. 
The configuration of the branched cleavage 
products would be expected to lead to a 
heterogenous range of sedimentation rates 
in neutral sucorse, and in composite gels 
might be responsible for the specific trap­
ping which we observe close to the origin, 
as recently described by Dingman et al. 
(1974) for the replication point of E. coli 
DNA. 

The melting experiments designed to 
detect cohesive ends showed that at 80°C 
in 1 x SSC ( equivalent to 12° below the Tm 
of intact AA V <!!!Flex DNA) not more than 
55% of either AB or AB' could be con-

verted to equimolar amounts of A and B. 
Several possibilities might account for this. 
(a) As discussed above, AB may be in part 
comprised of branched structures contain­
ing only A or B strands. These structures 
would be expected to melt at a tempera­
ture approximately equivalent to the Tm 
for intact AAV DNA. Also, some of these 
branched molecules might sediment at the 
same rate as the structure proposed in Fig. 
10b for component AB'. (b) Some AAV 
duplex circles (as well as linear and circu­
lar oligomers) may result from the anneal­
ing of one strand with a complementary 
strand which has lost the inverted repeti­
tious sequences from its termini. These 
duplex circles would then arise from an­
nealing of the inverted terminal repetitions 
within one strand to form a "panhandle" 
(inset, Fig. 10b). The Tm of these panhan­
dles is at least equivalent to that of intact 
AAV duplex molecules (Koczot et al., 
1973) and therefore would probably not 
melt under the conditions of our experi­
ments. (c) Part of AB and AB' may result 
from cleavage of moleculei:; in the "oli­
gomer" population which contained broken 
or incomplete DNA strands, thus resulting 
in regions of single-strandedness. This pos­
sibility seems likely for part of component 
AB, at least, since sedimentation in alkali 
of this component revealed some strands 
shorter in length than those • of A or B 
though longer than those of C. (d) The con­
ditions employed in the experiments de­
scribed in Fig. 7 may not be optimal for the 
complete melting of all AAV cohesive ends. 
Further, experiments are currently in prog­
ress to evaluate these possibilities. 

Finally, we wish to note that the pres­
ence of a limited permutation of up to 6% 
of the genome length will cause a range in 
size of both fragments A and B of this 
amount. Thus, the observed molecular 
weights of A and B must be considered as 
mean values with a range of ±3% of the 
AA V genome length. The size estimation of 
fragment C is not affected by the permuta­
tion. In experiments to be described else­
where (Carter, Khoury, and Denhardt, 
manuscript in preparation), we show that 
the complementary strands of fragments A 
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and B can be separated, thus yielding a 
preparative purification of each of the four 
single-strand termini and allowing a more 
precise measurement of the AA V transcrip­
tion map. 
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