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The major species of unintegrated linear viral DNA identified in chicken
embryonic fibroblasts infected with either the avian myeloblastosis-associated
viruses (MAV-1, MAV-2) or the standard avian myeloblastosis virus complex
(AMV-S) has a mass of 5.3 x 106 daltons. An additional minor DNA component
observed only in AMV-S-infected cells has a mass of 4.9 x 106 daltons. The
unintegrated linear viral DNAs and integrated proviruses of MAV-1 and MAV-2
have been analyzed by digestion with the restriction endonucleases EcoRI and
HindHI. MAV-2 lacks a HindIII site present in MAV-1. These fragments have
been compared to those generated by EcoRI and HindIII digestion of linear viral
DNAs of AMV-S. Restriction enzyme digestion of AMV-S viral DNA produced
unique fragments not found with either MAV-1 or MAV-2 viral DNAs. The major
viral component present in AMV-S stocks has the HindIll restriction pattern of
MAV-1. Restriction enzyme analysis of the 5.3 x 106-dalton unintegrated MAV
viral DNAs and their integrated proviruses suggests that the DNAs have a direct
terminal redundancy of approximately 0.3 megadaltons and integrate colinearly
with respect to the unintegrated linear DNA.

The standard avian myeloblastosis virus com-
plex (AMV-S) causes four major types of neo-
plasias in the chicken: acute myeloblastic leu-
kemia, nephroblastoma, visceral lymphoid leu-
kosis, and osteogenic osteoblastoma (5). AMV-S
preparations contain at least three viruses: the
leukemogenic agent that is responsible for my-
eloblastosis and converts hematopoietic cells in
vitro and two myeloblastosis-associated viruses
(MAV-1 and MAV-2) (14). MAV-1 and MAV-2
(subgroupsA and B viruses, respectively) cannot
induce myeloblastic leukemia or convert hema-
topoietic cells in vitro. However, under appro-
priate conditions MAV-2 can induce nephro-
blastomas, osteoblastomas, and visceral leukosis
in chickens (19). MAV-1 can also induce ne-
phroblastomas, but the full tumorigenic poten-
tial of this virus is unknown (19; unpublished
data). A leukemogenic agent free of any MAV
has yet to be isolated from AMV stocks, and it
has been suggested that it is defective and may
require a helper virus (e.g., MAV) for its repli-
cation (14).
Three different forms of viral DNA have been

identified in avian retrovirus-infected avian cells:
linearDNA molecules of approximately 6.2 meg-
adaltons (Md), circular DNA molecules of ap-
proximately the same mass (1, 9, 18), and pro-
viral DNA integrated into the host genome (1,
13, 23, 24). The length of cytoplasmic linear
proviral DNA synthesized in avian sarcoma vi-

rus-infected Japanese quail cells approximates
a complete linear copy ofone subunit ofthe viral
RNA (18). Restriction enzyme analysis of avian
sarcoma virus DNA has shown that the termini
of the linear viral DNA bear a sequence redun-
dancy of approximately 300 nucleotides (9, 18)
and that the integrated proviral DNA is colinear
with respect to the unintegrated linearDNA (10,
16). In addition, it has been shown that theDNA
of various avian sarcoma virus strains can be
differentiated on the basis of their restriction
enzyme cleavage sites (18, 22).

In this study we have determined the size of
unintegrated linear viral DNA genomes pro-
duced in chicken embryonic fibroblasts (CEF)
infected by either MAV-1, MAV-2, or AMV-S as
well as the location of EcoRI and HindIlI re-
striction sites within the MAV DNAs. Our data
indicate that the MAV DNAs are terminally
redundant and integrate colinearly with respect
to the unintegrated viral DNA. Also, we have
identified in AMV-S-infected cells a viral DNA
species that is not found in cells infected with
either MAV-1 or MAV-2.

MATERIALS AND METHODS
Ceis and viruses. CEF were prepared from indi-

vidual 11-day-old C/E chicken embryos (Spafas, Inc.)
negative for group-specific antigen (gs-) and for
chicken helper factor (chf-). Avian myeloblastosis vi-
rus, BAI strain A (AMV-S), was obtained from plasma
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of leukemic chickens (J. W. Beard, Life Sciences, St.
Petersburg, Fla.). Avian MAV-1 and MAV-2 were a
gift from C. Moscovici (Veterans Administation Hos-
pital, Gainesville, Fla.) and were propagated in C/E
gs chft CEF.

Preparation of linear unintegrated viral DNA.
Approximately 10 roller bottle cultures ofC/E gschf
fibroblasts were infected at a multiplicity of 1 to 5
infectious units per cell with either AMV-S plasma,
MAV-1, or MAV-2. At 20 h postinfection, the cells
were harvested and separated into nuclear and cyto-
plasmic fractions by a modified method of Guntaka et
al. (7). Viral DNA was isolated from the cytoplasm by
modified methods of Shank et aL (17, 18). Briefly,
washed cells were resuspended at 4°C to approxi-
mately 2 x 107 cells per ml in lysis buffer (10 mM Tris,
pH 8.5; 1.5 mM MgC12; 0.14 M NaCl), and Nonidet P-
40 (Bethesda Research Laboratories) was added to a
concentration of 0.5%. After vigorous pipetting, the
nuclei were pelleted at 2,000 x g for 10 min at 40C.
The supernatant (cytoplasmic fraction) was harvested
and treated for 2 h at 37°C with 250 jug of proteinae
K per ml (EM Biochemicals) in the presence of 0.5%
sodium dodecyl sulfate. The cytoplasnic fraction was
then extracted with phenol-chloroform, precipitated
with ethanoL redisolved in TE buffer (10 mM Tris,
pH 7.4; 1 mM EDTA) and treated with RNase A (25
pg/ml) and RNase T, (20 U/ml) for 30 min at 37°C.
The cytoplasmic fraction was again treated with pro-
teinase K, extracted, and ethanol precipitated. The
precipitated DNA was resuspended in NTE buffer (0.1
M NaCl; 10 mM Tris, pH 7.4; 1 mM EDTA) and
centrifuged (15 h, 30,000 rpm, 4°C) through 5 to 20%
sucrose gradients (NTE, pH 7.4) in a SW-40 rotor.
rRNA served as an extemal marker.

Preparation of eliular DNA. High-molecular-
weight (Le., 3 x 107 or larger) cellular DNA from either
MAV-1- or MAV-2-infected CEF was extracted and
purified by a modification of methods previously de-
snibed (6). Briefly, the nuclei of virus-producing CEF
were isolated (7) and fractionated by the method of
Hirt (8). The Hirt pellets were redimolved in TE buffer
(pH 7.4) and digested for 12 to 16 h with 500 pg of
proteinase K per ml at 37°C. The digests were then
extrcted with phenol-chloroform (1:1), and the high-

molecular-weight DNA was spooled from an ethanol
interface. The spooled DNA was stored in water at
40C until used.

Ratrietion endonuclease digestion. Restriction
endonuclease EcoRI was a gift of M. Komaromy
(UCLA), and Hind& was prepared in our laboratory.
Digestions with EcoRI or HindIH were carried out for
90 min at 37°C with a threefold excess of enzyme (21).
Phage A DNA (Miles Laboratories) digested with
HindM served as molecular weight markers (21).

Southern blotting. DNA was applied to 0.7 or
1.2% horizontal agarose gels and electrophoresed as
described previously (21). After gel electrophores,
the DNA was transferred to nitrocellulose paper by
the method of Southern (20). The viral DNA se-

quences were detected by hybridization with '1I-la-
beled 70S viral RNA (specific activity of approxi-
mately 2 x 108 cpm/,ug) (21).

Viral RNA. AMV-S was purified from the plasma
of leukemic chickens. MAV-2 was purified from the

supernatant of MAV-2-infected CEFs. Viral 70S RNA
was extracted, purified (3), and iodinated with "2I as
described previously (15, 21). In some experiments, a
hybridization probe complementary to the 3' end of
the viral RNA was selected by retention of polyade-
nylic acid-containing 25I-labeled AMV-S RNA (12 to
16S) in an oligodeoxythymidylic acid-cellulose column
(Collaborative Research, Inc.) as previously described
(4, 21).

RESULTS

Size of unintegrated linear double-
stranded viral DNA ofMAV-1, MAV-2, and
AMV-S. Unintegrated linear viral DNA was
isolated from the cytoplsric faction of CEF
infected with either MAV-1 or MAV-2 as de-
scribed in Materials and Methods. After sucrose
velocity gradient sedimentation, fractions of 0.7
ml were collected from the bottom of gradients,
and 10 yg of sonicated calf thymus DNA (10S)
was added to each fraction. The DNA fractions
were electrophoresed in 0.7% agarose gels and
transferred to nitrocellulose paper (20). After
hybridization with a 125I-labeled 70S AMV-S
RNA probe, the only viral DNA detected was
from the 18S region of the sucrose gradients.
Southern blots of MAV-1 or MAV-2 viral DNA
pooled from the 15 to 20S fractions of sucrose
velocity gradients and electrophoresed in paral-
lel in 0.7% agarose gels showed a single band
corresponding to a mass of 5.3 Md. If equimolar
amounts of MAV-1 and MAV-2 viral DNA were
mixed and electrophoresed, the only detectable
hybridized band also had a mass of 5.3 Md (Fig.
1, lane 2). Thus, both MAV-1 and MAV-2 linear
viral DNAs have the same mass.

Linear viral DNA from the cytoplasmic frac-
tion of AMV-S-infected CEF was centrifuged
through a 5 to 20% sucrose gradient, and frac-
tions were collected and treated as described for
MAV-1 and MAV-2. After hybridization with an
125I-labeled 70S AMV-S RNA probe, again the
only viral DNA detected was from the 18S re-
gion of the sucrose gradients. The majority of
the AMV-S linear viral DNA molecules had an
apparent mass of 5.3 Md, but there was also a
minor species with a slightly smaller mass of 4.9
Md (Fig. 1, lane 1). The 4.9-Md viral DNA
species was reproducibly seen in five independ-
ent preparations of AMV-S linear viral DNA.
Therefore, it appears that in addition to viral
DNA of 5.3 Md, AMV-S gives rise to an uniden-
tified 4.9-Md component which is not present in
MAV-1 or MAV-2 viral DNA.
Cleavage ofunintegrated viralDNA with

restriction endonuclease EcoRI or Hind]H.
MAV-1, MAV-2, or AMV-S linear viral DNA
was treated with the restriction enzyme EcoRI
or HindHI. The resulting DNA fragments were
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FIG. 1. Size oflinear viral DNAs ofMA V-I, MAV-
2, and AMV-S. Linear viral DNA was isolated from
the cytoplasm of infected CEF, electrophoresed in
0.7% agarose gels, transferred to nitrocellulose paper,
and hybridized with an "MI-labeled AMV-S RNA
probe. AMV-S linear viral DNA (lane 1); mixture of
MAV-1 and MAV-2 viral DNA in equimolar concen-
trations (lane 2).

A 1 2} ; 4

In',r

:3 1 _

2.6

2 2,.i
1. ,l _

*4
Wm4r _

04

electrophoresed in either 0.7 or 1.2% agarose
gels, transferred to nitrocellulose paper, and hy-
bridized with an "25I-labeled AMV-S 70S RNA
probe. Preliminary experiments had shown that
125I-labeled 70S RNA from AMV-S has sufficient
homology to MAV-1 or MAV-2 proviral DNA to
be used as a hybridization probe for these viral
DNAs. MAV-2 viral DNA treated with EcoRI
or HindIII showed the same band pattern
whether hybridized with 121I-labeled 70S RNA
from MAV-2 (Fig. 2A, lanes 3 and 7) or from
AMV-S (Fig. 2A, lanes 2 and 6). Also, the MAV-
2 probe efficiently detects all AMV-S viral DNA
fragments generated by restriction endonuclease
digestion (data not shown).

Digestion of either MAV-1 DNA (Fig. 2A,
lane 1) or MAV-2 DNA (Fig. 2A, lane 2) with
EcoRI produced fragments of 4.4, 2.6, 1.8, and
0.9 Md. The intensity of the 4.4-Md EcoRI
fragment relative to the other fragments has
varied from one preparation to another. An anal-
ogous fragment has been detected in EcoRI-
treated viral DNA from avian sarcoma viruses
(18). The current interpretation is that this 4.4-
Md band probably represents the cleavage prod-
uct of some partially single-stranded viral DNA
intermediate (18). The remaining MAV-1 or
MAV-2DNA fragments collectively make a viral
DNA of 5.3 Md.

Digestion of AMV-S viral DNA with EcoRI
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FIG. 2. Autoradiographs ofEcoRI and HindIII digests ofMA V-1, MAV-2, andAMV-S linear viral DNAs.
The viral DNAs were isolated, treated with restriction endonucleases, electrophoresed in agarose gels,
Southern blotted, and hybridized with 125I viral RNA as described in the text. (A) 0.7% gels: EcoRI-digested
MA V-I DNA (lane 1), MAV-2 DNA (lane 2), and AMV-S DNA (lane 4) hybridized to 1251-labeled AMV-S
RNA; a separate MAV-2 DNA preparation was hybridized to '26I-MAV-2 RNA (lane 3). HindIII-digested
MAV-1 DNA (lane 5), MAV-2 DNA (lane 6), and AMV-S DNA (lane 8) hybridized to 1251-AMV-S RNA; a
separate MAV-2 DNA preparation was hybridized to '251-MAV-2 RNA (lane 7). (B) 1.2% gels: HindIII-
digested MAV-1 DNA (lane 1) and AMV-S DNA (lane 2) hybridized to an "LI-labeled AMV-S RNA probe.
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produced three fragments (5.3, 3.5, and 2.2 Md)
in addition to those observed in MAV-1 and
MAV-2 DNA digests (Fig. 2A, lane 4). These
fragments did not result from incomplete enzy-
matic digestion since the A control was properly
cleaved and an increase in enzyme concentration
or incubation period did not eliminate these
bands. The small amount of apparently uncut
DNA (5.3-Md band) could represent an as yet
unidentified MAV. The 3.5-Md fragment could
represent a partially single-stranded replicative
intermediate, or, alternatively, it could be part
of an unknown virus present in AMV-S stocks
in which the EcoRI site between the 2.6- and
0.9-Md fragments is missing. The addition of the
1.8- and 3.5-Md fragments would produce a
MAV-sized (5.3 Md) viral DNA.
After HindIII digestion of MAV-1 DNA, frag-

ments of 2.3, 1.9, and 0.8 Md were detected in
Southern blots of 0.7% gels (Fig. 2A, lane 5).
Long exposure of Southern blots of 1.2% gels
revealed the presence of an additional HindIII
fragment of 0.2 Md (Fig. 2B, lane 1). HindIll
digestion of MAV-2 DNA yielded fragments of
3.1 and 1.9 Md in 0.7% gels (Fig. 2A, lanes 6 and
7), and an additional fragment of 0.2 Md in 1.2%
gels. Thus, MAV-1 DNA contains an additional
HindIII site not present in MAV-2 DNA.

Digestion of AMV-S viral DNA with HindIII
produced fragments of 3.1, 2.6, 2.3, 1.9, 0.8, and
0.2 Md (Fig. 2A, lane 8, and Fig. 2B, lane 2).
Mapping ofEcoRI and Hindu sites in the

linear MAV DNA genomes. (i) Cleavage of
integrated MAV-1 and MAV-2 proviruses
with EcoRI or HindI. DNA from virus-pro-
ducing CEF infected with either MAV-1 or
MAV-2 was digested with EcoRI and electro-
phoresed in 0.7% agarose gels. The viral DNA
band pattem which resulted was identical to
that generated from the DNA of uninfected
CEF, i.e., only the endogenous viral DNA frag-
ments appeared to be present (Fig. 3, lanes 1
and 2). The 1.8- and 0.9-Md EcoRI end frag-
ments of linear viral DNA are missing. This
indicates that unintegrated viral DNA is absent
and that integration has involved both of these
fragments. Therefore, the 2.6-Md fragment of
either MAV-1 or MAV-2 DNA must be located
between the 1.8- and 0.9-Md fragments, and it
would have comigrated with an endogenous
fragment of the same size. The absence of junc-
ture bands between integrated viral DNA and
cellular DNA suggests that the MAV proviruses
are integrated at multiple sites in the chicken
DNA, as has been found for several other ret-
roviruses (2, 10, 11, 16). Such juncture bands
have been detected after EcoRI cleavage of
DNA from cell colonies derived from individual
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FIG. 3. Digestion of uninfected and MA V-I- or
MA V-2-infected CEF with EcoRI and HindIII. High-
molecular-weight cellular DNA was isolated, di-
gested with either EcoRI or HindIII, electrophoresed
in 0.7% agarose gels, blotted, and hybridized with an
125I-labeled AMV-S RNA. EcoRI-digested DNA from
uninfected CEF (lane 1) and from MAV-I-infected
CEF (lane 2). HindIII-digestedDNA from uninfected
CEF (lane 3), MAV-I-infected CEF (lane 4), and
MAV-2-infected CEF (lane 5). A 20-pg amount of
DNA was run in each lane.

CEF infected with MAV-2 (Bergmann et al.,
submitted for publication).

If DNA from CEF productively infected with
either MAV-1 or MAV-2 was digested with
HindIll, two viral DNA bands appeared in ad-
dition to those arising from endogenous provi-
ruses (Fig. 3, lanes 3, 4, and 5). These exogenous
viral DNA bands were 1.9 and 0.8 Md for MAV-
1-infected CEF and 3.1 and 1.9 Md for MAV-2-
infected CEF. These two HindHI fragments gen-
erated from integrated MAV-1 and MAV-2 pro-
viruses are identical to those generated from
their respective unintegrated linear viral DNAs.
Therefore, a 2.3-Md band must also have been
generated from digests of integrated MAV-1
DNA and would have comigrated with the en-
dogenous fragment of the same size. This indi-
cates there are HindIlI sites near both termini
in linear viral DNA and that integration must
occur outside these sites. Therefore, MAV-1 and
MAV-2 proviruses are integrated colinearly with
respect to their linear viral DNA.

(ii) Sequential digestion of unintegrated
linear viral DNAs with HindL and EcoRL.
If MAV-1 or MAV-2 linear viral DNA was se-
quentially digested with HindIII and EcoRI,
fragments of 2.3, 1.6, 0.8, and 0.3 Md were de-
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tected in 0.7% gels, with a probe representative
of the entire AMV-S RNA (Fig. 4). A 0.2-Md
band was also visible in 1.2% gels (not shown).
The double digest of MAV-1 linear DNA

shows that the HindIIl fragment of 2.3 Md is
located within the EcoRI 2.6-Md fragment and
therefore must be between the two HindIII frag-
ments of 1.9 and 0.8 Md. Also, the MAV-1 and
MAV-2 EcoRI fragments of 1.8 Md and 0.9 Md
were reduced to 1.6 and 0.8 Md, respectively,
upon digestion with HindIII. Thus, it appears
that a 0.2-Md fragment is cleaved from one end,
whereas a fragment of approximately 0.1 Md is
cleaved from the other end. However, our ex-
perimental procedure was unable to detect a
fragment of 0.1 Md or less. This places the
double digest fragments in the relative order:
0.2, 1.6, 0.3, 2.3, 0.8, 0.1 with the 0.1 fragment at
either the 3' or 5' terminus with respect to viral
RNA.

(iii) Hybridization of EcoRI or Hind
cleaved linear viral DNA with a 3'-specific
RNA probe. The viral DNA fragments were
oriented with respect to the 3' terminus of the
viral RNA by hybridization with 12 to 16S poly-
adenylic acid-containing '25I-labeled AMV-S
RNA (3' probe). If EcoRI-digested MAV-1 or
MAV-2 DNA was hybridized with the 3' AMV-
S probe, the 0.9-Md band appeared as intense
as with a total RNA probe, and the 1.8-Md band
hybridized faintly (Fig. 5, lanes 1 and 2). This
indicates that the 0.9-Md fragment corresponds

2

2 a

FIG. 4. Sequential digestion ofMA V-iland MAyV-
2 viral DNA with HindIII and EcoRI. MA V-I or
MAV-2 DNA sequentially digested with HindIII and
then EcoRI was electrophoresed in separate 0.7%
agarose gels, blotted, and hybridized with an 1251.
labeled AMV-S RNA probe. MAV-i (lane 1) and
MAV-2 (lane 2) viral DNA.

FIG. 5. Hybridization ofEcoRI- and HindIII-gen-
erated viral DNA fragments with a 3' terminal RNA
probe. Linear viral DNA was digested with either
EcoRI or HindIII, electrophoresed in either 0.7 or
1.2% agarose gels, blotted, and hybridized with a 12
to 16S polyadenylic acid-containing "251-labeled
AMV-SRNA (3' probe). EcoRI-digestedMAV-I DNA
(lane 1); EcoRI-digested MAV-2 DNA (lane 2);
EcoRI-digested AMV-S DNA (lane 3); HindIII-di-
gested MA V-1 DNA (lane 4); and HindIII-digested
MA V-2DNA (lane 5) electrophoresed in 0.7% agarose
gels. HindIII-digested MA V-2 DNA electrophoresed
in a 1.2% gel (lane 6). The mass scale at right applies
only to lane 6.

to the 3' end of the viral RNA. The limited
homology of the 1.8-Md fragment with the 3'
probe despite its location at the opposite end of
the linear genome indicates that the MAV viral
DNA contains a terminal redundancy, as does
the DNA from other retroviruses examined so
far (9, 11, 18).

If HindIII-digested MAV-1 or MAV-2 DNA
was hybridized with the 3' AMV-S probe, the
only detectable bands in 0.7% gels were the
MAV-1 0.8-Md or the MAV-2 3.1-Md fragments
(Fig. 5, lanes 4 and 5). After similar digests were
run in 1.2% gels, the 0.2-Md fragments could also
be detected as depicted for MAV-2 DNA (Fig. 5,
lane 6). This indicates that the MAV-1 0.8-Md
fragment and the MAV-2 3.1-Md fragment are
located near the 3' end and that the 0.2-Md
fragment which comes from the 5' terminus con-
tains sequences complementary to the 3' termi-
nus of the viral RNA.

If EcoRI-digested AMV-S viral DNA was hy-
bridized to the 3' AMV-S probe, fragments of
3.5, 1.8, and 0.9 Md were detected (Fig. 5, lane
3). Therefore, the 3.5-Md fragment includes 3'
sequences and may represent a MAV-like viral
DNA with an EcoRI site missing at 0.9 Md from
the 3' terminus. The loss of the EcoRI site
between the 2.6- and 0.9-Md fragments of either
MAV-1 or MAV-2 would generate an EcoRI
fragment of 3.5 Md.

J. VIROL.
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The data from integrated proviral DNA, dou-
ble digests, and 3' end analysis of free viral DNA
have been combined to assemble an EcoRI and
HindIII cleavage map of MAV-1 and MAV-2
linear viral DNAs (Fig. 6). From the data, the
HindIII site present in MAV-1 but absent in
MAV-2 cannot be exactly located relative to the
EcoRI site near the 3' end. However, this
HindIII site must lie very near the EcoRI site
as all the fragments generated by a double digest
of MAV-2 appear identical to those generated
from MAV-1.

DISCUSSION
The major species of unintegrated linear viral

DNA identified in CEF infected with either
MAV-1, MAV-2, or AMV-S has a mass of 5.3
Md. A minor viral DNA component observed
only in AMV-S-infected CEF has a mass of 4.9
Md. RNA from purified AMV-S virions analyzed
by methyl mercury-agarose gel electrophoresis
contains two viral RNA species of 2.6 and 2.4
Md (Chiswell, Souza, and Baluda, unpublished
data; J. Meyers, personal communication). RNA
from MAV-1 and MAV-2 virions analyzed in the
same manner showed only a 2.6-Md component.
Thus, the 4.9-Md DNA made from AMV-S
could be the reverse transcription product of the
2.4-Md viral RNA component.

After cleavage with EcoRI or HindIII, unin-
tegrated linear AMV-S viral DNA yields unique
bands not detectable in similarly treated MAV-
1 or MAV-2 viral DNAs. Two fragments in par-
ticular, an EcoRI 2.2-Md fragment and a
HindIII 2.6-Md fragment, have been associated
with leukemogenesis (Souza et. al., Proc. Natl.
Acad. Sci. U.S.A., in press). They have been
detected in all leukemic myeloblasts regardless
of the nature, or even the presence, of the helper
virus used in the infection. Furthermore, these
two fragments have been associated with a pro-
viral genome of 4.9 Md isolated from leukemic

EcoRl EcoRI
MAV- 1 -1.8 1 2.6 0.9
MV1 0.21 1.9 1 2.3 I0.8 10.1
HindiHindil HindIII Hindlil

1.8 E 2.6 EcoRI 0.9
MA2 7.2 1. 1 3.1 10.1

Hindlil Hind H Hindlil

FIG. 6. EcoRI and HindIII cleavage sites in the
linear viral DNAs ofMA V-I and MAV-2. Right side
ofmap corresponds to 3' side of viral RNA. Numbers
represent the size ofthe fragments (Md). The location
of the EcoRI and HindIII cleavage sites at 0.9 md
from the 3' end of MA V-I DNA could not be deter-
mined unambiguously, and both sites have been ar-
bitrarily positioned at the same place.

myeloblasts (Souza et al., in press). Therefore,
the 4.9-Md viral DNA present in AMV-S viral
DNA preparations may represent the uninte-
grated form of the putative AMV proviral ge-
nome.
The absence in MAV-2 DNA of one HindIII

site that is present in MAV-1 DNA permits the
two viruses to be distinguished biochemically as
well as biologically (e.g., by lack of interference
based on their different envelope glycoproteins).
AMV-S consists predominantly of subgroup B
viruses with subgroup A viruses as a minor com-
ponent. Unexpectedly, MAV-2 is present in low
concentration (approximately 10%) relative to
MAV-1-like virus in AMV-S viral DNA prepa-
rations as estimated from the proportion of the
3.1-Md fragment in HindIII digests of AMV-S
viral DNA. This suggests that the major com-
ponent of AMV-S is either MAV-1 or a MAV
with HindIll sites identical to those of MAV-1.
The possibility that MAV-2 replication is selec-
tively inhibited, whereas MAV-1 is not, in our
CEF can be excluded since MAV-2 replicates as
well as MAV-1 in appropriately infected cells
(unpublished data). Our studies also suggest the
existence of a MAV-like viral DNA in AMV-S
which has an EcoRI cleavage pattem different
from that of either MAV-1 or MAV-2. It remains
to be determined whether this represents a par-
tially single-stranded replication intermediate or
another MAV.
The hybridization of a probe specific for the

3' viral RNA terminus to both the 3' and 5'
termini of the linear MAV DNA shows that
these DNAs have terminal sequence redundan-
cies. HindIII appears to cleave MAV-1 and
MAV-2 DNA at 0.2 Md from the 5' terminus
and at approximately 0.1 Md from the 3' termi-
nus, as evidenced by EcoRI and HindIII double
digestion. PvuI, which cleaves asymmetrically
within the terminal repeats of ASV linear viral
DNA, generates two end fragments of different
size (9, 18). Thus, our data are consistent with
the presence of HindIII sites within terminal
redundancies of approximately 0.3 Md in MAV-
1 and MAV-2 DNAs.
The internal viral DNA fragments generated

by restriction enzyme digestion of either MAV-
1 or MAV-2 DNA are present in similar digests
of their respective integrated proviruses. Con-
versely, the terminal fragments of the EcoRI- or
HindIII-digested MAV viral DNAs are not de-
tected in these proviral DNA digestions. These
end fragments are presumably attached to cel-
lular DNA at many sites and would not be
detectable. These results indicate that the MAV
proviral DNAs are integrated colinearly with
respect to their linear viral DNAs.

VOL. 34, 1980
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