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Preparations of the a,B and the 13,3 forms of reverse transcriptase from the
Prague C strain of Rous sarcoma virus grown in chicken embryo fibroblasts, the
a13 and the 31 forms of the enzyme from the B77 strain of Rous sarcoma virus
grown in duck embryo fibroblasts, and the a3 form of reverse transcriptase from
avian myeloblastosis virus have been analyzed. All these enzyme preparations
contain a Mn2'-activated endonuclease activity. The 1313 form of enzyme, in
addition, contains a Mg2'-dependent endonuclease. Such an activity is barely
detectable in the a3 form of enzymes. The endonuclease associated with reverse
transcriptase introduces single- and double-strand breaks containing 3' OH and 5'
P termini into RF I DNA. The conversion of RF I DNA to RF III DNA is more
readily catalyzed by the 13 form of reverse transcriptase. In contrast to a recently
published report by Hizi et al. (J. Virol 41:974-981, 1982), we have failed to detect
the conversion ofRF I DNA to covalently closed relaxed circles (RF IV DNA) by
any of the a1 form of enzymes tested. RF IV DNA was not produced by the 13
form of reverse transcriptase either. We conclude that topoisomerization is not an
intrinsic activity of reverse transcriptase. Although the conversion of RF I DNA
to RF II DNA was found to be rapid, the endonuclease associated with reverse
transcriptase acted slowly on RF II, RF III, and RF IV DNAs. Circular and linear
single-stranded DNAs were also susceptible to cleavage by the endonuclease at a
rate comparable to nicking ofRF I DNA. This pattern of activity suggests that the
endonuclease cleaves the RF I DNA in the single-stranded regions of the DNA
induced by its supercoiling. The preference of the a13 and the 13 forms of the
endonuclease for viral DNA was tested with Rous-associated virus type 2 and
Rous sarcoma virus transformation-defective Schmidt-Ruppin B strain DNA
molecularly cloned in plasmid pBR322 and M13 DNA vectors, respectively. The
rate of nicking of RF I DNA containing viral DNA or partial sequences of viral
DNA with one or two tandem long terminal repeats was the same as when these
sequences were not present in the host vectors. A similar lack of preference was
observed with single-stranded M13 DNAs.

RNA-directed DNA polymerase has been pu-
rified from a variety of avian RNA tumor virus-
es. The purified enzyme exists in three enzymat-
ically active molecular forms referred to as a,
a,B, and 13. The a and 13 subunits are 68,000 and
92,000 daltons, respectively. The amino acid
sequence of the a subunit is a subset of the 13
subunit (3, 20), suggesting that a is derived from
13 by a proteolytic cleavage event. Each form has
several enzymatic activities associated with it,
including RNA-directed DNA polymerase,
DNA-dependent DNA polymerase, RNase H,
and polynucleotide unwinding (for a review of
these enzymatic activities see reference 25).
More recently, Golomb and co-workers (4, 5)

have shown that a DNA endonuclease activity is

associated with the a13 but not the a form of
avian myeloblastosis virus (AMV) reverse tran-
scriptase. In the presence of Mn2+ ions, this
activity nicks covalently closed supertwisted
ColEl DNA; in the presence of Mg2+ ions it is
inactive. These authors also reported that the
endonuclease acts slowly on linear double- and
single-stranded DNAs. It has been established
that the endonuclease is an integral part of the
polymerase since it is found in temperature-
sensitive form associated with the polymerase
purified from LA335 virus (5). This virus is
temperature sensitive for replication and con-
tains a reverse transcriptase that is temperature
sensitive in both polymerization and RNase H
activities (17, 26). Since the a subunit of the
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polymerase lacks the above activity, the active
site for the endonuclease probably resides on the
13 subunit in a portion of the polypeptide chain
that is cleaved from P to form a. A 32,000-dalton
polypeptide purified from AMV cores has a
DNA endonuclease activity which requires ei-
ther Mg2+ or Mn2+ ions for activity and is
structurally related to the 13 but not the a subunit
(21). These results suggest that the 1313 form of
reverse transcriptase should contain an endonu-
clease activity, a finding that has been recently
reported by Hizi et al. (8). The function for this
enzymatic activity in viral replication is un-
known, although it has been suggested that it
might play a role in integrating viral DNA into
host cellular DNA. In this report, we have
characterized the mechanism of action of the
DNA endonuclease associated with the a,B and
the 13 forms of several RNA tumor virus re-
verse transcriptases to assess its role. For this
purpose, we have utilized a variety of substrates
which include molecularly cloned DNAs con-
taining viral and host DNA sites presumed to be
recognized in the integration reaction. We have
shown that the endonuclease acts preferentially
on single-stranded DNA and that the presence
or absence of retroviral specific sequences does
not alter the apparent rate of cleavage.

(Part of this work will be submitted by G.D. in
a dissertation to the Department of Biochemis-
try, Case Western Reserve University, for the
degree of Doctor of Philosophy.)

MATERIALS AND METHODS

Reagents: [3H]thymidine (12 Ci/mmol) and
[3H]dTTP (18.6 Ci/mmol) were purchased from New
England Nuclear Corp., Boston, Mass. [y-32P]ATP
(5,000 Ci/mmol) was from ICN, Irvine, Calif. Cesium
chloride was from the Harshaw Chemical Co., Solon,
Ohio. Ethidium bromide and propidium diiodide were
purchased from Calbiochem-Behring. La Jolla, Calif.
The agarose (SeaKem; Rockland, Maine) was from
Marine Colloids Division of FMC Corp. DNA restric-
tion enzymes Sall (3,000 U/0.045 ml). BamHI (4,000
U/0.13 ml), PvuII (2,500 U/0.1 ml), and PstI (1,000 U/
0.03 ml) were from New England Biolabs, Beverly,
Mass.; ClaI (4,000 U/0.058 ml), HindIII (10,000 U/ml),
and EcoRI (10,000 U/ml) were from Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md. Pancre-
atic DNase and bacterial alkaline phosphatase (BAP)
were from Worthington Diagnostics, Freehold, N.J.
T4 DNA ligase and Escherichia coli DNA exonucle-
ase III were from P-L Biochemicals, Inc., Milwaukee,
Wis. DNA polymerase I of E. coli was fraction VII
prepared by the method of Jovin et al. (11). T4
polynucleotide kinase was prepared as described by
Muster et al. (19).
Growth of viruses. The B77 strain of Rous sarcoma

virus (RSV) was grown in primary Peking duck em-
bryo fibroblasts as previously described (9). The
Prague C strain of RSV was grown in primary chicken
embryo fibroblasts as described bv Smith et al. (23).

AMV was derived from citrate-treated plasma from
leukemic chickens as previously described (14).

Purification of reverse transcriptase. The ac1 form of
AMV reverse transcriptase (30,000 U/mg of protein)
was purified as described by Leis (14). The a,B and the
,B1B forms of reverse transcriptase from the Prague C
and B77 strains of RSV were purified as described by
Hizi and Joklik (9). A polymerizing unit is defined as
the amount of enzyme which incorporates 1 nmol of
nucleotide in 30 min with polyadenylic acid-oligode-
oxythymidylic acid 14 as the primer template.

Preparation of cloned viral DNA. Subclones of plas-
mids pBR322 and M13 were prepared from segments
of retroviral DNA originally cloned in phage A vectors
with covalently closed circular viral DNAs extracted
from infected cells (12). The plasmid p13 (a pBR322
derivative of XSRBtd-2.2 prepared by Bryan Cullen)
contains a complete equivalent of viral DNA with two
tandem copies of the long terminal repeat (LTR) and is
joined to the vector via the single Sall site in the env
gene. Procedures for cloning and preparing plasmid
DNA were described previously (7). 3H-labeled plas-
mid DNA was obtained from cultures exposed to
[methyl-3H]thymidine (80 Ci/mmol) at 200 ,uCi/100 ml
of culture added 3 h after the addition of chloramphen-
icol. Cells were harvested, and DNA was extracted 10
to 12 h later. The M13 clones utilized the vector mp9
obtained from Bethesda Research Laboratories and
prepared according to the directions of the supplier.
The viral DNAs in these subclones were derived from
XRAV-2. They contain SaIl-BamHI viral DNA inserts
of 1.85 and 2.2 kilobases spanning the ends of the viral
genome and including one or two tandemly repeated
LTRs, respectively. RF I DNA and single-strand
circular phage DNA were prepared from the M13
recombinants by protocols generously provided by J.
Messing (personal communication, University of Min-
nesota, St. Paul).

Restriction digestion of DNA. RF M13 mp9 2-LTR
DNA (2 jig) was incubated in a 50-,ul volume with a
final concentration of 10 mM MgCl2, 20 mM Tris-
hydrochloride (pH 8), and CiaI restriction enzyme
(13.8 U) for 60 min at 38°C. In a second reaction
vessel, 2 ,ug of the same DNA was incubated in a 50-,ul
volume containing a final concentration of 6 mM
MgC92, 0.14 M NaCl, 20 mM Tris-hydrochloride (pH
7.5), BamHI (4 U), and Sall (3 U) for 60 min at 38°C.
The reaction was stopped by bringing the volume to
0.2 ml and adding 5 ,umol of EDTA, 20 p.mol of NaCl,
and 1 mg of sodium dodecyl sulfate (SDS). The protein
was removed by extraction twice with phenol, and the
DNA was precipitated with the addition of two vol-
umes of 95% ethanol.

Preparation of different topoisomer forms of pBR322
DNA. RF II DNA. RF I plasmid pBR322 DNA (125 ,ug)
was incubated for 15 min at 37°C in a 50-i±l volume
containing 5.6 mM 2-mercaptoethanol, 20 mM Tris-
hydrochloride (pH 8), 10 mM MgC92, and serial dilu-
tions of pancreatic DNase (5 to 0.05 ng). The reaction
was stopped by heating at 65°C for 4 min, and the
extent of nicking of the DNA was determined by
agarose gel electrophoresis.
RF III DNA. RF I plasmid pBR322 DNA (10 ,ug) was

incubated with Sall (33 U) as described above for 60
min at 37°C. The reaction was stopped with the
addition of 2.5 ,umol of EDTA and brought to a final
concentration of 0.5% SDS in a volume of 0.2 ml. The

J. VIROL.



REVERSE TRANSCRIPTASE FROM AVIAN VIRUSES 729

mixture was extracted two times with an equal volume
of phenol and then was alcohol precipitated in 0.1 M
NaCl with two volumes of 95% ethanol.
RF IV DNA. A mixture of 1 ,mol of Tris-hydrochlo-

ride (pH 7.5), 0.14 ,mol of 2-mercaptoethanol, 0.0725
,mol of ATP, and 40 U ofT4 DNA ligase was added to
the reaction vessel containing RF II DNA prepared
above and was incubated for 30 min at 37°C. Reactions
were stopped by heating to 65°C for 2 min and adding 5
,umol of EDTA. The incubation mixture was brought
to a final volume of 2.2 ml to which were added 0.005
ml of 10% Sarkosyl, 2.3 g of CsCl, and 0.2 ml of
propidium diiodide (2 mg/ml). This mixture was spun
at 38,000 rpm for 40 h in a Spinco SW50.1 rotor at
20°C. Fractions were collected from a hole pierced in
the bottom of the centrifuge tube, and 0.5 Rl of each
fraction was diluted 18-fold with 5% glycerol and
layered onto a 0.7% agarose gel containing 50 mM
Tris-borate (pH 8.3), 1 mM EDTA, and 0.5 ,g of
ethidium bromide per ml. Electrophoresis was carried
out as described below. The fractions containing RF
IV DNA were pooled, extracted 10 times with an equal
volume of isopropanol equilibrated with 3 M NaCl,
diluted threefold with water, and concentrated by
alcohol precipitation with two volumes of 95% etha-
nol.

Agarose gel electrophoresis. Neutral agarose gel elec-
trophoresis of DNAs was carried out in 0.7 to 1%
agarose minigels (9 by 5 cm) containing 50 mM Tris-
borate (pH 8.3) as buffer. EDTA (1 mM) was added to
some gels as indicated. DNA samples were layered
into wells 2 mm wide in the horizontal gel, and
electrophoresis was carried out for 45 min to 2 h at 150
V at room temperature. Ethidium bromide (0.5 ,ug/ml)
or propidium diiodide (0.5 ,g/ml) was included in the
gel and buffer where indicated. In some gels, 36 mM
Tris-30 mM sodium phosphate (pH 7.7)-l mM EDTA
was used instead of the above buffer. DNA was
detected by fluorescence upon exposure to UV light
(short wavelengths). When denaturing conditions were
used, gels were run with 30 mM NaOH-1 mM EDTA.
In this case, gels were soaked for 30 min with 0.1 M
ammonium acetate-0.22 ,g of ethidium bromide per
ml before exposure to UV light.

Endonuclease assay. The endonuclease assay was
carried out in a 10-Il incubation volume in 1.0- or 1.5-
ml Eppendorf centrifuge tubes with tight sealing caps.
The reaction mixture contained 20 mM Tris-hydro-
chloride (pH 8.5); or 20 mM Tris-hydrochloride (pH
9.0), 5 mM 2-mercaptoethanol, and 2 mM MnCl2; or 5
mM MgCl2, 0.3 to 0.5 nmol of single- or double-
stranded DNA, and various amounts of reverse tran-
scriptase as indicated. After incubation at 37°C for
indicated lengths of time, the reaction was stopped by
removing a 4-Il sample and adding it to 1 ,ul of 25%
glycerol-5% SDS. The sample was then placed onto an
agarose gel, and electrophoresis carried out as de-
scribed above. In some assays, the DNA was treated
with 0.1 mg of proteinase K in the presence of 0.2%
SDS for 5 min at 37°C before analyzing the DNA on an
agarose gel.

Labeling of 5' termini of RFI pBR322 DNA treated
with reverse transcriptase. RF I plasmid pBR322 DNA
was treated with the ac4 form of reverse transcriptase
as described above. Reactions were stopped by heat-
ing the incubation mixture at 65°C for 5 min. BAP (0.05
U) was added to each reaction mixture and incubated

for 15 min at 37 or 65°C. The 5' OH termini were
phosphorylated by T4 polynucleotide kinase (0.20 U)
with [.y-32P]ATP (1.5 x 105 cpm/pmol) in the presence
of 5 mM sodium phosphate (pH 7) and 5 mM dithio-
eryitol as described by Leis et al. (15).

RESULTS
Golomb and co-workers (4, 5) have reported a

Mn2'-activated DNA endonuclease activity that
is an integral part of the avian tumor virus
reverse transcriptase. We have confirmed and
extended this observation. Preparations of the
ac form of AMV, B77 RSV, and Prague C RSV
reverse transcriptase contain a Mn2'-activated
endonuclease that nicks supertwisted RF I
forms of DNA. The effect of the AMV polymer-
ase on RF I plasmid pBR322 DNA is shown in
Fig. 1. In this experiment, pBR322 DNA was
incubated with AMV polymerase for 30 min, and
the DNA was analyzed by agarose gel electro-
phoresis as described above. RF I DNA was
converted into mostly RF II DNA with small
amounts of RF III DNA (Fig. 1, lanes 6 and 7).
When the enzyme was incubated with MgCl2 or

FIG. 1. Gel electrophoresis separation of plasmid
pBR322 DNA treated with the ac and f313 forms of
reverse transcriptase in the presence of Mn2" and
Mg2+ divalent cations. The ap form of AMV reverse
transcriptase or the I3,B form of B77 RSV reverse
transcriptase were incubated with RF I pBR322 DNA
(4.4 jig) in a 50-t.l volume with 2 mM MnCl2 or 10 mM
MgCl2 as described in the text. After 30 min at 37°C,
0.4 Rmol of EDTA, 20 ILg of SDS, and 20 ,ug of
proteinase K were added, and the mixture was incu-
bated for 5 min at 37°C. The reaction mixture was
brought to 5% glycerol concentration, and a sample
was layered onto a 1% agarose gel containing 40 mM
Tris-acetate (pH 8.1), 2 mM EDTA, and 0.22 Rg of
ethidium bromide per ml and was run at 50 V for 6 h.
RF I pBR322 DNA was incubated with: lane 1, EcoRI
(10 U); lane 2, no enzyme and 2 mM MnCl2; lane 3,
EcoRI (10 U); lane 4, 3 X 10-3 U of B77 RSV reverse
transcriptase and 10 mM MgC92; lane 5, no enzyme
and 10 mM MgCl2; lane 6, 10 U of AMV reverse
transcriptase and 2 mM MnCl2; lane 7, 3.3 U ofAMV
reverse transcriptase and 2 mM MnCl2; lane 8, 3.3 U
ofAMV reverse transcriptase and 10 mM MgCl2; lane
9, 3 X 10-3 U of B77 RSV reverse transcriptase and 2
mM MnCl2.
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MgCl2 plus 2 mM ATP (Fig. 1, lane 8), no
change in the migration of the RF I DNA from
the controls (Fig. 1, lane 5) was observed. With
longer incubation times or higher concentrations
of enzyme added to the incubation, some Mg2-
dependent activity could be observed. No activi-
ty was noted in the absence of added divalent
cations (data not shown).
The finding of Golomb and co-workers (4, 5)

that the a,B form of AMV polymerase, but not
the a form, contains endonuclease activity sug-
gests that the endonuclease-active site resides
on the polypeptide fragment that is cleaved from
the chain to form the a chain. If this is correct,
then the ,131 form of reverse transcriptase should
also contain an active DNA endonuclease activi-
ty. We had previously purified and character-
ized the form of B77 RSV reverse transcrip-
tase (10). These enzyme preparations were
tested and found to have endonuclease activity
in the presence of Mn2+ (Fig. 1, lane 9). At first
glance this activity appears to be similar to the
a1 form of polymerase. In the presence of Mn2+
ions, the enzyme converts the RF I DNA into
RF II DNA. However, in contrast to what is
seen with the aot enzyme, much of the RF I form
of DNA is also converted to RF III DNA
structures. Significant conversion of RF I DNA
to RF III DNA by the a13 enzyme require high
ratios of enzyme to DNA or extended periods of
incubation (see Fig. 3). Another difference be-
tween these two enzyme forms is that can
utilize Mg2' as a divalent cation (Fig. 1, lane 4);
it required higher concentrations of the a1 en-
zyme and longer incubation times to detect the
activity in this enzyme form. In the presence of
Mg2+, the DNA digestion products are also
RF II DNA and RF III DNA. As with the a13

form, there is no detectable activity in the ab-
sence of added divalent cation.

Purification and properties of the endonuclease
associated with the I310 form of RSV polymerase.
The forms of reverse transcriptase from
Prague C and B77 RSV virions were purified by
sequential chromatography on DEAE-cellulose,
phosphocellulose, and polyuridylic acid-cellu-
lose as previously described (9). In each case,
the DNA endonuclease activities copurified with
the DNA polymerization activity (data not
shown). These results are consistent with those
of Golomb et al. (5) and Hizi et al. (8), which
indicate that the endonuclease is part of reverse
transcriptase.
The form of reverse transcriptase repre-

sented 11% of the detectable polymerase units
purified from the Prague C RSV as compared
with 45% for the B77 RSV. The Mn2'-activated
endonuclease could be detected in extracts of
both viruses. However, the Mg2+-dependent
endonuclease was not detected until the form
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of enzyme was separated from the other two
forms of enzyme on the phosphocellulose col-
umn. When virus purified by equilibrium su-
crose gradient centrifugation was used, endonu-
clease was not associated with the a form of
enzyme, in agreement with the results of Go-
lomb and Grandgenett (4). However, with less
pure virus preparations, a second Mg2+- and
Mn2'-dependent endonuclease activity was
found to elute from the phosphocellulose col-
umn almost coincidental with the a form of
enzyme. When these preparations were exam-
ined by SDS-polyacrylamide gel electrophore-
sis, many bands of protein were seen, including
one of 32,000 daltons (data not shown). This
protein may be related to the pp32 protein
described by Schiff and Grandgenett (21). This
fraction was not studied further.
The requirements for the endonuclease activi-

ties are summarized below. The endonucleases
were active over a broad range of pH between
7.5 and 10; optimal activity was observed be-
tween pH 8.5 and 9.0. The addition of 0.1 M
NaCl, up to 5 mM ATP, 1 mM NAD+, 4 mM
GTP, or 5 ,uM S-adenosylmethionine had no
effect upon the reaction with either form of
enzyme under all conditions tested. The 13
form of enzyme had a broad Mg2+ requirement
between 1 and 10 mM; optimal activity was
observed with 5 mM MgCI2. Higher concentra-
tions of MgCl2 were inhibitory. To assess the
relative amount of DNA endonuclease associat-
ed with each of the different forms of enzyme,
various amounts of the Prague C RSV enzymes
(determined by polyadenylic acid-oligodeoxy-
thymidylic acid 14-directed dTMP incorpo-
ration) were incubated with plasmid pBR322 RF
I DNA (0.14 nmol) for 30 min at 37°C with either
2 mM MnCl2 or 5 mM MgCl2; the DNA products
were analyzed by agarose gel electrophoresis.
The Mg2+-dependent endonuclease was two- to
threefold more active than the Mn2'-dependent
enzyme associated with the 13 form of the
enzyme. The amounts of Mn2+-dependent endo-
nuclease associated with the a3 and the 13
forms of RSV reverse transcriptase were about
the same.

Nature of the DNA products. The breaks intro-
duced into RF I DNA by the a,B and the 1313
forms of reverse transcriptase contain 3' OH and
5' P termini. This is shown by the data summa-
rized in Tables 1 and 2. In the experiments
presented in Table 1, plasmid pBR322 DNA was
treated with various enzymes and then tested as
a substrate for nick translocation by purified E.
coli DNA polymerase I. The RF I pBR322 DNA
by itself did not support dTMP incorporation
catalyzed by DNA polymerase I. However, if
the pBR322 DNA was first nicked with pancre-
atic DNase (as a control), the a,B form of AMV
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TABLE 1. DNA ends produced by the
endonucleases associated with a, and ,B forms of

reverse transcriptase

Enzyme for first E. coli DNA dTMP
incubationa polymerase I incorporatedincubation' (pmol)

None + 0.17

Pancreatic DNase + 66.0

a13 Reverse transcriptase - 0.63c
+ 38.0

11 Reverse transcriptase + 17.5
a Plasmid pBR322 DNA (6.3 ,ug) was incubated in a

10uAI volume with AMV reverse transcriptase (aI, 3.3
U), B77 RSV reverse transcriptase (11, 0.6 x 10-3 U),
or pancreatic DNase (0.5 ng) together with 10 mM
MgCl2 or 2 mM MnCl2 (with the AMV enzyme) plus 20
mM Tris-hydrochloride (pH 8.0) for 30 min at 37°C as
described in the text. The reaction was stopped by
heating the reaction mixture to 65°C for 2 min.

b For the second incubation, the incubation mixture
was brought to a final volume of 50 Il containing 20
mM Tris-hydrochloride (pH 8), 10 mM MgCl2, dATP,
dGTP, and dCTP (0.5 ,u.mol/ml each), [3H]dTTP (0.08
Fmol/ml, 345 cpm/pmol), and (where indicated) 0.76 U
of E. coli DNA polymerase I. Reaction mixtures were
then incubated for 30 min at 37°C, and acid-insoluble
radioactivity was determined.

c [3H]dTTP and the three other unlabeled deoxynu-
cleotides were added directly to a 5SO-l incubation
containing the AMV reverse transcriptase; dTMP
incorporation was determined as above.

reverse transcriptase, or the form of B77

RSV reverse transcriptase, the DNA now sup-
ported dTMP incorporation catalyzed by E. coli
DNA polymerase I. Since this enzyme requires
3' OH termini to catalyze DNA synthesis, both
forms of reverse transcriptase must produce 3'
OH ends at the breaks.
The breaks in the DNA contain 5' P termini as

shown by the data in Table 2. RF I plasmid
pBR322 DNA was incubated with the a1 form of
B77 RSV reverse transcriptase for 30 min as

described above until about 25% of the DNA
was converted to RF II DNA as analyzed by
agarose gel electrophoresis. The DNA was then
incubated with T4 polynucleotide kinase and [y-
32P]ATP. Barely detectable amounts of 32p label
were incorporated into the treated DNA com-
pared with a control DNA incubated without
reverse transcriptase. In contrast, when the
treated DNA was first incubated with BAP at 37
and 65°C, there were 3- and 36-fold increases,
respectively, in the amount of 32p label incorpo-
rated during incubation with the T4 polynucleo-
tide kinase. These results indicate that (i) the
breaks introduced into the DNA by reverse

transcriptase contain 5' P termini, and (ii) the
initial breaks introduced by the a13 form of
reverse transcriptase are at nicks. This latter
conclusion is based on the fact that treatment of
the DNA with BAP at 65°C was required to
activate the DNA for the T4 polynucleotide
kinase. When RF II DNA was substituted for

TABLE 2. Phosphorylation of 5' hydroxyl termini in DNA treated with the a1 form of B77 RSV reverse
transcriptase

Enzyme treatment
Phosphorylation

DNA added First incubation: Second incubation" of 5' OH DNA
ao reverse tran-
scriptase addeda Enzyme Temp('C) (pmol)c

RF I pBR322 None 37 0.001
None 65 0.003
BAP 37 0.003
BAP 65 0.025

+ None 37 0.009
+ None 65 0.014
+ BAP 37 0.026
+ BAP 65 0.51

RF II pBR322 None 37 0.005
None 65 0.232

+ BAP 37 0.007
+ BAP 65 0.253

a Plasmid pBR322 DNA (0.224 pmol of DNA molecules) was incubated for 30 min with 9.4 U of B77 RSV
reverse transcriptase (a,3) where indicated and 5 mM MnCl2 as described in the text.

b BAP (0.05 U) was added to a reaction mixture where indicated and incubated 15 min at either 37 or 65°C.
c T4 polynucleotide kinase (0.2 U) and [y-_2P]ATP (3 nmol, 1.5 x 10- cpm/pmol) were added to each reaction

mixture as described in the text, and acid-insoluble radioactivity was determined after a 15-min incubation at
37C.
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TABLE 3. Characterization of plasmid pBR322 DNA products incubated with the Po form of B77 RSV
reverse transcriptase

Enzyme added
DNA RF I detected DNA rendered DNA bound to
added Second on agarose acid soluble nitrocelluloseFirst incubationa incuba- gels (%)b (Y)C filters (%)d

tion

pBR322 None None 90 NDe 8
Sall None 0 3 ND
Sall Exolll 0 46 ND
11 Reverse transcriptase None 60 3 42
1313 Reverse transcriptase ExolIl 60 23 ND
11 Reverse transcriptase None 5 3 ND
,131 Reverse transcriptase ExollI 5 37 ND

p13 None None ND ND 21
Pancreatic DNase None ND ND 78
11 Reverse transcriptase None ND ND 82

a 3H-labeled RF I pBR322 DNA (5.8 cpm/pmol, 1.33 nmol) or RF I p13 DNA (6.8 cpm/pmol 0.78 nmol) was
incubated with 0.3 x 10-3 or 1.8 x 10' U of B77 RSV reverse transcriptase (13), 10 U of Sall, or 0.5 ng of
pancreatic DNase in 10 mM MgCl2 as described in the text. Reactions were stopped by heating the incubation
mixture to 65°C for 4 min.

b A sample of the reaction mixture containing 0.1 nmol of DNA was treated with proteinase K in the presence
of SDS and was analyzed on a 0.8% agarose gel containing 50 mM Tris-borate (pH 8.3)-i mM EDTA as
described in the text. The amount of RF I DNA remaining in the sample was estimated from the total ethidium
bromide staining material.

c A sample of the reaction mixture, where indicated, containing 0.61 nmol of pBR322 DNA was brought to a
final volume of 20 ,ul containing 25 mM Tris-hydrochloride (pH 8), 7 mM 2-mercaptoethanol, 10 mM MgC92, and
4.4 U of E. coli DNA exonuclease III. After incubation for 30 min at 37°C, the reaction was stopped by adding 0.1
ml of 0.1 M sodium pyrophosphate, 0.2 mg of serum albumin, and 0.5 ml of cold 5% trichloroacetic acid. The
reaction vessel was spun in a Sorvall SE-12 rotor for 2 min at 2,000 rpm, and the acid-soluble radioactivity was
determined by counting in 10 ml of Bray scintillation cocktail in a Beckman scintillation spectrometer. The data
are presented as percentages of the total 3H-labeled DNA converted to acid-soluble form.

d A sample of the reaction mixture, where indicated, containing 0.61 nmol of pBR322 or 0.68 nmol of p13 DNA
was brought to 0.5 ml volume containing 1 M KCl, 10 mM Tris-hydrochloride (pH 7.5), and 1 mM EDTA. The
mixture was boiled for 10 min, cooled rapidly in ice, and passed through a nitrocellulose filter. The filters were
dried, and the amounts of radioactivity retained on the filters were determined in a toluene-based scintillation
cocktail as described above. The data are presented as percentages of the total 3H-labeled DNA retained on the
nitrocellulose filters.

e ND, Not determined.

RF I DNA during the first incubation and then
was treated as above, no increase in the incorpo-
ration of 32p label into the DNA was observed.
This result indicates that the endonuclease activ-
ity of reverse transcriptase acts very slowly on
RF II DNA. From the stoichiometry of the RF I
DNA remaining in the reaction (75%) and the
number of termini phosphorylated in the DNA
product (Table 2), it is concluded that the a1
form of reverse transcriptase under these condi-
tions introduces an average of nine breaks per
RF II DNA molecule.

Characterization of the DNA reaction products.
The data shown in Fig. 1 indicate that among the
DNA products formed by the action of either
form of reverse transcriptase are nicked circles
(RF II DNAs). However, it seemed possible that
some of the DNA product might be covalently
closed relaxed circles (RF IV DNA) which mi-
grate at a position close to the RF II DNA in this
gel. Such a DNA product would result from the
action of a topoisomerase which has been re-

ported by Hizi et al. (8) to be present in their
preparations of B77 RSV polymerase (a,B form).
We evaluated this possibility by determining
whether there was a direct correlation between
the loss of supercoiled substrate and the produc-
tion of DNA ends. This was done by direct
examination of the DNA products with equilibri-
um CsCl density gradient centrifugation, by
electron microscopy, and by agarose gel electro-
phoresis. In the first experiment (Table 3), 3H-
labeled RF I plasmid pBR322 or p13 DNA (see
above) was incubated with the 13,B form of re-
verse transcriptase for various lengths of time,
and samples of the reaction mixture were ana-
lyzed by agarose gel electrophoresis to deter-
mine the amounts of RF I DNA remaining. In
the second experiment, samples of the same
reaction mixture were heat denatured and then
passed through nitrocellulose filters as described
in the legend to Table 3 to determine the
amounts of labeled DNA retained. In the third
experiment, samples of the same reaction mix-
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FIG. 2. Equilibrium cesium chloride density gradi-

ent centrifugation of RF I plasmid pBR322 DNA
treated with the ,B form of B77 RSV reverse tran-
scriptase. 3H-labeled pBR322 DNA (14.4 nmol, 1.9
cpm/pmol) was incubated with 1.55 x 10-3 U of B77
RSV reverse transcriptase (,3) with MgCI2 for various
lengths of time, and the reaction was stopped by
digestion with proteinase K as described in the text.
The incubation mixture was brought to a final volume
of 2.2 ml containing 10 mM EDTA, 0.15 M NaCl, 0.15
M sodium citrate, 0.2% Sarkosyl; 2.2 g of CsCl and 0.2
ml of propidium diiodide (2 mg/ml) were added. 14C-
labeled pBR322 DNA (2.3 nmol, 2.4 cpm/pmol) was
also added as a reference marker. The gradients were
formed by centrifugation for 45 h at 40,000 rpm in a
Spinco SW50.1 rotor at 20°C. Fractions were collected
from a hole pierced in the bottom of the tube. A cold
0.1 ml of 0.1 M sodium pyrophosphate, 0.02 ml of
salmon sperm DNA (1.6 mg/ml), and 3 ml of 5%
trichloroacetic acid were added to each fraction. The
DNA was collected on a Gelman glass fiber filter (type
E). Filters were dried and counted under double label
conditions in a Beckman Scintillation Spectrometer.
Plasmid pBR322 DNA was treated with B77 RSV
reverse transcriptase for 0 min (0) 40 min (0), or 2 h
(O). Arrows show the position of banding of the 14C-
labeled RF I, RF IV, and RF II DNAs.

ture were treated with E. coli DNA exonuclease
III, and acid-soluble radioactivity was deter-
mined, also as described in the legend to Table
3. The plasmid pBR322 DNA incubated without
polymerase was found to migrate on agarose
gels at the position of RF I DNA, it did not bind
to nitrocellulose filters, and it was resistant to
the action ofDNA exonuclease III. In contrast,
when the DNA was first incubated with the B77
RSV reverse transcriptase, DNA migrated on
the agarose gels at the position of RF II DNA,
and the labeled DNA was now retained on the
nitrocellulose filter and was sensitive to the
action of DNA exonuclease III. All three assay

procedures indicate that DNA ends are pro-
duced in the reaction and that the percentage of
DNA ends is approximately that expected from
the percentage loss of form I DNA. These re-
sults suggest that little, if any, RF IV DNA was
made during the reaction. Similar results were
obtained with the a3 form of AMV reverse
transcriptase.
A second test for the presence of RF IV DNA

utilized equilibrium CsCl gradient centrifugation
in the presence of propidium diiodide (Fig. 2). In
these assays, which tested the same products
shown in Table 3, no labeled DNA (<2%) was
found to band at a density heavier than the RF I
DNA marker, as would be expected of RF IV
DNA. Instead, with increasing incubation time,
increasing amounts of the DNA were found to
shift from the density characteristic of RF I
DNA to those of RF II and RF III DNAs.

In a third test, plasmid pBR322 DNA was
treated with the AMV a,B or B77 RSV 1B,B forms
of the enzyme under standard conditions and
was analyzed by electron microscopy. The re-
sults (not shown) showed supercoils in the ab-
sence of enzyme, predominantly relaxed circles
in the presence of the ac4 enzyme, and relaxed
circles and linears in the presence of the ,B
enzyme. We found no evidence of the formation
of catenanes or other complex structures cata-
lyzed by various topisomerases (2).

Finally, we analyzed RF I plasmid pBR322
DNA treated with the a,3 form of Prague C RSV,
AMV, or B77 RSV reverse transcriptase by
agarose gel electrophoresis in the presence of
propidium diiodide. Under these conditions, RF
I, RF II, RF III, and RF IV DNAs are resolved
from one another. We did not detect any RF IV
DNA among the reaction products in the incuba-
tion of any enzyme form tested in the presence
of either Mg2+ or Mn2+ as divalent cation (Fig.
3). The only DNA products observed migrated
at the position of RF II DNA and RF III DNA.
Similar results were obtained when the Prague C
RSV 13 reverse transcriptase was used (data not
shown). Treatment of reaction products with
proteinase K before loading onto agarose gels
did not result in a shift in the mobilities of the
major bands, suggesting that there were no
detectable covalent DNA-protein complexes
formed in the course of the reaction. Eucaryote
topoisomerase I has been observed to form such
intermediates (1). We conclude from these re-
sults that the activity associated with either
structural form of reverse transcriptase is an
endonuclease and not a topoisomerase.

Test of activity of the DNA endonucleases with
RF I DNA containing viral sequences. The evi-
dence presented above indicates that the activity
associated with reverse transcriptase is an endo-
nuclease. We therefore tested to see whether the
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FIG. 3. Gel electrophoresis separation of plasmid

pBR322 DNA treated with the a43 forms of avian

retrovirus reverse transcriptases. The a43 forms of

AMV, B77 RSV, and Prague C RSV reverse transcrip-

tase (each 0.9 U) were incubated with RF I pBR322
DNA (0.09 ~±g) plus 5 mM MnCl2 or MgCl2 as indicat-

ed for various lengths of time as described in the text.

The DNA products were analyzed on a 0.7% agarose

gel containing 50 mM Tris-borate (pH 8.3), 1 mM

EDTA, and 0.5 *jg of propidium diiodide per ml. The

electrophoresis was run at 150 V until the bromphenol
blue dye marker migrated 9 cm. In both gels A and B,

lane 1 contained RF I pBR322 DNA, lane 2 contained

RF IV pBR322 DNA, lane 3 contained RF III pBR322

DNA, and lane 4 contained RF I pBR322 DNA incu-

bated 2 h without enzyme. In gel A, AMV reverse

transcriptase was added to lanes 5 through 8 and B77

RSV reverse transcriptase was added to lanes 9

through 12. Other additives and incubation times were

as follows: lanes 5 and 9, 5 MM MgCl2 for 15 min;
lanes 6 and 10, 5 mM MgCl2 for 2 h; lanes 7 and 11, 5

mM MnCl2 for 15 min; lanes 8 and 12, 5 mm MnCl2 for

2 h. In gel B, Prague C RSV reverse transcriptase was

added to lanes 5 through 8. Other additives and

incubation times were as follows: lane 5, 5 MM MgCl2

for 15 min; lane 6, 5 MM MgCl2 for 2 h; lane 7, 5 mM

MnCI2 for 15 min; lane 8, 5 mM MnCl2 for 2 h. A small

amount of plasmid pBR322 DNA dimer was present in

the RF I DNA preparation.

enzyme would preferentially act on DNA con-

taining viral sequences, particularly the viral

LTR sequence which is presumed to be involved

in integrating viral DNA into cellular DNA (7,

22, 24). Various amounts of plasmid pBR322

vector DNA, pdr-R2 DNA, or p13 DNA were

incubated with different concentrations of the
ac form ofAMV reverse transcriptase or the IB
form of B77 RSV reverse transcriptase. The pdr-
R2 DNA contains a 350-base pair EcoRI frag-
ment of the LTR sequence, whereas the p13
DNA contains the entire SRB-td viral DNA.
After incubation with the different forms of
reverse transcriptase, the DNA products were
separated by agarose gel electrophoresis, and
the relative rates of conversion of RF I DNA to
RF II DNA or RF III DNA were compared. The
results (Fig. 4) indicate that the plasmid pBR322
DNAs containing viral DNA sequences were
nicked at about the same rate as the DNA that
did not. Similar results were obtained if the
Prague C RSV enzymes were used instead of the
AMV and the B77 RSV enzymes or if equimolar
amounts of the M13 mp9 1-LTR and 2-LTR
DNAs containing a 1.85-kilobase or a 2.2-kilo-
base fragment subcloned from two XRAV-2 de-
rivatives were used instead of the pBR322
DNAs (data not shown). The subcloned regions
span the viral DNA termini and contain one and
two tandem copies, respectively, of the LTR
sequence. Thus, it appears that the presence of
the viral DNA, including the LTR sequence,
does not significantly enhance the sensitivity of
the DNA to the endonuclease associated with
either form of reverse transcriptase.

Activity of the DNA endonuclease for topoiso-
meric forms of pBR322 DNA. Although the endo-
nuclease associated with reverse transcriptase
does not require a virus-specific sequence for its
action, it can select a substrate based on second-
ary structure. This is demonstrated by the ex-
periment described below. RF II (nicked circle)
DNA, RF III (linear) DNA, and RF IV (cova-
lently closed relaxed circle) DNA were con-
structed from RF I plasmid pBR322 DNA as
described above. Each form of DNA was incu-
bated with the af3 form of AMV reverse tran-
scriptase for various lengths of time, and the
DNA products were separated by agarose gel
electrophoresis (Fig. 5). We observed a rapid
conversion of RF I DNA to RF II DNA: 80% in
30-min incubations (Fig. 5, lanes 1 through 3). In
contrast, there was little detectable activity ob-
served with RF II DNA (lanes 7 through 9), RF
III DNA (lanes 10 through 12), or RF IV DNA
(lanes 4 through 6). In the case of the RF IV
DNA, where the concentration of the DNA was
about half that of the RF I DNA, about 10% was
converted to RF II DNA in 30 min of incubation.
The gel used in this experiment to analyze the
DNAs was nondenaturing, so that limited num-
bers of nicks introduced into the RF II DNA and
RF III DNA would not be detected. We there-
fore repeated the above experiment with the RF
II and RF III DNA forms but analyzed the DNA
on alkaline agarose gels. Under these condi-
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FIG. 4. Gel electrophoresis separation of RF I plasmid pBR322, pdr-R2, and p13 DNAs treated with the aI3
and pp forms of reverse transcriptase. Various concentrations of the ao form of AMV reverse transcriptase or
the pp form of B77 RSV reverse transcriptase were incubated with RF I pBR322 DNA (0.2 jig), pdr-R2 DNA
(0.35 ,ug), or p13 DNA (0.2 jig) as described in the text. The reactions were incubated for 30 min at 38°C, and the
DNA was analyzed by electrophoresis on a 0.7% agarose minigel in Tris-borate buffer as described in the text. In
the presence of the a, form ofenzyme, the final concentration of divalent cation was 2 mM MnCl2; 10mM MgCl2
was used in reactions containing the pp form of enzyme. In both gels, lanes 1 through 4 contained pBR322 DNA,
lanes 5 through 8 contained pdr-R2 DNA, and lanes 9 through 12 contained pl3 DNA. (A) AMV reverse
transcriptase was added as follows: lanes 1, 5, and 9, 0 U; lane 10, 0.01 U; lanes 2, 6, and 11, 0.3 U; lanes 3, 7,
and 12, 0.9 U; lanes 4 and 8, 3 U. (B) B77 RSV reverse transcriptase was added as follows: lanes 1, 5, and 9, 0 U;
lanelO,6.2 x 10-5U;lanes2, 6,andll, 1.8 x 10-4U;lanes3,7,andl2, 6.2 x 10-4U;lanes4and8, 1.8 x 10-3
U.

tions, less than 10% of the DNA was found to be
nicked (data not shown). Similar results were
obtained with the j3 form of Prague C RSV
reverse transcriptase and MgCl2. These results
indicate that double-stranded DNA is relatively
resistant to nicking by the endonuclease associ-
ated with reverse transcriptase and are consis-
tent with the data already presented in Table 2.
It further suggests that the enzyme nicks the RF
I DNA in the single-stranded regions that are
induced by DNA supercoiling.

Activity of the DNA endonuclease on single-
stranded DNA. The above results suggested that
the endonuclease associated with reverse tran-
scriptase might act preferentially on single-
stranded DNA. To explore this possibility, the
single-stranded circular DNA forms of the plas-
mid M13 DNAs described above were incubated
with the ac or ,Bp forms of Prague C RSV

reverse transcriptase, and the DNA products
were separated by agarose gel electrophoresis.
A single-stranded circular M13 mp9 DNA was
mixed with M13 mp9 1-LTR or 2-LTR DNA
(containing either plus or minus strands) for
comparison. Upon the addition of either form of
reverse transcriptase, the circular DNAs were
converted to full-length linear DNA and smaller
fragments (data not shown). These small DNA
fragments were due to the action of the endonu-
clease and not to an exonuclease activity con-
taminating our enzyme preparations. Linear 3H-
labeled plasmid p13 DNA (18 cpm/pmol, 142
pmol of nucleotide) was heat denatured and
incubated with 3.3 U of the RSV or AMV
reverse transcriptase for 30 min at 37°C. Under
these conditions, less than 2% of the labeled
DNA was converted to acid-soluble form, but all
of the p13 DNA was degraded to small DNA
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FIG. 5. Gel electrophoresis of different topoiso-
meric forms of plasmid pBR322 DNA incubated with
the AMV reverse transcriptase (aO). The AMV re-
verse transcriptase (3 U) was incubated in a 10-p.l
volume with pBR322 DNA (0.62 nmol of RF I DNA,
0.64 nmol ofRF II DNA, 0.33 nmol ofRF III DNA, or
0.3 nmol of RF IV DNA) for various lengths of time
with MnCl2 as described in the text. After 10 or 30 min
of incubation at 37°C, a 3-,ul sample of reaction mix-
ture was withdrawn and analyzed on a 0.7% agarose
gel containing Tris-phosphate (pH 7.7)-ethidium bro-
mide buffer as described in the text. RF I pBR322
DNA: lane 1, incubated 30 min without enzyme; lane
2, incubated 10 min with reverse transcriptase; lane 3,
incubated 30 min with reverse transcriptase. RF IV
pBR322 DNA: lane 4, incubated 30 min without en-

zyme; lane 5, incubated 10 min with reverse transcrip-
tase; lane 6, incubated 30 min with reverse transcrip-
tase. RF II pBR322 DNA: lane 7, incubated 30 min
without enzyme; lane 8, incubated 10 min with reverse
transcriptase; lane 9, incubated 30 min with reverse

transcriptase. RF III pBR322 DNA: lane 10, incubated
30 min without enzyme; lane 11, incubated 10 min with
reverse transcriptase; lane 12, incubated 30 min with
reverse transcriptase.

fragments. The requirements for the endonucle-
ase to act on single-stranded DNA and on RF I
DNA (described above) were found to be simi-
lar, with one exception. Nicking of RF I DNA
was not affected by the presence of 0.1 M NaCl,
but the activity on single-stranded DNA was
inhibited about 80% in the presence of 50 mM
NaCl.
As was the case with its action on double-

stranded DNAs, the endonuclease associated
with reverse transcriptase does not require the
presence of virus-specific sequences for activi-
ty. This is illustrated in the experiment shown in
Fig. 6, where the rates of degradation of equimo-
lar amounts of linear single-stranded DNAs of
different lengths with and without the viral DNA
sequence were compared. These DNA frag-
ments were prepared by digesting the RF I form
of M13 mp9 2-LTR DNA with ClaI or SalI and
BamHI was described above. The first digestion
produced two DNA fragments 6,537 and 2,695
base pairs long. The LTR sequence was con-

tained in the larger fragment. The second digest
produced two DNA fragments 7,038 and 2,200
base pairs long. In this case, the LTR sequence
was in the smaller fragment. Both sets of DNA
were heat denatured and then were incubated
with the a,B form of the AMV polymerase with 2
mM MnCl2 for various lengths of time (Fig. 6).
The presence of the LTR sequence did not
influence the rate of reaction since the larger
DNA fragment in both cases was degraded fast-
er than the smaller DNA fragment. These results
indicate that at the level of single-stranded
DNA, the size of the substrate can influence its
rate of degradation by the endonuclease associ-
ated with reverse transcriptase. A similar result
was obtained with heat denatured HindIII-di-
gested plasmid pGd 111 DNA, which is a
pBR322 derivative containing a 3.3-kilobase in-
sert of chicken cellular DNA which includes the
site of integration of an endogenous (evl) provi-
rus (7). The AMV reverse transcriptase was
found to selectively degrade the larger plasmid
pBR322 DNA in preference to the cell DNA.
This size preference with the target single-
stranded DNA was not observed with double-
stranded DNAs (see Fig. 4).

DISCUSSION

We have characterized the mechanism of ac-
tion of the DNA endonuclease activity associat-
ed with the ota and the 13 forms of three
different avian reverse transcriptases. There is
no difference that we can detect in the mode of
action or specificity of the three enzymes. The
11 form of enzyme utilizes both Mg2' and Mn2+
as a divalent cation, whereas the oa1 form of
enzyme prefers Mn2+ as a divalent cation. Both
forms of enzyme introduce nicks containing 3'
OH and 5' P termini into RF I DNA. A second
break can be introduced into the other DNA
strand, probabiy in the vicinity of the first break
while the enzyme is still bound to the DNA. This
leads to the formation of RF III DNA. The 1313
form of enzyme appears to be more efficient
than the a1 form in introducing double-strand
breaks into DNA. This may be related to the fact
that the 1313 form of the enzyme contains two
active endonuclease sites per enzyme molecule,
whereas the a13 form of enzyme has one. Both
forms of enzyme exhibit slow rates of reaction
on relaxed duplex plasmid pBR322 DNAs, indi-
cating that the RF I pBR322 DNA is being
nicked in the single-stranded regions induced by
its supercoiling. This has been confirmed by
demonstrating that both forms of enzyme intro-
duce multiple breaks into linear and circular
single-stranded plasmid M13 DNAs. After long
incubation times, the DNA will be degraded to
small fragments.
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FIG. 6. Gel electrophoresis of single-stranded DNA fragments of M13 mp9 2-LTR DNA treated with the a3
form of AMV reverse transcriptase. The M13 mp9 2-LTR DNAs (0.3 nmol) digested with ClaI or with both
BamHI and Sall as described in the text were heat denatured at 100°C for 4.5 min and then were cooled quickly in
ice. The single-stranded DNAs were incubated with 1.1 U of the a3 form ofAMV reverse transcriptase in a 10-.ld
volume containing 20 mM Tris-hydrochloride (pH 9)-6 mM 2-mercaptoethanol for 5 min at 38°C. Then, 0.02
,umol of MnCl2 was added, and the mixture was incubated for 2.5 or 7 min at 37°C. A 4.5-,ul portion was removed
and analyzed on a 0.7% agarose gel with Tris-borate buffer as described in the text. M13 mp9 2-LTR DNA
treated with BamHI and Sall was incubated as follows: lane 1, 7.5 min with AMV reverse transcriptase; lane 2,
2.5 min with AMV reverse transcriptase; lane 3, 7.5 min without AMV reverse transcriptase; lane 4, unheated,
without AMV reverse transcriptase. M13 mp9 2-LTR DNA treated with ClaI was incubated as follows: lane 5,
7.5 min with AMV polymerase; lane 6, 2.5 min with AMV reverse transcriptase; lane 7, 7.5 min without AMV
reverse transcriptase; lane 8, unheated, without AMV reverse transcriptase. The single- and double-strand DNA
markers on the left and the right sides of the figure refer to lanes 1 through 4 and 5 through 8, respectively.

The enzyme activity associated with the a,B
and the ,p forms of reverse transcriptase is an
endonuclease. Despite multiple tests (Table 3;
Fig. 2 and 3), we have been unable to confirm
the report of Hizi et al. (8) that there is a
topoisomerase activity associated with the re-
verse transcriptase. These results and the fact
that Hizi et al. did not detect the activity in their
p enzyme preparations suggest that it may be a
contaminant of their ai enzyme preparation.
We have also been unable to confirm the report
of Meyer-Nisson et al. (18) that the DNA endo-
nuclease activity associated with the oa3 form of
AMV polymerase contains a Mg2+-ATP depen-
dent activity. The addition of ATP to any of our
three enzyme preparations had no effect upon
the reaction with single- or double-stranded
DNAs.

It is interesting to note that the endonucleases
associated with reverse transcriptase act in a
processive rather than in a nonprocessive fash-
ion. This is shown by the fact that upon incuba-
tion of circular single-stranded DNA with re-
verse transcriptase, we find circular and linear
DNAs late in th-e reaction at a time when there is
extensive degradation of some of the DNA. This
mode of action is also suggested by the finding
that multiple 5' P termini were detected in

plasmid pBR322 DNA treated with the a3 form
of reverse transcriptase (Table 2), whereas only
25% of the initial RF I pBR322 DNA was relaxed
during the course of the reaction as detected by
agarose gel electrophoresis. We have already
shown that both the ac and the pp forms of B77
RSV reverse transcriptase catalyze the polymer-
ization of deoxynucleotides in a processive fash-
ion (10). Also, the RNase H activity acts proces-
sively (15). These catalytic sites must keep the
enzyme associated with the DNA template, al-
lowing the endonuclease enough time to intro-
duce multiple breaks into a strand of DNA
before the enzyme is released into solution to
find another DNA molecule.
The demonstration that there is a Mg2+-de-

pendent single-stranded DNA endonuclease as-
sociated with reverse transcriptase can explain
some of the difficulty in obtaining full-length
cDNA clones from mRNAs. Most preparations
of the AMV reverse transcriptase (a3) will con-
tain some of the pp form of enzyme, which
elutes from the phosphocellulose column as a
shoulder behind the main peak of enzyme. When
these enzyme preparations are used for the
synthesis of the second DNA strand, the DNA
products will be susceptible to endonuclease
cleavage (27). The AMV reverse transcriptase
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can be used for the second DNA strand synthe-
sis only after the pB form of enzyme has been
separated from the ot3 form by chromatography
on polyuridylic acid-cellulose.

In addition, the finding that a Mg2+-dependent
endonuclease is associated with the ,B form of
reverse transcriptase but that little, if any, asso-
ciated with the ctB form represents the first
functional difference between these two enzyme
forms. It suggests that the P form of enzyme
may play some role in virus replication other
than being just a precursor to the ax1 form of
enzyme. There is no obvious need for an endo-
nuclease during the transcription of viral RNA
into double-stranded DNA. However, there is a
need for such an endonuclease in integrating the
viral DNA into cellular DNA. Such reasoning
has led us to speculate that the 13 form of
reverse transcriptase might function as part of
an integration system in which the two subunits
of the enzyme could be used to bring the viral
DNA into close proximity to a cellular DNA
integration site, allowing the endonuclease to
introduce single- and double-strand breaks con-
taining 3' OH termini into each as postulated by
Harshey and Bukhari (6). The difficulties en-
countered in observing preferential cleavage of
LTR-containing DNA may be related to the fact
that the cloned substrates tested do not resemble
the viral DNA as it exists in vivo. Also, our
studies were designed to assess alterations in the
rate of cleavage and would not necessarily dem-
onstrate preferred sites of cleavage. The latter
question is currently under investigation. The
endonuclease associated with reverse transcrip-
tase is capable of selecting its substrate and
limiting its activity based on the availability of
single-stranded regions within double-stranded
DNA. This suggests that secondary structure,
not primary sequence, may be a crucial element
for recognizing LTR sequences in double-
stranded DNA. The substrate acted upon by the
integration mechanism in vivo may be a viral
minichromosome in which the association of
viral and host proteins with DNA plays a signifi-
cant role in directing the course of the integra-
tion reaction.
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