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The Avian Retroviral Integration Protein Cleaves the Terminal
Sequences of Linear Viral DNA at the In Vivo Sites of Integration
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The purified integration protein (IN) of avian myeloblastosis virus is shown to nick double-stranded
oligodeoxynucleotide substrates that mimic the ends of the linear form of viral DNA. In the presence of Mg>*,
nicks are created 2 nucleotides from the 3’ OH ends of both the US plus strand and the U3 minus strand.
Similar cleavage is observed in the presence of Mn>* but only when the extent of the reaction is limited. Neither
the complementary strands nor sequences representing the termini of human immunodeficiency virus type 1
DNA were cleaved at analogous positions. Analysis of a series of substrates containing US base substitutions has
defined the sequence requirements for site-selective nicking; nucleotides near the cleavage site are most critical
for activity. The minimum substrate size required to demonstrate significant activity corresponds to the nearly
perfect 15-base terminal inverted repeat. This in vitro activity of IN thus produces viral DNA ends that are
joined to host DNA in vivo and corresponds to an expected early step in the integrative recombination reaction.
These results provide the first enzymatic support using purified retroviral proteins for a linear DNA precursor

to the integrated provirus.

Genetic evidence suggests that an activity of a virus-
encoded protein is necessary for integration of a retroviral
DNA intermediate into host cellular DNA. Mutations intro-
duced into the 3’ portions of the pol genes of murine
leukemia virus, spleen necrosis virus, and Rous sarcoma
virus produce replication-defective viruses that retain re-
verse transcriptase (RT) activity but are unable to integrate
viral DNA (4, 5, 25, 27, 32). The protein encoded by this
region has been named IN, for its integration function (20).

Upon infection of cells, at least three species of double-
stranded viral DNA transiently appear in the nucleus before
the integration event occurs (17, 33). These include a linear
form, flanked by long terminal repeats (LTRs) derived from
the noncoding ends of the viral RNA, and two covalently
closed circular forms, containing either one LTR or two
tandem LTRs. Although recent evidence from Brown et al.
(2) and Fujiwara and Mizuuchi (8), using murine leukemia
virus, has shown that the outer ends of the LTRs in the
major viral DNA substrate for integrative recombination are
not covalently joined to one another, earlier results of
Panganiban and Temin (26) with spleen necrosis virus had
suggested that covalently closed molecules could serve as
precursors for integration. After integration, the provirus is
flanked by copies of the LTRs (18, 29) which are intact
except for the loss of 2 base pairs from the outer ends at the
points of attachment to cellular DNA (16, 37). This finding
suggests a role for a nuclease capable of either removing 2
. nucleotides (or base pairs) from each end of the linear viral
DNA form or, alternatively, of making a 4-base-pair stag-
gered cut across the LTR-LTR junction of the two LTR-
containing circular forms (2, 8).

The pol gene of the avian sarcoma-leukosis viruses
(ASLVs) encodes the 95-kilodalton B chain of RT. Proteo-
lytic processing of the B chain to produce the shorter
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63-kilodalton a chain, in vivo and in vitro, releases from the
carboxyl end a 32-kilodalton phosphorylated polypeptide,
pp32 (1, 9, 12, 28, 30, 31), which is encoded by the geneti-
cally defined integration locus. Both RT, which exists as an
ap heterodimer, and IN (pp32) have been purified to homo-
geneity (14, 22, 36), and each has in vitro DN A endonuclease
activity (10, 11, 14, 21). Using a primer extension runoff
assay to map cleavage sites, RT and IN have been shown to
nick supercoiled DNA substrates that contain covalently
linked tandem LTR sequences near the LTR-LTR junction
(3, 7, 36). In the presence of the divalent cation Mn?*, RT
nicks each strand 3 nucleotides 5’ to the junction, whereas
IN nicks each strand at sites 2 or 3 nucleotides 5’ to the
junction. In contrast, in the presence of Mg?*, RT has no
detectable endonuclease activity, and IN shows less activity
but apparently greater selectivity, nicking each strand pre-
cisely 2 nucleotides 5’ to the LTR-LTR junction (13, 15, 36).
The latter sites correspond to those which are joined to host
DNA upon integration. These observations have supported
models in which the circular DNA intermediate could func-
tion as an immediate precursor to the integrated provirus,
although participation of linear molecules was not excluded
@35).

In this report, we show that the ASLV endonucleases
have analogous and seemingly more efficient activities on
oligodeoxynucleotide substrates that mimic the termini of
the linear viral DNA intermediate. Thus, covalently closed
circular molecules do not appear to be obligatory intermedi-
ates in the integration reaction. The use of oligodeoxynucle-
otides containing base substitutions has defined the limits of
length and sequence required of active substrates for site-
selective cleavage by IN.

MATERIALS AND METHODS

Reagents. [a-*?P]TTP (800 Ci/mmol) and [y-*’P]ATP
(6,000 Ci/mmol) were purchased from New England Nuclear
Research Products, Boston, Mass. Snake venom (Bothrops
atrox; no. V-5375) was obtained from Sigma Chemical Co.,
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St. Louis, Mo. T4 polynucleotide kinase and Asnl were from
Boehringer Mannheim Biochemicals, Indianapolis, Ind.

Viral enzymes. The af3 forms of avian myeloblastosis virus
RT and IN (pp32) were purified as previously described (21,
36). RT was stored at —70°C at concentrations ranging from
7 to 19 RT units per pl. IN was stored at —70°C in 40%
glycerol-0.4 to 0.6 M NaCl-33 mM Tris hydrochloride (pH
7.6)-1 mM dithioerythritol-0.1 mM EDTA-0.1% Triton X-
100-2 mM B-glycerophosphate. The concentration of IN was
30 ng/pl (1 pmol/pl) as estimated by Coomassie brilliant blue
staining of the pp32 doublet seen on a polyacrylamide-
sodium dodecyl sulfate gel.

Oligodeoxynucleotides. Oligodeoxynucleotides used in
these studies are shown in Fig. 1 and were prepared as
previously described (7). Appropriate sequences were 5’
end-labeled with [y-32P]JATP and T4 polynucleotide kinase
and gel purified as described previously (7). The specific
activities of the radiolabeled oligodeoxynucleotides, as as-
certained by the DES1 filter binding method (23), were 10° to
107 cpm/pmol.

Preparation of oligodeoxynucleotide ladders. Markers for
gel analysis were produced by the phosphodiesterase activ-
ity of snake venom on 5’ 3?P-labeled oligodeoxynucleotides.
Substrates (0.2 to 1.0 pmol) were incubated with snake
venom (final concentration of 0.1 to 50 pg/ml) in 50 mM Tris
hydrochloride (pH 9.0)-10 mM MgCl, for 30 min at 37°C.
Reactions were stopped by the addition of EDTA to 25 mM
and loading buffer (95% formamide, 50 mM Tris hydrochlo-
ride [pH 8.4], 1 mM EDTA, 0.1% bromophenol blue, 0.1%
xylene cyanol), followed by heating the mixture at 95°C for
5 min. The optimal sequence-specific nucleotide ladders
were selected after gel analysis and autoradiography.

Annealing conditions. For reactions requiring double-
stranded DNA substrates, 1 pmol of oligodeoxynucleotide
(diluted to 10° cpm/pmol) was mixed with 3 pmol of unla-
beled complementary oligodeoxynucleotide in a total vol-
ume of 6 wl of water in a 0.5-ml polypropylene microcentri-
fuge tube. Tubes were heated to 95°C for S min, spun in a
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tabletop centrifuge for S s, incubated at 37°C for 30 min, spun
again, and then placed in ice. Annealing was confirmed by
the change in migration of the labeled oligomers as analyzed
by electrophoresis in nondenaturing polyacrylamide gels
containing 190 mM glycine-25 mM Tris base. A threefold
excess of the unlabeled complementary strand resulted in
>95% duplex formation (data not shown). The 5’ 3?P-labeled
oligodeoxynucleotides of length =14 bases were found to be
double stranded by the above criteria (data not shown). A
duplex containing U3[—]12, which could not be demon-
strated by using these gel conditions, was indicated by the
appearance of susceptibility to Mn>*-dependent digestion by
IN (discussed below; see Fig. 4).

Endonuclease reaction conditions. Standard 10-pl reaction
mixtures contained 1 pmol of single-stranded or double-
stranded oligodeoxynucleotide (specific activity, 10° cpm/
pmol)-25 mM Tris hydrochloride (pH 8.3)-10 mM 2-mercap-
toethanol-3 mM MgCl, or 2 mM MnCl,~7 units of RT or 1
pmol of IN or 1 pl of the IN storage buffer. Reaction
mixtures were incubated at 37°C for 90 min, and the reac-
tions were stopped by the addition of 10 pl of loading buffer
and heating to 95°C for 5 min. Terminated reaction mixtures
were kept on ice or stored at —20°C. For gel analysis,
aliquots were heated and loaded onto a 20% polyacrylamide—
7 M urea denaturing gel (30 cm wide by 40 cm long by 0.4
mm thick), followed by electrophoresis at 1,800 V until the
bromophenol blue dye had migrated 23 cm. Gels were
autoradiographed with Kodak X-OMAT film for 12 to 24 h at
—70°C, using a Dupont Cronex Lightning-Plus screen.

RESULTS

Endonuclease activity on double-stranded oligodeoxynucle-
otide substrates. The retroviral LTR consists of a region (U3)
derived from the 3’ end of the RN A genome, a direct repeat
(R) which exists at each end of the genome, and a region
(US) derived from the 5’ end of the RNA, in the order
U3-R-US. In the linear viral DNA intermediate, the terminus
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FIG. 1. Synthetic oligodeoxynucleotides. The wild-type ASLV DNA terminal sequences are shown at the bottom. US[+] and U3[+]
indicate the downstream or upstream end of the viral DNA plus strands, respectively. The vertical line marks the ends of the linear viral DNA
which have been brought into juxtaposition; this would be the site of the LTR-LTR junction if these ends were covalently joined.
Oligodeoxynucleotides derived from the plus strand are shown above the wild-type sequences, with homology indicated by dashes. The
corresponding complementary minus-strand oligodeoxynucleotides are not shown. The nearly perfect 12-of-15-nucleotide inverted repeat at
the viral DNA ends, as well as two inverted repeats in the U5 sequence, are indicated with horizontal arrows. Arrowheads denote the in vivo
integration sites. Terminal oligodeoxynucleotides were named by the viral ends and DNA strands from which they derived, as well as by their
lengths. Base substitutions (s) at specific nucleotide positions numbered from the viral termini are also indicated. J[+]31 and J[—]31 are
31-mers derived from the LTR-LTR junction of the plus or minus strand, respectively, and are continuous across the // symbols.
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which is upstream (with respect to the genetic map) is
formed by U3 sequences and the terminus which is down-
stream is formed by US sequences. These ends are shown
adjacent to one another in Fig. 1, as they would be in a
circular two-LTR molecule. In order to test the activity of
the retroviral endonucleases on linear viral DNA termini, we
used small linear double-stranded oligodeoxynucleotides
which represent either of the terminal sequences as sub-
strates for the viral proteins. One substrate (Fig. 1, bottom
left) consisted of duplex 16-mers representing the US termi-
nus of the downstream LTR in which only the 5’ end of the
plus-strand oligodeoxynucleotide (US[+]16) was labeled
with 32P. A second substrate (Fig. 1, bottom right) consisted
of duplex 15-mers representing the U3 terminus of the
upstream LTR with the radiolabel on the 5’ end of the
minus-strand oligodeoxynucleotide (U3[—]15). Cleavage of
these substrates at the 3’ ends of the labeled strands, as
expected for the integration reaction, should produce labeled
products shortened by 2 nucleotides (Fig. 1, bottom, arrow-
heads), which can be detected by autoradiography after
separation of products by gel electrophoresis under denatur-
ing conditions (7).

The wild-type duplex substrates were incubated with
purified RT or IN in the presence of the divalent cations

A B
M g+2 Mnt+2

(T ey
M= RTIN - RTINM

10 # - 10 %

9 @
9 -

8 &
8 7y
7

6
6

¢ <
ath Cc 0% 2B

US+ 14 V2

CLEAVAGE OF VIRAL DNA TERMINI BY ASLV IN PROTEIN 5321

Mg?* or Mn?* and analyzed as above. RT was found to be
inactive on either duplex substrate in the presence of Mg?*
(Fig. 2A and B, lanes b) but had nicking activity when
provided with Mn?* (Fig. 2A and B, lanes €). With the
labeled U5 duplex as substrate, the predominant new band
observed was a 13-mer, reflecting a preferential nick 3
nucleotides from the 3’ end of the plus strand (Fig. 2A, lane
e, small arrowhead). An analogous preferred site was seen
with the labeled U3 duplex (Fig. 2B, lane e, small arrow-
head). These sites of cleavage, 1 nucleotide 5’ to those
expected for the integration reaction, are identical to the
sites observed earlier by using supercoiled substrates with
covalently joined termini and a primer extension assay (3, 7,
36).

When IN was assayed with these wild-type substrates,
using Mn2* as the divalent cation, greater than 50% of the
starting material (as estimated by densitometric tracings of
the autoradiograms) was converted to shorter oligodeoxynu-
cleotides. Under these conditions, the lengths of the labeled
products revealed preferential cleavage at sites 2 or 3 nucle-
otides from each 3’ end (Fig. 2A and B, lanes f, large and
small arrowheads) as well as cleavages at other sites. In
contrast, in the presence of Mg?* only 10% of the substrate
was cleaved by the same amount of IN, and the major
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FIG. 2. Endonuclease activity on double-stranded oligodeoxynucleotide substrates. (A) The 5’ 32P-labeled U5[+]16 was annealed with its
unlabeled complementary sequence and incubated without enzyme (— lanes), with 7 units of RT, or with 1 pmol of IN in the presence of Mg?*
or Mn?* and analyzed as described in Materials and Methods. As shown schematically at the bottom, nicking (arrow) 2 nucleotides from the
3’ end of the 5’ labeled strand () yields a product 2 nucleotides shorter than the starting material (large arrowhead). A product shortened by
3 nucleotides is indicated by the small arrowhead. M, Marker lane containing sequence-specific nucleotide ladder. (B) As in the legend to
panel A, except with 5’ 32P-labeled U3[—]15 as the duplex substrate. (C) The double-stranded 32p_labeled US substrate was incubated with
1 pmol of IN in the presence of Mn?*, as described in the legend to panel A, lane f. After 1, 3, 10, and 90 min of incubation, aliquots were
removed, added to loading buffer, heated to stop the reaction, and analyzed as above.
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FIG. 3. Endonuclease activity on single-stranded oligodeoxynu-
cleotide substrates. (A) Single-stranded 5’ 32P-labeled US[+]16 was
used as substrate for the retroviral endonucleases and analyzed as
described in the legend to Fig. 2, except that 19 units of RT were
used and reactions were incubated for 60 min. Similar results were
obtained in six independent experiments. Notations are as in the
legend to Fig. 2. (B) As in the legend to panel A, except with 5’
32p.labeled U3[~-]15 as the single-stranded substrate. (C) Single-
stranded 5’ 3?P-labeled U5 substrates with base substitutions (see
Fig. 1 and text) were incubated with 1 pmol of IN in the presence of
Mn?* for 90 min and analyzed as in legend to Fig. 2. The band just
beneath the 16-mer in lane b was present in the starting material and
does not reflect cleavage by IN. Lanes: sl1, oligodeoxynucleotide
US[+]16(s11); s5, US[+]16(sS); s5,11, US[+]16(s5,11); s15-16,
US[+]16(s15-16); s13-16, US[+]16(s13-16); M, marker lane contain-
ing sequence-specific nucleotide ladder derived from US5[+]
16(s5,11).

cleavage product observed was shorter by only 2 nucleotides
(Fig. 2A and B, lanes c, large arrowheads). As expected,
cleavage was not detected in the presence of either cation
when the viral proteins were omitted from the reaction
mixture (Fig. 2A and B, lanes a and d) or if the proteins were
included but divalent cations were omitted (not shown). As
with RT, the observed specificity of cleavage with IN
corresponded precisely to that demonstrated previously with
supercoiled substrates that contained covalently joined ter-
minal sequences.

We questioned whether the difference in the products
observed for IN using Mg?* or Mn2* reflects a different
specificity or was due to the greater extent of cleavage
evident with Mn?*. When Mn?*-dependent digestion was
limited to that observed typically with Mg?*, the cleavage
patterns were indistinguishable (compare Fig. 2A, lane c,
with Fig. 2C, lane a).

Endonuclease activity on single-stranded oligodeoxynucle-
otide substrates. Earlier studies had shown that both RT and
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FIG. 4. Endonuclease activity on duplex substrates of various
lengths. The indicated oligodeoxynucleotides were used as double-
stranded (all lanes except lane j) or single-stranded (lane j) sub-
strates and incubated without enzyme (— lanes) or with 1 pmol of IN
in the presence of Mg?* (lanes a through h) or Mn?* (lanes i and j).
Reactions with US substrates (lanes a through d) were incubated for
1.5 h at 37°C; reactions with U3 substrates (lanes e through j) were
incubated for 3 h at 28°C. The arrowheads indicate positions
corresponding to cleavage of 2 nucleotides from the 3’ ends of the
labeled strands. Lanes: M, marker lanes containing sequence-
specific nucleotide ladders; ss, Mn?*-dependent reaction on single-
stranded substrate; ds, Mn?*-dependent reaction on double-
stranded substrate.

IN could nick certain single-stranded DNA substrates (7).
This property was therefore reinvestigated, using the labeled
single strands from our wild-type substrates. As expected,
RT was inactive with single-stranded U5 or U3 oligomers in
the presence of either Mg?* or Mn?* (Fig. 3A and B, lanes
b and d). IN was also inactive on these substrates with Mg?*
(Fig. 3A and B, lanes c). However, in the presence of Mn?™,
activity was observed with the single-stranded U5 but not
with the single-stranded U3 oligomer (Fig. 3A and B, lanes
e). We suspected that this difference might reflect the
potential of the US5 single-stranded oligodeoxynucleotide to
form either intramolecular or intermolecular base pairs in-
volving two short inverted repeats present in this sequence,
as illustrated in Fig. 1. Such inverted repeat sequences are
not present in the U3 oligodeoxynucleotide.

The importance of US base-pair interactions involving
nucleotides 4 to 7 and 9 to 12 was evaluated with oligode-
oxynucleotides US[+]16(s11) and U5[+]16(sS) (Fig. 1), each
of which has a single-base substitution that would disrupt
base pairing involving these nucleotides. These oligomers
were found to be poor substrates for Mn?*-dependent cleav-
age by IN (Fig. 3C, lanes a and b). In contrast, oligodeoxy-
nucleotide U5[+]16(s5,11) (Fig. 1), which contains both
nucleotide substitutions present in the previous two oligo-
mers, thus reestablishing the potential for base pairing, was
a good substrate for cleavage by IN (Fig. 3C, lane c). Thus,
interactions involving these nucleotides appear to be re-
quired for the observed susceptibility of the wild-type single-
stranded US substrate to Mn“*-dependent cleavage by IN.

Analysis of the susceptibility of other oligodeoxynucle-
otides suggested that interactions involving nucleotides 6 to
8 and 14 to 16 were not important. For instance, oligode-
oxynucleotides US5[+]16(s15-16) and U5[+]116(s13-16),
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FIG. 5. Lack of specific endonuclease activity on complemen-
tary strands. (A) The 5’ 32P-labeled US[—]16 was annealed with its
unlabeled complementary sequence and analyzed as in the legend to
Fig. 2. The arrow in the schematic at the bottom indicates the
position of a nick on the unlabeled strand expected from the
Mg?*-dependent activity of IN (as in the legend to Fig. 2).No bands
were evident in reaction lanes below the positions of 5-mers. (B) As
in the legend to panel A, except with 5’ 32P-labeled U3[+]15 as the
duplex substrate.

which have base substitutions that selectively interfere with
such interactions but leave the other inverted repeat intact
(Fig. 1), were also found to be good substrates for cleavage
by IN (Fig. 3C, lanes d and e). Note that the cleavage
products observed in this gel migrated differently in each
lane because of sequence differences of the substrates.
Taken together, these results indicate that IN requires that a
substrate contain a duplex structure although the cleavage
site itself need not be base paired.

What is the minimum length required of duplex substrates
for site-selective Mg>*-dependent cleavage? To investigate
this question, we prepared double-stranded U5 terminal
oligodeoxynucleotides 14 or 15 base pairs in length (Fig. 1).
The 15-mer duplex, but not the 14-mer duplex, was suscep-
tible to IN in the presence of Mg2* at 37°C (Fig. 4, lanes b
and d). This incubation temperature is below the estimated
melting temperature of 40°C for the duplex 14-mers (24), and
analysis by nondenaturing gel electrophoresis indicated that
the 14-mer duplex was present under these conditions (data
not shown).

We also prepared and tested 12-mers that represented the
U3 terminus (Fig. 1). Because the estimated melting temper-
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FIG. 6. Lack of specific endonuclease activity by ASLV IN on
HIV-1 oligomer substrates. The 5’ 3?P-labeled oligodeoxynucle-
otides, representing the plus strand at the US end (HIV U5[+],
5S'GTGGAAAATCTCTAGCAG?3’) or the minus strand at the U3
end (HIV U3[-], STGAATTAGCCCTTCCAGT3’) of the LTRs of
HIV-1, were annealed to their unlabeled complementary sequences
and tested for susceptibility to the ASLV IN. Duplex substrates
were incubated without enzyme (— lanes) or with 1.5 pmol of the
ASLYV IN in the presence of Mn®* (lanes a, c, d, and f) or Mg?*
(lanes b and e), as described in Materials and Methods. Arrowheads
indicate the presumed in vivo cleavage sites that would yield the
integrated HIV provirus (34). M, Marker lanes containing sequence-
specific nucleotide ladders.

ature for this sequence is only 30°C (24), reactions were
conducted at 28°C. At this temperature, U3 duplex 15-mers
were readily nicked by IN in the presence of Mg?*, whereas
minimal or no nicking was repeatedly observed with the
12-mers (Fig. 4, lanes f and h). This was not due to a problem
with annealing the 12-mers, as indicated by the appearance
of susceptibility to Mn?*-dependent nicking by IN under
these conditions (Fig. 4, compare lanes i and j). We thus
conclude that the minimal length of a duplex substrate for
the site-selective Mg>*-dependent activity of IN is 15 base
pairs from the U5 terminus or 13 to 15 base pairs from the U3
terminus.

Sequence specificity of the endonuclease reaction. Our assay
measures nicking of one particular strand in each duplex. To
verify the specificity of this reaction, the 5’ ends of the
U5[-] and U3[+] strands in the wild-type duplexes were
32p_labeled (shown schematically in Fig. 5). When these
substrates were incubated with either RT or IN in the
presence of Mg2*, no cleavage (14-mers or 13-mers, respec-
tively) was detected on the labeled strands (Fig. 5, lanes b
and c). Thus, the presence of duplex DNA ends is not
sufficient for the cleavage reaction. In addition, because
labeled dinucleotides were not detected on the lower por-
tions of the gels (no bands were seen in the reaction lanes
below those shown in Fig. 5), the products demonstrated in
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FIG. 7. Endonuclease activity with duplex oligodeoxynucleotide
substrates containing base substitutions. The 5’ 3?P-labeled oligode-
oxynucleotides with base-pair substitutions (see the legend to Fig. 1
and text) were used as double-stranded substrates for the Mg?*-
dependent activity of IN. Details are as in the legend to Fig. 2. The
arrowheads indicate positions corresponding to the cleavage of 2
nucleotides from the 3’ ends of the labeled strands. Panels: s15-16,
oligodeoxynucleotide U5[+]16(s15-16); s13-15, US5[+]16(s13-16);
s11-16, U5[+]16(s11-16); s9-16, US[+]16(s9-16); s5-6, US[+]116(s5-
6).

Fig. 2 must represent site-selective nicks that are restricted
to one strand of duplex substrates (see diagrams at the
bottom of Fig. 5).

In contrast to the results with Mg?*, IN did cut the
complementary strands of the duplex US and U3 substrates
in the presence of Mn?* (Fig. 5, lanes f). However, this
activity was relatively nonselective. Nonselective cleavage
of these substrates was also displayed by RT in the presence
of Mn?* (most evident in Fig. SA, lane e).

In a separate series of experiments, we tested the ability of
the ASLV IN to cleave double-stranded 18-mers represent-
ing the deduced US and U3 ends (34) of the LTRs of the
human immunodeficiency virus type 1 (HIV-1). The ASLV
IN had little or no activity on these substrates in the
presence of Mg?* (Fig. 6, lanes b and €). However, signifi-
cant activity was observed with Mn2* (Fig. 6, lanes c and f).
Because integrated HIV-1 provirus appears to be missing
only 1 U5 but 2 U3 terminal base pairs (34), cleavage 1
nucleotide from the 3’ end of the US plus strand or 2
nucleotides from the 3’ end of the U3 minus strand would be
expected for an integration-specific reaction. However,
these sites (Fig. 6, arrowheads) were not selectively nicked.
We conclude that with Mg?* the ASLV IN requires authen-
tic ASLV terminal sequences for site-selective cleavage, but
with Mn?* the reaction is much less specific.

Which nucleotides in the terminal sequences are required
for site-selective cleavage? Some variability in substrate se-
quence must be tolerated by IN with Mg?*. This was
suggested by the ability of IN to cleave both the U5 and U3
ends which have 3 of 15 nucleotide mismatches (Fig. 1). To
determine which nucleotides in the wild-type US substrate
were most important, we made a series of base-pair substi-
tutions that extended for increasing distances toward the
cleavage site (Fig. 1). These substrates were labeled to
equivalent specific activities and incubated with IN in the
presence of Mg?*. The results showed that base substitu-
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FIG. 8. Endonuclease activity on linear duplex junction se-
quences. Double-stranded 5’ 3?P-labeled oligodeoxynucleotides
J[+]131 (lanes a through d) or J[—]31 (lanes e through h) were
incubated without enzyme (— lanes), with 1.5 pmol of IN, or with 8
units of the restriction enzyme Asel (A) in the presence of Mg?*
(lanes a, b, d, e, f, and h) or Mn?* (lanes ¢ and g), as described in
Materials and Methods. Lanes d and h were loaded with only 10% as
many counts per minute of labeled DNA as were the other lanes. As
represented schematically at the bottom, nicking (arrows) at sites 2
nucleotides 5’ to the LTR-LTR junction (dots) produces 5’ labeled
(*) 14-mers from J[+]31 or 13-mers from J[—]31 (large arrowheads).
Nicking at sites 3 nucleotides 5’ to the junction yields 5' labeled
13-mers or 12-mers, respectively (small arrowheads). M, Marker
lanes containing sequence-specific nucleotide ladders (positions 29,
30, and 31 on the autoradiograms were unambiguously assigned by
using a shorter exposure than that shown).

tions of more than 10 nucleotides upstream of the cleaved
end were tolerated; such duplexes (s15-16, s13-16, and
s11-16) were nicked at the expected sites. The extent of the
reaction gradually decreased compared with that of the
wild-type duplex (Fig. 7, lanes b, d, and f) as the extent of
the base changes became greater. With the largest substitu-
tion (s9-16), markedly diminished susceptibility was ob-
served (Fig. 7, lane h). Thus, nucleotides closer to the
cleavage site are more critical for susceptibility to IN. This
result was confirmed with the US duplex s5-6 which has only
2 base-pair substitutions (Fig. 1) but at positions just 2
nucleotides upstream of the cleavage site. This duplex was
not nicked by IN (Fig. 7, lane j).

Endonuclease activity on oligodeoxynucleotide substrates
with LTR-LTR junction sequences. Previous experiments
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using a primer extension runoff protocol demonstrated that
RT and IN preferentially nicked near the LTR-LTR junction
in supercoiled substrates but at low efficiency (3, 7). A linear
double-stranded oligodeoxynucleotide substrate which in-
cludes LTR-LTR junction sequences was therefore tested as
a substrate in the current assay system. Oligodeoxynucle-
otides were constructed which included the 16 terminal U5
nucleotides joined to the 15 terminal U3 nucleotides. The
resulting 31-mers represent the sequences of the plus strand
(J[+]131) and the minus strand (J[-]31) at the LTR-LTR
junctions present in the two LTR-containing circular viral
DNA forms (Fig. 1). The duplex 31-mer junction sequence
was shown to be accessible to endonucleolytic cleavage by
use of the restriction enzyme Asel which cleaves each strand
1 nucleotide 5’ to the LTR-LTR junction; this also provided
an internal size marker (Fig. 8, lanes d and h). In the
presence of Mg2*, IN was able to nick each strand of the
duplex 31-mers at the biologically relevant site 2 nucleotides
5’ to the LTR-LTR junction (Fig. 8, lanes b and f, large
arrowheads). However, the extent of the reaction was re-
producibly lower than that observed with oligodeoxy-
nucleotide substrates that represented the US or U3 termini
alone (Fig. 2), but it was comparable to the extent of the
reaction previously observed with supercoiled substrates
containing LTR-LTR junctions (7). Mixing experiments
demonstrated that the 31-mers did not contain inhibitors of
the Mg>*-dependent activity of IN, and the duplex natures
of the 31-mer substrates were confirmed by native gel
electrophoresis (data not shown).

In the presence of Mn?*, IN exhibited a high level of
activity on these same substrates. Among the many cleav-
ages observed, preferential nicking occurred at sites 2 or 3
nucleotides 5’ to the junction (Fig. 8, lanes ¢ and g, large and
small arrowheads), with greater nicking at the latter site.
This site had previously been reported by Grandgenett and
Vora (13), using larger linear duplex DNA substrates. With
the duplex 31-mers, unlike the wild-type terminal U5 duplex,
limiting the incubation time with Mn?* did not increase the
specificity for the site 2 nucleotides from the junction (data
not shown).

DISCUSSION

The retroviral integration reaction is incompletely under-
stood, due in large part to the absence of an in vitro system
which can reconstitute this reaction with purified viral
proteins. Currently the ASLVs provide the only retroviral
system from which enzymatically active pol gene-associated
endonucleases have been purified. This makes possible an in
vitro biochemical approach to analysis of the cleavage
reaction which is a presumed early step in the integration
process.

Purified ASLV RT and IN have previously been reported
to have in vitro site-selective endonuclease activity on
supercoiled DNA substrates containing covalently linked
tandem LTR sequences. We have now described compara-
ble activity on short duplex oligodeoxynucleotide substrates
that represent the ends of the linear viral DNA intermediate.
The ASLV RT has endonuclease activity on such substrates
only in the presence of Mn2*, nicking the US plus and the U3
minus strands 3 nucleotides from the ends which represent
the viral termini. IN also demonstrates strong Mn?*-depen-
dent endonuclease activity on these substrates, preferen-
tially nicking each strand 2 or 3 nucleotides from the end,
with relatively more of the former at early times in the
reaction. In the presence of Mg?*, however, IN preferen-
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tially nicks these substrates 2 nucleotides from the end, at
sites which match the in vivo integration sites (Fig. 2).
Although it is probable that other factors influence the
integration reaction in vivo, these and previously reported
results support the Mg?*-dependent endonuclease of IN as
the more biologically relevant activity with respect to cleav-
age of viral DNA (3, 6, 7, 13, 15, 36). However, during
integration, both viral and host DNAs must be cleaved
before joining. Analyses of host DNA target sites have
revealed little sequence specificity with regard to this reac-
tion. Thus, if the retroviral pol gene products are involved in
cutting host DNA, one might expect to see both selective
and nonselective endonuclease activities. It may be that the
less-selective Mn?*-dependent activity is a manifestation of
the capacity for IN or RT to make the apparently sequence-
independent cleavages of host DNA that occur during inte-
gration (34).

Since selective cleavage is seen in vitro both on substrates
that mimic the LTR termini of linear viral DNA and on
substrates that represent the LTR-LTR junction of circular
viral DNA, our experiments can not exclude either DNA
form as a possible precursor to ASLYV integration. However,
the data in this report show that covalent joining of the two
viral DNA ends is not mandatory for site-selective cleavage
and provide the first enzymatic support using purified retro-
viral proteins for a linear precursor to the integrated provi-
rus. Whether IN recognizes the noncovalently joined ends
independently of one another or in juxtaposition, thus mim-
icking the LTR-LTR junction, is currently unknown.

Monitoring the endonuclease activity of IN with small
oligodeoxynucleotide substrates represents a significant im-
provement over the previously used primer extension runoff
assay both in simplicity and in increased yield of product.
This has made it possible to examine Kinetic parameters of
the cleavage reaction. Our preliminary results suggest that
the K, for Mg2*-dependent cleavage by IN is approximately
107 M (data not shown), a value close to that for the
utilization of DNA primer-template by the DNA-directed
DNA polymerase activity of RT (19). In addition, the
amount of product formed in 90 min was found to approxi-
mate the amount of enzyme present (data not shown),
suggesting a stoichiometric relationship between IN and
substrate. This possibility is currently being investigated.

Previously, site-selective endonuclease activity by RT
was demonstrated on single-stranded tandem LTR junction
sequences cloned into M13 DNA (6). Demonstration of the
appropriate cleavage sites on these circular substrates re-
quired that 22 nucleotides of the plus strand or 44 nucleo-
tides of the minus strand be present (7). Examination of
these required sequences revealed that the limits defined two
different inverted repeats that potentially could form base
pairs (D. Cobrinik, Ph.D. thesis, Case Western Reserve
University, Cleveland, Ohio, 1988). When unannealed oli-
godeoxynucleotides were used as substrates in our new
assay, Mn>*-dependent activity was also detected only with
sequences that had the capacity to form base-paired struc-
tures. Mg?*-dependent activity had an absolute requirement
for double-stranded substrates. We thus conclude that sub-
strate recognition and cleavage by both IN and RT require
duplex DNA near the cleavage site, as is presumably present
in vivo. This suggests that agents which could selectively
denature the viral termini might potentially interfere with the
cleavage reaction and block integration.

Detailed analysis of the site-selective Mg?*-dependent
reaction on duplex substrates revealed some of the features
required for substrate susceptibility to IN. The minimal
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length (Fig. 4) of substrates required to see activity corre-
sponds to the length of the conserved terminal inverted
repeat of the ASLVs, which is 15 nucleotides (Fig. 1).
Although'unrelated sequences of sufficient length were poor
substrates (Fig. 5 and 6), some sequence variation in sub-
strates was tolerated. For example, the three mismatches
between the US and U3 termini, as well as base substitutions
which were introduced into US more than 8 nucleotides from
the biologically relevant cleavage site, did not significantly
affect the efficiency of nicking (Fig. 7). Nucleotide substitu-
tions extending closer to the cleavage site, however, dimin-
ished the amount of product formed. A 2-base-pair substitu-
tion just 2 nucleotides from the cleavage site completely
inactivated the substrate (Fig. 7). The effect of this mutation
on viral DNA integration in vivo is currently being investi-
gated. These results indicate that sequences adjacent to the
conserved S'CATT3’ found near the ends of most retroviral
DNA (34) are required for specific recognition and cleavage,
whereas sequences more remote from these ends are not. A
comparison of LTR sequences of various strains of ASLV
LTRs shows a conservation of nucleotides in the last 8 to 12
base pairs at the U3 end. This is consistent with the above
US substrate mutation studies and supports the notion that
the cis-activating sequences required for DNA integration
include approximately 8 to 12 base pairs of the LTR termini.

The development of the in vitro assay system described in
this report will make possible further definition of the
sequence and substrate requirements for site-selective cleav-
age by retroviral endonucleases. This assay may also allow
for the development and screening of a new class of antiviral
agents capable of interfering with the endonuclease activity
necessary for retroviral integration.
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