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ABSTRACT

The avian retrovirus pp32 DNA endonuclease prefers to nick supercoiled
DNA containing long terminal repeat (LTR) circle junction sequences at one
or the other of two sites, each which mapped two nucleotides back from the
circle junction. The sequence at the sites of nicking was

C A; T TI A A T G,
G T A A TTt A C

where t indicates the positions of the two alternative nicked sites. This
site-specific nicking was observed when the circle junctign LTR DNA was
present in supercoiled form, the divalent metal ion was Mg2 and the molar
ratio of protein to DNA was low+ The majority of other LTR DNA sites nicked
by pp32 in the presence of Mg2 were adjacent to or within the dinucleotide
CA.

INTRODUCTION

The avian retrovirus polymerase (pol) gene encodes a partially phos-
phorylated 32,000 dalton polypeptide (pp32) which possesses DNA nicking
activity in the presence of Mg2+ or Mn2+ (1). Nicking of supercoiled DNA by
the pp32 protein in the presence of Mg2 results in the generation of unit-
length and circular single-stranded (ss) DNA molecules as analyzed by alk
aline sucrose gradient centrifugation (1). A Mn2+_dependent DNA nicking
activity is also associated with the parental molecule of pp32, the 92,000
dalton , polypeptide (2-4). The DNA polymerase of avian retroviruses exists

in two forms, as a au or OP dimer, both possessing Mn2+-dependent DNA nick-
ing activity (4). The 63,000 dalton a subunit in the oar complex is derived
from the NH2 terminus of , (5) by proteolytic cleavage while the pp32
moiety is located at the COOH terminus of i (5,6,7). In addition, a small

polypeptide possessing a molecular weight of 4,100 daltons is apparently
encoded at the extreme 3'terminus of the pol gene and is not associated with

either pp32 or X (8).
The Mn2 -dependent DNA nicking activity of pp32 is approximately 10 -

fold higher than that observed in the presence of Mg2+ (1). The DNA nicking
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activity of au is virtually inactive when Mg2 is substituted for Mn2 (2-4)
although partial chymotrypsin digestion of ao in vitro results in the acti-

vation of Mg2 -dependent nicking activity because of the release of the pp32

moiety from the i polypeptide (9). Both enzymes prefer supercoiled DNA as

substrates. Alkaline sucrose gradient centrifugation analysis of ColEl DNA

which was nicked by pp32 and subsequently cleaved by EcoRI suggested that a

limited number of preferred regions for pp32 nicking activity existed on

this DNA; this apparent site-specificity was lost in the presence of Mn2+
(1).

The pp32 protein preferentially binds to specific regions on viral LTR

DNA including the circle junction as demonstrated by using the nitrocellu-

lose filter binding assays or DNase I-protection experiments (10,11). The

termini of viral LTRs of integrated proviruses map 2 bp from the LTR circle

junction found in unintegrated circular viral DNA (for review, see 12). The

circular viral molecule containing two LTRs in tandem is the presumed pre-

cursor molecule to the integrated provirus (13,14). It has been shown that

the Mn2 -dependent DNA nicking activity associated with au DNA polymerase
using (ss)DNA substrates selectively cleaved the plus or minus viral DNA

strand at the LTR circle junction resulting in 6 bp staggered nicks (15).
In this report, we examined the nicking of the LTR DNA circle junction

region by pp32 in the presence of Mg2+ and Mn2+ using supercoiled and linear

double strand(ds) DNA as substrates.

MATERIALS AND METHODS

The plasmid designated pPvuII-DG contained two complete copies of

Schmidt-Ruppin LTR DNA in tandem (16). Supercoiled pPvuII-DG was nicked by
pp32 in buffer containing 20 mM Tris HCl(pH 7.5), 3 mM dithiothreitol (DTT),
50 mM NaCl, 0.1 mM EDTA and 3 mM MgCl2 at various temperatures, times and

protein concentrations as indicated in the figure legends. It should be

emphasized that under these above assay conditions the pp32 protein can nick

only one strand per supercoiled DNA molecule (1). Linear dsDNA was also

subjected to au DNA polymerase or pp32 nicking in the same buffer except in
the presence of 1 mM MnCl2. Control DNA was treated identically as above

except no enzymes were present. In all assays, the enzymes were preincu-
bated with the DNA for 5 min at 25°C prior to initiation of the nicking

reaction with divalent metal cation. The nicking reaction was stopped with
13 mM EDTA and by phenol extraction. Several labeling strategies were util-
ized to identify the location of nicks introduced by the enzymes near the
circle junction between the tandem copies of LTR DNA. Usually, one-half of
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the nicked DNA sample was digested with EcoRI and then SphI, followed by

end-labeling of the minus viral DNA strand (bottom strand at R180, Fig. 3)

by Klenow DNA polymerase in the presence of 32P-a-dATP at 10°C for 25 min.

To ensure complete fill in of the EcoRI site, unlabeled dATP and dTTP at a

final concentration of 0.1 mM were added and the mixture was incubated for

15 additional min. The other half of the DNA sample was digested with

EcoRI, dephosphorylated by bacterial alkaline phosphatase followed by end

-labeling with 32P-y-ATP and T4 polynucleotide kinase. The labeled DNA was

subsequently digested with SphI. This procedure resulted in end-labeling of

the EcoRI site on the viral DNA plus strand. To isolate a DNA fragment

labeled at the other LTR DNA EcoRI site (L180, Fig. 3), the labeled DNAs

were digested with HinfI before isolation on polyacrylamide gels. With all

of the above DNA modifying enzymes, minimal concentrations of enzymes were

utilized to minimize contaminating nucleases thereby decreasing background

problems. The above appropriate end-labeled DNA fragments were isolated on

5% polyacrylamide gels, electroeluted in a Tris-borate-EDTA buffer (45 mM

Tris, pH 8.3; 45 mM boric acid,l mM EDTA) and purified by DEAE-cellulose

chromatography. After several ethanol precipitations, the samples were

analyzed on 6% polyacrylamide DNA sequencing gels with the appropriate

sequence markers (17). All cpm are expressed as Cerenkov cpm and the gels

were exposed for the indicated number of days in the absence of an intensi-

fying screen.

In addition to supercoiled plasmid as a DNA substrate, the same labeled
pPvuII-DG DNA fragments described above containing the circle junction were

isolated by polyacrylamide gel electrophoresis and purified by DEAE-cellu-

lose chromatography. These linear DNA fragments were incubated with pp32 or

au DNA polymerase under similar nicking conditions described above in the

presence of Mn2 or Mg2 . After incubation, the reactions were stopped with

13 mM EDTA and 1 pg of yeast tRNA was added. Following phenol treatment and

ether extraction, the samples were ethanol precipitated several times. The

nicked DNA was analyzed on 6% polyacryamide DNA sequencing gels with the

appropriate sequence markers.
The AMV pp32 protein was purified through poly(U)-Sepharose chromato-

graphy and in some experiments through an additional glycerol gradient
sedimentation step (11). The AMV ao DNA polymerase was purified through

Heparin-Sepharose 4B chromatography (2). Both proteins were purified to

near homogeneity.
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Figure 1: Comparison of electrophoretic mobilities of sequence ladders and
aligned restriction fragments containing two HpaII sites and one HaeIJI site
cleaved by the corresponding enzymes. A. The EcoRJ/SphI fragment of pBR322
was 5' end-labeled at the EcoRI site and was subsequently cleaved with HpaJII
(lane 1, 400 cpm); lane 2, chemical C reaction plus cleaved HpaIJ fragment
(400 cpm); lane 3, HaeIJI restriction of above fragment (200 cpm). The
autoradiograph also shows Maxam and Gilbert (17) sequence ladders of the
EcoRI/SphI fragment. The DNA sequencing gel was exposed for 5 days. B.
The same EcoRI/SphI fragment of pBR322 was 3' end-labeled at the EcoRI site
and was subsequently cleaved with HpaII (lane 1, 270 cpm). The sequence
markers are shown for the EcoRI/SphI fragment. The gel was exposed for 1
week.

RESULTS

Defining parameters for the DNA nicking assays

We wanted to determine the specificity of pp32 nicking on linear dsDNA

which contained the circle junction of avian retrovirus LTR DNA. To in-

crease the sensitivity and specificity of the DNA nicking assay, we used 5'

and 3' end-labeled restriction fragments. By comparison of the electro-

phoretic mobilities of Maxam and Gilbert (17) sequence ladders to the length

of the end-labeled denatured fragment, the exact location of the nick in the

DNA could be identified. To ensure that the assay was correct, we digested

5' or 3' end-labeled control DNA fragments at specific locations with res-

triction enzymes. The 5' end-labeled EcoRJ/SphI fragment (565 bp in length)
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Figure 2: Mapping of pp32 and ap DNA polymerase nicked sites on plus strand
LTR DNA using a linear dsDNA substrate. Approximately 0.02 pg of 5' end-
labeled 248 bp DNA fragment (82 Kcpm) was incubated with standard reaction
buffer in the presence or absence of enzyme at 37°C with 1 mM MnCl2 present.
The reactions were stopped at various times and the DNA was examined on a
DNA sequencing gel. (First Set). Lane 1, Control DNA for 20 min; lane 2,
1.2 pg of pp32 for 10 min; lane 3, 0.38 pg of ai for 15 min; lane 4, 0.38 pg
of ap for 25 min. The first set of samples and markers were run for 110
min. Exposure of the film was for 1 week. (Second Set). Lanes 5 to 8 are
in the same order as lanes 1 to 4 as described above except the samples were
run for 260 min under the same electrophoresis conditions. The gel was
exposed for 4 days. The horizonal lines on the right side of the gel corres-
pond to the nicked sites.
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of pBR322 was digested with HpaII and run on the same gel with chemical

sequence markers (Fig. IA, lane 1). There are six HpaII sites in this DNA

fragment, two of which are observed due to partial cleavage by HpaII. The

EcoRI/HpaII fragments migrate slightly slower than the second C in the HpaII

recognization sequences, CCGG. In the sequence ladder, the fragment repre-

senting C (Fig. 1A) has lost this terminal C as a consequence of the chem-

ical cleavage (17) and therefore ends with the 5' neighbor, in this parti-

cular case, another C. Thus, HpaII cleaves between C and C in the recog-

nition sequence of C4CGG. These results thus confirm that our assay is

correct. The reason that the EcoRI/HpaII fragments migrate slightly slower

than the chemical C product is because they lack the 3' terminal phosphate
which is retained after chemical cleavage. The effect of removing a single

terminal phorphoryl residue on electrophoretic mobility is dependent on the

size of the polynucleotide and therefore is not constant (18,19). Since the

EcoRI/HpaII fragments (Fig. 1A, lane 1) are greater than 100 nucleotides in

length, (161 bp and 170 bp, respectively), the effect of phosphate
approaches zero (18). As observed in lane 2 of Fig. IA, the 5' end-labeled

EcoRI/HpaII fragments appeared to nearly comigrate with the second C of the

CCGG recognization sequence. By using the above analogy, complete digestion
of the EcoRI/SphI fragment with HaeIII identified the first HaeIII recogni-

zation sequence GG4-CC in this fragment (Fig. 1A, lane 3). Digestion of the

EcoRI/SphI fragment labeled on the opposite strand (3' end-labeled at the

EcoRI site) with HpaII resulted in the comigration of the EcoRI/HpaII frag-

ments with the first C of the HpaII sequence GGCC (Fig. 1B). Thus, the

cleavage site is GGC4C and further demonstrates the validity of these

assays.

Mapping of pp32 and up nicking sites on linear dsDNA

The au DNA polymerase in the presence of Mn2+ was able to nick 3 bp

back from the LTR circle junction using plus or minus ssDNA. Instead of

using this ssDNA substrate, end-labeled linear dsDNA was used for comparison

of au DNA polymerase and pp32 nicking properties. The 248 bp EcoRI/SphI DNA

fragment containing the LTR circle junction (See Fig. 3 and 8) and 5'

end-labeled on the viral plus strand, was incubated with pp32 or ao in the

presence of 1 mM MnCl2 at 37°C (Fig. 2). In the first set of experiments

with control DNA, no major nicked fragments were observed indicating that at
this level of Mn2+, nonspecific breakage of DNA is not occurring (Fig. 2,
lane 1) (10). Incubation of the 248 bp fragment with pp32 resulted in a

variety of nicked fragments with the majority of the nicked sites located to

the right of the circle junction (Fig. 2, lane 2 and Fig. 3). The up DNA
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TGATGGCCGGACCGTTGATTCCCTGACGACTACGAGCACCT GATGAAGCAGAAGC GTAGTCTT GCMTACTCTT
ACTACCGGCCTGGCAACTAAGGGACTGCTGATGCTCGTGGACGTACTTCGTCTTCCGAAGIAAATCAGAAWCGTTATIGCA

J140A. L60 L80 L100

AGTCTTMAACGGTAJ[GATGAGTTA MCATGCCTTACAAGGAGAGAAAAAGCACCGTGCATGCCGATTGGTGGAAGTAAGGTGG
TCAGAACGTTGTAjT GCTACTCMTCG7TGTACGGAATGTrCCTCTCTCGTGGCACGGCTAACCACCTTCATTCCACC
§ ~~~~~~~~~~~~SphI

L120 L140 L160 L180

TACGATCGTGCCTTATTAGGMGGCMCAGACGGGTCTGACATGGATTGGACGMCCACTGMATTC--- plus strand
ATGCTAGCACGGAATMTCCTTCCGTTGTCTGCCCAGACTGTACCTMCCTGCTTGGTGACTTMG --- minus strand

PvuI EcoRI

Figure 3: Map positions of pp32 nicking sites on a supercoiled LTR DNA
substrate. The plus and minus viral LTR DNA sequences which are located on
either side of the circle junction (designated as joint on figures) are
shown (top and bottom, respectively). The height of the arrows roughly
represent the nicking frequency occurring within the strand per inspection
of band intensities of exposed x-ray film. The open arrows located on the
top and bottom sides of the LTR sequence represent the major+ nicks intro-
duced into supercoiled DNA by pp32 in the presence of Mg2+ the closed
arrows represent nicks generated by pp32 in the presence of Mn (Fig. 4, 5
and 6). The R lettered numbers refer to the terminal repeat sequences
adjacent to the src region on the right end of the linear map of uninte-
grated viral DNA, whereas the L lettered numbers refer to terminal repeat
adjacent to the gag region on the left end of the linear map. The terminal
repeats (partially shown) consists of two identical copies (330 bp in
length), each of which contains the region unique to the 3' terminus (U3)
and the 5' terminus (U5) of the viral genome. The EcoRI, HinfI, SphI and
PvuI restriction sites are shown.

polymerase also nicked the 248 bp fragment generating essentially the same

species as pp32 (Fig. 2, lanes 3 and 4) except for two nicked fragments at
the top of the gel between L62 and L71 (see below).

In the second set of experiments in Fig. 2, the same DNA samples were

run for a longer time permitting detailed mapping of the nicked fragments.
Again, there is no outstanding differences in the DNA nicking patterns
observed between ao and pp32 using linear DNA (Fig. 2) or supercoiled DNA

(see below) suggesting similar nuclease mechanisms for these enzymes in the

6211



Nucleic Acids Research

1 2 3 4 +a

L68
:-'L611
.L 56

L_4'7?

!-L39

; L33
1>24

l1s8

;L7
IL4
.:.jo,ini.
--R328
R32i

R31"I

Figure 4: Mapping the location of nicks introduced by pp32 on the plus
strand of viral LTR DNA using supercoiled DNA as substrate. pPvuII-DG (3
pg) was incubated in the presence or absence of pp32 at 37°C for 1 h under
standard assay conditions with 3 mM MgCl2. The reactions were stopped,
phenol extracted, digested with EcoRI and the DNA was 5' end-labeled at the
EcoRI site as described in Materials and Methods. The labeled DNA was
digested with SphI and the labeled 248 bp fragment was isolated. Lane 1,
Control DNA, 22,000 cpm; lane 2, 1.06 pg of pp32, 22,000 cpm; lane 3, 2.12
pg of pp32, 25,000 cpm; lane 4, same as lane 3 except 48,000 cpm; markers
C+T and G+A. The gel was exposed for 10 days.

presence of Mn2+. This same relative pattern of nicking by pp32 or ao in

the presence of Mn2+ was observed under a variety of conditions including a
4-fold range in protein concentration, incubation at 25°C and at slightly

higher or lower NaCl concentrations (data not shown). The molar ratio of

enzyme to linear DNA varied between 75 to 1 and 300 to 1, respectively. As
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reported previously (10), pp32 or ap DNA polymerase in the presence of Mg2*
were not able to nick the 248 bp fragment.

The same 248 bp EcoRI/SphI DNA fragment labeled on the minus viral
strand was incubated in the presence of either aot or pp32 (data not shown).
Again, the pattern of nicked fragments with either enzyme were nearly iden-

tical, even at substantially lower au protein concentration then used pre-
viously (Fig. 2).

The above experiments permit several conclusions. First, the aot DNA
polymerase and the pp32 protein active endonuclease sites appear to recog-
nize the same nucleotide sequences in the presence of Mn2+ , although slight
differences are apparent. There is no obvious overall nucleotide consensus
sequence but many of the sites have two adjacent cleavage events demonstra-
ting that the enzymes recognize these particular sites more frequently than
most single cleavage events. Slightly over half of the nicked sites are
adjacent to or within the dinucleotide CA (data not shown) suggesting that
these dinucleotides are recognized preferentially over other sets of di-
nucleotides (see below also). Finally, as previously observed with aU using
ssDNA as substrate (15), 6 bp staggered nicks are generated at the circle
junction but are not a major population under these conditions using linear
dsDNA.

Increased specificity of pp32 nicking of LTR DNA under the constrain of DNA
superhelicity.

The pp32 protein prefers supercoiled DNA both for nicking (1) and
binding substrates (11). Mapping the location of the nicked sites (Fig. 3)
generated by pp32 on the plus strand DNA around the circle junction using
supercoiled pPvuII-DG as substrate and Mg2+ as divalent metal ion revealed
an interesting result. The nucleotide sequence of the pPvuII-DG clone was

previously determined (16). The major labeled DNA fragment (Fig. 4, lane 2,
3 & 4) generated by pp32 nearly comigrated with the "T" sequence marker
(R329). As stated above, this slower migration of the cleaved fragment is
due to the absence of a terminal phosphate. Thus, pp32 nicks at the
sequence CAMTT. The open arrows in figure 3 identify the major nicked sites

generated by pp32 using supercoiled DNA as substrate. These data demon-

strate that pp32 is capable of mimicking the in vivo observation that 2 bp
are removed from the terminus of the LTR DNA by a 4 bp staggered nick at the
circle junction upon integration of viral DNA (12). However, it is also

very apparent that pp32 is capable of introducing a variety of nicks at

various locations under these assay conditions (Fig. 4, lanes 2 to 4). The

nicked sites are at R315, R316, R322, R328, L2, L38, L55, L60, L67 and L73.
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Figure 5: Comigration of pp32 generated LTR DNA fragment with "T" chemical
sequence marker and nicking of pPvuII-DG by pp32 with Mn2 . A. Supercoiled
pPvuII-DG DNA (3 pg) was incubated with pp32 (1.2 pg) at 37°C for 30 min
under standard assay conditions with 3 mM MgCl2. The plus strand DNA frag-
ment was labeled and isolated as described in Fig. 4. Markers G+A and C+T.
Lane 1, C+T markers plus 50,000 cpm of pp32 nicked fragment; lane 2, 43,000
cpm of pp32 nicked fragment only. The gel was exposed for 4 days. B.
Supercoiled pPvuII-DG(l.5 pg) was incubated with pp32 at 370 for 5 min with
1 mM MnCl2. The plus strand DNA fragment was labeled as above. Lane 3,
control DNA 74,000 cpm; lane 4, 0.53 pg of pp32, 76,000 cpm. Markers C+T,
G+A, G and C. The gel was exposed for 5 days.

Again, a majority (60%) of the nicked sites are adjacent to or within the

dinucleotide CA.

Assay conditions were varied to increase the specificity of the nicked

sites generated by pp32. The specificity of this reaction was increased by

merely decreasing the incubation time at 37°C to 30 min (Fig. 5A, lane 2)

instead of 1 hr (Fig. 4) with a protein to DNA ratio of 40 to 1. The con-

version of supercoiled to nicked circles was approximately 5%, comparable to
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Figure 6: Mapping the location of nicks introduced by pp32 on the minus or
plus strand of viral LTR DNA using supercoiled DNA as substrate. Minus-
strand. pPvuII-DG (4.5 pg) was incubated in the presence (1.6 pg) and
absence of pp32 at 370C for 45 min under standard assay conditions with 3 mM
MgCl2. The reactions were stopped with EDTA, phenol extracted, digested
with EcoRI and SphI and the DNA was 3' end-labeled on the minus strand at
R180. The 248 bp fragment was isolated. Lane 1, 61,000 cpm of control DNA;
lane 2, nicked DNA, 62,500 cpm. Plus strand. Aliquots of the above samples
were also 5' end-labeled on the plus strand. The labeled DNA was digested
with SphI and the labeled 248 bp fragment was analyzed. Lane 3, control
DNA, 39,500 cpm; lane 4, 31,000 cpm of nicked DNA sample. The gel was
exposed for 8 days.

previously published information (1). As is clearly evident in Fig. 5A

(lane 2), only two major nicked species (R328 and L38) are observed, both

containing the nicked sequence of CAMT. To ensure that the pp32 generated
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DNA fragments were migrating at the correct position relative to the chem-

ical sequence markers, the DNA sample was coelectrophoresized with the C+T

chemical markers (Fig. 5A, lane 1). Both DNA fragments nearly comigrated

with the "T" chemical markers (R329 and L39) demonstrating that pp32 nicked

the plus viral strand within the sequence CAMTT at the circle junction (Fig.

3).
Mapping of the pp32 nicked sites on the LTR minus strand using super-

coiled pPvuII-DG as substrate was accomplished by 3' end-labeling the EcoRI

site (R180, Fig. 3). The 248 bp DNA fragment was isolated and analyzed on a

DNA sequencing gel as previously described. Two major nicked sites were

observed (Fig. 6, lane 2; Fig. 3). The labeled DNA fragments generated by

pp32 nicking comigrated with fragments at nucleotides L3 and L23. There-

fore, the nicks occurred at TT4;AC (L2) and GAMAC (L22) (Fig. 3).

Apparently, pp32 is capable of making 4 bp staggered nicks at the circle

junction as demonstrated by the nicks observed either at L2 (minus strand,

Fig. 6) on one nicked DNA molecule or at R328 (plus strand, Fig. 5A and Fig.

6, lane 4) on another DNA molecule. A 9 nucleotide consensus sequence

(ACATCAGAA) is located immediately to the right of the nicked sites (L3 and

L23) on the minus strand (Fig. 3).
We wanted to define whether the pp32 protein in the presence of Mn2+ (1

mM) could also generate a 4 bp or 6 bp staggered nick at the circle junction

if the DNA substrate was supercoiled. The pp32 protein was complexed to

supercoiled pPvuII-DG and the reaction was initiated by Mn2 . The reaction

was limited to 5 min at 370 at a protein to DNA molar ratio of 40 to 1.

Even with this limited time of incubation, approximately 50% of supercoiled

DNA was converted to nicked circles because Mn2+ greatly increases pp32

nicking capabilities (1). Figure 5B (lanes 3 and 4) clearly shows that

under these nicking conditions, pp32 is capable of generating nicks at both

2 and 3 bp from the circle junction on the plus strand (Fig. 3, closed

arrows). Thus, pp32 nicks within the sequence C4-AXTT at the circle junction

when Mn2+ is used. Similar results were obtained on the minus strand when

pp32 nicked supercoiled pPvuII-DG with 1 mM MnCl2 present (data not shown).
In this case, the enzyme generated nicks 2 and 3 bp from the circle junction

as illustrated (TT+A4C) (Fig. 3). These data demonstrate that pp32 in the

presence of Mg2+ is capable of generating 4 bp staggered nicks at the circle

junction but generates 4 and 6 bp staggered nicks on different DNA molecules

in the presence of Mn2+
Further evaluation of the above data in Fig. 5B also shows that pp32
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Figure 7: Mapping the location of nicks introduced by au DNA polymerase on
the minus or plus strand of LTR DNA using supercoiled DNA as substrate.
pPvuII-DG (1.5 pg) was incubated in the presence (1.9 pg) or absence of UP
under standard assay conditions with 1 mM MnCl2 for 5 min at 370 C. Approxi-
mately 25% of the supercoiled DNA was converted to nicked circles. The
reactions were stopped and the DNA was digested with EcoRI and SphI for
labeling of the minus strand or EcoRI for labeling the plus strand as pre-
viously described. Plus Strand: lane 1, control DNA, 197,000 cpm; C+T and
G+A chemical markers; lane 2, 180,000 cpm, ap DNA polymerase. Minus Strand:
lane 3, 44,000 cpm, au DNA polymerase; lane 4, control DNA 46,000 cpm; C+T
and G+A chemical markers. The 6 bp staggered cut is marked by * in lanes 2
and 3 at the circle junction.
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Figure 8: Summary of pp32 binding sites on viral LTR sequences. A 1670 bp
viral fragment containing two tandam copies of LTR DNA was inserted at the
PvuII site of pBR322 (16). The top two dark lines designate the region of
LTR DNA which pp32 binds as analyzed by DNaseI protection experiments (10).
Some of the HaeIII fragments generated from pPvuII-DG are illustrated. The
shaded fragments (6 and 8) are preferentially retained on nitrocellulose by
pp32 upon digestion of supercoiled pPvuII-DG previously complexed to pp32
(11).

generated 11 nicked fragments in the presence of Mn2t, six of which (R328,

L2, L12, L24, L33 and L44), were also observed using linear dsDNA (Fig. 2

and Fig. 3). Similar observations were made on the minus strand using

supercoiled pPvuII-DG with Mn2+ (data not shown). Again, 50% of the nicked

sites were adjacent to or within the dinucleotide CA (Fig. 3). Interesting-

ly, in the presence of Mn2+ (Fig. 2, 3, 5B, data not shown), the pp32 pro-

tein is capable of generating a major nicked species at position L2 on the

plus strand and R328 on the minus strand. These data suggest that pp32 may

also be responsible for removal of the 4 bp 5'overhang presumably generated

by the first nicking events at R328 on the plus strand and L2 on the minus

strand upon integration of viral DNA.

We confirmed that the au DNA endonuclease in the presence of Mn2+ was

capable of generating a 6 bp staggered nick at the circle junction (15). As

observed in Fig. 7 (lanes 2 and 3), the enzyme generated major nicks at

positions R327 (plus strand) and L3 (minus strand). Of the 18 nicked sites

generated on either strand of supercoiled PvuII-DG by pp32 in the presence

of Mn2+ (Fig. 3 and Fig. 5B), 10 sites were in common with those generated

by au DNA endonuclease (data not shown).

DISCUSSION

We had previously failed to detect any major nicked sites generated by

pp32 on a variety of supercoiled or linear dsDNA molecules using other less

sensitive assay methods (11). However, it is apparent that both pp32 or U

DNA polymerase under most assay conditions appear to nick DNA at a variety

of sites. The observation that the au DNA polymerase was able to generate 6

bp staggered nicks at the circle junction of LTR DNA (15) prompted us to
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determine if pp32, using a more sensitive assay procedure, was able to

recognize the circle junction sequences. The pp32 protein was able to

generate 4 bp staggered nicks at the circle junction, thus mimicking the in

vivo observation that the 4 intervening bp are lost during integration of

viral DNA (12). The apparent requirements for the preferential 4 bp

staggered nick at the circle junction in vitro are that the DNA substrate be

supercoiled and a relatively low protein to DNA ratio be maintained.

Whether pp32 or a1 (15) endonuclease, both capable of generating 6 bp stag-

gered nicks, are responsible for generating 6 bp staggered nicks on host
cell DNA at the viral insertion site (12) is unknown.

The biological role(s) of the pp32 protein or the pp32 moiety located
at the COOH terminus of 13 in the life cycle of retroviruses is still un-

known. However, it is likely that this protein is involved in integration

of viral DNA. It has recently been demonstrated genetically in the murine

leukemia retrovirus that the 40,000 dalton DNA endonuclease (the counterpart

of the avian endonuclease), is required for integration of viral DNA
(20,21). Similar genetic data also exists with the spleen necrosis virus

for the 3' terminus of the pol gene being involved in integration of viral
DNA (22). In contrast, several avian virus mutants whose single base change
occurred near the NH2 terminus of the pp32 protein seemingly integrate viral

DNA at near wild type levels (7,23). These mutants appear to replicate
poorly and have decreased transforming ability relative to wild type RSV.

Possibly, the pp32 protein and the pp32 moiety of 1, or both, are multifunc-
tional.

There is reasonable correlation between the various data obtained by
comparing the interactions of pp32 with LTR DNA using the DNase I foot-

printing technique (10), the nitrocellulose filter binding assay (10,11) and
the technique employed in this paper, DNA nicking assays. These data are

summarized in Fig. 3 and Fig. 8. The pp32 protein, as analyzed by DNaseI
protection experiments, forms a unique nucleosome-like structure on LTR DNA

which encompasses the viral promoter in U3, extends through U5, and proceeds
past the circle junction into U3 for about 30 bp (see Fig. 8). Although it

is likely that pp32 preferentially binds to the circle junction region, the

protein can bind to and nick a variety of DNAs. Other highly specific DNA

binding proteins likewise can bind to DNA at random locations in addition to

unique sequences which are biologically important (see 10,11,24-27). Other

factors including DNA-protein constraints occurring in vivo and involvement

of either viral or cellular proteins in the integration process could signi-
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ficantly alter pp32 binding and nicking of LTR DNA at the circle junction.

One other possible viral protein involved in this process could be the 4,100

dalton polypeptide apparently encoded at the extreme 3' terminus of the

avian retrovirus pol gene (8).

Although pp32 can nick DNA at a variety of sites particularly in the

presence of Mn2+ (Fig. 3), the enzyme appears to nick DNA adjacent to or

within the dinucleotide CA at a considerably higher frequency than other

sets of dinucleotides. This observation is most apparent with Mg2+ as the

divalent metal ion. Most proviruses terminate in host DNA with the

sequences TG and CA as illustrated, cell DNA-TG-viral DNA-CA-Cell DNA (12).

Interestingly, these same sets of dinucleotides are located at the termini

of transposable elements structurally related to retroviruses (12). Since

almost all eucaryotic transpositions end in CA, a nick must be made here to

permit transposition (28). An understanding of the enzymatic mechanisms

involved in recognization of CA dinucleotides by pp32 may contribute to our

knowledge of the numerous DNA eucaryotic recombination events which occur at

the CA dinucleotide sequence (28). The 3' terminal domain of RSV pol which

encompasses the pp32 protein is conserved among various types of retro-

viruses (29) as well as the Drosophilia copia reverse transcriptase-like

enzyme (30).
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