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Insertion of the linear retrovirus DNA genome into the host DNA by the virus-encoded integrase (IN) is
essential for efficient replication. We devised an efficient virus-like DNA plasmid integration assay which
mimics the standard oligonucleotide assay for integration. It permitted us to study, by electron microscopy and
sequence analysis, insertion of a single long terminal repeat terminus (LTR half-site) of one plasmid into
another linearized plasmid. The reaction was catalyzed by purified avian myeloblastosis virus IN in the
presence of Mg>*. The recombinant molecules were easily visualized and quantitated by agarose gel
electrophoresis. Agarose gel-purified recombinants could be genetically selected by transformation of ligated
recombinants into Escherichia coli HB101 cells. Electron microscopy also permitted the identification and
localization of IN-DNA complexes on the virus-like substrate in the absence of the joining reaction.
Intramolecular and intermolecular DNA looping by IN was visualized. Although IN preferentially bound to
AT-rich regions in the absence of the joining reaction, there was a bias towards GC-rich regions for the joining
reaction. Alignment of 70 target site sequences 5’ of the LTR half-site insertions with 68 target sites previously
identified for the concerted insertion of both LTR termini (LTR full-site reaction) indicated similar GC
inflection patterns with both insertional events. Comparison of the data suggested that IN recognized only half

of the target sequences necessary for integration with the LTR half-site reaction.

Efficient replication of retroviruses requires the integra-
tion of viral DNA into host DNA by the viral integrase (IN).
Upon infection of cells and cytoplasmic synthesis of linear
blunt-ended viral DNA by the reverse transcriptase in the
virus particle, a 160S viral nucleoprotein complex is formed
(1). IN is associated with the 160S complex (1, 7). Between
the synthesis of linear blunt-ended DNA and the transport of
the 160S nucleoprotein complex into the nucleus, IN specif-
ically removes a dinucleotide from both DNA termini at their
3’ OH ends (11, 28), a prerequisite for integration. This
complex is fully capable of integrating its trimmed viral DNA
into exogenous DNA targets (2, 6, 23, 35).

Purified IN is also capable of 3'-end processing and strand
transfer. The protein removes a dinucleotide from blunt-
ended substrates which mimic the long terminal repeats
(LTR) of viral DNA termini, exposing the conserved CA_o
dinucleotide (1, 4, 8, 10, 19, 30, 37). Strand transfer, which
requires a recessed 3' OH LTR terminus, is mediated by IN
with no exogenous energy source present (24, 6, 11, 18, 34).
IN from various retroviruses produces a staggered cleavage,
characteristic for that species, at the site of insertion on the
host DNA (33). Recent evidence suggests that the joining of
the recessed 3’ OH LTR terminus to the 5’ P end of target
DNA at the site of cleavage occurs by a one-step transester-
ification mechanism (5, 36).

How does IN recognize its host target site for integration
of viral DNA? Retroviruses seemingly integrate at random
sites in the host DNA with no apparent sequence preference
at the sites of insertion (33). However, studies have sug-
gested that integration of retroviruses and retrotransposable
elements is a nonrandom process (20, 29, 31). Concerted

* Corresponding author.

2628

insertion of both recessed viral DNA termini (LTR full-site
integration) by IN into lambda DNA demonstrated that
integration occurs at multiple sites, but the limited number of
units precluded analysis of sequence specificity (2, 18, 23).
Recent studies using a similar lambda genetic assay employ-
ing purified avian myeloblastosis virus (AMV) IN followed
by sequence analysis of the target site from 68 recombinants
demonstrated the existence of ‘““hot’” and ““cold”” spots in the
nonessential region of lambda-gtWES (9). Similarly, some
target sequence trends were observed with the Moloney
murine leukemia virus 160S integration complex by using
naked DNA or minichromosomes as DNA targets (27). IN is
also capable of inserting 3' OH recessed double-stranded
LTR oligonucleotides (LTR half-site integration) into other
oligonucleotides (4, 18, 22, 30). This assay also indicates that
not all of the potential target sites are equally utilized, but
the small target substrate is restricted in the number of
available sites.

By using purified AMV IN, it was shown that IN prefer-
entially, although not exclusively, binds to certain regions on
plasmid DNA, notably AT-rich regions and LTR DNA
sequences contained in the same plasmid (14, 21, 25, 32).
Preferential binding of IN to these sequences on plasmid
DNA appears independent of supercoiling. In contrast, for
efficient single-stranded cleavage of double-stranded DNA
by AMV IN in the presence of Mg®*, supercoiling of the
DNA is necessary (13, 14).

We wanted to determine whether binding of IN to plasmid
DNA sequences in vitro is equivalent to those sequences
acting as target sites for integration. It is possible that IN
complexed to an LTR terminus recognizes DNA sequences
different from those recognized by free IN in solution. We
used Ndel-linearized plasmid substrates capable of being
integrated by AMV IN at high efficiency (25 to 40% of input
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substrate) into another linearized plasmid, mimicking the
oligonucleotide LTR half-site reaction. Electron microscopy
and partial denaturation of recombinants were used to map
the frequency of IN binding to and LTR half-site strand
transfer into pGEM-3 sequences. Individual recombinants
could be selected as plasmids upon ligation and transforma-
tion into Escherichia coli HB101 cells. Mapping of donor-
target site junctions was verified by restriction enzyme
mapping and sequence analysis. We also compared the
target sequences for this LTR half-site integration reaction
with the target sequences for concerted insertion of both
viral termini by AMV IN (9).

MATERIALS AND METHODS

Plasmids. A 65-bp double-stranded LTR synthetic frag-
ment was cloned into the EcoRI site of pGEM-3 and is
designated pFT-Ndel (8). In a separate plasmid, termed
pFT-Ndel(SupF), the piAN7 supF gene was also cloned into
pFT-Ndel at its HindIII site (9). Linearization of these
plasmids with Ndel mimics the trimmed retrovirus DNA
genome prior to integration (10). The LTR sequences at the
termini of pFT-Ndel consisted of 24 and 36 bp of U3 and U5
sequences, respectively. All plasmids were purified by ve-
locity sedimentation on neutral sucrose gradients.

AMV IN purification. AMV IN was purified to near
homogeneity as previously described (14, 21).

DNA binding. IN was routinely bound to supercoiled
pFT-Ndel or pFT-NdeIl(SupF) at an approximately 30:1
molar ratio of IN dimer to DNA. The binding medium
contained 20 mM Tris-hydrochloride (pH 7.5), 40 mM NaCl,
3 mM dithiothreitol, and 0.1 mM EDTA, and the binding
reaction was allowed to proceed for 10 min at 37°C.

Electron microscopy. (i) DNA-IN protein cross-linking. The
reaction mixtures (50 pl) described above, containing 0.25
ng of DNA and 0.29 pg of IN, were incubated. The IN
dimer/DNA molar ratio was 35:1. Formaldehyde (HCHO)
was added to a final concentration of 1%, and incubation was
continued for an additional 10 min. The solutions were
dialyzed for 4 h by placing them on Millipore filters (type
VM; 0.05-pm pore size) floating on 10 mM Tris-hydrochlo-
ride (pH 7.5). Portions of the dialyzed material were digested
with Scal under conditions suggested by the manufacturer
(Promega), except that 10 U of Scal per pg of DNA was
added. Even with this high enzyme concentration, 20% of
the sample remained circular, presumably because of the
prior cross-linking. Samples of the circular or linearized
DNA-IN complexes were then prepared for electron micros-
copy as described below.

Because of the relatively large excess of Scal used in this
experiment, a control experiment was carried out to be sure
that this protein was not complicating or contributing to the
effects attributed to IN. When DNA (not the DNA-IN
complex) was digested with the same amount of Scal and
prepared for electron microscopy as discussed below, no
significant amount of bound protein could be observed.

(ii) Preparation of samples for electron microscopy. Unde-
natured DNA samples or the cross-linked DNA-IN com-
plexes were prepared for electron microscopy by dilution in
buffer to final concentrations of 20 mM sodium bicarbonate,
6 mM EDTA, 14 mM NaCl, and 9% HCHO. The solutions
were incubated for 5 min at 25°C before dilution with an
equal volume of formamide. The solutions were then ad-
justed to 0.01% cytochrome c¢ and spread by the drop
method (15). Samples were prepared at various degrees of
partial denaturation by the procedures described above,
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except that the buffer also contained 12 mM NaOH and the
solution was heated to temperatures between 35 and 40°C for
15 min before cooling and addition of formamide.

(iii) Measurements from electron microscopy. Electron
micrographs were recorded on 70-mm film, and measure-
ments were made by the semiautomatic method already
described (24).

DNA strand transfer. Optimized integration conditions
employing Ndel-linearized pFT-Ndel(SupF) and lambda-
gtWES as the donor and target, respectively, and AMV IN
were described previously (9). In the present study, only
pFT-Ndel with or without supF was included in the reaction
mixture. The reaction mixture included 20 mM Tris-hydro-
chloride (pH 7.5), 100 mM NaCl, 10 mM dithiothreitol, 5 mM
MgCl,, 10% dimethy! sulfoxide, 5% polyethylene glycol
(PEG), and 0.05% Nonidet P-40. The protein-to-DNA molar
ratio was generally fixed between 40:1 and 80:1, with 0.5 pg
of DNA in a total volume of 50 pl. IN was preincubated with
DNA for 10 min on ice, PEG was added, and the reaction
was initiated by the addition of MgCl,. Incubation took place
for 1 h at 37°C unless otherwise indicated. The reactions
were terminated by the addition of sodium dodecyl sulfate
(SDS), EDTA, and proteinase K at final concentrations of
1%, 17 mM, and 1 mg/ml, respectively. The samples were
further incubated at 37°C for 1 h and then subjected to two
phenol-chloroform (1:1) and three ether extractions. The
DNA was precipitated by ethanol. The samples were sub-
jected to electrophoresis on 0.6 or 1% agarose gels or
analyzed directly by electron microscopy as described
above. Linear DNA size markers were obtained from Be-
thesda Research Laboratories.

5'-end labeling of plasmids. Ndel-linearized pFT-Ndel was
dephosphorylated with calf intestine phosphatase and 5’ end
labeled with [y->?P]JATP and T4 kinase (25). The labeled
DNA was purified by DEAE-cellulose chromatography and
ethanol precipitated.

Identification and isolation of pFT-Ndel recombinants.
Dimeric Y-type recombinant DNA was isolated from aga-
rose gel slices by treatment with Gelase (Epicentre Technol-
ogies) as recommended by the manufacturer or by extraction
with phenol. The agarose gel slice was cut into multiple
pieces, pH-adjusted phenol (500 pl) was added, and the
sample was vortexed gently. The sample was incubated at
37°C for 2 h and then microcentrifuged for 10 min. The
supernatant was removed, 10 pg of tRNA was added, and
the sample was precipitated by ethanol. The two DNA
extraction procedures gave similar transformation efficien-
cies with HB101.

DNA sequencing. fmol DNA sequencing was performed
accordirg to the manufacturer’s (Promega) protocol. A list
of the donor-target junction sequences is available upon
req.est.

RESULTS

Binding of IN to pFT-Ndel(SupF). We wanted to determine
whether IN bound preferentially to specific regions on
supercoiled pFT-Ndel(SupF). We selected conditions which
were not conducive for integration, i.e., lack of U3 or U5
DNA termini and the absence of Mg?>*. With 0.1 mM EDTA
present, IN was bound to supercoiled pFT-Ndel(SupF),
cross-linked with 1% HCHO, dialyzed, and digested with
Scal. Samples were prepared for electron microscopy under
nondenaturing conditions (see Materials and Methods). Ex-
amination of 280 molecules showed that 80% had reacted
with protein. The following structures were observed in
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FIG. 1. Visualization of AMV IN-DNA complexes. AMV IN
was bound to supercoiled pFT-NdeI(SupF) and processed as de-
scribed in Materials and Methods for electron microscopy. The
DNA was linearized by Scal digestion after HCHO cross-linking of
the DNA-protein complex. (A) Example of an interaction leading to
a looped structure; (B) a less frequent interaction between two
molecules.

these 225 DNA-protein complexes. (i) DNA molecules con-
taining a single protein structure represented 11% of the
complexes (the protein was usually located at some nonter-
minal position and less frequently was bound at an end). (ii)
About 20% of the complexes involved protein interaction at
two positions within the same molecule to form a looped
structure (Fig. 1A) (in a minor fraction of these molecules,
the loop was located at an end). (iii) Complexes involving
two DNA molecules amounted to 6%, and an example is
shown in Fig. 1B. (iv) The remaining molecules (63%) were
more complex and involved interaction at three or more
positions within a single molecule to produce multiple loops.

Figure 2A shows the distribution of IN binding positions
on single molecules with one or two points of interaction.
The distribution shows at least three significant regions of
preferred binding. These regions appear to correspond with
the most AT-rich regions in the DNA, as determined by
experimental denaturation and by sequence alignment (Fig.
2). Although there is a good correlation between the binding
positions and the three most AT-rich regions within this
molecule, the relationship is not absolute because binding
appears to be greatest within region C, whereas this region is
less AT rich than regions A and B. We do not know which
DNA features are responsible for IN binding to these AT-
rich regions. There is also an indication that a slight prefer-
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FIG. 2. Mapping the location and frequency of IN bound to
pFT-Ndel(SupF). (A) Supercoiled pFT-Ndel(SupF) complexed
with AMV IN was cut with Scal and prepared for electron micros-
copy (see Materials and Methods). The position of the protein
structures was measured from a DNA end. Two types of complex
were measured: those involving one or two protein structures and
those involving a DNA loop caused by protein interaction at two
positions on the DNA. The histogram shows the distribution of
single and double interacting positions (Fig. 1A). (B) The experi-
mental denaturation map (15) was determined by partial denatur-
ation of pFT-Ndel(SupF) cut with Scal. Measurements were made
with 61 and 24 molecules at average degrees of denaturation of 17
and 74%, respectively. These data resulted in the average denatur-
ation pattern shown; the stippled areas denote the most AT-rich
regions (according to the data, the percent A+T content decreases
in the order A = B > C). The expected denaturation pattern was
determined from the known base sequences by the method of
Funnel and Inman (12) with an averaging segment length of 100 bp.
The expected denaturation map relies on the DNA sequence, and
therefore its left end is known. The hatched regions denote GC-rich
regions in the order X > Y = Z. The experimental denaturation map
has been aligned to match the expected map. It can be seen that
panel A, showing the distribution of IN binding sites, can be aligned
so that the distribution closely matches the most AT-rich regions of
the molecule. All data have been normalized to correspond to a total
length of 3.401 kbp. The restriction map shows the positions and
polarities of various sites on the molecule.

ence for binding around the U3-to-U5 segment might exist.
Similar frequencies of IN binding to regions A, B, and C
were observed with the plasmid without the supF segment
(data not shown).

What is the minimal unit of IN bound to DNA? AMV IN
is a dimer in solution as determined by velocity sedimenta-
tion (14) or by chemical cross-linking studies with disuccin-
imidyl suberate (DSS) and as determined by denaturing
SDS-polyacrylamide gel electrophoresis. AMV IN exists as
two polypeptides upon reducing SDS-polyacrylamide gel
electrophoresis: one minor full-length polypeptide (286
amino acids) and one major slightly truncated polypeptide
(approximately 282 amino acids) at its carboxyl terminus
(26). Treatment of IN in the range of 0.32 to 2.2 pM with
DSS (2 mM) or varying the DSS concentration (0.01 to 2
mM) with IN at 2.2 uM resulted in the formation of two
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separate cross-linked polypeptide chains with molecular
weights of 62,000 and 64,000 upon reducing SDS-polyacryl-
amide gel electrophoresis (38). Therefore, each IN-DNA
complex observed in Fig. 1 is probably a dimer, although
larger oligomers may be present. It has recently been shown
that bacterially expressed Rous sarcoma virus IN functions
as a multimer in solution (16).

Formation of pFT-Ndel recombinants. Is there a correla-
tion between selection of DNA binding sites on pFT-Ndel by
AMYV IN and target site recognition by IN for strand
transfer? AMV IN was incubated with Ndel-linearized pFT-
Ndel under optimal strand transfer conditions for concerted
pairwise insertion of pFT-Ndel(SupF) into lambda-gtWES
(9). We wanted to quantitate the formation of pFT-Ndel
recombinants catalyzed by IN without lambda present. The
substrate was 5’ end labeled at the Ndel site before strand
transfer. Recombinants larger than unit-length pFT-Ndel
migrated more slowly on 1% agarose gels (Fig. 3A). IN was
preincubated with pFT-Ndel on ice for 10 min before strand
transfer, which was initiated by the addition of Mg?* and
incubation at 37°C. Preincubation was done to permit bind-
ing of IN to internal DNA sequences as well as to the U3 and
US termini. Two major recombinant species (1 and 2) were
observed (Fig. 3A) just below and above the 6,557-bp
lambda restriction size marker, respectively, and numerous
other minor species were observed between them (Fig. 3A).
The major more slowly migrating species was evident much
earlier in the reaction (Fig. 3A, lane 3), with the faster-
migrating species arising later in the reaction (Fig. 3A, lanes
7 and 8). Gel slices encompassing the entire region between
both major >?P-labeled species and gel slices of the unused
linear substrate were excised, and the Cerenkov radiation
was counted. A total of 14, 19, 22, 26, and 27% of the input
substrate was integrated by IN after 5, 10, 15, 30, and 60
min, respectively (Fig. 3A, lanes 3 to 7). No major radioac-
tivity (<0.2% of input substrate) was observed in the corre-
sponding control lanes, 1 and 2, at the DNA recombinant
positions. Other more slowly migrating DNA recombinants
were observed between the 9,416- and 23,130-bp lambda
markers (Fig. 3A, lanes 7 and 8). An additional 18% of the
input DNA was observed as recombinants in this region.
These larger, more slowly migrating species are more evi-
dent in Fig. 3B.

To address the substrate specificity of these DNA recom-
binants produced by IN, pGEM-3 was linearized with
HindlIIl. Digestion of this plasmid by HindIII exposes a
3’-OH CA dinucleotide recessed by 4 nucleotides on both
termini. After a strand transfer reaction with AMV IN, the
DNAs were purified and subjected to electrophoresis. Care-
ful examination of Fig. 3B, lanes 1 to 3, showed that a few
minor recombinant products were observed with HindIII-
linearized DNA, while both pFT-Ndel (lanes 4 and 6) and
pFT-Ndel(SupF) (lanes 7 to 9) digested with Ndel were
capable of forming the normal quantity of DNA recombi-
nants. The efficient formation of these pFT-Ndel recombi-
nants was not dependent on the presence of dimethyl sul-
foxide (Fig. 3B, compare lane 5 with lane 6 or lane 8 with
lane 9) or the presence of PEG in the strand transfer
reactions (data not shown).

Identification of recombinant structures by electron micros-
copy. To visualize the structures of the pFT-Ndel recombi-
nants, several series of reactions were performed, and the
DNA products were purified and subsequently processed for
spreading and visualization by electron microscopy. The
quantity of DNA recombinants was sufficiently high to
directly count the recombinants without separation from the
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FIG. 3. Formation of covalently linked recombinants by AMV
IN with several DNA substrates. (A) Ndel-linearized pFT-Ndel was
5’ end labeled with [y->2P]JATP. The DNA (0.25 pg, 2 x 10° cpm)
was subjected to standard strand transfer conditions and purified as
described in Materials and Methods. Lane 1 contained no IN; lane
2 contained IN, but the reaction was immediately stopped by adding
SDS and EDTA. The samples were incubated for various times (see
Results) with IN (lanes 3 to 7, with lane 8 being a duplicate of lane
7). Each sample was subjected to electrophoresis, the appropriate
regions were excised, and radioactivity was counted. Recombinant
species 1 and 2 are indicated. The numbers on the right indicate the
sizes of the linear DNA markers in lane 9. (B) Standard strand
transfer conditions were used. The samples were incubated for 60
min at 37°C with Mg?*. HindIIl-linearized pGEM-3 (0.45 ng) was
incubated without IN (lane 1) or at a 70:1 ratio of IN dimers to DNA
(lanes 2 and 3). No dimethyl sulfoxide was present in lanes 3, 6, and
9. The same protocol and gel loading were used for Ndel-linearized
pFT-Ndel (0.52 pg) (lanes 4 to 6) and Ndel-digested pFT-Ndel-
(SupF) (0.52 ng) (lanes 7 to 9). The entire sample for each reaction
was subjected to electrophoresis on a 0.6% agarose gel.

input substrate. Several examples of the major species are
illustrated in Fig. 4, and all of the recombinants were
quantitated (Table 1).

By measuring the length of both molecules involved in
pFT-Ndel recombinants and knowing that either terminus is
capable of strand transfer, it was possible in most cases to
discern which DNA molecules were the donor molecules
and which were the target molecules. For example, Fig. 4B
demonstrates a typical dimeric Y-type structure observed
with pFT-Ndel; similar structures were observed with pFT-
NdeI(SupF) (data not shown). The position of the insertion
site on the target molecule is variable (Fig. 5). Approxi-
mately 10% of the recombinants were of this dimeric Y type
with either substrate (Table 1). Both the target and donor
molecules of both plasmids were full-length molecules. By
using $X174 DNA as a standard (5.386 kbp), the 2.932-kbp
pFT-Ndel monomeric unit was found to correspond to 2.85
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FIG. 4. Determining sizes and structures of pFT-Ndel recombi-
nants. Ndel-digested pFT-Ndel was subjected to standard strand
transfer conditions at 37°C for 1 h. The DNA was purified and
spread for visualization by electron microscopy. The percentages of
the different recombinant structures identified are indicated in Table
1. (A) Examples of monomeric linear and dimeric linear molecules
(Table 1). Measurements indicate that the dimeric type may be
shorter than expected for a true dimer. In two experiments, the
lengths were found to be 450 + 100 bp and 410 + 100 bp shorter than
the expected dimeric length of 5,864 bp. (B) Example of a Y-type
molecule (Table 1). In this particular example, the upper right arm
corresponds to monomeric-length DNA, while the other two arms
together represent a second monomer. These molecules were par-
tially denatured in order to map junction positions. (C) An extreme
Y-type structure in which the junction is close to the end of the
target molecule (see text). The left arm is monomeric, while the
other two arms together represent a second monomer.

+ 0.07 kbp by electron microscopy measurement. Multi-Y-
type molecules (Table 1; 2 to 5% of the recombinants), which
consisted of two donors and one target or one donor and two
targets, also were full-length molecules when either plasmid
was used as a substrate. Branched circular molecules (Table
1; up to 3% of the recombinants) were unit-length molecules

J. VIROL.
TABLE 1. pFT-Ndel recombinant species”
% of total recombinants
Species pFT-Nde(SupF) pFT-Ndel
With PEG Without PEG With PEG Without PEG
(n=478) (n=755) (n=248) (n=605)
Monomeric linear”  78.0 85.0 80.0 78.0
Dimeric linear® 0.4 0.0 10.0 2.0
Dimeric Y type? 15.0 10.0 7.0 13.0
Multi-Y type® 4.0 2.0 2.0 5.0
Branched circle” 3.0 3.0 0.8 2.0

? In these experiments, three molecules were omitted from the count:
residual circular substrates, X-type molecules (assumed to be accidental
overlaps of two linear monomer units), and several complex types. In control
experiments with either substrate, incubation was carried out in the absence
of IN, and only monomer linear types were observed in 300 observations. n,
number of molecules counted.

® Unreacted substrate. See example in Fig. 4A.

< These molecules were slightly shorter than expected for a true end-to-end
dimer (see text). An example is shown in Fig. 4A.

4 Y-shaped structures in which one arm is of monomeric length and the
other two arms together correspond to a second monomeric unit. Examples
are shown in Fig. 4B and C.

¢ Complex Y types, usually involving three monomers, but sometimes
involving four or more units.

/ Monomeric units in which one end has been joined to an internal region of
the molecule.

which contained one terminus integrated internally in the
same molecule (autointegration).

The location of each structurally different recombinant
species on the agarose gel has not been defined (Fig. 3).
Nonetheless, it appears that DNA recombinant species 1 and
2 and the species between them consist of various extremes
of the dimeric Y types and that their migration is dependent
on the location of the donor molecule on the target. The
branched circle could also migrate to this region. The
multi-Y types and other complex structures probably mi-
grate more slowly on agarose gels than recombinant species
2 (Fig. 3B).

A second major recombinant species was observed with
pFT-Ndel but not with pFT-Ndel(SupF) (Table 1; 2 to 10%
of the recombinants), although the yield was variable. AMV
IN was capable of forming a significantly high percentage of
dimeric linear molecules approximately 410 to 450 bp shorter
than that expected for two linear molecules simply ligated
together (Fig. 4A). This species may migrate slightly faster
than the 6,557-bp size marker (Fig. 3A). An expected full-
length dimeric linear molecule would be 5.8 + 0.13 kbp long,
but the experimentally determined length was 5.41 + 0.11
kbp. Few linear dimeric molecules (0.3%) were observed in
the control samples containing the input substrate, which
was incubated under strand transfer conditions in the ab-
sence of IN.

Preference of U3 termini over U5 termini acting as donor
substrates. Experimentally determined denaturation maps of
DNA together with the known sequence permit the identifi-
cation of termini on linear molecules (12) (Fig. 1). pFT-
Ndel(SupF) linearized by Ndel was subjected to several
different degrees of denaturation. The experimentally de-
rived denaturation map was aligned with the expected map
similar to that shown in Fig. 2. Thus, we were able to align
the denatured monomeric linear map of pFT-Ndel(SupF)
with similarly denatured dimeric Y types. This alignment to
the donor molecule of Y types showed that of 140 molecules
scored (Fig. 5A), 66% of the inserted termini were U3 while
the rest were US. The U3 terminus of autointegrated mole-
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FIG. 5. Mapping the frequency and location of the donor mole-
cule on pFT-Ndel(SupF). (A) As analyzed by electron microscopy,
the distribution and frequency of junction positions in the target
molecule are indicated. A total of 140 junctions were mapped. Both
the U3 and U5 donor termini are included in the scoring. (B)
Experimental denaturation map obtained for the experiment in A,
permitting alignment of the US (left) and U3 (right) termini. Note
that the supF gene is not present but would map immediately to the
right of region C (Fig. 2). Sequenced recombinants depicting the
donor-target junctions of pFT-Ndel recombinants were plotted on
this denaturation map. Each vertical line represents one insertion on
either the plus strand (above map) or the minus strand (below map)
of pFT-Ndel. The experimentally derived AT (B3)- and GC (8)-rich
regions are also shown (see legend to Fig. 2 for further explanation).

cules (branched circles) or trimeric multi-Y types was also
the preferred (2:1) donor terminus.

Mapping of LTR half-site integration events on pFT-Ndel
(SupF) by electron microscopy. The frequency and distribu-
tion of the insertion positions on target pFT-NdeI(SupF)
molecules were scored (Fig. 5A). Only dimeric Y types were
analyzed by using monomeric length substrate denaturation
maps as a polarity guide to map target sites. The distribution
of donor-target junctions (140 scored) appeared to be nearly
random. Integration did not occur at a higher rate in AT-rich
region A, B, or C, even though IN bound frequently to these
regions (Fig. 2). Note that few target sites near either the U3
or U5 termini were evident and that integration into GC-rich
regions (Y and X + Z) was not restricted, although IN bound
infrequently to these regions (Fig. 2).

There are several possible reasons why IN is not able to
efficiently integrate DNA into region A, B, or C. First, these
regions may be saturated with IN (Fig. 2), thereby physically
blocking IN complexed to an LTR terminus which is capable
of strand transfer. Second, donor molecules in these regions
could be unstable because of partial denaturation of the
recombinants upon examination by electron microscopy to
map junction positions. This instability may be due to the
lack of covalent integrity in this region, because other IN
molecules not involved in integration may introduce single-
stranded cleavages in these AT-rich regions (14, 32). This
appears not to be the case because even when 80% of the
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DNA was denatured, we observed 10% of the sample as
Y-type structures (200 molecules counted).

Mapping donor-target junctions by restriction enzyme anal-
ysis and sequencing. The studies described above permitted a
global evaluation of the abilities of AMV IN to bind DNA
sequences and to integrate within the same sequences. We
wanted to produce a more refined map for target sites on
pFT-Ndel and to verify that AT-rich regions of pGEM-3 do
not serve as more efficient integration sites than GC-rich
regions. Our analyses were limited to recombinant species 1
and 2 and recombinants migrating between them on agarose
gels (Fig. 3) because we wanted to avoid the even more
complex multi-Y types and other complex structures (Fig.
3B, most slowly migrating bands, and Table 1).

We took advantage of the altered migration of recombi-
nants from unused Ndel-linearized substrate on agarose
gels. Standard strand transfer reactions were performed, and
the recombinants were subjected to electrophoresis on 0.6 or
1% agarose gels (Fig. 3A). The extracted gel slices encom-
passed both species 1 and 2. The DNA was eluted and
ligated under dilute conditions. The ligated DNA was trans-
formed into HB101 with ampicillin selection. Several hun-
dred colonies were obtainable from each DNA preparation.
The colonies were screened by DNA plasmid size by com-
parison with supercoiled pFT-Ndel on agarose gels. Plas-
mids larger than pFT-Ndel were subjected to digestion with
Hindlll, Pvull, EcoRI, Ndel, or a combination of these
enzymes to map donor-target junctions. Sequence analysis
was performed by the fmol sequencing technique and by
5'-32P-labeled primers which were hybridized to isolated
HindIII or Pvull fragments containing the donor-target site.
U3 donor-target sites were analyzed with a primer just 3' of
the pGEM-3 HindIll site, and U5 donor-target sites were
analyzed with the T7 promoter primer.

Approximately 25% of the colonies contained supercoiled
plasmids larger than pFT-Ndel, while the rest appeared to be
unit length. Only one of the recombinants was slightly
smaller (because of autointegration) than pFT-Ndel. The
two DNA extraction methods used for isolation of recombi-
nants produced similar yields of these larger (dimeric Y
types) recombinants (data not shown). These data suggest
that the ligation of the Ndel termini of a molecule serving as
a target in a recombinant molecule (Fig. 4B) was more
efficient (75%) than the ligation of target-donor Ndel termini
in a recombinant molecule upon selection in HB101. All
recombinants had the 65-bp EcoRI fragment originally in-
serted into pFT-Ndel.

Sequence analysis of 70 pFT-Ndel recombinants con-
firmed that the U3 terminus is preferred to the U5 terminus,
as previously shown (Fig. 5A). A total of 63% of the
recombinants had U3 insertions, while 37% had U5 inser-
tions. Apparently because of pGEM-3 genome polarity, only
recombinants which had the plus-strand U3 terminus in-
serted into plus-strand sequences (Fig. 5B) or had the
minus-strand U5 terminus inserted into minus-strand se-
quences (Fig. 5B) were able to survive as replicating plas-
mids. All of the inserted viral DNA termini ended with the
conserved CA_y dinucleotide.

The distribution of these donor-target junctions derived
from biologically selected pFT-Ndel recombinants is shown
in Fig. 5B and is tabulated in Table 2. There is a correlation
between what was observed by electron microscopy and
what was observed by sequencing for mapping donor-target
junctions. For example, from the left end between nucle-
otides 1 and 853 of pFT-Ndel, the number of recombinants
mapping there was approximately 24% for each method



2634 GRANDGENETT ET AL.

TABLE 2. Analysis of integration and DNA binding
sites on pFT-Ndel

% of insertions/section of

pFT-Ndel* No.of % of total %
Nucleotides - bp/ipte; bound IN G+
Electron mi- Sequenced gration” molecules®
croscopy
1-853 22.8 25.7 17.4 11.6 55.1
854-1144 4.2 5.7 26.4 26.7 37.8
(region A)
1145-1904 30.0 17.1 14.0 8.9 50.0
1905-2168 7.1 8.5 17.5 133 39.8
(region B)
2169-2781 25.7 41.4 9.3 8.9 59.4
2782-2932 4.2 1.4 21.4 30.3 42.7
(region C)

“ A total of 140 recombinant molecules (Fig. 5A) were counted and the
percentage of insertions for each section of pFN-Ndel was calculated. The
supF region of pFT-Ndel(SupF) was not tabulated. A similar calculation was
performed for the sequenced pFT-Ndel recombinants (70 total scored) (Fig.
5B).

® The number of base pairs per integration was calculated by taking the
actual number of integrations per region from both methods of counting this
number and dividing it into the number of base pairs per region.

€ The number of IN molecules (112 total counted) bound per region was
derived from Fig. 2. The supF region of pFT-NdeI(SupF) was not tabulated
for bound IN.

4 The overall G+C content of pFT-Ndel is 50.9%.

(Table 2). For AT-rich regions A, B, and C, there were
similar numbers of recombinants with either method, sug-
gesting that the observed frequency of IN-mediated integra-
tion of either U3 or US substrates into these AT-rich regions
is correct (Table 2 and Fig. 5). Integration appears to be
nearly random, except that there appears to be a bias toward
a GC-rich region (29 insertions between nucleotides 2169 and
2781) with nearly double the density of integrations per base
pair relative to the other regions (Table 2). All of the
insertions were at individual sites, except for three identical
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recombinants from two individual strand transfer reactions.
The insertion site was at nucleotide 580 (pGEM-3 sequence)
on the minus strand of pFT-Ndel (Fig. 5B). Table 2 also
shows the frequency of bound IN per region as shown in Fig.
2.

We compared the sequence composition of the target sites
of the LTR half-site reaction obtained by using pFT-Ndel
(Fig. 5B) with that of the target sites of the LTR full-site
reaction obtained by using lambda DNA as a target (9). With
the LTR full-site reaction, a pattern of high and low G+C
content at positions symmetrically related about the target
site duplication center (6 bp) was observed (9) (Fig. 6). This
pattern of sequence composition appeared to be limited to 14
bp around the duplication center (Fig. 6, positions —7 to
+7). Alignment of the 70 LTR half-site recombinants relative
to the site of insertion indicated a target site sequence bias
similar to that found for the LTR full-site recombinants.
However, the sequence pattern for the LTR half-site prod-
ucts was confined to the positions at the immediate LTR-
target joint and positions 5’ of the joint (Fig. 6, positions —3
to —7). The LTR half-site set did not have the dyad symme-
try relations observed for the LTR full-site set (Fig. 6,
positions —7 to +7) (9).

DISCUSSION

We have compared the abilities of AMV IN to utilize
specific plasmid sequences for binding and to utilize such
sequences for the LTR half-site integration reaction. AMV
IN prefers to bind AT-rich regions in the absence of strand
transfer conditions but does not favor these regions for
integration. The U3 termini are preferred approximately 2 to
1 over the U5 termini for both the LTR half-site integration
reaction (this report) and for the LTR full-site integration
reaction (9). IN is also capable of forming both inter- and
intra-looped DNA structures via apparent protein-protein
contacts between IN molecules bound at different locations
on virus-like DNA plasmids.

Strand Transfer

v @ LTR half-site
A LTR tull-site

-12-11-10 9 -8 -7 6 -5 -4 -3

11 2
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Nucleotide Number

FIG. 6. Comparison of LTR half-site and full-site strand transfer reactions. Seventy pFT-Ndel recombinants were sequenced, and the
target site sequences were aligned. The percent G+C composition for each position encompassing the LTR half-site insertion is graphed (®).
The top left arrow indicates attachment of the viral CA_oy to nucleotide —3 for the pFT-Ndel LTR half-site reaction (this report). The PO,
and HO symbols facilitate visualization of the strand transfer for the LTR half-site or full-site (A) reaction (9). The bottom arrow indicates
the center of the 6-bp duplication center observed with LTR full-site insertion. There is no duplication of the target site upon LTR half-site

strand transfer.
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Recognition of DNA sequences by AMV IN for LTR
half-site integration and DNA binding in the absence of
strand transfer appear not to be equivalent. Comparison of
data for these two events (Fig. 2 and 5 and Table 2) suggests
that IN prefers AT-rich regions for binding but not integra-
tion. It is possible that IN in solution has an available binding
site different from the target binding site on IN already
interacting with recessed LTR termini, which is primed for
strand transfer. Some evidence suggests that there are two
different DNA binding regions on IN (17, 39), one of which
prefers single-stranded DNA over double-stranded DNA
(26). Although IN requires specific U3 or U5 LTR terminal
sequences for 3' OH processing and strand transfer, it is
unclear how IN complexed to these termini binds to and
simultaneously recognizes target DNA sequences for the
integration reaction (see below).

A 160S nucleoprotein complex identified in the cytoplasm
of virus-infected cells is fully capable for 3’-end processing
and subsequent strand transfer of the recessed termini. The
location and quantity of IN molecules in these 160S com-
plexes are unknown (7), although there appear to be numer-
ous polymerase gene molecules (reverse transcriptase and
IN) per virion. We have demonstrated that AMV IN is
capable of forming looped DNA structures (Fig. 1) as well as
complex interactions involving three or more positions
within a single DNA molecule. These data suggest that IN in
the 160S complex may also be capable of protein-protein
contacts, thereby helping to maintain both its structural
integrity and its integration potential. Since AMV or Rous
sarcoma virus IN appears to be multimeric in solution (this
report and references 14 and 16), the possibility that a dimer
or a tetramer is responsible for the LTR full-site integration
reaction exists.

What causes formation of dimeric linear molecules with
pFT-Ndel but not with pFT-Ndel(SupF) by AMV IN is
unclear (Table 1 and Fig. 4A). These slightly shortened (ca.
410-bp) dimers could be due to the formation of a special
precursor class of extreme Y-type recombinants, as shown
in Fig. 4C (i.e., an integration hot spot located approxi-
mately 400 bp from a terminus). The approximately 400-bp
tail on the extreme Y-type molecule could then act as a
donor terminus (Fig. 4C). The local concentration of DNA at
this new potential donor-target junction would be greater
than that with molecules free in solution. Examination of 145
pFT-Ndel dimeric Y-type molecules by electron microscopy
failed to demonstrate preferential formation of such an
extreme Y-type molecule (data not shown). Rather, the
distribution of donor-target junctions was very similar to that
obtained with pFT-Ndel(SupF) (Fig. 5), except that there
was a gap between 250 and 325 bp from an end which lacked
donor-target junctions. The apparent lack of numerous
Y-type recombinants mapping between 250 and 325 bp from
a terminus may be due to the conversion of these extreme Y
types into the linear dimers (Fig. 4C).

Comparison of the target site sequence composition indi-
cated sequence bias for both the LTR half- and full-site
reactions. However, the positional bias of the LTR half-site
reaction was confined to sequences at the immediate inser-
tion site and sequences 5’ to the insertion site. To the 3’ of
the LTR joint, not including the first nucleotide, there was
no apparent coincidence of G+C content with the LTR
full-site sequences. It is interesting that the sequence bias for
the LTR half-site reaction was 5’ to the insertion site. This
suggests that the complex which integrated the single LTR
end recognized target sequences 5’ to the insertion site. This
observation gains significance in that the recognition of
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sequences 5’ to LTR termini must also be necessary for the
demonstrated specificity of the LTR 3’-end processing reac-
tion (4, 8, 19, 30). It may be that recognition of the LTR ends
and recognition of the target site share the same fundamental
mechanism, as has been previously suggested (5).
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