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The integration of linear retrovirus DNA by the viral integrase (IN) into the host chromosome occurs by a
concerted mechanism (full-site reaction). IN purified from avian myeloblastosis virus and using retrovirus-like
DNA restriction fragments (487 bp in length) as donors and circular DNA (pGEM-3) as the target can
efficiently catalyze that reaction. Nonionic detergent lysates of purified human immunodeficiency virus type 1
(HIV-1) virions were also capable of catalyzing the concerted integration reaction. The donor substrates were
restriction fragments (469 bp) containing either U3-U5 (H-2 donor) or U5-U5 (H-5 donor) long terminal repeat
sequences at their ends. As was shown previously with bacterially expressed HIV-1 IN, the US terminus of H-2
was preferred over the U3 terminus by virion-associated IN. The reactions involving two donors per circular
target by HIV-1 IN preferred Mg>* over Mn>". Both metal ions were equally effective for the circular half-site
reaction involving only one donor molecule. The linear 3.8-kbp recombinant products produced from two donor
insertions into pGEM were genetically selected, and the donor-target junctions of individual recombinants
were sequenced. A total of 55% of the 87 sequenced recombinants had host site duplications of between 5 and
7 bp, with the HIV-1 5-bp-specific duplication predominating. The other recombinants that migrated at the
linear 3.8-kbp position were mainly small deletions that were grouped into four sets of 17, 27, 40, and 47 bp,
each having a periodicity mimicking a turn of the DNA helix. Aprotic solvents (dimethyl sulfoxide and
1,4-dioxane) enhanced both the half-site and the linear 3.8-kbp strand transfer reactions which favored
low-salt conditions (30 mM NaCl). The order of addition of the donor and target during preincubation with
HIV-1 IN on ice did not affect the quantity of linear 3.8-kbp recombinants relative to that of the circular
half-site products that were produced; only the quantity of donor-donor versus donor-target recombinants was
affected. The presence of Mg>™ in the preincubation mixtures containing donor and target substrates was not
necessary for the stability of preintegration complexes on ice or at 22°C. Comparisons of the avian and HIV-1

concerted integration reactions are discussed.

Efficient replication of retroviruses is dependent upon the
integration of the viral DNA genome into the host DNA (18,
25, 29). The viral integrase (IN) catalyzes both the 3' OH
trimming reaction on the blunt-ended linear viral DNA and
the concerted integration of the recessed DNA into the chro-
mosomal DNA (2, 3, 14, 17, 26). IN is associated with the viral
DNA in high-molecular-weight nucleoprotein complexes
found in virus-infected cells (1, 2, 14, 15, 24, 26). The reported
sizes of the nucleoprotein complexes differ, running between
~80S for human immunodeficiency virus type 1 (HIV-1) and
~160S for murine leukemia virus.

The mechanisms involved in the nuclear transport of these
nucleoprotein complexes have been investigated. An active
transport mechanism that requires ATP but does not depend
on cell division allows the HIV-1 nucleoprotein complexes to
be transported from the cytoplasm to the nucleus (4, 5, 20).
The nuclear targeting of the HIV-1 complex is dependent on
the viral matrix and Vpr proteins, while the murine leukemia
virus complex requires the dissolution of the nuclear envelope
during mitosis (5, 20, 21, 27). The viral protein composition of
the nucleoprotein complexes appears to vary, depending on
the isolation procedures used with HIV-1 (1, 6, 15, 21).

In vitro integration systems using purified IN and retrovirus-
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like donor DNAs are potential tools to investigate the molec-
ular mechanisms involved in the assembly, stability, and cata-
Iytic properties of viral nucleoprotein complexes. IN from
bacterial expression systems or purified from avian myeloblas-
tosis virus (AMV) has been coupled with the use of oligonu-
cleotides containing viral DNA terminal sequences to investi-
gate both the 3’ OH trimming and half-site strand transfer
reactions (7, 8, 10, 13, 15, 19, 22, 23, 28, 32, 33). The assembly
process for forming nucleoprotein complexes in vitro or pre-
integration complexes capable of performing the strand trans-
fer reactions has been investigated (9, 11, 16, 34, 35). Recent
studies using IN purified from AMV have shown that the
concerted integration (or full-site) reaction using a retrovirus-
like DNA donor (termed M-2) is efficiently catalyzed by the
virion-derived protein (34, 35). The recessed viral termini of
two individual donors (each 487 bp in length) were efficiently
paired by AMV IN in preintegration complexes that were
capable of catalyzing the concerted integration of the donors
into circular target DNA. Baculovirus-expressed HIV-1 IN is
capable of performing the full-site reaction but was quite in-
efficient (8). Bacterially expressed HIV-1 IN and feline retro-
virus IN also appear to lack the ability to perform the con-
certed integration involving the pairing of two viral DNA ends
into exogenous DNA targets (12, 31).

We wanted to investigate the molecular mechanisms and the
efficiency of the full-site integration reaction catalyzed by IN
activity derived from HIV-1 virion lysates. We constructed two
linear virus-like DNA donors (Fig. 1A) similar in size to that of
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FIG. 1. DNA structures and pathways involved in half-site and concerted
integration events catalyzed by HIV-1 IN. (A) The H-2 donor possesses the
terminal 20 bp of the U3 and U5 HIV-1 LTR termini. The H-5 donor contains
only U5 LTR termini. Both constructs are flanked by Ndel sites. The supF gene
and various restriction enzyme sites are also shown. (B) Half-site insertion of H-2
into circular target DNA (pGEM) by IN. Bg/II digestion of half-site recombi-
nants produces two different ball-and-stick molecules (“A” and “B”), depending
on which terminus is inserted. The same pattern is observed with H-5. (C) The
concerted or adjacent integration of two separate H-2 molecules into pGEM
produces a linear 3.8-kbp DNA. Four different recombinants are possible, de-
pending on the frequency of U3 or US insertions. Bg/II digestion of the 3.8-kbp
DNA results in the formation of four linear structures, with the two 3.34-kbp
structures comigrating.

the avian system (34, 35). The H-2 and H-5 donors contained
recessed 3’ OH ends and the supF gene for the genetic selec-
tion of individual donor-target recombinants for DNA se-
quence analysis. The H-2 ends were composed of HIV-1 U3
and U5 long terminal repeat (LTR) termini, and the H-5 ends
contained only U5 LTR sequences. The US terminus is highly
preferred by bacterially expressed HIV-1 IN for both the 3’
OH trimming and half-site strand transfer reactions (13, 30,
32).

The ability of IN found in HIV-1 virion lysates to integrate
either the H-2 or H-5 donors into circular pPGEM DNA was
investigated under a variety of assay conditions. Various pa-
rameters, such as the donor-target ratio, protein concentra-
tion, aprotic solvents, and NaCl concentrations, were analyzed.
Divalent metal ions (Mg®" and Mn?*) that govern the effi-
ciency of full-site reactions were also investigated. The H-2—
pGEM and H-5-pGEM recombinants were characterized by
agarose gel electrophoresis, restriction enzyme digestion, and
dideoxy DNA sequencing of the donor-target junctions of in-
dividually isolated recombinants. In an effort to elucidate the
nature of preintegration complex formation observed with
virion lysates, the assembly and stability of IN-H-5-pGEM
complexes were examined by order-of-addition experiments
and under different preincubation conditions.

MATERIALS AND METHODS

Bacteria, plasmids, and oligonucleotides. Escherichia coli (strain CA244) that
has amber mutations in the lacZ gene and mutations for tryptophan biosynthesis
was obtained from the E. coli Genetic Stock Center at Yale University. CA244
cells were transformed with H-2-pGEM and H-5-pGEM recombinants that
were derived from the ligation of isolated linear 3.8-kbp DNA. Transformed
colonies were isolated as previously described (35). Plasmids pUC19 and
pGEM-3 were acquired from Promega. Oligonucleotides that made up the
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U3-U5 (H-2) and the U5-U5 (H-5) LTR constructs contained an internal EcoRI
site and terminal Ndel sites (Operon Technologies, Inc.).

Construction of H-2 and H-5 donor substrates. The U3-U5 and U5-US5 oli-
gonucleotides were cloned into the Ndel site of a pUC19 plasmid whose EcoRI
site was destroyed by a Klenow DNA polymerase fill-in reaction. The constructs
containing the individual oligonucleotides were linearized by EcoRI digestion. A
fragment containing the supF gene was cloned in the EcoRI site by blunt-end
ligation. The H-2 and H-5 donors were sequenced. Digestion of the new con-
structs with Ndel yielded a 468-bp restriction fragment for H-2 that contained the
U5 and U3 LTR termini and a 469-bp restriction fragment for H-5 that con-
tained the two U5 LTR termini (Fig. 1A).

Labeling of H-2 and H-5 donor substrates. Supercoiled pUC19 plasmids
containing H-2 or H-5 were isolated by velocity sedimentation on sucrose gra-
dients. The H-2 or H-5 donor fragments were released from pUC19 by Ndel
digestion and isolated from low-melting-point agarose gels. Both donors were
dephosphorylated and 5’ end labeled with [y-*?P]JATP and T4 polynucleotide
kinase. The specific activities of these constructs were between 10,000 and 20,000
cpm/ng of DNA. The target, supercoiled pGEM, was also isolated on sucrose
gradients.

Virus and enzymes. HIV-1 (LAYV strain) was purified by equilibrium sedimen-
tation on sucrose gradients and concentrated by pelleting onto sucrose cushions.
The LAV virus was harvested from virus-infected CEM cells. The HIV-1 virus
was suspended in a buffer containing 10 mM Tris-HCI, 0.1 M NaCl, and 0.1 mM
EDTA. The viral protein concentration was between 3 and 5 mg/ml. The stan-
dard concentration of viral protein for lysis was 0.3 mg/ml. Unless otherwise
stated, the virus was lysed on ice for 5 min in a buffer consisting of 0.05 M NaCl,
25 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 7.6),
0.1% Triton X-100, and 1 mM dithiothreitol. For high-salt lysis buffer experi-
ments, 0.3 M NaCl was used.

T4 polynucleotide kinase, T4 DNA ligase, restriction endonucleases, and ex-
onuclease-free Klenow DNA polymerase were purchased from Promega. The
Sequenase kit obtained from U.S. Biochemicals was used for DNA sequencing.

Assay conditions. The standard reaction mixture contained 20 mM HEPES
(pH 7.6), 5 mM dithiothreitol, 10 mM MgCl,, 12% dimethyl sulfoxide (DMSO),
5% polyethylene glycol (PEG), and NaCl at between 30 and 60 mM. The
preincubation step included the mixing of donor DNA (H-2 or H-5), pGEM, and
lysed virions on ice for 12 min in 25-pl aliquots. The protein concentration was
usually between 1 and 2.5 pg per assay. The strand transfer reactions were at
37°C. Times of incubation were between 15 and 45 min. The concentrations of
H-2 or H-5 and pGEM were 60 and 100 ng per assay, respectively. The molar
ratio of donor to pGEM was 4 to 1, respectively. For the scaled-up reactions, the
same concentrations of viral protein lysate and DNA substrates were maintained
for the isolation of various H-2-pGEM and H-5-pGEM concerted or linear
3.8-kbp recombinants.

Analysis of H-2-pGEM and H-5-pGEM recombinants. The reactions were
stopped with sodium dodecyl sulfate (SDS) and proteinase K at final concentra-
tions of 1% and 1 mg/ml, respectively. The samples were further incubated at
37°C for 1 h. The DNA products were subjected to phenol-chloroform extrac-
tions and ethanol precipitation. Aliquots were analyzed on 1% agarose gels with
a Tris-borate-EDTA buffer. The gels were dried and exposed to X-ray films. The
products were quantitated with a Molecular Dynamics Phosphorlmager. For
BglII restriction analysis, each 25-pl reaction sample was digested with 12 U of
BglII for 2 h. The samples were subjected to electrophoresis on 1.5% agarose gels
for 13 h at 105 V. The gels were stained with ethidium bromide. A linear 3.34-kbp
DNA marker was 5’ end labeled with [y->*P]ATP to identify the linear 3.34-kbp
DNA obtained by Bg/II digestion of H-2-pGEM and H-5-pGEM recombinants.
Linear DNA fragments (Boehringer Mannheim), linear and nicked circular
pGEM, and a linear and nicked circular 3.34-kbp marker (35) were used as
unlabeled molecular weight markers.

Sequencing of H-2-pGEM and H-5-pGEM recombinants. The linear 3.8-kbp
DNA obtained from either H-2-pGEM or H-5-pGEM recombinants that were
the result of two donor reactions (Fig. 1C) was isolated with scaled-up reaction
mixtures. The products were subjected to electrophoresis on 1.5% agarose gels,
and the wet gels were exposed to X-ray film. The desired DNA was excised,
electroeluted, and purified by Wizard PCR prep columns (Promega). The DNA
was ligated and transformed into CA244 cells. Colonies were screened for plas-
mids, which were analyzed by size and restriction enzyme digestion. The appro-
priate plasmids were digested with Sful to remove one-half of each donor
molecule from the 3.8-kbp recombinant. This removal permitted direct sequenc-
ing of the donor-target junctions located in the larger DNA fragment which was
purified and eluted from agarose gels. The sequencing was accomplished by the
dideoxy sequencing method. Primers for sequencing were homologous within the
donors near both termini and were used to sequence the donor-target junction.

RESULTS

Optimization of virion lysis for production of H-2-pGEM
and H-5-pGEM recombinants. We first established what so-
lution conditions were best for nonionic detergent lysis of
purified HIV-1 virions to produce strand transfer products.
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FIG. 2. Analysis of donor-target recombinants produced with H-2 or H-5
donors, the target, and virion-associated HIV-1 IN. H-2 or H-5 and pGEM were
preincubated with virions lysed with the 0.3 M NaCl lysis buffer and assayed
under standard reaction conditions, using 60 mM NaCl. The reaction mixtures
were incubated at 37°C for 20 min. The samples were processed, and some were
(+) or were not (—) digested with Bg/II. The DNAs were subjected to electro-
phoresis on 1.5% agarose gels. The dried gels were exposed for 18 h without a
screen. The H-2 and H-5 recombinants are shown in panels A and B, respec-
tively. The right side of each gel shows Bg/II-digested products (Fig. 1), and the
extreme left side indicates the undigested products for both gels. Lanes 1, 2, 6,
and 7 and 3, 4, 8, and 9 contained 2.3 and 4.6 pg of viral protein, respectively.
Lane 5 contained a labeled 3.4-kbp DNA marker. The asterisk identifies an
unknown DNA recombinant structure that was also observed in Fig. 3 to 7.
“B**” denotes the short-arm U5 insertions into pGEM that occurs with H-5

(Fig. 1).

The protein concentration of the virions was held constant at
300 pg/ml. The optimal NaCl concentration in the lysis buffer
for strand transfer activity was between 30 and 50 mM (data
not shown). As indicated earlier, a higher NaCl concentration
(300 mM) was used for lysis in several experiments. The lysis
was usually for 5 min on ice, but similar results were obtained
when the lysis time was 1 min. Triton X-100 or Nonidet P-40 at
0.1% in the lysis buffer gave similar results. Typically, 5 pl of
the lysed virions was transferred to the on-ice preincubation
mixture (20 pl). The preincubation mixture containing the
lysed virions, the H-2 or H-5 DNA donors, and the pGEM
target was incubated on ice for 12 min prior to the strand
transfer reaction. Further preincubation at 22°C for 5 min
prior to strand transfer did not increase the production of
either half-site or full-site H-5-pGEM recombinants (see Fig.
7). The samples were incubated at 37°C to initiate the strand
transfer reaction, and the DNA recombinant products were
examined on 1 or 1.5% agarose gels (see Fig. 2 to 7).
Structural characterization of circular half-site and linear
3.8-kbp H-2-pGEM and H-5-pGEM recombinants. The linear
H-2 donor had recessed 3’ OH termini composed of HIV-1
LTR U3 and U5 sequences, while the H-5 donor contained
only U5 sequences (Fig. 1A). IN from lysed virions, H-2 or
H-5, and pGEM were preincubated together on ice for 12 min
in the presence of Mg>" prior to incubation at 37°C. The DNA
samples were processed and subjected to gel electrophoresis
on a 1.5% agarose gel for 13 h (Fig. 2). Concerted or linear
3.8-kbp recombinants resulting from adjacent integration
events involving two individual H-2 or H-5 molecules into
circular pPGEM were observed (Fig. 1C; 2A, lanes 1 and 3; and
2B, lanes 6 and 8) (35). Circular half-site H-2-pGEM or H-5-
pGEM recombinants that migrated at the nicked circle 3.34-
kbp position were also produced (Fig. 1B and 2, lanes 1, 3, 6,
and 8) (35). The majority of the circular half-site recombinants
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were probably stick-and-ball structures resulting from half-site
integration of one H-2 or H-5 donor into pGEM as previously
demonstrated by electron microscopy of similar structures pro-
duced by the avian system (35). Two other minor H-2-pGEM
or H-5-pGEM recombinants were also observed, as shown in
Fig. 2 (lanes 1, 3, 6, and 8). The recombinants that migrated
more slowly than the circular half-site products were pGEM
with two or more independent H-2 or H-5 inserts (35). The
structure of the recombinants, identified with an asterisk in
Fig. 2 and 3 and which migrated slightly faster than the circular
half-site recombinants, is unknown.

BglIl digestion of circular half-site H-2-pGEM and H-5-
PGEM recombinants resulted in the production of circular
pGEM with either a long arm (“A”) or a short arm (“B” or
“B**”) (Fig. 2, lanes 2, 4, 7, and 9) (35). Bg/II digestion of the
H-2-pGEM recombinants confirmed earlier data on the pref-
erence for U5 over U3 termini by HIV-1 IN (12, 30). Digestion
of the half-site H-2-pGEM recombinants produced mainly
“A” structures (Fig. 1B) containing only US inserts (Fig. 2A,
lanes 2 and 4), while digestion of H-5-pGEM recombinants
produced equal amounts of “A” and “B**” structures (Fig. 2B,
lanes 7 and 9). Digestion of H-2 or H-5 linear 3.8-kbp recom-
binants with Bg/II produced three linear molecules with calcu-
lated and measured lengths of 2.94, 3.34, and 3.73 kbp (Fig. 2,
lanes 2, 4, 7, and 9) (35). Similar analyses of U3 and U5 termini
usage by HIV-1 IN can also be applied to the digestion of the
linear 3.8-kbp recombinants (Fig. 1C; 2, lanes 2 and 7; and 3).

To affirm the origins of the Bg/II products produced by the
digestion of the total product mixture, the three individual
H-5-pGEM products were isolated (Fig. 3). The DNAs were
digested with Bg/II and subjected to 1.4% agarose gel electro-
phoresis for 14 h. The circular half-site product gave rise to
“A” and “B” type structures (Fig. 3, lanes 2 and 3). The linear
3.8-kbp product gave rise to the expected three linear products
(Fig. 3, lanes 6 and 7). The linear 3.8-kbp product (Fig. 3, lane
9) was ligated, resulting in a circular molecule (lane 10) that
was larger than the circular half-site product (lane 2). The
unknown recombinant (Fig. 3, lane 4) gave rise to the three
linear size products expected from Bg/II digestion of the linear
3.8-kbp product (lane 5). The data suggest that the unknown
donor-target recombinant possesses a stable structure different
from that of the linear 3.8-kbp DNA but contains the entire
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FIG. 3. Bg/II analysis of purified donor-target recombinants. The circular
half-site, unknown, and linear 3.8-kbp H-5-pGEM recombinants were purified
from 1.4% agarose gels, and the DNAs were digested with Bg/II. Lane 1, linear
3.34-kbp marker; lane 2, 12,500 cpm of undigested circular half-site DNA; lane
3, 12,500 cpm of circular half-site DNA digested with Bg/II; lane 4, 13,000 cpm
of unknown DNA; lane 5, 13,000 cpm of unknown DNA digested with Bgl/II; lane
6, 21,000 cpm of linear 3.8-kbp DNA; lane 7, 21,000 cpm of Bg/lI-digested linear
3.8-kbp DNA; lane 8, linear 3.34-kbp marker; lanes 9 and 10, unligated and
ligated linear 3.8-kbp DNA, respectively.
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TABLE 1. Summary of concerted integration and deletion
events with H-2 and H-5 donors”

No. of duplications No. of deletions

Expt no. by size (bp) by size (bp)”
(donor)

5 6 7 3 2 1 1720 2729 40 47-51 59o0r93
1(H5) 21 4 2 1 2 2 6 8 1 8 1
2(H-2) 11 0 0 0 3 O 2 0 0 0
3(H5) 11 0 0 0 1 0 1 1 0 0 1
Total 43 4 2 1 6 2 9 9 1 8 2

“ The full-site integration products were composed of different host duplica-
tion site types, with the HIV-specific (5-bp) duplication dominating. Three in-
dependent reactions were performed as indicated.

> The H-2 and H-5 donor sets had other integration events resulting in a
majority of small deletions having periodicities of ~10 bp. No deletions smaller
than 17 bp were observed. Two deletions are not shown: one 553-bp deletion in
experiment 1 and one 580-bp deletion in experiment 2.

structure resulting from adjacent or concerted integration
events (Table 1). Two other bands resulting from Bg/II diges-
tion of the unknown recombinant were also observed (Fig. 3,
lanes 4 and 5).

The purified linear 3.8-kbp DNA observed in Fig. 3 (lane 6)
was examined by electron microscopy. The linear DNA was
3.77 kbp = 100 bp in length and represented 96% of the
recombinant DNA molecules observed in the sample (data not
shown) (35).

Genetic selection and DNA sequence analysis of the con-
certed or linear 3.8-kbp H-2-pGEM and H-5-pGEM recom-
binants. To establish that some or all of the linear 3.8-kbp
H-2-pGEM and H-5-pGEM recombinants were the result of
full-site integration events, three independent scaled-up reac-
tions were performed. The linear 3.8-kbp recombinant DNAs
were isolated from wet 1.5% agarose gels and purified. The
DNAs were ligated and transformed into E. coli CA244 cells
(34, 35). In experiment 1, the virions were lysed at 50 mM NaCl
and the strand transfer reaction was at 30 mM NaCl. A total of
56 colonies were isolated, and all of the plasmids were se-
quenced (Table 1). The HIV-1 5-bp host site duplication was
predominant. Interestingly, the mainly small deletions gener-
ated by half-site integration events had a periodicity of approx-
imately 10 bp. No deletions smaller than 17 bp were observed.
The majority (~70%) of the deletions in each deletion series
were 17, 27, and 49 bp in length. In experiments 2 and 3, the
virions were lysed with 300 mM NaCl present and the reactions
were at 60 mM NaCl. A total of 45 colonies were isolated, and
33 were sequenced. Again, the HIV-1 5-bp host site duplica-
tion was the major species observed. The number of deletions
in experiments 2 and 3 were decreased compared with that in
1, but they were of the same size. The other 12 plasmids were
characterized only by Ndel and Bglll digestions. Their diges-
tion patterns suggested that these plasmids were due to adja-
cent insertions of two donors into pGEM. In all three experi-
ments, the duplication and deletion events mapped mainly
between nucleotides 2070 through the polylinker site to 330 of
pGEM-3 (data not shown) (34, 35). Two deletions and two
duplications mapped to the same nucleotide position.

Solution conditions affect the circular half-site and the con-
certed or linear 3.8-kbp integration reactions. Solution condi-
tions greatly influenced the concerted integration of the donor
M-2 into pGEM, during which purified AMV IN was used for
IN activity (34, 35). We investigated the effect of these same
solution conditions on the strand transfer reaction catalyzed by
HIV-1 IN. They included NaCl concentration, order of addi-
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tion of donor and target substrates, donor-to-target ratios,
protein concentration, and the presence of aprotic solvents
(DMSO and dioxane) and PEG. The concentration of NaCl
significantly affected both the concerted or linear 3.8-kbp and
the circular half-site strand transfer reactions catalyzed by IN
found in lysed HIV-1 virions (Fig. 4, lanes 2 to 10). All of the
strand transfer reactions were proportionally decreased, in-
cluding the donor-donor (H-5-H-5) recombinants, with in-
creased concentrations of NaCl in the preincubation mixture
prior to catalysis at the same salt concentration. The same
decreases in strand transfer activity were observed when the
preincubation step was at 30 mM NaCl but catalysis was at 70
or 100 mM (data not shown). The products that migrated
slightly more slowly than the H-5-H-5 recombinants probably
represented recombinants containing three donor molecules
resulting from half-site reaction events (Fig. 4, lanes 2 to 4). On
the basis of Phosphorlmager data, the total decrease of all
strand transfer products between the 30 mM NaCl set and the
70 mM set was 70 to 85%. In the 30 mM set, the total amount
of H-5 integrated into all of the strand transfer products was
between 4.5 to 6% of the input donor.

The order of addition of donor and target substrates to the
preincubation mixture differentially affected the total quanti-
ties of H-5-pGEM recombinants that were produced com-
pared with those of the H-5-H-5 recombinants (Fig. 4). But the
total quantities of all recombinants that were produced in each
reaction were similar (Fig. 4, lanes 2 to 4). With H-5 only in the
preincubation mixture, 71% of the products were donor-donor
recombinants (Fig. 4, lane 3). With pGEM only in the prein-
cubation mixture, 34% of the products were donor-donor re-
combinants (Fig. 4, lane 4). With H-5 and pGEM present in
the mixture, there was an equal distribution of strand transfer
products between donor-donor and donor-pGEM products
(Fig. 4, lane 2). The ratio of the circular half-site to the con-
certed or linear 3.8-kbp products that were produced (~4 to 1,
respectively) held constant for the three different order-of-
addition experiments (Fig. 4, lanes 2 to 4). These results sug-
gest that the products which are formed in the reaction mixture

Preincubation

30mM  70mM 100 mM
H-5 LN R ST T
PGEM  + + - + + - 4+ + - +
123 4567 8 910

Circular
half-site —
Concerted —

FIG. 4. Patterns of H-5-pGEM recombinants produced at various NaCl con-
centrations and different order-of-addition conditions. Standard reaction condi-
tions were employed, except for the presence or absence of IN, H-5, and pPGEM
in the preincubation mixture. The top lines indicate which reagents were present
(+) or not (—) in the preincubation mixture. The reactions were initiated by the
addition of H-5 or pGEM as needed. The strand transfer reaction mixture was
incubated at 37°C for 15 min. The NaCl concentrations are identified for each set
of reactions. Lane 1 contained no virus. Depending on the procedure used to
label the donor substrates, one or two minor DNAs of unknown structures that
migrated more slowly than H-5 were also observed (lane 1). Each reaction
mixture contained 2.1 pg of lysed viral protein. The left side identifies the various
recombinants produced. The asterisk identifies an unknown DNA recombinant
structure.
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FIG. 5. Effect of aprotic solvents on the HIV-1 strand transfer reaction.
Standard assay conditions were used, with 1.7 pg of virion protein per assay. The
donor was H-5. The reaction time was 15 min. Lanes 1 and 3 contained no virus.
Lane 2 contained 12% DMSO, and lane 3 contained 15% dioxane. Lanes 4 to 10
contained 0, 1, 5, 10, 15, 20, and 30% dioxane, respectively. The DNA products
produced are shown on the left. The gel was exposed with a screen for 16 h.

are preset in the preincubation mixture prior to the strand
transfer reaction (34, 35).

We also examined the influence that the donor-to-target
ratio and protein concentration had on the circular half-site
and the linear 3.8-kbp strand transfer reactions. The donor-to-
target molar ratio was varied from 1 to 1 up to 4 to 1, respec-
tively, at an optimal protein concentration (see below). The
concentration of the pGEM target was held constant at 100 ng
per reaction. The donor and target were preincubated together
with IN on ice to increase the quantity of H-5-pGEM recom-
binants produced instead of having only the donor present
during preincubation (Fig. 4). The total quantity of H-5-
PGEM recombinants was increased approximately threefold
between the lowest and highest donor-to-target ratios (data
not shown). The linear 3.8-kbp and circular half-site H-5-
PGEM recombinant reactions were equally affected. The op-
timal protein concentration was between 1.5 and 2.4 pg of
virus lysate per reaction in reactions in which between 6 and
8% of the input donor was used for strand transfer reactions
(data not shown). Increasing the quantity of virion lysate above
these concentrations inhibited the donor-target reactions (Fig.
2).
DMSO and 1,4-dioxane were shown to significantly increase
the strand transfer products that are produced with the M-2
donor and AMV IN (34, 35). Dioxane preferentially promoted
(approximately sixfold) the formation of full-site M-2-pGEM
recombinants over circular half-site recombinants compared
with DMSO. The effects of DMSO and dioxane on the strand
transfer reactions catalyzed by HIV-1 IN were investigated
(Fig. 5). The NaCl concentration was increased to 60 mM in
this experiment. Increasing the concentration of dioxane in the
reaction mixture increased the amount of strand transfer prod-
ucts that were produced (Fig. 5, lanes 3 to 10). DMSO also
stimulated the integration reaction in a manner similar to that
of dioxane (Fig. 5, lane 2, and data not shown). However, the
ratio of the concerted or linear 3.8-kbp products to the circular
half-site products produced with 15% dioxane (Fig. 5, lane 8)
was not significantly better than that observed with 12%
DMSO (lane 2). These results suggest that although both
aprotic solvents stimulated the strand transfer reactions in a
manner similar to that of the avian integration system, dioxane
does not preferentially enhance the HIV-1 IN concerted reac-
tion as it does the AMV IN reaction.

PEG enhances the strand transfer reactions catalyzed by the
murine leukemia virus, HIV-1, and Rous sarcoma virus nucle-
oprotein complexes isolated from virus-infected cells (2, 14, 24,
26) as well as with the purified AMV IN integration system (34,
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35). Similar results were obtained with lysed HIV-1 virions and
various concentrations of PEG. Standard assay conditions
were employed. The maximum donor-donor, circular half-site,
and linear 3.8-kbp strand transfer reactions were done with
between 5 and 8% PEG (data not shown). These results sug-
gest that volume-excluding reagents in general enhance the
retrovirus integration reactions.

Kinetics of strand transfer, divalent metal ion require-
ments, and stability of preintegration complexes. The retrovi-
ral nucleoprotein complexes found in virus-infected cells (2, 3,
14, 17) and purified AMV IN (33-35) use Mg>* for the 3’ OH
trimming and full-site strand transfer reactions. Bacterially ex-
pressed IN uses only Mn?™ efficiently for the 3" OH trimming
and half-site strand transfer reactions (12, 31). HIV-1 IN in
virion lysates effectively used Mg®" for producing both the
circular half-site and the concerted or linear 3.8-kbp products
(Fig. 6). Mn?" was less effective than Mg>* for the linear
3.8-kbp reaction, but it was used efficiently for the circular
half-site reaction (Fig. 6B). A lighter exposure of the gel in Fig.
6A showed that the H-5-H-5 recombinant reaction with Mn**
was greater than the donor-donor reaction in the presence of
Mg**. The H-5-pGEM reactions in the presence of either
divalent metal ion were linear for approximately 15 min (Fig.
6A and B). Bg/II digestion of the pooled Mg>* or Mn** reac-
tion mixtures, as can be seen from Fig. 6A, demonstrated that
both reaction mixtures produced the same H-5-pGEM recom-
binants but that the formation of the linear 3.8-kbp recombi-
nants in the presence of Mn?* was decreased (Fig. 6C). On the
basis of the PhosphorImager analysis, it is clear that approxi-
mately 30% of the H-5-pGEM products from the pooled
Mg** reactions migrated at the linear 3.8-kbp position, of
which ~60% were due to concerted events (Table 1). The
3.8-kbp DNA produced with Mn?* was not used to transform
CA244 cells. A significant amount of the H-5-pGEM recom-
binant (denoted with asterisks in Fig. 6A and C) of an un-
known structure was also produced in the Mg>" reaction com-
pared with that in the Mn?* reaction. The data also show that
Mg?* is more efficiently used by the virion-derived IN than by
the bacterially expressed HIV-1 IN (12) for both the circular
half-site and the linear 3.8-kbp H-5-pGEM recombinant reac-
tions.

We wanted to determine if Mg?* was necessary for stabiliz-
ing the IN-H-5-pGEM complexes that were formed in the
virus lysate. Also, it was important to understand how stable IN
was in the preincubation mixture because proteases as well as
nonspecific nucleases are associated with purified virus parti-
cles. The stability of the complexes was measured in the pres-
ence or absence of the divalent metal ion in the preincubation
mixtures prior to catalysis (Fig. 7). A normal control reaction
that included the standard preincubation step and the 15-min
strand transfer reaction was also included (Fig. 7A, lane 2) and
was quantitated in Fig. 7B. In the other control reactions,
Mg?* was always present, and the reactions were terminated
by SDS treatment after various incubation periods at 2, 22, and
37°C (Fig. 7A, lanes 3, 5, 7, and 9). In the stability study, Mg?*
was added only after various times of preincubation at the
indicated temperatures (Fig. 7A, lanes 4, 6, 8, and 10), which
was followed by the normal 15-min strand transfer reaction.
The entire H-5-pGEM populations for each reaction were
quantitated, and the results are shown in Fig. 7B. The data
suggest that Mg>* was not absolutely necessary for maintain-
ing the stability of IN-H-5-pGEM complexes prior to prein-
cubation at 37°C. The nucleoprotein complexes were still rel-
atively stable for 1 min at 37°C without Mg?* (Fig. 7, lane 8)
but were completely unstable upon preincubation for 5 min at
this temperature without Mg>* (lane 10). With other temper-
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FIG. 6. Divalent metal ions affect the production of circular half-site and
linear 3.8-kbp and concerted H-5-pGEM recombinants. (A) The integration
efficiencies of H-5 into pGEM with Mg?* and Mn?* at 10 and 2 mM, respec-
tively, were compared. H-5, pGEM, and IN were preincubated together under
optimal 30 mM NaCl assay conditions. Lanes 1 and 5 lacked virus, while the
other lanes each contained 1.7 pg of lysed virions. Lanes 2, 3, and 4 were
incubated at 37°C for 15, 30, and 45 min, respectively. Lanes 6, 7, and 8 were
incubated for the same lengths of times, respectively. The samples were pro-
cessed and subjected to electrophoresis on a 1% agarose gel. The gel was dried
and exposed to an X-ray film for 48 h without a screen. The top line indicates
which divalent metal ions were present in the preincubation mixture. The left
side shows the various recombinant products produced. (B) The dried gel shown
in panel A was analyzed with a PhosphorImager. The circular half-site and
concerted DNA products were quantitated for each time reaction and plotted as
pixels against time. (C) Characterization of circular half-site and linear 3.8-kbp
and concerted recombinants produced with either Mg>* or Mn?* by BglII digestion.
One-half portions of each reaction mixture with Mg2™ and Mn?" reported on in the
legend to panel A were pooled and used for this analysis. Lanes 1 and 4 represent
the negative control reactions. Lanes 2 and 5 represent one-half of each undigested
reaction pool containing Mg?* and Mn?*, respectively. Lanes 3 and 6 contain the
other half of the pools digested with Bg/II. The samples were subjected to electro-
phoresis on a 1.5% agarose gel. The dried gel was exposed for 8 h without a screen.
Lane 7 contained a labeled 3.4-kbp linear DNA marker. The right side lists Bg/II
digestion products, and the left side shows the undigested H-5-pGEM recombi-
nants. The asterisk identifies the unknown recombinant.
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FIG. 7. Characterization of nucleoprotein complex formation and activity
and stability of IN-H-5-pGEM recombinants after various preincubation times.
Optimal 30 mM NacCl assay conditions were employed. Lane 1 contained no IN.
All of the other lanes contained 2.1 pg of protein from lysed virions. Lane 2 was
a control lane in which Mg?* was present throughout the combined preincuba-
tion time of 17 min, which included 12 min at 2°C and 5 min at 22°C. Standard
concentrations of H-5 and pGEM were used in the preincubation mixtures. The
times and temperatures of each preincubation set which corresponded to the
addition of SDS (S) or 10 mM Mg>* (Mg) to each set are listed at the top. The
SDS lanes contained Mg?* prior to preincubation. After each continuous pre-
incubation period, all of the strand transfer reactions were for 15 min at 37°C.
The samples were terminated and subjected to electrophoresis on a 1% agarose
gel. The dried gel was exposed for 45 h with a screen. The left side identifies the
various recombinants produced. The asterisk identifies an unknown DNA re-
combinant structure. (B) The total quantities of all H-5-pGEM recombinants
that were produced for each reaction (Rx) discussed in the legend to panel A
were determined by PhosphorImager analysis. The results are plotted as pixels.
The H-5-H-5 recombinants were not included in these analyses.

ature inactivation studies, the same results were obtained if 0.3
mM EDTA was also present in the preincubation mixture prior
to the addition of 10 mM MgCl, to initiate strand transfer (Fig.
7B, lane 10, and data not shown).

DISCUSSION

The concerted integration of retrovirus-like DNA by IN
derived from lysates of HIV-1 virions was accomplished. The
integration reaction was analyzed by using 5’-end-labeled,
469-bp donor molecules and circular target DNA. Circular
half-site and linear 3.8-kbp recombinants were separated on
agarose gels and quantitated by PhosphorImager analysis. Se-
quence analysis of the linear 3.8-kbp DNA recombinants dem-
onstrated that the HIV-1-specific, 5-bp host duplications had
occurred (Table 1). A total of 55% of all recombinants had
host site duplications of between 5 and 7 bp. In addition,
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specific small deletions of between 17 and 51 bp that had a
periodicity of ~10 bp were observed. These small deletions
constituted 29% of all the linear 3.8-kbp recombinants. The
order of the addition of donor or target molecules to the
preincubation mixtures prior to strand transfer did not influ-
ence the ratio of linear 3.8-kbp products to circular half-site
products that were produced.

The small deletions that were present in the linear 3.8-kbp
DNA recombinants were produced by half-site integration
events (Table 1). No deletions smaller than 17 bp were ob-
served, and the deletions had a periodicity of ~10 bp, suggest-
ing that some ordered event was occurring. Most of the small
deletions were produced under low-salt lysis and assay condi-
tions, although they were also present under high-salt lysis and
strand transfer conditions. The mechanism involved in the
formation of these small deletions is unknown. Possibly, IN is
forming an oligomeric structure on the target, permitting the
insertion of donors into pGEM at periodic locations along the
oligomeric structure, or other viral or cellular proteins are
directing IN-donor complexes to specific locations on the tar-
get. Only two deletions or two duplications mapped to the
same site on pGEM (data not shown), suggesting that the
DNA sequence was not the principal reason for the ordered
events. It will be interesting to determine by sequence analysis
whether the preincubation of target only (Fig. 4) instead of the
donor-target together (Table 1) will enhance the formation of
more deletions having a 10-bp periodicity compared with the 5-
to 7-bp duplications.

The IN activity for our studies was derived from virus lysates
of purified HIV-1 virions. The possibility that other viral pro-
teins may influence the assembly of the nucleoprotein com-
plexes containing IN as well as the strand transfer reactions
exists. Although matrix, protease, reverse transcriptase, nu-
cleocapsid, and contaminating cellular proteins including
nucleases are present, the fidelity of the concerted integration
reactions catalyzed by virion lysates was reasonably good (Ta-
ble 1). In addition, the IN-donor-target complexes were rela-
tively stable in the preincubation mixtures (Fig. 7).

On the basis of the assumption that IN constitutes 1% of the
input protein (2 pg), our typical strand transfer reaction would
contain 20 ng of IN. The concentration of IN would be 13 nM,
and the ratio of IN dimer to H-5 ends would be approximately
1 to 1, respectively. Under optimal assay conditions of low salt
and 12% DMSO (Fig. 4), approximately 7% of input H-5 was
inserted into either other donor molecules or pGEM. These
calculations suggest that although other proteins constitute the
majority of the protein mass, IN was reasonably efficient in
forming IN-H-5 complexes capable of producing the con-
certed recombinants or the specific deletions. Increasing the
concentration of lysate above approximately 3 pg per assay
caused an inhibition of strand transfer activity. The inhibition
could be due to factors affecting the assembly of IN-H-5 and
IN-H-5-pGEM complexes or to catalysis. Our results suggest
that the physical assay will be useful for studying potential
inhibitors of IN for both the half-site and full-site H-5-pGEM
integration reactions.

There was no apparent precursor-product relationship be-
tween the unknown donor-target recombinant and any of the
other DNA products (Fig. 6). Digestion of the unknown re-
combinant with Bg/II (Fig. 3, lanes 4 and 5) resulted in the
production of the three linear products expected from Bg/II
digestion of the linear 3.8-kbp DNA (Fig. 3, lanes 6 and 7). The
data suggest that the unknown donor-target recombinant pos-
sesses a stable structure different from that of the linear 3.8-
kbp DNA but contains the entire structure resulting from full-
site events or adjacent insertions of two donors producing
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small deletions. The structure and sequence of this unknown
recombinant population, which may contain more than one
species, are under investigation.

What relationships exist between the HIV-1 IN systems
(virion and bacterium expressed)? IN from bacteria can cata-
lyze the 3" OH trimming and half-site strand transfer reactions,
using Mn?* and oligonucleotides as donor substrates, with
reasonable efficiency. The reason why expressed HIV-1 IN
cannot effectively use Mg?" for these reactions or perform the
concerted strand transfer reactions is unknown. Recent studies
using our standard H-5-pGEM strand transfer conditions have
shown that bacterially expressed HIV-1 IN and HIV-2 IN can
use Mg?" fourfold more efficiently than they can use Mn?*
(data not shown). But only circular half-site and donor-donor
products were produced in the presence of either divalent
metal ion.

AMV IN (34, 35) has properties similar to those of virion
HIV-1 IN, including the ability to use Mg** and to respond to
both aprotic solvents used in this report. The virion proteins
appear to require higher NaCl concentrations to produce full-
site products. The optimal salt concentration for concerted
integration with purified AMV IN is 0.35 M (34, 35), while
HIV-1 IN required 300 mM for lysis and 60 mM for strand
transfer (Table 1). Of the 44 sequenced avian recombinants
isolated from the linear 3.8-kbp DNA, 37 of the recombinants
had 5- to 7-bp host site duplications, with the avian 6-bp du-
plication predominating (34, 35). Several smaller duplications
and one small deletion were produced by AMV IN. Whether
the avian system under low-salt conditions produces small de-
letions with the periodicity observed in the HIV-1 system is
presently being investigated.
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