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described above, except that 1 pg of mAN13 DNA (10) was
used instead of 1 pg of $X174 RFI DNA. Recovered DNA
was digested with Xhol restriction endonuclease, and the
predicted 10.7-kilobase recombination product was purified
by preparative gel electrophoresis. The recovered DNA was
treated with DNA polymerase I (16) to translate the putative
gaps away from the target-provirus boundaries (3, 7). Poly-
merase chain reactions were then performed by using Taq
DNA polymerase (The Perkin-Elmer Corp.) as directed by
the manufacturer. Primers were HIVU3.4: 5'-GAGAT
CTCGA GTCTT CGTTG GGAGT GAATT AGCCC, and
HIVUS.3: 5'-GAGAT CTCGA_GACCC TTTTA GTCAG
TGTGG AAAAT CTC. The underlined portions of these
primers hybridized to sequences present in the HIV-1yxp
long terminal repeat (LTR) such that their 3’ ends in each
case were 6 bases from the corresponding end of the LTR
(14). The 5’ ends of each primer were designed to introduce
an Xhol restriction site at each end of the amplified DNA.
The primers were used to prime amplification across the
junctions between HIV and plasmid DNA and through the
894-base-pair plasmid itself. After 25 cycles of amplification,
the amplified DNA (not visible by ethidium bromide stain-
ing) was purified on the basis of its predicted size by blind
excision from a preparative agarose gel. The recovered DNA
was then subjected to an additional 25 cycles of polymerase
chain reaction amplification. A DNA band of the predicted
size was visible when the products of this second round of
amplification were analyzed by agarose gel electrophoresis.
This DNA was then digested with Xhol endonuclease,
circularized by ligation in a dilute solution, and used to
transform Escherichia coli MC1061/p3 (10). Transformants
were selected and restriction mapped. Three arbitrarily
selected clones were sequenced by the dideoxy method by
using a modified T7 polymerase (Sequenase version 2; U.S.
Biochemical) in MnCl, as recommended by the manufac-
turer. The primers used for sequencing were HXB2L (5'-
TGGAA GGGCT AATTC ACTCC CAACG) and HXB2R
(5'-TGCTA GAGAT TTTCC ACACT GACTA).

RESULTS

In vitro HIV integration assay. To detect HIV integration
in vitro, we used an assay similar to one previously used to
study murine leukemia virus integration (1-3). Uninfected
human T-lymphoblastoid cells (H9) were infected by cocul-
tivation with chronically HIV-1yyg,-infected, virus-
producing H9 cells (13, 15). After several hours, the cells
were collected by centrifugation and a cytoplasmic extract
was prepared. This extract contained the bulk of the unin-
tegrated viral DNA, as well as the enzymatic machinery
required for its integration. The crude extract or partially
purified fractions were mixed in a defined solution with
$X174 RFI DNA (Fig. 1, lanes 1 to 3) or $X RFI DNA that
had been linearized by digestion with Xhol (lanes 4 and 5)
and incubated at 22°C for 15 to 30 min. The recovered DNA
was then analyzed by restriction enzyme digestion, gel
electrophoresis, and Southern blotting. A hybridization
probe specific for HIV sequences detected a novel band at
the position expected for the 15.2-kilobase product of HIV
integration into $X DNA only when the reaction was incu-
bated at a temperature greater than 0°C and only when the
$X target DNA was present during incubation (Fig. 1, lanes
1 and 4). Bands corresponding to unintegrated HIV DNA
were detected under the same conditions and also in control
experiments in which either the incubation step (lanes 3 and
5) or target DNA (lane 2) was omitted. In addition to the
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FIG. 1. Detection of HIV integration in vitro. Integration reac-
tions using $X174 RFI DNA as the target were performed as
described in Materials and Methods, with the exceptions noted.
Lanes: 1, standard reaction; 2, target DNA omitted from reaction
mixture; 3, incubation on ice instead of at 22°C; 4, same as lane 1,
except that X RFI DNA linearized by cleavage with Xhol was used
in place of circular $X DNA; 5, same as lane 4, except that
incubation was on ice. DNA recovered from the reactions was
digested with Sall and Ncol (lanes 1 to 3) before electrophoresis
through a 0.8% agarose gel or loaded directly onto the gel (lanes 4
and 5). Ncol and Sall do not cut $X174 DNA but cleave HIV-1xg.»
DNA at sites 5.7 and 5.8 kilobases, respectively, from the left end of
the molecule. Following electrophoresis, DNA was transferred by
blotting to a nylon filter (Hybond N; Amersham Corp.) and HIV
sequences were detected by hybridization by using a 3?P-labeled
probe prepared from a complete molecular clone of the HIV-1x5.,
provirus. The bands representing the unintegrated linear molecule,
the products of Ncol and Sall digestion of the one-LTR and
two-LTR circular forms of unintegrated HIV DNA, or the left-end
fragment produced by cleavage of the linear molecule with Sall and
Ncol are indicated. The arrowheads indicate the positions of bands
representing putative recombinant molecules resulting from in vitro
integration of HIV DNA into $X RFI DNA.

linear form, circular forms of viral DNA containing either
one or two copies of the LTR were present in the cell
extracts. The putative integration product represented ap-
proximately 5% of the HIV DNA present at the start of the
reaction.

Structure of HIV proviruses integrated in vitro. The prod-
ucts of authentic retroviral integration are characterized by a
distinctive arrangement of sequences at the junction be-
tween proviral and target DNAs (18, 19). In HIV, proviral
DNA is normally flanked by a direct repeat of a 5-base-pair
sequence that was initially present in a single copy at the
target site, and the boundaries of the provirus are defined by
a CA dinucleotide found 1 base from each end of the LTR
(12; Karen Vincent, unpublished data). To confirm the
identity of the putative in vitro integration products, we
sequenced the junctions from several recombinant mole-
cules. The lack of a genetic marker in HIV suitable for direct
selection in E. coli (2) and the low absolute yield of in vitro
recombinants made direct cloning of the junctions between
viral and target DNAs difficult. To clone the junctions for
sequencing, we therefore used a small plasmid, wAN13 (10),
as the target DNA for integration and used the polymerase
chain reaction to amplify the junctions between the HIV
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FIG. 2. Procedure for cloning of the junctions between target
DNA and HIV proviruses produced by integration in vitro. Details
are presented in Materials and Methods. PCR, Polymerase chain
reaction.

provirus and target DNAs, along with the plasmid vector, as
schematized in Fig. 2. The recovered products in each case
had the same structural characteristics as proviruses inte-
grated in vivo, suggesting that the in vitro reaction faithfully
mimics in vivo HIV integration (Fig. 3). In one case,
recombinant 3 in Fig. 3, the thymidine normally present at
the extreme left end of the provirus was apparently replaced
by a cytosine. We suspect that this mutation was introduced
during polymerase chain reaction amplification, although we
cannot exclude the possibility that it occurred before or
during integration. The sites used for integration in vitro
were scattered throughout the regions of the target plasmid
that are dispensible for its replication and selection, and the
sequences in the vicinity of the integration sites followed no
clear pattern.

Cofactor requirements for HIV integration. To determine
whether any nucleotides or other small molecules were
required as cofactors for HIV integration, the crude cyto-
plasmic extract from infected cells was fractionated by gel
exclusion chromatography by using a matrix with an exclu-
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FIG. 3. Structure of the junctions between wAN13 DNA and
HIV proviruses integrated in vitro. The sequences shown corre-
spond to the viral plus strand. The probable sequence of the
unintegrated linear precursor is shown at the top for comparison.
The ends of this precursor were inferred from the positions of the
putative primers for synthesis of the plus and minus strands of viral
DNA but were not determined directly. The S5-base-pair repeats
flanking proviruses 1, 2, and 3 correspond to bases 237 to 241, 644 to
648, and 129 to 133, respectively, in the sequence of wAN13, as
depicted in reference 16.

sion limit of 5 x 10° daltons (Fig. 4A). As expected on the
basis of studies of the murine leukemia virus system (2), the
viral DNA was recovered in the excluded volume fractions,
well separated from ATP and other small molecules (as
determined in parallel experiments). Although separated
from most cellular proteins and from ATP, these partially
purified fractions retained integration activity and did not
depend on addition of ATP for their activity (Fig. 4B). These
results are consistent with a model in which a nucleoprotein
complex mediates HIV integration and the DNA breaking
and joining reactions involved in HIV integration are ener-
getically coupled (2).

DISCUSSION

We have shown that HIV integration can occur in a
cell-free system. The products of the in vitro reaction have
all the distinctive characteristics of authentic HIV provi-
ruses integrated in vivo. Previous published data have left
unsettled the question of the length of the flanking host
sequence duplication (cf. references 12 and 17). Our in vitro
results and unpublished sequences of the host-provirus
junctions of proviruses integrated in vivo (K. Vincent et al.,
unpublished results) show that a 5-base stretch of host DNA
is duplicated flanking the integrated provirus. The cell-free
system constitutes a practical approach to definition of many
of the properties of the HIV integration process (1-3, 7). Our
results show that naked plasmid or bacteriophage DNA can
serve as a target for HIV integration, that many sites in these
molecules can serve as targets, and that the reaction can
occur in the absence of a high-energy cofactor. Preliminary
results from fractionation of infected cell extracts suggest
also that the enzymatic machinery for integration is in a
complex with its viral DNA substrate. In all of these
respects, the HIV integration reaction resembles murine
leukemia virus and Tyl integration (1-3, 5). However, in
view of their differences in structure, genetic organization,
and regulation, further biochemical investigation may yet
reveal important differences among these mobile genetic
elements in the molecular details of the integration process.

In the current work, an extract from HIV-infected cells
served as the source of both viral DNA and the proteins
required to carry out integration. Because of the efficiency
with which viral DNA molecules are integrated in such a
system, it provides the best available tool for characteriza-
tion of the structures of the viral DNA precursor, the active
nucleoprotein complex, and DNA intermediates in integra-
tion (1-3, 6, 7). Nevertheless, complete characterization of
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FIG. 4. Fractionation of integration activity by gel filtration and
assessment of the ATP requirement. Cytoplasmic extract was
fractionated by gel exclusion chromatography as described in Ma-
terials and Methods. (A) Elution profile of the optical density at 280
nm. Fractions were collected as shown and assayed for integration
activity with or without added ATP (final concentration, 1 mM).
Fractions 25 to 27 were shown to be free of measurable ATP (<2.5
nM) in parallel experiments using a luciferase assay (data not
shown). (B) Results of in vitro assays for integration activities of
column fractions (lanes 1 to 6) or unfractionated cytoplasmic extract
(lanes 7 to 9) assayed with (lanes 1, 3, 5, 7, and 9) or without (lanes
2, 4, 6, and 8) ATP. DNA products were analyzed as described in
the legend to Fig. 1, except that the reaction products were digested
before gel electrophoresis with EcoRI (which cleaves twice near the
middle of the HIV-1,5 , genome) rather than with Sall and Ncol.
The positions of the band representing recombinants () and bands
representing the products of EcoRI cleavage of one-LTR circles,
two-LTR circles, and unintegrated linear DNA (left and right ends)
are indicated. Lanes: 1 and 2, fraction 25; 3 and 4, fraction 26; 5 and
6, fraction 27; 7, standard reaction using crude cytoplasmic extract
plus ATP; 8, same as lane 7 but without ATP; 9, same as lane 7 but
incubation was on ice. Note that integration activity with ATP
appears indistinguishable from that without added ATP.

the enzymology of HIV integration will depend on the ability
to reconstitute the activity by using isolated and purified
components. Steps toward the development of such a recon-
stituted system for integration of murine leukemia virus (6)
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and avian retrovirus (9) DNAs have recently been reported.
Similar modifications to the in vitro HIV integration system
reported here should allow us to identify and purify the
proteins that carry out each step in this important reaction.
Our in vitro assay for HIV integration can be adapted for
use in screening for agents that specifically block integration
of HIV DNA. Drugs currently available for treatment of
HIV infection possess significant and often dose-limiting
toxicity. Retroviral integration depends specifically on virus-
encoded functions (18), and no closely related activity ap-
pears to be essential to the economy of normal cells. It is
therefore reasonable to hope that inhibitors of HIV integra-
tion that might be identified with our in vitro assay would
include highly specific antiviral agents with low toxicity.
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