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ABSTRACT Integration of human immunodeficiency vi-
rus type 1 cDNA into a target DNA can be strongly influenced
by the conformation of the target. For example, integration in
vitro is sometimes favored in target DNAs containing se-
quence-directed bends or DNA distortions caused by bound
proteins. We have analyzed the effect of DNA bending by
studying integration into two well-characterized protein-DNA
complexes: Escherichia coli integration host factor (IHF) pro-
tein bound to a phage IHF site, and the DNA binding domain
of human lymphoid enhancer factor (LEF) bound to a LEF
site. Both of these proteins have previously been reported to
bend DNA by -140°. Binding of IHF greatly increases the
efficiency ofin vitro integration at hotspots within the IHF site.
We analyzed a series of mutants in which the IHF site was
modified at the most prominent hotspot. We found that each
variant still displayed enhanced integration upon IHF binding.
Evidently the local sequence is not critical for formation of an
IHF hotspot. LEF binding did not create preferred sites for
integration. The different effects ofIHF and LEF binding can be
rationalized in terms of the different proposed conformations of
the two protein-DNA complexes.

During the course of normal infection by human immunode-
ficiency virus type 1 (HIV-1), each end of the linear viral
cDNA is connected to the host genome to generate an
integrated provirus. Analysis of a limited number of junctions
between viral and host DNA formed in vivo did not reveal
strongly preferred target sequences for integration (1-3).
However, in vitro studies indicate that integration-site selection
is not strictly random (4-6).

Analysis of integration reactions in vitro shows that proteins
bound to target DNA can affect integration-site selection.
Transcriptional repressor proteins bound to specific DNA sites
can block integration at those sites, probably by blocking access
of the integration apparatus (7, 8). Proteins that deform DNA
in the course of binding (e.g., nucleosomes and Escherichia coli
CAP) can, in addition, promote integration (9, 10).
Here we probe further the effect of target distortion on

integration by examining in vitro integration into DNA targets
bound to E. coli integration host factor (IHF) or the DNA
binding domain of lymphoid enhancer factor (LEF). IHF
protein plays a role in a number of cellular processes, including
site-specific recombination, phage packaging, transposition,
plasmid replication, and transcription (11). IHF often acts as
an architectural element, achieving its diverse biological ef-
fects in part by bending DNA and promoting the formation of
higher-order nucleoprotein complexes (12-14). LEF is a tran-
scriptional activator protein that promotes expression of the
T-cell receptor a-chain gene. LEF also bends DNA and may
exert part of its effects on transcription by this mechanism
(15-18).

In this study, we used purified integrase protein of HIV-1 as
a source of integration activity. Short oligonucleotides mim-

icking one end of unintegrated HIV-1 DNA serve as model
integration donor DNAs (4, 19, 20).
We find that bending of the target DNA by IHF creates

preferred sites for integration in vitro within the region where
the protein binds.A series of mutants was generated in the IHF
site near the most prominent IHF-induced hotspot. Analysis of
integration into these mutant sites when bound to IHF re-
vealed that local sequence did not control the efficiency of
integration, highlighting the importance of the overall confor-
mation of the IHF-DNA complex. Bending of DNA by the
LEF DNA binding domain, in contrast, does not create
integration hotspots. The difference in behavior of the IHF
and LEF complexes can be attributed to the different confor-
mations they adopt.

MATERIALS AND METHODS
Oligonucleotides and Plasmids. DNA oligonucleotides were

synthesized with an Applied Biosystems automatic synthesizer
and purified by denaturing polyacrylamide gel electrophoresis.
Oligonucleotides used as PCR primers were labeled with
[-y-32P]ATP and T4 polynucleotide kinase and purified using a
Sephadex G-25 spin column (Boehringer Mannheim).
IHF sites used in these experiments were constructed from

a series of complementary oligonucleotides, each of which
contained the site of interest flanked by protruding cohesive
ends matching those produced by cleavage with EcoRI and
HindIII (see Fig. 3 for sequences). Each oligonucleotide was
ligated to pUC19 cleaved with EcoRI and HindIII. IHF sites
designated WT, IV, V, VI, and VII (see Fig. 3) were a kind gift
from H. Nash and S.-W. Yang (National Institute of Mental
Health, National Institutes of Health, Bethesda, MD). A
plasmid containing a LEF site was constructed by ligating a
synthetic oligonucleotide containing the site flanked by single-
stranded 5'-GATC-3' overhangs (the 29-mer sequence in Fig.
4) to pUC19 cleaved with BamHI and Bgl II. The sequences of
the inserts in all clones were confirmed by dideoxynucleotide
sequencing. General methods have been described (21).

Integration. HIV-1 integrase was overexpressed in E. coli
and purified as described (22). IHF protein was a gift of H.
Nash, and LEFHMG88 was a gift of K Jones (Regulatory
Biology Laboratory, The Salk Institute).
The integration reactions were studied by mixing two solu-

tions. The first (C1) contained IHF or LEF bound to target
DNA, while the second (C2) contained integrase bound to
donor DNA. The C1 mixture was prepared by incubating 0.028
gM IHF or-LEF binding sequences with appropriate concen-
trations of IHF or LEFHMG88 proteins for 10 min at 37°C in 10
,ul of integration buffer [5 mM MnCl2/20 mM Hepes, pH
7.0/10 mM 2-mercaptoethanol/10% (vol/vol) glycerol] to
which 100 mM KCl and bovine serum albumin (2 mg/ml) had
been added.
The donor DNA in the mixture C2 (FB64/65-2; sequence in

ref. 8) matched a HIV-1 DNA end. Since normal integration

Abbreviations: HIV-1, human immunodeficiency virus type 1; IHF,
integration host factor; LEF, lymphoid enhancer factor.
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in vivo is preceded by the removal of 2 nt from the 3' end of
the long terminal repeat, we used an appropriate donor DNA
with two unpaired bases at its 5' terminus. C2 was prepared by
incubating a 0.03 ,uM solution of this DNA (FB64/65-2) with
0.26 ,g of integrase for 10 min at 37°C in integration buffer to
form a stable integrase-donor complex (23).

After mLxing of C1 and C2, the solution was incubated for 50
min at 37°C. The reaction was terminated by adding 1 ,ul of 0.5
MEDTA and 1 ,ul of 1% SDS. The products were then purified
by phenol/chloroform extraction, precipitated with ethanol,
and dissolved in 20 ,ul of 10 mM Tris-HCl, pH 8/1 mM EDTA
(TE).
PCR Assay of Integration Products. Integration products

were analyzed by PCR as described (7, 8, 24). Each PCR
mixture contained U5-specific primer [FB66 (8)] and one of
two plasmid-specific primers (forward -20 primer 1211 or
reverse sequencing primer 1201; New England Biolabs). Two
microliters of the integration products was added to a PCR
mixture containing 10 mM Tris-HCl (pH 8.3), 50 mM KCI, 0.1
mM each dNTP, 1.5 mM MgCl2, 0.1 mg of bovine serum
albumin per ml, 0.5 ,uM primers (including 0.025 ,uM 32p_
labeled forward or reverse primer), and 1 unit of Taq DNA
polymerase in a total vol of 20 ,ul. The denaturation, annealing,
and extension steps were performed at 95°C for 1 min, 55°C for
1 min, and 72°C for 1 min. After 30 cycles, the reaction mixture
was incubated at 72°C for 10 min to extend incomplete
products. The PCR products were resolved on an 8% dena-
turing polyacrylamide gel. The results were quantitated with a
Molecular Dynamics Phosphorlmager.
To confirm our assignments of sizes to the integration

products, in representative experiments, amplification prod-
ucts were cleaved with EcoRI and analyzed by electrophore-
sis on sequencing gels. Comigration of the cleaved DNAs
with sequencing markers of the expected sizes confirmed the
reliability of sequencing ladders as markers (data not
shown).

RESULTS
Experimental Plan: General Description. Two protein-

DNA complexes were studied as integration targets in order to
probe the effects of DNA distortion on integration complexes
composed of (i) E. coli IHF protein bound to the H' site from
phage AattP and (ii) the DNA binding domain of the human
LEF protein (LEFHMG88) bound to a site in the T-cell receptor
a-chain enhancer. The LEF DNA binding domain is named
LEFHMG88 because it is composed of 88 amino acids and
resembles in sequence the HMG proteins (18, 25). IHF bends

Target Viral
DNA DNA end

0
0
0

DNA through 1400 (26); LEFHMG88 bends DNA through 1300
(18).
Two types of protein-DNA complexes were preassembled

prior to starting the integration reaction. IHF or LEF was
prebound to its site in one reaction mixture, and HIV-1
integrase was assembled with a donor oligonucleotide match-
ing one viral DNA end (23) in another. The two reaction
mixtures were then mixed and incubated for 50 min at 37°C.
The frequency of integration at each site was monitored by

a PCR-based assay (Fig. 1) (7, 8, 24). After the integration
reactions were stoipped, the products were purified and used as
PCR substrates. Primers complementary to the target DNA
and the viral DNA end were used for amplification. The target
DNA primer was 5' 32P-labeled. The PCR products were
denatured, separated by electrophoresis on a DNA sequenc-
ing-type gel, and visualized by autoradiography. Each band on
the autoradiogram represented the product of integration at a
unique phosphodiester bond. The band intensity was propor-
tional to the frequency of integration at that bond. PCR
primers complementary to one or another strand of the target
DNA were used in separate reactions to examine integration
into each strand.

Integration into the IHF-DNA Complex. The results of the
PCR-based assay of integration into the IHF-DNA complex
are presented in Fig. 2. In the absence of IHF protein, a
radioactive band could be detected at most positions in the
product DNA ladder, corresponding to integration into most
phosphodiester bonds in the target DNA. The relative fre-
quency of integration events varied over a 25-fold range.
Inclusion of EDTA to chelate the divalent metal ion required
during the integration reaction blocked production of the
ladder of bands (Fig. 2 A and B, lanes 8; see also Fig. 4),
confirming that the generation of the PCR product depended
on integration.
When the IHF protein was added to the integration reaction

mixture, two sites were used substantially more efficiently as
integration targets (Fig. 2A, top strand, bp 65; Fig. 2B, bottom
strand, bp 60). At the most prominent hotspot, nucleotide 65
on the top strand, the efficiency of integration was enhanced

15-fold. Integration into the hotspot on the bottom strand
(nucleotide 60) was increased 3-fold.
Apart from these hotspots, integration into the IHF binding

site was often diminished, probably because bound IHF
blocked access of the integration machinery to the DNA.
Integration into the most protected phosphodiester bonds was
reduced - 10-fold with respect to uncomplexed DNA. The
DNA footprint generated by interference with integration
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FIG. 1. Diagram illustrating the PCR assay of HIV-1 integration. During integration, viral DNAs are inserted at many sites in the target DNA.

Two primers, one complementary to a target DNA and the other complementary to the viral DNA, are used for PCR. The target primer is labeled with
32p on its 5' end. PCR amplification of integration products generates a population of molecules that are then denatured and separated on a
sequencing gel. The sizes of the amplification products are determined by comparison to a DNA sequencing ladder. The positions of integration
sites in target DNA were deduced from the sizes of PCR products. Insertion at position N of the target DNA implies that the viral-target junction
occurs between bases N and N + 1 (5' to 3') of the target.
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In some cases, effects of added IHF were seen outside the
expected binding site (e.g., Fig. 2A, positions 50-52; data not
shown), probably due to binding to additional IHF sites.

Effect of Local Sequences on an Integration Hotspot. To
examine the effect of local sequence on the most prominent
IHF-induced integration hotspot (residue 65; Fig. 2, top
strand), several mutant sequences were prepared and the
effects on integration were determined. Additional mutant
IHF sites were kindly provided by S.-W. Wang and H. Nash.
Three altered sites were made in which the G residue at the
top-strand hotspot was changed to one of the other bases
(Fig. 3, mutants I, II, and III). Mutants IV-VII contained
changes elsewhere in the binding site. All mutants except
mutant VII were found to bind IHF detectably as assayed by
formation of a region protected from integration. However, for
some mutants protection was less complete than with the wild
type, particularly on the bottom strand (data not shown). The
hotspot on the top strand was seen with all mutants except
mutant VII, which did not bind. The stimulation of integration
found upon IHF binding ranged from 7- to 20-fold. These
data suggest that the local sequence at the position 65 hotspot
is not of major importance in determining the efficiency of
integration.

Integration into the LEF-DNA Complex. In further exper-
iments, integration into complex of LEFHMG88 bound to a LEF
site was studied by the methods used for the above studies of
the IHF complex (Fig. 4). With increasing concentrations of
LEF, a region of diminished integration became apparent on
the top strand, corresponding to the previously determined
LEF binding site (Fig. 4C) (15). Only weak footprinting over
the LEF site was seen on the bottom strand. No sites of strongly
enhanced integration were seen when LEF bound to the target,
although some weak enhancements were seen just outside the
protected area.

FIG. 2. PCR analysis of integration into a complex of IHF bound to
the H' DNA site. Results of amplifications using a primer annealing to the
top strand (A) or the bottom strand (B) of the target DNA are shown.
Amount ofIHF added to each integration reaction is indicated. Sizes (bp)
of amplification products, determined by comparison to a DNA sequenc-
ing ladder, are as marked. Numbers refer to the distance from the 5' end
of the target DNA primer used for amplification. (C) Sequence of the
IHFbinding site is shown. Regions protected from integration are marked
by shaded boxes. Horizontal bar marks uncertainty in the margins of the
footprint. Arrows indicate sites that are used more frequently as an

integration target upon IHFbinding. Solid boxes mark location ofthe IHF
site as defined by protection from digestion with DNase I (27).

(Fig. 2C, shaded bars) corresponds quite closely to the IHF
footprint seen using pancreatic DNase I as probe (Fig. 2C,
solid bars) (27).

IHF site/top strand

DISCUSSION
We and others have found that binding of proteins to target
DNA can enhance or diminish retroviral DNA integration in
vitro in the neighborhood of the bound protein. Binding of
transcriptional repressors such as Mata2 or A repressor blocks
integration (7, 8), while binding of nucleosomes or E. coli CAP
protein, which distort DNA, enhances integration (7, 9, 10, 28).
We have further characterized the influence of DNA distor-
tion by analyzing integration into two additional protein-DNA
complexes in which the DNA is thought to be distorted from
straight B-form-namely, E. coli IHF bound to a phage A site
(13) and LEFHMG88 bound to a site from the T-cell receptor
enhancer (16, 18). Binding of IHF to its site created a strong
integration hotspot. Altering the sequence at the hotspot did

Fold increase
IHF at the top strand
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FIG. 3. Summary of hotspot formation in the IHF sites studied. Arrow marks location of the top-strand hotspot. Binding of IHF (+) indicates
the presence of a half-maximal footprint on the top strand in the presence of no more than 40 nM IHF. Changes in the IHF site are shown boxed
and underlined. EcoRI and HindIII sites used for cloning are shown at each end of the sequence.
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FIG. 4. (A and B) Integration into a LEF protein-DNA complex.
Concentration ofLEF protein in each reaction is shown. (C) Sequence
in the region of the LEF site is shown. The extent of the integrase
footprint is shown by shaded bars. Location of sites defined by DNase
I footprinting are shown by solid bars. GATC sequence used for
cloning is shown at each end of the sequence.

not substantially affect preferential integration at this site.
However, binding of LEF to its site did not create a hotspot,
indicating that DNA bending does not always result in en-
hanced integration.

Several experimental studies indicate that DNA distortion
may promote the formation of integration hotspots (7, 9, 10).
Integration in vitro occurs on the major groove side ofDNA (7,
9) and widened major grooves in the nucleosome have been
found to be integration hotspots (9). However, other forms of
DNA distortion may also promote integration. Integration
hotspots in the CAP-DNA complex occur at major grooves
adjacent to a widened minor groove (10). Integration is also
enhanced at A-tract DNA sequences containing static bends.
These sequences display enhanced reactivity with hydroxyl
radicals, which is believed to be due to distortion, possibly from
widening of the minor groove (29, 30). Integration is enhanced
at these same sequences. It is interesting that the integration
hotspots in the IHF-DNA complex also fall in regions of
enhanced hydroxyl radical sensitivity (14). This is consistent
with the idea that the hotspots found here also lie in or near
sites of DNA distortion.

Mutations in the IHF site in the region of the IHF-induced
hotspot on the top strand did not significantly influence the
efficiency of integration. Evidently, the structural constraints
imposed by wrapping the DNA around IHF protein dominated
constraints imposed by local DNA sequence. A parallel results
has been reported in comparisons of integration efficiency in
DNA sequences bound to nucleosomes or free in solution. In
this study, each naked DNA displayed a characteristic pattern
of integration hotspots and cold spots, but the differences were
less pronounced when the DNA was wrapped on nucleosomes
(28).
The IHF protein-DNA complex has been modeled based on

the known structure of the related HU protein of Bacillus
stearothermophilus (31) and biochemical studies (14). IHF
protein is a heterodimer that binds to a 30-bp nonsymmetrical
site. IHF recognizes the DNA site primarily through contacts

A

/1
k

IHF LEF

FIG. 5. Schematic diagrams of the IHF-H' complex (A) and the
LEF-DNA complex (B). Each protein is shown stippled. DNA is
shown as the bent cylinder. Arrows mark approximate location of
integration hotspots in the IHF site.

to the base pair edges on the minor groove side of the helix (14,
32).
The hotspots for integration lie on the outside of the

proposed IHF-DNA complex, within DNA sequences that are
expected to be exposed to solvent (Fig. SA). The asymmetry in
the placement and magnitude of the hotspots likely reflects the
asymmetry in the IHF-DNA complex. Many sites on the inner
face of the curved DNA are protected from integration, as
expected if the IHF protein lies on the inner surface (32).

In the study of integration into a complex of LEFHMG88
bound to DNA, we found that LEF binding did not result in
the formation of significant hotspots for integration. This was
surprising, since LEFHMG88 bends DNA to almost the same
extent as does IHF (13, 18, 26), and both bind specifically to
base-pair edges on the minor groove side of DNA (14, 16).
Binding of LEFHMG88 to its recognition site resulted primarily
in inhibition of HIV-1 integration in the region of the binding
site.
A model for the LEF-DNA complex provides one possible

explanation for this difference. LEF is a member of the
HMG/SRY family ofDNA binding proteins. Models based on
structural and genetic data (33, 34) place proteins of this class
on the outside of the protein-induced bend (Fig. 5B), unlike
IHF, which binds to the inside of the bend (14) (Fig. SA).
LEF-induced bending may thus be unfavorable for integration
because LEF protein itself lies over the region of the greatest
distortion in the DNA.

Note added in proof. A recent NMR study by Wright and co-workers
(35) confirms that the DNA in the LEF-DNA complex is bent and that
the protein is on the outside of the bend.
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