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The human immunodeficiency virus type-1 (HIV-1)
integrase (IN) mediates insertion of viral DNA into
human DNA, which is an essential step in the viral life
cycle. In order to study minimal core domain in HIV-1
IN protein, we constructed nine deletion mutants by
using PCR amplification. The constructs were
expressed in Escherichia coli, and the proteins were
subsequently purified and analyzed in terms of
biological activity such as enzymatic and DNA-binding
activities. The mutant INs with an N-terminal or C-
terminal deletion showed strong disintegration activity
though they failed to show endonucleolytic and strand
transfer activities, indicating that the disintegration
reaction does not require the fine structure of the HIV-
1 IN protein. In the DNA-binding analysis using gel
mobility shift assay and UV cross-linking method, it
was found that both the central and C-terminal
domains are essential for proper DNA-IN protein
interaction although the central or C-terminal domain
alone was able to be in close contact with DNA
substrate. Therefore, our results suggest that the C-
terminal domain act as a DNA-holding motive, which
leads to proper interaction for enzymatic reaction
between the IN protein and DNA.
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Introduction

A critical step in the retroviral lifecycle is the integration of
a double-stranded DNA copy of the viral RNA into the
host genome. Many studies have shown that the integration
is mediated by a specific viral enzyme, called integrase
(IN) (Colicelli and Goff, 1988; Panganiban and Temin,
1983). Retroviral INs perform a sequence of DNA

cleavage and joining reactions during the viral integration
in vivo. In the first step, two nucleotides are cleaved on the
3' end of the linear viral DNA and a staggered cut is made
in the host DNA by retroviral INs. Then the viral DNA
with the recessive 39 end is covalently joined to the 59
protrusion of the host DNA. The integration procedures are
completed by degradation of the two unpaired nucleotides
at the 59 end of the viral DNA, and by repair of the single
strand gap between viral DNA and target DNA by cellular
repair enzymes (Muesing et al., 1985).

The retroviral INs purified from the overexpressed
bacteria have been successfully shown to have four
distinctive, biochemical activities such as the
endonucleolytic, integration, disintegration and DNA-
binding activities in vitro (Brown et al., 1989; Bushman
and Craigie, 1991; Chow et al., 1992; Katz, et al., 1990).
The endonucleolytic activity catalyzes in vitro cleavage of
two nucleotides on the 39 ends of the short oligonucleotide
DNA that mimics the ends of the viral DNA. The
disintegration activity induces cleavage of the branched
strand of the Y-shaped oligonucleotides in vitro (Chow et
al., 1992). The integration activity mediates in vitro
insertion of the pre-processed oligonucleotide substrate
into the target DNA. The DNA binding activity induces
binding of IN to oligonucleotides or DNA specificially or
nonspecifically.

Retroviral IN proteins have three distinctive structural
regions of N-teminal, central, and C-terminal domains. The
N-terminal domain is known to constitute a zinc finger-like
domain containing two pairs of histidine and cysteine
residues (Donehower, 1988; Kulkosky et al., 1992). The
N-terminal domain mediates dimerization of the enzyme
that is essential for enzymatic function. Deletion mutants
of the domain have showed loss of endonucleolytic and
disintegration activities (Josson et al., 1996; Puras-Lutzke
et al., 1994). The central domain is highly conserved and
contains a single active site responsible for the enzymatic
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activities. This domain is characterized by the presence of
three invariant amino acids essential for catalysis, two
aspartic acids and one glutamic acid at the positions 64,
116, and 152, respectively (Engelman and Craigie, 1992;
van Gent et al., 1992). The C-terminal region of the protein
is the least conserved region among retroviral INs, and has
been known to be the site of non-specific DNA-binding
domain (Vink et al., 1993; Woerner and Marcus-Sekura,
1993). Although the N- and C-terminal regions of HIV-1
IN are known to be important for enzymatic activities, it is
not yet known how each domain of HIV-1 IN is critically
involved in the DNA binding reaction which is an essential
step for enzymatic reactions. In this study, we investigate
the enzymatic activities and DNA binding properties of the
deletion mutants of HIV-1 IN, and characterize the
minimal core region of HIV-1 IN protein associated with
biological activities.

Materials and Methods

Materials NTA-resin and pQE9 vector were obtained from
Qiagen. Radionucleotides of [γ-32P]ATP and [α-32P]ATP were
purchased from Amersham at a specific activity of 3,000 Ci/
mmol. Oligonucleotides used for preparation of the IN substrates
and PCR primers were obtained from Bioneer Inc. Restriction
enzymes, T4 DNA polynucleotide kinase, and T4 DNA ligase
were obtained from New England Biolabs. Sequenase version 2.0
DNA polymerase was obtained from the United States
Biochemical Corp. Other chemical agents were of molecular
biology reagent grade from Sigma.

Plasmid construction Plasmid encoding the wild type IN have
been described previously (Oh and Shin, 1996; Oh et al., 1997).
Nine plasmids encoding deletion mutants (D1–D9) were each
constructed by amplifying the IN coding region by PCR,
digesting the amplifying DNA with BamHI and HindIII, and
ligating the cut DNA with BamHI-HindIII-digested pQE9 vector
DNA. The oligonucleotides used to constuct the mutant INs are
shown in Table 1. All PCRs were performed with pfu DNA
polymerase (Stratagene) to minimize error in DNA synthesis.

Protein production and purification The plasmid constructs
were introduced into bacteria (Escherichia coli, XL1-blue) via
electroporation (BTX, T820). HIV-1 IN proteins were purified
from bacteria as described previously with the following
modifications (Oh and Shin, 1996; Oh et al., 1997). The cell
pellets obtained from the overexpressed culture were resuspended
in buffer A (20 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 2 mM β-
mercaptoethanol (β-ME), 0.1 mM EDTA, 5 mM imidazole, 6 M
guanidine-HCl). The suspension was centrifuged at 40,000 3 g
for 20 min at 4°C, and the supernatant was collected and loaded
over a Ni-NTA column (Qiagen). The protein was eluted with 100
mM and 600 mM imidazoles in buffer A, respectively. The
fractions were diluted with an equal volume of buffer containing
1 M NaCl, 20 mM Tris-HCl (pH 7.4), 2 mM β-ME and 2 mM
EDTA. The protein was sequentially dialyzed for 1 h at 4°C
against the three different solutions which are buffer I (20 mM
Tris-HCl, pH 7.4, 2 M urea, 0.5 M NaCl, 5 mM EDTA, 10 mM

β-ME, 10 mM CHAPS), buffer II (20 mM Tris-HCl, pH 7.4, 1 M
NaCl, 1 mM EDTA, 1 mM DTT, 10 mM CHAPS, 10% glycerol),
and buffer III (20 mM Tris-HCl, pH 7.4, 0.5 M NaCl, 1 mM
EDTA, 1 mM DTT, 10 mM CHAPS, 10% glycerol). The
dialysate was centrifuged at 19,000 3 g for 10 min and the
supernatant containing IN was saved in liquid nitrogen (Bushman
et al., 1993; Taddeo et al., 1996).

In vitro enzymatic activities of HIV-1 IN For in vitro assay of
the disintegration activity, the disintegration substrate (Y-
oligomer) was prepared by labeling the oligonucleotide T1 and
annealed with two-fold amounts of the oligonucleotides T2, T3
and 6917. Disintegration reaction contained 0.1 pmol of
oligonucleotide substrate and 20 pmol of IN protein in 15 mM
Tris-HCl (pH 7.4), 10 mM Mn2+, 100 mM NaCl, 2 mM β-ME,
2.5 mM CHAPS, 0.1 mM EDTA, 0.1 mM PMSF, 1% glycerol,
and 10 mM imidazole in a total reaction volume of 10 µl.
Reactions were incubated 33°C for 90 min and stopped by
addition of 4 µl of 95% formamide, 20 mM EDTA, 0.05%
bromophenol blue, 0.05% xylene cyanol FF. The reactions were
heated to 90°C for 3 min and electrophoresed on a 20%
denaturing polyacrylamide gel. The reaction products were
visualized by autoradiography of the wet gel (Chow et al., 1992).

DNA binding activities DNA binding activities of the deletion
mutants were investigated by two different methods — mobility
shift assay and the UV-crosslinking method. DNA substrates for
the binding reactions were constructed by using two
oligonucleotides whose sequences resemble the end of U5-LTR
of HIV-1 proviral DNA. Briefly, oligonucleotide 6916 (U5-LTR,
+strand) was labeled at the 59 end with 32P-ATP and T4
polynucleotide kinase, and annealed with complementary
oligonucleotide 6917 (U5-LTR, -strands).

For gel mobility shift assay, a standard reaction contained 0.1
pmol of duplex oligonucleotide substrate and 30 pmol of HIV-1
IN proteins in 25 mM Tris-HCl [pH 7.4], 5 mM NaCl, 0.5%
Tween 20, 1% glycerol and 0.1 mM β-ME in a final volume of
10 µl. Reactions were incubated for 20 min at 30°C, and were
stopped by addition of stop solution (0.25% bromophenol blue,
0.25% xylene FF and 30% glycerol). The samples were separated
in 8% polyacrylamide gels in 0.53 TBE at room temperature.

For UV cross-linking analysis, reactions were performed
under the same conditions as those when the gel mobility shift
assay was done. Samples were pre-incubated for 15 min on ice
prior to UV exposure and then irradiated on a chromato-vue
transilluminator at 254 nm on ice (Engelman et al., 1994).
Reactions were stopped by adding protein loading dye, and the
samples were boiled for 5 min and subsequently loaded on
sodium dodecyl sulfate (SDS)-16.5% polyacrylamide gel. UV-
induced protein-DNA cross-linking products were visualized by
autoradiography.

Results and Discussion

Expression and purification of HIV-1 in mutants HIV-
1 IN, composed of 288 amino acids, is synthesized as a
part of Gag-Pol precursor polyprotein, and activated by the
proteolytic cleavage in vivo (Donehower and Varmus,
1984). The N-terminal domain containing about 50 amino
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acids is known to be a dimeric region. The central domian
that is composed of about 160 amino acids has an active
site for enzymatic activities. The three amino acids (64 and
116 aspartic acids, 152 glutamic acid) in the domain are
known to be catalytic residues for the activities. The C-
terminal domain is composed of about 80 amino acids
(Engelman and Craigie, 1992).

In order to construct the deletion mutants, the HIV-1 IN
genes were amplified from the proviral DNA as shown in
Fig. 1. The amplified IN genes were cloned into a
prokaryotic expression vector, pQE9, which has an ATG
codon for translation initiation and a hexahistidine tag
sequence as vector-derived residues at the N-terminus of
the IN gene. The hexahistidine tag facilitated purification
of the IN proteins on the nickel-chelated NTA affinity
chromatography. The IN proteins that contained 12 extra
amino acids at N-terminus in the form of a fusion protein
were eluted from the NTA column with 100 mM
imidazole. It has been shown that presence of the 12 extra
amino acids at N-terminus in HIV-1 IN did not interfere
with enzymatic activities of HIV-1 IN (Oh and Shin,
1996). Judging from SDS-PAGE analysis, the IN proteins
were purified to homogeneity of 95% or more (Fig. 2).

Enzymatic activities of the deletion INs Purified
retroviral INs have been shown to have three enzymatic
activities of endonucleolytic, strand transfer, and
disintegration activities in vitro (Chow et al., 1992;
Engelman et al., 1991; Sherman and Fyfe, 1990). The
principles of the in vitro assays are based on the fact that
retroviral INs make specific cleavage or joining on the

oligonucleotide substrates matching the 39 ends of the U5
or U3 viral long terminal repeats (LTR) DNA sequences
(Sherman and Fyfe, 1990). Several studies have shown that
the endonucleolytic and strand transfer reactions require
intact IN proteins and specific DNA substrates in their
sequences and structure (Chow and Brown, 1994; Oh and
Shin, 1999). However, the disintegration reaction is able to
occur with less specificity. In our studies the nine deletion
mutant INs did not show any endonucleolytic and strand
transfer activities, reflecting that the reactions require
intact INs (data not shown). But, strong disintegration
activities were found in four deletion mutants; D2, D3, D6,
and D7. Interestingly, the disintegration activities of D2
and D6 are far stronger than that of the wild type IN as
their disintegration products are 400% and 340% of the
wild type products, respectively (Fig. 3B). This result
indicates that the intact structure of HIV-1 IN is not
necessary to perform disintegration activity. The IN
structure containing central domain and N-terminal or C-
terminal domain seems to be better in performing
disintegration reaction than the wild type IN.

DNA binding activities Several retroviral INs have been
shown to bind DNA nonspecifically (Grandgenett et al.,
1978; Roth et al., 1988; van Gent et al., 1991). The DNA
binding activity of HIV-1 IN has been mapped to the C-
terminal region of the protein (Engelman et al., 1994;
Puras-Lutzke et al., 1994; Vink et al., 1993). In order to
know the role of each domain of HIV-1 IN protein in DNA
binding, the deletion mutants were tested for DNA-binding
ability by two different methods (DNA mobility shift and
protein-DNA UV cross-linking).

Fig. 1. Schematic presentation of the HIV-1 IN deletion mutants.
The wild type protein with 288 amino acids is shown depicting
the three functional domains. The amino acids known as critical
residues for enzymatic functions are indicated at the positions of
64, 116 and 152. Nine deletion mutants were constructed by PCR
amplification of the corresponding HIV-1 IN DNA regions.

Fig. 2. SDS-PAGE analysis of the HIV-1 IN mutant proteins
purified through NTA-chromatography. The purified proteins
were separated by a 12.5% SDS-PAGE and visualized by
Coomassie blue stain.
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Fig. 3. Disintegration activities of the HIV-1 IN deletion mutants.
A. Schematic illustration of in vitro disintegration reaction.
B. Disintegration activities of IN proteins. To construct the DNA
substrate, a 16mer-oligonucleotide (T1) was labeled at its 59-end
(★), and annealed with the three complementary oligonucleotides
(T2, T3, and 6917). The reactions were carried out in 15 mM
Tris·HCL (pH 7.4) and 10 µM MnCl2 in the presence of 0.1 mM
DNA substrate and 20 µM IN protein at 33°C for 90 min. The
reaction products were analyzed in a 20% polyacrylamide gel and
visualized by a phosphoimage analyzer (GS 525, BioRad).

A

B

region of IN protein is required for proper DNA-protein
interaction.

In addition, in the UV cross-linking analysis, the IN
proteins containing the central domain alone or central
domain and C-terminal region were able to be cross-linked
to the DNA substrate by UV irradiation. This result
suggests that the amino acid residues present in the central
or C-terminal region are in close contact with the DNA
substrate (Fig. 4B; D5–D9). On the contrary, it is clear that

In the gel mobility shift assay a radiolabeled
oligonucleotide was incubated with IN protein for 20 min
at 30°C and subsequently analyzed in non-denaturing gel
electrophoresis (Fig. 4A). The IN proteins (D6, D7)
containing central domain and C-terminal region showed
strong DNA-binding. But, the IN proteins containing the
central domain alone (D5) or deleted central domain with
partial C-terminal region (D8) could not bind the DNA
substrate, implying that structural integrity in the core

Fig. 4. DNA binding analysis of the HIV-1 IN deletion mutants.
A. Mobility shift assay. A radiolabeled, double stranded
oligonucleotide DNA, whose sequence resembles the end of U5-
LTR of HIV-1 proviral DNA, was incubated with IN proteins in
a non-denaturing condition and analyzed in 8% polyacrylamide
gel. B. UV cross-linking analysis. A radiolabeled oligonucleotide
DNA, as described above, was preincubated with IN proteins and
then irradiated with UV-light. The reaction products were
analyzed in a SDS-16.5% polyacrylamide gel.

A

B
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the N-terminal domain hardly contributes to DNA-binding
of IN protein (Figs. 4A and 4B; D1–D3). It is likely that the
N-terminal domain blocks UV-induced cross-linking of
reactive residues present at the central or C-terminal
domain as it exists in the external region of the tertiary
structure and blocks UV-transmission. In particular, D5 and
D8 showed UV-induced DNA cross-linking but failed to
bind the DNA substrate in mobility shift analysis. It
proposes that the C-terminal domain acts as a DNA-
holding motive and its deletion leads to less fitting DNA-
protein interaction even though there is still close contact
between reactive residues and DNA substrate which can be
detected in UV cross-linking.

HIV-1 IN has three functional domains. The three-
dimensional structures for each domain have been reported
using X-ray crystallography or nuclear magnetic resonance
(Cai et al., 1997; Dyda et al., 1994; Lodi et al., 1995).
However, it is still difficult to understand the exact
interaction between IN protein and DNA substrate as the
three-dimensional structure for the intact protein has not
been established yet. Therefore, biochemical studies, such
as those reported here, may help to understand the relation
and cooperation among the domains in performing
biological activity, and also to suggest basic data to
develop inhibitors against IN, targeted to functional
domains.
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