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The human immunodeficiency virus type 1 integrase protein can be specifically cross-linked to viral long
terminal repeat substrate oligonucleotides in vitro by using UV light. Site-directed mutagenesis and deletion
analyses were used to define the domains involved in the interaction of integrase with the viral DNA substrate.
Our results showed that mutation of conserved residues Pro-109 and Asp-116, which are found to be critical
for the endonuclease and integration activities of IN protein, abolished the ability of the protein to cross-link
to its DNA substrate. Furthermore, deletion analysis experiments showed that removal of 39 amino acids from
the amino terminus and deletion of 15 amino acids from the carboxyl terminus abolished DNA cross-linking.

The integration of retroviral DNA into host cell DNA is
essential for the replication of retroviruses. This process is
accomplished by the integrase (IN) protein, the only viral
protein needed for a defined set of reactions that include
endonucleolytic removal of two bases from the 3' terminus
of linear viral DNA followed by joining of the processed viral
DNA to nicked host (target) DNA (7, 8). The biochemical
properties associated with human immunodeficiency virus
(HIV) IN have been well defined by in vitro assays. These
properties include DNA binding (9, 11, 16), specific DNA
endonuclease activity (1, 4, 15, 17), DNA joining or strand
transfer activity (1, 2, 4, 10, 12), and reversal of DNA
joining, termed disintegration (3, 5).

Recent studies have pinpointed several key conserved
residues (4, 5, 10, 13, 14) and regions (4) within the integrase
that are essential for the processing and joining reactions
mediated by the enzyme in vitro. It is now believed that
residues located in the central domain of the protein form
part of a single active site. However, not much is known
about the parts of the protein that are involved in interaction
with the viral DNA substrate. To address this question, we
exposed DNA-IN protein complexes to UV light under
conditions expected to permit covalent cross-linking be-
tween DNA and residues in close contact at the time of
cross-linking.
HIV type 1 (HIV-1) IN protein was incubated with 32p-

labeled oligonucleotides representing the ends of viral long
terminal repeat (LTR) sequences, exposed to UV light, and
subjected to electrophoresis on a denaturing polyacrylamide
gel. A cross-linked product with an electrophoretic mobility
close to that of integrase protein was observed (Fig. 1). In
addition, a higher-molecular-weight band which corre-
sponded in approximate size to the dimeric form of IN
protein was observed. That this protein band was related to
IN protein was confirmed by Western immunoblot analysis
(data not shown). The reaction conditions for the cross-
linking reaction were similar to those used to assay the
endonucleolytic and integration activities of IN protein (4).
Typically, 10 pmol of IN was mixed with 2 pmol of 5'-end-
labeled oligonucleotide substrate in a total reaction volume
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of 10 ,ul containing 20 mM Tris-HCl (pH 7.6), 1 mM
dithiothreitol, and 2 mM MnCl2. The reaction mixture was
incubated on ice for 30 min and then exposed to UV light
(254 nm) for 15 min at 1,200 J/cm2/min on ice with a UV
Stratalinker 1800 (Stratagene).

Cross-linking was dependent on the presence of IN pro-
tein (Fig. 1A), divalent cations (Fig. 1B), and UV light (Fig.
1C). When IN protein was boiled prior to cross-linking, its
ability to bind DNA was greatly diminished (Fig. 1B),
reflecting the need for an optimal conformational state for
binding. The reaction was complete within 10 min of expo-
sure to UV light (Fig. 1C, lane 3). Cross-linking was sensi-
tive to high salt (500 mM), as demonstrated in Fig. 1C, lane
8, and the addition of excess of cold oligonucleotide pre-
vented the formation of a radioactive adduct (data not
shown).
The various oligonucleotide DNA substrates used to de-

termine the sequence requirements for cross-linking are
shown in Fig. 2A. Both strands were labeled with 32P at the
5' terminus with T4 polynucleotide kinase to a specific
activity of + 105 cpm/pmol and then annealed before use in
the cross-linking reaction. The substrate sequence require-
ments were studied by cross-linking of HIV-1 IN to different
HIV and murine leukemia virus LTR substrates. Equivalent
amounts (2 pmol) of substrates, all labeled to approximately
similar activities, were used in the cross-linking reaction.
Our results (Fig. 3) showed that HIV-1 IN protein exhibits
different affinities for the U3 and U5 LTRs of HIV-1, with a
reduced affinity for the U3 LTR (Fig. 3, lane 2). However,
when a longer oligonucleotide, 35 nucleotides in length,
representing the U3 end, was used, cross-linking ability was
increased, suggesting that integrase may recognize addi-
tional sequences at the U3 end (Fig. 3, lane 7). Removal of
two nucleotides (GT) from the 3' end of the U5 LTR plus
strand (Fig. 3, lane 5) partially affected DNA-protein cross-
linking. However, mutation of the recognition dinucleotide
CA to GG drastically reduced the cross-linking ability of IN
protein (Fig. 3, lane 6). In addition, HIV-1 IN protein only
weakly cross-linked to HIV-2 and murine leukemia virus U5
LTRs, shown in Fig. 3, lanes 3 and 4, respectively. No
evidence of protein-DNA cross-linking was observed when a
labeled nonspecific oligonucleotide was mixed with IN pro-
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FIG. 2. (A) Oligonucleotide DNA substrates used to determine
sequence requirements for cross-linking. The position of the 32p
label is indicated by a star. (B) Point mutations and the locations of
in-frame deletion mutations within HIV-1 IN. The corresponding
amino acid changes are indicated.8
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FIG. 1. (A) Characterization of the cross-linking reaction. De-
pendence on protein concentration. Cross-linking after addition of
increasing concentrations of IN protein, with 2 pmol of labeled
oligonucleotide substrate (HIV-1 U5). Lane M, molecular size
markers (in kilodaltons) (Rainbow markers) labeled with 14C, ob-
tained from Amersham. Lane 1, 0.1 pmol; lane 2, 1 pmol; lane 3, 10
pmol; lane 4, 20 pmol of IN protein. The arrows indicate the
positions of monomeric (lower) and dimeric (upper) IN proteins. (B)
Requirement for divalent cations. The effects of 1 mM MnCl2 (lanes
2 and 3) and 1 mM MgCl2 (lanes 5 and 6), 2 mM MnCl2 (lanes 8 and
9) and 2 mM MgCl2 (lanes 11 and 12), and 5 mM MnCl2 (lanes 14 and
15) and 5 mM MgCl2 (lanes 17 and 18) on cross-linking of IN protein
were determined. Divalent cation was omitted in lanes 1, 4, 7, 10,
13, and 16. IN protein was boiled for 10 min prior to cross-linking
(lanes 2, 5, 8, 11, 14, and 17). The positions of molecular size
markers are shown on the left (in kilodaltons). (C) Time course of

tein and exposed to UV light (Fig. 2, lane 8), demonstrating
the specificity of the cross-linking reaction.
Although specific DNA binding could not be detected in

DNA-binding competition experiments (16), our results sug-
gest that some degree of terminal specificity exists in the
formation of an initial DNA-protein complex and that it is
trapped in this state by covalent cross-linking of DNA to IN
protein by UV light. That terminal sequences influence IN
function is supported by evidence from adduct interference
studies performed with U5 and U3 DNA ends, in which it
was found that specific DNA sites at the ends of HIV DNA
are required for IN function (2). Similar findings have also
been reported by other groups (11, 12, 17).

Effect of deletion mutations on the cross-linking ability of IN
protein. The generation of recombinant HIV-1 IN protein,
deletion mutations, and site-directed mutations has been

cross-linking of IN protein to viral substrate DNA (lanes 1 to 4) and
effect of NaCl (lanes 5 to 8). Ten picomoles of IN was mixed with 2
pmol of oligonucleotide substrate labeled at the 5' end of both
strands, incubated on ice, and exposed to UV light (1,200 J/min) for
0 min (lane 1), 1 min (lane 2), 10 min (lane 3), or 30 min (lane 4). The
reaction was stopped by the addition of sodium dodecyl sulfate
(SDS) sample buffer and a 15-fold excess of cold substrate DNA.
The samples were then heated at 95°C for 5 min and loaded onto
10.5% polyacrylamide gels containing SDS. The gels were visual-
ized by autoradiography. Molecular size markers (in kilodaltons) are
shown in lane M.
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FIG. 3. Substrate sequence requirements for cross-linking to IN.
Lanes: HIV-1 U5 (lane 1), HIV-1 U3 (lane 2), HIV-2 U5 (lane 3),
murine leukemia virus (MuLV) U5 (lane 4), HIV-1 U5(-2) (lane 5),
HIV-1 U5 with CA mutated to GG (lane 6), and HIV-1 U3 35-mer
(lane 7); lane 8, cross-linking reaction with a nonspecific oligomer as
a control. The sequences of all substrates used are shown in Fig. 2A.
Positions of molecular size markers are shown on the left (in
kilodaltons).

described previously (4). The mutant IN proteins (Fig. 2B)
were purified in the same way as the wild-type protein and
exhibited identical chromatographic profiles, yielding equiv-
alent quantities of protein (4). To determine whether se-
quences located at the amino and carboxyl ends of HIV-1 IN
protein were required for interaction with DNA, several
C-terminally truncated forms and one N-terminal deletion
mutant were affinity purified and analyzed for their ability to
cross-link to labeled HIV-1 U5 oligonucleotide substrate. We
found that removal of 39 amino acids from the amino
terminus completely abolished DNA cross-linking and that
deletion of 5 amino acids from the carboxyl terminus par-
tially affected but deletion of 15 amino acids drastically
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FIG. 4. Effects of in-frame deletions on cross-linking ability of
IN protein. All reactions were performed in a 10-11 total volume
with equal amounts (10 pmol) of purified wild-type (WT) or mutated
IN proteins and 2 pmol of labeled HIV-1 U5 LTR DNA. Arrows
indicate the positions of cross-linked full-length monomeric and
dimeric IN proteins. Lane M, molecular size markers (in kilodal-
tons).
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FIG. 5. Cross-linking ability of IN proteins with site-directed
mutations. All reactions were performed in a 10-pl total volume with
equal amounts (10 pmol) of purified wild-type (WT) or mutant IN
proteins and 2 pmol of labeled HIV-1 U5 LTR DNA. Arrows
indicate the positions of cross-linked monomeric and dimeric IN
proteins. Lane M, molecular size markers (in kilodaltons).

affected DNA cross-linking ability (Fig. 4). These results
suggest that residues in the N-terminal and C-terminal por-
tions of the IN protein contribute to DNA recognition either
directly or indirectly by influencing protein folding.

Since the N-terminal deletion also removed the residues of
a putative Zn2+-binding motif (6), another highly conserved
motif among retroviral endonucleases, site-directed substi-
tution of these residues would reveal their role in DNA
recognition binding, if any. It has been reported previously
that substitutions of these conserved His and Cys residues
do not completely abolish the catalytic activity of the inte-
grase (5, 10). Our preliminary results with a Cys-43 -- Ser IN
mutant also confirm that substitution of this conserved
residue does not influence the catalytic activity of IN or the
cross-linking of IN to its substrate DNA (5a).

Cross-linking ability of mutant IN proteins. We used sev-
eral different site-directed HIV-1 IN mutations to determine
the ability of the mutant proteins to cross-link to the HIV-1
U5 LTR. Point mutations were introduced in a central region
of the protein containing the sequence Thr-115-Asp-Asn-
Gly-118, which is well conserved among retroviral endonu-
cleases (6, 10). We selected point mutations Pro-109 -* Ser,
Thr-115 -- Ala, Asp-116 -- Ala, and Asp-116 -- Asn, which
substituted highly conserved residues, whereas Thr-112, a
nonconserved residue, was changed to Ala. Additional site-
directed changes were Asp-64 -- Ala and Glu-152 -- Ala,
two conserved residues, and Gly-189 -- Ala, a nonconserved
residue. The production and purification of wild-type and
mutant IN proteins have been described previously (4).
Our results with cross-linking experiments showed that

mutation of conserved residues Pro-109 and Asp-116, which
were found to be critical for the endonuclease and integra-
tion activities of IN protein in vitro (4), also abolished the
DNA cross-linking ability of the protein (Fig. 5, lanes 2 to 4).
However, other highly conserved residues, Asp-64 and
Glu-152, also found to be essential for IN activity and
located in the amino- and carboxyl-terminal halves of the
protein, respectively, did not appear to be involved in
interacting with DNA, since the cross-linking ability of the
proteins with these residues was not impaired (Fig. 5, lanes
6 and 7). Mutation of Thr-115 to Ala, another conserved
residue, slightly decreased cross-linking ability (Fig. 5, lane
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5). Substitution of Gly-189, a nonconserved residue (Fig. 5,
lane 8), marginally decreased cross-linking, but substitution
of Thr-112 did not impair the cross-linking reaction (Fig. 5,
lane 9). However, it must be noted that cross-linking ability
as mentioned here is qualitative and is only used to make
relative comparisons. Slight differences between mutant
proteins are not necessarily functionally relevant.
We (4) and others (5, 10) have shown previously that

conserved residues Asp-64, Pro-109, Asp-116, and Glu-152
are essential for all three catalytic activities of the HIV-1 IN
protein in vitro, namely, specific endonucleolytic cleavage,
DNA joining or integration, and disintegration. We find,
however, that among these conserved residues, Asp-64 and
Glu-152 are not required for interaction with DNA, as
measured in a UV cross-linking reaction, whereas Pro-109
and Asp-116 appear to be essential. Obviously, these results
do not reveal whether those critical residues contact the
substrate directly or influence the local conformation of a
putative binding domain. Nevertheless, we suggest, from
these and previous observations, that Asp-116, as part of the
active site of the integrase, may be responsible for binding
Mg2+ and DNA to form a metal coordination complex.
Thus, mutants containing a substitution of Asp-116 are
unable to bind DNA, becoming catalytically inactive. This is
in contrast to the roles of Asp-64 and Glu-152, which also
likely form part of the active site but apparently do not
contribute directly to the formation of metal-DNA coordi-
nate complexes.

This study shows, for the first time, possible differences in
the roles played by putative active-site residues in DNA
binding versus cleavage and integration activities. Our ap-
proach has been to identify residues that are in close contact
with DNA as being functionally significant. Studies are
under way to confirm the importance of these amino acid
residues in DNA binding, by performing partial proteolysis
of covalently cross-linked DNA-protein complexes and then
pinpointing the individual residues cross-linked to DNA by
peptide sequencing.
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