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The integrase encoded by human immunodeficiency virus type 1 (HIV-1) is required for integration of viral
DNA into the host cell chromosome. In vitro, integrase mediates a concerted cleavage-ligation reaction (strand
transfer) that results in covalent attachment of viral DNA to target DNA. With a substrate that mimics the
strand transfer product, integrase carries out disintegration, the reverse of the strand transfer reaction,
resolving this integration intermediate into its viral and target DNA parts. We used a set of disintegration
substrates to study the catalytic mechanism of HIV-1 integrase and the interaction between the protein and the
viral and target DNA sequence. One substrate termed dumbbell consists of a single oligonucleotide that can
fold to form a structure that mimics the integration intermediate. Kinetic analysis using the dumbbell
substrate showed that integrase turned over, establishing that HIV-1 integrase is an enzyme. Analysis of the
disintegration activity on the dumbbell substrate and its derivatives showed that both the viral and target DNA
parts of the molecule were required for integrase recognition. Integrase recognized target DNA asymmetrically:
the target DNA upstream of the viral DNA joining site played a much more important role than the
downstream target DNA in protein-DNA interaction. The site of transesterification was determined by both the
DNA sequence of the viral DNA end and the structure of the branched substrate. Using a series of
disintegration substrates with various base modifications, we found that integrase had relaxed structural
specificity for the hydroxyl group used in transesterification and could tolerate distortion of the double-helical
structure of these DNA substrates.

Integration of a double-stranded DNA copy of the retrovirus
genome into a chromosome of the host cell is essential for
efficient viral replication (9, 24, 27, 30). Genetic studies have
shown that retrovirus integration requires two viral compo-
nents: integrase (encoded by the 3' end of the pol gene) and
DNA sequences at the ends of the viral long terminal repeats
(for reviews on retrovirus DNA integration, see references 3,
17, and 35). Analysis of the integration reaction in vivo and in
vitro has demonstrated that it proceeds in the following three
steps: (i) 3' processing, in which integrase removes 2 nucleo-
tides from the 3' end of each strand of linear viral DNA so that
the viral 3' ends terminate with the CA dinucleotide (5, 14, 22,
28); (ii) strand transfer, a concerted cleavage-ligation reaction
during which integrase makes a staggered cut in the target
DNA and ligates the recessed 3' ends of the viral DNA to the
5' ends of the target DNA at the cleavage site (5, 10, 13, 21),
producing a gapped intermediate; and (iii) gap repair, in which
the integration process is completed by removal of the 2
unpaired nucleotides at the 5' ends of the viral DNA and
repair of the gaps between the viral and target DNA se-
quences, thereby generating the short direct repeats that flank
the provirus. The protein factors involved in the last step of the
reaction remain to be characterized.
The first two steps of the reaction, which are integrase

dependent, do not require the presence of a nucleotide
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cofactor as an energy source (4, 10), and each step proceeds by
a one-step transesterification mechanism (12). Using a sub-
strate that mimics the initial integration intermediate, we
showed previously that human immunodeficiency virus type 1
(HIV-1) integrase can catalyze the strand transfer reaction in
reverse and resolve the intermediate into its viral and target
DNA parts. The reverse reaction is called disintegration (8).
Integrase can also mediate DNA cleavage-ligation on an
altered disintegration substrate in which the entire viral por-
tion is single stranded, an activity we termed DNA splicing (7,
8, 31, 36, 37). The discovery of this DNA splicing activity led us
to propose that integrase may have other biological roles
during the retrovirus life cycle, such as viral 5'-end joining and
viral recombination. As exemplified by the DNA splicing
activity, the sequence and structure requirements for disinte-
gration are less stringent than those for 3' processing and
strand transfer (8). This characteristic allows many genetic
variants of integrase that lack detectable activity in 3' process-
ing and strand transfer to retain disintegration activity (7, 11,
26, 34, 36, 37). Thus, the disintegration assay has played an
essential role in locating the catalytic domain of integrase and
will be useful in mapping other functional domains of the
protein.
Compared with the substrates used in other in vitro assays

for integrase activity, the disintegration substrate has the
unique property that the site of integration of viral DNA into
target DNA is predetermined and can be manipulated. In this
study, this property was exploited by using novel DNA sub-
strates to identify features of viral and target DNA structure
important for integrase recognition, the structural specificity of
the nucleophile, and the sequence and structure involved in
determining the site of transesterification during disintegra-
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tion. Our results show that integrase recognizes target DNA
asymmetrically and that several features of the substrates do
not require double-helical structure for recognition by the
protein.
The reversibility of the strand transfer reaction suggested

that integrase may function as an enzyme. The present study
provides kinetic evidence proving that HIV-1 integrase is an
enzyme.

MATERIALS AND METHODS

Enzymes. HIV-1 integrase was expressed in Escherichia coli
using the T7 polymerase-promoter system (32) and purified as
described previously (36). T4 polynucleotide kinase, T4 DNA
ligase, and restriction endonucleases were purchased from
New England Biolabs. Exonuclease-free Klenow fragment of
E. coli DNA polymerase I was from United States Biochemical
Corp. E. coli exonuclease III was from Stratagene and New
England Biolabs. Terminal deoxyribonucleotidyl transferase
was obtained from Boehringer Mannheim.

Nucleotides and oligonucleotides. Deoxyribonucleotides
were purchased from Pharmacia LKB. [ct-32P]dATP, [a_32p]
dCTP, and [_-32P]ATP with specific activities of 3,000 to 4,500
Ci/mmol were obtained from ICN. [_-32P]3'-dATP (cordyce-
pin 5'-triphosphate) with a specific activity of 5,000 Ci/mmol
was from New England Nuclear. [cx-32P]ddATP with a specific
activity of 3,000 Ci/mmol was from Amersham. A controlled-
pore glass column containing 2',3'-dideoxyadenosine for oli-
gonucleotide synthesis was obtained from Midland Certified
Reagent Company. Oligonucleotides were purchased from
Operon Technologies, Inc., and were purified by electrophore-
sis through a 15% denaturing polyacrylamide gel before use.

Disintegration assay for integrase activity. Oligonucleotides
were labeled either at the 5' end with T4 polynucleotide kinase
and [_-32P]ATP or at the 3' end with exonuclease-free Klenow
fragment of E. coli DNA polymerase I and [ct-32P]dCTP (28a).
Unincorporated radioactive nucleotides were removed from
the labeled oligonucleotide by centrifugation through small
columns (0.9-ml bed volume) of Sephadex G-15 (Sigma).
Preparation of the Y oligomer (Fig. IB) and its structurally
related substrates for the disintegration assay was done as
described previously (8). The novel DNA substrate, the dumb-
bell (Fig. IC), and its derivatives were prepared by heating the
oligonucleotide in a solution containing 10 mM Tris-HCl, (pH
7.5), 1 mM EDTA, and 0.1 M NaCl for 3 min at 80°C, then
slowly cooling to room temperature, and finally chilling to 4°C.
The reaction conditions for the disintegration assay were
essentially the same as previously described (8). Typically in a
20-LI volume, the DNA substrate was incubated with HIV-1
integrase for 60 min at 37°C in a reaction buffer containing
final concentrations of 20 mM N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid (HEPES) (pH 7.5), 10 mM MnCl,, 10
mM dithiothreitol, 0.1 mM 3-[(3-cholamidopropyl)-dimethyl-
ammonio]-1-propanesulfonate (CHAPS), and 0.05% Nonidet
P-40. The concentrations of integrase used throughout this
report refer to protomers and not necessarily active enzyme
molecules. The reaction was stopped by the addition of 18 mM
EDTA and 0.1% sodium dodecyl sulfate. The reaction prod-
ucts were heated at 90°C for 3 min before analysis by electro-
phoresis on 15% polyacrylamide gels with 7 M urea in Tris-
borate-EDTA buffer. Quantitation of the products was carried
out with a Molecular Dynamics Densitometer or a Molecular
Dynamics Phosphorlmager.

Ethylation interference. The conditions of ethylation were
essentially the same as those of Siebenlist and Gilbert (31a).
Oligonucleotides, labeled at the 5' termini, were suspended in

50 mM sodium cacodylate (pH 8.0). An equal volume of
ethanol, saturated with N-nitroso-N-ethylurea (Sigma) was
added, and the solution was incubated at 50°C for 30 min.
After incubation, the solution was spun through a Sephadex
G-15 column (0.9-ml bed volume). The DNA was further
purified by electrophoresis on a 15% denaturing polyacryl-
amide gel. The labeled, ethylated DNA was then annealed with
other oligonucleotides to form the Y oligomer. Disintegration
of the ethylated substrate was carried out as described above,
and the labeled products were isolated on a 15% native or
denaturing polyacrylamide gel. The isolated disintegration
products were resuspended in 0.15 M NaOH and cleaved at
ethyl phosphates by heating at 90°C for 30 min. An equal
volume of formamide buffer was added, and the cleaved
products were analyzed on a 15% denaturing polyacrylamide
gel.

RESULTS

The dumbbell substrate undergoes disintegration mediated
by HIV-1 integrase. The dumbbell substrate is made up of a
single oligonucleotide 38 nucleotides long. The folded struc-
ture of the dumbbell substrate depicted in Fig. IC was based
on previous results obtained from studies examining the for-
mation of hairpins using similar DNA sequences (1, 2). We
have not determined the structure of the dumbbell substrate
experimentally or the influence of other factors, such as helical
stacking, on the final structure of the substrate. However, we
believe that most, if not all, of the structural features shown are
correct because of the following results. (i) The substrate was
recognized by integrase and formed expected products (see
below). (ii) The substrate migrated at a faster rate on a
denaturing (7 M urea) polyacrylamide gel than oligonucleo-
tides of an identical length but composed of random sequences
(data not shown). The rapid mobility is a characteristic shared
by other oligonucleotides that form stable hairpins (18, 19).
(iii) More than 95% of the substrate migrated as a single band
with a size corresponding to that of a monomolecule on a
native polyacrylamide gel, indicating that species resulting
from annealing of two or more molecules were not formed
(data not shown). The folded substrate has 5 bp of viral
sequence and 10 bp of nonviral sequence. The nonviral se-
quences, which are arbitrary, were used as target DNA and are
referred to as such in this report. Disintegration, the reverse of
the strand transfer reaction, is a concerted strand cleavage-
ligation reaction (8). The strand cleavage occurs precisely at
the junction between the viral and target DNA sequences and
is coupled to the rejoining of the interrupted target DNA
sequences. Disintegration of the dumbbell substrate was there-
fore expected to form two products: a 14-nucleotide hairpin
and a 24-nucleotide circular molecule. The reaction was mon-
itored by labeling either the 5' or 3' end of the oligonucleotide.
In both 5'- and 3-labeled substrates, we detected the appear-
ance of products with the expected sizes (Fig. 2). Similar to the
disintegration of the Y oligomer, the reaction required inte-
grase and Mn2+ (8). The 24-nucleotide molecule, after its
isolation from the gel, showed the expected cleavage patterns
after digestion with HpaII and HaeIII (data not shown). We
verified that the isolated product was a closed loop by its
inability to undergo chain elongation by terminal deoxyribo-
nucleotidyl transferase and its resistance to digestion by E. coli
exonuclease III under conditions where control substrates
corresponding to the unligated target DNA part of the dumb-
bell molecule were acted on by these enzymes (data not
shown). Demonstration of disintegration activity with the
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FIG. 1. Novel synthetic DNA substrates that mimic the recombi-
nation intermediate of retrovirus integration. (A) Diagram of the
integration intermediate. Thick lines represent the U5 and U3 ends of
the long terminal repeats of provirus DNA. Thin horizontal lines
represent target DNA. Vertical lines represent the 5 bp of target DNA
between the staggered breaks. Half-arrows denote the locations of the
3'-OH ends of DNA strands. The region of the intermediate mimicked
by the synthetic DNA substrates (see panels B and C) is highlighted by
the dashed circle. (B) Y oligomer. The substrate is formed by
annealing four separate oligonucleotides as described previously (8).
The DNA sequences of the U5 end of the HIV-1 (HXB2) long
terminal repeat (in boldface type) and the target DNA sequences
derived from plasmid wAN13 (not in boldface type) are shown. The
names and lengths (in nucleotides) of the oligonucleotides are indi-
cated. (C) Dumbbell substrate. The substrate consists of a single
oligonucleotide 38 nucleotides long. The two unpaired 5' nucleotides
of the viral DNA, which are not essential for disintegration (8), are not
included in the dumbbell substrate. The predicted secondary structure
shown and the numbers of nucleotides in the hairpin loops are based
on the results of Blommers et al. (2) and Antao et al. (1). The DNA
sequences of the HIV-1 U5 end (in boldface type) in the hairpin stem
and the arbitrary DNA sequences representing target DNA (not in
boldface type) are shown.
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FIG. 2. Disintegration of the dumbbell substrate by HIV-1 inte-
grase. Correct strand cleavage and ligation of the dumbbell substrate
(38-mer) is expected to form two products: a 14-nucleotide hairpin and
a 24-nucleotide closed circular DNA. The dumbbell substrate was
labeled at the 5' end (closed circle) with T4 polynucleotide kinase and
[y-_32P]ATP. The DNA sequence of the starting oligonucleotide (37-
mer) for 3'-end labeling is identical to the first 37 nucleotides of the
38-mer dumbbell substrate (Fig. IC), and the terminal nucleotide was
filled in with exonuclease-free Klenow fragment of E. coli DNA
polymerase I and [o-32P]dCTP (closed square). The labeled oligonu-
cleotide 38 nucleotides long was purified by electrophoresis through a
15% denaturing polyacrylamide gel. The oligonucleotide, labeled
either at the 5' or 3' end, was incubated with (+) or without (-) HIV-l
integrase (IN) and Mn2+ as indicated above the gels. The reaction was
carried out as described in Materials and Methods. The reaction
products were analyzed on a 15% denaturing polyacrylamide gel. As
size markers, oligonucleotides with sequences identical to those of the
two expected disintegration products were synthesized. The ends of the
synthetic 24-nucleotide molecule were then ligated with T4 DNA
ligase and used as a marker for the circular product (markers are not
shown in the figure).

dumbbell substrate indicated that small fragments of viral
DNA and target DNA were sufficient for disintegration.
As previously observed with the Y oligomer (8), the viral

DNA sequence influenced the disintegration reaction cata-
lyzed by integrase. Substitution of the conserved CA dinucle-
otide at the viral 3' end with TC reduced disintegration fivefold
(data not shown).
HIV-1 integrase is capable of turning over. We used disin-

tegration of the dumbbell substrate as an assay for kinetic
analysis of HIV-1 integrase. By determining the initial velocity
of the reaction at different substrate concentrations, we calcu-
lated the K1,, for this substrate to be 140 nM (Fig. 3A). To
determine whether integrase is capable of turning over, we
incubated the protein with a 30-fold molar excess of the
dumbbell substrate and monitored the formation of product
over time (Fig. 3B). The concentration of the dumbbell
substrate used in the turnover experiment was sevenfold higher
than the Km to ensure that the substrate was saturating the
integrase. After 12 h of incubation, a reaction mixture contain-
ing 33 nM integrase generated more than 600 nM product.
This result indicates that integrase was capable of turning over,
with an apparent kcat (catalytic constant) of 1.8 h-' (Fig. 3B).
The demonstration that integrase could turn over catalytically
proves that HIV-1 integrase is an enzyme. Recently, Jones and
coworkers (20) showed that integrase of Rous sarcoma virus is
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FIG. 3. Kinetic experiments using the dumbbell substrate. (A)
Determination of Km. Various concentrations (50 to 1,500 nM) of the
dumbbell substrate labeled at the 5' end were incubated with 50 nM
HIV-1 integrase under standard reaction conditions. Aliquots of the
reaction mixture were removed at 2, 5, and 10 min after the start of the
reaction, and the formation of the labeled 14-mer hairpin was deter-
mined. The rate of the reaction at each substrate concentration was

calculated, and the Km value of the dumbbell substrate was determined
with an Eadie-Hofstee plot. v, reaction rate; s, substrate concentration.
(B) Turnover of HIV-1 integrase. The dumbbell substrate (1 mM)
labeled at the 5' end was incubated with 33 nM HIV-1 integrase. The
formation of the labeled 14-mer hairpin product was determined at 0,
2, 4, 8, 10, 12, 14, 16, 20, and 24 h after the start of the reaction. The
apparent kcat was determined by calculating the slope of the curve

during the first 10 h of the reaction. The apparent kcat obtained is likely
an underestimation, since the calculation method assumes that all
integrase in the reaction is enzymatically active and that the active unit
of integrase is a monomer.

capable of turnover in the 3' processing and strand transfer
reactions.
Both the viral and target DNA parts of the dumbbell

substrate are required for integrase recognition. Since the
dumbbell substrate contains both viral and target DNA se-

quences, it was not known whether its recognition by integrase
was mediated mainly via the viral or target DNA part or both.
This question was addressed by carrying out a competition
experiment in which integrase was incubated with an equimo-
lar concentration of labeled dumbbell substrate (Fig. 4). In the
positive control, a 1- to 10-fold molar excess of unlabeled
dumbbell substrate was added simultaneously with the labeled
molecule and the formation of product was measured 25 min
after the start of the reaction. As shown in Fig. 4B, when
unlabeled dumbbell substrate was added so that the overall
substrate concentration ranged from 0.7 to 4 times the K,,,, the
unlabeled substrate competed with the labeled molecule for
the fixed concentration of integrase and resulted in a propor-

80
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0 2 4 6 8 10

DNA Ratio (Unlabeled/Labeled)
FIG. 4. Neither the viral nor target DNA part of the dumbbell

substrate competes with the dumbbell substrate for HIV-1 integrase.
(A) Sequences and predicted secondary structures of DNA substrates
used in the competition experiment. The predicted secondary struc-
tures and the numbers of nucleotides in the hairpin loops are based on
the results of Blommers et al. (2) and Antao et al. (1). Analysis of these
DNA substrates on a 15% native polyacrylamide gel showed that they
did not form bimolecular or higher-molecular-weight species under the
described reaction conditions (data not shown). In substrates a and b,
the DNA sequences correspond to the U5 end of HIV-1. In substrates
a and c, the DNA sequences correspond to the viral and target parts of
the dumbbell substrate, respectively. The DNA sequence in substrate
d is arbitrary and represents target DNA. The 3'-OH ends of DNA
strands are denoted by half-arrows. The lengths of substrates a, b, c,
and d are 18, 36, 24, and 38 nucleotides, respectively. (B) Competition
experiment. The dumbbell substrate (50 nM) labeled at the 5' end was
mixed with 0, 50, 125, 250, or 500 nM of unlabeled dumbbell substrate
(O) or one of the four substrates shown in panel A. The mixture was
incubated with 50 nM HIV-1 integrase under the standard reaction
conditions for 25 min at 37°C. The reaction products were separated by
electrophoresis on a 15% denaturing polyacrylamide gel. The forma-
tion of the labeled 14-mer hairpin product was quantitated with a

Molecular Dynamics PhosphorImager.

tional decrease in product formation. When we divided the
dumbbell into its viral (db-v18 [Fig. 4A]) and target (db-t24
[Fig. 4A]) DNA parts, neither fragment was efficient in com-
peting with the labeled dumbbell substrate (Fig. 4B). We
attributed this to the small size of the dumbbell oligonucleo-
tide; loss of stabilizing interactions provided by larger viral and
target DNA substrates leads to an absolute requirement for
interactions with both viral and target DNA sequences of the
dumbbell substrate. When the dumbbell was separated into
individual parts, each part was too small to provide stable
interaction. Indeed, when we increased the length of the target
part of the dumbbell from 24 to 38 nucleotides (db-t38 [Fig.
4A]) or the viral part from 18 to 36 nucleotides (db-v36 [Fig.

Km= l4OnM

I
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4A]), we observed effective competition against the labeled
dumbbell molecule (Fig. 4B). The observed competition was
not an artifact caused by the hairpin structure of the compet-
itors: similar results were obtained with double-stranded,
blunt-ended oligonucleotides containing viral or target DNA
sequences (data not shown). The inefficient binding of db-v18
to integrase was consistent with its inability to undergo 3'
processing and strand transfer reactions, whereas db-v36,
which was an efficient competitor, showed normal levels of 3'
processing and strand transfer under identical reaction condi-
tions (data not shown). The effectiveness of nonspecific target
DNA as a competitor is consistent with previous reports
showing that oligonucleotides containing nonspecific se-
quences can compete effectively against oligonucleotides con-
taining viral end sequences for binding to HIV-1 integrase (29,
33, 39).
Asymmetric recognition of target DNA by HIV-1 integrase.

Previous results from our laboratory suggested that integrase
may recognize the target DNA asymmetrically, i.e., the 5' and
3' sides of the target DNA, in reference to the site of
integration of viral DNA, are recognized unequally by inte-
grase. When the lengths of the products formed from the
strand transfer reaction were analyzed, products with sizes
corresponding to integration near the 3' end were abundant,
but products of integration events near the 5' end were not
detected (Fig. SB). To test the possibility that the asymmetric
pattern of integration was due to a sequence effect imposed by
the HIV-1 U5 DNA (C220/120 [Fig. 5A]), we examined the
sites of integration by using a modified strand transfer assay
similar to that described by Leavitt et al. (25). The unlabeled
U5 DNA was used as a donor molecule. Oligonucleotides,
which were made up of arbitrary sequences and have no overt
homology among themselves or to the U5 or U3 region of HIV
long terminal repeat, were singly labeled at the 3' end and were
used as target DNA (Fig. SA). Integration of the processed U5
DNA (19 nucleotides) at the furthest 3' position of any
3'-labeled target DNA generates a 20-nucleotide product,
whereas integration at the furthest 5' position generates a
40-nucleotide product for S21/22, TI 1/12, and T227/228, and a
39-nucleotide product for T45C/45. Similar to the results
obtained with U5 DNA, using the described random oligonu-
cleotides as target DNA, we observed integration near the 3'
end and the internal region of the DNA molecules, but no
integration occurred near the 5' end (Fig. 5C). The absence of
an integration product longer than 36 nucleotides indicates
that the terminal 4 nucleotides at the 5' end were not used as
target sites. This led us to hypothesize that recognition of
target DNA by integrase is asymmetric.
We studied further the asymmetric requirement of target

DNA with three modified dumbbell substrates (Fig. 6). In the
standard dumbbell substrate (Fig. IC), there are 5 bp of target
sequences on each side of the viral DNA-target DNA junction.
In the modified substrates, the 5' deleted (Fig. 6, substrate A)
and 3'-deleted (Fig. 6, substrates B and C) substrates, the right
(corresponding to the 5' end) and left (corresponding to the 3'
end) sides, respectively, of the disrupted target DNA strand
were unchanged, while the remaining sides were reduced to 2
bp. The 5'-deleted substrate showed an activity that was almost
indistinguishable from the standard dumbbell, whereas both of
the 3'-deleted molecules had only 8 to 18% of the standard
activity. It is possible that the poor activities of the 3'-deleted
substrates were not due to the deletion of the target DNA but
to instability of the short hairpin stem. We did not favor this
possibility because substrate C (Fig. 6) contains a sequence
(5'-GCGAAAGC) that forms an unusually stable minihairpin
with a melting temperature of 76.5°C (19). The result obtained
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T45C/45
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U5 T227/228 T45/45C T11/12 S21/22

FIG. 5. Absence of integration near the 5' end of target DNA. (A)
Oligonucleotides used in determining sites of integration. C220/120
DNA contains DNA sequences of the U5 end of the HIV-1 (HXB2)
long terminal repeat, and the conserved CA dinucleotide is indicated
in boldface type. The DNA sequences of random oligonucleotides are
arbitrary and have no overt homology among themselves or to the U5
or U3 region of HIV-1 long terminal repeat. Synthetic oligonucleo-
tides were purified as described in Materials and Methods. The
purified oligonucleotides were labeled at the 5' or 3' end, and
unincorporated radioactive nucleotides were removed by centrifuga-
tion through spin columns or electrophoresis in 15% denaturing
polyacrylamide gels. The labeled DNAs were annealed with their
complementary strands by heating to 80°C, followed by slow cooling to
room temperature. The numbers in parentheses indicate the lengths
(in nucleotides) of the oligonucleotides. (B) Strand transfer assay using
HIV-1 U5 DNA. C220/120 DNA was labeled at the 5' end of the C220
strand using T4 polynucleotide kinase and [_y-32P]ATP. The labeled
substrate (0.1 pmol) was incubated with 1.5 pmol of HIV-1 integrase,
and the reaction conditions were as described in Materials and
Methods. (C) Strand transfer assay using random oligonucleotides as
target DNA. Oligonucleotides S22, T12, T228, and T45 were labeled at
the 3' end using terminal deoxyribonucleotidyl transferase and
[a-32P]ddATP before annealing with their corresponding complemen-
tary strands (panel 5A). Unless otherwise indicated, unlabeled U5
DNA (0.1 pmol) was incubated with 1.5 pmol of HIV-1 integrase in a
total volume of 20 p.l for 1 min at 37°C before the addition of 0.1 pmol
of labeled target DNA. The reaction mixture was then further incu-
bated for 60 min at 37'C. In panels B and C, the size markers were
prepared by digesting a 5' 32P-labeled 44-nucleotide DNA (38 FLM)
with 2 p.g of P1 nuclease per ml for 5 min at 37°C. The absence (-) or
presence (+) of C220/120 DNA (U5) and HIV-1 integrase (IN) is
indicated above the gels. The numbers between the two panels denote
the lengths (in nucleotides) of the size markers (M).

with the 5'-deleted substrate indicated that for full activity the
5' side of the target DNA was dispensable. The large difference
in activity between the 5'- and 3'-deleted substrates is consis-
tent with the hypothesis that the recognition of target DNA is
asymmetric.

Mismatches in the target DNA part of a disintegration
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FIG. 6. Differential effect on disintegration of deleting the 5' or 3'
side of the target DNA of the dumbbell substrate. Substrates A, B, and
C were modified from the standard dumbbell molecule (Fig. 1C). The
viral DNA sequences (in boldface type) and target DNA sequences

(not in boldface type) are shown. The 5'- or 3-deleted molecule (5
nM) was labeled at the 5' end and incubated with (+) or without (-)
75 nM HIV-1 integrase under the standard reaction conditions. The
formation of the labeled 14-mer hairpin was determined, and the
activities of the modified substrates were expressed as percentages of
that obtained using standard dumbbell as a control. Under identical
conditions, 85% of the labeled standard dumbbell was converted to the
labeled 14-mer hairpin molecule. For each set of reactions, the
positions of the substrate (open arrowhead) and disintegration product
(solid arrowhead) are shown.

substrate showed analogous asymmetric effects on disintegra-
tion. The mismatched substrates were modified from the Y
oligomer, rather than the dumbbell substrate, to minimize the
effect of a mismatch on the overall helical structure of the
DNA molecule. We found drastic differences in disintegration
activities, depending on whether the mismatch was located
upstream or downstream of the viral DNA joining site (Fig. 7).
The activity obtained with the substrate containing a mismatch
downstream of the joining site was 10-fold higher than that
obtained with the substrate containing a mismatch upstream of
the joining site.
Asymmetric recognition of target DNA at the integration

site was further corroborated by an ethylation interference
experiment (Fig. 8). Ethylation interference has been used
recently to probe the positions on viral DNA that are required

5' Target Mismatch

A

Activity
(% Control)

- +

-.4

50

3 Target Mismatch

IK
*-

5

S04

FIG. 7. Differential effect on disintegration of a mismatch located
upstream or downstream of the viral DNA-target DNA junction site.
The substrates were modified from the Y oligomer (Fig. 1B) and
contained a mismatch in the target DNA downstream (5' target
mismatch) or upstream (3' target mismatch) of the viral DNA joining
site. Except for the mismatched nucleotides shown, the remaining
DNA sequences and the lengths of the strands are identical to those of
the Y oligomer. The labeled, modified substrates were prepared in the
same manner as that of the Y oligomer (8). Thick lines represent viral
DNA, and thin lines represent target DNA. A solid circle denotes the
location of the 5' 32p label, and a half-arrow denotes the 3-OH end of
the labeled strand. The formation of the disintegration products was
determined, and the activities of the modified substrates were ex-
pressed as percentages of that obtained using the standard Y oligomer
(Fig. 1B) as a control. Under identical conditions, 40% of the labeled
standard Y oligomer was converted to the labeled 30-mer product. The
absence (-) and presence (+) of integrase are indicated. For each set
of reactions, the positions of the substrate (open arrowhead) and
disintegration product (solid arrowhead) are shown.

for integrase-mediated strand transfer in vitro (6). Treatment
of DNA with N-nitroso-N-ethylurea attaches ethyl groups to
the sugar-phosphate backbone (31a). In this study, we ethyl-
ated the target part of the Y oligomer and mapped the sites at
which ethylation affected the ability of integrase to recognize
the modified DNA as a substrate (Fig. 8A and B). DNA
ethylation at two positions inhibited disintegration, while ethy-
lation at two other positions enhanced the reaction (Fig. 8C).
These positions were clustered at and immediately upstream of
the junction between viral and target DNA. We did not
determine, however, whether DNA ethylation affected disin-
tegration directly by interfering with integrase binding or
indirectly by altering the structure of the substrate. The earlier
experiment carried out by Bushman and Craigie (6) was
designed to determine functional contacts on viral DNA. The
substrate they used did not permit detection of possible
contacts between integrase and the upstream target DNA.
However, they found that ethylation of the target DNA at the
position immediately downstream of the viral joining site
inhibited strand transfer. We do not believe that the down-
stream site represents an essential contact with integrase
because we did not detect such an interference for disintegra-
tion and because strand transfer events can occur one base
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FIG. 8. Probing integrase-DNA interactions by ethylation interference. The oligonucleotides used to prepare the DNA substrates were identical to
those of the Y oligomer (Fig. 1B). The zigzag lines represent ethyl groups. For the other symbols, see the legend to Fig. 6. The top target strand refers
to the target strand that is joined to the viral DNA; the bottom target strand refers to the complement of the top strand. (A) Ethylated substrate for
detection of interference on the top target strand. The Ti oligonucleotide was labeled at the 5' end. The labeled Ti and unlabeled V1/T2 DNA were

ethylated by using N-nitroso-N-ethylurea as described in Materials and Methods. The ethylated strands were annealed with untreated V2 and T3 DNA
to form the Y oligomer as previously described (8). Each Y oligomer had, on average, less than one ethyl group randomly placed on the sugar-phosphate
backbone of the Ti or V1iT2 strand. Disintegration was then carried out under the standard reaction conditions. A labeled 30-nucleotide DNA, formed
after integrase-catalyzed disintegration, was isolated by electrophoresis on a 15% denaturing polyacrylamide gel. (B) Ethylated substrate for detection
of interference on the bottom target strand. The T3 oligonucleotide was labeled at the 5' end and ethylated as described in Materials and Methods. The
labeled, ethylated strand was then annealed with oligonucleotides Ti, V2, and V1iT2 to form the Y oligomer. The disintegration product, a 30-bp DNA
fragment, was isolated by electrophoresis on a 15% native polyacrylamide gel. In both panels A and B, the isolated disintegration products were cleaved
at the positions of ethyl phosphates by heating in 0.15 M NaOH. The NaOH cleavage products were analyzed on a 15% denaturing polyacrylamide gel.

PAGE, polyacrylamide gel electrophoresis. (C) Integrase contacts on the top target strand. Lane Prod contains products of NaOH cleavage of the
disintegration product made with the ethylated Y oligomer shown in Fig. 8A. Lane Con contains products of NaOH cleavage of an unreacted, ethylated
30-nucleotide DNA (Tl-2) that is identical in DNA sequence to that of the top target strand formed after disintegration. Therefore, the DNA sequence
of Tl-2 strand is complementary to that of T3. Lanes G and C contain products of the Maxam-Gilbert sequencing reactions performed on the unethylated
Tl-2 DNA (26a). (D) Integrase contacts on the bottom target strand. Lane Prod contains products of the NaOH cleavage of the disintegration product
made with the ethylated Y oligomer shown in Fig. 8B. Lane Con contains products ofNaOH cleavage of an unreacted, ethylated T3 DNA. Lanes G and
C contain products of the Maxam-Gilbert sequencing reactions performed on the unethylated T3 DNA. NaOH treatment of a population of the
unreacted, randomly ethylated, and end-labeled DNA yields a ladder of bands after separation on a denaturing gel. A position at which ethylation
interferes with substrate recognition by integrase is recognized as a change in band intensity by comparing the NaOH cleavage patterns obtained with
the disintegration product and the unreacted substrate DNA. Positions where ethylation inhibited product formation (0), where ethylation enhanced
product formation (G3), and where ethylation did not appreciably alter product formation (0) are shown. Only the relevant part of the Y oligomer is
shown.

from the 3' end of the joining strand of target DNA (Fig. 5),
indicating that integrase does not absolutely require contacts
with the phosphodiester bond immediately downstream from
the site of integration.

Relaxed structural specificity for the nucleophilic group

during disintegration. The mechanism of 3' processing and
strand transfer mediated by integrase is a one-step in-line

transesterification (12). The attacking nucleophile in strand
transfer is the 3'-OH of DNA; in 3' processing, a number of
nucleophiles, such as water, glycerol, and certain aliphatic
alcohols, can be used (12, 38). Disintegration normally involves
a nucleophilic attack by the 3'-OH of target DNA on the
phosphodiester bond between the viral and target DNA se-

quences (8). A 2'-OH group, however, could replace the
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FIG. 9. Nucleophile usage during disintegratio
strates were modified from the Y oligomer. For
symbols, see the legend to Fig. 7. In panel A and la
end of the TI oligonucleotide was labeled with th
nucleotidyl transferase and [r-32P]3'-dATP (corc
phate [A-2']). The labeled oligonucleotide therefori
instead of a 3-OH end of normal DNA. The banc
the product and those between the product and s
products from reintegration of a viral DNA end lil
gration. In panel B and lanes 3 and 4, the terminal r
32P-labeled target strand was 2',3'-dideoxyadenylat

3'-OH group, but with a 2.5-fold decrease in a

The target DNA product after disintegratioi
strate presumably contained an unusual 2'-5
linkage. The essential role of the -OH grol

confirmed in Fig. 9B in which substitution
nucleotide with a 2',3'-dideoxy analog comj

the disintegration activity that rejoined the ir
strand. Integrase, however, could mediate an

age reaction at the viral DNA joining site
containing substrate using water or various ale
philes (data not shown).

Reaction site determinants and effects of
double-helical structure on disintegration. A

ously that integrase can mediate disintegratior
in which the viral sequences are single stran
disintegration also occurs, albeit with a sixf
activity, using a substrate in which the highl
dinucleotide at the viral 3' end is replaced v

results indicate that integrase can recognize
not have a B-form structure and that substra
than the CA dinucleotide play a role in deterr
transesterification. We introduced base deleti
near the viral DNA-target DNA junction site
DNA substrate and examined their effects o

Substrates containing a 1- or 2-nucleotide d
end of the interrupted target strand could st
tegration (Fig. IOA). The disintegration prod
deletion substrate was isolated from the gel.
was confirmed by DNA sequencing. Sequence
that the cleavage still occurred precisely 3' to
otide and that cleavage was coupled to th(
interrupted target strand (data not shown). Sii
ligation reaction is mediated by a nucleophi
3'-OH on the phosphodiester bond 3' to the
(12), the activity observed with these deletic
plies that there must be a considerable degre

the catalytic site or that the DNA in this region can be
+ _ + distorted to allow correct transesterification to occur.

In the other group of modifications, we found that insertion
of a base pair beyond the CA dinucleotide at the viral end
decreased the activity only twofold; insertion of 2 bp decreased
the activity to around 10% of that seen with the standard Y
oligomer (Fig. 10B). Analysis of the disintegration products
from these insertion substrates provided some interesting
observations (Fig. lOB). When the insertion was I bp, a
majority of the cleavage-ligation events took place at the
phosphodiester bond immediately 3' to the CA dinucleotide,
i.e., between the terminal A nucleotide of the viral sequence
and the inserted nucleotide, while a small fraction occurred at
the branch point, i.e., the phosphodiester bond between the

_ _ inserted nucleotide and its 3' neighbor in the target DNA (Fig.
B10B). When the insertion was 2 bp, the amount of activity at

1 2 3 4 the branch point remained the same as that of 1-bp insertion,
but the frequency of cleavage-ligation events occurring at the

ne The DNA sub- bond immediately 3' to the CA dinucleotide decreased, so that
inesx and 2, the 3 the activities at these two sites became comparable. However,
erminal deoxyribo- no product was detected with a length that corresponded to
lycepin 5-triphos- disintegration at the phosphodiester bond between the 2
*e had a 2'-OH end inserted bp. The ability of the modified substrates to undergo
is appearing above correct disintegration again demonstrated the tolerance of the
,ubstrate represent catalytic site to structural distortion. This result shows that
berated by disinte- during disintegration the viral DNA sequence is the major
tucleotide of the 5' factor in determining the site of transesterification. When thete (ddA). position of the viral sequence is shifted by base insertions,

there is residual activity that is dependent on the structure,
namely, the branch point.

Lctivity (Fig. 9A).
n of such a sub- DISCUSSION
phosphodiester

up of DNA was During the retrovirus life cycle, integrase is required for
of the terminal integration of retrovirus DNA into the host cell genome. In
pletely abolished vitro, integrase alone is sufficient to carry out the major steps
iterrupted target of retrovirus integration, namely, 3' processing and strand
inefficient cleav- transfer. The strand transfer reaction that results in the
of the dideoxy- formation of an integration intermediate is reversible. Using a
cohols as nucleo- model substrate termed a Y oligomer, prepared by annealing

four separate oligonucleotides to form a structure that mimics
distortion of the the integration intermediate, we showed previously that HIV-1
{e showed previ- integrase efficiently and precisely resolves the intermediate
using substrates into its viral and target parts, a process we termed disintegra-
ded (8). Correct tion (8). In the present study, we devised a novel DNA
old reduction in substrate called a dumbbell. The substrate consists of a single
ly conserved CA oligonucleotide containing sequences that can form a second-
vith TC (8). The ary structure resembling the integration intermediate. Al-
DNA that does though the structure of the dumbbell substrate has not been

te features other determined experimentally, for reasons described earlier (see
mining the site of Results), we believe that the structure shown in Fig. IC is likely
ions or insertions correct. We showed that with such a substrate, integrase can
in a Y-oligomer mediate correct and efficient disintegration. Experiments using
n disintegration. the dumbbell substrate, the Y oligomer, and their structural
eletion at the 3' variants provided information on the functional and enzymatic
:ill support disin- properties of HIV-1 integrase.
uct of the 1-base Compared with the Y oligomer, the dumbbell substrate has
and its identity the advantages of being small, simple, and easy to prepare. The
analysis showed dumbbell substrate also offers a means of studying aspects of
the CA dinucle- integrase-catalyzed disintegration that cannot be easily ad-
e joining of the dressed by using the Y oligomer. As shown by the competition
nce the cleavage- experiment, because of its small size, recognition of the
ilic attack of the dumbbell substrate required interactions of integrase with both
CA dinucleotide the viral and target DNA parts of the substrate. This is in
n substrates im- contrast with the larger Y oligomer wherein either the viral or
e of flexibility at target DNA part of the substrate contributes substantially to
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FIG. 10. Effects of nucleotide deletion or insertion on disintegration. All of the DNA substrates are modified from the Y oligomer. For

explanation of the symbols, see the legend to Fig. 7. (A) Deletion. The modified substrates were prepared using a 5'-end-labeled target strand that
is 1 (lanes 1 and 2) or 2 nucleotides (lanes 3 and 4) shorter than that of the standard Y oligomer (Fig. 1B). The resulting unpaired nucleotides
are denoted by vertical lines. (B) Insertion. The location of the conserved CA dinucleotide in the viral DNA strand and the 1- (lanes 1 and 2) or
2-bp insertion (lanes 3 and 4) after the CA dinucleotide are indicated. The two sites of transesterification are denoted by shaded arrows. For each
set of reactions, the top and bottom disintegration products correspond to transesterification occurring at sites 2 and 1, respectively.

integrase recognition (36). Several recent studies on mutant
integrases indicate that certain integrase variants are unable to
catalyze 3' processing and strand transfer but are capable of
carrying out disintegration (7, 11, 26, 34, 36, 37). We interpret
this observation as an indication that interaction of integrase
with either the viral or target DNA part of the Y oligomer is
sufficient for substrate binding. Therefore, the differential
abilities of mutant integrases to use Y oligomer and dumbbell
as disintegration substrates can serve as an indicator for variant
proteins that are defective in recognizing either the viral or
target DNA (36).

Another distinguishing feature between the dumbbell and Y
oligomer was that HIV-1 integrase showed turnover using the
dumbbell substrate (see below) but not with the Y oligomer.
To explain the difference, we hypothesize that in disintegra-
tion, release of reaction products is ordinarily the rate-limiting
step. Stable association of disintegration products with inte-
grase occludes a DNA binding site and prevents turnover.
There is evidence that HIV-1 integrase forms stable protein-
DNA complexes during 3' processing, strand transfer, and
disintegration reactions; the formation of stable complexes is
dependent on the presence of the two unpaired 5' nucleotides

2-Base Gap

I I
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of the viral DNA (lOa). However, the disintegration products
of the dumbbell substrate, perhaps because of their small sizes
and the absence of the two terminal unpaired 5' nucleotides,
do not form stable complexes with the enzyme and thus allow
the protein to turn over.
We tested the hypothesis that integrase recognizes target

DNA asymmetrically. Depending on the position of target
DNA relative to the viral sequences, dumbbell substrates of
identical lengths had a 5- to 10-fold difference in activity. A
similar difference in activity was observed when we compared
the effect of locations of mismatches using Y oligomers. The
cleavage pattern obtained from the ethylation interference
experiment also pointed to essential interactions between
integrase and target DNA upstream, but not downstream, of
the viral DNA-target DNA junction site. The results are
consistent with the hypothesis that the target DNA upstream
of the viral joining site plays a more important role than the
downstream target DNA in interacting with integrase. In
corroboration with this observation is the result obtained from
strand transfer reaction showing that the 5'-terminal region of
target DNA was rarely used as an integration site. Experimen-
tal evidence is consistent with the notion that the nature of
target recognition is similar in the forward and reverse direc-
tions of the integration reaction. Our result therefore suggests
that in mediating integration, integrase interacts strongly with
about 4 bp of target DNA upstream of the site of integration,
but contacts with target DNA downstream are of less impor-
tance. In the in vivo reaction where two viral ends are joined at
staggered sites on opposite strands, these key contacts with
target DNA would flank the two joining sites, such that
contacts with target DNA would span at least 13 bp (Fig. 11).
Data obtained from sequencing integration targets used by
murine leukemia virus (27a) and avian myeloblastosis virus
(16) provide consistent evidence of sequence bias in target
DNA immediately flanking the two viral DNA-target DNA
junction sites, while no sequence bias is observed in the
staggered region between the junction sites. Therefore, the
positions of the nucleotides that show sequence bias are in
good agreement with the protein-DNA contacts revealed by
the ethylation interference experiment.
The findings that integrase could catalyze disintegration on

substrates that contained base substitutions, deletions, inser-
tions, or mismatches suggested that the catalytic site of inte-
grase was promiscuous and could tolerate helical distortion of
DNA substrates. Integrase normally uses the 3'-OH group of
DNA as a nucleophile for disintegration, but a 2'-OH group
could substitute for the 3'-OH group of DNA as the nucleo-
phile. Moreover, the position of the attacking -OH group
relative to the junctional phosphodiester bond was not highly
restricted. We also found that, in addition to the DNA
sequence at the viral end, the structure of the branched
substrate played a role in determining the site of transesteri-
fication. Site-directed mutagenesis studies of HIV-1 integrase
showed that substitutions of conserved amino acids in the
central region, the D,D(35)E domain, render the protein
inactive in carrying out 3' processing, strand transfer, and
disintegration (11, 23, 26, 37). This result suggests that the
D,D(35)E motif defines a single catalytic domain that is
responsible for all the catalytic activities of integrase. If this is
indeed the case, the same catalytic domain that mediates a
hydrolytic cleavage during 3' processing is also involved in
mediating transesterification during strand transfer and disin-
tegration. Since the substrates in these different reactions are
likely to pose different structural constraints on the nucleo-
phile and the phosphodiester bond involved in breakage and
joining, we propose that accommodation of these differences

syn - Configuration

5'

trans - Configuration

5'1

FIG. 11. A model showing key sites of HIV-1 integrase contact with
target DNA. Dashed lines represent the positions of integrase pro-
tomers. Open and filled symbols denote the positions at which
ethylation influences disintegration. Filled symbols denote the sites of
viral DNA joining, which are staggered by 5 bp. If we assume that joint
integration of two viral ends in vivo involves two symmetrically placed
integrase protomers, the interaction between an integrase protomer
and target DNA can have two possible configurations. In the syn
configuration, the integrase protomer that catalyzes the cleavage-
ligation reaction on a target strand makes contacts with target DNA
immediately upstream on the same strand. In the trans configuration,
the integrase protomer that catalyzes cleavage-ligation on a target
strand makes contact with the complementary strand across the major
groove. Filled and open circles represent the joining and contact sites,
respectively, of one protomer; whereas filled and open rectangles
represent the joining and contact sites, respectively, of the other
protomer. Even though the contact sites are located on both target
strands across the major groove, we believe that for each viral DNA
end, in both syn and trans configurations, the contact sites on target
DNA that are most critical for integrase interaction are those posi-
tioned immediately upstream of the viral DNA-target DNA junction.
This is based on the observations that the strand transfer reaction in
vitro can occur one base from the 3' end of the target DNA and that
disintegration of a Y oligomer was not affected by ethylation of target
DNA at positions downstream of the viral DNA-target DNA junction
site.

may be best accomplished by locally distorting the double-
helical structure of both viral and target DNA sequences, so
that the structure of the substrate in the active site need not be
determined by the secondary structure of the free substrate.
Thus, the ability of integrase to tolerate various modifications
on the DNA substrates may be a reflection of a single catalytic
site being required to catalyze two or more distinct reactions.

It has been estimated that there are about 100 copies of
integrase per virion (35), and presumably in vivo integrase
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needs to act only once at each viral DNA end for joining
retrovirus DNA to cellular DNA. In vitro, the strand transfer
reaction mediated by purified recombinant HIV-1 integrase is
generally inefficient and requires molar excess of integrase.
This led to the speculation that' HIV-1 integrase may act
stoichiometrically during integration (8a). Our earlier result
showing that the cleavage-ligation reaction is reversible cast
doubts on the hypothesis (8). In the present report, kinetic
experiments using the dumbbell substrate showed that HIV-1
integrase could turn over catalytically. The turnover number
was comparable to those obtained with the integrase of Rous
sarcoma virus (20), and the FLP recombinase of the 2[lm
plasmid of yeasts (15). The observations that integrase turns
over and that the integrase-mediated cleavage-ligation is re-
versible clearly demonstrate that integrase is not a reactant but
indeed functions as an enzyme.
Although the results described in this report were obtained

with HIV-1 integrase, similar properties were also observed
with murine leukemia virus integrase. Like HIV-1 integrase,
murine leukemia virus integrase could mediate disintegration
using the dumbbell substrate, showed asymmetric recognition
of target DNA, and tolerated distortions in the double-helical
structure of the DNA substrate (data not shown). MLV
integrase was also capable of turning over (9a).
Many small, simple DNA substrates are currently available

for studying specific properties of integrase. Miniature sub-
strate analogs, such as a dumbbell substrate containing a
modified 3' end, may provide a starting point for development
of inhibitors of integrase. Finally, the simple, efficient assays
described here can be easily adapted as screens for potential
antiretroviral agents.
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