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ABSTRACT: The virally encoded integrase protein carries out retroviral integration, which requires specific
interactions with the two ends of the viral DNA, and also with host DNA that is the target of integration.
We attached a photo-cross-linking agent to specific viral and target DNA sites to identify regions of the
integrase polypeptide that are in close proximity to those substrate features in the active integrase-DNA
complex. The active form of integrase is a multimer. The higher-order organization of the active integration
complex was therefore investigated by determining whether specific cross-links occurred to the active-
site containing protomer. Both viral and target DNA cross-links to human immunodeficiency virus type
1 (HIV-1) integrase mapped predominantly to integrase protomers in trans to the active site, in a multimeric
integrase complex. The results provide the basis for a model of the protein-DNA architecture of an
active HIV-1 integration complex that suggests specific functions for the N-terminal, core, and C-terminal
domains of retroviral integrase. One implication of this model is that the integrase multimer that mediates
concerted integration of the viral DNA ends is composed of at least eight integrase protomers.

Integration of viral DNA into the host cell genome is an
essential step in the retroviral life cycle (1). Genetic studies
have demonstrated that two viral components are required
for integration: (1) the integrase polypeptide that is encoded
by the 3′ portion of the retroviralpol gene (2-5) and (2)
viral DNA attachment sites for integrase contained within
the terminal viral DNA sequences (6-8). The integration
process consists of three discrete steps. In the first step,
integrase processes the viral DNA 3′ ends by removing two
terminal nucleotides 3′ to a conserved CA dinucleotide. Next,
integrase joins the recessed 3′-hydroxyl group of each viral
DNA end to staggered 5′ phosphates of the host cell
chromosomal DNA, creating a gapped recombination inter-
mediate. In the final step, repair of the gapped intermediate
creates an integrated provirus that is flanked by direct repeats
of the insertion site sequence (9, 10). It is uncertain if
integrase plays a role in repair of the gapped intermediate,
but integrase has been shown to be sufficient to mediate the
3′-end processing and joining steps in model studies in vitro
(11-15). Integrase can also catalyze the reverse of viral
DNA joining (disintegration) in vitro (16).

The feature of the viral DNA ends that is most important
for integration is a CA/TG dinucleotide pair located 3 and 4
base pairs from each viral DNA end. Sequence alteration
or chemical modification of these nucleotides severely
impairs end processing, integration, and also disintegration
(13, 16-19). Sequences internal to the CA dinucleotide
extending up to 15 base pairs from the viral DNA end play
significant but less important roles (6, 7, 20-24). Structural
features of the viral DNA end, such as fraying of the terminal
three base pairs, are also important during end processing
and integration (25).
Mutational analyses have distinguished three functionally

distinct regions of integrase, two of which are characterized
by amino acid motifs conserved among retroviruses and
retrotransposons (26-28). The first region comprises the
amino-terminal amino acids of integrase proteins and con-
tains a conserved zinc-finger-like motif, HX3-7HX23-32CX2C.
Mutations within this region, termed the HHCC domain,
cause the loss of 3′-end processing and integration activities
but do not impair the ability to perform disintegration (26,
29-31). Integrase proteins with a disrupted HHCC domain
retain the ability to recognize important features of viral DNA
ends, including the conserved CA dinucleotide (30), indicat-
ing that this region is not the primary viral DNA recognition/
binding domain. More recent studies have suggested that
the HHCC region may participate in homomeric protein-
protein interactions necessary for the formation of integrase
multimers (32, 33).
The second conserved and functionally distinct region of

integrase proteins lies within a central protease-resistant core
and contains the motif DX39-58DX35E. Mutation of the
aspartate or glutamate residues within this triad, which is
evolutionarily conserved among bacterial transposases, retro-
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transposases, and retroviral integrases, causes a virtually
complete loss of all catalytic activities, strongly suggesting
a direct role for these residues in catalysis (26, 29, 34).
Truncation of both the amino- and carboxy-terminal regions
of integrase has demonstrated that the central core region of
integrase alone can mediate disintegration in vitro (35, 36),
confirming that the active site resides within this domain,
and also indicating that residues within the core domain
participate in DNA binding. Indeed, residues within the core
domain provide specificity for the conserved CA/TG di-
nucleotide pair, and recognition of the canonical A/T base
pair depends on the universally conserved glutamic acid
residue, E152 (37).
The carboxy-terminal region of integrase does not contain

any conserved motifs that might point to its function.
However, analyses of mutant proteins truncated at the
carboxy-terminus have shown that this region contains a
nonspecific DNA binding domain (27, 35, 38, 39).
Integrase features that are in close proximity to important

viral and target DNA features in an active integrase-DNA
complex have been mapped recently by photo-cross-linking
(40). These studies revealed that two peptides containing
conserved residues within the integrase core domain are close
to conserved features of the viral DNA end as well as to
target DNA features in the active complex. Cross-links to
viral DNA features that are proximal to the CA/TG dinucleo-
tide pair mapped to the C-terminal DNA binding domain.
The N-terminal 11 amino acid peptide of integrase was able
to be cross-linked to target DNA features 5′ to the site of
integration, as well as to yet-unidentified features of the viral
DNA end. We have now examined the higher-order
architecture of an active integration complex by mapping
the cis/trans relationship of specific viral and target DNA
cross-links relative to the active site. This information has
been used in conjunction with coordinates that model the
integrase core (41, 42) and C-terminal (43, 44) domain
structures to develop a model for the protein-DNA archi-
tecture of an active integration complex.

EXPERIMENTAL PROCEDURES

Enzymes.HIV-1 integrase proteins were expressed in
Escherichia coli, using the T7 polymerase expression system,
and purification of the wild-type protein was as described
previously (30). An expression construct for IN 1-270 was
prepared by oligonucleotide substitution within a synthetic
wild-type gene (J. Gerton, unpublished data) that inserted a
stop codon after residue D270. A thrombin-cleavable six
histidine tag was inserted at the amino terminus of this
construct. An expression construct of D64R integrase was
obtained from J. Gerton. This construct also contained the
F185K substitution that has been shown to increase the
solubility of integrase without affecting activity (45). The
thrombin-cleavable six histidine tag at the amino terminus
of the IN 1-270 construct was substituted for the existing
amino terminus of the D64R, F185K expression construct.
Each mutant integrase protein was expressed with the amino-
terminal six histidine tag. After purification by nickel-NTA
chromatography, the histidine tag was removed by proteolytic
cleavage with thrombin (Calbiochem). The storage buffer
for all integrase proteins consisted of 20 mMN-(2-hydroxy-
ethyl)piperazine-N′-2-ethanesulfonic acid (HEPES), pH 7.5,

10 mM dithiothreitol (DTT), 1 mM (ethylenedinitrilo)-
tetraacetic acid (EDTA), 300 mM NaCl, 10 mM 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), and 10% glycerol. T4 polynucleotide kinase was
purchased from New England Biolabs.
Oligonucleotides.DNA oligonucleotides were purchased

from Operon Technologies Inc. and purified by electro-
phoresis through a denaturing polyacrylamide gel. The
following oligonucleotide cross-linking substrates contain a
phosphorothioate linkage at the single position 3′ to the base
denoted in lowercase: V1HdbS (5′ aCTGCTAGTT CTAG-
CAGGCC CTTGGGCCGG CGCTTGCGCC); V2HdbS (5′
ACTGCTAGTT CtAGCAGGCC CTTGGGCCGG CGCT-
TGCGCC); V3HdbS (5′ ACTGCTAGTT CTAgCAGGCC
CTTGGGCCGG CGCTTGCGCC); V4HdbS (5′ ACTgCT-
AGTT CTAGCAGGCC CTTGGGCCGGCGCTTGCGCC);
T1HdbC1S (5′ CGCAAGCgCC); T4HdbC1S (5′ CGCa-
AGCGCC); T5HdbSC2 (5′ TGCTAGTTCT AGCAGGC-
CGC AGGTCTTGAC CTGCGgCCGG CGCTTGCG); and
T6HdbSC2 (5′ TGCTAGTTCT AGCAGGCCGC AGGTCT-
TGAC CTGCGGCCgG CGCTTGCG).
The following oligonucleotides were not modified: HdbC1

(5′ CGCAAGCGCC) and HdbC2 (5′ TGCTAGTTCT AG-
CAGGCCGC AGGTCTTGAC CTGCGGCCGG CGCT-
TGCG).
The following oligonucleotides were used in construction

of the IN 1-270 integrase expression construct: In 1-270a
(5′ CGCGTCGTAA AGCTAAAATC ATCCGTGACT AAT-
AGCCTAG GCCTGTAC) and IN1-270b (5′ AGGC-
CTAGGC TATTAGTCAC GGATGATTTT AGCTTTAC-
GA CGAGGTAC).
The following oligonucleotides were used in construction

of the thrombin-cleavable six histidine amino-terminal tag:
His.throm1 (5′ TATGCTGGTT CCGCGTGGTT CTTTCT-
CAGA CGGTATCGAT AAAGCTCAGG ACGAACACGA
AAAATACCAC TCTAACTGG) and His.throm2 (5′
CGCGCCAGTT AGAGTGGTATT TTTCGTGTT CGTC-
CTGAGC TTTATCGATA CCGTCTAGAA AAGAAC-
CACG CGGAACCAGCA).
Preparation of Azidophenacyl Viral End Cross-Linking

Substrates.Each oligonucleotide V1HdbS, V2HdbS, V3HdbS,
and V4HdbS was 5′-end-labeled with [γ-32P]ATP using T4
polynucleotide kinase. Unincorporated radiolabeled nucleo-
tides were removed by passing the sample through a 1 mL
G-15 Sephadex spin column. Azidophenacyl was coupled
to the phosphorothioate-containing oligonucleotides in a
reaction buffer consisting of 20 mM NaHCO3 (pH 9.0), 40%
methanol, and 10 mM azidophenacyl bromide (Sigma).
Substrate concentration varied but did not exceed 1µM. The
reaction volume was 100µL, and the specific activity of
substrates was about 5× 105 cpm/pmol. The azidophenacyl
bromide was initially dissolved in 100% methanol and
subsequently added to the reaction mixture, which proceeded
at 50°C for 10 min, followed by 50 min at room temperature.
Excess azidophenacyl bromide was removed by phenol-
chloroform extraction and ethanol precipitation of the DNA.
The photoreactive substrate was resuspended in TE buffer
(10 mM Tris-HCl, pH 7.4, and 1 mM EDTA) containing 50
mM NaCl (TEN50). The substrates were annealed by heating
at 80°C for 2-3 min and then by slowly cooling to room
temperature. All manipulations of the photoreactive DNA
substrate, including and after azidophenacyl coupling, were
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performed in minimal light (ambient light with window
shades closed and room lights turned off).
Preparation of Azidophenacyl Target DNA Cross-Linking

Substrates. Oligonucleotides T1HdbSC1, T4HdbsC1, and
HdbC1 were 5′-end-labeled with [γ-32P]ATP using T4
polynucleotide kinase. Unincorporated radionucleotides
were removed from all labeling reactions by a G-15
Sephadex spin column. Oligonucleotides T5HdbSC2,
T6HdbSC2, and HdbC2 were not radiolabeled. Azidophen-
acyl was coupled to phosphorothioate-containing oligo-
nucleotides as described above. To form the duplex sub-
strates (T1HdbC1S/HdbC2, T4HdbC1S/HdbC2, HdbC1/
T5HdbSC2, and HdbC1/T6HdbSC2), a 1.3 molar excess of
the complementary oligonucleotide was added to each
radiolabeled oligonucleotide, and they were annealed by
heating at 80°C for 3 min and slowly cooling to room
temperature.
Cis/Trans Cross-Linking Analysis.Viral end and target

DNA contacts were examined using substrates prepared for
cross-linking with azidophenacyl. Cross-linking reactions
(20 µL volume) were performed in 1.5 mL microcentrifuge
tubes with the cap removed. The reaction buffer consisted
of 20 mM HEPES, pH 7.5, 10 mM DTT, 20 mM NaCl,
0.02% NP-40, and 10.0 mMMnCl2. Substrate concentration
was 20 nM and the total integrase concentration was 200
nM. Reactions that contained a mixture of integrase mutant
proteins contained equimolar amounts of each enzyme.
Reactions were initiated by the addition of integrase and were
incubated in darkness for 3 min on ice. Reactions were
incubated for an additional 4 min on ice while irradiated
with a 4 W, 300 nm, UVlight source (Fotodyne) at a distance
of 6 cm. An inverted Pyrex beaker (1 L) was placed between
the samples and the UV lamp. Reactions were subsequently
incubated at 37°C for 30 min. Reactions were quenched
by the addition of 4× SDS-PAGE loading buffer (200 mM
Tris-HCl; pH 6.8, 8% SDS, 40% glycerol, 4% 2-mercapto-
ethanol, and 0.08% bromophenol blue). Cross-linking was
analyzed by electrophoresis of samples on an SDS-10%
polyacrylamide gel.
Molecular Modeling.PDB coordinates of model integra-

tion substrates were constructed using Insight II software
(Biosym Technologies). The viral end sequences cor-
responded to the terminal 16 base pairs at the HIV-1 U3
and U5 ends. The target DNA sequences were arbitrary,
but the core sequence corresponded to the target DNA
sequence of the modified-dumbbell substrate used in the
cross-linking experiments. The terminal three base pairs of
the viral DNA end were frayed by moving the 5′ end
nucleotides. A bend was introduced in the target DNA to
approximate the bend of DNA around histones in the
nucleosome. Modeling of the integration complex, using the
PDB coordinates of the model integration substrates, HIV-1
integrase core (41, 42), HIV-1 C-terminal domain (44), and
ASV integrase core (46), was performed using Grasp
software (47). The coordinates of the final model are
available in PDB format (Supporting Information).

RESULTS AND DISCUSSION

Viral and Target DNA Features Cross-Link in Trans to
Catalytic Residues.We investigated the higher-order archi-
tecture of an active retroviral integration complex by photo-

cross-linking specific features of both viral and target DNA
molecules to HIV-1 integrase. The procedure used was
similar to one used previously to map integrase residues that
are in close proximity to the same viral and target DNA
features (40). Eight model DNA substrates that mimic the
integration product of a single viral DNA end were used,
each containing a single photoreactive azidophenacyl group
placed at a selected position within the phosphodiester
backbone of viral or target DNA sequences (Figure 1C). The
azidophenacyl group was attached to a single phosphorothio-
ate at a selected location in each synthetic oligonucleotide.
During UV irradiation, the DNA substrates were cross-linked
to a mixture of two genetically altered integrase proteins that
can functionally complement each other in in vitro reactions.
The cross-linked complexes were then tested for the ability

FIGURE 1: Overview of the integration reaction and cross-linking
substrates. (A) Schematic depiction of 3′ end processing, the first
catalytic step during integration. The end processing reaction
removes two nucleotides from the 3′ end of each viral DNA strand,
leaving a 3′-hydroxyl group. (B) Schematic depiction of strand
transfer. During strand transfer, the recessed 3′ hydroxyl at each
viral DNA end is joined to a target DNA phosphate. Joining of
both viral DNA ends occurs at phosphates across the major groove
of the target DNA that are staggered by five base pairs. Following
strand transfer, the gapped recombination intermediate is repaired
to create the integrated provirus (not shown). (C) Grasp (47)
representation of a model integration substrate, showing the sites
at which azidophenacyl cross-linkers were attached. The arrow
indicates the target DNA phosphate that is attacked by the viral
DNA 3′ oxygen immediately behind it. The A of the conserved
CA dinucleotide at the viral DNA end is shown as a stick
representation. The spheres on the viral and target DNA backbone
ribbons represent the phosphate oxygens that were substituted with
sulfur for attaching an azidophenacyl group. A single sphere in
both the viral and target DNA major groove is labeled with an I,
identifying the 5-carbon atom where iodine was substituted in
5-iododeoxycytosine cross-linking substrates.
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to catalyze the reverse of strand transfer (disintegration), and
the identity of the protein cross-linked to the disintegration
product was resolved by gel electrophoresis.
Two genetically altered integrase proteins were made to

investigate the cis/trans relationship of viral and target DNA
cross-links to the active site. One of the mutant integrase
proteins, IN D64R, was inactivated by a point substitution
at a catalytic residue. Disintegration occurred only after
cross-linking of the substrates to integrase. Because the
D64R protein is catalytically inactive, following cross-linking
to the disintegration substrate it can be isolated cross-linked
to the reaction product only if the photoreactive group on
the DNA substrate was juxtaposed to a protomer of the
integrase multimer that is in trans to the catalytic protomer
in the active complex. The second integrase protein used
for these experiments had a functional active site but was
truncated at the carboxy terminus by 18 amino acids,
allowing it to be resolved from the active-site mutant by gel
electrophoresis. Following integrase-substrate cross-linking
on ice, the reaction mixtures were incubated at 37°C to allow
for disintegration to occur. The integrase-DNA complexes
were then analyzed by electrophoresis on SDS-polyacryl-
amide gels.
Cross-links to viral DNA features were analyzed using a

“dumbbell” disintegration substrate, consisting of a single
40-mer oligonucleotide that was self-complementary. When
this dumbbell substrate was radiolabeled at the 5′ end, the
disintegration reaction products were a labeled 16-nucleotide
viral DNA hairpin and an unlabeled 24-nucleotide closed-
circle target DNA (Figure 2). The appearance of a cross-
linked complex that was not observed in reactions containing
either mutant variant alone, corresponding to the viral DNA
disintegration product cross-linked to the catalytically inac-
tive integrase protein, D64R, indicated that cross-linking
occurred in trans to the active site. Viral DNA features at
three of the four different locations analyzed were found to
cross-link in trans to the active site: (1) the overhanging
nucleotides at the 5′-end (AZP-V1), (2) a position 3
nucleotides from AZP-V1 in the 3′ direction (AZP-V4), and
(3) a position on the complementary strand that is between
6 and 7 nucleotides from the viral DNA 3′ end (AZP-V2).
The integrase features that cross-linked to azidophenacyl
substrates AZP-V1 and AZP-V4 have previously been
mapped to two different peptides within the integrase core
domain, and those that cross-link to the AZP-V2 substrate
were mapped to the DNA binding domain in the carboxy-
terminal region of integrase (40). In reaction mixtures
containing substrates AZP-V1, AZP-V2, and AZP-V4, the
disintegration product was observed cross-linked to the D64R
and 1-270 integrase proteins with approximately equal
frequencies. Because the 1-270 protein can occupy a
position in the active complex that is either in cis or trans to
the active site, this observation was consistent with the equal
molar concentrations of each mutant integrase protein in the
reaction mixtures.
Cross-links to target DNA features were analyzed by using

a modified version of the dumbbell substrate, which was
prepared by annealing two oligonucleotides together. A 50-
mer oligonucleotide contributed the complete viral DNA end
portion and most of the target DNA portion. The top strand
of the target DNA left arm, as diagrammed in Figure 3, was
provided by a second 10-mer oligonucleotide. When the

substrate was radiolabeled at the 5′ end of the 10-mer
oligonucleotide, the disintegration reaction products obtained
from this substrate were an unlabeled 16-nucleotide viral
DNA hairpin and a labeled 44-nucleotide linear target DNA
(Figure 3). Because in two of the substrates, AZP-T5 and
AZP-T6, the photoreactive azidophenacyl group was in the
unlabeled substrate oligonucleotide, cross-linking was de-
tected to the disintegration reaction product only and not to
the labeled substrate oligonucleotide. The appearance of a
cross-linked complex that was not observed in reactions
containing either mutant variant alone, corresponding to the
target DNA disintegration product cross-linked to the
catalytically inactive integrase protein, D64R, indicated that
cross-linking occurred in trans to the active site. Target DNA

FIGURE2: Cis/trans analysis of integrase-DNA cross-links to viral
DNA substrates: Viral DNA cross-links that occur in trans to the
active site. The dumbbell disintegration substrate and reaction
products are shown at the top. The substrate is a single oligonucleo-
tide, 40 nucleotides long, that was radiolabeled at the 5′ end with
32P. The viral DNA sequences in the hairpin stem are identical to
those of the U5 end of the HIV-1 viral DNA molecule, and the
target DNA sequences are arbitrary (61). Disintegration reaction
products are a 16-nucleotide hairpin oligonucleotide corresponding
to the viral DNA end and a 24-nucleotide closed-circle target DNA.
DNA contacts were probed by coupling a single photoreactive
azidophenacyl group to each of a set of dumbbell substrates. Each
substrate contained a single phosphorothioate at one of the locations
indicated at the bottom (AZP-V1-4). Cross-linking was performed
and the reactions were subsequently assayed for disintegration as
described in Experimental Procedures. All reactions were analyzed
by electrophoresis through an SDS-10% polyacrylamide gel. Each
set of lanes numbered 1-4 corresponds to a single cross-linking
substrate: AZP-V1, AZP-V2, and AZP-V4. The integrase compo-
nent of each reaction, indicated above each lane 1-4, was as
follows: (1) wild type, (2) a C-terminal truncation of 18 amino
acids, (3) catalytically inactive D64R, and (4) equimolar mixture
of the truncated and inactive enzymes. The integrase proteins present
in each reaction mixture are indicated above each lane. The identity
of each cross-linked complex is indicated to the right. Cross-linking
that occurs in trans to the active site was detected in lanes 4. The
appearance of a complex that contains the viral DNA disintegration
reaction product cross-linked to the catalytically inactive protein,
D64R, was formed by integrase complementation after cross-linking
(black arrowhead). Trans cross-linking was not detected in a
substrate containing azidophenacyl at the AZP-V3 position (data
not shown).
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features at each of four positions analyzed were found to
cross-link in trans to the active-site protomer. Three
substrates placed the photoreactive azidophenacyl group on
the phosphodiester backbone within 2 nucleotides of the viral
DNA junction, in either the 3′ or 5′ direction (AZP-T1, -T5,
and -T6). The other substrate placed it 6 nucleotides 5′ to
the viral DNA junction (AZP-T4). Integrase features that
cross-linked to sites AZP-T1 and AZP-T6 were previously
mapped predominantly to the amino terminus of integrase,
while those that cross-linked to sites AZP-T4, AZP-T5, and
AZP-T6 were mapped to the catalytic core and carboxy-
terminal domains (40).
Our previous experiments, which mapped the peptides to

which cross-linking occurred, were carried out under condi-
tions in which the DNA substrate was present in excess over
integrase, to maximize the fraction of protein molecules
cross-linked to the substrate. The cis/trans mapping experi-
ments described here were carried out under conditions of
enzyme excess. The formation of active complexes, whether
in the presence of excess substrate or excess enzyme, was
dependent upon the metal-ion cofactor and a catalytically
active integrase enzyme (40, 48). In both sets of experi-
ments, cross-links were mapped only in complexes that were

able to carry out the disintegration reaction after substrate
cross-linking. Our interpretation relies on the reasonable
assumption that formation of the active complexes requires
the same enzyme-substrate interactions under conditions of
either enzyme or substrate excess.
Molecular Modeling of an ActiVe Integrase-DNA Com-

plex. The atomic coordinates of structural models of the
integrase catalytic core (amino acids 50-212) (41, 42, 46)
and C-terminal domain (amino acids 220-270) (44) were
used with molecular modeling software [Insight II (Biosym
Technologies) and Grasp (47)] to develop a working model
of an active integration complex. The primary constraints
for modeling were integrase-DNA cross-links. We previ-
ously mapped viral and target DNA cross-links to integrase
peptides (40), and in the present work we determined whether
these cross-links occur in cis or trans to the active site.
Additional constraints on the model were the necessary
requirement that the active site be near the phosphodiester
bond joining the viral and target DNA molecules, and that
active-site residue E152 be near the conserved deoxy-
adenosine at the viral DNA end (37). Because the most
important features of integrase-substrate recognition and
catalysis are conserved among all retroviruses, and also
because the core domain structures for both HIV-1 and avian
sarcoma virus (ASV) are highly conserved (46), a final
constraint imposed upon the model was that an analogous
model be compatible with the structural coordinates for the
ASV integrase core domain. Preferred integration substrates
have specific viral and target DNA features that differ from
standard B-form DNA, and the model DNA substrate used
for molecular modeling incorporated these preferences: (1)
the terminal 3 base pairs at the viral DNA end were frayed
(25), and (2) the target DNA was bent to approximate the
bend of DNA around nucleosomes (49, 50).
The OVerall Architecture. In the solved crystal structures,

both the HIV-1 and the ASV integrase core domains were
dimers (type I dimer) with an extensive hydrophobic interface
(42, 46). Our model retained this feature. Both the spacing
of the active sites within the type I integrase dimer, and also
the location of peptides to which cross-links occurred, made
a model that mediated concerted integration of both viral
DNA ends by a single type I integrase dimer implausible.
In this type of model, the 35 Å distance between the active
sites would require severe stretching and unwinding of the
target DNA because integration occurs at target DNA
phosphates that are separated by only 5 base-pairs (∼17 Å
in standard B-form DNA). Even if such dramatic deforma-
tion of the target DNA were allowed, the face of the core
domain that is expected to interact with the viral DNA, and
also to which cross-linking occurred, would not be in close
proximity to the viral DNA in this type of model.
Nearly all of the integrase-substrate cross-links occurred

in trans to the active site, and in the model that best fit the
cross-linking constraints, viral DNA cross-links could be
distributed among core domains of four different integrase
protomers: 1A, 1B, 2A, and 2B (Figures 4 and 5). In this
model, core domains 1A and 2A are directly involved in
catalysis, and each is able to recognize the CA/TG base pairs
at a viral DNA end in cis to 3′-end processing and stand
transfer. Core domains 1B and 2B are not directly involved
in catalysis, providing interactions primarily with target DNA
features. With the same constraints, the ASV core domain

FIGURE3: Cis/trans analysis of integrase-DNA cross-links to target
DNA substrates. The modified-dumbbell substrate and reaction
products are shown at the top. This substrate is made by annealing
two oligonucleotides together: (1) a 50-mer contributes the HIV-1
U5 end and a portion of target DNA duplex, and (2) a 10-mer
contributes the top strand of the target DNA duplex to the left of
the viral DNA junction. The 10-mer oligonucleotide was 5′ end
labeled with32P. The disintegration products of this substrate were
a 16-nucleotide hairpin corresponding to the viral DNA end and a
22-base-pair linear duplex DNA hairpin, representing the target
DNA. Cross-linking and disintegration reactions were performed
as described above and in Experimental Procedures. Reaction
components and products were labeled as in part A. Cross-linking
in trans was again detected by the appearance of a complex that
contains the disintegration reaction product cross-linked to the
catalytically inactive protein, D64R, formed by integrase comple-
mentation after cross-linking (black line).
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could be modeled as a very similar complex (not shown).
Because each core domain protomer is in a type I dimer,
the minimal integrase multimer needed to catalyze concerted
integration of both viral DNA ends is an octamer. The four
integrase protomers that make contacts with the DNA
substrates (shown in Figures 4 and 5) will be referred to as
protomers 1A, 1B, 2A, and 2B. The second protomer of
each type I dimer will be referred to as 1A′, 1B′, 2A′, and
2B′, respectively. The A/A′ and B/B′ dimers will hereafter
be referred to as A and B dimers, respectively.
An important feature of the model imposed by the cross-

linking constraints is that the A (active-site) and B (non-
active-site) integrase dimers make asymmetric DNA inter-
actions. The B integrase dimers are rotated approximately
45° relative to the A dimers, resulting in a more extensive
interface with target DNA features (Figure 5). The interac-
tion between the A and B core domains on the same face of
the target DNA is limited to a small surface area involving
approximately 5 loosely packed residues from each protomer.
Because the interactions between the 1A and 2B or the 2A
and 1B core domains are not extensive, juxtaposition of the
two viral DNA ends presumably requires additional interac-
tions between the A and B protomers. The relative positions
of the C-terminal domain of the A protomer and the core
domain of the B protomer suggests that residues within the
last 18 amino acids of this C-terminal domain, which are
disordered in the NMR structure, are likely to be in position
to interact with the core domain of the B protomer.
Consistent with this proposed interaction, experimental

evidence indicates that the core and C-terminal domains of
integrase are required for the formation of integrase tetramers
in vitro (45).
Viral DNA cross-links to the carboxy-terminal domain

were in trans to the active-site protomer and provided
constraints for incorporating this region of integrase into the
model. The portions of the core and C-terminal domains of
the integrase polypeptide for which we have structural
models from X-ray crystallographic and NMR data are
separated by 11 amino acids. The C-terminal domain is a
dimer in solution (43, 44), and each C-terminal domain is
positioned in our model so that the amino-terminal residues
of this region are in close proximity to the carboxy-terminal
residues of the core domain of the same protomer. This
places the C-terminal domain on top of the core domain, as
diagrammed in Figure 5, extending toward the viral DNA
(Figure 6). Viral DNA interactions with the C-terminal
domain help to stabilize the critical interactions between viral
DNA and the core domain, which, in this model, are limited
to the five terminal base pairs of the viral DNA.
The amino-terminal residues of integrase cross-linked to

specific target DNA features and also to unidentified features
at the viral DNA end (40). Very recently a structural model
has been solved for the N-terminal domain of HIV-1
integrase (51, 52); however, because the coordinates of the
structure are not yet available, it was not formally included
in the molecular modeling. Cross-linking data, along with
physical constraints imposed by the positions of the core and
carboxy-terminal domains of integrase, suggest that an

FIGURE 4: Overview of the core-domain architecture of the integration complex model. Ribbon diagrams depicting the secondary structure
of the integraseR-carbon backbone are shown in pink and yellow. A protomers that catalyze integration are colored in pink and are labeled
1A and 2A. B protomers that do not participate directly in catalysis are colored in yellow and are labeled 1B and 2B. The active site
residues of the A protomers (pink ribbons) are shown in green CPK representation. The target DNA duplex is also shown as a CPK model
(light and dark gray). The reactive phosphates where integration occurs are colored yellow. The 3′ oxygen (attacking nucleophile) of each
viral DNA end is colored red, and the conserved deoxyadenosine nucleotide at the viral DNA end is depicted with stick bonds in gold.
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amino-terminal domain (amino acids 1-50) occupies a site
near target DNA features 5′ to the site of joining and viral
DNA features distal to the CA/TG base pairs. This location
could bring the amino-terminal domain of the non-active-
site protomers (1B and 2B) close to the core domain of the
corresponding active-site protomers (1A and 2A) situated
across the viral and target DNA helices, forming bridges
across the target DNA between the 1A and 1B and the 2A
and 2B integrase protomers, respectively. Intermolecular
bridges connecting transposase monomers bound to different
DNA substrate features are also features of the intertwined
architecture proposed for the MuA transposase-DNA com-
plex (53, 54).
Viral DNA-Integrase Interactions. The terminal 5 base

pairs of the viral DNA end are placed close to the core
domain. Conserved amino acids in active-site core domains
1A and 2A are in a position that would allow them to
participate in recognizing the conserved CA/TG base pairs
at the viral DNA ends. Notably, a conserved catalytic
residue, E152, is required for normal recognition of the
conserved adenine three nucleotides from each viral DNA
3′ end (55). The model places a carboxyl oxygen of this
glutamic acid side chain close to N6 of the conserved
adenine. While proximity of E152 and this nucleotide was
a constraint during development of our model, the model
suggests a specific explanation for the role of this residue in
viral DNA recognition; namely, that there is a direct
interaction of the adenine base and glutamic acid side chain.
Recent experimental evidence suggests that residue K159 is
also in close proximity to this canonical adenine (56). The
model also places K159 close to the viral DNA 3′ end;
however, this residue is closest to the penultimate nucleotide,
a guanine residue that is part of the dinucleotide removed
during 3′-end processing. The model also places the
conserved C/G base pair close to a 7 amino acid peptide,
residues 142-149, that was disordered in the core domain
crystal structure.
The two-nucleotide overhang at the viral DNA 5′ end

contributes to formation of a stable complex with retroviral
integrase (57). As suggested by cross-linking results, these
bases are close to residues in two core peptides in the model
(Figure 5A): (1) amino acids at the amino terminus of
peptide 49-69 and (2) amino acids at the carboxy terminus
of peptide 139-152. An integrase protein that has an amino
acid substitution within peptide 139-152, Q148L, has an
impaired ability to recognize the 5′ dinucleotide (55).
The C-terminal domain can bind nonspecifically to DNA,

and its role in integration has been uncertain. The carboxy-
terminal domain of integrase (amino acids 220-270) is
placed close to viral DNA base pairs 6-13 from the viral
DNA end, and is thus in a position to stabilize viral DNA
interactions with the core domain (Figure 6). The residues
that are closest to the viral DNA are contributed in trans to
the active-site protomer (core domain A) by the C-terminal
domain of the A′ protomer. These residues include basic
amino acids that are predicted to interact with the phos-
phodiester backbone. The model suggests that amino acids
S230, R263, and K264 are likely to make hydrogen bonds
with the backbone phosphates or bases. Residues R263 and
K264 are within peptide 247-269, which cross-linked to
viral DNA features 6-7 nucleotides from the 3′ end. Our
model predicts that mutation of these residues would impair

FIGURE5: Modeling viral and target DNA cross-links to the integrase core domain
structure. (A) Viral and target DNA cross-links to the A (active-site) and B (non-
active-site) core domains bound to one face of the target DNA (type II dimer).
Modeling was performed using Grasp (47). The yellow and green backbone ribbons
correspond to the viral DNA end, and the blue and red ribbons correspond to target
DNA. A stick representation of the phylogenetically conserved deoxyadenosine
nucleotide at the viral DNA 3′ end is in gold. The target DNA phosphates where
viral DNA joining occurs are shown as yellow spheres on the backbone ribbon, and
the attacking 3′ oxygen of the shown viral DNA end (red) is immediately behind the
reactive phosphate. The active-site protomer is shaded pink and labeled 1A. The
non-active-site protomer is shaded yellow and labeled 2B. Amino acids comprising
the active site, D64, D116, and E152, are colored green. Ordered residues in cross-
linked peptides 1 and 2 are colored in blue and purple: (1) residues 54-63 and
65-69 and (2) residues 139-142 and 149-151. DNA phosphate oxygens substituted
with sulfur, and where a photoreactive azidophenacyl group was attached, are shown
as red spheres on the backbone ribbons. The orange sphere near the integrase active
site represents the 5-carbon atom of the canonical deoxycytosine substituted with
iodine in a 5-iodo cross-linking substrate. The core domain was a dimer in the crystal
structure; however, for simplicity, only the monomers that make contact with DNA
are shown. It is likely that the corresponding dimers assemble to form the active
complex. The olive-colored residues provide additional landmarks for orientation of
each protomer. (B) Viral and target DNA cross-links to the A and B core domains
bound to the target DNA face opposite of that in panel A. The coloring of all DNAs
and amino acids is the same as in panel A. The only exception is in the non-active-
site protomer (labeled 1B, yellow), where E152 is colored purple instead of green
because it was the C-terminal amino acid of the corresponding peptide. The active-
site protomer (labeled 2A, pink) mediates joining of the second viral DNA end, which
for simplicity is not shown but can be accommodated in the model without steric
clashes. The azidophenacyl group has been included at two cross-linking positions
that might appear to be far from the cross-linked peptides and illustrates that the
appropriate peptides are indeed within reach of the photoreactive group.
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the DNA binding activity of the C-terminal domain and as
a consequence inhibit viral DNA 3′-end processing and strand
transfer. Although mutations in S230 have not been
investigated, proteins with mutations in both R263 and K264
have been described (39). Amino acid substitutions at these
residues inhibited the ability of the isolated C-terminal
domain to bind DNA, and had a corresponding deleterious
effect on 3′-end processing and strand transfer activities of
the full-length integrase protein. The proposed role for the
C-terminal domain in stabilizing viral DNA binding to the
core domain is also consistent with the effects of monoclonal
antibodies on the catalytic activities of integrase in vitro (58).
The C-terminal domains of the B integrase dimers are not

close to either viral or target DNA features. We suggest
that the unoccupied space between the C-terminal domains
of the B dimers and the DNA substrates could accommodate
the N-terminal domain of the B protomers.

Target DNA-Integrase Interactions.The core domains
of the A and B protomers, but none of the C-terminal
domains, contact target DNA features in our model. The A
and B core domains are close to 6-7 nucleotides of target
DNA. All contacts between integrase residues and target
DNA features in the model are with the phosphodiester
backbone, rather than base-specific contacts. For example,
residues H67 and N117 of the A protomers are positioned
to allow hydrogen bonding to phosphate oxygens of nucleo-
tides-3 and-4 of target DNA strand 2 (Figure 6).
Target DNA features are close to different amino acids in

the A and B protomers. Residues E152 and S153 of the B
protomer contact the target DNA (Figure 6). The position
of residue E152 allows hydrogen-bonding contacts with
nucleotide 6 of target DNA strand 2, and S153 is positioned
to allow hydrogen-bonding to nucleotide 7 of the same strand
(Figure 6). Additional residues near the carboxy terminus

FIGURE 6: Model of the core and C-terminal integrase domains bound to an integration intermediate containing a single viral DNA end.
(Upper panel) Schematic diagram of the model DNA substrate, indicating the position of numbered target DNA nucleotides as referred to
in the text. (Lower panel) Viral and target DNA duplexes and the integrase core domains are colored as in Figure 4. The target DNA
phosphate to which the second viral DNA end joins (not shown for simplicity) is staggered by 5 base pairs from that to which the illustrated
viral DNA end is joined; it is indicated with a yellow sphere on the red DNA strand. In this illustration, the second monomer of each core
domain dimer is shown for completeness (gray). The second monomer of the A dimer is labeled 1A′, and that of the B dimer, 2B′. The
C-terminal domain dimer is above the core domain, as oriented in this diagram. The C-terminal domains are labeled according to the core
domain to which they belong: 1A, 1A′, 2B, and 2B′. The active-site amino acids, D64, D116, and E152, are green. Highlighted core
domain amino acids that make close encounters with viral and target DNA features are as follows: H67, blue; N117, orange; E152 (monomer
2B), dark purple; and S153, light purple. Highlighted C-terminal domain amino acids that make close encounters with viral DNA features
are as follows: R263, dark blue (lower residue); K264, cyan; and S230, light blue. The olive-colored residues provide additional landmarks
for orientation of each dimer.
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of peptide 139-152, which are disordered in the crystal
structure, would be expected to be close to nucleotides 9
and 10 of strand 1. Basic residues approach target DNA
features at nucleotide 8 of strand 2 (K160) and nucleotides
11 and 12 of strand 1 (KRK186-188).
Contacts between the core domain and target DNA features

are consistent with experiments that map the target-site
specificity of chimeric integrase proteins to the integrase core
(59, 60). Additionally, the phosphates predicted to contact
integrase are consistent with the experimental results of
adduct-interference studies (17, 61). Moreover, a mutant
integrase protein with an amino acid substitution for N117
has been described to be preferentially defective in the strand
transfer step of integration (34). Contacts between integrase
and target DNA bases are not observed in our model. This
feature of the model may partially account for the observa-
tions that structural, and not sequence, features of the target
DNA are the primary determinants of target-site selection
for retroviral integrases (49, 50, 62-65).
Implications and Significance.Both viral and target DNA

cross-links to HIV-1 integrase have been found to occur
predominantly in trans to the active site as part of a
multimeric integrase complex. The sites within the integrase
polypeptide to which these cross-links occur have previously
been mapped (40). The cis/trans and peptide mapping
information were both obtained from active integrase-DNA
complexes, and together they provide strong constraints for
developing a working model of the interactions that integrase
makes with its viral and target DNA substrates in an active
integration complex. Although atomic resolution structural
models for the integrase catalytic core (41, 42, 46) N-terminal
domain (51, 52), and C-terminal domain (43, 44) are
available, there are not yet structure models for an integrase-
DNA cocrystal, the entire integrase polypeptide, or the active
higher-order integrase multimer.
The model that we have developed for the integration

complex implies that an integrase octamer is required to
mediate concerted integration of both viral DNA ends.
Experimentally, the multimeric state of integrase in active
integration complexes has not yet been established. Our
previous experiments mapped the sites of cross-linking to
the integrase polypeptide under conditions where the disin-
tegration substrate was present at a 4-fold molar excess
relative to integrase. Cross-links were observed to only about
10-12% of the protein molecules under these conditions
(40). Although the active fraction of integrase molecules
in the reactions was unknown, this cross-linking stoichiom-
etry is consistent with the formation of an integrase multimer
on the disintegration substrate that contains 10 or fewer
integrase protomers. HIV integrase has been observed in
vitro to exist in both a monomer-dimer (66) and a
monomer-dimer-tetramer equilibrium (45). Similar ex-
perimental observations have been made with Rous sarcoma
virus integrase (67). Tetramerization of HIV integrase can
be promoted by a zinc-dependent interaction that requires
the zinc-finger-like motif in the amino-terminal domain (32).
A divalent cation-dependent interaction that involves the

amino-terminal HHCC domain and a feature near residue
C56 in the core domain of integrase is required for integrase
activity and can lead to formation of large catalytically active
aggregates of integrase (33). Propagation of the A and B
dimer subunits in our model along the viral DNA helical

axes, which is consistent with the phasing of the viral DNA
helix relative to the spacing of the integrase protomers, would
form higher-order integrase multimers. Specifically, interac-
tion between the core and C-terminal domains of integrase
protomers that are stacked upon each other on the same viral
DNA end could be stabilized in trans to the core domain by
the N-terminal domain of protomers bound to the opposite
face of the same viral DNA end. A functional role for this
higher-order multimer, formation of which would be pro-
moted by viral DNA sequences more than 14 base pairs from
the DNA end, is suggested by experimental evidence
showing that the efficiency with which model viral DNA
substrates are used can be increased by extending the length
of the substrate beyond 15 base pairs from the end (20, 68).
It has been estimated that virions typically contain about 50-
100 molecules of integrase. Thus an octamer, or a higher-
order species, is easily within the physical limit of the in
vivo integration complex.
The asymmetry between the A and B core domains is an

important feature of the model. A consequence of this
asymmetry is that the C-terminal domains of B protomers
were not close to either viral or target DNA features. This,
however, is consistent with observations that not all integrase
protomers in an active complex require a functional active
site, amino-terminal, or carboxy-terminal domain (33, 69,
70). In the model more than one face of the integrase core
domain binds target DNA, suggesting that the core domain
has more than one face with which it can bind target DNA.
Previously described examples of asymmetric protein-

DNA interactions in crystal structure models include that of
a transcription factor complex (71), the IHF-DNA complex
(72), and theγδ resolvase-DNA complex (73). Addition-
ally, an asymmetric model has been proposed for the Tn3
resolvase-DNA complex (74). In theγδ resolvase example,
which may be most pertinent here, the N- and C-terminal
domains of a resolvase dimer are related by different dyad
axes, neither of which coincides with the dyad axis relating
the DNA binding sites, and importantly, interactions between
resolvase and the DNA are different in two protomers.
Finally, having multiple surfaces that can bind DNA, and
the formation of an asymmetric protein-DNA complex,
might benefit organisms such as retroviruses that have a
relatively high mutation rate, by buffering the deleterious
effects of many point mutations.
The catalytic core domain of integrase is sufficient to

catalyze disintegration in vitro, but the critical in vivo
reactions, 3′-end processing and strand transfer, require the
entire polypeptide. The N-terminal domain contains a zinc-
finger-like motif that binds zinc, and is thought to interact
with the core domain to mediate the formation of an integrase
multimer required for 3′-end processing and strand transfer
(32, 33). Integrase deletion derivatives lacking the N-
terminal domain require substrates with at least 11 base pairs
of target DNA on each side of the viral DNA junction to
catalyze disintegration, whereas integrase proteins containing
the N-terminal domain require only 5 base pairs upstream
of the strand transfer site (30, 37, 61). These observations
suggest that integrase-viral DNA interactions are weakened
in N-terminal mutants and that target DNA interactions can
stabilize formation of an active complex. The N-terminal
domain has not been thought to interact directly with specific
features of the viral DNA end, and the nature of the active
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integrase multimer has been uncertain. Our model suggests
an explanation for these observations.
A bridge between the A and B integrase protomers, which

we propose to be mediated by the N-terminal domain,
provides a role for the N-terminal domain. In the absence
of the N-terminal domain, the active disintegration complex
is proposed to be an “open” complex, formation of which
requires target-DNA-promoted 1A/1A′-2B/2B′ tetramers
(Figure 7A). Propagation of the 1A-2B protomer interaction
along the target DNA helical axis could form an integrase
oligomer, in which binding of the active-site monomer to
features at the viral DNA end is stabilized. In the presence
of the N-terminal domain, the active complex is proposed
to be a “closed” complex, formation of which requires
interaction between A and B dimers situated on opposite
faces of the viral and target DNA helices (1A-1B and 2A-
2B) (Figure 7B). In this closed complex, binding of the A
protomer (active site) to the viral DNA end is stabilized by
interaction of the A protomer core domain with the N-
terminal domain of the B protomer bound at the same viral
DNA end. This interaction, which requires the N-terminal
domain of the B protomer and not that of the A protomer,
and is therefore unlikely to be reciprocal, is suggested by
experimental evidence showing that the N-terminal domain
interacts in trans with the core domain to protect residue
C56 from alkylation byN-ethylmaleimide (NEM) (33).
Several predictions arise from details of the model,

providing a basis to assess its validity. (1) Residues in
peptide 142-149, which were not ordered in the X-ray
crystal structure, are predicted to make specific interactions
with the phylogenetically conserved C/G base pair of the
viral DNA end. P145, which is conserved among all
retroviral integrases except for that of ASV, where it is
replaced by serine; P142; Y143; Q146; and S147, also highly
conserved, are candidates for mediating this recognition. The
active conformation of the active site has been proposed to
be stabilized by an interaction of E152, which is on the fringe
of this disordered peptide, with the conserved deoxyadeno-
sine at the viral DNA end (37). Interaction between E152
and this canonical deoxyadenosine may also promote inter-
action between residues within the flexible peptide and the
conserved C/G base pair, further stabilizing the active
conformation of the active site. Such a model predicts that
recognition of both conserved base pairs occurs in a
cooperative manner. Flexible peptides containing an active-
site residue have emerged as a common feature of DNA
recombinases that bind DNA in a nonspecific manner yet
cleave DNA at conserved nucleotide sequences. Examples
include MuA transposase (75), λ integrase (76), and γδ
resolvase (73). Stabilization of the active site in a catalytic
conformation, by interaction of residues on the flexible
peptide with important DNA nucleotides, offers a general
mechanism to provide reaction specificity. (2) The minimal
multimer for concerted integration of both viral DNA ends
is an integrase octamer. (3) An active integration complex
should be assembled by a specific three-way complemen-
tation of integrase variants, no pair of which is sufficient to
form an active multimer (33, 69, 70): (i) the core domain
of integrase only (amino acids 50-212 of HIV-1 integrase),
(ii) the amino-terminal and core domains with an inactivating
mutation in the active site (amino acids 1-212 of HIV-1
integrase), and (iii) the core and C-terminal domain (amino

acids 50-288 of HIV-1 integrase) with an inactivating
mutation again in the active site, and that has also been
treated with the alkylating agentN-ethylmaleimide to inhibit
interaction with the amino-terminal domain. (4) The relative
orientation of the two viral DNA ends can be tested by cross-

FIGURE 7: Model of “open” and “closed” integrase complexes,
dependent on the N-terminal HHCC domain, that form different
active integrase multimers. (A) In the absence of the HHCC domain,
integrase is proposed to form only an “open” complex, requiring
extensive target DNA interactions to stabilize an integrase oligomer
that forms along one face of the target DNA. Weak protein-protein
interactions between core dimers stabilize cooperative binding to
the target DNA. While only two protomers are shown, propagation
of this subunit interaction along the target DNA helical axis could
form a higher-order oligomer. Viral DNA strands are colored in
shades of blue, and target DNA strands are colored in shades of
gray. The target DNA phosphate atoms where viral DNA joining
occurs are indicated by light orange circles. Integrase core domains
are colored as in previous figures. For simplicity, the second
protomer of each type I integrase dimer is not shown. (B) In the
presence of the N-terminal HHCC domain, integrase is proposed
to form a “closed” complex with the DNA substrates. A possible
position of the HHCC domain of protomer 1B is indicated in green.
In this position, the HHCC domain of protomer 1B interacts with
the core domain of protomer 1A on the opposite face of the target
DNA and is close to target DNA features 5′ to the site of integration
as well as to features at the viral DNA end. In this closed complex,
target DNA interactions occur primarily with features less than 5
base pairs in the 5′ direction from the site of integration. The HHCC
domain of protomer 1A is dispensable for integrase activity; its
possible position in the complex is indicated in dark pink. The
HHCC domains of protomers 1A and 1B are shown to interact;
however, HHCC dimerization is not required for interaction of the
1A and 1B protomers. Moreover, interaction between the HHCC
and core domains of monomers 1A and 1B is not likely to be
reciprocal, as the HHCC domain of protomer 1A is not required
for catalytic activity (33, 69, 70). For simplicity, the second
protomer of each type I integrase dimer is not shown.
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linking, by fluorescence energy transfer experiments, or by
using tethered viral DNA ends. (5) Different residues of
the A and B core domains should affect target-site selection;
for example, H67 and N117 of the A protomer and S153
and K160 of the B protomer. This can be tested by
examining the target-site specificity of complementing pairs
of integrase variants that contain different combinations of
mutations in the active-site residues and the residues
predicted to affect target-site specificity. (6) Mutagenesis
of residues P142-S147 and N117 or H67 on the different
faces of the core domain that participate in viral and target
DNA binding, respectively, should generate mutant proteins
that are affected differentially for 3′-end processing and
strand transfer activities.

The general architecture of our model is compatible with
the structural coordinates of the avian sarcoma virus integrase
core domain, which is very similar to the HIV-1 core domain
(46). General features of the model may also be applicable
to transposases such as MuA that share many biochemical
and structural features with retroviral integrases. For
example, domain sharing occurs among different MuA
recombinase protomers (77, 78), and the active complex is
an intricate higher-order assembly where many protein-
DNA interactions occur in trans to the active-site protomer
(53, 54, 79). Biochemical studies have also identified clear
differences in the architecture of the retroviral integrase and
MuA complexes. In particular, both of the corresponding
end processing and strand transfer activities of MuA are
catalyzed only when residues in two different domains of
the polypeptide assemble from different transposase pro-
tomers to form the fully functional active site (77-80).
Additionally, the active MuA-DNA complex is assembled
from MuA protomers that bind to three defined subsites on
each Mu DNA end (81, 82).

In conclusion, results of cross-linking experiments have
helped to provide a framework for interpreting diverse
experimental observations bearing on the structure of the
active complex formed between integrase, viral DNA, and
target DNA. The resulting physical model generates specific
testable hypotheses regarding substrate recognition, archi-
tecture, and assembly of this essential intermediate in
retroviral integration.
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