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The human immunodeficiency virus (HIV) integrase protein (IN) catalyzes two reactions required to
integrate HIV DNA into the human genome: 3* processing of the viral DNA ends and integration. IN has three
domains, the N-terminal zinc-binding domain, the catalytic core, and the C-terminal SH3 domain. Previously,
it was shown that IN proteins mutated in different domains could complement each other. We now report that
this does not require any overlap between the two complementing proteins; an N-terminal domain, provided in
trans, can restore IN activity of a mutant lacking this domain. Only the zinc-coordinating form of the
N-terminal domain can efficiently restore IN activity of an N-terminal deletion mutant. This suggests that
interaction between different domains of IN is needed for functional multimerization. We find that the
N-terminal domain of feline immunodeficiency virus IN can support IN activity of an N-terminal deletion
mutant of HIV type 2 IN. These cross-complementation experiments indicate that the N-terminal domain
contributes to the recognition of specific viral DNA ends.

Integration of the viral DNA into a chromosome of an
infected cell is essential for replication of the human immuno-
deficiency virus (HIV). The integration process is catalyzed by
the integrase protein (IN) and consists of two steps. In the first
step, usually two nucleotides are removed from the 39 ends of
the viral DNA (cleavage reaction). In the second step, the
newly generated 39 hydroxyl groups of the viral DNA are
coupled to phosphate groups on opposite strands of the target
DNA (integration or strand transfer reaction). The single-
stranded gaps flanking the integrated viral DNA are repaired,
probably by cellular enzymes. The resulting provirus is flanked
by a 5-bp direct duplication of target DNA. (For recent reviews
on retroviral integration, see references 1, 34, 50, and 69.)

Purified, recombinant IN mediates cleavage and integration
of oligonucleotides that mimic the viral DNA ends (6, 10, 33).
In the cleavage reaction, IN makes a specific phosphodiester
bond near the viral DNA ends accessible for nucleophilic at-
tack. In vitro, several hydroxyl group-containing compounds
can serve as the nucleophile, such as water, glycerol, or the 39
ends of the viral DNA (25, 73). The choice of nucleophile
varies between different INs and can be affected by substitu-
tions of residues around the active site (14, 21, 23, 46, 61, 64,
71). Besides cleavage and integration, IN can also mediate a
phosphoryl transfer reaction, called disintegration (9). The
substrate of the disintegration reaction is similar to the product
of the integration of viral DNA ends into target DNA. IN
releases the viral DNA in the disintegration reaction and re-
stores the target DNA. In contrast to the integration reaction,
disintegration activity does not require specific viral DNA
ends; IN can still catalyze this reaction when the viral DNA
ends are replaced by a single A nucleotide (9) or by random
sequences (60).

Two amino acid sequence motifs are conserved among ret-
roviral and retrotransposon IN proteins (37, 38). The N-ter-

minal domain contains a phylogenetically conserved motif,
His(X3–7)His(X23–32)Cys(X2)Cys (13, 32, 37) that coordinates
a zinc ion (5, 7). The precise role of the N-terminal domain in
the integration process is unknown. Some studies suggested
that it is involved in protein-protein interactions, whereas
other experiments indicate that it contributes to substrate spec-
ificity. Structure elucidation of the N terminus showed that it
consists of three-helix bundles that are stabilized by Zn21 (8,
18). Although its fold is similar to that of DNA-binding pro-
teins, such as the Trp repressor, no direct DNA binding by the
N-terminal domain has been observed (37, 47, 56, 74). Zinc
induces tetramerization in the full-length protein and enhances
Mg21-dependent IN activity (42, 43, 77). This suggests that the
N-terminal domain either contributes to intersubunit contacts
within the tetramer or has an allosteric effect on IN that favors
tetramerization of the protein. Deletion of the N-terminal do-
main abolishes Mn21-dependent aggregation of HIV type 1
(HIV-1) IN (20), again suggesting a possible role of the N-
terminal domain in protein-protein interaction. Mutagenesis
of the zinc-coordinating residues reduces cleavage up to 90%,
whereas integration activity is less affected (23, 63). The
HHCC motif may therefore be involved in correct positioning
of the viral DNA ends for the 39 processing reaction. Disinte-
gration activity of mutants in the N-terminal domain on vari-
ous substrates have indicated that the viral DNA sequences
internal to the conserved CA are recognized by the N-terminal
domain (67).

The second conserved motif of IN is located in the core of
the protein (amino acids 50 to 212). This motif, the acidic triad
DD(35)E, is found in all retroviruses, retrotransposons, and
some transposases (23, 26, 38, 49, 54). Mutational analyses
have shown that replacement of these acidic residues impairs
all IN activities (7, 15, 23, 38, 41, 63). This indicates that the
DD(35)E motif is part of a single active site of IN. Elucidation
of the three-dimensional structure of the core of HIV-1 IN
(16) and of avian sarcoma virus IN (3) revealed that IN is a
member of a group of structurally related polynucleotidyl
transferases (53, 76). It has been shown for avian sarcoma virus
IN that two Asp residues of the active site coordinate one
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metal ion (Mn21 or Mg21) (4). The core domain of IN deter-
mines target site selection and is involved in binding of the viral
DNA termini (27–29, 31, 35, 36, 57).

The C terminus of IN (amino acids 220 to 270) is the least
conserved domain. It binds DNA nonspecifically (24, 37, 52,
68, 74), and its structure is similar to that of Src homology 3
(SH3) domains (17, 44). Mutations in the dimer interface of
the C-terminal domain can affect oligomerization of the full-
length protein (51).

Previously, it has been demonstrated that certain combina-
tions of inactive proteins restore IN activity (22, 65). Mutations
in different domains can rescue each other, indicating that each
domain belongs to a separate complementation group. This
suggests that IN is active as a dimer or higher-order oligomer.
All three domains form dimers themselves (8, 16–18, 44). If the
intraprotein complementation were to depend on this, one
would predict that no functional IN can be formed when an
N-terminal domain is mixed with an IN from which the com-
plete N-terminal domain has been removed, since no oli-
gomerization can happen between the two mutant proteins. To
investigate whether the N-terminal domain can function in
trans, we did complementation experiments using an N-termi-
nal domain and an N-terminal deletion mutant. We show that
a structural N-terminal domain restores IN activity of an N-
terminal deletion mutant. This suggests that for IN activity,
interaction between the N-terminal domain and another IN
domain is required. In cross-complementation experiments be-
tween feline immunodeficiency virus (FIV) and HIV IN mu-
tants, we demonstrate that the N terminus of FIV IN can
restore IN activity of an N-terminal deletion mutant of HIV-2
IN. By using different substrates, we found that the N-terminal
domain contributes to specific recognition of the viral DNA
ends.

MATERIALS AND METHODS

Construction of protein expression vectors. The HIV-2 IN gene of pRP279
(62) was cloned into pET-15b vector (Novagen, Madison, Wis.). In the resulting
plasmid (pRP1013), the HIV-2 IN gene is fused at its 59 end to the 39 end of a
His tag and a thrombin cleavage site. The IN gene of FIV was amplified by PCR
from pRP817 (71) by using oligonucleotides 93M313 (59-GGACGCATATGTC
CTCTTGGGTTGACAGAATTG-39) and 93M312 (59-CCTGCGGATCCTCA
CTCATCCCCTTCAGGAAG-39). The PCR product was purified, digested with
NdeI and BamHI, and ligated into the NdeI/BamHI-digested vector pET3c,
resulting in plasmid pRP824. A double-stranded oligonucleotide (4030/4031)
containing codons for six His residues was cloned into NdeI-digested pRP824,
resulting in plasmid pRP825. The sequence of oligonucleotide 4030 is 59-TAT
GAGAGGATCGCATCACCATCACCATCACAGATC-39; that of oligonucle-
otide 4031 is 59-TAGATCTGTGATGGTGATGGTGATGCGATCCTCTCA-
39. The N-terminal deletion mutant of HIV-2 IN (amino acids 50 to 293) was
cloned by PCR using 95A2537 (59-CGGGGAACATATGCATGGGCAAGTA
AATGCAGAAC-39) as the forward primer and a reverse primer identical to the
T7 terminator sequence (59-GCTAGTTATTGCTCAGCGGTGGATCCATC-
39). The PCR product was cloned into pET-15b, resulting in plasmid pRP1707.
The N terminus of FIV IN was amplified by PCR and fused in frame at its 59 end
to the 39 end of the glutathione S-transferase gene in vector pGEX-2T, resulting
in plasmid pRP1713. Cloning of the N-terminal domain of HIV-2 IN has been
published previously (18). Mutagenesis of the N-terminal domain of HIV-2 IN
was done by the same procedure as that described for site-directed mutagenesis
(61). Mutant clones were verified by sequencing.

Protein expression and purification. Full-length INs from HIV-2 and FIV
were expressed and purified as described previously (61). Purification of the
N-terminal domain of FIV IN was done as described for the N-terminal domain
of HIV-2 IN (18). The N-terminal deletion mutant derived from HIV-2 IN was
expressed and purified as follows: plasmid pRP1707 was introduced into E. coli
BL21(DE3), containing the plasmid pLysS (55, 58). An overnight culture of this
strain was diluted 1:200 in 2 liters of TB medium (55) containing ampicillin and
chloramphenicol. The culture was grown at 37°C to an optical density at 615 nm
of 0.8. Protein expression was induced by the addition of isopropyl-b-D-thioga-
lactopyranoside (IPTG) at a final concentration of 0.4 mM. The bacteria were
harvested after 3 h by centrifugation and resuspended in 30 ml of buffer A (50
mM HEPES [pH 7.5], 1 mM EDTA, 3 mM b-mercaptoethanol). The cell sus-
pension was sonicated and centrifuged for 30 min at 15,000 3 g (SS34 rotor;
Beckman). The pellet was Dounce homogenized in 30 ml of buffer B (20 mM

Tris-HCl [pH 6.7], 1 M NaCl, 0.1 mM EDTA, 3 mM b-mercaptoethanol) and
rotated for 15 min at 4°C in the presence of 0.1% Tween 20–5 mM imidazole (pH
6.7). The supernatant was cleared by a 30-min spin at 15,000 3 g (SS34 rotor;
Beckman) and bound to 2 ml of Ni21-nitrilotriacetic acid agarose beads (Qiagen)
for 2 h. The beads were packed into a column, washed with 20 ml of buffer B,
which had been supplemented with 0.1% Tween 20 and 20 mM imidazole (pH
6.7), and subsequently washed with 20 ml of buffer B containing 20 mM imida-
zole (pH 6.7). The protein was eluted with buffer B, which had been supple-
mented with 10% glycerol and 200 mM imidazole (pH 6.7). Fractions containing
the N-terminal deletion mutant were dialyzed against buffer C (0.5 M NaCl, 20
mM Tris-HCl [pH 6.7], 3 mM b-mercaptoethanol), and the His tag was removed
by thrombin digestion overnight (approximately 0.5 NIH units/mg of protein).
The protein fraction that still contained a His tag was removed by the addition
of 50 ml of Ni21-nitrilotriacetic acid agarose beads (Qiagen). Thrombin was
removed by incubating the protein with benzamidine-Sepharose 6B (Pharmacia).
The purified protein was dialyzed to 1 M NaCl–20 mM Tris-HCl (pH 7.6)–1 mM
EDTA and coupled to thiopropyl-Sepharose (Pharmacia). After 2.5 h of incu-
bation, the beads were washed with buffer D (10 mM morpholinepropanesulfo-
nic acid [MOPS; pH 7.2], 0.5 mM dithithreitol, 10% glycerol) and stored as a
50% slurry in buffer D at 280°C.

Size exclusion chromatography. The oligomeric state of the N-terminal do-
mains of the FIV and HIV-2 IN mutants was analyzed on a Superdex 75 HR
10/30 column (Pharmacia) in a buffer containing 150 mM NaCl, 50 mM Tris-HCl
(pH 6.7), 3 mM b-mercaptoethanol, and 4 mM ZnCl2. After centrifugation of the
sample at 15,000 rpm (in an Eppendorf Microfuge), 100 ml of 0.4 mM protein
was injected. The size exclusion column was calibrated with the following glob-
ular proteins, unless stated otherwise: 100 mg of aprotinin (6.5 kDa), 125 mg of
RNase A (13.7 kDa), and 55 mg of chymotrypsinogen (25 kDa). Protein elution
was done at a flow rate of 0.5 ml/min and monitored by UV absorption at 280 nm.
Several runs were performed for each protein, in parallel to a wild-type run. A
representative profile is shown in Fig. 3a and 5a.

Cleavage, integration, and disintegration assays. Cleavage and integration
assays were done with oligonucleotides that mimic the viral DNA ends of HIV-2
(63), FIV (71), and Moloney murine leukemia virus (MoMLV) (71). Oligonu-
cleotides were labeled at the 59 end as described previously (72). The disinte-
gration substrate represents an integration intermediate in which two oligonu-
cleotides representing the U5 and U3 ends of the HIV long terminal repeats are
integrated into a target DNA oligonucleotide (60). Prior to each complementa-
tion reaction, the proteins were mixed and incubated on ice for 30 min. The
reaction volume was 10 ml and contained 0.02 mM oligonucleotide substrate, 20
mM MOPS (pH 7.2), 3 mM dithiothreitol, 1 mM MnCl2, 0.1 mg of bovine serum
albumin/ml, and approximately 3 pmol of HIV-2 IN or FIV IN, 7 pmol of an
N-terminal deletion mutant coupled to thiopropyl-Sepharose, and 20 pmol to 2
nmol of the N-terminal domain of HIV-2 IN or FIV IN. Cleavage and integra-
tion reaction mixtures were incubated at 37°C, and disintegration was carried out
at 30°C. Reactions were stopped after 1 h by the addition of formamide loading
dye (95% formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05% xylene
cyanol), and the mixtures were incubated at 80°C for 5 min. The samples were
analyzed by denaturing polyacrylamide gel electrophoresis followed by autora-
diography.

RESULTS

Complementation between the N terminus and an N-termi-
nal deletion mutant. Structural studies have shown that the
N-terminal domain of IN (IN1–55) exists as a dimer in solution
and that zinc binding is required for complete folding of this
domain (8, 18). However, whether the structured N-terminal
domain has a conformation that is active is not known. To
address this question, we overexpressed and purified the 55-
amino-acid N-terminal domain of HIV-2 IN and mixed it with
a deletion mutant lacking the N-terminal region (DN mutant;
amino acids 50 to 293) (Fig. 1a). As shown in Fig. 1b, IN1–55
restores integration activity of a DN mutant, which by itself is
inactive. Integration activity increases with increasing concen-
trations of IN1–55. These results show that IN1–55 has an active
conformation.

Thus far, complementation assays were done with mutant
proteins that have an extensive region in common (12, 22, 65).
It was unknown whether the common region is needed for the
interaction between the mutant proteins or that multimeriza-
tion occurred between different domains of IN. Here, we show
that two mutant proteins without an extensive overlap (only six
amino acids) are active when mixed together in an activity
assay. This implies that interaction between different domains
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is essential for formation of a functional multimeric complex,
either directly or via DNA.

Previously, it has been shown that IN can release viral DNA
ends from an integration intermediate (9). This can be done in
two ways (Fig. 2). In the intermolecular disintegration reac-
tion, the 39 hydroxyl group of the target DNA attacks the
phosphodiester bond of the viral DNA-target DNA junction of
the opposite half molecule. In the intramolecular disintegra-
tion reaction, this phosphodiester bond is attacked by the 39
hydroxyl group of the target DNA in the same half molecule
(9, 45). For catalysis of the intramolecular disintegration reac-
tion, specific viral DNA sequences are important (11, 60). The
intermolecular disintegration reaction is independent of spe-
cific viral DNA sequences (9, 11, 60) and can be catalyzed by
the core domain of IN alone (7, 68). Here, we show that IN1–55
enhances intramolecular disintegration activity of a DN mutant
(Fig. 2, lanes 3 to 5). The intermolecular disintegration activity
remains the same. When the concentration of IN1–55 is 200
mM, disintegration activity is lost (lane 6).

Under these conditions, a new band appears; this band is
dependent on the presence of IN1–55 and appears at high
concentrations (Fig. 2, lane 2). Incubation of the disintegration
substrate with the DN mutant (lane 3) or with zinc (lane 1)
does not result in the formation of this band. The interaction
between IN1–55 and the disintegration substrate is disrupted by
extraction with phenol and chloroform (lane 7). The IN1–55-
dependent band and the substrate were eluted from the gel
and precipitated with ethanol. Mung bean nuclease digestion
showed that this band is not the result of a newly formed
covalent bond in the DNA backbone (data not shown). The
nature of this band remains mysterious (see Discussion).

Only a well-structured N-terminal domain is active in a
complementation assay. Coordination of zinc by two His and
two Cys residues is required for a completely structured IN1–55

(8, 18). Both HIV-1 IN1–55 and HIV-2 IN1–55 elute at the
dimer position from a gel filtration column (data not shown
and reference 18). The dimer interface of HIV-1 IN1–55 con-
tains residues of the first and third helix (8). We mutated
residues in HIV-2 IN1–55 that are either involved in zinc coor-
dination or part of the putative dimer interface. Mutant pro-
teins were subjected to gel filtration experiments and tested for
activity in the complementation assay. Gel filtration experi-
ments show that replacement of one of the His residues
(H12L) results in a partially disordered IN1–55 (Fig. 3a, com-
pare profiles A and D). The mutant protein containing substi-
tutions of residues in the putative dimer interface elutes earlier
from the gel filtration column than wild-type IN1–55, indicating
that this protein no longer has a globular shape like wild-type
IN1–55 (profile B). Replacement of the first residue (F1E)
results in a shift of the elution profile towards the unfolded
protein, but not as dramatic a shift as that of mutant B, which
contains additional substitutions. Mutant proteins containing
substitutions in the dimer interface do not have the expected
profile of a globular monomer of 6.3 kDa. Although we re-
placed all residues of the dimer interface with nonconservative
amino acids and introduced them alone or in different combi-
nations into IN1–55, a globular monomer was never observed.
This could indicate that a globular form of IN1–55 can only be
dimeric. Mutant proteins were tested for complementation
activity. As shown in Fig. 3b, replacement of one of the His
residues of the zinc binding unit abolishes complementation
activity (Fig. 3b, compare two-lane panels A and D). Also,
substituting residues in the putative dimer interface of the N
terminus of HIV-2 IN impairs complementation activity (Fig.
3b, two-lane panel B). Taken together, these results indicate
that only the structured form of IN1–55 is able to complement
the DN mutant.

Although complementation experiments were performed

FIG. 1. (a) Schematic representation of the three domains of HIV-2 IN. The N-terminal domain contains a helix-turn-helix motif (HTH) and the zinc-coordinating
residues HHCC. The catalytic core (spanning amino acids to 50 to 212) has the three active site residues DD(35)E. The C-terminal nonspecific DNA binding domain
has an SH3-like fold. For complementation experiments, the N-terminal domain (IN1–55, spanning amino acids 1 to 55) of HIV-2 IN is mixed with the N-terminal
deletion mutant of HIV-2 IN (DN, comprising amino acids 50 to 293). (b) Complementation between an N-terminal deletion mutant of HIV-2 IN (DN HIV) and the
N-terminal domain of HIV-2 IN (IN55). In the left lane, IN55 is omitted from the reaction; in the middle and right lanes, increasing amounts of IN55 (20 and 200 pmol)
are mixed with the N-terminal deletion mutant (7 pmol) prior to the reaction (see Materials and Methods). The substrate (S) represents the precleaved HIV-2 U5 end;
strand transfer products are indicated on the left (P).
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with the N-terminal deletion mutant coupled to thiopropyl-
Sepharose, activity was also observed with a soluble DN mutant
mixed with IN1–55 (data not shown).

Stable complex formation requires the N-terminal domain
in cis. Previously, it has been shown that IN can form a stable
complex with the viral DNA substrate (19, 70). This stable
interaction between IN and viral DNA is dependent on metal
ions and is not competed by an excess of nonspecific DNA or
other polyanions, like poly(Asp50, Glu50). Deletion of the
HHCC motif or chemical modification of Cys-65 impairs as-
sembly of the stable complex (20). We investigated whether a
stable complex can be formed when IN1–55 complements the
DN mutant in trans. As shown in Fig. 4, full-length IN binds
stably to viral DNA after incubation of the protein with Mn21

and viral DNA ends. Competition by a 25 M excess of non-
specific DNA does not destroy this specific interaction. When
IN is first incubated with nonspecific DNA or nonlabeled viral
DNA ends in the presence of Mn21, addition of viral DNA
ends does not result in integration activity (Fig. 4, lanes 1 to 3).
Under these conditions, full-length IN binds stably to nonla-
beled DNA, which is consistent with previous reports (19, 70).
When we do the same experiment in a complementation assay,
we do not observe a difference in the order of addition of viral
or nonspecific DNA (lanes 4 and 5). This indicates that the N
terminus is required in cis to the remainder of the protein in
order to form a stable complex. Furthermore, these order-of-
addition experiments show that in a complementation assay,
integration occurs even in the presence of an excess of non-
specific DNA, implying a high on-off rate of initial DNA bind-
ing. Assuming that the on-off rate of DNA binding in the
complementation assay is independent of the DNA sequence,
one would expect the same integration activity whether com-
petition is done with nonlabeled viral or nonspecific DNA. To

investigate this, we added a 25 M excess of nonlabeled viral
DNA substrate to the reaction mixture, prior to the addition of
radiolabeled substrate. As shown in Fig. 4, lane 6, the integra-
tion activity was reduced. This is in contrast to the competition
with nonspecific DNA and suggests that the IN1–55-DN mutant
complex binds more tightly to specific DNA than to nonspecific
DNA.

Cross-complementation between HIV and FIV IN. The N-
terminal domains of FIV and HIV-2 INs are 36% identical at
the amino acid level. FIV IN contains two additional Ser res-
idues at the N terminus. The N terminus of FIV IN (IN57) was
overexpressed and purified in the same way as has been done
for IN1–55 of HIV-2. As shown in Fig. 5a, the N-terminal
domain of FIV IN elutes at the dimer position from a size
exclusion column.

We tested whether the N terminus of FIV IN can comple-
ment integration activity of a DN mutant of HIV-2 IN. As
shown in Fig. 5b, FIV IN1–55 can complement a DN mutant of
HIV-2 IN at a similar efficiency as in the complementation
between HIV-2 IN1–55 and the DN mutant of HIV-2 IN (lanes
2 and 3).

Full-length IN proteins from HIV and FIV have different
preferences for the sites of integration (Fig. 5b, lanes 1 and 4)
(57, 71). Cross-complementation experiments show the same
target site preference for an N-terminal deletion mutant of
HIV-2 IN that is complemented by either FIV IN1–57 or HIV-2
IN1–55 (Fig. 5b, lanes 2 and 3). This indicates that the N-
terminal domain does not control target site preference, which
is in agreement with results obtained with chimeric proteins
between HIV-1 IN and FIV IN (57).

It has been shown that the choice of nucleophile in the
cleavage reaction is different for HIV IN and FIV IN (71). In
a cross-complementation assay, the choice of nucleophile is

FIG. 2. Disintegration activity in a complementation assay between the N-terminal deletion mutant of HIV-2 (DN HIV) and the N-terminal domain of HIV-2 IN
(IN55). The disintegration substrate was incubated with 2 nmol of ZnCl2 (lane 1), 2 nmol of IN55 (lane 2), and the N-terminal deletion mutant without IN55 (7 pmol)
(lane 3) or with increasing amounts of IN55 (20 pmol, 200 pmol, and 2 nmol [lanes 4 to 6, respectively]). In lane 7, part of the reaction mixture from lane 2 was extracted
with phenol and chloroform. The substrate is shown on the right with an arrow indicating the product of the intermolecular disintegration reaction (labeled
intermolecular) or to the product of the intramolecular disintegration reaction (intramolecular). The substrate itself runs as a 10-mer on a denaturing 20%
polyacrylamide gel. The arrow on the left indicates the migration position of the IN1–55-dependent band.
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independent of the source of the N-terminal domain (data not
shown). This is consistent with results described elsewhere
indicating that residues near the active site determine the
choice of nucleophile in the cleavage reaction (23, 61, 64).

Cross-complementation activity on different substrates.
Previous reports have indicated that the efficiency of 39 pro-
cessing of different viral DNA substrates varies between HIV-1
IN and FIV IN (71). The most pronounced difference was
found for the MoMLV substrate; FIV IN cleaves this substrate
much better than HIV IN (Fig. 6, lanes 5 and 6) (71). To
address the question of whether the N-terminal domain is
involved in viral DNA recognition, a cross-complementation
experiment was done using HIV-2 and MoMLV substrates.
Protein concentrations were such that the efficiency of 39 pro-
cessing of HIV-2 substrate was similar in all reactions (Fig. 6,
lanes 1 to 4). The same protein concentrations were used in the
cleavage reaction of MoMLV substrate (lanes 5 to 8). For both
substrates, HIV IN1–55 and FIV IN1–57 can complement a DN
mutant in the 39 processing reaction. Under these conditions
the HIV-2 substrate is cleaved at a similar rate in all reactions,
whereas the MoMLV substrate is processed more efficiently by
FIV IN than by HIV-2 IN (Fig. 6, lanes 1 and 2 and lanes 5 and
6, respectively). Moreover, cleavage of MoMLV substrate is
more efficient with FIV IN1–57 than with HIV IN1–57 in the

complementation assay (lanes 7 and 8). This indicates that the
N-terminal domain of IN is involved in recognition of the
specific viral DNA ends.

DISCUSSION

Structure elucidation of the N-terminal domains of HIV-1
IN and HIV-2 IN revealed a dimeric three-helix bundle, sta-
bilized by a zinc-binding unit (8, 18). The topology of the
N-terminal domain is very similar to that of DNA binding
proteins, containing a helix-turn-helix motif such as the Trp
repressor (48), the Prd paired domain (75), and the N terminus
of Tc3 transposase (66). In contrast to the DNA binding pro-
teins, which use the second helix of the helix-turn-helix motif to
bind DNA, HIV-1 IN1–55 uses this helix for dimerization (8).
Although no direct DNA binding of IN1–55 has been observed,
several studies have indicated that the N-terminal domain may
be involved in recognition of the viral DNA ends. Since mu-
tations in the HHCC motif affect cleavage more than integra-
tion, the N-terminal domain could participate in correct posi-
tioning of the viral DNA ends (7, 63, 67). Disintegration
activity of HHCC mutants suggested that the N-terminal do-
main may interact with viral DNA sequences internal to the
conserved CA (67). Alternatively, the N-terminal domain
could be involved indirectly in viral DNA recognition through
the interaction with other domains of IN. Interaction between
the HHCC motif and the core has been suggested by chemical
modification of specific Cys residues by N-ethylmaleimide,
which impairs metal-induced aggregation of IN (20). In addi-
tion, it has been shown that preincubation of IN with a C-
terminal specific monoclonal antibody interferes with binding
of an N-terminal specific monoclonal antibody, indicating that
the N- and C-terminal domains are close to each other (2). To
dissect the role of the N-terminal domain, we developed an in

FIG. 3. (a) Size exclusion chromatography of mutant proteins of the N-
terminal domain of HIV-2 IN (amino acids 1 to 55). Proteins were injected on a
Superdex 75 HR 10/30 column (Pharmacia), which had been equilibrated in
buffer G (150 mM NaCl, 50 mM Tris-HCl [pH 6.7], 3 mM b-mercaptoethanol,
4 mM ZnCl2). The following markers were used: aprotinin (6.5 kDa, 100 mg),
RNase A (13.7 kDa, 125 mg), and chymotrypsinogen (25 kDa, 55 mg). Elution
profiles are of the following proteins: wild-type IN55 (profile A), mutant F1E;
L2D;I5A (profile B), mutant F1E (profile C), and mutant H12L (profile D).
Profile E is of the mutant F1E in IN1–55 in the presence of 4 mM EDTA. All
proteins were injected at a concentration of 0.4 mM. The retention time in
minutes is indicated on the X axis, and the absorption at 280 nm (A280, in
arbitrary units) is shown in the Y axis. (b) Complementation between the N-
terminal deletion mutant of HIV-2 IN (DN HIV) and several mutants of the
N-terminal domain of HIV-2 IN (IN55). In the first and second lanes, only IN55
or DN is present in the reaction. The N-terminal deletion mutant was incubated
with the mutants of profiles A to D of IN55 (see description for panel a), prior
to the integration reaction. In each two-lane panel, increasing amounts of IN55
protein were added (20 and 200 pmol, respectively). The migration positions of
the substrate (S) and strand transfer products (P) are indicated on the left.

FIG. 4. Stable complex formation between IN mutants and the integration
substrate. The proteins were incubated with the reaction mixture containing 1
mM MnCl2 for 5 min at t 5 09, prior to the addition of 0.2 pmol of labeled
integration substrate (*V; lanes 1 and 4), 5 pmol of nonspecific DNA (C; lanes
2 and 5), or 5 pmol of nonlabeled integration substrate (V; lanes 3 and 6). After
5 min (t 5 59), 5 pmol of nonspecific DNA was added to the reaction mixtures
in lanes 1 and 4 and 0.2 pmol of labeled integration substrate was added to the
reaction mixtures in lanes 2, 3, 5, and 6. Incubations were done at room tem-
perature. The integration substrate (S) is radioactively labeled; integration prod-
ucts (P) are indicated. Stable complex formation of full-length HIV-2 IN is
shown in lanes 1 to 3. The same experiment was done with an N-terminal
deletion mutant of HIV-2 IN (DN HIV), which was mixed with the N-terminal
domain of HIV-2 IN 30 min prior to the reaction (lanes 4 to 6).
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trans complementation assay. The N-terminal domain (IN1–55)
is provided on a separate molecule, unlinked to the catalytic
core and C-terminal DNA binding domain. Although high
levels of IN activity require an excess of IN1–55, significant
levels of reaction products were detected when the molar ratio
of IN1–55 to the N-terminal deletion mutant was around 2.

The N-terminal domain complements an N-terminal dele-
tion mutant in trans. We have shown that the N-terminal
domain of IN can restore IN activity of an N-terminal deletion
mutant when provided in trans to the active site. Previously, it
has been shown that IS10 transposase retains transposition
activity after two of its domains that are not covalently at-
tached are mixed (40). In contrast to IN, both domains of IS10
contribute residues to the active site. In trans complementation
has been reported for the enhancer region of bacteriophage
Mu; when the enhancer is provided on an unlinked DNA
molecule, it still can promote correct synapsis of the left and
right Mu DNA ends (59). In contrast to the in trans comple-
mentation described here, the Mu transposable enhancer is
only required in the initial steps of the Mu reaction and is
dispensable for cleavage and strand transfer. To restore 39
processing and strand transfer activity of an N-terminal dele-
tion mutant, IN1–55 needs to be properly folded. The active
conformation of IN1–55 is disturbed by nonconservative substi-

tutions in the putative dimer interface, as well as by the loss of
zinc coordination (either by replacement of one of the zinc-
binding residues or by chelation of zinc by EDTA). Although
the introduction of negatively charged residues in the dimer
interface would be expected to result in a monomeric protein,
no mutant proteins that elute at a monomer position from a
size exclusion column were found. Also, not a trace of mono-
mer was observed in zinc-containing IN1–55. This could indi-
cate that IN1–55 cannot exist as a globular folded monomer.

Complementation of disintegration activity. Intermolecular
disintegration of an N-terminal deletion mutant is independent
of the presence of IN1–55. This is consistent with the finding
that intermolecular disintegration activity is indifferent to zinc
(77) and can be carried out in the absence of the N-terminal
domain (7, 39, 68). The intramolecular disintegration activity
of an N-terminal deletion mutant is enhanced in the presence
of increasing amounts of IN1–55. Based on sequence require-
ments of the intramolecular disintegration reaction, it has been
postulated that the intramolecular disintegration activity re-
sembles the 39 processing reaction (45, 60). The enhanced
intramolecular disintegration activity of the N-terminal dele-
tion mutant upon addition of IN1–55 supports this hypothesis.
At high concentrations of IN1–55 (0.2 mM), no disintegration
activity takes place and a new band appears. This band prob-
ably results from a noncovalent interaction between the sub-
strate and IN1–55. It is surprising that the complex survives
heating in formamide and denaturing gel electrophoresis. We
propose that the N-terminal domain impairs disintegration
activity by sequestering the substrate. Support for the interac-
tion between the N terminus of IN and the disintegration
substrate comes from photo-cross-linking studies, which
showed that the N terminus of IN interacts with the target
DNA portion of a disintegration substrate (29).

Stable complex formation. Stable complex formation be-
tween IN and viral DNA is established by incubation of IN with
Mn21, followed by addition of viral DNA (19, 70). Once the
viral DNA is bound, nonspecific DNA no longer competes for
viral DNA binding but functions as a target for the strand
transfer reaction. When nonlabeled DNA is added prior to the

FIG. 5. (a) Size exclusion chromatography of the N-terminal domain of FIV
IN (IN57). FIV IN1–57 was injected at a concentration of 0.4 mM on a Superdex
75 HR 10/30 column (Pharmacia), which had been equilibrated in buffer G (see
legend to Fig. 3a). Protein markers were injected prior to each experiment (see
legend to Fig. 3a). The retention time (minutes is indicated on the X axis, and the
absorption at 280 nm (A280, in arbitrary units) is depicted on the y axis. (b)
Cross-complementation between FIV and HIV-2 IN mutants. Integration activ-
ities of full-length HIV-2 IN and FIV IN are depicted in lanes 1 and 4, respec-
tively. Prior to the integration assay, an N-terminal deletion mutant of HIV-2 IN
(DN HIV) was mixed with the N-terminal domain of HIV-2 (HIV IN55) or FIV
IN (FIV IN57) (lanes 2 and 3, respectively). The substrate (S) mimics the U5 end
of FIV; integration products (P) are indicated.

FIG. 6. Cross-complementation assay between FIV and HIV-2 mutants on
different substrates. Cleavage activity of full-length HIV-2 is shown in lanes 1 and
5; that of FIV IN is shown in lanes 2 and 6. The N-terminal deletion mutant of
HIV-2 IN (DN HIV; 7 pmol) is complemented by the N-terminal domain of
HIV-2 IN (HIV IN55; 0.2 nmol) (lanes 3 and 7) or the N-terminal domain of FIV
IN (FIV IN57; 0.1 nmol) (lanes 4 and 8). HIV-2 substrate is used in lanes 1 to 4,
and MoMLV substrate is used in lanes 5 to 8. The migration positions of the
28-mer substrate (S) and the 26-mer product (P) are indicated.
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viral DNA ends, no integration takes place. Here, we show that
integration occurs in a complementation assay even in the
presence of an excess of nonspecific DNA. When nonlabeled
viral DNA sequences are added prior to the labeled viral DNA
substrate, integration activity is reduced. These results suggest
that DNA binding by the IN1–55 DN complex has a higher off
rate than that of full-length IN. In addition, the IN1–55–DN
complex binds nonspecific DNA less tightly than specific viral
DNA ends.

Cross-complementation activity between FIV and HIV-2 IN
mutants. Previously, it has been shown that HIV IN and FIV
IN have different preferences for viral DNA substrates, as well
as different target site choices. To address which domains con-
tribute to substrate specificity and target site preference, cross-
complementation experiments were done by using FIV and
HIV-2 IN mutants. We have established that an N-terminal
domain of FIV IN can function in trans to an N-terminal
deletion mutant of HIV-2 IN. The integration pattern corre-
sponds to that of HIV-2 IN, which is consistent with results
obtained with chimeric proteins that have an integration pat-
tern dependent on the source of the core domain of IN (57).

Cross-complementation experiments show that the N-termi-
nal domains of HIV IN and FIV IN contribute to substrate
specificity. This is in contrast to the result obtained with a
chimeric protein that contains the N-terminal domain of
HIV-1 IN fused to the core and C terminus of visna virus IN
(35, 36). This chimeric protein has the same substrate speci-
ficity as full-length visna virus IN, suggesting that the core
domain of visna virus IN alone determines substrate specificity.
To extend this conclusion to IN proteins from HIV and other
viruses, additional swaps should be tested. Also, chimeric pro-
teins of HIV and FIV IN tested on MoMLV substrate could
demonstrate the role of the N-terminal domain in substrate
recognition. We cannot fully exclude the possibility that the
conformation of the active complex in the complementation
assay may be different from that of chimeric proteins and can
therefore affect the results. However, since the choice of nu-
cleophile in the cleavage reaction and the target choice in the
strand transfer reaction in the complementation between FIV
IN1–55 and the DN mutant of HIV-2 IN is similar to that of
full-length HIV-2 IN, it is not very likely that gross changes in
topology have taken place. As mentioned by Katzman and
Sudol, the assignment of viral DNA recognition to the central
domain of IN does not exclude that other parts of IN can
facilitate the formation of a viral DNA complex (36). Recently,
cross-linking studies have indeed revealed that binding to the
viral DNA ends is not limited to a single domain (27–29, 31).
The N-terminal domain may function as a module within the
multimeric complex of IN and the viral DNA ends. It is likely
that functional multimerization requires interactions between
nonequivalent domains, but we cannot exclude the possibility
that complementation activity is achieved via the interaction of
the N-terminal domain with DNA.

Previously, Heuer and Brown (30) proposed a role of the
N-terminal domain in the formation of a bridge between two
IN protomers. The N-terminal domain of one protomer would
interact with the core of another protomer, thereby approach-
ing target and viral DNA sequences. Binding of the catalytic
core to the viral DNA end would be stabilized by its interaction
with the N-terminal domain. The results presented here are in
agreement with the proposed model in the sense that the
N-terminal domain can act in trans to the active site. They
suggest that by interacting with the core, the N-terminal do-
main influences the binding of the complex to the viral DNA
ends, which is in accordance with the location of the N-termi-
nal domain in the model of Heuer and Brown.
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