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Purified fusion proteins made up of a retroviral integrase and a sequence-specific DNA-binding protein have
been tested in in vitro assays for their ability to direct integration into specific target sites. To determine
whether these fusion proteins can be incorporated into human immunodeficiency virus type 1 (HIV-1) and are
functional to mediate integration, we used an in trans approach to deliver various integrase-LexA proteins to
an integrase-defective virus containing an integrase mutation at aspartate residue 64. Integrase-LexA, inte-
grase-LexA DNA-binding domain, or N- or C-terminally truncated integrase-LexA proteins were fused to the
HIV-1 accessory protein, Vpr. Coexpression of the Vpr fusion proteins and an integrase-defective HIV-1
molecular clone by a producer cell line resulted in efficient incorporation of the fusion protein into the
integrase-mutated virus. In addition, each of these viruses was infectious and capable of performing integra-
tion, as determined by two independent cellular assays that measure reporter gene expression. With the
exception of the N-terminally truncated integrase fused to LexA, which was at about 1%, all of the fusion
proteins restored integration to a similar level, at 17 to 24% of that of the wild-type virus. The low level observed
with the N-terminally truncated integrase fused to LexA is consistent with previous results implying that the
N terminus of integrase is involved in multiple steps of the retroviral life cycle. These data indicate that the
integrase-fusion proteins retain catalytic function in the integrase-mutated viruses and demonstrate the
feasibility of incorporating integrase fusion proteins into HIV-1 for the development of site-directed retroviral
vectors.

Retroviruses are highly promising vectors for gene therapy
and at present are the most widely used in clinical trials (64).
A critical advantage they offer is the ability to permanently and
precisely insert a gene of interest into the chromosomes of a
target cell. The stage of the viral life cycle responsible for this
joining of a cDNA copy of the viral genome to the chromo-
somal DNA is integration, mediated by the viral enzyme inte-
grase (2, 37). Integration is performed in the context of the
preintegration complex (PIC), following reverse transcription
and nuclear entry of an infected cell (21). The human immu-
nodeficiency virus type 1 (HIV-1) PIC consists of a double-
stranded DNA copy of the retroviral genome, the viral proteins
integrase, reverse transcriptase, matrix, and Vpr, and at least
one host cellular protein, HMG-I(Y) (6, 19, 20, 50).

Integration occurs via a three-step process. In the first step,
39-end processing, integrase cleaves the terminal 2 nucleotides
from each 39 end of the retroviral DNA, exposing a highly
conserved CA dinucleotide (3, 10, 24, 38, 41). Next, in 39-end
joining, integrase uses the -OH group of the newly processed 39
ends of the viral genome to attack the phosphodiester back-
bone of the chromosomal DNA in a transesterification reac-
tion (18, 29). In HIV-1, the two viral ends are joined with a
spacing of 5 bp in the cellular DNA (13, 52). The final step of
integration, 59-end joining, is most probably carried out by
cellular enzymes (11). It involves repair of the gapped structure

created by integrase during the 39-end processing and joining
steps and results in a short duplication of the cellular DNA
sequence flanking the provirus (3, 12, 33, 48, 61).

Although integration is part of the appeal of retroviruses in
gene therapy, it also has a potential pitfall. The sites in the
chromosomal DNA into which integration occurs are nonspe-
cific (9, 22, 34, 56, 69). Therefore, insertional mutagenesis may
result in the loss of an essential gene or in the inappropriate
activation of cellular gene expression due to regulatory ele-
ments present in the viral long terminal repeats (LTRs). To
develop a retroviral vector with added safety against nonspe-
cific integration, it is desirable to produce a virus that is capa-
ble of integrating into the chromosomal DNA at specific sites
and to remove sequences in the viral LTRs that may inciden-
tally disregulate neighboring genes. Self-inactivating vectors
have already been developed that eliminate regulatory ele-
ments present in the U3 region of the viral LTR (51, 76). To
further reduce the risk of nonspecific integration during trans-
duction, we are interested in developing a strategy for confer-
ring site specificity to retroviral integrases.

In in vitro assays, using purified proteins and short annealed
oligonucleotides that mimic the U5 LTR, integration can be
directed toward specific sites in target DNA. Fusion of inte-
grase to a sequence-specific DNA-binding protein, such as the
DNA-binding domain (DBD) of phage lambda repressor (7)
or the full-length or DBD of Escherichia coli LexA repressor
(30, 36), results in a bias of integration into DNA flanking the
recognition site of the sequence-specific DNA-binding protein.
Although in vitro assays indicate the potential success of such
an integrase fusion protein for directing integration, it has not
yet been possible to incorporate these fusion proteins into an
infectious retroviral vector (8, 36). One difficulty in achieving
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this is manipulating the 39 end of the integrase gene so that the
fusion protein is encoded in the viral genome. For HIV-1, the
39 coding region of integrase overlaps the reading frame of vif
and contains an important splice acceptor site (59). To avoid
interfering with crucial elements in the integrase gene, we
decided to incorporate the integrase-LexA fusion protein into
HIV-1 in trans. The in trans incorporation method has been
previously described and exploits the packaging properties of
the viral accessory protein, Vpr. Vpr is incorporated into
HIV-1 through an interaction with the LXX triplet repeat in
the C terminus of the p6 protein in Gag (40, 46). By fusing a
protein to the C terminus of Vpr, it can also be incorporated
into HIV-1 particles via this Vpr-p6 interaction (23, 44, 45, 72,
74). Furthermore, fusing wild-type integrase to Vpr results in
the delivery of integrase to viruses encoding a defective inte-
grase gene and in provirus formation in infected cells (23, 44,
74). It is unknown, however, whether fusion of a protein to the
C terminus of integrase will result in a loss of integration
activity during retroviral infection. Vpr must be removed from
the N terminus of integrase for it to restore integration to an
integrase-mutant HIV-1 clone (23). It is possible that C-termi-
nal fusions to integrase will likewise affect its proper function.

In this study, we showed that a variety of integrase-LexA
fusion proteins could be included in HIV-1 particles by the Vpr
fusion method. In addition to the full-length wild-type inte-
grase-LexA protein, a number of truncated fusion proteins
were incorporated. These include N- and C-terminal deletions
of integrase, as well as a C-terminal truncation of LexA. The
various integrase-LexA fusion proteins were incorporated into
a replication-defective virus, which contains a mutation in the
catalytic core of integrase, to reveal whether the fusion protein
provided in trans was functional. In the presence of an HIV- 1
protease cleavage site for the removal of Vpr from the inte-
grase-LexA protein after packaging, all resulting viruses con-
taining the various fusion proteins were infectious and able to
stably express a selectable marker gene. Our results demon-
strate an efficient means for delivering integrase fusion pro-
teins into virions and further reveal that the integrase fusion
proteins catalyze integration during retroviral infection.

MATERIALS AND METHODS

Cells and antibodies. HeLa-CD4 (47) and 293T cells, obtained from the
National Institutes of Health (NIH) Reference and Reagent Program and Rich-
ard Sutton at the Baylor College of Medicine, respectively, were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma) supplemented with 10%
fetal bovine serum (Gemini), 100 U of penicillin per ml, and 0.1 mg of strepto-
mycin (Sigma) per ml. HeLa-CD4-LTR–b-gal cells (39), received from the NIH
Reference and Reagent Program, were grown in DMEM supplemented with
10% fetal bovine serum, 100 U of penicillin per ml, 0.1 mg of streptomycin per
ml, 0.1 mg of G418 (Sigma) per ml, and 0.05 mg of hygromycin B (Sigma) per ml.
The polyclonal antibody directed against HIV-1 integrase residues 23–34 (31)
was provided by the NIH Reference and Reagent Program. Vpr antiserum was
donated by Nathaniel Landau of the Salk Research Institute, HIV-1 immune
serum was purchased from Scripps, and LexA antiserum was provided by John
Little at the University of Arizona.

HIV-1 proviral clones and recombinant expression plasmids. The packaging
construct used for producing virions used in the multinuclear activation of a
galactosidase indicator (MAGI) cell assay was an HIV-1 NL4-3-derived clone
made by cutting wild-type pNL4-3 with SalI and SpeI to remove the integrase
coding region and ligating with the integrase sequence of a similarly cut
HIVNLluc-env containing a D64E mutation in integrase, obtained from Irvin S. Y.
Chen at the University of California, Los Angeles, Calif. (49).

The plasmids used for generating viruses for the hygromycin resistance assay,
which contain the HXB2 strain of HIV-1 with the hygromycin resistance gene in
place of envelope and either the wild-type (pHXB-Hygro) or D64V-mutated
(pHXB-IN64-Hygro) form of integrase, were generously provided by Andrew
Leavitt of the University of California, San Francisco, Calif. (54). The construct
for expression of amphotropic murine leukemia virus (MLV) envelope (SV-A-
MLVenv) was generously supplied by Mark Muesing at the Aaron Diamond
AIDS Research Center (68).

The recombinant expression plasmids for the various integrase-LexA fusions
were each cloned into a pLR2P construct containing a Vpr integrase (R-PC-IN)

gene, kindly provided by Beatrice Hahn of the University of Alabama, Birming-
ham, Ala. (23). The pLR2P expression construct contains the HIV-2 LTR and
Rev response element at the 59 and 39 ends, respectively, of the Vpr-integrase
fusion protein gene to drive its expression and ensure that the full-length tran-
script is exported out of the nucleus for translation (72). An HIV-1 protease
cleavage site is also present following Vpr, because Vpr-integrase fusion proteins
are inactive at mediating integration and the removal of Vpr from integrase is
necessary for integration (23).

To construct the R-PC-IN/LA clone, PCR on the pT7-7 E. coli protein ex-
pression construct containing a full-length integrase-LexA gene was performed
with primers against integrase at residue 50, to exploit a unique NsiI site, and
the 39 end of lexA (30). All primers were obtained from Operon Technologies
Inc. The primer used to amplify the integrase gene at residue 50 was 59-CC
AGTGATGCATGGACAAGTAGACTGTAGT-39 (HIV5NsiCAS), and the
39 primer against lexA was 59CAGTCACTCGAGTTACAGCCAGTCGCCGT
T-39 (LexA3-Xho). Underlined nucleotides indicate the NsiI and XhoI sites,
respectively. After amplification, the product was digested with NsiI and XhoI,
purified with the Qiagen gel extraction kit, and then ligated into the pLR2P
R-PC-IN construct that had previously been cut with NsiI and XhoI. The pLR2P
R-PC-IN/LADBD construct was prepared in an identical fashion to the previous
construct, except that the LexADBDXho primer, 59-ATTCTCGAGTTATGGT
TCACCGGCAGC-39, was used as a 39 primer to amplify the lexA gene from res-
idue 88 (the XhoI site is underlined).

pLR2P R-PC-IN1–234/LA was prepared by amplifying the integrase 1–234-
LexA gene from a pT7-7 expression construct (30) with the HIV5NsiCAS and
LexA3-Xho primers previously discussed. All further cloning steps were per-
formed as described above. The R-PC-IN50–288/LA gene was cloned into
pLR2P by amplifying the full-length integrase-LexA gene from the pT7-7 ex-
pression construct with the LexA3-Xho primer and DIN50-ScaI (59TCAAGTA
CTAATGCATGGACAAGTA-39) (the ScaI site is underlined), to begin the
integrase coding region at residue 50. The resulting PCR product was digested
with ScaI and XhoI and purified with the Qiagen gel extraction kit as above. The
digested fragment was then ligated into the pLR2P R-PC-IN construct that was
previously digested with XhoI and partially digested with ScaI to remove the
entire integrase coding region. The sequences of all clones were verified by
Sanger DNA sequencing (60).

pLR2P R-PC-IN1–234/LADBD was prepared by cutting pLR2P R-PC-IN1–
234/LA with XhoI and then partially digesting with KpnI to remove the full-
length lexA gene. The pLR2P R-PC-IN/LADBD expression construct was then
fully digested with XhoI and KpnI, and the fragment containing the lexA DBD
was gel purified by Qiagen gel extraction and ligated into the purified pLR2P
DNA encoding IN1–234.

Virus preparation. All viral stocks were prepared by standard calcium phos-
phate transfection of monolayers of 293T cells with 20 mg of DNA in 75-cm2

flasks (1). Control viruses used in the MAGI cell assay were produced by
transfection with 20 mg of pNL4-3 or 20 mg of pNL4-3 harboring the D64E
mutation pNL-IND64E. The virus containing the integrase-LexA fusion protein
was obtained by transfection at a 5:1 ratio with pLR2P R-PC-IN/LA and the
integrase-mutated pNL4-3.

For the wild-type and D64V integrase-mutated virus stocks used in the hygro-
mycin resistance assay, the hygromycin resistance construct with or without the
integrase mutation (pHXB-Hygro or pHXB-IN64-Hygro) was cotransfected with
the SV-A-MLVenv construct at a 1:1 ratio. The viruses provided with the inte-
grase-LexA fusion proteins in trans were generated by cotransfection of pHIV-
IN64-Hygro, SV-A-MLVenv, and the appropriate pLR2P expression construct
at a ratio of 1:1:5. The medium containing the virus after transfection was
harvested after 48 h and filtered through 0.45-mm-pore-size filters (Corning) via
gravity drip. The virus titer was then determined by an enzyme-linked immu-
nosorbent assay against the HIV-1 p24 antigen, and the stocks were aliquoted
and stored at 280°C until use.

Western blot analysis. Viruses were prepared for immunoblot analysis by
ultracentrifugation of the filtered transfectant medium at 120,000 3 g for 2 h at
4°C. The resulting pellets were resuspended in lysis buffer (62.5 mM Tris-HCl
[pH 6.8], 0.2% sodium dodecyl sulfate [SDS], 5% 2-mercaptoethanol, 10% glyc-
erol) (44, 72), and normalized for p24 content. A 12-ng p24 equivalent of each
virus was loaded onto SDS–12% polyacrylamide gels for separation and then
transferred to nitrocellulose membranes (pore size, 0.45 mm; Micron Separations
Inc.) for probing. Western blot analysis was carried out with an alkaline phos-
phatase detection kit as specified by the manufacturer (Bio-Rad).

MAGI cell infectivity assay. HeLa-CD4-LTR–b-gal cells were seeded at 4 3
104 cells per well of 24-well plates. The following day, each of 50-, 5-, and 0.5-ng
p24 equivalents of either control virus (wild type or integrase-mutated NL-
IND64E) or integrase-LexA-containing virus (NL-IND64E with R-PC-IN/LA) was
used to infect each well for 2 h, in duplicate. Approximately 48 h after infection,
the cells were fixed and stained with 5-bromo-4-chloro-3-indolyl-b-D-galactopy-
ranoside as previously described (39). Cells containing a blue nucleus were then
counted.

Hygromycin resistance infectivity assay. Viruses collected from double
(pHXB-Hygro or pHXB-IN64-Hygro and SV-A-MLVenv) or triple (pHXB-
IN64-Hygro, SV-A-MLVenv and a pLR2P expression construct) transfections
were used to infect 106 HeLa-CD4 cells in 100-mm plates at concentrations of
50-, 5-, and 0.5-ng equivalents of p24. At 4 h postinfection, the medium contain-
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ing the virus was removed and nonselective medium, DMEM, was added to the
plates. The cells were maintained in nonselective medium for an additional 40 h.
The DMEM was then exchanged for a medium containing 200 mg of hygromycin
B per ml. Selection was continued for 14 days, and the colonies were then stained
with 0.2% crystal violet in 10% phosphate-buffered formalin (pH 7.0) and
counted.

RESULTS

Experimental design. The HIV-1 integrase-LexA fusion
protein was examined in this study because it retains integra-
tion activity to the same level as wild-type HIV-1 integrase in

all functional assays and is capable of biasing integration into
the DNA regions flanking the LexA operator in vitro (30).

The viral clones used to generate the various virus stocks
contain an aspartate-to-valine or aspartate-to-glutamic acid
mutation at residue 64 of integrase (D64V [Fig. 1A, clone b];
D64E [Table 1]). These mutated clones were chosen for two
reasons. First, the catalytic function of the integrase in the viral
genome was removed to determine if the integrase-LexA fu-
sion proteins provided in trans were active and able to restore
integration. Second, the D64 integrase mutations result solely

FIG. 1. DNA constructs used for in trans incorporation of various integrase-LexA fusion proteins. (A) Representation of the HXB2 clones containing a hygromycin
resistance gene (Hygr) in place of envelope (pHXB-Hygro and pHXB-IN64-Hygro). The construct is not drawn to scale. HXB2 contains a defective vpr gene due to
an insertion of a T nucleotide at position 5771 (71a). The integrase coding region is magnified. The two viral clones are identical, except that pHXB-Hygro encodes
a wild-type integrase gene (a) while pHXB-IN64-Hygro is mutated in one of the catalytic core triad residues of integrase, aspartate 64 to valine, D64V (b). (B) Fusion
protein constructs provided in trans to the IND64V viral clone. Each construct encodes the Vpr protein at the N terminus (R, open boxes) for packaging of the integrase
and integrase-LexA fusion proteins into the viruses. The solid boxes denote HIV-1 protease cleavage sites (PC), which are required for removal of Vpr from the
integrase-LexA fusion protein after packaging (23). The integrase (IN) coding segment is denoted by the lightly shaded boxes. The numbers in parentheses indicate
the residues included in each fusion protein (wild-type integrase is 288 amino acids). The full-length LexA (202 amino acids) or DBD of LexA (LADBD, residues 1
to 87) is fused to the C terminus of integrase (constructs b to e) and is denoted by the darkly shaded boxes with white lettering. All constructs are cloned into the pLR2P
expression plasmid (72). (C) Amphotropic MLV envelope expression construct. Each virus was pseudotyped with an amphotropic MLV envelope protein driven by the
simian virus 40 promoter (68). Viruses were generated by double (pHXB-Hygro or pHXB-IND64-Hygro plus SV-A-MLVenv) or triple (pHXB-IN64-Hygro with
SV-A-MLVenv and a pLR2P expression plasmid) transfection and then normalized for p24 content.
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in a defect in integration and do not affect other critical stages
of the virus life cycle (16, 42, 68).

The constructs used to provide the various integrase and
integrase-LexA fusion proteins to the integrase-defective viral
clone are shown in Fig. 1B. As a positive control for the in trans
incorporation method, a Vpr-integrase (R-IN) expression con-
struct was used (Fig. 1B, construct a). Providing this protein in
trans complements viruses containing an integrase gene muta-
tion, restoring their infectivity to about 20% that of wild-type
virus (23, 44, 74). The integrase-LexA fusion protein constructs
used are also shown in Fig. 1B, (constructs b to e). The fusion
protein consisting of full-length HIV-1 integrase fused to LexA
serves as the prototype (Fig. 1B, construct b). An integrase-
LexA DBD and an N- or C-terminal truncated integrase-LexA
fusion protein were also examined (constructs c to e). These
were chosen to aid in determining the critical criteria for in-
cluding an integrase fusion protein in a retroviral vector and to
allow us to understand the domain requirements of integrase
that are necessary to restore integration to an integrase mutant
retroviral clone.

In each of the integrase-LexA fusion protein constructs,
LexA was fused to the C-terminus of integrase. This was done
because previous data have demonstrated that these fusion
proteins are catalytically active in vitro (30) and because fusing
proteins to the N terminus of HIV-1 integrase adversely affects
their ability to restore infectivity to an integrase core-mutated
viral clone (23). These experiments will also delineate whether
the same detrimental effect of fusing a protein to the C termi-
nus of integrase is observed.

In trans incorporation of various integrase-LexA fusion pro-
teins into HIV-1. Various integrase-LexA fusion proteins were
incorporated into HIV-1 by using the in trans incorporation
protocol because it is highly efficient in delivering proteins into
HIV-1 and because supplying wild-type integrase in trans to
viruses containing a mutant integrase gene restores provirus
formation (23, 44, 74). Immunoblot analysis of viruses pro-
duced by cotransfection of packaging cells with an HXB2 viral
clone, an amphotropic MLV envelope, and the various pLR2P
expression constructs was performed to assess the inclusion of
each integrase-LexA fusion protein into HIV-1. For each of
the viruses generated by the in trans method, the protein en-
coded by the pLR2P construct was efficiently incorporated
(Fig. 2A to C). Antibodies directed against integrase and LexA
cross-reacted with proteins of the expected size for each of the
Vpr-integrase-LexA fusion proteins (Fig. 2A and B). In addi-
tion, the majority of each of the fusion proteins was processed
appropriately by HIV-1 protease. The integrase and LexA
immunoblots detected proteins about 14 kDa smaller than the
unprocessed Vpr-integrase-LexA fusion proteins (Fig. 2A and
B). Also, the Vpr antibody cross-reacted with bands running

slightly above the size of Vpr in the positive wild-type HXB2
and negative HXB2-IND64V control lanes, corresponding to
the size of Vpr-PC (Fig. 2C). None of the full-length Vpr-
integrase-LexA fusion proteins were detected, since the sensi-
tivity of the Vpr antibody is poor relative to those of integrase
and LexA. Only slight cross-reactivity was found for the N- and
C-terminally truncated integrases fused to LexA at the size of
the Vpr-PC band. This is consistent with the lower detection
levels for these fusion proteins in the integrase and LexA
immunoblots (Fig. 2A and B, lanes 6 and 7), possibly indicating
lower incorporation levels into these viruses. Similar to obser-

FIG. 2. Vpr-integrase-LexA and derivative fusion proteins are incorporated
into HIV-1 by the in trans method. Immunoblot analysis was performed with
antibodies against integrase residues 23 to 34 (A), LexA (B), Vpr (C), or HIV-1
immune antiserum (D). After concentration for 2 h at 120,000 3 g and resus-
pension in lysis buffer (see Materials and Methods), 12-ng p24 equivalent of each
virus was separated by SDS-polyacrylamide gel electrophoresis (12% polyacryl-
amide). Proteins were then transferred to nitrocellulose membranes (Micron
Separations, Inc.), and Western blot analysis was carried out as described in
Materials and Methods. Lanes are the same for each immunoblot: 1, wild-type
HXB2; 2, HXB-IND64V; 3, HXB-IND64V plus R-IN; 4, HXB-IND64V plus R-IN/
LA; 5, HXB-IND64V plus R-IN/LADBD; 6, HXB-IND64V plus R-IN50-288/LA;
7, HXB-IND64V plus R-IN1-234/LA; M, molecular weight standards (in thou-
sands) (New England Biolabs). The Vpr encoded by HXB2 contains an insertion
of a T nucleotide at position 5771. The HXB2 Vpr is truncated and unstable,
which may account for its low detectability on the immunoblot (71a). Arrow-
heads denote bands corresponding to the expected size for the indicated pro-
teins, and numbers in parentheses refer to their predicted molecular weights (in
thousands).

TABLE 1. Production of HXB2 viruses complemented with various
Vpr-integrase and Vpr-integrase-LexA derivative proteins

Virus construct pLR2P construct p24 antigen (ng/ml)a

pHXB-Hygro None 670
pHXB-IN64-Hygro None 873
pHXB-IN64-Hygro R-IN 27
pHXB-IN64-Hygro R-IN/LA 81
pHXB-IN64-Hygro R-IN/LADBD 207
pHXB-IN64-Hygro R-IN50-288/LA 35
pHXB-IN64-Hygro R-IN1-234/LA 30

a HIV-1 p24 antigen concentration of a single representative experiment after
harvesting media from calcium phosphate-cotransfected 293T cells. IN, inte-
grase; LA, LexA; R, Vpr.
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vations in other studies, cleavage by either HIV-1 or cellular
proteases did occur at additional sites in some of the incorpo-
rated fusion proteins (23, 44, 45, 72–74) (Fig. 2A and B).

Inclusion of the various integrase-LexA fusion proteins into
HXB2 and the HXB-IND64V mutation did not interfere with
viral protein production or with virus maturation following
transfection of packaging cells. The titers after the viruses were
harvested from transfected 293T cells were diminished for
several viruses (Table 1), presumably because the trans-com-
plemented virions result from the transfection of three, rather
than two, expression plasmids. However, once normalized by
p24 antigen, immunoblotting with HIV-1 immune serum
showed the presence of all viral proteins to similar amounts in
each virus with respect to the wild-type control (Fig. 2D).
Therefore, the Western blot results show that the Vpr-inte-
grase-LexA fusion proteins can be incorporated into HIV-1 by
the in trans incorporation method. The proteins are mostly
processed correctly between Vpr and integrase, and normal
virus protein composition and maturation are maintained.

Integrase-LexA and integrase-LexA DBD fusion proteins
are capable of restoring integration to integrase-mutated vi-
ruses. Many recombinant viruses, although efficiently pro-
duced after transfection, are not infectious. A MAGI cell assay
was initially performed to determine whether the prototype
virus, containing the integrase-LexA fusion protein, was capa-
ble of provirus formation and expression of a reporter gene
(Table 2). Each MAGI cell assay performed with the integrase-
LexA-complemented NL-IND64E virus yielded approximately
31% the number of positively stained blue nuclei as did the
assay with the wild-type NL4-3 control.

To further examine the ability of each virus containing a
fusion protein to mediate integration, we used a hygromycin
resistance assay, which utilizes a viral clone that contains the
hygromycin resistance gene in place of envelope (Fig. 1). The
hygromycin resistance assay offers several advantages over
other assays that test for viral infectivity. First, because the
cells infected are maintained in the presence of hygromycin B
for 2 weeks following infection, cell survival requires stable
gene expression from proviruses, producing extremely low
background. Viruses that contain mutations in the catalytic
core of integrase, such as HXB-IND64V, typically yield infec-
tious viral titers that are 103- to 104-fold lower than those of
wild-type viruses (28, 42). In contrast, other infectivity assays,
such as the MAGI assay, can detect infectious viral titers from
integrase-mutated virions as high as 10 to 20% that of wild-
type virus, believed to be driven by Tat expression from two-
LTR circles, an unintegrated form of the viral cDNA (16, 68).
Second, cells that do not have an integrated provirus are un-
able to sustain growth under antibiotic selection for this
period. Therefore, HeLa-CD4 cells were infected with pseu-
dotyped viruses with or without integrase-LexA fusion proteins
and selected with hygromycin B. Under these conditions, both

the integrase-LexA- and integrase-LexA DBD-containing vi-
ruses were capable of integration. Hygromycin-resistant colonies
were consistently found on plates of cells infected with these
viruses (Fig. 3A, plates d and e). In contrast, virtually no col-
onies were found on plates of cells infected with the negative
control virus, HXB-IND64V (Fig. 3A, plate b), containing only
the catalytically inactive integrase. When the HXB-IND64V-
mutated virus that also contained the integrase-LexA protein
was used for infection, colonies were produced at 17% of the
level of those in cells infected with the wild-type HXB2 clone
or 43% of the level of the HXB-IND64V virus provided with the
wild-type integrase protein in trans (Fig. 3B). The integrase-

FIG. 3. The integrase-LexA and integrase-LexA DBD fusion proteins are
able to restore integration activity to an HXB-IND64V viral clone. (A) Repre-
sentative plates of HeLa-CD4 cells infected with 50-ng p24 equivalent of the
indicated virus in the hygromycin resistance assay. One million cells were in-
fected for 4 h with viruses carrying the IND64V mutation and containing either
R-IN (c), R-IN/LA (d), or R-IN/LADBD (e) fusion proteins. Viruses carrying a
wild-type integrase gene served as a positive control (a), and viruses mutated at
the D64 residue of integrase were used as a negative control (b). Dark spots on
each plate are colonies that grew after selection with medium plus 200 mg of
hygromycin B per ml for 12 days, beginning 2 days postinfection. The colonies
are a result of provirus formation and stable expression of the hygromycin
resistance gene. (B) Relative integration levels of the HXB-IND64V virus com-
plemented with the R-IN/LA and R-IN/LADBD proteins. The data are the
average for three independent experiments, each performed with 50-, 5-, and
0.5-ng p24 equivalents of virus in the hygromycin resistance assay. The average
number of colonies counted on plates of cells infected with 50-ng p24 equivalent
of the wild-type control virus was approximately 1,650.

TABLE 2. MAGI cell infectivity of viruses complemented with
Vpr-IN or Vpr-IN/LA

Virus pLR2P construct % Infectivitya

pNL4-3 None 100
pNL-IND64E None 2
pNL-IND64E R-IN 52
pNL-IND64E R-IN/LA 31

a Data are the average of three independent experiments using 50, 5, and 0.5
ng of p24 equivalents of the indicated virus, performed in duplicate. All values
are expressed as a percentage of the wild-type (NL4-3) virus, which produced an
average of 65 blue nuclei per ng of p24.
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LexA DBD fusion protein was better at restoring integration
to the HXB-IND64V, producing 24% of the number of colonies
produced by wild-type virus or 61% of the number produced by
HXB-IND64V provided with the wild-type integrase in trans
(Fig. 3B). The presence of the LexA or LexA DBD at the C
terminus of integrase did not significantly affect the ability of
the in trans proteins to restore infectivity to the catalytically
inactive integrase viruses, signifying that sequence-specific
DNA-binding proteins can be fused to the C-terminus of in-
tegrase for targeting integration.

Viruses with a catalytically inactive integrase gene are com-
plemented with an N- or C-terminally truncated integrase
fused to LexA. To determine if a full-length integrase is re-
quired for the integrase-LexA fusion protein to restore inte-
gration to the integrase-mutated viral clone, N- and C-termi-
nally truncated integrase-LexA proteins were incorporated in
trans. Although the in vitro activity of these proteins was weak
compared to that of the full-length integrase-LexA protein,
integration activity directed toward the LexA operator se-
quence could be detected using a highly sensitive PCR-based
assay (30). In addition, these proteins may be able to restore
integration to the D64V integrase-mutated viral clone because
of functional complementation. In vitro, integrases that con-
tain a mutation in one of the catalytic triad residues are com-
plemented by integrases that lack either the N- or C-terminal
domain (15, 63). Also, viruses that contain mutations in the
catalytic core of integrase are complemented with N- or C-
terminally mutated integrases in trans, restoring infectivity to 1
and 44%, for the N and C terminus, respectively, of the level
obtained with wild-type integrase provided in trans (23).

Although no colonies grew on the plates infected with the
HXB-IND64V mutant virus (Fig. 4A, plate b), a high level of
complementation was observed with the C-terminally trun-
cated integrase-LexA protein provided in trans (Fig. 4A, plate
e). The number of colonies that grew on plates of cells infected
with this virus was approximately 24% of that on plates of cells
infected with wild-type HXB2, or 57% of that for HXB-IND64V

that contained wild-type integrase in trans (Fig. 4B). In con-
trast, the N-terminally truncated integrase fused to LexA did
not mediate integration to a high degree. It consistently re-
stored infectivity to the integrase-mutated viruses at a level of
only about 1% of that of wild-type virus or 2% of the Vpr-
integrase complementation control (Fig. 4A, plate d, and B).
The N terminus of integrase, though, is involved in multiple
stages of retroviral infection (16, 42, 49, 68, 73).

Because the IN1-234/LA and IN/LADBD proteins were bet-
ter at restoring infectivity to the HXB-IND64V viral clone in the
hygromycin resistance assay, we also incorporated IN1-234/
LADBD into HXB-IND64V in trans. Combining truncated ver-
sions of both integrase and LexA resulted in a slight to no
increase in provirus formation (data not shown).

DISCUSSION

Integration by retroviral integrases is nonspecific and occurs
throughout the genomic DNA (9, 22, 34, 57, 69). To reduce the
risk of disrupting normal cell function by insertional mutagen-
esis during transduction, a method for directing the sites of
integration is desirable. One approach to conferring site spec-
ificity is to fuse integrase to a sequence-specific DNA-binding
protein. In vitro analysis of purified proteins made up of a
sequence-specific DNA-binding protein and a retroviral inte-
grase has revealed that integration can be directed into certain
DNA sites (7, 30, 36). To evaluate the applicability of this
strategy in vivo, it is important to develop an efficient method
for incorporating functional integrase fusion proteins into in-

fectious virions. Using the in trans method of incorporation, we
were able to package a variety of integrase-LexA proteins into
HIV-1. Fusing an integrase-LexA, integrase-LexA DBD, or an
N- or C-terminally truncated integrase-LexA protein to Vpr
results in efficient incorporation into viruses. Western blot
analysis confirmed the presence of each integrase-LexA fusion
protein in HIV-1. The viruses containing the integrase-LexA
proteins were also infectious and able to perform integration.
Although the integrase gene carried by the viruses contained a
mutation in one of the catalytic triad residues, it was able to be
complemented with the integrase-LexA fusion proteins and to
produce a positive result in infectivity assays that require in-
fection, integration, and reporter gene expression.

The in trans method of incorporation is a valuable tool for
the development of retroviral vectors containing integrase fu-

FIG. 4. Integration by HXB-IND64V viruses that contain N- and C-terminally
truncated integrase proteins fused to LexA. (A) A 50-ng p24 equivalent was used
to infect each of the representative plates shown for the hygromycin resistance
assay. One million HeLa-CD4 cells were infected for 4 h with viruses containing
the Vpr fusion proteins R-IN (c), R-IN50-288/LA (d), or R-IN1-234/LA (e). A
positive control virus (WT) (a) and a negative control virus (D64V) (b) were also
assessed. At 2 days after infection, the cells were grown in 200 mg of hygromycin
B per ml for 12 days. (B) Graphical representation of the average of three
independent experiments for infectivity and integration by the HXB-IND64V

virus containing IN50-288/LA or IN1-234/LA. Each experiment was conducted
with each of 50-, 5-, and 0.5-ng p24 equivalents of the indicated virus in the
hygromycin resistance assay. An average of 1,200 colonies were counted on
plates infected with 50-ng p24 equivalent of the positive-control, wild-type virus.
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sion proteins. Previous attempts to produce retroviruses that
contained integrase fusion proteins were unsuccessful due to
loss of virus infectivity after transfection (8) or loss of fusion
protein expression during viral replication owing to reversion
(36). Each of these attempts encoded the integrase fusion
protein as part of the viral genome, inserting the DNA se-
quence of the sequence-specific DNA-binding protein at the 39
end of the integrase gene. The difficulty in encoding the fusion
protein in the viral genome may lie in the fact that the 39 end
of the integrase gene overlaps the coding sequence of vif and
contains a splice acceptor site. To avoid interfering with critical
elements of the viral genome, we used the in trans incorpora-
tion method, which is highly efficient at including proteins in
HIV-1. This method employs Vpr as a vehicle to package
proteins into HIV-1 (23, 44, 45, 72–74). For each comple-
mented virus, Western blot analysis with antibodies directed
against all three portions of the fusion proteins, Vpr, integrase,
and LexA, detected proteins of the appropriate size. In addi-
tion, correct protease cleavage between Vpr and integrase was
observed.

We tested the ability of a variety of integrase-LexA fusion
proteins to restore integration to an integrase-mutated viral
clone to determine critical parameters for achieving high trans-
duction efficiency in infected cells. The full-length LexA or the
DBD of LexA was fused to integrase to examine the effect of
the size and the dimerization domain of the sequence-specific
DNA-binding protein on the integration activity of the fusion
protein. In each hygromycin resistance assay performed, the
fusion proteins were able to restore integration to the inte-
grase-mutated viral clone, with the integrase-LexA DBD pro-
tein yielding almost 50% more colonies than the integrase-
LexA delivered in trans. Both proteins were incorporated into
the viruses at equally large amounts as determined by Western
blots analyses, indicating that the difference in complementa-
tion efficiency is not due to a different level of fusion protein
incorporation (Fig. 2). Since integrase is active as a multimer
(14, 15, 63), the inclusion of the LexA dimerization domain
may adversely affect the ability of integrase to achieve its cor-
rect multimeric state. It is also possible that such an alteration
may have a negative effect on multiple steps of the viral infec-
tion process, ranging from binding of integrase to the viral
cDNA ends to nuclear import of the PIC (5, 25–27, 32, 55, 67)
and interaction with the chromosomal DNA.

We also examined whether introduced fusion proteins that
contained a truncated integrase in trans were capable of com-
plementing the integrase-defective virus. Truncation of the C-
terminus of integrase in the fusion protein was able to restore
integration by the HXB-IND64V mutant viral clone at a level of
24% of that for wild-type virus. Meanwhile, the N-terminally
truncated integrase fused to LexA produced colonies at a level
of 1%. This is the first time that a restoration of integration has
been described in vivo with integrases that lack an N- or C-
terminal domain. It is possible that fusion to LexA aided the
truncated integrases in their ability to restore integration.
However, in vivo complementation may also be taking place
between different domains of integrase during virus infection.
In vitro complementation data have indicated that mixing in-
tegrase monomers deleted in the N- or C-terminal domain, or
both, complements integration activity with integrase mono-
mers mutated in the catalytic core (15, 63). Furthermore, vi-
ruses harboring a catalytic core mutation in integrase are com-
plemented with integrase proteins provided in trans that
contain single-amino-acid substitutions in either the N- or C-
terminal domain. The C-terminal mutant integrase restores
integration to the core-mutated virus at a level of about 9%, of
that of the wild-type virus, and the N-terminal mutant inte-

grase complements integration to about 0.2% of that of the
wild-type virus (23). Our result from the HXB-IND64V virus
containing the truncated integrase-LexA fusion proteins is
consistent with the previous data. In addition, in in vitro assays
using purified proteins, complementation occurs between an
N- or C-terminally truncated integrase fused to LexA and an
integrase containing a D116G catalytic core mutation (data not
shown). Therefore, the N- or C-terminally truncated integrase,
although fused to LexA, probably restores integration by
complementation with the core-mutated integrase during in-
fection.

Based on the biochemical properties and catalytic activity of
integrase, it is probable that the integrase fusion proteins pro-
vided in trans formed mixed multimers with the virally encoded
integrase (15, 23, 63). To test this hypothesis, an integrase-
minus virus can be provided with the integrase-LexA fusion
protein in trans. The ideal viral clone for this purpose is one
that lacks expression of its own integrase gene, for instance,
one that contains a stop codon near the N terminus of inte-
grase. Unfortunately, such a virus suffers from severe process-
ing defects (4, 16), which have been more difficult to overcome,
even when provided with wild-type integrase in trans (23; M. L.
Holmes-Son and S. A. Chow, unpublished results). Because
C-terminally truncated integrases cannot complement each
other (15, 63), an alternative approach is to introduce stop
codons after the integrase 234 residue of the HXB2 viral clone
and test the ability of IN1-234/LA to restore integration activ-
ity in trans. We are currently preparing DNA constructs to test
this hypothesis.

In contrast to the C-terminally truncated integrase fused to
LexA, the fusion protein containing the N-terminally truncated
integrase is much worse at restoring integration to the inte-
grase-mutated viral clone. This may be because the N terminus
of integrase plays multiple roles during retroviral infection and
complementation of these functions by the core-mutated inte-
grase encoded by the virus is difficult. Viruses containing mu-
tations in the conserved HHCC motif of this domain have
abnormal morphology, suggesting that the N terminus of inte-
grase may be involved in maturation of particles (16). In ad-
dition, these viruses produce reduced levels of viral cDNA,
implicating the N terminus of integrase as playing a role during
reverse transcription (16, 42, 49, 68, 73). Integration may also
be negatively affected because integrase may be prevented
from multimerizing (43, 75) or recognizing the viral cDNA
ends (62, 65). The C terminus of integrase, on the other hand,
may play a role only during the integration step of the retro-
viral life cycle, which would be more easily complemented by
the core-mutated integrase. In vitro assays indicate that the
C-terminal domain of integrase is involved in nonspecific-
DNA binding (17, 35, 53, 58, 66, 70, 71), and replacing the
C-terminal domain of HIV-1 integrase with LexA, a DNA-
binding protein, may enable this fusion protein to better re-
store integration activity than the N-terminally truncated inte-
grase-LexA can. Therefore, although both of these fusion
proteins would be able to provide a catalytic motif to the
core-mutated integrase encoded by the HXB2 clone, the ability
of the core-mutated integrase to restore functions provided by
an N-terminally deleted integrase fused to LexA may be more
difficult.

Although the DBD of LexA better restores integration to
the HXB-IND64V virus than does the full-length LexA protein
fused to the C terminus of integrase and although the C-
terminally truncated integrase also displays high integration
activity, we have not yet determined whether any of the fusion
protein-containing viruses are able to confer heightened inte-
gration specificity to the LexA operator. Therefore, we have

11554 HOLMES-SON AND CHOW J. VIROL.



not yet evaluated whether the factors that provide increased
complementation efficiency are the same as those required for
integration specificity. It is also unknown if any of these viruses
perform bona fide integration reactions when joining the viral
cDNA to the chromosomes of the infected cells. Experiments
are being conducted to determine the ability of the integrase-
LexA fusion protein to direct integration into specific DNA
sites and to examine whether those integration events are con-
certed, bona fide reactions.

The feasibility of directing integration has been tested in
vitro, demonstrating that fusing integrase to a sequence-spe-
cific DNA-binding protein biases integration toward certain
sites on target DNA (7, 30, 36). Evidence that these proteins
are functional in retroviral vectors, however, has been lacking
(8, 36). Using the in trans method of incorporation, we have
shown that integrase-LexA proteins are functional to mediate
integration in infected cells, resulting in stable expression of a
reporter gene. To increase the applicability of retroviral vec-
tors in gene transfer practices and their safety in gene therapy,
it is desirable to control integration sites in the chromosomal
DNA. These data present an efficient method for incorporat-
ing integrase fusion proteins into infectious viral particles and
will allow such a strategy to be tested in vivo.
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