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Previous biochemical and genetic evidence indicated that the functional form of retroviral integrase protein
(IN) is a multimer. A direct demonstration of IN oligomerization during the infectious cycle was, however, miss-
ing, due to the absence of a sensitive detection method. We describe here the generation of infectious human
immunodeficiency virus type 1 (HIV-1) viral clones carrying IN protein tagged with highly antigenic epitopes.
In this setting, we could readily visualize IN both in producer cells and in viral particles. More interestingly,
we detected IN oligomers, the formation of which was dependent on disulfide bridges and took place inside
virions. Additionally, expression of a tagged HIV-1 IN in the absence of other viral components resulted in al-
most exclusive nuclear accumulation of the protein. Mutation of a conserved cysteine in the proposed dimer
interface determined the loss of viral infectivity, associated with a reduction of IN oligomer formation and the
redistribution of the mutated protein in the nucleus and cytoplasm. Epitope tagging of HIV-1 IN expressed
alone or in the context of a replication-competent viral clone provides powerful tools to validate debated issues
on the implication of this enzyme in different steps of the viral cycle.

Retroviral integrase (IN) is the enzyme responsible for the
insertion of a DNA copy of the viral genome in the host DNA,
a crucial step of the retroviral cycle (see references 2, 3, and 6
for reviews). IN catalyzes the two steps of the retroviral inte-
gration process. The first step consists in the elimination of 2
nucleotides from each 3’ end of the proviral DNA. In the
second step, the resulting 3'-OH ends of the viral DNA are
covalently joined to newly created 5" ends in the target DNA
(12, 18, 22, 45, 47, 57, 61). Viral IN is expressed and incorpo-
rated into viral particles as part of a large Gag-Pol polyprotein
precursor, which is processed by the viral protease in the late
stages of assembly (39, 58). After viral entry in the target cell,
IN remains associated with a large nucleoprotein preintegra-
tion complex (PIC), which delivers the viral genome to the nu-
cleus (5, 11, 13, 23, 44, 48, 52). Besides IN, other viral proteins
that were found to cofractionate with human immunodefi-
ciency virus type 1 (HIV-1) PICs are the matrix, the reverse
transcriptase, the viral protein R (Vpr), and, to a lesser extent,
the nucleocapsid (NC) and capsid (CA) proteins (11, 23, 25,
38, 43, 44, 52). In addition, host proteins such as HMG I(Y)
and Inil, the human homologue of yeast transcription factor
SNFS5, although dispensable for IN activity in vitro, can stim-
ulate IN activity under certain conditions (43) or restore func-
tion to salt-treated PICs (24). Access of PICs to the nuclear
compartment differentiates oncoretroviruses, which need mi-
totic nuclear envelope breakdown (37, 54), from lentiviruses,
which are capable of infecting nonmitotic cells (10, 49, 63).
Three viral proteins, matrix (MA), IN, and Vpr, have been
suggested to be implicated in the nuclear transport of HIV-1
PICs; however, their roles remain disputed (8-10, 15, 25, 28—
35, 38, 62). Nuclear localization signals (NLSs) were described
within the sequence of HIV-1 IN, but alteration of these pu-
tative signals was reported to interfere with a phase of the viral
cycle different from the nuclear import of PICs (16, 32). Ex-
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pression of HIV-1 IN fused to B-Gal failed to reveal the in-
trinsic nuclear tropism of IN probably because of the large size
of the resulting fusion protein (46). Indeed, microinjected IN—
glutathione S-transferase fusion proteins readily migrated to
the nuclear compartment (32).

Another intriguing issue of retroviral IN proteins consists in
the oligomerization status of IN. Detailed biochemical and
genetic analysis indicates that IN proteins form multimers;
however, the number of monomers involved and the conditions
under which different-order oligomerization takes place are
debated (4). Retroviral IN proteins comprise three function-
ally distinct domains: the N-terminal domain, which contains a
zinc finger-like motif; the catalytic core domain; and the C-
terminal DNA-binding domain (6). Sequences throughout IN
have been pointed out as important for multimerization (1, 19,
21, 65). Dimers and/or tetramers of recombinant IN proteins
were observed in solution (40, 41, 57, 60). The use of the
yeast two-hybrid system, besides revealing homomeric interac-
tions for HIV-1 IN, helped in defining some of the sequences
involved (42). The most convincing argument that the func-
tional form of IN is a multimer is provided by the complemen-
tation of pairs of inactive proteins carrying mutations or dele-
tions in separate functional domains (20, 21, 27, 59). The
crystal structure of the core domain of HIV-1 IN (19) shows
that it consists of a five-strand B-sheet and six a-helices. In the
crystal, the contact between two monomers formed a large
solvent-excluded interface involving four helices and one
B-strand. The crystal structure was found to be compatible with
a model in which the functional unit for integration is com-
posed of two dimers of IN (19). The more recently described
structure of the N-terminal domain indicates the presence of
additional multimerization determinants (14). Furthermore,
zinc binding to the HHCC sequence located in this domain
favors the formation of tetramers and increases the efficiency
of integration in vitro (20, 65). Despite such detailed biochem-
ical characterization of retroviral IN, oligomers of the enzyme
were not directly visualized during virus replication because of
the lack of a sensitive detection method.

To follow IN through the viral cycle and directly visualize
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possible multimeric forms of the enzyme, we constructed a
replication-competent HIV-1 clone carrying a tagged IN. We
show here that HIV-1 IN forms dimers and higher-order mul-
timers in viral particles. Interestingly, oligomerization of IN
was found to be dependent on disulfide bridge formation. We
also confirmed the intrinsic karyophilic properties of HIV-1
IN, which displayed an almost exclusively nuclear localization
when expressed in the absence of other viral products. Addi-
tionally, we report that mutation of a conserved cysteine
(C130) in the proposed dimer interface results in loss of viral
infectivity, reduced dimer formation, and altered subcellular
localization of the enzyme. Tagged viruses provide a valuable
tool for additional characterization of IN, for studying the
intracellular trafficking of the PICs, and for PIC isolation and
in vitro analysis.

MATERIALS AND METHODS

Plasmid construction and mutagenesis. The HIV-1 BRU infectious molecular
clone was used to express the viral IN fused to the hemagglutinin (HA) or the
Flag epitope. Both epitopes were fused either at the N or at the C terminus of
IN. The procedure consisted of amplification by PCR with two sets of primers.
For fusion at the C terminus of IN, we used a primer encoding part of the
sequence of the fusion epitope in its 5’ portion and complementary to the
C-terminal sequence of IN in the 3’ portion (primer HA1 for the HA epitope or
Flagl for the Flag epitope) in combination with a primer overlapping the PIMI
restriction site located upstream of the IN sequence (primer Pfim1). In a sepa-
rate reaction, a primer encoding the remaining portion of the tagging epitope
including a short overlap with the tagging primer and complementary to the
sequence downstream of IN (HA2 or Flag2) was used with the Plm2 primer,
which overlaps the PfIMI site downstream of IN. Equimolar PCR products
obtained in the two initial reactions were mixed and amplified with the Pfim1 and
Pflm2 primers, producing a fragment which upon digestion with PfIMI could be
used to replace the original BRU sequence. A similar approach was used to
insert the tagging sequences near the N terminus of the IN coding region. In
this setting, the Pflm1 primer was used in combination with the HA.N1 or the
Flag.N1 primer, while the PAim2 primer was combined with the HA.N2 or the
Flag.N2 primer. Addition of the HA tag creates an Nhel site, while the Flag
sequence forms a Clal site if inserted at the N terminus and a Spel site if inserted
at the C terminus of IN. All constructions were confirmed by DNA sequencing
of the entire PCR-amplified fragment. The sequences of the primers used were
as follows: Pfim1, 5" TTCTAAAAGAACCAGTACATGGAGTGTATTAT 3';
Pfim2, 5" CTCTTTTTCCTCCATTCTATGGAGACTCCCTG 3'; HAL, 5" ACC
TAGGCTAGCGTAATCTGGAACATCGTATGGGTAATCCTCATCCTGT
CTACTTGCC 3'; HA2, 5" GTTCCAGATTACGCTAGCCTAGGTTAGAAC
ATGGAA 3’; HANI, 5" ATCCAAGCTAGCGTAATCTGGAACATCGTAT
GGGTATATTCCATCTAAAAATAGTAC 3'; HAN2, 5 GTTCCAGATTAC
GCTAGCTTGGATAAGGCCCAA 3'; Flagl, 5" CCACTAGTTACTTGTCAT
CGTCGTCCTTGTAATCCTCATCCTGTC 3'; Flag2, 5 ACGACGATGACA
AGTAACTAGTGGAAAAGTTTAGTAAAAC 3'; Flag.N1, 5" ATCGTCGTC
CTTGTAATCGATTCCATCTAAAAAT 3'; and Flag.N2, 5" GAATCGATTA
CAAGGACGACGATGATAAGGCCCAAGATG 3'. To express the IN in the
absence of other viral products, we used the pFlag expression vector (55), a kind
gift from Serge Benichou (Institut Cochin, Paris, France), in which we inserted
the IN sequence under the control of the simian virus 40 promoter. The IN
sequence was amplified by PCR with the following primers, which created a
BamHI and an Xhol restriction site at the 5" and 3’ ends, respectively, of the IN
sequence: Flagint 1, 5' CCAGGATCCTTTTTAGATGGAATAGATAAG 3';
and Flagint 2, 5" CTGGCTCGAGCTAATCCTCATCCTGTCTAC 3'. The Flag-
INT expression vector was used for the C130-G mutagenesis, with the Quick
Change mutagenesis kit (Stratagene) and the primers Cys130" and Cys130~;
Cys130*, 5' GTACTACGGTTAAGGCAGCTGGTTGGTGGGCGGGAATC
3’; and Cys130~, 5" GATTCCCGCCCACCAACCAGCTGCCTTAACCGTAG
TAC 3'. After the mutagenesis, the BspMI fragment from the mutated Flag-INT
vector was substituted for the corresponding sequence of the BRU clone, to
obtain the mutated BRU-HA.Cys~ and BRU-Flag.Cys™~ full-length clones.

Cells, virus infection, and reagents. Human epithelial HeLa and P4 (HeLa-
CD4, long terminal repeat [LTR]-LacZ) cells were grown in Dulbecco’s modified
Eagle medium (Gibco), supplemented with glutamine, antibiotics, and 10%
fetal calf serum. P4 cells were grown in the presence of G418 (1 mg/ml). MT4
lymphoid cells were grown in RPMI medium supplemented with glutamine,
antibiotics, and 10% fetal calf serum. Viruses were produced by transfection of
the plasmids as described elsewhere (56). Supernatants were analyzed for HIV-1
p24 antigen content by enzyme-linked immunosorbent assay (Dupont). P4 cells,
plated in 96-well plates, were infected with different viral doses. Infectivity was
measured as previously described (51). MT4 cells (10°) were infected with viral
supernatant corresponding to 30 ng of p24 antigen. Accumulation of p24 in the
culture supernatant was measured every 2 or 3 days. The anti-HA monoclonal
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antibody (MAb) 12CAS was a kind gift from Jacob Seeler (Institut Pasteur, Paris,
France). The anti-Gag MAb 25A (anti-CA) and MAb 18A (anti-MA) were a
kind gift from Francois Traincart (Institut Pasteur). The rabbit polyclonal anti-
Flag antibodies were from Zymed Laboratories (San Francisco, Calif.), and the
mouse anti-Flag MAb M2 was from Kodak. Cy3-conjugated anti-mouse immu-
noglobulin G (IgG) (heavy plus light chain) and peroxidase-conjugated anti-
mouse or anti-rabbit IgG were from Amersham Life Science. N-Ethylmaleimide
(NEM) was from Pierce.

Western blot analysis. Viral supernatants were collected from transfected
HeLa cells. Cells were lysed in lysis buffer (20 mM HEPES, 150 mM NaCl, 0.5%
Triton X-100) containing standard protease inhibitors. Proteins corresponding to
30 pg of lysate were analyzed. Viruses were pelleted by ultracentrifugation (15
min at 60,000 rpm in a Beckman TL100 centrifuge), and pellets were resus-
pended in lysis buffer. For virion lysates, proteins corresponding to the indicated
amounts of p24 were analyzed. When stated, NEM (freshly dissolved in dimethyl
sulfoxide as a 2 M stock solution) was added in lysis buffer at a 20 mM final
concentration. Samples were diluted in loading buffer, in the absence or in the
presence of dithiothreitol (DTT) (60 mM final concentration), and boiled for
5 min. Samples were then run on a 10 or 12% polyacrylamide gel electro-
phoresis and transferred to a nitrocellulose filter (Hybond-C Super; Amer-
sham Life Science) with a semidry electrotransfer apparatus (Bio-Rad). Filters were
blocked with 5% nonfat dry milk in phosphate-buffered saline (PBS)-0.5%
Tween 20 and incubated 1 h at room temperature or overnight at 4°C in PBS-
Tween-milk with the indicated antibodies (final concentrations for each antibody
are as follows: anti-Gag 25A plus 18A, 0.5 pg/ml; anti-HA 12CAS, 2 pg/ml;
anti-Flag, 2 pg/ml). After three washes with PBS-0.1% Tween, the filters were
incubated with a 1:2,500 solution of horseradish peroxidase-conjugated anti-
mouse or anti-rabbit IgG in PBS-Tween-milk. After three washes, bound per-
oxidase activity was revealed with the ECL chemiluminescence kit (Amersham
Life Science) and exposure on Hyperfilm (Amersham Life Science).

Immunoprecipitation. Viral lysates were prepared as described above. Rabbit
anti-Flag polyclonal antibodies or mouse anti-HA MAbs were covalently cross-
linked to protein A-Sepharose with dimethyl pimelimidate. Ten microliters of a
packed volume of protein A beads bound to antibody was incubated with viral
lysates containing 200 ng of p24 at room temperature. The beads were then
washed three times with lysis buffer, resuspended in denaturing loading buffer,
and boiled for 10 min. Samples were then analyzed by Western blotting as de-
scribed above.

Pulse-chase immunoprecipitation. After starvation in methionine- and cys-
teine-free medium, transfected HeLa cells were metabolically labeled for 1 h
with 100 wCi of 3*S Promix (Amersham) per ml. One sample was lysed imme-
diately (time zero), while others were chased by an excess of unlabeled amino
acids for various lengths of time (1, 2, and 6 h). Cells were lysed in RIPA buffer
(140 mM NaCl, 8 mM Na,HPO,, 2 mM NaH,PO,, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.05% sodium dodecyl sulfate [SDS]) containing standard
protease inhibitors. Cell extracts (corresponding to 10° cells for each time point)
were clarified by centrifugation and incubated overnight with 1 ug of the rabbit
polyclonal anti-Flag antibodies (Zymed), and immune complexes were precipi-
tated with Dynabeads (DYNAL) coated with anti-rabbit IgG and washed in
RIPA buffer. Samples were subjected to SDS-12% polyacrylamide gel electro-
phoresis. After film exposure, the gel was analyzed with a PhosphorImager
(Molecular Dynamics).

Indirect immunofluorescence staining. HeLa cells (2 X 10°) were spread on
glass coverslips in 24-well plates, transfected with the indicated plasmids, and
stained for immunofluorescence 24 to 40 h later. Cells were fixed in 3.7%
formaldehyde—PBS for 20 min, washed three times in PBS, and incubated for 10
min in 50 mM NH,CI to quench free aldehydes. After one wash in PBS and a
15-min incubation in permeabilization buffer (0.05% saponin, 0.01% Triton
X-100, 2% bovine serum albumin, PBS), cells were incubated for 1 h with the first
MAb (M2 anti-Flag MAb at 7.5 pg/ml) in permeabilization buffer. Cells were
then washed three times in permeabilization buffer and incubated with Cy3-
conjugated anti-mouse MAbs (Amersham) at a final dilution of 1:200. Cells were
washed three times in permeabilization buffer and once in PBS and mounted in
133 mg of Mowiol (Hoechst) per ml-33% glycerol-133 mM Tris HCI (pH 8.5).
Confocal microscopy was performed with a Leica TCS4D microscope. Series of
optical sections at 0.7-pm intervals were recorded. One representative medial
section was mounted by using Adobe Photoshop software.

RESULTS

Construction of integrase-tagged viral clones. One of the
major obstacles to the visualization and characterization of
HIV-1 integrase protein is the absence of strongly reactive
antibodies. To circumvent this problem, we constructed four
proviral clones of HIV-1 in which an antigenic epitope was
fused either near the N or at the C terminus of the IN protein.
We chose the influenza virus HA epitope and the Flag peptide.
To reduce perturbation of the proteolytic cleavage by the pro-
tease, the N-terminal fusion inserted the sequence of the epi-
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FIG. 1. Construction and infectivity of proviral clones carrying a tagged IN.
(A) Sequences encoding the epitope tags were inserted by PCR either near the
N or at the C terminus of IN with the HIV-1 BRU infectious molecular clone,
yielding the indicated proviral clones. RT, reverse transcriptase. (B) Infectivity of
the wild-type BRU and of the tagged clones was measured in a single-cycle assay
on P4 (HeLa-CD4"*, LTR-LacZ) cells. Values are expressed as percentages of
the BRU virus and represent the means and the standard deviations of four
independent experiments. (C) Viral infectivity measured as the accumulation of
the HIV-1 antigen p24 in the supernatant of MT4 cells.

topes after the fifth amino acid of IN. Epitope fusion at the C
terminus of IN disrupted the vif open reading frame after
amino acid 17; however, virus production and infectivity are
not sensitive to Vif in the cell lines used in our study. We ob-
tained the clones BRU-HA.N and BRU-Flag.N, carrying tag-
ging epitopes fused near the N terminus of IN, and the clones
BRU-HA and BRU-Flag, in which the epitopes are fused to
the C terminus of IN (Fig. 1A).

Effects of IN-epitope fusion on viral infectivity. To analyze
the impact of the presence of the tags on viral replication, we
transfected HeLa cells with the original BRU and the four
tagged clones. Viral particle production, measured as HIV-1
p24 antigen release in the culture supernatant, was not affected
in the four tagged viral clones (data not shown). Culture su-
pernatants were normalized for HIV-1 p24 viral antigen and
used to infect P4 (HeLa-CD4", LTR-LacZ) and MT4 (T-
lymphoblastoid) target cells. The expression of B-galactosidase
in P4 cells is strictly inducible by the HIV transactivator pro-
tein Tat, thereby allowing precise quantification of HIV-1 in-
fectivity based on a single cycle of replication. As shown in Fig.
1B, the presence of either tag fused at the C terminus of IN did
not perturb single-cycle viral infectivity. In contrast, exposure
of P4 cells to the supernatant from HeLa cells transfected with
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the N-terminally tagged IN clones did not produce detectable
infectious events. Accordingly, when the transfected cell super-
natant was used to infect MT4 cells (Fig. 1C), HIV p24 antigen
readily accumulated in the MT4 culture supernatant infected
with the original BRU clone, as well as in that infected with the
C-terminally tagged clones, indicating ongoing viral replica-
tion. The growth kinetics of these three viral clones were sim-
ilar, although the amounts of p24 that accumulated in the cul-
ture supernatants of the two tagged viruses were decreased
six- to ninefold with respect to the wild-type virus (Fig. 1C). In
agreement with the single-cycle data, exposure of MT4 cells to
the supernatant from HeLa cells transfected with BRU-HA.N
and BRU-Flag.N did not result in detectable accumulation of
p24 antigen in the culture supernatant, even after 9 days (Fig.
1C). To summarize, while C-terminal tagging of IN had only a
minor effect on viral infectivity and growth kinetics, the same
epitopes fused at the N terminus of IN resulted in noninfec-
tious viral progeny.

Viral protein synthesis and maturation of IN-tagged viral
clones. To study viral protein synthesis for the HA-tagged
proviral clones, transfected HeLa cells were lysed and analyzed
by Western blotting with MAbs for the HIV-1 matrix (MA;
pl7) and capsid (CA; p24) proteins. Mature pl7 and p24
proteins as well as partially cleaved precursor proteins were
readily detected after transfection with the wild-type BRU as
well as with BRU-HA and BRU-HA.N plasmid (Fig. 2A).
Quantitatively and qualitatively similar Gag protein profiles
were observed for the wild type and the BRU-HA clone both
in cell lysates and in released viral particles (Fig. 2A), indicat-
ing that Gag protein synthesis and maturation were not affect-
ed by addition of the HA epitope at the C terminus of IN.
Interestingly, despite the lack of infectivity of the N-tagged
clone, we noticed only an accumulation of incompletely cleaved
CA protein (still bound to the p2 spacer peptide) in the cell
lysate from the BRU-HA.N clone, while no difference was
noticed in the viral-particle-associated Gag protein content
(Fig. 2A). Fusion of the HA epitope at the N or C terminus
had no major effect on Gag protein production, particle re-
lease, and maturation (Fig. 2A), although N-terminal fusion
was associated with loss of viral infectivity. Transfection of the
two viral clones encoding the Flag fusion epitope at the N or C
terminus of IN (BRU-Flag.N and BRU-Flag) produced West-
ern blot protein profiles similar to those observed with the HA-
tagged viruses (data not shown). This indicates that the minor
proteolytic defect associated with the N-terminally tagged vi-
ruses is independent of the nature of the tag.

To detect IN in producer cell lines and in virions, we per-
formed Western blot analysis with a MAD specific for the HA
epitope. The IN-HA fusion protein was easily detected in ly-
sates from BRU-HA.N- and BRU-HA-transfected cells (Fig.
2B). Besides the mature form of the fusion proteins, we could
distinguish higher-molecular-weight bands specifically reacting
with the anti-HA MADb, likely corresponding to the immature
and partially cleaved Gag-Pol precursor proteins (Fig. 2B).
The intensity of the signal corresponding to the mature IN was
lower for the BRU-HA.N virus preparations, while accumula-
tion of higher-molecular-weight protein bands suggested that
the N-terminal fusion of the HA epitope altered processing of
IN from the reverse transcriptase boundary (Fig. 2B). Of note,
the apparent molecular weight of the N-terminally tagged IN
protein was lower than that of the C-terminally tagged one.
Such finding may reflect either a different conformation of
the two proteins or the elimination of few residues from the
N-terminally tagged protein. More interestingly, the mature
tagged IN proteins could readily be detected in viral particle
preparations from both HA-tagged viral clones (Fig. 2B).



5082 PETIT ET AL. J. VIROL.
A Z £ B 3 z C
< < < : ]
do33a.31 3% ,_F% BRU-HA
GEEECEEE EEEE 5EEE (na p20)
®Saq »
97 — - -
66 — - an
- 66 — -
46— - - -——— - —
=== 46— o %
30 — IN > - .. - e - e - <N
: 30—
-l esese < P24
21 — e e o
21 —
cell lysate virions cell lysate virions anti-HA
anti-gag anti-HA

FIG. 2. Detection of the tagged HIV-1 IN. (A and B) Western blot analysis of transfected cells and viral particles with antibody specific for the HIV-1 gag-encoded
MA and CA proteins (A) and for the tagging epitope HA (B). Molecular masses (in kilodaltons) are indicated on the left side of panels A and B. Cell lysates containing
30 pg of total proteins and virion preparations containing 50 ng of p24 were analyzed. CTRL, control. (C) High sensitivity of Western blot detection of the HA-tagged
IN present in viral particles. The p24 antigen content of viral particles (in nanograms) is indicated.

Qualitatively similar results were obtained with the BRU-Flag.
N and BRU-Flag viral clones, with antibodies specific for the
Flag epitope (data not shown), although the sensitivity was
clearly lower than that attained with the HA epitope. Indeed,
visualization of the HA fusion protein by Western blotting was
remarkably sensitive, since viral preparations of the BRU-HA
clone corresponding to as little as 80 pg of HIV-1 p24 antigen
tested positive with the anti-HA antibody (Fig. 2C). By com-
parison, the IN-Flag fusion protein was detected in viral prep-
arations corresponding to 50 ng of HIV-1 p24 antigen (data
not shown).

Given the above results, we limited further analysis to the in-
fectious C-terminally tagged viral clones BRU-HA and BRU-
Flag. In particular, for the Western blot analysis, the BRU-HA
clone was preferentially used.

Integrase forms protein complexes by disulfide bridges in
viral particles. The high sensitivity of Western blot detection
shown for the BRU-HA viral clone provides a tool for the
biochemical characterization of IN. We investigated the pos-
sibility that IN molecules multimerize or form stable protein
complexes with viral or cellular proteins. After transfection of
HeLa cells with the IN-tagged BRU-HA molecular clone, we
analyzed cell lysates and viral particle protein content by West-
ern blotting, in the presence or in the absence of the reducing
agent DTT (Fig. 3A). As described above, under reducing con-
ditions the IN-HA fusion protein was readily detected in the
viral particles produced by the BRU-HA clone (Fig. 3A, left
panel). When the same viral preparations were analyzed under
nonreducing conditions, two additional IN-specific, strongly
reactive protein bands were observed (Fig. 3A, left panel), in-
dicating that disulfide bridges are required to form two differ-
ent protein complexes that contain the IN-HA fusion protein.
The apparent molecular mass of the prevalent protein complex
(70 kDa) would precisely match the size of an IN dimer, while
the electrophoretic mobility of the larger product is compatible
with a multimeric form of the IN protein or with heterologous
protein complexes. A similar protein profile was observed for
particles produced by the BRU-Flag clone (data not shown),
demonstrating that IN complexes reflect an intrinsic property
of IN and are independent of the nature of the fusion epitope.

Detection of protein complexes was limited to the viral-par-
ticle-associated material, while the only HA-specific signals in
the cell lysate from BRU-HA-transfected cells corresponded

to the monomeric form of the IN-HA fusion protein and the
above-described Gag-Pol precursor or cleavage intermediates
(Fig. 3A, middle panel). This finding suggests that the forma-
tion of protein complexes involving the HIV-1 IN protein is a
late event taking place inside the viral particles.

By comparison, the gag-encoded MA and CA proteins are
observed in viral particle preparations only in their monomeric
forms, both in the presence and in the absence of DTT (Fig.
3A, right panel), showing that disulfide bridges are not in-
volved in intermolecular Gag product interactions.

To verify that the disulfide bridges responsible for the addi-
tional protein bands observed in the absence of DTT were
actually present inside viral particles, we lysed BRU-HA viri-
ons in the presence of NEM, to block free thiol groups (17, 53).
Occupation of free thiols by NEM eliminates the possibility
that new disulfide bridges are formed during the lysis proce-
dure. As shown in Fig. 3B, high-molecular-weight protein com-
plexes were observed in the absence of DTT also when NEM
was present in the lysis buffer, consistent with the interpreta-
tion that IN can be found in viral particles in at least two major
protein complexes which involve disulfide bridges.

Protein complexes involving IN observed in viral particles
are IN multimers. Several reports based on frans-complemen-
tation of IN mutants or on structural considerations suggested
that the functional form of retroviral integrase is a multimer
(20, 21, 27, 59). We used the two replication-competent viral
clones BRU-HA and BRU-Flag to investigate the nature of
the disulfide-bound protein complexes described above; more
specifically, we wanted to determine whether they represent IN
homomers. With the aim of producing viral particles carrying
different IN molecules that could be distinguished, we cotrans-
fected HeLa cells with equal amounts of BRU-HA and BRU-
Flag clones. The resulting virus, named BRU-HA/Flag, was as
infectious as the parental tagged viruses in a single-cycle assay
(data not shown). We then immunoprecipitated viral proteins
with antibodies specific for one tagging epitope and analyzed
by Western blotting the immunoprecipitated material with an-
tibodies specific for the other tagging epitope. Protein com-
plexes, immunoprecipitated by one antitag antibody, should be
recognized by the other antitag antibody used in the Western
blotting only if they contain the two differently tagged IN
molecules. As controls, Western blots of nonimmunopre-
cipitated viral particles produced after transfection of one or
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FIG. 3. HIV-1 IN oligomer formation in viral particles. (A) The left and middle panels show that oligomeric forms of HIV-1 IN protein were observed only in
Western blot analyses performed under nonreducing conditions (— DTT). The right panel shows that migration of gag-encoded proteins is independent of the reducing
conditions. Numbers at left of panels show molecular masses in kilodaltons. (B) Treatment of viral particles with the thiol-blocking agent NEM has no effect on the
oligomerization status of HIV-1 IN. (C) Coimmunoprecipitation and Western blot analysis of IN oligomers formed by IN molecules carrying different tagging epitopes.
BRU-HA/Flag chimeric virus was produced by the cotransfection of BRU-HA and BRU-Flag proviral clones. Antibodies used for immunoprecipitation are indicated
above the panel, while antibodies used to reveal the Western blots are indicated below the panel. (D) Independently expressed BRU-HA and BRU-Flag viral particles
were lysed, mixed before immunoprecipitation with the indicated antibodies, and analyzed by Western blotting with anti-HA antibody. For the direct analysis of cellular
lysate and viral particle preparation, 30 pg of total protein and 30 ng of p24 were used, respectively. Viral lysates corresponding to 200 ng of p24 were analyzed in the

coimmunoprecipitation experiments. WB, Western blot; IP, immunoprecipitation.

both tagged viral clones were run alongside, as well as Western
blots of proteins immunoprecipitated with the same antibody
used for the detection (Fig. 3C).

Western blot analysis with anti-Flag serum is shown in Fig.
3C, left panel. The anti-Flag serum did not cross-react with HA-
tagged IN (lane 1) and could readily detect IN-Flag protein in
BRU-HA/Flag viral particles, produced by cotransfection of
BRU-HA and BRU-Flag plasmids (lane 2). As expected, im-
munoprecipitation of BRU-HA viral proteins with anti-Flag
serum or anti-HA antibody tested negative on Western blots
performed with anti-Flag serum (lanes 3 and 5). Instead, BRU-

HA/Flag viral particles were efficiently immunoprecipitated
and subsequently revealed by the anti-Flag serum (lane 4).
Most importantly, these BRU-HA/Flag viral particles tested
strongly positive after immunoprecipitation with anti-HA anti-
body and Western blot detection with anti-Flag serum (lane 6).
Such finding demonstrates that after cotransfection of BRU-
HA and BRU-Flag viral clones, particles carrying both IN-HA
and IN-Flag fusion proteins are formed and these proteins
form multimers.

The above results were confirmed by anti-HA Western blot
analysis of immunoprecipitated viral proteins (Fig. 3C, right
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panel). IN-HA proteins produced after transfection of BRU-
HA or after BRU-HA/Flag cotransfection were easily detected
in viral lysates by Western blots with anti-HA antibody (lanes
7 and 8, respectively). Predictably, immunoprecipitation of BRU-
HA viral proteins with anti-Flag serum tested negative in West-
ern blots (lane 9), while the same BRU-HA particle prepara-
tion immunoprecipitated and revealed with anti-HA antibody
was strongly positive (lane 11). Proteins from BRU-HA/Flag
virus could be efficiently immunoprecipitated with both anti-
HA antibody (lane 10) and anti-Flag serum (lane 11), validat-
ing our finding that IN multimers are abundant in viral particle
preparations.

To verify that the observed IN multimers are formed in viri-
ons that carry the two differently tagged IN proteins and not
after particle lysis, culture supernatants produced after inde-
pendent transfection of BRU-HA and BRU-Flag clones were
lysed, mixed, and immunoprecipitated with anti-Flag serum or
with anti-HA antibody. As expected, Western blot analysis per-
formed with anti-HA antibody demonstrated that mixed IN mul-
timers were not produced under these conditions (Fig. 3D).

Mutation of a conserved cysteine perturbs IN structure and
multimerization. The above-described results demonstrate
that HIV-1 IN forms stable multimers involving disulfide
bridges in viral particles. With the aim of perturbing the struc-
ture and the multimeric status of the IN enzyme, we mutated
a conserved cysteine into a glycine (C130-G) in the third o-he-
lix of IN, in the proposed dimer interface (19), and analyzed
the consequences for viral infectivity and IN multimerization.
Such a mutation was inserted in both replication-competent
C-terminally tagged viral clones, producing BRU-HA.Cys™
and BRU-Flag.Cys ™. Strikingly, mutation of the central cys-
teine completely abolished viral infectivity in both P4 and MT4
cells (data not shown), demonstrating that conservation of this
residue is essential for viral replication. The C130-G mutation
was inserted also in a nontagged virus clone, with consequent
total loss of infectivity. To elucidate the impact of C130-G
mutation on viral particle protein content and IN multimer-
ization, p24 antigen-normalized amounts of particles produced
by transfection of BRU-HA and BRU-HA.Cys ™~ were analyzed
by Western blotting (Fig. 4A). When the Western blot was
revealed with anti-Gag antibodies, similar protein profiles were
observed (Fig. 4A, left panel), demonstrating that these parti-
cles contain properly processed Gag proteins. When viral par-
ticles were lysed in the presence of DTT (Fig. 4A, middle
panel), slightly less IN protein was detected for the BRU-
HA.Cys™ viral clone than for BRU-HA. In addition, lower-
molecular-weight protein degradation products were observed
for BRU-HA.Cys™ virus, suggesting that the reduced IN-HA
detection could be due at least in part to degradation of the
mutant IN protein. Since lysis of viral particles was performed
in the presence of cellular protease inhibitors, it is likely that
the viral protease was responsible for the observed degrada-
tion. When viral pellets were lysed in the absence of DTT,
signals of similar intensity were observed for the monomeric
and dimeric forms of IN for the BRU-HA virus (Fig. 4A, right
panel). Under the same conditions, the BRU-HA.Cys ™ virus
produced a lower-intensity signal corresponding to monomers
of IN and a markedly decreased signal corresponding to di-
meric IN protein. Densitometric analysis of three independent
experiments revealed that while for the BRU-HA virus the
band corresponding to IN dimers represented approximately
60% of the intensity of the total IN signal (monomer plus
dimer), for the BRU-HA.Cys™ virus the dimer band corre-
sponded to 20% of the total value. The significant difference in
the ratio of the dimer to monomer signals between BRU-HA
and BRU-HA.Cys™ viruses indicates that cysteine 130 is im-
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FIG. 4. (A) The IN mutation C130-G reduces the amount of IN oligomers in
viral particles. Western blot analysis of viral particle content was performed as
described in the legend to Fig. 2, with antibodies specific for the Gag products
MA and CA (left panel) or with anti-HA antibody (middle and right panels)
under reducing and nonreducing conditions. IN monomers and oligomers are
indicated. Numbers at left show molecular masses in kilodaltons. (B) Pulse-chase
labeling of IN expressed in the absence of other viral proteins. Wild-type (IN-
WT) and C130-G mutant (IN-Cys—) Flag-tagged IN proteins were transiently
expressed in HeLa cells. Transfected cells were metabolically labeled for 1 h and
chased by an excess of unlabeled amino acids for the indicated time intervals.
Cell lysates were immunoprecipitated with anti-Flag antibody and run on an
SDS-polyacrylamide gel electrophoresis gel. CTRL, mock-transfected cells.

portant for IN dimer formation. Similar observations were
made with viruses carrying Flag-IN (data not shown), indicat-
ing that the defect is independent of the tagging epitope. Cys-
teine 130 could be one of the residues directly involved in
disulfide bridge formation between two monomers, or it could
act indirectly, by determining the structure of each monomer.
A possible partner for cysteine 130 could be the highly con-
served cysteine 65 or cysteine 56, while it is unlikely that cys-
teine 130 on each monomer would interact directly, consider-
ing the relative positions of the monomers in the published
structure (19).

In contrast with the results illustrated in Fig. 3C for the
wild-type IN, we could not detect oligomers of C130-G IN by
coimmunoprecipitation followed by Western blotting (data not
shown). Although this result would indeed support the hypoth-
esis of reduced or even abolished dimer formation for the
C130-G mutant, it should not be considered definitive, since
mutated IN protein was poorly immunoprecipitated (data not
shown).

To evaluate the stability of the mutated IN, we expressed the
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FIG. 5. Confocal microscopy analysis of wild-type (WT) HIV-1 IN (A and B) and of mutant C130-G IN (C and D). HeLa cells were transfected with plasmids
expressing the wild-type or mutant IN, fused to the Flag epitope. After 24 h, cells were fixed, permeabilized, and stained with anti-Flag antibodies. Series of optical
sections at 0.7-wm intervals were recorded. One representative medial section is shown. Panels B and D represent a superposition of immunofluorescence (IF) staining

and a phase-contrast (PC) picture of the same field. Bar = 15 pm.

Flag-tagged IN proteins (wild type and C130-G mutant) in the
absence of other viral proteins in HeLa cells and analyzed the
cell lysates by a pulse-chase immunoprecipitation experiment.
The kinetics of disappearance of the C130-G IN protein (Fig.
4B, IN-Cys- lanes) was similar to that of the wild-type IN (Fig.
4B, IN-WT lanes). Quantification by phosphorimager of two
independent experiments showed that on average after a 1-h
chase, 40 and 36% of wild-type and mutated IN proteins,
respectively, were present. At the end of our kinetic analysis,
after 6 h of chase, the percentages for wild-type and mutated
IN proteins were 13 and 5%, respectively. This slight decrease
in the stability of the cysteine-mutated IN may not be the sole
element responsible for the marked reduction of the Western
blot dimer signal observed in Fig. 4A for the BRU-HA.Cys™
virus.

The data described above demonstrate that the C130-G sub-
stitution abolished viral infectivity and resulted in partial deg-

radation of IN in viral particles, suggesting that the viral pro-
tease participates in the degradation process. Our data also
indicate that the C130-G mutation reduces IN multimer for-
mation.

Nuclear accumulation of HIV-1 IN protein and altered sub-
cellular localization of the C130-G mutant. The integration
process requires that PICs migrate to the nucleus of the newly
infected cell. IN contains at least three sequences that resem-
ble typical NLSs (32), suggesting a selective pressure for the
accumulation of this enzyme in the nucleus or even the par-
ticipation of IN in the transport of the large PIC from the
cytoplasm to the nucleus. To analyze the intrinsic karyophilic
properties of HIV IN, we expressed HIV-1 IN-Flag fusion
protein by transfection in HeLa cells, in the absence of other
viral proteins. Cells were stained with an anti-Flag antibody
and analyzed by confocal microscopy. An intense nuclear stain-
ing was observed (Fig. SA and B), demonstrating that HIV-1
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IN expressed in the absence of other viral products specifically
accumulates in the nuclear compartment. Since the size of the
HIV-1 IN monomer is compatible with its passive diffusion
through the nuclear pores (26), this observation implies an
active retention of IN in the nucleus.

We described the detrimental effects of the IN mutation
C130-G on viral infectivity and on the multimerization prop-
erties of IN. We suspected that the structural alteration asso-
ciated with this mutation could perturb the subcellular local-
ization of IN, even if C130 is not part of a known NLS.
Expression of mutated IN-Flag protein indeed generated a
strong and diffuse staining in both the nucleus and the cyto-
plasm (Fig. 5C and D), which strikingly contrasts with the
preferential nuclear accumulation of the wild-type IN protein
(Fig. 5A and B). Thus, the C130-G mutation, which abrogates
viral infectivity and decreases the efficiency of IN multimeriza-
tion, also redirects IN subcellular localization.

DISCUSSION

The main goal of our study was to investigate the multimeric
status of HIV-1 IN in infectious viral particles. Previous bio-
chemical analysis evidenced homomeric interactions for sev-
eral retroviral IN proteins, expressed in the absence of other
viral components (40-42, 57, 60). trans-complementation of IN
proteins affected in different functional domains provided ge-
netic evidence that the functional form of retroviral IN is
multimeric (20, 21, 27, 59). Determination of the crystal struc-
ture of the core and the N-terminal domains added a new
dimension to the evaluation of functional models of IN (14,
19). Direct visualization of multimers in a replication-compe-
tent viral setting was hampered by the lack of a sensitive de-
tection method.

The epitope tagging strategy adopted here allowed us to
overcome the sensitivity problem and provides a powerful tool
for further investigation of IN properties. Two different epi-
topes were fused to HIV-1 IN in order to rule out the possi-
bility that a specific tagging sequence could be responsible for
the observed phenotypes. We showed that while N-terminal
tagging abolished infectivity, C-terminal tagging of HIV-1 IN
had only a minor effect on viral infectivity. We could readily
visualize HIV-1 IN by Western blotting performed on infec-
tious viral particles and producer cell lysates. By coimmuno-
precipitation experiments, we demonstrated that HIV-1 IN
forms homomers in viral particles. Virions carrying differently
tagged IN molecules were produced by cotransfection of the
two C-terminally tagged viral clones. Maturation of these pre-
cursors led to the formation of chimeric IN multimers, which
we could immunoprecipitate with antibody specific for one
epitope and subsequently reveal on a Western blot with anti-
body that recognized the other epitope. Dimers were shown to
be the prevalent multimeric form, by Western blot analysis.
However, high-molecular-weight products, which could repre-
sent higher-order multimers or IN molecules strongly interact-
ing with other proteins, were readily detectable. The amount of
multimers present in intact viral particles could even be higher
than that observed in our study, since the particle disruption
procedure may have perturbed certain interactions.

Interestingly, we found that multimerization takes place in-
side viral particles and is dependent on disulfide bridges. How-
ever, we could not determine whether monomers are held
together by intermolecular disulfide bridges or whether disul-
fide interaction is required to stabilize the structure of each
monomer, allowing exposure of interacting surfaces. Of note,
these two alternatives are not mutually exclusive. It is also
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likely that various molecular interactions participate in oli-
gomerization of IN.

Several pieces of evidence provided here argue for the for-
mation of IN oligomers inside viral particles, after proteolytic
maturation of the Gag-Pol precursor. First of all, the coimmu-
noprecipitation experiments clearly demonstrated that chime-
ric IN oligomers were present in viral particles, while sepa-
rately produced viral lysates mixed after particle lysis were
devoid of chimeric IN oligomers. Oligomers of IN were unaf-
fected by the addition of the thiol-blocking agent NEM to the
lysis buffer, confirming that oligomer formation preceded lysis.
Mature IN molecules in the cytoplasm of cells transfected with
full-length viral clones were found only as monomers, possibly
reflecting incompatible redox conditions of this environment.
The confined space of the viral particle could also provide
favorable conditions for homomeric interaction given the high
local concentration of mature monomers. Our observation that
IN multimerization takes place within viral particles is com-
patible with previous models of viral protein interaction. The
contribution of Pol sequences to viral precursor assembly is
considered to be negligible, and there is no evidence of homo-
meric interaction at the level of IN sequences in the Gag-Pol
precursor (27, 39, 50, 58, 64). The finding that premature
termination of protein synthesis in the IN domain resulted in
improper PR activation actually suggested a role for the IN
domain in delaying protease activation by reducing intermo-
lecular interaction (7).

We also investigated the role of a highly conserved cysteine
in IN multimerization. In an attempt to affect dimer formation,
we mutated the cysteine 130 in the third a-helix of HIV-1 IN,
which is part of the proposed dimer interacting surface (19).
Such substitution abolished viral replication, although it
was compatible with viral particle production and maturation.
Lysed viral particles carrying mutated IN sequence were char-
acterized by a decrease of both multimeric forms of IN. The
ratio of monomers to oligomers clearly differentiated mutant
and wild-type viruses. Western blot analysis of viral particles
carrying the C130-G mutant IN revealed the presence of IN
degradation products. Decreased stability of mutant IN pro-
tein was probably also due to structural perturbation.

The use of a tagging epitope to study the karyophilic prop-
erties of HIV-1 IN was the third aim of our study. It was pre-
viously demonstrated that avian sarcoma virus IN efficiently
penetrated the nuclear envelope, under the form of a B-Gal
fusion protein (46). In the same study, HIV-1 IN fused to B-
Gal localized in the cytoplasm of transfected cells (46). As
already suggested by those authors, the large size of the fusion
protein may be responsible for the nuclear exclusion, since
monomers of IN would be compatible with passive diffusion
through the nuclear pores (26). We describe here an almost
exclusively nuclear accumulation of a tagged IN in the absence
of other viral components. Tagging the isolated IN provides a
convenient tool to determine the residues responsible for nu-
clear import and retention. NLSs have been described within
the HIV-1 IN sequence, which may be validated by using the
IN-Flag fusion protein. Although the C130-G mutation does
not directly affect any of the potential NLSs, the mutated
proteins were evenly distributed in the nucleus and the cyto-
plasm of transfected cells. In the absence of specific NLS,
passive diffusion of IN through the nuclear pores would gen-
erate a staining pattern similar to the one observed for the
C130-G mutant. We propose that the loss of nuclear retention
reflects the lesser ability of the C130-G IN protein to form
dimers. With respect to size, IN dimers (or oligomers) must
enter the nucleus through active transport (36). It is also con-
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ceivable that the C130-G mutation indirectly perturbed motifs
that are implicated in nuclear targeting.

The lack of a requirement for other viral components to
determine nuclear accumulation of IN shown here may suggest
an active role of IN in the nuclear targeting of the PICs.
Mutational analysis performed on the tagged IN expressed
alone and in a replication-competent viral clone could help
determine the role of IN at the level of PICs. Our current goal
is to follow the intracellular trafficking of the PICs by using the
tagged IN as a marker.

Given the implication of IN in different steps of the viral
cycle, it is often difficult to associate a single functional role
with a protein domain. The combined use of the two tagged-IN
expression vectors could facilitate the evaluation of the impact
of specific mutations on the dimerization and the nuclear ac-
cumulation properties. We consider that the significantly in-
creased immunogenicity of the tagged IN provides a valuable
tool for the study of several currently debated aspects of the
retroviral cycle in which IN is implicated.
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