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separate study failed to detect stimulation by either HMGA1
or BAF (6). In contrast to these results, BAF was substantially
(about 500-fold) more active than HMGA1 in HIV-1 (7, 12)
and MoMLV (26, 36) PIC reconstitution assays. However, only
HMGA1 has thus far been identified as a component of HIV-1
and MoMLV PICs (12, 28). We report here that human BAF
protein is a component of PICs isolated from HIV-1-infected
cells.
Experimental strategy. In order to analyze endogenous BAF
protein in cell lysates, rabbits were inoculated with purified
recombinant human BAF protein (19), and the resulting serum
was affinity purified by using Sepharose beads conjugated to a
13-residue amino-terminal human BAF peptide (5). Although
the purified serum readily detected recombinant BAF by Western blotting, it failed to immunoprecipitate the protein (data
not shown). Immunodepletion of functional reconstitution activity from high-salt extracts of HIV-1 PICs with anti-HMGA1
antibodies (12) as well as direct immunoprecipitation of functional MoMLV PICs (28) previously demonstrated that
HMGA1 is a component of HIV-1 and MoMLV PICs. However, the inability to immunoprecipitate BAF protein precluded the use of our serum in similar analyses. Although we
eventually obtained an anti-BAF serum with immunoprecipitation activity (see below), we initially devised a novel functional coimmunoprecipitation strategy to investigate the association of human BAF with HIV-1 PICs (Fig. 1).
The coimmunoprecipitation strategy took advantage of the
different viral and host cell proteins known to comprise HIV-1
PICs (3, 12, 14, 20, 27, 29). Monoclonal antibodies (MAb) and
polyclonal antibodies against known PIC components were
tested for their ability to immunoprecipitate viral cDNA and
integration activity by Southern blotting, and integrase and
BAF protein were tested by Western blotting (Fig. 1). PICs
were isolated from cytoplasmic extracts of C8166 T cells 7 h
after infection with cell-free HIV-1NL4-3 as previously described (8, 9), with the modification that the cell lysis buffer
(buffer K; 20 mM HEPES [pH 7.6], 150 mM KCl, 5 mM
MgCl2, 0.5% [vol/vol] Triton X-100, 1 mM dithiothreitol, 20 g

Retroviral replication requires the integration of the viral
cDNA made by reverse transcription into a chromosome of an
infected cell. Although the viral integrase protein is necessary
and sufficient to catalyze the DNA cleavage and joining steps
of retroviral integration in in vitro DNA recombination assays
(10, 22), numerous studies indicate that provirus formation in
vivo likely requires the action of host cell proteins. In vivo,
integration is mediated by large subviral preintegration complexes (PICs) that can integrate their endogenous cDNA into
an added target DNA in vitro (1, 2, 11, 13, 25). In addition to
the integrase enzyme, retroviral PICs contain a variety of viral
and host cell proteins (1, 3, 14, 20, 27–29, 35).
Human immunodeficiency virus type 1 (HIV-1) and Moloney murine leukemia virus (MoMLV) PICs treated with relatively high concentrations of salt no longer integrated into
exogenous target DNA, and extracts of uninfected host cells
restored intermolecular DNA recombination to salt-stripped
PICs (7, 12, 23, 26). Since extracts of MoMLV (23) and HIV-1
(12) virions failed to reconstitute integration activity under
these assay conditions, it was concluded that host cell proteins
play essential roles in retroviral PIC function. Two different
proteins, high-mobility group protein A1 (HMGA1) (4, 12)
and barrier-to-autointegration factor (BAF) (24), were purified from crude cell extracts by using functional PIC reconstitution assays.
A variety of results address whether HMGA1 and/or BAF
might participate in virus integration in vivo. These include the
specific activities of the proteins in in vitro integration assays
and their identification as a component of PICs isolated from
infected cells. Studies that analyzed the in vitro activity of
purified integrase protein have yielded varied results. Whereas
one report indicated that recombinant HMGA1 stimulated the
activity of purified HIV-1 integrase perhaps 10-fold (21), a
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Retroviral integration in vivo is mediated by preintegration complexes (PICs) derived from infectious
virions. In addition to the integrase enzyme and cDNA substrate, PICs contain a variety of viral and host cell
proteins. Whereas two different cell proteins, high-mobility group protein A1 (HMGA1) and the barrier-toautointegration factor (BAF), were identified as integration cofactors based on activities in in vitro PIC assays,
only HMGA1 was previously identified as a PIC component. By using antibodies against known viral and
cellular PIC components, we demonstrate here functional coimmunoprecipitation of endogenous BAF protein
with human immunodeficiency virus type 1 (HIV-1) PICs. Since integrase protein and integration activity were
also coimmunoprecipitated by anti-BAF antibodies, we conclude that BAF is a component of HIV-1 PICs. These
data are consistent with the model that BAF functions as an integration cofactor in vivo.
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of aprotinin/ml) contained Triton X-100 in place of digitonin.
Integration into linearized X174 target DNA was assayed as
described previously (7–9). Activity was quantified by using a
PhosphorImager with ImageQuant version 1.11 (Molecular
Dynamics, Sunnyvale, Calif.) as the percentage of total HIV-1
cDNA converted into the 15.1-kb integration product.
Coimmunoprecipitation of BAF protein in active PIC samples with an anti-matrix antibody. HIV-1 matrix is a PIC
component (3, 20, 29), and we began by analyzing the activity
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of anti-matrix MAb 3H7 (30) in PIC immunoprecipitation
assays. Supernatant of 3H7 hybridoma cells (a generous gift of
Wayne Marasco, Dana-Farber Cancer Institute) was purified
by using protein-A Sepharose (Amersham Pharmacia Biotech,
Piscataway, N.J.) essentially as previously described (18). The
concentration of purified 3H7 was estimated by spectrophotometry at 0.6 mg/ml.
Antibody (10 l) was prebound to Dynabeads protein A (15
l; Dynal Biotech Inc., Lake Success, N.Y.) in 100 l of buffer
K for 1 h at room temperature. Beads washed with 1 ml of
buffer K were added to 0.5 ml of fraction I, the mixture was
rocked for 1 h at room temperature, and immune complexes
were recovered with a magnet. The SA supernatant fraction
was saved, the beads were washed (1 ml of buffer K) three
times, and DNA in unbound SA and pelleted PA fractions was
recovered by digestion with proteinase K, extraction with phenol-chloroform, and precipitation with ethanol essentially as
previously described (8).
MAb 3H7 immunoprecipitated 6 to 16% of input HIV-1
cDNA under these conditions; the average value of four measurements was 10.0% ⫾ 3.9% (Fig. 2A, lanes 4 and 5; data not
shown). Importantly, 3H7-precipitated PICs (lane 4) catalyzed
integration at levels similar to those of fraction I (lane 2) and
the unbound SA fraction (lane 5), demonstrating that PICs
bound to 3H7 protein A beads were competent for intermolecular DNA recombination. Since immunoglobulin G3()
([IgG3()]) isotype control antibodies (Sigma-Aldrich, St.
Louis, Mo.) failed to recover detectable cDNA levels (lane 3),
we concluded that the specific interaction between MAb 3H7
and residues 113 to 122 of the HIV-1 matrix (30) mediated PIC
immunoprecipitation.
HIV-1 virions contain about 2,000 copies of the matrix protein (37), but only a small fraction of this population, perhaps
1%, remains PIC associated after virus uncoating and reverse

FIG. 2. Analysis of PIC activity and integrase and BAF proteins following immunoprecipitation with MAb 3H7. (A) Levels of HIV-1 cDNA
synthesis in fraction I (lane 1) and integration activity of various fractions analyzed by Southern blotting. Target DNA was added to the in vitro
integration assays shown in lanes 2 and 4 to 7 as indicated. The migration positions of the 9.7-kb HIV-1 substrate and the 15.1-kb integration
product are marked cDNA and IP, respectively. Percentage of total cDNA recovered in pellet fractions following immunoprecipitation is indicated
beneath lanes 3, 4, and 6. Levels of fraction I (lane 2), PA (lane 4), SA (lane 5), PB (lane 6), and SB (lane 7) integration activities are also indicated
beneath the blot. (B) Western blot analysis of integrase and BAF proteins. Whereas integrase was detected by using MAb 8E5 (31) as previously
described (8), BAF was detected by using affinity-purified rabbit antiserum at 1:1,000 dilution. The identities of the integrase and BAF proteins
in the lane marked 3H7 were confirmed by comigration with purified recombinant proteins. fI, fraction I; Ab, antibody; IN, integrase; n.a., not
applicable. Other labeling is the same as that defined in the legend to Fig. 1.
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FIG. 1. Functional coimmunoprecipitation strategy. Cytoplasmic
extracts (fraction I) of acutely infected T cells were subjected to a
variety of purification steps to investigate the association of human
BAF with HIV-1 PICs. In arm A of the scheme, fraction I was directly
immunoprecipitated. Extracts purified by either ultrafiltration or gel
filtration chromatography (fraction II) were immunoprecipitated in
arm B of the scheme. Whereas integration activity was quantified
following Southern blotting as previously described (7, 8), levels of
integrase and BAF proteins in fraction PB were detected by Western
blotting. PA and SA, pellet and supernatant fractions following immunoprecipitation in arm A of the scheme, respectively; PB and SB, pellet
and supernatant fractions after immunoprecipitation of fraction II,
respectively.
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transcription (16). We therefore tested whether separating
PICs from the bulk of cell and viral proteins in fraction I would
increase the level of cDNA recovery by MAb 3H7. Fraction I
mixed with an equal volume of buffer K was centrifuged at
1,000 ⫻ g for 1 h at 4°C in a Centricon 100 concentrator
(Millipore Corp., Bedford, Mass.). Whereas proteins with molecular masses of less than 100 kDa pass through this ultrafilter, large proteins and PICs remain in the retentate (12). After
centrifugation the sample volume was readjusted to 0.5 ml with
buffer K, and immunoprecipitation was performed as described above. Since six independent measurements yielded an
average value of 22.2% ⫾ 7.7% cDNA recovery (Fig. 2A, lanes
6 and 7; data not shown), we concluded that ultrafiltration
yielded an approximate twofold increase in the efficiency of
PIC immunoprecipitation. As was observed with fractions PA
and SA (lanes 4 and 5), fraction PB PICs (lane 6) catalyzed
integration at a level similar to that of the unbound SB fraction
(lane 7).
Fraction PB samples were next analyzed for integrase and
BAF protein content by Western blotting. As expected from
the results of Southern blotting, MAb 3H7 coimmunoprecipitated integrase protein under conditions where IgG3() failed
to recover appreciable levels of integrase (Fig. 2B). Since BAF
was also detected in 3H7 immunoprecipitates under conditions
where the isotype control failed to recover detectable BAF
levels, anti-matrix MAb 3H7 specifically immunoprecipitated
integration-competent PICs (Fig. 2A), HIV-1 integrase, and
endogenous human BAF protein (Fig. 2B).
Coimmunoprecipitation of integrase, BAF, and PIC activity
by using antibodies against Ku-80 and Vpr. We next investigated the coimmunoprecipitation properties of antibodies

against two other known PIC components, HIV-1 Vpr (20) and
cellular Ku-80, the 86-kDa subunit of human DNA-dependent
protein kinase (27). Whereas the anti-Ku serum was purchased
from a previously described (27) source (Serotec Inc., Raleigh,
N.C.), the anti-Vpr serum was a generous gift from Ulrich
Schubert (National Institute of Allergy and Infectious Diseases).
For this experiment, fraction I was purified by spin column
chromatography. We previously determined that CL-4B Sepharose (Amersham-Pharmacia) spin columns removed 80 to
90% of total protein from fraction I without affecting PIC
recovery or integration activity (8). Whereas small proteins like
free BAF (10.1 kDa) are retained in these columns, large
complexes like PICs pass through. Preliminary experiments
(n ⫽ 5) with MAb 3H7 yielded an average value of 18.2% ⫾
6.8% cDNA recovery in fraction PB (Fig. 3A, lanes 7 and 8;
data not shown).
Each rabbit serum (10 l) was prebound to Dynabeads protein A (15 l) as described above. Whereas the anti-Ku serum
recovered about twice as many PICs as MAb 3H7 in two
different experiments, the anti-Vpr serum recovered less PICs
than did 3H7 (Fig. 3A, lanes 7 to 12; data not shown). As was
observed with 3H7-precipitated fractions (Fig. 2A, lanes 6 and
7, and Fig. 3A, lanes 7 and 8), anti-Ku (Fig. 3A, lane 9) and
anti-Vpr (lane 11) PB fractions catalyzed integration at levels
similar to those of fraction I (lane 2), fraction II (lane 4), and
unbound SB fractions (lanes 10 and 12). Since normal rabbit
IgG (Sigma-Aldrich) failed to recover detectable cDNA levels
under these conditions (lane 5), we concluded that cDNA
recovery was mediated by specific interactions between an-
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FIG. 3. Coimmunoprecipitation of integration activity and integrase and BAF proteins by using anti-Ku and anti-Vpr antibodies. (A) Southern
blot analysis of HIV-1 cDNA synthesis (lane 1) and PIC activity. Target DNA was included in the in vitro integration reactions shown in lanes 2,
4, and 7 to 12. Whereas fraction I was analyzed in lanes 1 and 2, the fraction II samples shown in lanes 3 to 12 were purified by spin column
chromatography. We note that the faint integration product in lane 11 was not revealed by this level of exposure. (B) Western blot analysis of
integrase and BAF proteins. fII, fraction II; rIgG, normal rabbit IgG. Other labeling is the same as that described in the legend to Fig. 2.
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ti-Ku and anti-Vpr antibodies and the Ku-80 (27) and Vpr (20)
components of HIV-1 PICs, respectively.
Samples of these immunoprecipitates were next analyzed for
integrase and BAF protein by Western blotting. As observed in
Fig. 2B, MAb 3H7 coimmunoprecipitated integrase and BAF
protein under conditions where IgG3() failed to recover appreciable levels of either protein (Fig. 3B, lanes 2 and 3).
Similarly, anti-Ku and anti-Vpr each coimmunoprecipitated
integrase and BAF under conditions where normal rabbit IgG
failed to recover detectable levels of either protein (compare
lanes 4 and 5 to lane 1). We note that the levels of BAF
recovered by MAb 3H7 and the anti-Ku and anti-Vpr sera
roughly paralleled the levels of active PICs immunoprecipitated by these antibodies (compare lanes 3 to 5 in the lower
panel of Fig. 3B to lanes 7, 9, and 11 in panel A). These results
are consistent with the interpretation that BAF is a component
of functional HIV-1 PICs.
Coimmunoprecipitation of active PICs and integrase protein by anti-BAF antibodies. Antibodies capable of immunoprecipitating BAF protein were unavailable at the start of this
project. However, a rabbit serum raised against a peptide comprised of residues 4 to 20 (15, 17) was subsequently shown
to display immunoprecipitation activity (Y. Suzuki and R.
Craigie, personal communication). A sample of this serum,
referred to here as anti-BAF4-20 to distinguish it from our
original serum, was a generous gift from Robert Craigie (National Institute of Diabetes, Digestive, and Kidney Diseases).
Anti-BAF4-20 (20 l) prebound to Dynabeads protein A (15
l) recovered about 30% of fraction II PICs under conditions
where normal rabbit IgG failed to recover detectable cDNA
levels (Fig. 4A, lanes 5 to 7). In addition, akin to the results
presented by using antibodies against previously known PIC
components (Fig. 2A and 3A), anti-BAF4-20-immunoprecipitated PICs (Fig. 4A, lane 6) catalyzed integration at a level
similar to that of the PICs in fraction I (lanes 1 and 2), fraction
II (lanes 3 and 4), and unbound fraction SB (lane 7). As
expected from these results, anti-BAF4-20 coimmunoprecipitated integrase under conditions where rabbit IgG failed to
recover detectable levels of integrase or BAF (Fig. 4B).

We next tested the effects of adding purified recombinant
BAF protein as a competitor during the immunoprecipitation
reaction. Fraction II samples recovered from CL-4B spin columns were mixed with a fixed level of anti-BAF4-20-protein A
beads and various levels of recombinant BAF protein; in this
case, PIC recovery was monitored by Western blotting for
integrase protein. Whereas the addition of 10 nM recombinant
BAF did not affect the level of integrase recovery, 100 nM BAF
resulted in an approximate twofold reduction in integrase coimmunoprecipitation (Fig. 5A, compare the integrase signal in
lanes 2 and 3 to the signal in lane 1). Although the excess BAF
protein (7, 19) in lane 3 was expected to effectively inhibit
immunoprecipitation, we speculate that cDNA binding by recombinant BAF and/or recombinant BAF-anti-BAF4-20 complexes yielded residual PIC recovery (see below). We note that
Li et al. (28) observed residual MoMLV PIC recovery by using
excess recombinant HMGA1 as a competitor in anti-HMGA1based immunoprecipitation assays.
To circumvent the likely binding of recombinant BAF to
HIV-1 cDNA during immunoprecipitation, we next analyzed
BAF mutant proteins defective for DNA binding activity. We
previously characterized a number of BAF missense mutants
as defective for DNA binding (19). A subset of these, however,
was primarily defective for BAF protein folding, and because
of this we avoided using these mutants in the PIC immunoprecipitation assay. In contrast, two of our previously described
mutant proteins, K6A and K18A, were properly folded and
thus specifically defective for DNA binding. Whereas the K6A
mutant failed to detectably bind a 30-bp oligonucleotide by
electrophoretic mobility shift, K18A BAF displayed weak but
detectable activity in this assay (19). However, we note that
Segura-Totten et al. (32) recently ascribed wild-type levels of
DNA binding to K18A BAF by using substantially longer (600
to 2,000 bp) substrates under conditions where K6E BAF was
severely defective for DNA binding. We further noted that
anti-BAF4-20 failed to immunoprecipitate either K6A or K18A
BAF under conditions where wild-type recombinant BAF was
efficiently immunoprecipitated (data not shown). Based on this
we speculate that Lys-6 and Lys-18 each contribute signifi-
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FIG. 4. Coimmunoprecipitation of integration activity and integrase protein by anti-BAF4-20 antibodies. (A) Southern blot analysis. Target
DNA was included in the integration reactions depicted in lanes 2, 4, 6, and 7. Whereas fraction I was analyzed in lanes 1 and 2, the fraction II
samples in lanes 3 to 7 were purified by spin column chromatography. (B) Western blot analysis. Labeling is the same as that described in the
legends to Fig. 2 and 3.
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cantly to the epitope recognized by anti-BAF4-20 antibodies.
Thus, despite our goal to utilize DNA binding-defective BAF
mutants as competitors in the immunoprecipitation assay, we
highlight that neither K6A nor K18A BAF directly competed
with PIC-associated endogenous BAF for antibody binding,
because anti-BAF4-20 antibodies failed to recognize either of
these recombinant proteins.
The addition of K6A BAF (100 nM) to the immunoprecipitation reaction mixture had no effect on integrase recovery
(Fig. 5B, compare lane 4 to lane 2), as predicted for a mutant
defective for both DNA binding and antibody recognition. In
contrast, K18A BAF reduced the level of integrase recovery to
a level similar to that observed with the wild-type competitor
(compare lane 5 to lane 3). Since less endogenous BAF protein
was recovered under these conditions (lane 5), we conclude
that excess K18A BAF displaced the majority of PIC-associated wild-type BAF from HIV-1 cDNA, and this reduced level
of endogenous BAF protein (Fig. 5B, lane 5 of the lower boxed
panel) resulted in less integrase coimmunoprecipitation. This
interpretation is consistent with the results that (i) K18A BAF
displayed the wild-type level of binding to relatively long DNA
fragments (32) and (ii) anti-BAF4-20 failed to immunoprecipitate recombinant K18A BAF protein.
BAF is a component of HIV-1 PICs. Retroviral PICs treated
with relatively high concentrations of salt and purified by size
separation to remove potentially dislodged proteins lost their
ability to integrate into exogenous target DNA in vitro (7, 12,
23, 26). Since extracts of uninfected host cells restored intermolecular DNA recombination under conditions where virion
extracts failed to function (12, 23), these studies indicated that
host cell proteins play essential roles in retroviral PIC function.
HMGA1 and BAF were each previously purified from cell
extracts by using functional PIC reconstitution assays (12, 24).
A variety of studies have addressed whether BAF and/or
HMGA1 might function as retroviral integration cofactor(s) in
vivo. One obvious issue is whether the protein(s) is associated
with PICs during integration. Since anti-HMGA1 antibodies
depleted the functional reconstitution activity from high-salt
extracts of HIV-1 PICs (12) and directly immunoprecipitated
active MoMLV complexes (28), it was concluded that HMGA1

was a component of HIV-1 and MoMLV PICs. Here we used
similar immunoprecipitation strategies to investigate the association of endogenous human BAF protein with HIV-1 PICs.
Since anti-matrix MAb 3H7 specifically coimmunoprecipitated integration activity, viral integrase, and endogenous BAF
protein (Fig. 2), we inferred that BAF was a component of
functional HIV-1 PICs. Finding that the levels of BAF in 3H7-,
anti-Vpr-, and anti-Ku-80-precipitated PB fractions mirrored
the levels of active PICs recovered by these antibodies (Fig. 3)
bolstered this contention. Additionally, anti-BAF4-20 antibodies directly immunoprecipitated fraction II PICs under conditions where normal rabbit serum failed to recover detectable
cDNA levels (Fig. 4A). Although previous studies concluded
that capsid (1), integrase (3, 14, 28), matrix (3, 20), Vpr (20),
HMGA1 (28), and Ku-80 (27) proteins were components of
retroviral PICs by using direct immunoprecipitation strategies,
our study revealed human BAF protein as a component of
active HIV-1 PICs by using a novel coimmunoprecipitation
strategy in addition to direct immunoprecipitation by anti-BAF
antibodies.
Although only about 30% of our fraction II PICs were immunoprecipitated by anti-BAF4-20 (Fig. 4A), we note that the
anti-Ku serum (Fig. 3A and reference 27) and 3H7 MAb (results reported here) yielded similar levels of PIC recovery. It is
unclear why the anti-Vpr serum yielded only about 5% of input
PIC recovery (Fig. 3A). Since this is the first study to quantify
the level of PIC recovery by anti-Vpr antibodies, it is possible
that Vpr is less available than either matrix or cellular Ku-80
for antibody binding under the immunoprecipitation conditions used here. Alternatively, it is possible that the anti-Vpr
serum tested here was a suboptimal immunoprecipitation reagent.
Two additional findings here parallel results from the previous analysis of HMGA1’s association with MoMLV (28).
First, excess recombinant host factor reduced the level of PIC
immunoprecipitation by anti-host factor antibodies (Fig. 5A).
Since excess K18A BAF displaced the majority of endogenous
BAF protein from HIV-1 cDNA (Fig. 5B, lane 5), we speculate
that efficient cDNA binding by recombinant wild-type BAF
contributed to the residual level of integrase coimmunopre-
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FIG. 5. Competition of anti-BAF4-20-mediated PIC immunoprecipitation by recombinant BAF proteins. (A) Western blot analysis of integrase
coimmunoprecipitation in the absence of added BAF (lane 1) or in the presence of 10 nM (lane 2) and 100 nM (lane 3) recombinant human BAF.
The excess recombinant BAF in the reaction shown in lane 3 contributed to the increased BAF signal. (B) Differential effects of BAF DNA binding
mutants on PIC immunoprecipitation. For lane 1, normal rabbit IgG was used in the immunoprecipitation reaction; lanes 2 to 5, anti-BAF4-20 was
used in the immunoprecipitation reaction. Whereas recombinant BAF protein was omitted from the reactions shown in lanes 1 and 2; lanes 3 to
5 contained 100 nM wild-type, K6A, and K18A BAF, respectively. The longer exposure of the anti-BAF Western shown in the lower boxed panel
highlights the remaining endogenous BAF protein in lane 5. WT, wild-type; rBAF, recombinant BAF. Other labeling is the same as that described
in the legends to Fig. 2 and 3.
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