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Retroviral integration is mediated by viral preinte-
gration complexes (PICs), and human immunodefi-
ciency virus type 1 (HIV-1) PICs treated with high salt
lose their in vitro integration activity. Barrier-to-auto-
integration factor (BAF) is a host protein that efficiently
restores PIC activity, but the mechanism(s) by which
BAF participates in HIV-1 integration remains largely
unknown. Here we developed a gel shift assay to study
BAF DNA binding, and analyzed 14 mutant proteins con-
taining substitutions of conserved residues for binding
and PIC reconstitution activities. Although wild-type
BAF efficiently bound double-stranded DNA, binding to
single-stranded DNA, RNA, or an RNA/DNA hybrid was
not detected, suggesting that BAF associates with retro-
viral cDNA relatively late during reverse transcription.
Although some of the BAF mutant proteins efficiently
bound DNA, others were defective for binding. Mutants
that bound DNA efficiently reconstituted HIV-1 integra-
tion, even though in one case binding was just 0.2% of
wild-type BAF. Although misfolded mutants did not re-
constitute integration, a structurally intact DNA bind-
ing-defective mutant displayed partial activity at high
BAF concentration. We therefore conclude that both
BAF protein structure and its DNA binding activity play
roles in reconstituting HIV-1 integration in vitro.

Integration of a cDNA copy of the retroviral RNA genome
into a host cell chromosome is essential for efficient gene ex-
pression and viral replication. The key viral players in integra-
tion are the integrase protein, which enters cells as a virion
component, and the DNA attachment site, which is comprised
of sequences at the ends of the linear cDNA made by reverse
transcription. In vivo, integration is mediated by large nucleo-
protein complexes, termed preintegration complexes (PICs),1

that are derived from the cores of infecting virions. PICs iso-
lated from infected cells can integrate their endogenous cDNA
into an added target DNA in vitro (for a review, see Ref. 1).

In addition to the viral integrase, recent studies implicate
host-encoded proteins as important cofactors in retroviral
cDNA integration. Moloney murine leukemia virus (MMLV)
and human immunodeficiency virus type 1 (HIV-1) PICs
treated with elevated concentrations of salt and subsequently
purified by size exclusion chromatography and nonionic den-
sity gradient centrifugation lost their normal intermolecular
integration activity (2, 3). Adding back protein extracts of un-
infected host cells to such salt-depleted PICs restored normal
integration activity, showing that host proteins play essential
roles in retroviral PIC function in vitro (2–5). Two different
proteins, HMG I(Y) (4, 5) and the barrier-to-autointegration
factor (BAF) (6), were identified by purifying host cell extracts
and assaying for reconstitution of salt-disrupted PIC integra-
tion activity in vitro. Both HMG I(Y) and BAF display recon-
stitution activity following their expression and purification
from Escherichia coli (3–7). For both MMLV and HIV-1, recom-
binant BAF was about 500-fold more active than recombinant
HMG I(Y) at reconstituting the integration activity of salt-
washed PICs (3, 5, 7). BAF was not detected in MMLV virions
(2, 6), leading to models wherein it associates with retroviruses
during the processes of reverse transcription and PIC forma-
tion in infected cells (3, 6).

BAF interacts with various components of the inner nuclear
membrane, including lamina-associated polypeptide 2 (9) and
emerin (10), suggesting that one of its normal physiological
roles is aiding reorganization of postmitotic nuclei (9, 10). BAF
is an 89-residue nonspecific DNA binding protein that exists as
a dimer in solution (6, 8). Although DNA binding is proposed to
be important for BAF function in retroviral cDNA integration
(6), this has not been experimentally investigated. Here, we
established a gel mobility shift assay to study the DNA binding
activity of recombinant human BAF. We then engineered re-
combinant mutant proteins containing substitutions of con-
served amino acid residues. Purified mutant proteins were
assayed for DNA binding activity by gel mobility shift and
reconstitution of integration activity to salt-washed HIV-1
PICs. Each mutant that bound DNA by gel shift efficiently
reconstituted HIV-1 integration activity. Because only struc-
turally intact DNA binding-defective mutants displayed PIC
reconstitution activity at high BAF concentration, we conclude
that the native structure of the BAF protein in addition to its
DNA binding function plays a role in reconstituting HIV-1
integration activity in vitro.

MATERIALS AND METHODS

Polyacrylamide Gel Mobility Shift Assay—A double-stranded 30-base
pair (bp) oligonucleotide substrate was prepared for gel mobility shift as
follows. The 59-end of 59-GAATCCTAACTGGGCGGAGTTATGCTG-
GTG-39 was labeled with 32P using T4 polynucleotide kinase (Amer-
sham Pharmacia Biotech) as described previously (11). Following heat
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inactivation of the kinase, the complementary single strand was an-
nealed as described (11). Unincorporated nucleotide was removed by
passage over a P6 spin column (Bio-Rad) as described previously (12).
For binding assays employing either single-stranded RNA or an RNA/
DNA heteroduplex, a synthetic 30 base RNA (59-CAGGGACAAGC-
CCGCGGUGACGAUCUCUAA-39) was end-labeled, divided into two
fractions, and either purified by spin column or first annealed to its
cDNA strand prior to spin column chromatography.

DNA binding reactions (50 ml) contained 2% glycerol, 0.01% Triton
X-100, 0.53 TBE (44.5 mM Tris base, 44.5 mM borate, 1 mM EDTA, pH
8.3), 0.001% bromphenol blue, and 5 nM nucleic acid substrate. BAF was
added last, and DNA binding proceeded for 15 min on ice. Binding
reactions were separated on native 5% polyacrylamide gels containing
0.53 TBE. Gels were pre-electrophoresed in 0.53 TBE for 1 h prior to
loading, and electrophoresis continued for approximately 2 h until the
bromphenol blue dye approached the bottom of the gel. Dried gels were
exposed for autoradiography, and proteinzDNA complex formation was
quantified using either densitometry (IS-1000 Digital Imaging System)
or phosphorimaging (PhosphorImager, Molecular Dynamics). DNA
binding activity was calculated as the percentage of wild-type
proteinzDNA complex formation at 50 nM protein. Activities of defective
mutants were similarly calculated, with the addition that the percent-
age of wild-type complex formation was divided by the -fold increase in
protein concentration over 50 nM.

Site-directed Mutagenesis—Mutagenesis was performed using the
Stratagene QuikChange mutagenesis kit as specified by the manufac-
turer. The template for mutagenesis was pET15bhBAF (8), a generous
gift of Dr. Robert Craigie. This plasmid encodes a 20-residue peptide
with a hexahistidine tag (His-Tag) fused to the amino terminus of BAF.
The His-tag, which facilitates purification by metal-chelating affinity
chromatography (6, 8, 11, 13), was removed from BAF prior to the
majority of the in vitro DNA binding and integration assays (see below).
The presence of mutations, as well as the absence of off-site changes,
were confirmed in mutant plasmids by dideoxy sequencing.

Protein Expression and Purification—Wild-type and mutant BAF
proteins were expressed in Escherichia coli and purified essentially as
described previously (8). In brief, protein expression vectors were trans-
formed into BL21(DE3) pLysS (Novagen), and cells were grown in 500
ml of Terrific broth containing 100 mg/ml ampicillin at 37 °C until the
optical density at 600 nm was approximately 0.8. Protein expression
was induced by adding isopropyl-1-thio-b-D-galactopyranoside to the
final concentration of 0.4 mM, and cells were harvested 2.5 h post-
induction. The cells were resuspended in 30 ml of ice-cold 25 mM

HEPES, pH 7.6, 0.1 mM EDTA, frozen in liquid N2, and thawed on ice
overnight. The remaining steps were performed on ice or at 4 °C.
Thawed cells were resuspended in 30 ml of lysis buffer (20 mM HEPES,
pH 7.6, 150 mM KCl, 2 mM EDTA, 0.01% lysozyme, 0.1% Triton X-100),
incubated for 1 h, and sonicated as described previously (11). The
supernatant was discarded after centrifugation at 40,000 3 g, and the
insoluble pellet containing BAF was extracted under denaturing condi-
tions using buffer A (6 M guanidine-HCl, 150 mM KCl, 20 mM HEPES,
pH 7.6, 2 mM b-mercaptoethanol, 0.1 mM EDTA, 5 mM imidazole).

BAF was purified using fast protein liquid chromatography (Amer-
sham Pharmacia Biotech). A 2-ml column of chelating Sepharose Fast
Flow (Amersham Pharmacia Biotech) was precharged with nickel and
equilibrated with buffer A essentially as described previously (11). The
cell extract was loaded, and the column was washed with approximately
50 ml of buffer A and then with a similar volume of buffer A containing
20 mM imidazole. The column was developed using a linear gradient of
20 to 600 mM imidazole in buffer A. BAF-containing fractions identified
by denaturing polyacrylamide gel electrophoresis were pooled, and
EDTA was added to the final concentration of 10 mM. Pooled fractions
were dialyzed against buffer B (50 mM potassium phosphate, pH 6.5,
200 mM NaCl, 10 mM EDTA, 5 mM b-mercaptoethanol), the dialysate
was cleared by centrifugation at 19,000 3 g for 10 min, and the con-
centration of BAF in the supernatant was determined by spectropho-
tometry using a calculated extinction coefficient (14) of 1.05 mlzmg21

cm21.
The His-tag was removed by cleavage with thrombin. Thrombin was

added to the final concentration of 20 National Institutes of Health
units per mg of BAF, and cleavage proceeded for 40 min at room
temperature. Thrombin was removed from solution by adsorption to a
benzamidine-Sepharose 6B column (Amersham Pharmacia Biotech) as
described previously (11). The column eluate was dialyzed against
buffer C (20 mM Tris-HCl, pH 7.0, 10% glycerol, 150 mM NaCl, 5 mM

DTT, 0.1 mM EDTA), and the concentration of thrombin-cleaved BAF in
the clarified dialysate was calculated using an extinction coefficient of
1.24 mlzmg21 cm21. BAF was frozen in liquid N2 and stored at 280 °C.

Thrombin cleavage yields the sequence Gly-Ser-His-Met at the amino
terminus, where Met is the predicted terminus of endogenous human
BAF (8).

HIV-1 Infection, Isolation of PICs, Salt Stripping, and Integration
Assays—SupT1 and MOLTIIIB cells were grown in RPMI medium
supplemented with 10% fetal calf serum. SupT1 cells were infected by
coculture with chronically infected MOLTIIIB cells as described previ-
ously (3, 15). PICs were isolated, incubated with 1.2 M KCl for salt
stripping, purified by spin column chromatography, and then by Nyco-
denz gradient centrifugation as described (3, 15). Integration and PIC
reconstitution assays using 100 or 500 ng of purified BAF protein were
performed, separated on agarose gels, and analyzed by Southern blot-
ting also as described previously (3, 15). Southern blots were processed
for autoradiography, and integration activity was quantified by densi-
tometry or by phosphorimaging. Integration activity was calculated as
the percentage of the 9.7-kilobase (kb) HIV-1 cDNA substrate that was
converted into the 15.1-kb integration product. Mutant BAF reconsti-
tution activity was calculated as the percentage of wild-type BAF ac-
tivity. Mutants were analyzed in at least two independent experiments.

Gel Filtration Chromatography—The multimeric state of recombi-
nant BAF was analyzed by fast protein liquid chromatography using a
Superdex 200 HR 10/30 column (Amersham Pharmacia Biotech). The
column was calibrated by analyzing the elution profiles of molecular
mass standards (Bio-Rad) in buffer D (20 mM Tris-HCl, pH 7.5, 1 mM

EDTA, 50 mM KCl, 6% sucrose, 1 mM DTT). The retention times of BAF
(0.3–0.4 mg) were analyzed under the same conditions. The dimeric and
higher order multimeric species of wild-type BAF were collected sepa-
rately and concentrated by ultrafiltration using a Centricon 3 concen-
trator (Amicon). Concentrated samples were dialyzed against buffer C
prior to gel mobility shift assays and gel filtration chromatography.

Circular Dichroism (CD)—The CD spectra of BAF proteins (0.3 mg/
ml) in buffer E (50 mM potassium phosphate, pH 7.5, 50 mM KCl, 0.1 mM

EDTA, 1 mM DTT, 5% glycerol) were recorded on an AVIV 62DS spec-
tropolarimeter. Measurements in the far-UV region (260–190 nm) were
made using a 0.1-cm path length cell.

RESULTS AND DISCUSSION

DNA Binding Activity by Gel Mobility Shift—BAF is a non-
specific host cell DNA binding protein (6) that efficiently re-
stores intermolecular integration activity to salt-stripped
MMLV (6) and HIV-1 (3) PICs in vitro. A polyacrylamide gel
mobility shift assay was established to investigate the nucleic
acid binding properties of recombinant human BAF purified
following its expression in E. coli. A 30-bp oligonucleotide of
random sequence was chosen as the substrate for DNA binding.
Preliminary experiments revealed that the presence of low
concentrations of glycerol and nonionic detergent in the bind-
ing buffer, and electrophoresis at room temperature as opposed
to 4 °C, yielded two proteinzDNA complexes with distinct elec-
trophoretic mobilities (Fig. 1A and data not shown). Although a
protein concentration of 10 nM BAF monomer was sufficient for

FIG. 1. BAF DNA binding activity by polyacrylamide gel mo-
bility shift. A, BAF was omitted from the DNA binding reaction in lane
1; lane 2 contained 10 nM BAF; lane 3, 20 nM; lane 4, 50 nM; lane 5, 100
nM; lane 6, 250 nM; lane 7, 1.25 mM. The arrows to the left of the gel
indicate the gel well, and the migration positions of the BAFzDNA
complexes (compl) and free DNA substrate (sub). B, BAF was omitted
from the binding reaction in lane 1; the reaction in lane 2 contained 10
nM BAF; lane 3, 50 nM BAF; lane 4, 10 nM His-tag BAF; lane 5, 50 nM

His-tag BAF. The migration position of the His-tag proteinzDNA com-
plexes are marked HTcompl; other labeling is the same as in A.
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complex formation (Fig. 1A, lane 2), 50–100 nM BAF retarded
the mobility of virtually all of the DNA substrate, yielding some
aggregated material in the well of the gel (Fig. 1A, lane 5, and
1B, lane 3). We previously determined that BAF concentrations
in the range of 5 to 50 nM efficiently reconstituted the integra-
tion activity of salt-depleted HIV-1 PICs in vitro (3). Thus, we
conclude that the proteinzDNA complexes observed by gel mo-
bility shift are relevant to BAF’s cofactor role in HIV-1 inte-
gration. Increasing the concentration of BAF in the DNA bind-
ing reaction yielded a series of novel species, most of which
displayed slower electrophoretic mobilities than the two com-
plexes that were observed at lower concentrations (Fig. 1A,
compare lanes 6 and 7 to lanes 2–4). Because we previously
determined that BAF concentrations greater than approxi-
mately 250 nM inhibited functional reconstitution of salt-
stripped PICs (Ref. 3 and data not shown), we speculate that
the proteinzDNA aggregates and novel complexes observed by
gel mobility shift at high BAF concentrations are not relevant
to HIV-1 integration.

To investigate whether the observed proteinzDNA complexes
were due to the DNA binding activity of human BAF and not
potentially contaminating E. coli proteins, DNA binding reac-
tions were repeated using purified BAF protein still containing
the His-tag. Because the His-tag was removed as a 17-residue
thrombin cleavage product, we reasoned that the larger size of
the His-tag protein might yield proteinzDNA complexes dis-
playing slower electrophoretic mobilities than those formed
with the proteolyzed protein. Although the presence of the
His-tag yielded a minor novel species (Fig. 1B, lane 4), it is
clear that it retarded the mobility of the two proteinzDNA
complexes that formed using thrombin-cleaved BAF (Fig. 1B,
compare lanes 4 and 5 to lanes 2 and 3). We therefore conclude
that the proteinzDNA complexes observed by gel mobility shift
are due to the DNA binding activity of human BAF protein. The
stoichiometries of BAF to DNA in the different nucleoprotein
complexes were not investigated.

Only uninfected cell extracts, and not extracts of purified
virions, restore intermolecular integration activity to salt-
washed MMLV PICs (2). Western blotting also failed to detect
BAF in MMLV virions (6), leading to the hypothesis that BAF
is recruited to nascent cDNA during reverse transcription and
PIC formation in the cytoplasm of infected cells (6). Reverse
transcription is a multistep process, and various nucleic acid
species, including single-stranded DNA and RNA/DNA hy-
brids, are generated from single-stranded RNA templates en
route to the linear double-stranded cDNA product (16). To
investigate whether BAF may have binding affinity for either
the RNA template or these DNA synthesis intermediates, sin-
gle-stranded RNA, single-stranded DNA, and an RNA/DNA
hybrid were analyzed in the gel mobility shift assay. BAF did
not show detectable levels of binding to any of these nucleic
acid substrates (data not shown). The absence of detectable
binding to single-stranded RNA is consistent with the absence
of BAF in virions (2, 6), and the lack of binding to the RNA/

DNA hybrid and single-stranded DNA implies that BAF asso-
ciates with nascent cDNA relatively late in the reverse tran-
scription process.

Mutagenesis Strategy and Mutant BAF DNA Binding Activ-
ity—At the outset of this project, we had knowledge of the
primary sequences of mouse, human, and Caenorhabditis el-
egans BAF.2 Due to the absence of structural data for BAF at
this point, amino acid residues were chosen for mutagenesis on
the basis of absolute conservation across these three species.
Forty-seven amino acids of the 89-residue protein (52.8% iden-
tity) are invariant in an expanded alignment that includes rat
and zebrafish, and 10 of the 11 residues we chose for mutagen-
esis are identical across these five species (Fig. 2). Six of the 47
invariant residues, Lys-6, His-7, Lys-18, Lys-41, Lys-54, and
Lys-64, are positively charged and therefore could potentially
interact nonspecifically with DNA through the phosphodiester
backbone. Four of these charged residues, Lys-6, Lys-18, Lys-
41, and Lys-54, were included in our mutant set (Fig. 2). Hy-
drophobic residues Ile-26, Leu-50, and Trp-62 were chosen for
their potential roles in BAFzBAF protein interactions, and Pro-
14, Tyr-43, and Cys-80 were targeted because these were the
only invariant representatives of these residues in the se-
quence alignment (Fig. 2). The double mutant C80A/R82A,
inadvertently generated during mutagenesis, was examined
alongside the other single amino acid BAF mutant proteins.

Fourteen different mutant proteins were purified following
expression in E. coli (Table I). Preliminary DNA binding ex-
periments analyzed mutants at 50 nM protein, because this
concentration of wild-type BAF shifted the majority of the
double-stranded DNA substrate (Fig. 1A, lane 4, and 1B, lane
3). Five of the mutant proteins, P14A, W62A, K41A, K53A, and
K54A, supported 20–100% of the wild-type level of DNA bind-
ing activity (Fig. 3A and Table I). Although the binding of P14A
to DNA was indistinguishable from the activity of wild-type
BAF (Fig. 3A, compare lane 3 to lane 2), W62A bound DNA
about one-half as efficiently as did wild-type in repeated exper-
iments (Fig. 3A, lane 7, and Table I). K41A, K53A, and K54A
each bound DNA about one-third as efficiently as did wild-type
BAF (Fig. 3A and Table I). Thus, two of the invariant lysine
residues that we targeted, Lys-41 and Lys-54 (Fig. 2), are not
essential for BAF DNA binding activity under these conditions.
Similar to the results reported here, K53E was previously
reported to display reduced DNA binding activity (8). In con-
trast, K54E did not support detectable levels of DNA binding
(8). It is possible that substituting Glu for Lys-54 had a nega-
tive impact on the overall structure of the BAF dimer as com-
pared with the less disruptive Ala residue tested here.

Four of the BAF mutants, Y43A, L50A, C80A, C80A/R82A,
displayed 5–20% of the wild-type level of DNA binding activity
(Fig. 3B and Table I). In repeated experiments, C80A/R82A
supported the formation of only the more slowly migrating of

2 R. Craigie, personal communication.

FIG. 2. Amino acid sequence alignment and identification of targeted residues. The primary amino acid sequences of human (h), mouse
(m), rat (r), zebrafish (zb), and C. elegans (ce) BAF are shown. The human, mouse, zebrafish, and C. elegans sequences were from Ref. 8, and the
rat sequence was from Ref. 9. Dashes indicate the positions of amino acid identity. Residues chosen for mutagenesis are noted above the human
sequence, and the locations of the five a-helices and 310-helical turn in the BAF solution structure (8) are noted below the C. elegans sequence. That
study revealed that most of the residues important for dimerization reside in helix 3, and helices 4 and 5 comprise a helix-turn-helix motif
important for DNA binding.
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the two proteinzDNA complexes observed using wild-type BAF
(Fig. 3B). K18A also supported formation of just the more
slowly migrating nucleoprotein complex, but in this case DNA
binding activity was only about 0.2% the level of wild-type BAF
(Fig. 3B and Table I). This is the first report that invariant
residue Lys-18 plays a role in the binding of BAF protein to
DNA.

Four of the mutant proteins, K6A, I26K, I26A, and L50K,

failed to support detectable levels of DNA binding, even when
assayed at the elevated protein concentration of 1.25 mM (Table
I). One of these mutants, K6A, carries Ala in place of an
invariant Lys residue (Fig. 2), and K6E was previously re-
ported defective for DNA binding (8).

Gel Filtration Analysis of BAF Proteins—The results of the
previous experiments revealed that, although some of the re-
combinant BAF mutant proteins bound DNA similarly to wild-
type, others were significantly reduced or completely defective
for DNA binding activity (Table I). The observed DNA binding
defects could be due to either protein structure changes caused
by the mutations, removal of side chains critical for binding
without perturbing the overall structure of the globular pro-
tein, or a combination of both of these reasons. To address this,
wild-type BAF and mutants defective for DNA binding were
analyzed by gel filtration chromatography and CD spectroscopy
(see below). Mutants suffering structural changes would be
expected to display gel filtration profiles and/or CD spectra
altered from those of the wild-type protein.

Wild-type BAF eluted as two distinct populations from the
gel filtration column, the smaller of which displayed a retention
time slightly faster than that of a 17-kDa molecular mass
standard (Fig. 4). Because thrombin-cleaved BAF has a pre-
dicted mass of 10.3 kDa, it appears that this species is dimeric
BAF. Consistent with this interpretation, recombinant human
BAF analyzed by sedimentation equilibrium and gel filtration
was previously reported as dimeric (8). The larger BAF species
eluted from the column between 158- and 44-kDa mass stand-
ards (Fig. 4). Assuming that this species is a higher order
multimer of dimeric BAF, it appeared by this analysis to be
either hexameric or octameric. The precise number of BAF
protomers in this higher order multimer was not investigated
further.

Mutant BAF proteins that displayed greatly reduced DNA
binding activity, as well as those completely devoid of DNA
binding, were analyzed next. Although two of the mutants that
displayed reduced binding, Y43A and C80A/R82A, yielded pri-

TABLE I
Summary of BAF mutant proteins

Protein DNA bindinga PIC
reconstitutionb Multimerc

Wild-type 111 11 D/H
P14A 111 11 ND
W62A 111 11 ND
K41A 11 11 ND
K53A 11 11 ND
K54A 11 11 ND
Y43A 1 11 D
L50A 1 11 D/H
C80A 1 11 D/H
C80A/R82A 1 11 D
K18A 1/2 11 D/H
K6A 2 1 D/H
I26A 2 2 H
I26K 2 2 H
L50K 2 2 ?

a 111, 50–100% of wild-type activity; 11, 20–50% of wild-type
activity; 1, 2–20% activity; 1/2, 0.01–2% activity; 2, ,0.01% activity.
Values are averages of at least two independent measurements.

b 11, $50% of wild-type activity using 40 nM BAF; 1, activity only
observed using 200 nM BAF; 2, undetectable (,2%) activity.

c Predominant multimeric forms detected by gel filtration. D/H,
dimers and higher order multimers; D, dimers; H, higher order mul-
timers; ND, not determined; ?, this profile was not consistent with
either the wild-type dimers or higher order multimers (Fig. 4).

FIG. 3. DNA binding activity of mutant BAF proteins. A, BAF
was omitted from the reaction in lane 1. Lanes 2–7 contained 50 nM

wild-type (WT), P14A, K41A, K53A, K54A, and W62A BAF, respec-
tively. Other labeling is as in Fig. 1. B, Each panel contains three lanes
of the indicated mutant tested at the protein concentrations 0.05, 0.25,
and 1.25 mM; the triangles above the gels depict this increase in protein
concentration across the lanes. K18A BAF was analyzed on a separate
polyacrylamide gel. Other labeling is as in Fig. 1.

FIG. 4. Gel filtration chromatography of wild-type and mutant
BAF proteins. The elution profiles of BAF mutants I26A, L50K, Y43A,
and C80A/R82A are shown relative to the wild-type chromatogram.
Absorbance at 280 nm (A280) was plotted against relative retention time
(Rt). Wild-type eluted at two predominant positions, which, based on
migration distance relative to molecular mass standards, were consist-
ent with either hexameric or octameric (indicated by A) and dimeric (B)
BAF. Vertical lines indicate the retention times of 158-, 44-, and 17-kDa
molecular mass standards.
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marily dimeric protein (Fig. 4 and Table I), two of the DNA
binding-defective proteins, I26A and I26K, yielded mostly the
higher order multimer (Fig. 4 and Table I). Based on the gel
filtration profiles of these four mutant proteins, we next tested
whether DNA binding required pre-existing BAF dimers in
solution. Column fractions containing dimers and higher order
multimers of wild-type BAF were collected separately, concen-
trated by ultrafiltration, and re-analyzed by gel filtration and
gel mobility shift. Wild-type dimers and higher order multim-
ers retained their starting multimeric state during this second
round of column chromatography, showing that the different
multimeric forms were relatively stable (data not shown).
Dimers and higher order multimers displayed similar levels of
DNA binding activity, each forming both of the previously
noted wild-type proteinzDNA complexes in native polyacryl-
amide gels (data not shown). Thus, each of the multimeric
forms probably contributes to the DNA binding activity of the
wild-type protein, and the lack of I26A and I26K dimers does
not per se explain the DNA binding-defective phenotype of
these mutant proteins. The results of CD spectroscopy suggest
that these mutants were defective due to alterations in protein
structure (see below).

The gel filtration profile of L50K differed significantly from
the wild-type pattern (Fig. 4), suggesting that this mutation
altered the ability of BAF to properly multimerize in solution.
In contrast, L50A, C80A, and K18A, each of which supported
reduced DNA binding activity, as well as the DNA binding-
defective mutant K6A, yielded the wild-type gel filtration pat-
tern of dimers and higher order multimers (Table I). Because
L50A contained the wild-type ratio of BAF multimers, we con-
clude that the L50K multimerization defect is due to the pres-
ence of a disruptive Lys residue, as opposed to the absence of
the Leu normally at this position. This interpretation is con-
sistent with the location of Leu-50 at the dimer interface in the
solution structure of the BAF dimer (8). Unlike the Lys substi-
tution, substituting Ala for Leu-50 apparently did not grossly
affect BAFzBAF protein interactions. Tyr-43 and Lys-53 are
also located at the dimer interface (8), suggesting that the 3- to
10-fold reductions in DNA binding activity observed with
Y43A, L50A, and K53A (Fig. 3 and Table I) could be due to
small changes in dimer stability that were undetectable by gel
filtration chromatography. The reduced DNA binding activity
of K53E was likewise suggested to be due to an alteration in
dimer stability (8).

CD Spectra of Wild-type and BAF Mutant Proteins—Three of
the DNA binding-defective mutants, I26A, I26K, and L50K,
stood out because each of these lacked dimeric BAF as detected
by gel filtration chromatography (Fig. 4 and Table I). Thus, CD
spectroscopy was used to further analyze the structure of these
mutant proteins, as well as the other DNA binding-defective
mutant, K6A. Wild-type BAF yielded a CD spectrum typical of
a-helical proteins (Fig. 5), displaying minima at or near far-UV
wavelengths of 208 and 222 nm (17). I26A and I26K each
displayed less minima in these regions, indicating that these
proteins contain less overall helical content than does wild-type
BAF (Fig. 5 and data not shown). Changes at Ile-26 apparently
perturb BAF protein structure, suggesting that I26A and I26K
are defective for DNA binding because of these alterations.
This interpretation is consistent with the location of Ile-26 in
the hydrophobic core of the BAF monomer (8). Presumably,
replacing this conserved residue with either Ala or Lys changed
the hydrophobicity of the core, which altered the native structure
of BAF (Fig. 5). Trp-62 and Cys-80 also form part of the BAF
hydrophobic core (8). Replacing either of these invariant residues
with Ala did not appear to have the same negative impact on
BAF protein structure as did the I26A substitution (Table I).

L50K also displayed a CD spectrum with less intense far-UV
minima at 208 and 222 nm than did wild-type BAF, although
this mutant appeared more similar to wild-type than did either
I26A or I26K (Fig. 5 and data not shown). L50K apparently
suffers both multimerization (Fig. 4) and protein structure
defects (Fig. 5), although it is unclear from these data whether
the inability to properly multimerize precluded proper folding,
or vice versa.

In contrast to the other DNA binding-defective mutants, the
CD spectrum of K6A was very similar to that of wild-type BAF
(Fig. 5). K6A appeared wild-type both by gel filtration (Table I)
and CD spectroscopy (Fig. 5), yet was completely defective for
DNA binding as detected by gel mobility shift (Table I). We
therefore suggest that Lys-6 is critical for BAF DNA binding
activity, because it directly interacts with DNA. This conclu-
sion is consistent with a model of BAF DNA binding based on
previous structural and mutagenic data (8). Here, we addition-
ally measured biophysical properties of purified BAF mutant
proteins, experiments whose results were required to conclude
that a particular DNA binding mutant was defective solely due
to its inability to bind DNA.

Restoration of Integration Activity to Salt-stripped HIV-1
PICs—PICs treated with 1.2 M KCl and subsequently purified
by size exclusion and Nycodenz gradient centrifugation lose
their ability to integrate HIV-1 cDNA in vitro, and recombinant
human BAF efficiently restores in vitro integration activity to
salt-washed HIV-1 PICs (3). The results of gel mobility shift
experiments revealed a variety of DNA binding phenotypes,

FIG. 5. CD spectroscopy of wild-type and mutant BAF pro-
teins. The mean residue ellipticity (umre) of the indicated protein is
plotted against wavelength. umre is in units of 1023 degzcm2zdmol21.
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which ranged from undetectable levels of DNA binding to the
wild-type level of activity (Fig. 3 and Table I). Each of the
purified mutant proteins was next tested alongside wild-type
BAF for PIC reconstitution activity.

As expected, treating HIV-1 PICs with 1.2 M KCl prior to
purification abolished in vitro integration activity (Fig. 6, A and
B, compare lanes 2 to lanes 1). Also as previously reported (3),
100 ng of purified protein, corresponding to approximately 40
nM of wild-type BAF, restored about one-half of the level of
integration activity that was present prior to salt-stripping
(Fig. 6, A and B, compare lanes 3 to lanes 1).

Each of the BAF mutants was initially assayed for PIC
reconstitution activity at 40 nM protein. Although each of the
mutants that bound DNA by gel mobility shift supported effi-
cient PIC reconstitution activity under this condition, none of
the DNA binding-defective mutants were active (Fig. 6, A and
B, and Table I). Thus, the DNA binding activity of human BAF
protein is important for its ability to efficiently restore integra-
tion activity to salt-stripped HIV-1 PICs in vitro. Because mu-
tants C80A/R82A and K18A displayed efficient reconstitution
activity (Table I), we conclude that the ability to form just the
larger of the two nucleoprotein complexes by gel shift is suffi-
cient for BAF function in the PIC reconstitution assay (Fig.
3B).

Many of the BAF mutants were quantitatively more active in
the PIC reconstitution assay as compared with the gel mobility
shift assay (Table I). This was most evident for K18A: This
mutant displayed only 0.2% of the wild-type protein’s gel shift
activity, yet in repeated experiments it reconstituted about the
same level of HIV-1 integration activity as did wild-type BAF
(Fig. 6A, compare lanes 4 to lane 3, Table I). Thus, efficient
DNA binding activity as measured by gel mobility shift is not
required for efficient reconstitution of salt-stripped HIV-1 PIC
integration activity under these assay conditions.

We next analyzed the BAF mutants that were completely
defective for DNA binding activity using 500 ng of purified
protein, which corresponded to approximately 200 nM BAF, in
the PIC reconstitution assay. As previously eluted to, this level
of wild-type BAF was somewhat inhibitory for restoring inte-
gration activity (Fig. 6C, lane 2); repeated experiments re-
vealed that 200 nM BAF restored about 50% of the level of PIC
activity that was accomplished using 40 nM protein. K18A BAF,
which functioned similarly to wild-type at 40 nM protein, also
acted similar to the wild-type at 200 nM BAF (Fig. 6C, compare
lane 6 to lane 2). Surprisingly, K6A restored about the same
level of integration activity as wild-type BAF using this assay
condition (Fig. 6C, compare lane 4 to lanes 2 and 6). Unlike
K6A, the other DNA binding-defective mutants, I26A, I26K,
and L50K, did not support detectable levels of PIC reconstitu-
tion activity under this condition (Table I and data not shown).
Because K6A displayed a gel filtration profile and CD spectrum
similar to wild-type (Fig. 5 and Table I), and these other defec-
tive mutants displayed altered gel filtration profiles (Fig. 4 and
Table I) and CD spectra (Fig. 5), our results indicate that the
native structure of human BAF protein in addition to its DNA
binding function plays a role in restoring integration activity to
salt-depleted HIV-1 PICs in vitro.

We did not anticipate that mutants K18A and K6A, which
displayed gel shift activities of 0.2% and ,0.01% of wild-type
BAF, respectively, would function in the PIC reconstitution
assay. It therefore seems likely that BAF interacts with a
component(s) of salt-stripped HIV-1 PICs in addition to the
cDNA itself, and this interaction quantitatively increases re-
constitution activity as compared with the free DNA binding
activity that was measured by gel mobility shift. Although an
elevated concentration of K6A was required to detect PIC re-
constitution activity (Fig. 6, B and C), K18A restored HIV-1
integration activity as efficiently as wild-type BAF (Fig. 6A and
Table I). Thus, the extremely weak DNA binding activity of
K18A appears to make it a significantly better cofactor than
K6A for functional reconstitution of HIV-1 integration. We
noticed that the presence of the amino-terminal His-tag in-

FIG. 7. The His-tag greatly enhances the DNA binding activity
of K18A BAF. Lane 1 contained 50 nM His-tag K18A BAF (HTK18A);
lane 2, 250 nM HTK18A; lane 3, 1.25 mM HTK18A; lane 4, 50 nM His-tag
wild-type BAF (HTWT); lane 5, 50 nM wild-type BAF; lane 6, 1.25 mM

K18A BAF. Note that although the nucleoprotein complex containing
K18A BAF in lane 6 comigrated with the more slowly migrating wild-
type complex in lane 5, the His-tag K18A complex in lanes 2 and 3
comigrated with just the larger of the two complexes formed using the
His-tag wild-type protein (lane 4). Other labeling is the same as in
Fig. 1.

FIG. 6. Reconstitution of integration activity to salt-washed
HIV-1 PICs. A, PICs isolated from infected cells were either treated
with 1.2 M KCl (lane 2) or mock treated (lane 1) prior to spin column
chromatography, Nycodenz gradient centrifugation, and in vitro inte-
gration assays. Although wild-type (WT) BAF was added to the PIC
reconstitution assay in lane 3, the reactions in lanes 4–10 contained the
indicated mutant proteins. B, lane 1 contained gradient-purified mock
treated PICs; lane 2, PICs were treated with high salt prior to purifi-
cation; lane 3, wild-type BAF in the reconstitution assay; lane 4, K6A
BAF. The cDNA substrate band is more intense in lanes 2–4 because
3-fold more material was loaded in these lanes. C, lane 1 contained
salt-stripped PICs; lanes 2–7 contained the indicated thrombin-cleaved
or His-tag (HT) protein at 200 nM BAF. cDNA, 9.7-kb HIV-1 integration
substrate; IP, 15.1-kb integration product.
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creased the DNA binding activity of K18A approximately 50-
fold over that observed using the thrombin-cleaved protein
(Fig. 7, compare lanes 2 and 3 to lane 6). This stimulation is not
novel to the BAF protein, as the His-tag was previously ob-
served to significantly enhance weak DNA binding activities of
certain deletion mutants of recombinant HIV-1 integrase (18)
and the catalytic activities of recombinant HIV-1 RNase H (19).
We suggest that this artificial stimulation of DNA binding
activity correlates with the efficiency of K18A function in the
reconstitution assay and speculate that an analogous stimula-
tion in binding activity may occur when K18A BAF interacts
with certain components of salt-stripped HIV-1 PICs. Consist-
ent with this interpretation, K6A BAF, which was 5- to 10-fold
less active than K18A in the PIC reconstitution assay (Fig. 6
and Table I), remained inactive for DNA binding when assayed
as a His-tag protein (data not shown). We note that the His-tag
did not stimulate either K6A or K18A reconstitution activity at
either 40 nM (data not shown) or 200 nM (Fig. 6C) BAF.

How might K6A function in HIV-1 integration in the absence
of detectable DNA binding activity? As eluted to, one possibility
is that protein components present in salt-stripped PICs en-
hance the binding of K6A BAF to HIV-1 DNA. Alternatively,
K6A might function in the PIC reconstitution assay without
directly binding to DNA. In this scenario, endogenous BAF’s
DNA binding activity was required for PIC formation in vivo,
but once formed other protein components in addition to BAF
contribute to the native integration-competent structure of the
PIC. Salt stripping, which inactivates PIC function, presum-
ably removes BAF protein. We speculate that some aspect of
native PIC structure remains after salt treatment, and K6A
BAF, although unable to bind DNA by itself, partially filled a
void left behind by the endogenous BAF protein and in doing so
partially reconstituted PIC function. Although speculative, this

model is consistent with the observation that viral integrase,
which catalyzes the chemical steps of integration, remains
PIC-associated following salt stripping (2–7). Experiments are
currently underway to further define BAF’s role in HIV-1
integration.
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