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Abstract
This report describes the adaptation of the biotin ligase BirA - biotin acceptor sequence (BAS)
labeling system to biotinylate specific human immunodeficiency virus 1 (HIV-1) proteins in vivo.
Two HIV-1 clones were constructed, with the BAS introduced into the matrix region of gag or the
integrase region of pol. Specific biotinylation of target proteins in virions was observed when
molecular clones were co-expressed with BirA. Both BAS-containing viruses propagated in SupT1
T-cells although replication of the integrase clone was delayed. Further studies demonstrated the
integrase insertion yielded an approximate 40% reduction in single-round infectivity as assessed on
MAGI-5 indicator cells, as well as in the in vitro integration activity of preintegration complexes
extracted from acutely-infected C8166-45 T-cells. Biotinylation of the integrase BAS tag
furthermore rendered this virus non-infectious. The matrix viral clone by contrast displayed wild-
type behavior under all conditions tested. These results therefore establish a system whereby
biotinylated matrix protein in the context of replication-competent virus could be used to label and
capture viral protein complexes in vivo.
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1. Introduction
Peptide labeling of proteins is a useful tool for investigating protein structure and function, and
identifying protein-protein interactions in vivo. Human immunodeficiency virus 1 (HIV-1),
the etiologic agent of acquired immunodeficiency syndrome, belongs to the genus Lentivirus
in the Retroviridae family. A large focus of HIV-1 research is devoted to the identification and
characterization of cellular proteins that interact with viral proteins as a means to identify new
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targets for therapeutic interventions. Many protein-based strategies have been developed for
this purpose. Two commonly used purification strategies are single- and tandem-affinity
purification (TAP). Single tag protocols are less labor intensive and more efficiently capture
target proteins compared to TAP, but exhibit high levels of background. TAP is more specific,
but the recovery rate of bait proteins from lysates is quite poor (~5%) and therefore TAP can
miss low abundant proteins. Furthermore, TAP requires two insertions in the same protein
which typically increases the chances of protein misfolding and/or inactivation.

The strength of the streptavidin (SA)-biotin bond, the strongest known non-covalent bond, is
several orders greater than that of antibody-antigen or other affinity purification systems.
Biotinylated proteins can be efficiently purified in a single-step under high-stringency
conditions. In the last two decades the biotin-avidin interaction has been developed as a strategy
to isolate protein complexes (Chen et al., 2005; de Boer et al., 2003; Furuyama and Henikoff,
2006; Penalva and Keene, 2004). Co-expression of the E. coli biotin ligase BirA with a minimal
biotin acceptor sequence (BAS) catalyzes the covalent attachment of biotin to a central lysine
residue (Beckett et al., 1999; Schatz, 1993). The minimum identified BAS length is 13 amino
acids, comparable to several affinity tags (Schatz, 1993).

This study demonstrates the adaptation of the BAS-BirA system to label and capture HIV-1
integrase (IN) and matrix (MA) protein complexes. MA, encoded as the N-terminal portion of
the Gag polyprotein, plays a role in both the efferent and afferent stages of the viral life cycle.
During virus assembly, MA regulates the interaction between Gag and the plasma membrane
(Zhou et al., 1994). After cell entry and reverse transcription, a small portion of virion-derived
MA remains associated with the preintegration complex (PIC; Bukrinsky et al., 1993; Lin and
Engelman, 2003; Miller et al., 1997). IN, encoded as the C-terminal end of the Gag-Pol
precursor protein, catalyzes the insertion of the reverse transcript into a cell chromosome. We
show that virion-associated MA and IN proteins were biotinylated both specifically and
efficiently when proviral DNAs bearing the BAS tags were co-transfected with a BirA
expression plasmid, or when the proviruses were transfected into 293T cells stably expressing
BirA. Characterization of the BAS-containing molecular clones demonstrated that the
infectivity of the MA-BAS virus with and without the added biotin modification was similar
to wild-type HIV-1. The IN-BAS virus, by contrast, replicated poorly due to a loss of IN
activity, which was furthermore abolished by biotinylation.

2. Materials and Methods
2.1. Plasmids

The BirA expression plasmid, pc6BirA, was constructed by transferring the birA ORF and
intronic sequences from pEV-BirA (a kind gift of John Strouboulis) into pcDNA6/V5-His
(Invitrogen, Carlsbad, CA). A series of plasmids were constructed to transfer a previously
described ~22 residue BAS (Fig. 1A; de Boer et al., 2003) into the C-terminal regions of MA
and IN in the HIV-1NLX molecular clone (Brown et al., 1999). Plasmid pUCWTpolBam-Spe
was made by modifying the 3′ end of the pol gene in pUCWTpol (Limon et al., 2002) by PCR-
directed mutagenesis to CTAGGGGGATCCAAGACTAGT, which contained CTA in place
of the TAA stop codon (italics) and downstream BamHI and SpeI sites (underlined). Plasmid
pUCWTpol-SR2 was constructed by ligating a BamHI-SpeI BAS linker, made by annealing
AE2217 (5′-PO4-
GATCCGCCAGCAGCCTGCGGCAGATCCTGGACAGTCAGAAGATGGAGTGGCGG
AGCAACGCCGGGGGGAGCTAA-3′) and AE2218 (5′-PO4-
CTAGTTAGCTCCCCCCGGCGTTGCTCCGCCACTCCATCTTCTGACTGTCCAGGAT
CTGCCGCAGGCTGCTGGCG-3′), with BamHI/SpeI-digested pUCWTpolBam-Spe. The
IN-BAS proviral clone pNLXINB (Fig. 1B) was made by swapping the AgeI-PflMI fragment
from pUCWTpol-SR2 for the corresponding fragment in pNL43/XmaI (Brown et al., 1999).
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For MA, plasmid pTZ18UPL/BssH2-SpeI was made by ligating the 796 bp BssHII-SpeI
fragment from pNL43/XmaI with BssHII/SpeI-digested pTZ18U/PL (Dorfman et al., 1993).
PCR-directed mutagenesis was used to build pAB1, containing unique AgeI and BsrGI sites
in the 3′ and 5′ regions of the MA and CA gag reading frames, respectively. A 123 bp fragment
was generated from pUCWTpol-SR2 template using PCR with primers AE2224 (5′-
GCTGACACCGGTAACAACAGCCAGATAGGAGGCCTGCGGCAGATCCTGGACAG
C -3′; Age I site underlined) and AE2225 (5′-
GGTTCTGTACA
ATAGGGTAATTTTGGCTGACTATGCTCCCCCCGGCGTTGCTCCGCC -3′; BsrGI site
underlined). AgeI/BsrGI-digested DNA was then ligated to AgeI/BsrGI-digested pAB1.
Plasmid pNLXMAB was made by swapping the resulting BssHII-SpeI fragment for the
corresponding fragment in pNL43/XmaI (Fig. 1B).

2.2. Cells
2.2.1. Cell Culture—293T and MAGI-5 (Pirounaki et al., 2000) cells were propagated in
Dulbecco’s modified eagle media (DMEM) supplemented with 10% Fetalclone III (Hyclone,
Logan, UT), 100 U/ml penicillin, and 100 μg/ml streptomycin. The MAGI-5 cell media was
supplemented with 0.1 mg/ml G-418, 25 μg/ml puromycin, and 0.1 mg/ml Hygromycin B.
C8166-45 and SupT1 T-cells were maintained in RPMI 1640 media supplemented with 10%
Fetalclone III, 100 U/ml penicillin, and 100 μg/ml streptomycin.

2.2.2. 293T.BirA cells—5×105 293T cells were seeded into a single well of a six-well dish,
grown overnight, then transfected with 2 μg pc6BirA using TransIT-LT1 as directed by the
manufacturer (Mirus Bio, Madison WI). 48 h post-transfection, the cells were passed into a 10
cm2 dish and propagated in complete DMEM media containing 20 μg/ml Blasticidin S
(Invivogen, San Diego, CA). Cells maintained for two weeks were then cloned by limiting
dilution into 96-well plates, and grown until colonies were visible. Wells containing single
colonies were expanded and examined for BirA expression by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting using an anti-BirA
antibody (Genway Biotech, San Diego, CA), HRP-conjugated anti-chicken IgG secondary
antibody (Pierce Biotechnology, Rockford, IL), followed by visualization by
chemiluminescence (Pierce Biotechnology). All Western blot images were acquired by flatbed
scanning of developed films and, if necessary to improve quality, sharpened and adjusted for
brightness/contrast using Adobe Photoshop.

2.3. Virus production
Viruses were produced by transient transfection of 293T or 293T.BirA cells. Cells were seeded
into 10 cm2 dishes at 60% confluency. Cells were transfected with 20 μg of viral molecular
clone DNA using TransIT-LT1. For pseudotyping with vesicular stomatitis virus glycoprotein
G (VSVg), 15 μg of viral molecular clone was premixed with 5 μg of VSVg expression vector
pMD2.G (Addgene Plasmid Repository). Media was collected every 24 h for 72 h, clarified
by centrifugation at 4000 ×g for 5 min., and concentrated using Centricon-100 concentrator
units as directed by the manufacturer (Millipore, Billerica MA).

2.4. Detection of biotinylated proteins
Viruses produced by transient transfection as described above were harvested at 24 h, clarified,
and concentrated by ultracentrifugation through 20% sucrose (w/v in phosphate-buffered saline
(PBS)). Afterwards, the media and sucrose were aspirated and virus pellets resuspended
directly in 0.25 ml 1x SDS-PAGE sample buffer. For cell lysates, the 293T cells were washed
with PBS, harvested, and lysed with 0.5 ml M-PER solution (Pierce Biotechnology).
Biotinylated proteins were detected by SDS-PAGE and Western blotting using SA-HRP
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conjugate (GE Healthcare, Piscataway, NJ) and chemiluminescence (Pierce Biotechnology),
followed by exposure to film. Viral proteins were similarly detected using antigen specific
antibodies followed by species specific HRP-conjugated secondary antibodies (GE
Healthcare). For SA-capture experiments, samples were resuspended in 0.5 (virions) or 1 ml
(cells) RIPB buffer (50 mM Tris (pH 7.5)/150 mM NaCl/1% NP-40/0.5% sodium
deoxycholate/0.1% SDS) and clarified by centrifugation. 50 μl was removed for a “Pre”
sample, then the lysates were incubated with 25 μl SA-sepharose (GE Healthcare) overnight
at 4°C. The beads were pelleted by centrifugation and a “post” sample was removed. The beads
were washed in triplicate with 1 ml RIPB buffer, bound proteins were released by boiling in
100 μl 1x sample buffer and detected by SDS-PAGE and Western blot. Quantitative imaging
was performed using a FluorChem FC2 imaging system (Alpha Innotech Corp., San Leandro,
CA)

2.5. Virus replication and reverse transcriptase (RT) assays
SupT1 cells were inoculated overnight with equivalent levels of viruses (as determined by RT
assay), washed, and propagated for 22 days. Cells were passed every two days by 1:2 dilution
in fresh media. 300 μl of supernatant was sampled at the days indicated, clarified by
centrifugation (12,000 ×g, 5 min), and stored at −20°C until the end of the time-course. RT
activity was measured by [32P]TTP incorporation (Goff et al., 1981; Willey et al., 1988). RT
reactions were reduced to 40 μl for compatibility with a high-throughput microtiter plate system
(Millipore, Billerica, MA). Samples were measured in triplicate, and data is presented with
standard deviation. The results of the replication studies are representative of at least two
independent experiments. MAGI assays were performed as previously described (Belshan et
al., 2006). Results represent data from nine independent infections.

2.6. In vitro integration assays
PIC-containing lysates were produced using VSVg-pseudotyped HIV essentially as described
(Engelman, 2009), except 1×108 C8166-45 T-cells were infected by spinoculation (O’Doherty
et al., 2000) in the presence of 8 μg/ml polybrene, and the cells were lysed with buffer k (20
mM HEPES, pH 7.4/150 mM KCl/5 mM MgCl2/1 mM dithiothreitol) containing 0.1%
TritionX-100 (Farnet and Haseltine, 1990). Integration assays were developed using nested
real-time PCR (Lu et al., 2005) of reaction products with the following modifications. First,
linker sequence (5′-ATGCCACGTAAGCGAAACTGC -3′) was added to the 5′ end of the
HIV-specific primer in the first PCR. The linker primer was used in place of one of the HIV
primers in the subsequent real-time PCR reaction to reduce background HIV amplification,
mimicking the nested PCR design developed by Brussel and Sonigo (2003) for analyzing
chromosomal integration during infection. Secondly, the vector pTZ19R, which is
commercially available (Fermentas, Glen Burnie, MD), was used instead of pTZ18U/PL as
the DNA target during in vitro integration. In vitro integration values were normalized to the
levels of viral cDNA present in cell extracts (Lu et al., 2005). Real-time PCR reactions were
performed with an iQ5 system and iQ SYBR Green Supermix (Bio-rad laboratories, Hercules,
CA).

3. Results
3.1. Specific biotinylation of HIV-1 proteins in vivo

The BAS-BirA labeling system has been used to purify proteins in a wide variety of systems
including ribonucleoprotein complexes (Penalva and Keene, 2004), nucleosomes (Furuyama
and Henikoff, 2006), cell surface proteins (Chen et al., 2005), and transcription factors in BirA
transgenic mice (de Boer et al., 2003). To adapt this system to label HIV-1 proteins in
replication competent viruses the BAS was inserted into the C-terminal portion of the MA or
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IN protein within the gag and pol reading frames, respectively, of the NLX molecular clone
of HIV-1 (details shown in Fig. 1).

To demonstrate specific biotinylation of HIV proteins in vivo, 293T cells were transfected with
the molecular clones with and without the pc6BirA expression vector. At 24 h post-transfection,
cell-free viral supernatants and cells were harvested, and virus particles were concentrated by
ultracentrifugation through 20% sucrose cushions prior to lysis. Biotinylated proteins were
detected by Western blot using SA-HRP. As shown in the top panel of Figure 2, IN and MA
were biotinylated when either tagged molecular clone was co-transfected with the BirA
expression plasmid (bottom panel). A small amount of a ~55 kDa biotinylated protein,
corresponding to the size of full-length Gag, was observed in virus pellets derived from cells
co-transfected with pNLXMAB and pc6BirA DNA. Biotinylation of MA and IN was not
detected in virions produced in the absence of BirA, despite similar levels of expression as
determined by Western blotting with IN- and MA-specific antibodies (middle panels). As
expected, the BAS-containing MA and IN proteins were slightly larger in size than their wild-
type counterparts.

3.2. 293T.BirA cells and affinity capture of HIV-1 proteins
To increase the efficiency of target protein biotinylation, a 293T cell line stably expressing
BirA was constructed. Cells transfected with pc6BirA were selected with 20 μg/ml blasticidin
S antibiotic for two weeks. Cells were diluted in 96-well plates to obtain single cell clones.
Numerous cell lines were expanded and tested for expression of BirA by Western blotting (Fig.
3A) with anti-BirA antibody. The cell lines varied in their expression of BirA. The BirA-
expressing cell line D7 displayed better growth characteristics than D1 and was designated the
primary 293T.BirA cell line. The cells were used to examine biotinylation and affinity
purification of both MA and IN by transient transfection (Fig. 3B). Cells were transfected with
pNLX, pNLXMAB, or pNLXINB, and resulting viruses purified by ultracentrifugation and
lysed in immunoprecipitation buffer. A pre sample was taken prior to overnight incubation
with SA-sepharose beads. The next day, post (Pt) samples were recovered from supernatants
after bead pelleting, the beads were washed extensively, and affinity purified (AP) bead-bound
proteins were released by boiling. Proteins from both virion and cell lysates were detected by
SDS-PAGE and Western blot with SA-HRP or anti-MA antibody. Both IN-BAS and MA-
BAS, but not wild-type HIV-1NLX proteins, were affinity purified from virion samples (top
panel, AP lanes), demonstrating specific capture of biotinylated proteins. Consistent with their
molar ratios, a larger amount of MA was captured compared to IN. A small amount of the p55
Gag polyprotein could be detected in the NLXMAB AP sample upon over-exposure of blots
(not shown). Interestingly, a small amount of MA was captured via IN biotinylation, suggesting
that MA and IN can associate in virion lysates and may also do so in intact virions. Biotinylated
proteins were importantly not observed in the post capture samples (Pt lanes), indicating
quantitative binding of all detectable biotinylated proteins. Similar levels of MA were detected
in all pre samples, indicating that both BAS-tagged clones were expressed and released from
cells at levels similar to wild-type HIV-1NLX (middle panel). Moreover, significant levels of
Gag or Gag-Pol polyproteins were not detected in virion samples (not shown), indicating that
neither insertion adversely effected polyprotein processing. The detection of MA in the post
NLXMAB sample (middle panel, right lane) suggested only a portion of the BAS-tagged
protein was biotinylated. Comparison of the post and pre samples of triplicate experiments by
quantitative Western blot imaging indicated that 30% to 60% of total MA-BAS was
biotinylated.

A high level of background was observed in affinity purified cell lysates blotted with SA-HRP.
Though this revealed biotinylated IN and MA, Gag and Gag-Pol specific bands were not
discernable (data not shown). MA and p55 Gag were readily detected in affinity captured cell
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samples using anti-MA antibody (bottom panel). A surprisingly large level of p55, but not MA,
was recovered via biotinylated IN (NLXINB AP lane). Although Gag-Pol was not discernable
due to the relatively high levels of non-specific cell binding proteins, we speculate that p55
Gag recovery was due to its association with Gag-Pol during IN-BAS pull-down. Accordingly,
p55 Gag was not recovered from cells expressing wild-type HIV-1NLX. The p55 Pre levels
were similar among samples, indicating the BAS-tagged viruses expressed Gag at levels that
were comparable to wild-type HIV-1NLX.

3.3. Replication profiles of NLXINB and NLXMAB
Next the replication capacity of the BAS-containing molecular clones was assessed. Viruses
were produced by transient transfection of 293T cells, concentrated by ultracentrifugation
through a sucrose cushion, and normalized by RT assay. SupT1 cells were inoculated overnight,
washed, and propagated for 22 days to assess virus replication kinetics (Fig. 4A). Samples were
measured in triplicate, and the standard deviation is shown in the graph. Both NLXMAB and
NLXINB were replication competent. NLXMAB replicated with kinetics similar to wild-type
virus, whereas the replication of NLXINB was delayed in comparison to either NLX or
NLXMAB.

To determine the fitness of the biotinylated IN and MA viruses, their infectivities were
measured in single-round assays using MAGI-5 indicator cells as described previously
(Belshan et al., 2006; Pirounaki et al., 2000). Normalized virus amounts, produced with or
without co-transfection with pc6BirA, were inoculated overnight onto MAGI-5 cells. The cells
were washed and incubated an additional 24 h. Following fixation and staining for β-
galactosidase expression, the number of positive cells was counted to measure titer (Fig. 4B).
Similar to its replication in SupT1 cells, NLXMAB infected MAGI-5 cells at a level comparable
to wild-type NLX, and the biotinylation of MA did not affect the efficiency of infection.
Consistent with its delayed replication in SupT1 cells, NLXINB displayed an ~40% reduction
in MAGI-5 cell titer as compared to wild-type HIV-1NLX. This reduction was exacerbated by
the addition of the biotin moiety, suggesting that biotinylation of the C-terminus of IN
inactivates the virus.

3.4. The loss of NLXINB infectivity is due to loss of IN function
As the BAS was tacked onto the IN protein, it was critical to determine the level of IN function.
For this, the in vitro activity of PICs produced by each virus was assayed using a sensitive real-
time integration assay (Lu et al., 2005). The nested PCR method used to quantify the level of
in vitro integration is outlined in Fig. 5A. The initial PCR step contains one HIV-specific
primer, and two back-to-back target DNA primers to amplify integration events. This reaction
is diluted 1000-fold, and integration events are quantified with a nested PCR using HIV-
specific primers. We performed the assay as described by Lu et al., but added a linker to the
5′ end of the HIV-specific primer in the first PCR (Fig. 5A, dotted lines). The linker primer
was used in place of one of the HIV primers in the qPCR to reduce background HIV
amplification. For these experiments, a standard curve was generated by serial dilution of
reaction products formed by wild-type HIV-1NLX PICs. Integration product formation was in
turn normalized to the levels of reverse transcription that occurred under the different infection
conditions (Lu et al., 2005).

Addition of the BAS to the C-terminus of IN resulted in an approximate 40% reduction in IN
activity, in complete agreement with the effect on MAGI-5 cell titer (compare Fig. 5B to Fig.
4B). Biotinylation further reduced IN activity to background levels. The specificity of in vitro
integration was confirmed for each experiment using no target DNA and uninfected lysate
controls. Combined, these results suggest that the addition of the BAS to the C-terminus of IN
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reduces viral titer through a direct effect on IN catalytic function. Biotinylation of this BAS
furthermore abolishes PIC function and NLXINB infectivity.

4. Discussion
This report describes the successful adaptation of the BirA-BAS protein labeling system to tag
HIV-1 proteins in vivo. We constructed two biotinylatable viruses, with the long-term goal of
identifying physiologically-relevant protein complexes. We demonstrated site-specific
biotinylation of the C-termini of both MA and IN. Biotinylation of BAS-containing proteins
were not observed when viruses were produced in the absence of BirA. Quantitative image
analysis indicated that 30% to 60% of total MA-BAS was biotinylated, but all detectable
biotinylated protein was recovered by affinity purification. Both NLXINB and NLXMAB
produced levels of Gag similar to wild-type HIV-1NLX. Moreover, we detected no defects in
Gag processing in either tagged clone. Together these data indicate that both NLXINB and
NLXMAB express and process Gag polyprotein at levels comparable to wild-type
HIV-1NLX. Finally, BirA was stably expressed in 293T cells, which enabled labeling of viral
proteins by single plasmid transfection. Efforts are currently underway to construct HIV-1-
permissive BirA-expressing cell lines to facilitate non-invasive labeling of replicating HIV-1.

The MA insertion was well tolerated, and the resulting virus replicated similar to wild-type.
The virus with the insertion at the C-terminus of Gag-Pol likewise functioned normally during
the efferent stage of the life cycle (Fig. 2 and 3). The kinetics of viral growth through multiple
rounds of replication was noticeably delayed from the wild-type, suggesting that NLXINB
likely suffered a defect(s) during the afferent phase. Indeed, detailed analyses revealed a
roughly 40% drop in single-round titer attributable to a loss of IN catalytic function.
Biotinylation of this BAS, though tolerated during HIV-1 assembly and release, furthermore
rendered the ensuing PIC functionally inactive. Due to these somewhat discouraging results,
the BAS was inserted at two additional locations within the IN reading frame: after amino acid
Glu-212, which lies at the boundary between the catalytic core domain and C-terminal domain
(CTD), and after Gly-247 within the CTD. These insertion sites were based on results from
Puglia et al. (2006), who demonstrated that recombinant IN proteins containing ~19 amino
acid insertions at these positions displayed near wild-type levels of in vitro integration
activities. However, neither of these clones yielded infectious virus (data not shown). Thus,
the current study failed to identify a biotin-acceptor position in IN that could be used to isolate
functionally-relevant complexes at the afferent arm of the HIV-1 life cycle, for example during
PIC formation and nuclear import.

The BAS-BirA system offers a novel method to tag replicating HIV. The BirA-mediated
biotinylation of target proteins is advantageous to most conventional protein tag systems
because of its specificity, the small target sequence, covalent attachment of the biotin tag, and
the affinity of the SA-biotin interaction (Kd= 10−15 M). The strength of this interaction enables
the capture of complexes in low abundance in cells without excessive over-expression of bait
protein. Target protein complexes can be isolated using a single-step method with low
background. This system has been used to purify proteins in a wide variety of systems both in
vitro and in vivo (Fernandez-Suarez et al., 2008), including ribonucleoprotein complexes
(Penalva and Keene, 2004), nucleosomes (Furuyama and Henikoff, 2006), cell surface proteins
(Chen et al., 2005), and transcription factors in BirA transgenic mice (de Boer et al., 2003).
These studies suggest this system will be a useful method to identify the components of viral-
protein complexes. Though this study failed to identify a useful site for IN biotinylation, a
fraction of virion-derived MA protein remains PIC-associated, indicating that the fully
functional NLXMAB virus may serve well to investigate the composition of protein complexes
involved in both the efferent and afferent steps of the virus life cycle. A future goal is to use
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NLXMAB to investigate this question, as well as to identify other BAS-containing derivatives
for the analysis of physiologically relevant HIV-1 replication intermediates.
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Figure 1.
Creation of BAS-containing IN and MA molecular clones. (A) The canonical BAS, as
described in de Boer et al. (2003). The underlined portion defines the common inserted
sequence, as indicated by inverted black triangles in panel B. The asterisk denotes the biotin-
acceptor lysine residue within the BAS. (B) BAS placement. The BAS in NLXINB is followed
by a stop codon after the C-terminal Ser residue in panel A. NLXMAB harbors the BAS
insertion 5 residues N-terminal of the MA-capsid protease cleavage site (indicated by double
slash) to permit correct Gag polyprotein processing (Muller et al., 2004). Underlines denote
heterologous BAS-abutting linker amino acid residues.
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Figure 2.
Specific biotinylation of IN and MA in HIV-1 virions. 293T cells were transfected with NLX
molecular clones containing the BAS in IN (pNLXINB) or MA (pNLXMAB), alone or with
the BirA expression plasmid as indicated. Virion lysates (top three panels) were probed by
Western blotting using the indicated reagents. The bottom panel indicates the cellular level of
BirA expression.
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Figure 3.
Construction and characterization of 293T cell lines stably expressing BirA, and SA-capture
of biotinylated IN and MA. (A) 293T cells were transfected with pc6BirA and selected using
Blasticidin as described in Materials and Methods. Clonal 293T.BirA cell lines were obtained
by limiting dilution, expanded, and assayed for BirA expression by Western blotting. (B) SA
capture of biotinylated IN and MA proteins from purified virions and cell lysates. Virus was
produced by transfection of 293T.BirA cells as described in the legend of Fig. 2. Virus and
cell lysates were resuspended in RIPB buffer, a pre-sample removed (Pre), and viral proteins
captured with SA-agarose beads (AP). After the beads were pelleted, a post sample was
removed (Pt), then the beads were washed extensively with RIPB buffer. Bound proteins were
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released by boiling in sample buffer, and samples separated by SDS-PAGE were detected using
SA-HRP or anti-MA antibody as denoted beneath each blot. Approximate MW sizes are shown
to the left of the blots, and viral proteins are indicated on the right.
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Figure 4.
Replication profiles of BAS-containing viruses. (A) Replication kinetics in SupT1 cells; note
the replicating virus is not biotinylated due to the lack of BirA expression in these cells. Results
are representative of at least two independent experiments. (B) MAGI-5 cell titer of biotinylated
viruses. Virus infectivity was determined after 2 d post-infection by fixing and staining the
cells for β-galactosidase expression. Error bars denote the standard deviation from 9
independent infections.
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Figure 5.
NLXINB yields defective PICs. (A) Schematic representation of nested PCR assay used to
measure integration activity. The linker primer is represented by a black dashed line, the HIV
sequence as a gray line, and target plasmid and primers as solid black lines. (B) PIC activity
of NLXINB produced in the absence and presence of IN biotinylation. Samples were prepared
in parallel, and results normalized for levels of cDNA synthesis are provided as percentage of
activity compared to wild-type HIV-1NLX. No target (-Target) and uninfected lysate ((−) lysate)
controls are shown. Data is representative of two independent experiments.
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