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Analysis of HIV-1 Gag Protein Interactions via Biotin Ligase Tagging
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ABSTRACT

We have examined the interactions of wild-type (WT) and matrix protein-deleted (AMA) HIV-1 precursor Gag (PrGag) proteins
in virus-producing cells using a biotin ligase-tagging approach. To do so, WT and AMA PrGag proteins were tagged with the
Escherichia coli promiscuous biotin ligase (BirA*), expressed in cells, and examined. Localization patterns of PrGag proteins and
biotinylated proteins overlapped, consistent with observations that BirA*-tagged proteins biotinylate neighbor proteins that are
in close proximity. Results indicate that BirA*-tagged PrGag proteins biotinylated themselves as well as WT PrGag proteins in
trans. Previous data have shown that the HIV-1 Envelope (Env) protein requires an interaction with MA for assembly into viri-
ons. Unexpectedly, AMA proteins biotinylated Env, whereas WT BirA*-tagged proteins did not, suggesting that the presence of
MA made Env inaccessible to biotinylation. We also identified over 50 cellular proteins that were biotinylated by BirA*-tagged
PrGag proteins. These included membrane proteins, cytoskeleton-associated proteins, nuclear transport factors, lipid metabo-
lism regulators, translation factors, and RNA-processing proteins. The identification of these biotinylated proteins offers new
insights into HIV-1 Gag protein trafficking and activities and provides new potential targets for antiviral interference.

IMPORTANCE

We have employed a novel strategy to analyze the interactions of the HIV-1 structural Gag proteins, which involved tagging
wild-type and mutant Gag proteins with a biotin ligase. Expression of the tagged proteins in cells allowed us to analyze proteins
that came in close proximity to the Gag proteins as they were synthesized, transported, assembled, and released from cells. The
tagged proteins biotinylated proteins encoded by the HIV-1 pol gene and neighbor Gag proteins, but, surprisingly, only the mu-
tant Gag protein biotinylated the HIV-1 Envelope protein. We also identified over 50 cellular proteins that were biotinylated,
including membrane and cytoskeletal proteins and proteins involved in lipid metabolism, nuclear import, translation, and RNA
processing. Our results offer new insights into HIV-1 Gag protein trafficking and activities and provide new potential targets for

antiviral interference.

he HIV-1 precursor Gag (PrGag) protein and its mature prod-

ucts, matrix (MA), capsid (CA), nucleocapsid (NC), and p6, play
a central role in the assembly of HIV-1 virus particles and serve other
functions at subsequent stages of virus replication. PrGag itself is
cotranslationally myristoylated at its N-terminal MA residue and
travels via a still incompletely elucidated pathway to plasma mem-
brane (PM) assembly sites that are enriched in cholesterol and phos-
phatidylinositol-(4,5)-bisphosphate (PI[4,5]P2) (1-8). The PrGag
MA domain binds PI(4,5)P2, which, in part, explains how PM tar-
geting occurs (4, 9-12). MA also binds to RNA, and models suggest
that MA-RNA binding serves a chaperone function, preventing
PrGag from binding to intracellular membranes prior to arrival at
the PI(4,5)P2-rich PM (3, 4, 9-11, 13, 14). During transit to the
PM, PrGag associates with full-length HIV-1 viral RNAs (vVRNAs),
which is controlled, in part, by virtue of a preferential binding of
NC domains to the vVRNA encapsidation (E) or Psi (W) element
(14-20). Delivery of PrGag proteins and vRNAs to the PM would
appear to require interaction with and reconfiguration of the cel-
lular cytoskeleton, including the cortical actin network, but details
regarding these interactions are scant (21-26). However, once at
the PM, major PrGag-PrGag contacts appear to be mediated by
CA domains, while budding of membrane-coated virus particles is
facilitated by p6 recruitment of cellular endosomal sorting com-
plexes required for transport (ESCRT) and ESCRT-associated fac-
tors (20, 27-31). At that stage, incorporation of HIV-1 envelope
(Env) proteins into virions requires an interaction between Env
and the PrGag MA domains, while accessory and pol gene prod-
ucts use a variety of strategies for virus incorporation (20, 27-32).
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Analysis of HIV-1 particles indicates that a number of cellular
proteins are assembled into virions, either through specific asso-
ciations or as innocent bystanders (20, 32-36).

During the entry phase of HIV-1 replication, mature HIV Gag
proteins have demonstrated additional functions. Multiple stud-
ies have demonstrated that NC is essential for efficient reverse
transcription in newly infected cells (17, 18, 20, 37). Early studies
additionally implicated MA in the nuclear localization of preinte-
gration complexes (PICs) in nondividing cells (38). More re-
cently, PIC-associated CA has been shown to bind to karyopherin
substrate CPSF6 and nucleoporin proteins Nup153 and Nup358
to facilitate the nuclear localization of PICs (39—-42). CA proteins
on incoming PICs are also the targets of innate immune system
antiviral proteins Trim5a and MX2, but it is noteworthy that cel-
lular antiviral proteins also have been shown to inhibit viral func-
tions at the assembly stage of the HIV-1 life cycle (43-47).

While major mutations of HIV-1 Gag proteins have proven to
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be predominantly lethal to the virus, one exception relates to MA.
In particular, viruses with MA deletions that retain only the N-ter-
minal myristylation signal and MA-CA juncture sequences were
shown to be conditionally infectious, as long the viruses employed
either pseudotyped envelope proteins or HIV-1 Env proteins
bearing cytoplasmic tail (CT) truncations (30, 32, 48). These ob-
servations support a model in which an Env CT-MA interaction is
necessary for proper Env assembly into virions but do not explain
how deletion MA (AMA) PrGag proteins are transported to the
PM and or how they manage to perform the essential functions of
wild-type (WT) PrGag proteins (27, 28, 30, 32, 48, 49). Taking
advantage of the relative insensitivity of HIV-1 MA to certain
genetic perturbations, researchers also have generated PrGag pro-
teins that carry protein insertions near the C terminus of MA (14,
50-52). Such PrGag proteins have required coexpression of WT
PrGag proteins to produce fully infectious viruses, but the tagged
proteins have proven useful in localization and binding studies
(14, 50, 51).

In an effort to extend previous observations on the roles and
interactions of WT and AMA PrGag proteins, we have employed
an alternative strategy, employing the promiscuous Escherichia
coli biotin ligase BirA* (53-55). With BirA*, the activated
biotinoyl-5"-AMP (bioAMP) species is prematurely released by
the enzyme and reacts with exposed lysines on neighbor proteins
in a proximity-dependent fashion, estimated to be in the range of
10 to 30 nm (53, 55). Because there are only a few endogenously
biotinylated proteins in mammalian cells and because BirA* ex-
pression does not appear to be toxic (53, 55), BirA* tagging per-
mits the analysis of protein interactions, taking advantage of the
high affinity (dissociation constant [K,;] = ~10~'> M) of strepta-
vidin reagents for biotin. We have tagged WT and AMA PrGag
proteins with BirA* and have examined the activities and interac-
tions of these proteins in an otherwise WT HIV-1 genetic back-
ground. Our data show that BirA* PrGag proteins biotinylated
WT PrGag proteins in trans and, remarkably, that AMA-BirA*
proteins preferentially labeled coexpressed vesicular stomatitis vi-
rus (VSV) glycoproteins (G) and HIV-1 Env proteins. We also
have identified over 50 cellular proteins that were preferentially
biotinylated by BirA*-tagged PrGag proteins, approximately half
of which have been noted previously as HIV-1-interacting factors.
These results provide new insights into the activities and associa-
tions of PrGag and MA.

MATERIALS AND METHODS

Recombinant DNA constructs. The NL4-3 HIV-1 proviral construct has
been described previously (56), as has the pVSV-G expression vector (57).
For expression of WT PrGag in the absence of protease (PR ™), the 2498T
mutant construct, which also has been described previously (58), was
employed. MA-BirA* is an NL4-3-based plasmid in which the coding
region (residues 2 to 321) for the humanized (54) promiscuous biotin
ligase (BirA*) from pLEW100-Myc-BirA* (55) was inserted between MA
codons 119 and 120. The N-terminal juncture residues (after MA codon
119) include a Myc tag (underlined) and are GAKLH MEQKL ISEED
DLD, and the C-terminal juncture residues (before MA codon 121) are
LEGS. AMA-BirA* is identical to MA-BirA* except that MA codons 19 to
120 were deleted and the juncture residues between MA codon 18 and the
Myc tag are GAGAK LHM.

Cell culture, transfections, infections and immunoblotting. HEK
293T (59) and TZM-bl (10) cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 10 mM HEPES (pH 7.4), penicillin, and streptomycin at 37°C and
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5% CO,. MT-4 T cells (48, 57, 60) were maintained in RPMI medium with
the same supplements and under the same conditions. Analysis of cellular
protein expression and virus particle assembly and release was performed
at 72 h after calcium phosphate transfections of HEK 293T cells (5 million
cells per 10-cm-diameter plate) by using a total of 24 g plasmid DNA
constructs as described previously (49, 52, 57, 60, 61). In cotransfection
experiments, 16 ug MA-BirA* or AMA-BirA* was transfected with 8 pg
WT NL4-3, 2498T, or pVSV-G. To generate virus for infections, 18 pg
NL4-3-based plasmids was cotransfected with 6 g pVSV-G into
HEK293T cells, and at 3 days posttransfection, viral supernatants were
filtered through 0.45-pm-pore-size filters. Concentrations of virus stocks
were normalized for Gag protein levels as described previously (57) and
used to infect either MT-4 or TZM-bl cells. For MT-4 infections, aliquots
(20%) of infected cell cultures were collected at intervals, centrifuged for 3
min at 16,000 X g, lysed in cold IPB (20 mM Tris-hydrochloride [pH 7.5],
150 mM NaCl, 1 mM EDTA, 0.1% sodium dodecyl sulfate [SDS], 0.5%
sodium deoxycholate [DOC], 1.0% Triton X-100, 0.02% sodium azide),
and stored at —80°C prior to analysis. Infections were tracked by immu-
noblot detection of infected-cell CA levels as described below. For TZM-bl
infections, cells were infected with virus dilutions for 48 h and collected,
lysed, and monitored for B-galactosidase reporter activity as described
previously (10).

For virus protein analysis, virus samples were pelleted through 20%
sucrose cushions in phosphate-buffered saline (PBS; 9.5 mM sodium po-
tassium phosphate [pH 7.4], 137 mM NaCl, 2.7 mM KCl) for 45 min at
273,000 X g at 4°C (49, 52, 57, 60, 61). Pelleted viruses were carefully
resuspended in cold PBS and stored at —80°C. For cellular protein anal-
ysis, cells were washed in cold PBS and then lysed in cold IPB. To remove
insoluble debris, lysates were centrifuged at 4°C for 15 min at 16,000 X g.
Supernatants were collected and stored at —80°C prior to use. Virus sam-
ples and cell samples (20% aliquots of total samples) were mixed with
equal volumes of 2X sample loading buffer (12.5 mM Tris-HCI [pH 6.8],
2% SDS, 20% glycerol, 0.25% bromphenol blue, 10% B-mercaptoetha-
nol), fractionated via 10% to 12% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) in parallel with prestained molecular size standards (Bio-
Rad catalog no. 161-0318), and electroblotted onto nitrocellulose (Bio-
Rad Laboratories). For HIV-1 Gag protein immunoblotting, a mouse
anti-CA monoclonal antibody, Hy183 (kindly provided by Bruce Chese-
bro), was used at a 1:15 dilution (from culture media) or an anti-MA
antibody (Capricorn Products; HIV-018-48170) was used at a 1:1,000
dilution. For HIV-1 Env transmembrane (TM) protein detection, human
anti-TM antibody 2F5 (NIH AIDS Reagent Program catalog no. 1474) was
used at a 1:1,000 dilution. For detection of the VSV G protein, a rabbit
anti-G polyclonal antibody (Sigma; kindly provided by David Johnson,
Oregon Health Science University [OHSU]) was used at a 1:5,000 dilu-
tion. Detection of proteins was achieved using secondary alkaline phos-
phatase-conjugated anti-mouse or anti-human antibodies (Promega) at
1:15,000 dilutions and subsequent color reactions for visualization of an-
tibody-bound bands with nitroblue tetrazolium—5-bromo-4-chloro-3-
indolyl phosphate-100 mM Tris-hydrochloride (pH 9.5)-100 mM
NaCl-5 mM MgCl,. For detection of biotinylated proteins, a streptavidin-
alkaline phosphatase conjugate (Invitrogen catalog no. 434322) was used
at a 1:3,000 dilution and was followed via color reactions as described
above. Protein levels were quantified densitometrically using NIH Image]J
software (62), and molecular masses were estimated based on migrations
compared to log (molecular mass)-versus-mobility plots of size standards
run in parallel. Virus particle release levels were calculated as done previ-
ously (49, 57, 60, 61) from at least two independent transfections by quan-
tification of viral versus cellular Gag levels, and normalization of these
levels relative to WT HIV-1 transfection data was performed in parallel. In
experiments that involved AMA-BirA* or MA-BirA* cotransfection with
WT or PR™ HIV-1 vectors, to distinguish between the HIV-1 variants,
only the Gag precursor proteins for the two BirA* constructs were in-
cluded in calculations.
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Fluorescence localization of proteins. Transfected HEK 293T cells
were split 24 h posttransfection onto 22-mm-by-22-mm glass coverslips
in six-well plates, previously treated with 0.3 ml polylysine (Sigma) (0.1
mg/ml) for 10 min at room temperature. After an additional 40 to 48 h of
culturing, the medium was aspirated and cells were washed with PBS prior
to fixation with 4% paraformaldehyde—PBS for 30 min at 4°C. Cells then
were washed with PBS and permeabilized using 0.2% Triton X-100—PBS
for 10 min at room temperature. After permeabilization, the cells were
washed with PBS for 5 min and incubated with complete media for 30 min
at 37°C. Cells were then incubated with the undiluted anti-CA cell culture
media for 1 h at 37°C and washed twice in complete media. Following the
primary anti-CA antibody incubation and washes, cells were incubated
for 1 h at 37°C with 1:1,000 dilutions (in complete media) of Alexa Fluor
488-conjugated anti-mouse IgG (H+L) (Life Technologies) plus Alexa
Fluor 594-conjugated streptavidin (Life Technologies). After this step,
cells were washed once in complete media followed by two washes in PBS.
Coverslips were then mounted using Fluoromount-G antifade reagent
(Southern Biotech) and imaged with a Zeiss Axio Observer Z1 inverted
microscope equipped with filter set 10 (excitation band-pass range [BP],
450 to 490 nm; emission BP, 515 to 565) and filter set 20 (excitation BP,
546 to 612 nm; emission BP, 575 to 640). For detection of signals in
transfected cells, 15-ms exposure times were used. For detection of bio-
tinylated proteins in untransfected cells, 350-ms exposure times were
used. For colocalization quantitation, Pearson’s correlation coefficients,
which range from —1 (uncorrelated) to +1 (completely correlated), were
calculated using NIH Image J software (62, 63).

Isolation of biotinylated proteins. Biotinylated proteins from trans-
fected and mock-transfected cells were isolated at 4°C using a modifica-
tion of previous procedures (55). Briefly, cell pellets of about 0.2 ml from
three confluent 10-cm-diameter plates were resuspended in 0.5 ml of lysis
buffer (10 mM Tris [pH 7.4], 500 mM NaCl, 0.4% SDS, 1 mM dithiothre-
itol [DTT]) containing a cocktail of protease inhibitors (3 mM phenyl-
methylsulfonyl fluoride [PMSF], 30 pg/ml aprotinin, 72 pg/ml chicken
egg white trypsin inhibitor, 72 pg/ml soybean trypsin inhibitor, 60 pwg/ml
benzamidine, 150 pg/ml leupeptin, 75 pwg/ml pepstatin A) and subjected
to vortex mixing for 1 min. Mixtures were supplemented with 125 .l 10%
Triton X-100 and subjected to vortex mixing for 1 min and then supple-
mented with 700 wl 50 mM Tris (pH 7.4) and again subjected to vortex
mixing for 1 min. Lysates were clarified by centrifugation at 16,000 X g for
15 min at 4°C, and supernatants were collected and mixed with 100 wl
(packed volume) of streptavidin-agarose beads (Novagen catalog no.
69203) that had been preequilibrated twice with a mixture of 500 .l lysis
buffer, 125 pl Triton X-100, and 700 wl 50 mM Tris (pH 7.4). Bead-lysate
mixtures were incubated with rocking at 4°C overnight, after which beads
were pelleted (16,000 X g, I min) and successively washed (1 ml, 8 min per
wash) with wash buffer 1 (2% SDS), wash buffer 2 (50 mM HEPES [pH
7.5], 0.1% DOC, 1% Triton X-100, 500 mM NaCl, I mM EDTA), wash
buffer 3 (10 mM Tris [pH 8.0], 0.5% Nonidet P-40 [NP-40], 0.5% DOC,
1 mM EDTA, 250 mM LiCl), and wash buffer 4 (50 mM Tris [pH 7.4], 50
mM NaCl). After a second wash buffer 4 wash, bound proteins were
eluted five times for 10 min each time at 98°C with 100 pl of Laemmli
buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) containing saturating
levels of biotin (~1 mM).

MS. Protein fractions isolated from streptavidin bead purifications
were processed for liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis by the Oregon Health & Science University Pro-
teomics Shared Resource. Purified fractions were applied to NuPAGE
10% Bis-Tris SDS-PAGE gels (NP0301BOX), electrophoresed for 6 min at
200 V to remove impurities, and stained for 30 min with Imperial Blue
protein stain (catalog no. 24615; Thermo Scientific) to assess sample con-
centration and quality. Protein-containing bands were destained, excised
from gels, and processed for reduction, alkylation, and trypsin digestion
as described previously (64). For the reduction and alkylation steps, gel
pieces were washed with acetonitrile for 10 min, reduced for 30 min at
56°C with 10 mM DTT-100 mM ammonium bicarbonate, chilled to
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22°C, washed again with acetonitrile, incubated for 20 min at room tem-
perature in the dark with 55 mM iodoacetamide-100 mM ammonium
bicarbonate, and washed again with acetonitrile. Trypsin digestion was
performed at 37°C overnight with 13 pg/ml trypsin (Promega V5111)-10
mM ammonium bicarbonate—10% acetonitrile. Peptides were extracted
from gels by incubation with 100 wl of 1.67% formic acid—acetonitrile for
15 min in a 37°C shaker and dried by vacuum centrifugation.

Tryptic peptide pellets were suspended in 5% formic acid, filtered
(Millipore Ultrafree-MC) (0.45-pm-pore-size filter), separated using lig-
uid chromatography with an NanoAcquity ultraperformance LC (UPLC)
system (Waters), and then delivered to an LTQ Velos dual-pressure linear
ion trap mass spectrometer (Thermo Fisher) using electrospray ionization
with a captive spray source (Microm Biosciences) fitted with a 20-pum-
inner-diameter tapered spray tip and a 1.0-kV source voltage. Xcalibur
version 2.1 was used to control the system. Samples were applied at 15
pl/min to a Symmetry C,4 trap cartridge (Waters) for 10 min and then
switched to a 75-wm-by-250-mm NanoAcquity BEH 130 C,4 column
with 1.7-pm-diameter particles (Waters) using mobile phases of water
(phase A) and acetonitrile (phase B) containing 0.1% formic acid, a 7.5%
to 30% acetonitrile gradient over 60 min, and a 300 nl/min flow rate. A
normalized collision energy level of 30 was used. Data-dependent collec-
tion of MS/MS spectra used the dynamic exclusion feature of the instru-
ment’s control software (repeat count equal to 1, exclusion list size of 500,
exclusion duration of 24 s, and exclusion mass width of —1 to +4) to
obtain MS/MS spectra of the 10 most abundant parent ions (minimum
signal of 5,000) following each survey scan from m/z 400 to 1,400. The
tune file was configured with no averaging of microscans, a maximum
injection time of 200 ms, and automatic gain control targets of 3 X 10* in
MS1 mode and 1 X 10* in MS2 mode.

Sequest (version 28, revision 12; Thermo Scientific) was used to search
MS2 spectra against a May 2014 version of the Sprot human FASTA pro-
tein database, with added sequences for E. coli BirA* and HIV-1 strain
NL4-3, concatenated sequence-reversed entries to estimate error thresh-
olds, and 179 common contaminant sequences and their reversed forms.
The database processing was performed with Python scripts that have
been described previously (65). Searches for all samples were performed
with trypsin enzyme specificity. The average parent ion mass tolerance
was 2.5 Da. The monoisotopic fragment ion mass tolerance was 1.0 Da. A
static modification of +57.02 Da was added to all cysteine residues. A
variable modification of + 16 Da on methionine residues was also allowed,
with a maximum of 3 modifications per peptide. A linear discriminant
transformation was used to improve the identification sensitivity from the
SEQUEST analysis (65, 66). SEQUEST scores were combined into linear
discriminant function scores, and discriminant score histograms were
created separately for each peptide charge state (14, 2+, and 3+). Sepa-
rate histograms were created for matches to forward sequences and for
matches to reversed sequences for all peptides of 7 amino acids or longer.
Scores of histograms for reversed matches were used to estimate peptide
false-discovery rates (FDR) and set score thresholds for each peptide class
that achieved the desired protein FDR (approximately 1.5% to 5.3%) for
each sample. Relative numbers of proteins in transfected versus mock cell
samples were normalized by comparison of spectral counts correspond-
ing to peptide sequences of the proteins, with endogenously biotinylated
proteins (acetyl-coenzyme A [CoA] carboxylase plus methylcrotonoyl-
CoA carboxylase plus proprionyl-CoA carboxylase plus pyruvate carbox-
ylase [A + M + P1 + P2]). After normalization, “hits” were removed if
their normalized percentages (100 X [A + M + P1 + P2]) were less than
0.5% in all MS runs. Background proteins present in mock samples were
subsequently removed if normalized experimental levels were less than
four times the untransfected cell levels in any MS run; these background
proteins included endogenously biotinylated proteins and standard arti-
facts and are listed in Table 1. Following the exclusion of background
proteins, signal levels in transfected cell samples were renormalized to
BirA* signals to account for transfection efficiencies. At this point, protein
“hits” that gave signals of <7% of the BirA* signal levels in both MA-
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TABLE 1 Background proteins®

Normalized

Protein ID Protein description level (%)
AATM_HUMAN Aspartate aminotransferase 0.9
ACACA_HUMAN Acetyl-CoA carboxylase 28.9
ACTIN* Actins 1.7
ADT2_HUMAN ADP/ATP translocase 0.9
ALDOA_HUMAN Fructose-bisphosphate aldolase 1.2
ANXA2_HUMAN Annexin A2 1.0
APEX1_HUMAN DNA lyase 0.8
CITC_HUMAN C-1-tetrahydrofolate synthase 1.1
CAH2_HUMAN Carbonic anhydrase 1.0
HS PROTEINS* Heat shock proteins 2.0
TRYPSIN Trypsin precursor 4.6
KERATIN* Keratins 26.8
DCD_HUMAN Dermcidin 3.9
DESP_HUMAN Desmoplakin 5.4
DSC1_HUMAN Desmocollin-1 1.4
DSG1_HUMAN Desmoglein-1 2.3
EF* Elongation factors 4.9
ENOA_HUMAN Alpha-enolase 4.7
FUBP2_HUMAN Far upstream element BP 1.7
G3P_HUMAN G-3-phosphate dehydrogenase 2.5
GBLP_HUMAN Guanine nucleotide BP 2.4
GRP75_HUMAN Stress-70 protein 1.8
GRP78_HUMAN 78-kDa glucose-regulated protein 2.8
HNRPK_HUMAN Het nuclear ribonucleoprotein K 2.2
HUWE1_HUMAN E3 ubiquitin-protein ligase 1.1
IGHAI_HUMAN Ig alpha-1 chain C region 1.5
KPYM_HUMAN Pyruvate kinase 2.9
LDH* L-Lactate dehydrogenases 1.0
MCCA_HUMAN Methylcrotonoyl-CoA carboxylase 9.6
MDHM_HUMAN Malate dehydrogenase 1.3
MOES_HUMAN Moesin 1.0
NUCL_HUMAN Nucleolin 1.9
PARP1_HUMAN Poly[ADP-ribose] polymerase 2.0
PCCA_HUMAN Propionyl-CoA carboxylase 29.6
PGKI_HUMAN Phosphoglycerate kinase 2.2
PLAK_HUMAN Junction plakoglobin 3.4
PLST_HUMAN Plastin-3 0.9
PPIA_HUMAN Peptidyl-prolyl isomerase A 1.8
PERIREDOXIN* Peroxiredoxins 1.1
PYC_HUMAN Pyruvate carboxylase 31.9
PYR1_HUMAN CAD protein 0.8
RAN_HUMAN GTP-binding protein Ran 1.3
RCC2_HUMAN Protein RCC2 1.1
60S PROTEIN* 60S ribosomal proteins 0.9
SAHH_HUMAN Adenosylhomocysteinase 0.9
TUBULIN Tubulins 1.8
TGM3_HUMAN Protein glutamyltransferase 1.2
TKT_HUMAN Transketolase 1.2
TLN1_HUMAN Talin-1 0.9
TPIS_HUMAN Triosephosphate isomerase 1.4

@ Proteins from MS analyses were designated background proteins as described in Materials
and Methods and include endogenously biotinylated proteins and standard artifacts. The
left column gives the UniProt ID name; the center column gives the protein description; the
right column gives the MS signals, normalized as percentages relative to the summed signals
of acetyl-CoA carboxylase plus methylcrotonyl-CoA carboxylase plus proprionyl-CoA
carboxylase plus pyruvate carboxylase and averaged over all MS runs. The asterisks indicate
that the values given represent normalized averaged signals for the following: actins (ACTA
and ACTB), heat shock proteins (CH60, HSL71L, HS90A, HS90B, HSP71, HSP7C, and
TRAP1), keratins (K1C2, K1C9, K1C10, K1C13, K1C14, K1C17, K22E, K2Cl1, K2C1B,
K2C5, K2C8, K2C78, KRT5, KRT8, KRT10, and Q13092), elongation factors (EF1A1, EF2,
and EFTU), lactate dehydrogenases (LDHA and LDHB), peridoxins (PRDX1 and PRDX2),
60S ribosomal proteins (RL5 and RL6), and tubulins (TBA1A, TBA1B, TBAIC, TBBI1,

TBB4B, and TBB5).
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BirA* and AMA-BirA* samples were discarded to remove candidates that
scored too closely to the normalized false-discovery rate (FDR) signal
range of 1.5% to 5.3%. The final list of specifically biotinylated proteins is
provided in Table 2, ordered by the ratio of BirA*-normalized MA-BirA*
sample levels to the AMA-BirA* sample levels.

RESULTS

Infectivities and cellular expression of tagged viruses and pro-
teins. To foster the analysis of HIV-1 PrGag protein activities and
interactions, we generated proviral constructs based on the WT
NL4-3 HIV-1 proviral construct (56). To do so, the open reading
frame (ORF) for the promiscuous E. coli biotin ligase, BirA*, was
inserted near the MA C terminus, 12 codons upstream of the
MA-CA cleavage junction (Fig. 1). The WT version of the tagged
construct is referred to as MA-BirA*. We also generated a BirA*-
tagged AMA proviral construct (AMA-BirA*) in which NL4-3
MA residues 19 to 120 were deleted, retaining the MA myristoyl-
ation signal (2, 30) and MA-CA juncture sequences. The primary
PrGag translation products for MA-BirA* and AMA-BirA* are
predicted to be 93 kDa and 82 kDa, respectively.

Previous studies have shown that HIV-1 PrGag proteins tagged
near their MA C termini appeared to be trafficked normally but
yielded viruses with compromised infectivities (51, 52). We thus
initially examined the abilities of MA-BirA* and AMA-BirA* con-
structs to assemble and release virus particles. As shown in Fig. 2A,
virus particle release was detected for MA-BirA* and, to a lesser
extent, for AMA-BirA*, as indicated by the observation of parti-
cle-associated CA and precursor Gag (PrMABirA* and
PrAMABIrA*) proteins (Fig. 2A, left side). Consistent with previ-
ous results (27-32), we also detected the HIV-1 Env transmem-
brane (TMI; gp41) protein in viruses encoded by MA-BirA* but
not in those encoded by AMA-BirA* (Fig. 2A, right side).

We next tested the infectivities of VSV-G-pseudotyped MA-
BirA* and AMA-BirA* viruses produced in the absence of WT
HIV-1 virus by transfection of HEK 293T cells in single-round
infection assays as described in Materials and Methods. Not sur-
prisingly, infectivity of the G protein-pseudotyped MA-BirA* vi-
rus was less than 1% of that of similarly pseudotyped WT HIV-1,
while the infectivity of the AMA-BirA* virus was undetectable
(data not shown). Infection assays with G-pseudotyped viruses
were also carried out in MT-4 T cells. Here again, AMA-BirA*
viruses were noninfectious. In contrast, MA-BirA* variants again
showed low but detectable levels of infection. As illustrated in Fig.
2B, within 5 days of infection with WT HIV-1, MT-4 T cells
showed high PrGag, p41, and CA levels which diminished by day
12 postinfection as a consequence of cell death. Interestingly, at
day 5 postinfection with the MA-BirA* virus, the 92-kDa MA-
BirA* PrGag protein (PrMABirA*) was observed in infected cells,
but by day 7 of infection, the 92-kDa band was replaced by appar-
ently WT PrGag, p41, and CA bands (Fig. 2B). These results are
consistent with a model in which the BirA* coding region of
poorly infectious MA-BirA* viruses has been selected for deletion
in the infected MT-4 cells.

To examine whether BirA*-tagged proteins retained their bi-
otinylation activities (Fig. 3), the AMA-BirA* or MA-BirA* pro-
viral constructs were transfected in the absence (lanes B, E, I, and
L) or presence of WT (C, F, ], and M) or protease-negative (PR™;
D, G, K, and N) HIV-1 into HEK 293T cells, after which cell
samples were collected and subjected to detection of Gag proteins
with an anti-CA antibody and biotinylated proteins with an alka-
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TABLE 2 Biotinylated proteins®

Protein ID Protein description WT MA-BirA* (%) AMA-BirA* (%) Ratio Reference(s)
ATX2L_HUMAN Ataxin-2-like protein 21.2 0 UD 50
CD2AP_HUMAN CD2-associated protein 12.6 0 UD None
CDV3_HUMAN Protein CDV3 homolog 10.6 0 UD None
DDX3X_HUMAN ATP-dependent RNA helicase DDX3X 8.1 0 UD 22, 36, 50, 67, 68
E41L2_HUMAN Band 4.1-like protein 2 12.6 0 UD None
GEMI5_HUMAN Gem-associated protein 5 14.4 0 UD None
H12_HUMAN Histone H1.2 9.1 0 UD 36, 50, 69
HAP28_HUMAN 28-kDa heat- and acid-stable phosphoprotein 7.6 0 UD None
IF4G1_HUMAN Eukaryotic translation initiation factor 4 gamma 1 12.1 0 UD 50, 69

IF5_ HUMAN Eukaryotic translation initiation factor 5 9.6 0 UD 70
Kl67_HUMAN Antigen KI-67 9.3 0 UD 67, 69
LARP1_HUMAN La-related protein 1 15.2 0 UD 50
NUFP2_HUMAN Nuclear fragile X mental retardation-interacting protein 2 12.6 0 UD 50
PKP1_HUMAN Plakophilin-1 7.6 0 UD None
PRC2A_HUMAN Protein PRRC2A 21.0 0 UD None
PRC2C_HUMAN Protein PRRC2C 27.5 0 UD None

RBM2 6_HUMAN  RNA-binding protein 26 7.4 0 UD None
RL40_HUMAN Ubiquitin-60S ribosomal protein L40 11.7 0 UD 35,69, 71
SEMG1_HUMAN Semenogelin-1 10.3 0 UD 72
SEMG2_HUMAN  Semenogelin-2 12.4 0 UD 72
SYEP_HUMAN Bifunctional glutamate/proline-tRNA ligase 9.9 0 UD 50, 69
TOX4_HUMAN TOX high-mobility-group box family member 4 16.5 0 UD None
UBAP2_HUMAN Ubiquitin-associated protein 2 16.3 0 UD None
VIGLN_HUMAN Vigilin 12.2 0 UD None
XRN1_HUMAN 5’3" exoribonuclease 1 12.6 0 UD 73
UBP2L_HUMAN Ubiquitin-associated protein 2-like 28.9 1.1 274  None
MAP4_HUMAN Microtubule-associated protein 4 38.7 1.6 24.5 50, 67, 74-76
IRS4_HUMAN Insulin receptor substrate 4 16.7 1.1 15.8 None
PERQ2_HUMAN PERQ amino acid-rich with GYF domain-containing protein 2~ 22.7 1.6 14.4 50
AFAD_HUMAN Afadin 13.6 1.1 13.0 69
IF4B_HUMAN Eukaryotic translation initiation factor 4B 19.5 1.6 12.4 None
FLNA_HUMAN Filamin-A 426.5 44.2 9.6 35, 67,69, 77
PAIRB_HUMAN Plasminogen activator inhibitor 1 RNA-binding protein 19.4 2.1 9.2 None
41_HUMAN Protein 4.1 24.1 2.6 9.2 72
DSG2_HUMAN Desmoglein-2 18.7 2.6 7.1 None
SRC8_HUMAN Src substrate cortactin 14.8 2.1 7.0 72
HORN_HUMAN Hornerin 18.2 2.6 6.9 None
E41L3_HUMAN Band 4.1-like protein 3 17.4 2.6 6.6 None
TCPQ_HUMAN T-complex protein 1 subunit theta 52.1 7.9 6.6 None
AHNK_HUMAN Neuroblast differentiation-associated protein AHNAK 70.1 11.1 6.3 35
TPR_HUMAN Nucleoprotein TPR 84.1 13.7 6.1 42,69, 72
FAS_HUMAN Fatty acid synthase 75.8 13.2 5.8 22, 36, 50, 69
HNRPM_HUMAN  Heterogeneous nuclear ribonucleoprotein M 8.9 1.6 5.7 22, 36, 50, 69
AAAT_HUMAN Neutral amino acid transporter B(0) 8.8 1.6 5.6 None
CSDE1_HUMAN Cold shock domain-containing protein E1 19.8 3.7 5.4 50, 69, 71
AT1A1_HUMAN Sodium/potassium-transporting ATPase subunit alpha-1 12.5 2.6 4.8 22,35, 67,69
FLNB_HUMAN Filamin-B 7.0 1.6 4.4 68, 69
EF1A1_HUMAN Elongation factor 1-alpha 1 46.9 15.8 3.0 50, 69, 71, 78
LYRIC_HUMAN Protein Lyric 7.8 2.6 3.0 50, 69, 79
POL HIV-1 Pol 7.8 3.2 2.5 NA

GAG HIV-1 Gag 136.9 56.8 24 NA
ZCCHV_HUMAN  Zinc finger CCCH-type antiviral protein 1 57.7 35.3 1.6 50, 69, 80
PRKDC_HUMAN DNA-dependent protein kinase catalytic subunit 8.3 5.3 1.6 22,50, 67,69,71
BIRA* E. coli bifunctional ligase/repressor BirA* 100 100 1 NA
4F2_HUMAN 4F2 cell surface antigen heavy chain 8.3 8.4 1.0 35, 67, 69
LAP2B_HUMAN Lamina-associated polypeptide 2, isoforms beta/gamma 15.5 16.3 0.9 50, 69

ENV HIV-1 Env 0 10.5 0 NA

“ Proteins specifically biotinylated in transfected cell samples were determined as described in Materials and Methods. The left two columns give protein UniProt ID names and descriptions.
The third and fourth columns give MS signals in WT MA-BirA*-transfected and AMA-BirA*-transfected cells, respectively: these values are percentages of the BirA* protein signals in the
respective transfected cell samples. The list is ordered based on the values in the ratio column, which lists the percent WT BirA*/percent AMA BirA* ratios, where UD means “undefined.”

The rightmost column indicates references to publications of research exploring whether a protein has or has not been previously implicated as an effector of HIV-1 replication, as an HIV-1

binding protein, or as present in HIV-1 virus particles. Numbers in this column refer to cited reference numbers. The HIV-1 Env peptides identified in the AMA-BirA* sample all mapped to
the TM CT and represented the following env codons: 724 to 738, 746 to 759, 760 to 768, 769 to 778, 779 to 785, 817 to 826, and 827 to 836. Note that these represent sequenced peptides
from the biotinylated TM protein but do not necessarily represent the specifically biotinylated peptides. None, no previous references; NA, not applicable.
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FIG 1 Recombinant DNA constructs. Depicted at the top of the figure are the wild-type (WT) NL4-3 strain of HIV-1 and its WT PrGag translation product.
MA-BirA* and AMA-BirA* are variants of NL4-3 in which the open reading frame (ORF) for the promiscuous biotin ligase (BirA*) has been inserted into WT
(MA-BirA*) or MA-deleted (AMA-BirA*) version of NL4-3. In MA-BirA¥, the BirA* ORF has been inserted 12 codons upstream from the NL4-3 MA-CA
cleavage junction, and the primary translation product is predicted to be a myristoylated PrGag protein of approximately 93 kDa. In AMA-BirA*, the BirA* ORF
is also 12 codons upstream from the MA-CA cleavage junction and begins after codon 18 of MA, deleting MA residues 19 to 120; the primary translation product
is predicted to be a myristoylated PrGag protein of approximately 82 kDa. LTR, long terminal repeat.

line phosphatase-streptavidin conjugate. Note that the WT and
PR™ cotransfections were performed to assess whether BirA* pro-
teins could biotinylate Gag proteins in trans (see below). Mock-
transfected cell samples (M) showed no Gag proteins (lane A) but
showed endogenously biotinylated bands that migrated near the
114-kDa and 74-kDa markers (lane H, bands 4 and 5). These are
approximately the expected sizes of the mammalian biotinylated
polypeptide pyruvate carboxylase (130 kDa) and of the 80-kDa
alpha chains of proprionyl-CoA and methylcrotonyl-CoA car-
boxylase (81). Importantly, all samples transfected with either
AMA-BirA* or MA-BirA* yielded a multiplicity of biotinylated
protein bands (lanes I to N) at much higher levels than the mock
samples. Comparison of lanes E to G and L to N indicates that the
MA-BirA* PrGag protein (PrMABirA*) was biotinylated. Because
the 82-kDa AMA-BirA* PrGag protein (PrAMABirA*; lanes B to
D and lanes I to K) migrated so closely to the 80-kDa proprionyl-
CoA and methylcrotonyl-CoA carboxylase bands (lane H, band
5), it was not possible to verify that it also was biotinylated in this
gel, but evidence presented below indicates that it was. Other
noteworthy bands appear to be processed forms of PrAMABirA*
and PrMABirA*. In particular, PrAMABirA*-derived bands 1
and 2 (lane B) were biotinylated (lane I) and may correspond to
BirA*-CA and CA-NC-p6 processing intermediates. Another
PrAMABIirA* processing product migrated between the 31-kDa
and 45-kDa markers (lanes I to K), was not detected with the
anti-CA antibody, and appears to be the processed AMA-BirA*
protein. For MA-BirA*, a MA-BirA*-CA-sized intermediate was
observed (lane E, band 3), but it was not possible to assess its
biotinylation status due to comigration with the endogenously
biotinylated proteins (lane L). Finally, in cotransfections with WT
and PR™ HIV-1 (lanes Cand D and lanes F and G), the WT PrGag
proteins were readily detected with the anti-CA probe. However,
because the AMA-BirA* and MA-BirA* proteins biotinylated cel-
lular proteins in the 50-kDa to 60-kDa size range (lanesTand L), it
was not possible to assess the biotinylation of WT PrGag proteins
in this experiment; evidence with regard to PrGag biotinylation in
trans is provided below.

Given that cells transfected with either AMA-BirA* or MA-
BirA* gave significantly higher levels of biotinylated proteins than
untransfected cells (Fig. 3), it was of interest to examine the local-
ization patterns of Gag proteins and biotinylated proteins in cells
expressing these constructs. To do so, HEK 293T cells were trans-
fected with MA-BirA* (MA) or AMA-BirA* (AMA) and subjected
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to simultaneous localization of Gag proteins, using a primary
anti-CA antibody, and of biotinylated proteins, using a fluores-
cently tagged streptavidin conjugate (Fig. 4). As expected, even
with long exposure times, Gag signals were not detectable in un-
transfected cells (data not shown). However, long exposure times
(350 ms) permitted the visualization of endogenously biotinylated
proteins in untransfected cells (Fig. 4A, right panel). Because the
majority of these proteins (proprionyl-CoA carboxylase, pyruvate
carboxylase, methylcrotonyl-CoA carboxylase, and acetyl-CoA
carboxylase 2) are mitochondrial (81, 82), localization patterns of
endogenously biotinylated proteins were assumed to be predom-
inantly mitochondrial (Fig. 4A), although we did not costain with
alternative mitochondrial markers to test this assumption.

With short exposure times (15 ms), the endogenously biotin-
ylated proteins were barely detectable (Fig. 4A, left panel) and it
was possible to visualize Gag proteins as well as proteins biotinyl-
ated by the MA-BirA* and AMA-BirA* vectors (Fig. 4B). Consis-
tent with previous observations (30, 51, 52, 83), Gag proteins ex-
pressed from MA-BirA* and AMA-BirA* gave predominantly
heterogenously cytoplasmic staining patterns, extending to cell
edges (Fig. 4B, left column). With AMA-BirA* versus MA-BirA*
cells, we observed slightly enhanced perinuclear or vesicular stain-
ing patterns (see Fig. 4B, AMA, top panel, and the Fig. 4 legend),
but the significance of this observation is undetermined. How-
ever, with both AMA-BirA* and MA-BirA* cells, the localization
patterns of biotinylated proteins (Fig. 4B, center column) closely
matched that of the Gag proteins and overlapped to a high degree
(Fig. 4B, right column). Indeed, Pearson’s overlap coefficients
(63) for Gag and biotin signals were 0.96 for the MA-BirA* cells
and 0.97 for the AMA-BirA* cells. These data demonstrate that at
the resolution of conventional fluorescence microscopy, Gag pro-
teins and biotinylated proteins colocalize, which is consistent with
previous studies on the promiscuous biotin ligase (53, 55). The
one exception to this rule was the observance of an occasional
bright cytoplasmic dot that was detectable with the streptavidin
reagent but not with anti-CA (Fig. 4B, right column; Fig. 4C, white
arrows). The dots were observed in 40% to 50% of MA-BirA*-
transfected or AMA-BirA*-transfected cells, and while most cells
with dots had either one or two dots, about a third of the cells
showed three or more (see the Fig. 4 legend). Our assumption is
that the cytoplasmic dots contain biotinylated proteins that mi-
grated after their encounters with BirA* proteins, and the nature
of these dots is discussed in more detail below.
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FIG 2 Analysis of MA-BirA* virus infection. (A) Proteins from virus particles
released from HEK 293T cells transfected with MA-BirA* (MA) or AMA-
BirA* (AMA) constructs were electrophoresed and detected by immunoblot-
ting with antibodies to either CA or TM (gp41). PrMABirA*, PrAMABIrA*,
CA, and TM proteins are as indicated. (B) MT4 T cells were either mock
infected or infected with capsid-normalized amounts of virus from transfec-
tions of 293T cells with WT or MA-BirA* NL4-3 proviral HIV-1 constructs. In
both cases, the individual proviral constructs were cotransfected with an ex-
pression construct for the VSV G protein. Infections were monitored at days 5,
7,and 12 (d5, d7, and d12) posttransfection via electrophoretic separation of
proteins from infected cell aliquots and immunoblot (Western) detection of
Gag proteins using an anti-CA primary antibody. As shown, peak levels of WT
PrGag, p41, and CA proteins were detected by 5 days postinfection with the
WT virus, after which levels diminished, due to cell death. For the MA-BirA*
virus, the precursor MA-BirA* protein (PrMABirA*) was detected at day 5,
while bands corresponding to WT PrGag, p41, and CA proteins were detected
at day 7 and day 12, indicating a deletion of the BirA* element and reversion of
the MA-BirA* virus. Note that the mobilities of the PrGag and p41 proteins in
the day 7 and day 12 MA-BirA* revertant samples were slightly faster than
those of their WT virus counterparts, suggesting a deletion of some MA resi-
dues during reversion. Note also that infectivity of VSV G-pseudotyped AMA-
BirA* viruses was undetectable in MT4 cells.

Biotinylated proteins in virus particles. To analyze biotinyl-
ated proteins in virus particles, viruses released from cells trans-
fected with MA-BirA* or AMA-BirA* in the absence or presence
of WT or PR™ HIV-1 were collected. Proteins in these samples
were subjected to gel electrophoresis, immunoblot detection of
CA-reactive and MA-reactive proteins, and identification of bio-
tinylated proteins with alkaline phosphatase-conjugated strepta-

3994 jviasm.org

Journal of Virology

anti-CA streptavidin
AMABIrA* MABIrA* AMABIrA* MABIrA*
NN NN
M 2% 2% M A% 8%
-198kDa- -

PrMA -114kDa- 4 PrMA
PrAMA. SRS 74 kD Ea = orama
T - ‘ — S a- -PrA
Biras 3 -5-1-- A
PrGag- -PrGag

s
pd- ) &b and -45 kDa- 2 pa1
-31 kDa-
CA- L 24 kDa- -CA
A BCDETFG HI JKLMN

FIG 3 Detection of viral proteins and biotinylation in cells. AMA-BirA* or
MA-BirA* proviral constructs were transfected into 293T cells alone or along
with WT (+WT) or PR™ (+PR—) HIV-1 proviral constructs. At 3 days post-
transfection, protein samples from transfected cells and mock-transfected cells
(M; lanes A and H) were electrophoretically separated, and subjected to detec-
tion of viral proteins (anti-CA; lanes A to G) or biotinylated proteins (strepta-
vidin; lanes H to N). Molecular size markers, as indicated, were run in parallel
lanes. (Left panel) Inlanes B to D and E to G, the anti-CA antibody detected the
precursor PrAMA-BirA* and PrMA-BirA* proteins and capsid proteins, re-
spectively. Also detected were PrGag proteins in samples cotransfected with
WT and PR~ HIV-1 constructs (lanes C, D, F, and G). In addition to the
PrAMA-BirA* band, the AMA-BirA* construct yielded CA-reactive bands 1
and 2: band 1 migrates at approximately 60-kDa and potentially corresponds
to a BirA*-CA processing intermediate, while band 2, at about 41 kDa, poten-
tially corresponds to a CA-NC-p6 intermediate. Similarly, band 3, detected in
transfections containing the MA-BirA* construct, migrates at about 74 kDa,
which corresponds to the predicted size of a MA-BirA*-CA processing inter-
mediate. (Right panel) Bands in the mock lane (H) near the 114-kDa (band 4)
and 74-kDa (band 5) markers correspond to the endogenously biotinylated
pyruvate carboxylase (130-kDa) protein and to the alpha chains of proprionyl-
CoA carboxylase (80 kDa) and methylcrotonyl-CoA carboxylase (80 kDa). All
the transfected cell sample lanes show numerous biotinylated protein bands,
including the PrMABirA* band (lanes L to M). Note that the 82-kDa biotin-
ylated PrAMA-BirA* band (lanes I to K) comigrates with the endogenously
biotinylated carboxylase alpha chains. Note that these results are representa-
tive of nine separate experiments.

vidin (Fig. 5). One immediate observation was that MA-BirA*
virus particle release was efficient whereas AMA-BirA* particle
release in the absence of WT or PR™ HIV-1 was poor. This perhaps
is most readily seen in the anti-CA blots by comparison of lane D
to lanes E and F (for AMA-BirA*) and of lane M to lanes N and O
(for MA-BirA*). Indeed, calculations of virus release levels (see
Materials and Methods) indicated that relative, to WT HIV-1 re-
lease, particle release levels for MA-BirA* and AMA-BirA* were
70% * 19% and 15% = 11%, respectively. Notably, cotransfec-
tion of the BirA* constructs with WT or PR™ HIV-1 vectors in-
creased virus release levels for MA-BirA* and AMA-BirA* to
100% = 11% and 92% = 20% relative to WT HIV-1, respectively.
These results imply that WT PrGag proteins associate with the
AMA-BirA* and MA-BirA* Gag proteins during transit and/or
release from transfected cells.

With regard to biotinylated viral proteins, for AMA-BirA*, the
precursor Gag protein (PrAMABirA*) was detected with strepta-
vidin (lanes A to C), as were proteins that may correspond to the
sizes of BirA*-CA (lane A, band 1) and BirA*(lane A, band 2).
Additionally, the WT PrGag protein in the cotransfection with
PR™ HIV-1 appeared to be biotinylated in trans (lane C), but
because PrGag migrated so closely to band 1 in lane A, it was not
possible to determine this definitively. For MA-BirA*, a number
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FIG 4 Fluorescent localization of biotinylated proteins. (A) Biotinylated proteins in untransfected 293T cells were detected with an Alexa Fluor 594-tagged
streptavidin conjugate as described in Materials and Methods at an exposure time of 15 ms (left panel) or 350 ms (right panel). (B) In cells transfected with
MA-BirA* (MA) or AMA-BirA* (AMA) constructs, Gag proteins (green) were detected via indirect immunofluorescence using a primary anti-CA antibody and
an Alexa Fluor-488-tagged secondary antibody, while biotinylated (red) proteins were detected with an Alexa Fluor 594-tagged streptavidin conjugate. The right
(overlay) column indicates an overlay of the Gag and biotin signals (yellow). Note that the low levels of endogenously biotinylated proteins were barely detectable
due to use of a short (15-ms) exposure time and that Gag and biotin signals colocalized with Pearson’s overlap coefficient values of 0.96 * 0.02 for the MA-BirA*
samples (n = 25) and 0.97 £ 0.01 for the AMA-BirA* samples (n = 25). Note also the occurrence of cells with enhanced perinuclear or vesicular staining patterns
(top cell, AMA sample) was slightly higher for the AMA sample (17.1%; 25/146 cells) than for the MA sample (6.2%; 6/97 cells). Despite the high degree of Gag
and biotin signal colocalization for both samples, 40.2% of MA-BirA* cells and 51.4% of AMA-BirA* cells showed cytoplasmic dots (white arrows) that stained
for biotin but not for Gag. (C) Dots that stained for biotin but not Gag are enlarged from the overlay images shown at the bottom rows for the MA and AMA
samples. Of MA-BirA* cells showing such dots, 33% had one dot, 28% had two dots, and 39% had three or more dots. For AMA-BirA* cells, the numbers were

40% with one dot, 28% with two dots, and 32% with three or more dots.

of biotinylated viral proteins were observed. One of these was the
precursor Gag protein, PrMABirA* (lanes J to L), and one comi-
grated with the processed CA band (lane J, band 6). Two other
biotinylated processed MA-BirA* proteins were observed. These
proteins (lane J, bands 4 and 5) were detected by our MA antibody
(lanes P to R) and appear to correspond to MA-BirA* (band 4)
and a processed variant of MA-BirA* (band 5). Interestingly, in
MA-BirA* cotransfections with WT and PR~ HIV-1 (lanes K and
L, N and O, and Q and R), our data strongly indicate that the WT
PrGag proteins were biotinylated in trans (lanes K and L), dem-
onstrating that MA-BirA* and WT HIV-1 Gag proteins were in
close proximity (48, 75) during trafficking and/or release.
Because of the complexity of cellular (Fig. 3) and viral (Fig. 5)
streptavidin blots, it was not possible to assess possible AMA-
BirA* or MA-BirA* biotinylation of the HIV-1 Env proteins: this
issue is addressed below. However, it was possible to examine
biotinylation of the VSV G protein in pseudotyped particles. To
do so, AMA-BirA* or MA-BirA* constructs were cotransfected
with a VSV G protein expression construct, and virus particles
from these transfections were monitored for protein biotinylation
and G protein content (Fig. 6). Because the G protein is passively
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assembled into HIV-1 particles (20, 32-34), it was not surprising
to see that it was incorporated into AMA-BirA* (lane D) or MA-
BirA* (lane H) virions. Streptavidin blots also demonstrated that
the G protein was biotinylated in both types of virus (lanes B and
F), although biotinylation levels appeared higher with AMA-
BirA* than with MA-BirA*. As normalized to PrGag biotinylation
levels, G protein biotinylation levels in AMA-BirA* viruses were
measured to be 3.2 times greater than those in MA-BirA* viruses:
this could have been due to higher BirA* ligase activities in AMA-
BirA* cells or viruses and/or to greater G protein accessibilities in
AMA-BirA* cells or viruses.

Identification of biotinylated cellular proteins. Use of BirA*
tags permits the convenient identification of potential interacting
proteins via a mass spectrometry (MS) approach, with an esti-
mated biotinylation labeling range of 10 to 30 nm (53, 55). Thus,
to identify putative cellular associates of HIV-1 Gag proteins, bi-
otinylated proteins in mock-transfected cells and in cells trans-
fected with either AMA-BirA* or MA-BirA* were purified on
streptavidin columns and identified after trypsin digestion, liquid
chromatography (LC), and MS/MS as described in Materials and
Methods. Note that this protocol identifies proteins that have
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FIG 5 Biotinylated proteins in virus particles. AMA-BirA* (lanes A to I) or MA-BirA* (lanes J to R) proviral constructs were transfected into 293T cells alone or
along with WT (+WT) or PR™ (+PR—) HIV-1 proviral constructs. At 3 days posttransfection, proteins from collected virus particles were electrophoretically
separated and subjected to detection of biotinylated proteins with streptavidin (lanes A to C and J to L), viral proteins with an anti-CA antibody (lanes D to F and
M to O), or viral proteins with an anti-MA antibody (lanes G to I and P to R). Molecular size markers, as indicated, were run in parallel lanes. PrAMABirA*,
PrMABirA*, PrGag, CA, and MA bands are as indicated. To match figure sizes of streptavidin and CA blots, portions of MA blots that showed no immunoreactive
bands between CA and MA were truncated. As shown, MA-BirA* proteins in viruses were readily detectable, while AMA-BirA* virus particle release was
inefficient (lanes A and D) in the absence of cotransfected HIV-1 WT or PR constructs. Relative to WT HIV-1, virus particle release levels for MA-BirA* and
AMA-BirA* were 70% == 19% and 15% = 11%, respectively, while cotransfection with WT HIV-1 increased MA-BirA* normalized release levels to 100% * 11%
and AMA-BirA* levels to 92% = 20%. Note that the PrGag-sized band (band 1) in lane A may correspond to a processed BirA*-CA protein, although it stained
marginally with anti-CA, while band 2 (lane A) migrated at the size of the BirA* protein (38 kDa). In the AMA-BirA* anti-MA blot, band 3 appears to be an
anomaly, because PrAMABirA* bands were not detected in lanes H and I. For the MA-BirA* virus, bands 4 and 5 had mobilities of 50 kDa and 46 kDa, strongly
reacted with the anti-MA antibody (lane P), and appear to correspond to MA-BirA* (band 4) and a processed variant of MA-BirA* (band 5). Note also that band

6 comigrated with CA (lane M) and an anti-MA-reactive band (band 7). Data are representative of the results of nine separate experiments.

been biotinylated but does not identify specific biotinylated resi-
dues (53, 55). One advantage of the BirA*-tagging approach is that
endogenously biotinylated proteins can serve as internal controls
for protein recovery levels in mock treatment versus transfected-
cell LC MS/MS samples. Accordingly, normalized spectral counts
for each protein in each MS run were calculated as percentages of
the combined number of spectral counts for the four major en-
dogenously biotinylated species (acetyl-CoA carboxylase, methyl-
crotonyl-CoA carboxylase, proprionyl-CoA carboxylase, and py-
ruvate carboxylase) (81, 82). Protein “hits” were removed if their
normalized signals were <0.5% of the combined endogenous sig-

AMABiIrA* MABIrA*
strept- anti- strept- anti-
avidin VSV-G avidin  VSV-G
vsvG = + = 4+ vsvG = + = +
PrMA
PrAMA BirA*-se s
BirA*-
VSV-G- - [ VSV-G- -
| —
| —
A B C D E F G H

FIG 6 Detection of biotinylated VSV G protein in virus particles. AMA-BirA*
(lanes A to D) and MA-BirA* (lanes E to H) constructs were transfected alone
(lanes A, C, E, and G) or cotransfected with a VSV G protein expression
construct (lanes B, D, F, and H). Three days posttransfection, proteins from
virus particles were separated electrophoretically and blotted to detect biotin-
ylated proteins (lanes A and B and lanes E and F) or the VSV G protein (lanes
Cand D and lanes G and H). PrAMABirA*, PrMABirA*, and VSV G bands are
as indicated.
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nal. After this step, background proteins were removed if normal-
ized signals for transfected cell samples were less than four times
the level of the untransfected cell sample signals in any MS run. A
list of these background proteins is provided in Table 1. In addi-
tion to endogenously biotinylated proteins, these include stan-
dard MS contaminants, such as keratins and heat shock proteins,
as well as ribosomal proteins and some elongation factors. Impor-
tantly, the list of background proteins also includes proteins that
have been implicated as Gag-interacting proteins such as actins
and tubulins (35, 36, 84). In this regard, it should be emphasized
that the appearance of a protein on Table 1 does not indicate that
a protein is not a Gag-interacting protein but only that our meth-
odology was unable to confirm such a possibility.

After subtraction of background hits, a secondary normaliza-
tion step was applied in an effort to account for transfection effi-
ciencies. Here, spectral counts were normalized to the spectral
counts for the BirA* ligase itself in a given transfection, and pro-
teins with signals of less than 7% of the level of the the BirA*
signals in both MA-BirA* and AMA-BirA* samples were dis-
carded as being potentially too close to false-discovery signals (see
Materials and Methods). After this step, we obtained a list of over
50 proteins that were preferentially biotinylated in MA-BirA*-
transfected cells and/or AMA-BirA*-transfected cells (Table 2).
Proteins were ranked based on their ratios of representation in
MA-BirA* samples divided by their representation in AMA-BirA*
samples, but it is notable that because BirA* ligase spectral counts
were lower in the MA versus the AMA samples, MA/AMA ratios
are skewed to the high side, and the list includes a number of
proteins that were identified in MA-BirA* but not AMA-BirA*
transfections.

Interestingly, over half of the biotinylated proteins have been
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observed in HIV-1 particles, observed as binding partners with
HIV-1 proteins, or implicated as HIV-1 interacting factors in ge-
netic screens (Table 2, far right column) (22, 26, 35, 36, 42, 50,
67-80, 85). As can be seen, the list includes a variety of translation
factors, cytoskeleton-associated proteins, membrane proteins,
and RNA-processing proteins: these are discussed in more detail
below. Consistent with the results presented in Fig. 3 and 5, Gag
proteins were also biotinylated in both sets of samples, as were pol
gene products. However, remarkably, the HIV-1 envelope protein
was found to be biotinylated in AMA-BirA*-transfected cells but
not in MA-BirA*-transfected cells (Table 2). Interestingly, all
seven Env peptides biotinylated by the AMA-BirA* ligase mapped
to the TM (gp41) CT (Table 2 legend). This observation was
wholly unexpected, since multiple studies have demonstrated an
interaction between MA and Env (20, 27-30, 48, 61). The failure
of the biotin ligase encoded by MA-BirA* to biotinylate Env was
not due to a defect in Env protein expression, because the Env
transmembrane (TM; gp41) protein was readily detected in MA-
BirA* virions, whereas it was not detected in AMA-BirA* proteins
(Fig. 2A). Alternative models for this unexpected observation are
discussed below.

DISCUSSION

The HIV-1 PrGag proteins traffic to the PMs of infected cells,
where they organize the assembly and budding of virus particles.
The PrGag MA domains facilitate this process by binding to
PI(4,5)P2-enriched regions of the PM and by fostering Env pro-
tein assembly into virus particles (3, 4, 6-11, 27-30, 32, 48, 61).
Nevertheless, PrGag proteins with large MA deletions are still able
to direct the assembly of infectious viruses, as long as they are
pseudotyped with alternative envelope proteins or matched with
CT-truncated HIV-1 Env proteins (30, 48). Previous studies also
have shown that PrGag proteins tolerate protein insertions near
the C terminus of MA, at least for the purposes of virus particle
assembly (14, 51, 52).

We have taken advantage of relative resilience of the matrix
coding region with respect to genetic perturbation by tagging WT
and AMA PrGag proteins with the promiscuous BirA* biotin li-
gase; this has afforded us the opportunity to biotinylate proteins
that are in close proximity (53, 55) of the PrGag proteins during
the translation, transport, and assembly stages of the viral life cy-
cle, with the caveat that our tagged viruses were poorly infectious.
Our results clearly show that MA-BirA* and AMA-BirA* PrGag
proteins have the capacity of biotinylating the PrGag proteins and
pol gene-derived proteins, presumably in cis (Fig. 3 and 5 and
Table 2). Evidence also demonstrated that at least the MA-BirA*
PrGag protein could biotinylate WT PrGag proteins in trans (Fig.
5). Because WT PrGag proteins facilitated the release of AMA-
BirA* PrGag proteins from cotransfected cells (Fig. 5), we assume
that these proteins associate during transport and/or assembly as
well. Perhaps our most surprising observation regarding the bioti-
nylation of viral proteins is that the HIV-1 Env protein was bio-
tinylated with AMA-BirA* but not with MA-BirA* (Table 2).
Given that previous work has demonstrated an interaction be-
tween MA and the Env CT (27-30, 32, 48, 61), this is exactly the
opposite of what we expected. We do not know which Env resi-
dues are biotinylated by the AMA-BirA* ligase, but the sequenced
peptides represented TM (gp41) and not the surface envelope gly-
coprotein (SU) (gp120) (see footnote a of Table 2). To explain
how AMA-BirA* proteins might biotinylate Env proteins, we con-
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jecture that the two proteins are targeted independently to the
same intracellular sites but that the two are unable to interact
productively. Relevant to this hypothesis is that VSV G proteins in
pseudotyped virions appeared to be biotinylated more efficiently
with AMA-BirA* than with MA-BirA* proteins (Fig. 6); this may
indicate that biotinylation of G proteins, which are passively as-
sembled (20, 32-34) into virus particles, may be influenced by
potential differences in intrinsic biotin ligase activities and/or ac-
cessibilities to the activated bioAMP species. Why do WT MA-
BirA* proteins fail to biotinylate Env proteins to detectable levels?
One possibility is that the PrMA-BirA* ligase is less active than the
PrAMA-BirA* ligase when coassembled with other PrMA-BirA*
proteins. Alternatively, MA domains and Env CTs may form a
lattice (29, 32) in which Env CT lysines are not readily accessible to
the activated biotin species. If this is the case, it may be fruitful to
examine Env TM biotinylation in the context of MA and Env CT
mutations with known effects on MA-Env interactions (27-32).
In addition to analysis of viral protein biotinylation, the use of
BirA*-tagged proteins has permitted the identification of cellular
proteins that potentially interact with HIV-1 Gag proteins. We
have identified over 50 such candidates, over half of which have
been implicated as effectors of HIV-1 replication, as binding part-
ners, or as present in virions (Table 2). We have categorized these
roughly into seven classes (Table 3). By far, the most specifically
biotinylated cellular protein was the cytoskeleton-associated pro-
tein, Filamin A. Previous research has shown that the PrGag CA
domain is necessary for efficient binding to Filamin A and sup-
ports a model in which binding of PrGag to Filamin A induces a
reorganization of the cortical actin network to permit PrGag de-
livery to the PM via actin filaments (77). Our MS results support
this model, although we did observe a difference between the MA-
BirA* and AMA-BirA* samples in the levels of Filamin A biotiny-
lation; this may simply denote a relative preference of the AMA-
BirA* PrGag protein for self-biotinylation versus biotinylation in
trans or it may indicate that, although MA does not bind to Fil-
amin A, it is partially responsible for trafficking PrGag proteins to
Filamin A binding sites. Besides Filamin A, nine other cytoskele-
ton-associated proteins were also biotinylated in our study. Of
these, desmoglein-2 interacts with intermediate filaments, while
protein 4.1, cortactin, afadin, Filamin B, the CD2-associated pro-
tein (CD2AP), and band 4.1-like protein 2 all have been impli-
cated as involved in actin cytoskeleton arrangements (26, 68, 72,
84); this presumably underscores the importance of actin filament
and membrane reorganization during virus assembly and poten-
tially identifies targets of virus assembly interference. It also may
pertain to the regulation of budding, since cortactin and CD2AP
bind ESCRT-associated proteins Alixand TSG101 (26, 86). One of
the remaining two proteins in the cytoskeletal group, AHNAK, is
recruited to cholesterol-rich domains at the PM by annexin 2,
which plays a cell type-dependent role in the production of infec-
tious HIV-1 (87, 88). The final member of this group, microtu-
bule-associated protein 4 (MAP4), promotes microtubule assem-
bly, and knockdown of this protein was shown to inhibit HIV-1
replication at a postentry, preintegration stage of replication (75).
Because our BirA*-expressing viruses were poorly infectious (Fig.
2B), we assume that MAP4-interaction sites on incoming PICs are
also present on newly translated PrGag proteins or that MAP4
may play an additional role in the assembly stage of HIV-1 repli-
cation. Similar considerations pertain to the nuclear transport-
related TPR proteins and the lamina-associated protein (LAP2B;
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TABLE 3 Cellular biotinylated proteins®

TABLE 3 (Continued)

Protein Protein
Cytoskeletal Semenogelin-1
Filamin-A Antigen KI-67

Neuroblast differentiation-associated protein AHNAK
Microtubule-associated protein 4

Protein 4.1

Desmoglein-2

Src substrate cortactin

Afadin

CD2-associated protein

Band 4.1-like protein 2

Filamin-B

Membrane
Hornerin
4F2 cell-surface antigen heavy chain
Sodium/potassium-transporting ATPase subunit alpha-1
Neutral amino acid transporter B(0)
Hornerin

Lipid regulation
Fatty acid synthase
Vigilin

Nuclear transport
Nucleoprotein TPR
Lamina-associated polypeptide 2, isoforms beta/gamma

Translation
Elongation factor 1-alpha 1
PERQ amino acid-rich with GYF domain-containing protein 2
Eukaryotic translation initiation factor 4B
La-related protein 1
Eukaryotic translation initiation factor 4 gamma 1
Ubiquitin-60S ribosomal protein L40
Bifunctional glutamate/proline-tRNA ligase
Eukaryotic translation initiation factor 5

RNA processing
Zinc finger CCCH-type antiviral protein 1
Ubiquitin-associated protein 2-like
Protein PRRC2C
Cold shock domain-containing protein E1
Plasminogen activator inhibitor 1 RNA-binding protein
Ataxin-2-like protein
Protein PRRC2A
Ubiquitin-associated protein 2
Gem-associated protein 5
5'-3" exoribonuclease 1
Nuclear fragile X mental retardation-interacting protein 2
Heterogenous nuclear ribonucleoprotein M
ATP-dependent RNA helicase DDX3X
RNA-binding protein 26

Orphans
T-complex protein 1 subunit theta
Band 4.1-like protein 3
Insulin receptor substrate 4
TOX high-mobility-group box family member 4
DNA-dependent protein kinase catalytic subunit
Semenogelin-2
Protein CDV3 homolog
Protein Lyric
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Histone H1.2
28-kDa heat- and acid-stable phosphoprotein

@ Observed cellular biotinylated proteins were roughly categorized into groups as
cytoskeletal, membrane, lipid regulation, nuclear transport, translation, RNA
processing, and orphan proteins. Within each group, lists are ordered based on
summed observed detection signals (percent WT BirA* plus percent AMA BirA* from
Table 2).

TMPO). Whereas recent studies have shown that multimeric CA
binding sites on incoming PICs interact with nuclear import/pore
proteins TNPO3, NUP153, and NUP358 (39-42), it is possible
that LAP2B and TPR biotinylation reflects a Gag protein interac-
tion at either the assembly stage or the entry stage of the HIV-1 life
cycle.

Table 3 also lists five membrane-associated proteins that were
biotinylated. However, at this point, although the Na/K-trans-
porting ATPase and the 4F2 protein have been found in virions
(35), it is not yet clear whether either plays an active role in HIV-1
replication. Two additional proteins play roles in lipid regulation.
Fatty acid synthase catalyzes the formation of long-chain fatty
acids and has been found in HIV-1 particles (36). Vigilin, which
was biotinylated by MA-BirA*, but not by AMA-BirA* (Table 2),
regulates sterol metabolism and may play a role in protecting cells
from cholesterol overaccumulation. This raises the intriguing
possibility that MA may contribute to the observed HIV-1 up-
regulation of cholesterol biosynthesis (89) to supply enough cho-
lesterol for the generation of infectious HIV-1 particles (1, 5, 8).

Two additional large groups of observed biotinylated proteins
were translation factors and RNA-processing proteins (Table 3).
In this regard, it is worthwhile to note the interconnections be-
tween translation and RNA-processing proteins. In particular, the
destinations of viral and cellular RNAs include actively translating
ribosomes; stress granules (SGs), where mRNAs on stalled preini-
tiation complexes are stored or sorted; and processing bodies
(PBs), involved in RNA silencing and decay (22, 90-95). Previ-
ously, HIV-1 Gag proteins were found to associate with elonga-
tion factor 1 alpha, via RNA bridges to MA and NC, and this
interaction was proposed to induce a shift from Gag protein trans-
lation to VRNA encapsidation (26). PrGag also was shown to as-
sociate with the Staufen-1 SG protein (22, 90, 91), which may
foster both virus assembly and vRNA encapsidation. Our data
show that several PB or SG proteins (22, 69, 90-92, 94), including
translation initiation factors 4B and 4 gamma, the 5'-3" XRN ex-
onuclease, and the P2 nuclear fragmentation protein, were biotin-
ylated. Interestingly, the sizes, locations, and numbers of strepta-
vidin-stained but anti-CA-negative dots observed in Fig. 4 are
consistent with their assignment as PBs or SGs, suggesting that
components of these ribonucleoproteins (RNPs) migrated to
RNPs after biotinylation. In principle, it seems likely that PrGag
proteins bind to ribosomal, PB, or SG proteins to exploit or sub-
vert their functions, as for encapsidation (16, 19, 91). However,
associations may also represent host defense mechanisms against
viral infection, as in the case of zinc finger CCCH antiviral protein
(69). We believe that investigation of the potential roles of the
previously and newly identified biotinylated translation and
RNA-processing factors will be fruitful.
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As shown in Table 3, a number of proteins have been classified
as orphans, for convenience. Several of these already have been
implicated as HIV-1-interacting proteins. For instance, histone
H1.2 has been found in HIV-1 particles (36), and the DNA-de-
pendent PK catalytic subunit has been found in Gag-positive,
Staufen-1-positive RNPs (22). Recently, the protein Lyric was
shown to bind to PrGag proteins and to be incorporated into
virions, but the mechanism by which it might regulate virus infec-
tivity will require further investigation (79). Further investigation
also appears warranted for other orphan or otherwise-classified
biotinylated proteins that we have identified. We suggest that fur-
ther use of BirA*-tagged WT and mutant HIV-1 proteins will be
an interesting approach to examine potential virus-host interac-
tions. Moreover, it may be possible to adopt this method for the
identification of the exposed lysines that are biotinylated on target
proteins, which would afford the opportunity to probe protein
structures i1 vivo.
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