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etroviruses such as HIV-1 contain viral RNA-protein (vRNP)
complexes encased in a conical capsid shell. The capsid is
composed of a polymer of CA subunits arranged in a hexagonal
lattice (1–4). The viral core consists of the capsid and its contents.
The core is packaged in an envelope, which is required for fusion
of the virus with the cell. Upon fusion with the target cell, the core
is released into the cytosol, where it is thought to undergo an
uncoating process involving disassembly of the capsid (5), but the
spatial and temporal aspects of uncoating are poorly understood.
Recent genetic evidence suggests that uncoating occurs as early as
30 to 45 min postinfection (6, 7). Another study employed electron microscopy and detected intact cores at the nuclear membrane several hours postinfection, suggesting that uncoating occurs at a late stage (8). It is also presently not clear where uncoating
occurs in the cell. Some evidence suggest that uncoating takes
place in the cytoplasm (6, 9), while other evidence suggests that it
takes place at nuclear pore complexes (NPCs) (8). Nonetheless,
uncoating is tightly regulated by viral and, presumably, host cellular factors (reviewed in references 10 and 11). Viral proteins
such as CA affect the process of uncoating. Mutations in CA that
alter capsid stability generally impair HIV-1 infectivity (5) suggesting that optimal stability of the capsid is critical for productive
infection. Host factors may also play a role in modulating HIV-1
uncoating (reviewed in references 12 and 13).
The host protein transportin 3 (TNPO3) was identified by genome-wide screens as an HIV-1 dependency factor (14, 15).
TNPO3, a member of the importin ␤ family of proteins, binds to
serine/arginine-rich proteins (S/R proteins) and promotes their
passage through the nuclear pore (16). Following translocation
into the nucleus, the bound protein cargo is released upon binding
of TNPO3 to RanGTP. Depletion of TNPO3 reduced HIV-1 in-
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fection in both dividing and nondividing cells (17), suggesting
that an activity of TNPO3 is required for efficient infection even in
cycling cells, where the virus might access the target cell DNA
during mitosis without traversing nuclear pores. TNPO3 was also
shown to bind to the viral integrase protein (IN) and to facilitate
uptake of IN into the nucleus (17), though the relationship of IN
binding to HIV-1 infection is unclear (18). Using a panel of retroviruses and HIV-1/murine leukemia virus (MLV) chimeric viruses, Krishnan et al. previously showed that TNPO3 dependency
during infection was dictated by CA and was not quantitatively
correlated with IN binding (19). This conclusion was also supported by the findings of other groups, who showed that point
mutations in CA, including E45A, Q63A/Q67A, and N74D,
among others, render HIV-1 insensitive to TNPO3 depletion (20,
21). Collectively, these results suggested that a function of the viral
capsid is modulated by TNPO3 or vice versa.
The abundant host protein cyclophilin A (CypA) binds to the
HIV-1 capsid and facilitates HIV-1 replication (22–24). Despite
considerable investigation, the mechanism by which CypA stimulates replication is unknown. CypA appears to act at an early
postentry stage of the virus infection before reverse transcription
(25). It is a peptidyl-prolyl isomerase that binds to an exposed
surface loop on CA (26), and it has been shown to catalyze
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Following entry of the HIV-1 core into target cells, productive infection depends on the proper disassembly of the viral capsid
(uncoating). Although much is known regarding HIV-1 entry, the actions of host cell proteins that HIV-1 utilizes during early
postentry steps are poorly understood. One such factor, transportin SR2 (TRN-SR2)/transportin 3 (TNPO3), promotes infection
by HIV-1 and some other lentiviruses, and recent studies have genetically linked TNPO3 dependence of infection to the viral
capsid protein (CA). Here we report that purified recombinant TNPO3 stimulates the uncoating of HIV-1 cores in vitro. The
stimulatory effect was reduced by RanGTP, a known ligand for transportin family members. Depletion of TNPO3 in target cells
rendered HIV-1 less susceptible to inhibition by PF74, a small-molecule HIV-1 inhibitor that induces premature uncoating. In
contrast to the case for TNPO3, addition of the CA-binding host protein cyclophilin A (CypA) inhibited HIV-1 uncoating and
reduced the stimulatory effect of TNPO3 on uncoating in vitro. In cells in which TNPO3 was depleted, HIV-1 infection was enhanced 4-fold by addition of cyclosporine, indicating that the requirement for TNPO3 in HIV-1 infection is modulated by
CypA-CA interactions. Although TNPO3 was localized primarily to the cytoplasm, depletion of TNPO3 from target cells inhibited HIV-1 infection without reducing the accumulation of nuclear proviral DNA, suggesting that TNPO3 facilitates a stage of
the virus life cycle subsequent to nuclear entry. Our results suggest that TNPO3 and cyclophilin A facilitate HIV-1 infection by
coordinating proper uncoating of the core in target cells.

TNPO3 and Cyclophilin A Modulate HIV-1 Uncoating

MATERIALS AND METHODS
Plasmids and chemicals. CA mutants were subcloned from HIV-1 proviral DNA construct R9 (40) by transfer of ApaI-SpeI or BssHII-SpeI DNA
fragments into HIV-GFP, an envelope-defective pNL4-3-based HIV-1 reporter virus clone encoding green fluorescent protein (GFP) in place of
Nef (41). The presence of these mutations in the final construct was confirmed by DNA sequencing. R9-⌬E-N74D was subcloned from proviral
DNA construct R9-N74D by transfer of a BssHII-SpeI DNA fragment into
the R9-⌬E vector (42). Plasmid pHCMV-G encodes a vesicular stomatitis
virus G (VSV-G) protein (43) under the control of the human cytomegalovirus (CMV) promoter. The bacterial expression vector pGEX6P-3TNPO3 was previously described (19). PF74 was synthesized and purified by
the Chemical Synthesis Core, Vanderbilt Institute of Chemical Biology.
Stocks of the compound were prepared by dissolution in dimethyl sulfoxide
(DMSO) and stored at ⫺80°C. Cyclosporine (CsA) was from Calbiochem.
psPAX2, raltegravir (RAL), and efavirenz were obtained from the NIH AIDS
Research and Reference Reagent Program.
Cells and viruses. HeLa and 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Cellgro) supplemented with 10%
fetal bovine serum (FBS), penicillin (50 IU/ml), and streptomycin (50
g/ml) at 37°C with 5% CO2. Virus stocks were produced by calcium
phosphate transfection of 293T cells (44). VSV-G-pseudotyped reporter
virus particles were produced by cotransfection of 15 g of wild-type
(WT) or mutant HIV-GFP plasmid and 5 g of pHCMV-G plasmid
DNA. Two days after transfection, culture supernatants were harvested,
clarified by filtration through 0.45-m-pore-size filters, and frozen into
aliquots at ⫺80°C. The CA content of virus stocks was quantified by a
p24-specific enzyme-linked immunosorbent assay (ELISA) as previously
described (45).
Recombinant protein purification. For purification of TNPO3, BL21
cells transformed with pGEX6P3-TNPO3 were grown in 3 liters of LB
medium at 37°C to an A600 of 0.6 to 0.7. Protein was induced by culturing
in the presence of 1 mM isopropyl-thio-␤-D-galactopyranoside (IPTG)
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for 4 h. Bacteria were collected by centrifugation, resuspended in cold lysis
buffer (150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol [DTT], 50 mM
Tris-HCl, pH 7.4), and lysed with a French press (1,200 lb/in2 pressure, 2
passes) followed by sonication (20% amplitude, 4 pulses of 15 s each) to
shear bacterial DNA. The concentration of NaCl was adjusted to 500 mM,
and the extract was clarified by centrifugation at 23,000 ⫻ g for 30 min at
4°C. The supernatant was incubated with 1.4 ml of a 50% slurry of glutathione-Sepharose beads (GE Healthcare) for 3 h at 4°C. After washing
with an excess of lysis buffer, the beads were incubated with 60 U of
PreScission protease (GE Healthcare) at 4°C for 16 to 24 h to remove the
glutathione S-transferase (GST) tag. The beads were then pelleted, and the
supernatant containing TNPO3 was collected. Beads were washed twice
with lysis buffer containing 0.5 M NaCl, and the supernatants containing
TNPO3 were collected. Fractions containing TNPO3 were pooled, and
aliquots were flash-frozen in liquid N2 and stored at ⫺80°C.
For purification of CypA, the CypA gene was amplified and ligated
into pET21 vector DNA. Ros2(DE3) cells were transformed with pET21CypA and grown in LB medium at 37°C to an A600 of 0.6 to 0.8. Proteins
were induced with 1 mM IPTG at 18°C for 16 h. Cells were lysed by
sonication in a buffer containing 25 mM sodium phosphate, pH 7.5. After
centrifugation at 100,000 ⫻ g for 1 h, the supernatant was loaded onto a
10-ml HiTrap QP (GE Healthcare) column. Fractions containing CypA
(flowthrough) were pooled, and the pH of the solution was adjusted to 5.5
with acetic acid. After centrifugation, the supernatant was loaded onto a
5-ml HiTrap SP (GE Healthcare) column and eluted using a 0 to 1 M NaCl
gradient. Aggregates were removed with a Superdex 200 26/60 (GE
Healthcare) gel filtration column equilibrated with a buffer containing 25
mM sodium phosphate (pH 6.5), 100 mM NaCl, 1 mM DTT, and 0.02%
sodium azide.
For expression and purification of RanQ69L, BL21 transformed with
pQE32-6⫻His-RanQ69L (46) was cultured at 28°C until the A600 was
⬃0.5. Protein expression was induced by culturing in the presence of 1
mM IPTG for 4 h at 28°C. Cells that were pelleted at 6,300 ⫻ g for 10 to 15
min at 4°C were resuspended in 25 ml cold buffer A (50 mM HEPES [pH
7.0], 5 mM MgCl2, 100 mM NaCl, 5 mM DTT, 2 mM phenylmethylsulfonyl fluoride [PMSF]). Bacterial cells were lysed by sonication, and the
lysate was clarified by ultracentrifugation at 50,000 ⫻ g for 3 h at 4°C.
Clarified lysate was incubated with 1 ml of Ni-nitrilotriacetic acid (NTA)
agarose beads equilibrated with buffer A containing 25 mM imidazole for
3 h at 4°C. The slurry was loaded onto a 2-ml column under gravity,
washed 30 to 40 times with buffer A containing 25 mM imidazole, and
eluted with 10⫻ buffer A containing 200 mM imidazole. The eluate was
applied to an SP Sepharose column (GE Healthcare) and eluted using a 0
to 1 M NaCl gradient. Peak fractions were pooled, concentrated, and
further purified using an S200 Superdex gel filtration column (GE Healthcare) equilibrated with buffer D (20 mM HEPES [pH 7.0], 5 mM MgCl2,
100 mM NaCl, 5 mM DTT, 2 mM PMSF, 5% glycerol). Eluates were
pooled, concentrated, aliquoted, and stored at ⫺80°C. To charge H6RanQ69L with GTP, 250 g of H6-RanQ69L was incubated with 100 mM
GTP at 4°C for 4 h. Unbound GTP was removed using P6 Biogel (BioRad).
shRNA-mediated depletion of cellular TNPO3. A Mission short hairpin RNA (shRNA) lentiviral vector (Sigma, no. TRCN0000038331; hairpin sequence, CCGGCGGCGCACAGAAATTA-TAGAACTCGAGTTCT
ATAATTTCTGTGCGCCGTTTTTG) was used to deplete TNPO3 in
HeLa cells. The vector plasmid was cotransfected into 293T cells with
pHCMV-G and psPAX2 (47) to produce lentiviral vector particles. The
resulting viral particles were used to transduce HeLa cells, and stable populations of transduced cells were selected by culturing in puromycin (2
g/ml) for 1 week prior to use in HIV-1 infection assays. TNPO3 depletion was confirmed by immunoblotting of whole-cell lysates. As an additional control, Mission pLKO.1-puro empty shRNA lentiviral vector
(SHC001), used to transduce HeLa cells, was packaged as described above.
During initial experiments, we observed that the selected cell populations
gradually regained TNPO3 expression over several weeks. Therefore, the
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cis-trans isomerization of the Gly89-Pro90 peptide bond on the
CA protein (27, 28). Binding of CypA to CA causes nuclear magnetic resonance (NMR) chemical shift changes within and distal
to the CypA-binding loop, suggesting that interaction with CA
may result in conformational changes outside the CypA-binding
loop and this might facilitate disassembly of the capsid (12, 27–
30). Several other lines of evidence have also hinted at a role of
CypA in HIV-1 uncoating (12, 27–35). In accordance with this
evidence, Li et al. recently demonstrated that CypA modulates
HIV-1 uncoating depending on the target cell type (36). There is
also indirect evidence for a role of CypA in protection of the
HIV-1 capsid from a putative cell-intrinsic host restriction factor
(37–39). However, neither the identity of the putative restriction
from which CypA protects the virus nor the mechanism by which
it does this is known. Collectively, these findings are suggestive of
a direct role of CypA in modulating capsid stability; however,
there is no biochemical evidence for such an effect.
In this study, we employed biochemical and cell-based assays
to understand the mechanism of action of TNPO3 and CypA in
HIV-1 infection. We show that TNPO3 stimulates HIV-1 uncoating in vitro and stimulates the uncoating activity of a small-molecule capsid-targeting compound (PF74). PF74 was less effective at
inhibiting HIV-1 infection of cells depleted of TNPO3. We also
report that recombinant CypA directly inhibits HIV-1 uncoating
in vitro. Furthermore, CypA binding to the capsid inhibited
TNPO3-induced uncoating of HIV-1 in vitro and also made the
virus more dependent on TNPO3 for infection. Our data indicate
that TNPO3 and CypA can directly modulate the stability of the
HIV-1 capsid.

Shah et al.
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whole-cell lysates, cells were lysed in radioimmunoprecipitation assay
buffer (50 mM Tris [pH 7.5], 1% Triton X-100, 250 mM NaCl, 5 mM
EDTA, 0.1% SDS, 1% sodium deoxycholate, protease inhibitors); cytoplasmic lysates were prepared as described above, and nuclear lysates were
prepared by isolating nuclei as described above and lysing them in SDSPAGE sample buffer. Blots of whole-cell and nuclear lysates were probed
with rabbit polyclonal anti-glyceraldehyde-3-phosphate dehydrogenase
(anti-GAPDH) (Santa Cruz Biotechnology) and mouse monoclonal antiLamin B1 (Zymed) antibody, respectively. Blots were also probed for
TNPO3 using mouse monoclonal anti-TNPO3 (Genway).
Viral DNA was quantified by real-time PCR using an MX-3000p thermocycler (Stratagene) utilizing SYBR green chemistry (ABI). Late reverse
transcription (LRT) products (U5-Gag) were detected using the forward
primer MH531 (5=-TGTGTGCCCGTCTGTTGTGT-3=) and reverse
primer MH532 (5=-GAGTCCTGCGTCGAGAGAGC-3=) (49). 2-LTR
circles were detected using the forward primer MH535 (5=-AACTAGGG
AACCCACTGCTTAAG-3=) and reverse primer MH536 (5=-TCCACAG
ATCAAGGATATCTTGTC-3=).
Immunoblotting analysis. Cells were lysed with radioimmunoprecipitation assay buffer. Proteins were separated on 4 to 20% polyacrylamide gradient Tris-glycine gels (Bio-Rad) and were transferred onto nitrocellulose membranes (GE Healthcare), and membranes were blocked
with 5% nonfat milk. The membranes were probed with mouse polyclonal anti-TNPO3 antibody (Genway) and rabbit polyclonal antiGAPDH antibody (Santa Cruz Biotechnology). After washing four times
with PBS containing 0.1% Tween 20 for 10 min, the membranes were
probed with appropriate species-specific Alexa Fluor 680-conjugated
secondary antibodies (Pierce). Protein bands were visualized using the
Odyssey infrared imaging system (Li-Cor) and quantified using the instrument software.
Statistical analysis. The effect of TNPO3 concentration on the uncoating of purified wild-type and mutant HIV-1 cores was evaluated using
a dose-response analysis based on mixed-effects nonlinear regression. Regression coefficients were summarized using 95% confidence intervals
(CI). Tests having P values of less than 0.05 and confidence intervals that
failed to include the appropriate null value (e.g., zero) were considered
statistically significant. The type of interaction between TNPO3 and PF74
as well as TNPO3 and CypA in their effect on viral uncoating was evaluated using mixed-effects nonlinear regression. An interaction factor was
obtained, and regression coefficients were summarized using 95% CI.
Tests having P values of less than 0.05 and confidence intervals that failed
to include the appropriate null value (zero) were considered statistically
significant. Other statistical analyses were performed with Student’s twosided t test.

RESULTS

Point mutations in CA modulate HIV-1 dependence on TNPO3
for infection. To examine the role of CA in TNPO3 dependence of
HIV-1 infection, HIV-1– eGFP reporter viruses encoding CA mutations were pseudotyped with VSV-G and titrated on HeLa cells
stably depleted of TNPO3 (sh-TNPO3) (Fig. 1A), empty-vectortransduced HeLa (sh-empty), and untransduced HeLa cells.
HIV-1 infection was measured by flow cytometric analysis of GFP
expression. As previously observed (14, 17, 19, 21, 50, 51), infection by wild-type HIV-1 was markedly (10- to 20-fold) reduced in
TNPO3-depleted cells (Fig. 1B). Consistent with previous reports
(20, 21), infection by the N74D CA mutant virus was not affected
by TNPO3 depletion (Fig. 1B). Consistent with other studies (20,
51, 52), but contrary to one report (53), we observed an equivalent
reduction in TNPO3 dependence of the N74D mutant bearing the
HIV-1 envelope glycoproteins (data not shown).
We also analyzed the TNPO3 dependence of several CA mutants. The mutants selected for analysis have mutations distributed across the surface of CA. Several of these mutants exhibit
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stable cells were cultured only briefly after selection, and multiple vials
were cryopreserved. For each experiment, a new vial of cells was thawed
and cultured for only a few days to help ensure that TNPO3 remained
depleted.
Viral infectivity assays. HeLa cells stably depleted of TNPO3 and
control cells were plated at a density of 20,000 cells/well in 24-well plates.
The next day, wild-type and mutant HIV-GFP viruses were titrated on the
cells in the presence of Polybrene (8 g/ml). In experiments with PF74,
the compound was added to the cells at the same time as the virus. Twentyfour hours after transduction, the cells were supplemented with 1 ml of additional medium and cultured for another 24 h. Cells were then detached with
trypsin, fixed in 2% paraformaldehyde, and analyzed for GFP expression
with an Accuri C6 flow cytometer. The data presented as single values are
within the linear range of the dose-titration curve.
Isolation of HIV-1 cores. Cores were isolated from concentrated virions as described previously (48). Briefly, virus supernatants from transfected 293T cells were concentrated by centrifugation at 32,000 rpm at 4°C
(175,000 ⫻ g at rmax) for 3 h. The pelleted viral particles were resuspended
in 300 l of 1⫻ STE buffer (10 mM Tris-HCl [pH 7.4], 100 mM NaCl, and
1 mM EDTA) and incubated at 4°C for 2 to 4 h. The concentrated virions
were then ultracentrifuged at 32,000 rpm (187,000 ⫻ g for 16 h at 4°C)
through a 30 to 70% sucrose gradient overlaid with 1% Triton X-100.
Fractions (1 ml) were collected from the top to the bottom of the sucrose
gradient, and the fractions containing cores were identified by quantifying
the CA content of the fractions by p24 ELISA. Core-associated CA was
computed as quantity of CA in the core-containing fractions of the gradient as a percentage of the total CA in the gradient.
HIV-1 uncoating assay. Samples of purified wild-type and mutant
HIV-1 cores (50 l) were diluted in 1⫻ STE buffer (pH 7.4) (200 l)
containing bovine serum albumin (10 g/ml) without or with recombinant proteins. The cores were then incubated at 37°C for indicated times,
followed by ultracentrifugation at 125,000 ⫻ g at rmax (Beckman TLA-55
rotor at 45,000 rpm) for 20 min at 4°C. Supernatants were removed, and
pellets were dissolved in sample diluent (10% donor calf serum and 0.5%
Triton X-100 in phosphate-buffered saline [PBS]). The CA contents of
supernatants and pellets were determined by p24 ELISA. The extent of
uncoating was determined as the fraction of the total CA present in the
supernatant. In some experiments PF74, dissolved in DMSO, was also
added to the uncoating reaction mixture.
In experiments involving recombinant RanGTP protein, TNPO3
(0.75 M) and RanQ69LGTP (1 M) were preincubated either alone or
together at 4°C for 15 min followed by 37°C for 15 min. The cores were
then added, followed by further incubation at 37°C for 45 min. The extent
of uncoating was determined as described above.
Cell fractionation and quantitative analysis of HIV-1 reverse transcription in target cells. One day prior to infection, HeLa cells (150,000
per well) were plated in 12-well plates. Viruses were treated with 20 g/ml
DNase I and 10 mM MgCl2 at 37°C for 1 h to remove contaminating
plasmid DNA. VSV-G-pseudotyped virus inocula equivalent to 15 ng of
p24 were used to infect cells in the presence or absence of HIV-1 integrase
inhibitor (raltegravir; 1 M). Parallel infections were performed in the
presence of efavirenz (1 M) to define the residual plasmid DNA levels
carried over from transfection. At 7 h or 24 h postinfection, cells were
harvested with 0.25% trypsin. Trypsin was deactivated by addition of
DMEM containing 10% FBS. Cells were pelleted by centrifugation at 300
⫻ g for 5 min. Pellets were resuspended in 200 l of PBS, and DNA was
isolated using a DNeasy kit (Qiagen) according to the manufacturer’s
protocol. For quantification of viral DNA in the nucleus, cell pellets were
lysed in buffer A (10 mM Tris [pH 8.0], 1.5 mM MgCl2, 10 mM KCl, 1 mM
DTT, protease inhibitors) containing 0.1% Triton X-100 by incubation at
4°C for 15 min. Supernatants containing cytoplasmic fractions were discarded and the nuclear pellets were used to isolate DNA using a DNeasy
kit. In parallel, whole-cell, cytoplasmic, and nuclear lysates were prepared
from uninfected cells to check for cytoplasmic contamination of nuclear
fractions and to study the subcellular localization of TNPO3. To prepare
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were immunoblotted with anti-TNPO3 and anti-GAPDH antibodies. Shown under each lane is the ratio of TNPO3 intensity to GAPDH intensity. (B) GFP
reporter viruses were titrated on HeLa, sh-empty, and sh-TNPO3 cells. The percentage of GFP-positive cells is shown for each input viral dose (ng of p24). The
data are representative of two independent experiments. (C) Control and TNPO3-depleted cells were challenged with CA mutant GFP reporter viruses. At 48 h,
the percentage of GFP-positive cells was determined as a measure of infectivity. The ratio of infection of TNPO3-depleted relative to control cells is shown. Error
bars represent the range of values from two independent experiments. Unfilled bars represent TNPO3-dependent viruses, black bars represent TNPO3independent mutants, and gray bars represent partially TNPO3-dependent mutants. (D) Location of CA amino acid residues important for TNPO3 dependence
of HIV-1 on the structural model of CA monomer extracted from the hexameric structure (Protein Data Bank [PDB] no. 3H4E). CA substitutions that do not
alter TNPO3 dependence are shown in yellow, those that partially alter it are in orange, and those that completely alter it are in red.

deviations from wild-type capsid stability: P38A, Q63A/Q67A,
and K203A particles contain unstable capsids (5), while E45A and
E213A contain hyperstable capsids (5, 54, 55). The HIV-1 mutant
“5mut” encodes five amino acid substitutions (Q67H, K70R,
H87P, T107N, and L111I) in CA and was isolated by selection for
resistance to the small-molecule HIV-1 inhibitor PF74 (56, 57).
The infectivity of 5mut virus was not affected by TNPO3 depletion
(Fig. 1C). Because 5mut contains 5 individual substitutions, we
also tested HIV-1 mutants encoding each single substitution for
TNPO3 dependence. Infection by the T107N mutant was not affected by depletion of TNPO3, while infection by the Q67H,
K70R, and L111I mutants was partially reduced (Fig. 1C). In contrast, infection by the H87P mutant was reduced in TNPO3-depleted cells to an extent equivalent to that of the wild type.
Next, we tested a panel of mutants (Q4A, G116A, T119A,
N139A, R143A, and P207A) which exhibit minimal impairment
in infectivity and yield cores with intrinsic stability similar to that
of the wild-type cores (58). Like the wild-type virus, the Q4A,
G116A, T119A, R143A, and P207A mutants were dependent on
TNPO3 for infection. N139A was partially dependent on TNPO3.
Among other mutants, P38A and E213A were partially dependent
on TNPO3 for infection, while K203A was not affected by TNPO3
depletion. (Fig. 1C). Consistent with previous reports (20, 21),
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infection by the E45A and Q63A/Q67A mutants, which exhibit
altered kinetics of uncoating, was not affected by TNPO3 depletion. We recently identified a second-site suppressor mutation,
R132T, that partially relieves the infectivity impairment exhibited
by E45A (55). Infection by the E45A/R132T double mutant exhibited TNPO3 dependence between those of E45A and the wild type
(Fig. 1C). This result suggests that the second-site suppressor mutant corrects an uncoating defect associated with E45A and concomitantly restores TNPO3 dependence of infection.
When visualized on the structural model of monomeric CA
lattice, the CA substitutions that reduce the TNPO3 dependence
of HIV-1 infection do not appear to localize to a specific region of
CA (Fig. 1D). Thus, it would appear that the effects of the mutations are not readily explained by alteration of a specific binding
surface on CA. Interestingly, many of the TNPO3-independent
mutants have altered intrinsic capsid stability, suggesting a potential link between HIV-1 capsid stability and TNPO3 requirement
for infection.
TNPO3 stimulates the uncoating of isolated HIV-1 cores in
vitro. Several of the HIV-1 CA mutations (E45A, Q63A/Q67A,
and 5mut) that rendered HIV-1 less sensitive to TNPO3 depletion
also alter the intrinsic biochemical stability of the viral capsid (5,
57), suggesting a possible link between HIV-1 uncoating and
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FIG 1 Effects of CA substitutions on TNPO3 dependency of HIV-1 infection. (A) Quantitative immunoblot analysis of TNPO3-depleted HeLa cells. Cell extracts

Shah et al.

concentrations of recombinant TNPO3. After incubation, the extent of uncoating was determined as the fraction of the total CA in the supernatant. Shown are
the means ⫾ standard errors of the means (SEM) from three independent experiments performed in duplicate. Asterisks above the bars indicate statistically
significant differences in uncoating values in the absence or presence of the indicated TNPO3 concentrations. *, P ⬍ 0.05; **, P ⬍ 0.01. (B) The N74D substitution
does not alter the intrinsic stability of the HIV-1 capsid. Cores from wild-type and N74D mutant HIV-1 particles were isolated by sucrose gradient centrifugation.
The level of core-associated CA was determined from the CA contents of core-containing fractions as a percentage of total CA protein in the gradient. Shown are
the means ⫾ SEM from three separate experiments. (C) The N74D substitution does not affect HIV-1 uncoating in vitro. Wild-type and N74D cores were
incubated at 37°C, and the extent of uncoating was quantified at each time point. Shown are the means ⫾ SEM from two independent experiments performed
in duplicate. (D) TNPO3 potently stimulates the uncoating of wild-type HIV-1 cores. Wild-type and N74D mutant cores were incubated at 37°C for 35 min in
the absence or presence of the indicated concentrations of TNPO3, and the extent of uncoating was determined. Shown are the means ⫾ SD from five
independent experiments performed in duplicate. (E) RanQ69LGTP inhibits the ability of TNPO3 to stimulate uncoating of wild-type cores. Purified cores were
incubated at 37°C for 45 min in the absence or presence of the indicated recombinant proteins, and the extent of uncoating was determined. Shown are means ⫾
SEM from three independent experiments performed in duplicate. **, P ⬍ 0.01.

TNPO3 function in HIV-1 infection. Therefore, we asked whether
TNPO3 affects uncoating of purified HIV-1 cores in vitro. The
extent of uncoating was determined by quantifying the fraction of
the CA protein that dissociated from the cores during incubation.
As previously reported (5), incubation of HIV-1 cores at 37°C led
to shedding of the CA protein (Fig. 2A). Addition of recombinant
TNPO3 at concentrations of up to 1 M stimulated the uncoating
reaction in a dose-dependent manner. To test the specificity of this
effect, we purified cores from N74D virions, which are independent of TNPO3. Cores purified from N74D virions exhibited levels of core-associated CA similar to those of the cores from wildtype virions (Fig. 2B). To further examine the effects of the N74D
substitution on capsid stability, the purified cores were incubated
at 37°C for various periods, and the extent of uncoating was quantified. The rate of N74D uncoating in vitro was similar to that of
the wild type (Fig. 2C). Collectively, these results indicate that the
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N74D mutation does not alter the intrinsic stability of the HIV-1
capsid. Relative to that of wild-type cores, uncoating of N74D
cores appeared to be less responsive to stimulation by TNPO3 in
vitro (Fig. 2D). Results from mixed-effects nonlinear regression
indicated that the maximum percent uncoating (Emax) achievable
through TNP03 was 61.7 (95% CI, 55.4 to 68.0) and 38.8 (95% CI,
31.9 to 45.6) for wild-type and N74D viruses, respectively. Hence,
the maximum percent uncoating for N74D was 22.9 (95% CI, 13.6
to 32.3), less than that for the wild-type virus. The differences
between the dose-response curves for WT and N74D were statistically significant (P ⬍ 0.001), indicating that the uncoating of
wild-type cores by TNPO3 was greater than that of the N74D
mutant cores. Thus, the N74D mutation was less responsive to
TNPO3 in vitro. These results indicate that TNPO3 stimulates
HIV-1 uncoating in vitro and that the effect is reduced by the
N74D substitution.
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FIG 2 TNPO3 stimulates HIV-1 uncoating in vitro. (A) Purified HIV-1 cores were incubated at 37°C for 30 min in the absence or presence of the indicated
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RanGTP is a cofactor for nuclear import mediated by importin
␤ family members (reviewed in reference 59) and was recently
shown to enhance binding of TNPO3 to HIV-1 CA (51). Therefore, we asked whether addition of RanGTP to TNPO3 modulates
HIV-1 uncoating activity. The point mutation Q69L dramatically
reduces the GTPase activity of Ran by several orders of magnitude,
thereby effectively locking the protein into the GTP-bound state
(60). Purified RanQ69L protein was charged with GTP, and in
vitro uncoating assays were performed using purified HIV-1 cores
with recombinant TNPO3 in the absence or presence of
RanQ69LGTP. Preincubation of TNPO3 with RanQ69LGTP significantly decreased TNPO3-induced uncoating (Fig. 2E). Addition of RanQ69LGTP in the absence of TNPO3 had no significant
effect on uncoating of HIV-1 cores. Thus, RanGTP specifically
inhibited the ability of TNPO3 to stimulate the uncoating of
HIV-1 cores.
TNPO3 potentiates the antiviral activity of a small-molecule
antiviral compound that induces premature HIV-1 uncoating.
The small molecule PF74 inhibits HIV-1 infection by binding to
the viral capsid, resulting in premature uncoating (57). PF74 potently stimulates the uncoating of HIV-1 cores in vitro and in
target cells, thereby representing a potentially useful pharmacologic probe for studies of HIV-1 uncoating. To examine the potential effects of TNPO3 on HIV-1 uncoating in target cells, we
asked whether depletion of TNPO3 would alter the sensitivity of
HIV-1 infection to inhibition by PF74. We challenged control and
TNPO3-depleted cells with HIV-1 in the presence of various concentrations of PF74. PF74 inhibited HIV-1 infection of control
cells with a 50% inhibitory concentration (IC50) of approximately
0.15 M, consistent with previous observations (56) (Fig. 3A). In
TNPO3-depleted cells, the sensitivity of HIV-1 to PF74 was altered, albeit in an unusual manner: at lower concentrations, the
curve was shifted slightly to the right, and at higher concentrations
we reproducibly observed a reversal in the inhibition curve. Relative to wild-type HIV-1, the N74D mutant exhibited a 7-fold decrease in sensitivity to PF74 in HeLa cells (IC50 ⫽ 1.10 M). Moreover, its sensitivity to PF74 was not affected by TNPO3 depletion
(Fig. 3A). Similar to the case for N74D, other TNPO3-independent mutants, i.e., E45A, Q63A/Q67A, and 5mut, were equally
sensitive to PF74 in control and TNPO3-depleted cells (Fig. 3B).
Relative to wild-type HIV-1, the second-site suppressor mutation
R132T, which partially restored TNPO3 dependence of E45A,
rendered this mutant moderately less sensitive to PF74 in TNPO3depleted cells than in control cells. Mutants P38A and E213A,
which are partially dependent on TNPO3 for infection, had intermediate reductions in sensitivity to PF74 in TNPO3-depleted
cells. Thus, TNPO3 sensitizes HIV-1 to inhibition by PF74, and
this effect is correlated with the dependence of HIV-1 infection on
TNPO3.
To further examine the interplay between PF74 and TNPO3,
we quantified the effect of TNPO3 on PF74-induced uncoating in
vitro. TNPO3 stimulated the uncoating of cores by ⬃2.5-fold (Fig.
4). A subinhibitory concentration of PF74 (0.02 M) alone did
not stimulate uncoating, but addition of TNPO3 increased uncoating by ⬃3.5-fold (Fig. 4). A similar effect was observed at a
higher concentration of PF74, with 1.5-fold and 5-fold increases
over basal uncoating with PF74 alone and PF74 plus TNPO3, respectively. In sharp contrast, PF74 and TNPO3 effects on uncoating of N74D mutant cores were additive (Fig. 4). Results from
mixed-effects nonlinear regression indicated a synergistic interac-

FIG 3 TNPO3 sensitizes HIV-1 to inhibition by PF74. (A) Cells were inoculated with wild-type or N74D mutant HIV-GFP reporter particles in
the presence of the indicated concentrations of PF74. The extent of infection was determined 48 h later by quantifying GFP-positive cells. The results were normalized to the corresponding infections performed in the
absence of PF74. Normalized values are represented as means ⫾ SEM from
four independent experiments performed in duplicate. Asterisks above
each point represent the difference between sh-empty and sh-TNPO3 values at that particular concentration of PF74. *, P ⬍ 0.05; **, P ⬍ 0.01. (B)
Analysis of additional HIV-1 CA mutants for the effects of TNPO3 depletion on sensitivity to inhibition by PF74. Data represent means ⫾ SEM
from three independent experiments performed in duplicate.
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FIG 4 TNPO3 potentiates HIV-1 uncoating induced by PF74 in vitro. HIV-1
cores were incubated at 37°C for 45 min in the presence or absence of TNPO3
and PF74, and the extent of uncoating was quantified. Shown are the means ⫾
SEM from three independent experiments performed in duplicate. The dashed
lines represent basal uncoating in the absence of PF74 and TNPO3.

FIG 5 TNPO3 depletion affects a step in HIV-1 infection after nuclear entry. (A and B) Cells were challenged with wild-type or N74D virus in the presence or
absence of raltegravir. DNA was isolated from these cells at 7 and 24 h postinfection, followed by quantification of total viral DNA (A) and 2-LTR circles (B) by
qPCR. The data represent means ⫾ SEM from three independent experiments. (C) Immunoblot analysis was performed to ensure the integrity of subcellular
fractionation by using a cytoplasmic protein, GAPDH, and a nuclear protein, lamin B1. (D) Infection was performed as for panels A and B, and cells were lysed
and fractionated into cytoplasmic and nuclear fractions at 7 h and 24 h postinfection. Total viral DNA in the nuclear fractions was quantified by qPCR. Data
represents means ⫾ SEM from two separate experiments. (E) Whole-cell (Total), cytoplasmic (cyto), and nuclear (Nuc) lysates were resolved by SDS-PAGE and
immunoblotted for TNPO3. GAPDH and lamin B1 were used as markers to ensure the integrity of subcellular fractionation. The right panel shows the
quantitative distribution of TNPO3 in cytoplasmic and nuclear fractions of sh-empty and sh-TNPO3 cells. Data represents means ⫾ standard deviations (SD)
from three independent experiments.
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tion between TNPO3 and PF74 for the wild-type virus. For each
micromolar increase in the concentration of PF74, the percent
HIV-1 uncoating increased by 70.44 (95% CI, 40.06 to 100.82) per
micromolar of TNPO3. The interaction between TNPO3 and
PF74 (interaction effect) was not significant for N74D: 12.88 (95%
CI, ⫺25.11 to 50.86). The difference in the interaction effect for
the wild type versus N74D was significant: 57.57 (95% CI, 6.22 to
108.91). Taken together, these data demonstrate that TNPO3 sensitizes HIV-1 to the antiviral activity of PF74 during infection and
that TNPO3 potentiates HIV-1 uncoating induced by PF74 in
vitro.
TNPO3 is required at a post-nuclear entry stage of HIV-1.
Initial studies of TNPO3-depleted cells revealed a block to HIV-1
infection at nuclear entry (15, 17, 50), yet contradictory findings
have been reported (20, 51). To confirm which step of the HIV-1
life cycle is affected by depletion of TNPO3, we used quantitative
PCR (qPCR) to determine the extent of reverse transcription fol-

lowing infection of cells with either wild-type or N74D mutant
virus. In agreement with previous studies (14, 17, 20, 50, 51), we
detected no difference in the amount of the late reverse transcription (LRT) products synthesized in sh-empty and sh-TNPO3 cells
at both 7 and 24 h postinfection (Fig. 5A), confirming that HIV-1
reverse transcription is not dependent on TNPO3. As an initial
approach to test the efficiency of HIV-1 nuclear entry in TNPO3depleted cells, we quantified the levels of 2-LTR circles that accumulated in the presence or absence of an integrase inhibitor, raltegravir (RAL). Comparable levels of 2-LTR circles accumulated in
sh-empty and sh-TNPO3 cells inoculated with wild-type and
N74D HIV-1 (Fig. 5B), suggesting that HIV-1 nuclear entry is not
affected by TNPO3 depletion. Inclusion of RAL during infection
resulted in a 4-fold increase in accumulation of 2-LTR circles for
both wild-type and N74D HIV-1 in control cells at 24 h, as expected. However, RAL did not produce an increase in wild-type
2-LTR circles in sh-TNPO3 cells, nor did they accumulate to the
level observed in RAL-treated control cells. The lack of an effect of
RAL on the wild-type virus in sh-TNPO3 cells suggested that
HIV-1 is impaired for integration in these cells; however, the decreased accumulation relative to that in control cells suggested the
possibility of an additional impairment in nuclear entry or in the
formation or stability of 2-LTR circles.
While 2-LTR circles are often relied upon as a measure of
HIV-1 entry into the nucleus, it is conceivable that perturbation of
nuclear host factors such as TNPO3 might also directly alter
2-LTR circle formation or stability once the viral DNA has entered
the nucleus. To more directly assess the effect of TNPO3 on HIV-1
nuclear entry, we purified nuclei from control and TNPO3-depleted cells inoculated with wild-type virus. Nuclear DNA was
extracted and assayed for LRT products by qPCR. The quality of
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fractionation was confirmed by preparing whole-cell or nuclear
lysates from same number of cells and determining the relative
quantities of GAPDH (a cytoplasmic protein) in relation to lamin
B1 (a nuclear protein) in these lysates (Fig. 5C). We observed that
similar levels of LRT products were present in nuclear fractions
from sh-empty and sh-TNPO3 cells, indicating that TNPO3 depletion did not affect the levels of total nuclear HIV-1 DNA. Because TNPO3 did not affect the levels of LRT or nuclear HIV-1
DNA (Fig. 5D), we conclude that HIV-1 efficiently enters the nucleus in TNPO3-depleted cells but is impaired for integration (14,
20, 51). Furthermore, the impairment in accumulation of 2-LTR
circles in TNPO3-depleted cells in the presence of RAL suggests
that TNPO3 depletion results in decreased efficiency of 2-LTR
circle formation and/or stability. This effect of RAL was not observed with the N74D mutant. Our observations are consistent
with the recent findings of Valle-Casuso et al. (61) as well as De
Iaco and Luban (20), who also concluded that TNPO3 is not required for HIV-1 entry into the nucleus.
To study the subcellular distribution of TNPO3 in the cells, we
analyzed cytoplasmic, nuclear, and whole-cell lysates for TNPO3
by Western blotting. Analysis of the band intensities demonstrated that approximately 95% of TNPO3 was present in the cytoplasmic fraction (Fig. 5E). These results are in accord with the
recent report of Valle-Casuso et al. (61). We conclude that TNPO3
is localized primarily to the cytoplasm of HeLa cells. TNPO3 continuously shuttles between the cytoplasm and nucleus, and a predominant localization in the cytoplasm might simply be due to a
higher retention time in the cytoplasm upon binding to its cargoes.
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Cyclophilin A stabilizes the HIV-1 capsid and antagonizes
TNPO3 acceleration of uncoating in vitro. The host protein cyclophilin A (CypA) enhances HIV-1 infection by a poorly understood mechanism. CypA binds to the viral capsid following cell
entry. Mutations in CA, including the G89V substitution, lower
CypA binding affinity and reduce viral infectivity. A recent study
demonstrated that depending on the target cell type, the binding
of CypA either stabilizes or destabilizes the HIV-1 capsid in the
cells (36). However, biochemical evidence for a direct action of
CypA on HIV-1 capsid stability is lacking. Therefore, we tested the
effects of recombinant CypA on uncoating of purified HIV-1
cores in vitro. CypA inhibited uncoating of wild-type cores in a
dose-dependent manner, with an ⬃50% reduction at a concentration of 40 M (Fig. 6A). This potency is within the range to be
physiologically relevant, as the reported affinity of CypA for CA is
18 M (62), and intracellular concentrations of CypA are typically
around 20 M (63, 64). In contrast, CypA did not alter the uncoating of G89V mutant cores (Fig. 6A), demonstrating that the
effect of CypA on uncoating requires binding to CA.
These data indicate that CypA and TNPO3 exhibit opposing
effects on HIV-1 uncoating in vitro. Therefore, we examined the
effects of both CypA and TNPO3 on the uncoating of HIV-1 cores.
Under the specific conditions used, TNPO3 stimulated uncoating
of wild-type cores by ⬃100%, while CypA reduced the extent of
HIV-1 uncoating by 20% (Fig. 6B). Addition of CypA decreased
TNPO3-induced uncoating by ⬃80%. As expected, TNPO3-induced uncoating of G89V cores was not much affected by CypA
addition (Fig. 6B). Results from mixed-effects nonlinear regression presented strong evidence for an antagonistic interaction be-
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FIG 6 Cyclophilin A stabilizes HIV-1 cores and inhibits TNPO3-enhanced uncoating. (A) Wild-type and G89V cores were incubated at 37°C for 60 min in the
presence or absence of the indicated concentrations of cyclophilin A. Following incubation, the extent of uncoating was determined. Shown are the means ⫾ SEM
from two independent experiments performed in duplicate. Asterisks above the bars indicate differences in uncoating in the absence or presence of the indicated
concentration of cyclophilin A. *, P ⬍ 0.05; **, P ⬍ 0.01. (B) Uncoating of HIV-1 cores was assayed in the presence or absence of the indicated recombinant
proteins (TNPO3 [1 M] or CypA [20 M]). Shown are the means ⫾ SEM from three independent experiments performed in duplicate. (C and D) Cells were
infected with wild-type (C and D), N74D mutant (C), or G89V mutant (D) particles, and the extent of infection was quantified by flow cytometry for GFP
expression. Results are expressed as means ⫾ SEM from three independent experiments. Asterisks indicate differences between the fold changes in infectivity in
control versus sh-TNPO3 cells. *, P ⬍ 0.05.
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DISCUSSION

In the present study, we demonstrate that TNPO3 stimulates uncoating of purified HIV-1 cores in vitro. The point mutation
N74D in CA, which renders the virus independent of TNPO3,
reduced the effect of TNPO3 on HIV-1 uncoating in vitro.
RanGTP, a regulator of nucleocytoplasmic transport, inhibited
the ability of TNPO3 to stimulate uncoating of HIV-1 cores.
RanGTP acts as a molecular switch during nucleocytoplasmic
transport. After nuclear import of the importin-cargo complex,
RanGTP associates with the Ran-binding domain of the importin.
This process triggers a conformational change in importin and
subsequently relieves the interaction between importin and cargo
by reducing the affinity of the latter to the cargo-binding domain
of importin (reviewed in reference 59). In the case of TNPO3, the
C-terminal cargo-binding domain was recently reported to be important for CA binding (51). Our observation that RanGTP inhibits TNPO3-stmulated uncoating is consistent with this finding
and also demonstrates specificity of the effect of TNPO3 on HIV-1
uncoating in vitro.
We also observed that the antiviral activity of a small-molecule
capsid-targeting compound, PF74, was decreased in TNPO3-depleted cells. Reduction in PF74 sensitivity in TNPO3-depleted
cells was associated with TNPO3 dependence of the virus. PF74
inhibits HIV-1 infection at an early stage of HIV-1 infection by
inducing premature uncoating of the viral capsid in vitro and in
target cells (56, 57). We observed that the uncoating-stimulating
action of PF74 on HIV-1 cores in vitro was markedly stimulated by
TNPO3. The extent of uncoating by PF74 plus TNPO3 was greater
than the sum of the individual effects of each. These results suggest
that TNPO3 sensitizes HIV-1 to PF74 by synergizing with PF74 in
stimulating uncoating of HIV-1 capsid. Thus, in normal cells,
PF74 induces premature uncoating and markedly reduces infectivity, while in TNPO3-depleted cells, the compound may be less
effective in stimulating uncoating. We have previously concluded
that premature uncoating is detrimental to infection, as mutations
in CA that reduce the stability of the capsid are associated with
impaired infectivity (5). Therefore, we propose that TNPO3 stimulates uncoating in the cells and thereby enhances the antiviral
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activity of PF74, which induces premature uncoating of the viral
capsid, and this leads to a marked reduction in infectivity.
In accord with recent reports (20, 61), we observed that
TNPO3 is apparently not required for HIV-1 entry into the nucleus. Depletion of TNPO3 had no apparent effect on the efficiency of reverse transcription, nor did it appear to reduce the
levels of 2-LTR circles. Analysis of viral DNA in nuclear and cytoplasmic fractions of cells revealed accumulation of HIV-1 DNA in
the nucleus, suggesting that impaired nuclear entry does not account for the marked impairment in HIV-1 infection observed in
TNPO3-depleted cells. These observations suggest that a major
block to infection of TNPO3-depleted cells lies between nuclear
entry and integration. Depletion of TNPO3 has also been reported
to alter integration site selection (65), indicating that the host
protein can have both qualitative and quantitative effects on integration.
A nuclear function of TNPO3 in HIV-1 infectivity was also
proposed by Zhou et al. (51). In their study, the authors observed
that HIV-1 CA accumulates in the nuclei of cells depleted of
TNPO3; this effect was specific to wild-type HIV-1, since the
N74D mutant CA did not exhibit this phenotype. TNPO3 was
found to associate with CA and tRNA in pulldown assays using
viral lysates, although CA mutants were not examined, nor was a
direct interaction between CA and TNPO3 demonstrated. The
authors proposed that TNPO3 performs a nuclear maturation
step by removing CA bound to preintegration complexes (PICs)
and exporting CA and tRNA out of the nucleus. More recently,
Valle-Casuso et al. reported that TNPO3 binds to HIV-1 CA-NC
complexes in vitro (61). These findings together with our observation that TNPO3 can directly stimulate HIV-1 uncoating in
vitro suggest that the host protein may promote HIV-1 uncoating
in the nucleus, thus allowing export of the dissociated CA protein.
Our study also provides new insight into CypA action in HIV-1
infection. The mechanism of action of the CA-binding host protein CypA in the early stages of HIV-1 infection has been unclear
despite intensive study. Towers and coworkers reported that
CypA modulates the sensitivity of HIV-1 to host restriction factors, which is suggestive of a protective role in the cytoplasm (39).
Furthermore, Li et al. showed that CypA regulates the extent of
uncoating in a cell type-dependent manner (36). In the present
study, we observed that CypA directly stabilizes the HIV-1 capsid
in vitro and that binding of CypA to the incoming capsid modulates the dependence of HIV-1 infection on TNPO3. Thus, inhibiting the CA-CypA interaction either by CsA or by the point mutation G89V reduced the dependence of HIV-1 on TNPO3 in
target cells. Additionally, CypA also counteracted TNPO3-stimulated uncoating of the capsid in vitro. These observations suggest
that CypA and TNPO3 exhibit opposite effects on HIV-1 infectivity in HeLa cells, likely by modulating uncoating. Since CypA exhibits a cell type-specific effect on HIV-1 uncoating (36), it will be
interesting to study its effect on the TNPO3 dependence of HIV-1
in cell types in which the virus is more dependent on CypA for
infection.
Taken together, our results are consistent with a model in
which the binding of CypA to the incoming HIV-1 capsid prevents
premature uncoating, allowing for efficient reverse transcription
in the cytoplasm (25, 66) and/or intracytoplasmic transport to the
nucleus. The CypA-bound capsid may subsequently engage
TNPO3, localized to the cytoplasm, and enter the nucleus, where
CypA may then dissociate, thereby allowing TNPO3 to induce
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tween TNPO3 and CypA for the wild-type virus. The evidence was
weaker for the G89V virus. For each micromolar increase in the
concentration of CypA, the percent uncoating of HIV-1 cores decreased by ⫺0.34 (95% CI, ⫺0.57 to ⫺0.12) per micromolar of
TNPO3. The antagonistic interaction between TNPO3 and CypA
was borderline significant for G89V cores: ⫺0.26 (95% CI, ⫺0.53
to 0.011). To determine the effects of interplay between TNPO3
and CypA on HIV-1 infection, we inoculated control and
TNPO3-depleted cells with wild-type or N74D virus in the presence or absence of CsA (5 M), an inhibitor that prevents binding
of CypA to CA. Infection by wild-type HIV-1 was 13-fold lower in
TNPO3-depleted cells than in control cells (Fig. 6C). However, in
the presence of CsA, the decrease in infectivity was only 7.5-fold.
Furthermore, infectivity of G89V was reduced by 3-fold in
TNPO3-depleted cells, in contrast to the 13-fold reduction observed for the wild type (Fig. 6D). Viewed another way, addition of
CsA markedly stimulated HIV-1 infection of TNPO3-depleted
cells. Collectively, our results demonstrate that binding of CypA to
CA stabilizes HIV-1 cores in vitro and increases the requirement
for TNPO3 in HIV-1 infection.

TNPO3 and Cyclophilin A Modulate HIV-1 Uncoating

ACKNOWLEDGMENTS
We thank Ernest Yufenyuy and Andrew Flyak for assistance with the
structural model for CA and cell fractionation experiments, respectively.
The following reagents were obtained from the NIH AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH: HIV-1 p24
hybridoma (183-H12-5C) from Bruce Chesebro, HIV-1-IG from NABI
and NHLBI, psPAX2 (catalog number 11348) from Didier Trono, and
Efavirenz and Raltegravir (catalog number 11680) from Merck & Company, Inc.
This work was supported by NIH grants AI076121 (C.A.), GM082251
(J.A.), and AI052014 (A.E.).

REFERENCES
1. Ganser-Pornillos BK, Cheng A, Yeager M. 2007. Structure of full-length
HIV-1 CA: a model for the mature capsid lattice. Cell 131:70 –79.
2. Li S, Hill CP, Sundquist WI, Finch JT. 2000. Image reconstructions of
helical assemblies of the HIV-1 CA protein. Nature 407:409 – 413.
3. Pornillos O, Ganser-Pornillos BK, Kelly BN, Hua Y, Whitby FG, Stout
CD, Sundquist WI, Hill CP, Yeager M. 2009. X-ray structures of the
hexameric building block of the HIV capsid. Cell 137:1282–1292.
4. Pornillos O, Ganser-Pornillos BK, Yeager M. 2011. Atomic-level modelling of the HIV capsid. Nature 469:424 – 427.
5. Forshey BM, von Schwedler U, Sundquist WI, Aiken C. 2002. Formation of a human immunodeficiency virus type 1 core of optimal stability is
crucial for viral replication. J. Virol. 76:5667–5677.
6. Hulme AE, Perez O, Hope TJ. 2011. Complementary assays reveal a
relationship between HIV-1 uncoating and reverse transcription. Proc.
Natl. Acad. Sci. U. S. A. 108:9975–9980.

January 2013 Volume 87 Number 1

7. Perez-Caballero D, Hatziioannou T, Zhang F, Cowan S, Bieniasz PD.
2005. Restriction of human immunodeficiency virus type 1 by TRIMCypA occurs with rapid kinetics and independently of cytoplasmic bodies,
ubiquitin, and proteasome activity. J. Virol. 79:15567–15572.
8. Arhel NJ, Souquere-Besse S, Munier S, Souque P, Guadagnini S, Rutherford S, Prevost MC, Allen TD, Charneau P. 2007. HIV-1 DNA Flap
formation promotes uncoating of the pre-integration complex at the nuclear pore. EMBO J. 26:3025–3037.
9. McDonald D, Vodicka MA, Lucero G, Svitkina TM, Borisy GG, Emerman M, Hope TJ. 2002. Visualization of the intracellular behavior of HIV
in living cells. J. Cell Biol. 159:441– 452.
10. Aiken C. 2006. Viral and cellular factors that regulate HIV-1 uncoating.
Curr. Opin. HIV AIDS 1:194 –199.
11. Arhel N. 2010. Revisiting HIV-1 uncoating. Retrovirology 7:96.
12. Luban J. 2007. Cyclophilin A, TRIM5, and resistance to human immunodeficiency virus type 1 infection. J. Virol. 81:1054 –1061.
13. Strebel K, Luban J, Jeang KT. 2009. Human cellular restriction factors
that target HIV-1 replication. BMC Med. 7:48. doi:10.1186/17417015-7-48.
14. Brass AL, Dykxhoorn DM, Benita Y, Yan N, Engelman A, Xavier RJ,
Lieberman J, Elledge SJ. 2008. Identification of host proteins required for
HIV infection through a functional genomic screen. Science 319:921–926.
15. Konig R, Zhou Y, Elleder D, Diamond TL, Bonamy GM, Irelan JT,
Chiang CY, Tu BP, De Jesus PD, Lilley CE, Seidel S, Opaluch AM,
Caldwell JS, Weitzman MD, Kuhen KL, Bandyopadhyay S, Ideker T,
Orth AP, Miraglia LJ, Bushman FD, Young JA, Chanda SK. 2008.
Global analysis of host-pathogen interactions that regulate early-stage
HIV-1 replication. Cell 135:49 – 60.
16. Kataoka N, Bachorik JL, Dreyfuss G. 1999. Transportin-SR, a nuclear
import receptor for SR proteins. J. Cell Biol. 145:1145–1152.
17. Christ F, Thys W, De Rijck J, Gijsbers R, Albanese A, Arosio D,
Emiliani S, Rain JC, Benarous R, Cereseto A, Debyser Z. 2008. Transportin-SR2 imports HIV into the nucleus. Curr. Biol. 18:1192–1202.
18. Cribier A, Segeral E, Delelis O, Parissi V, Simon A, Ruff M, Benarous
R, Emiliani S. 2011. Mutations affecting interaction of integrase with
TNPO3 do not prevent HIV-1 cDNA nuclear import. Retrovirology 8:104.
19. Krishnan L, Matreyek KA, Oztop I, Lee K, Tipper CH, Li X, Dar MJ,
Kewalramani VN, Engelman A. 2010. The requirement for cellular transportin 3 (TNPO3 or TRN-SR2) during infection maps to human immunodeficiency virus type 1 capsid and not integrase. J. Virol. 84:397– 406.
20. De Iaco A, Luban J. 2011. Inhibition of HIV-1 infection by TNPO3
depletion is determined by capsid and detectable after viral cDNA enters
the nucleus. Retrovirology 8:98.
21. Lee K, Ambrose Z, Martin TD, Oztop I, Mulky A, Julias JG, Vandegraaff N, Baumann JG, Wang R, Yuen W, Takemura T, Shelton K,
Taniuchi I, Li Y, Sodroski J, Littman DR, Coffin JM, Hughes SH,
Unutmaz D, Engelman A, KewalRamani VN. 2010. Flexible use of
nuclear import pathways by HIV-1. Cell Host Microbe 7:221–233.
22. Franke EK, Yuan HEH, Luban J. 1994. Specific incorporation of cyclophilin A into HIV-1 virions. Nature 372:359 –362.
23. Luban J, Bossolt KL, Franke EK, Kalpana GV, Goff SP. 1993. Human
immunodeficiency virus type 1 Gag protein binds to cyclophilins A and B.
Cell 73:1067–1078.
24. Thali M, Bukovsky A, Kondo E, Rosenwirth B, Walsh CT, Sodroski J,
Gottlinger HG. 1994. Functional association of cyclophilin A with HIV-1
virions. Nature 372:363–365.
25. Braaten D, Franke EK, Luban J. 1996. Cyclophilin A is required for an
early step in the life cycle of human immunodeficiency virus type 1 before
the initiation of reverse transcription. J. Virol. 70:3551–3560.
26. Gamble TR, Vajdos FF, Yoo S, Worthylake DK, Houseweart M,
Sundquist WI, Hill CP. 1996. Crystal structure of human cyclophilin A
bound to the amino-terminal domain of HIV-1 capsid. Cell 87:1285–
1294.
27. Bosco DA, Eisenmesser EZ, Pochapsky S, Sundquist WI, Kern D. 2002.
Catalysis of cis/trans isomerization in native HIV-1 capsid by human cyclophilin A. Proc. Natl. Acad. Sci. U. S. A. 99:5247–5252.
28. Bosco DA, Kern D. 2004. Catalysis and binding of cyclophilin A with
different HIV-1 capsid constructs. Biochemistry 43:6110 – 6119.
29. Howard BR, Vajdos FF, Li S, Sundquist WI, Hill CP. 2003. Structural
insights into the catalytic mechanism of cyclophilin A. Nat. Struct. Biol.
10:475– 481.
30. Ylinen LM, Schaller T, Price A, Fletcher AJ, Noursadeghi M, James LC,
Towers GJ. 2009. Cyclophilin A levels dictate infection efficiency of hu-

jvi.asm.org 431

Downloaded from http://jvi.asm.org/ on October 4, 2019 by guest

uncoating required for integration. Following uncoating in the
nucleus, RanGTP may then bind to the CA-TNPO3 complex and
dissociate it, thus allowing export of CA to the cytoplasm (51).
This model suggests that HIV-1 uncoating is not completed in the
cytoplasm of the infected cells, and it is consistent with reports
that intact cores can be observed docking to the nuclear pore (8)
and that CA can be observed in the nuclei of infected cells (51).
While our biochemical data suggest that TNPO3 directly promotes uncoating of HIV-1, it remains possible that TNPO3 acts
indirectly by modulating the levels or intracellular localization of
another host factor. Of particular interest is CPSF6: expression of
a truncated form of this protein (CPSF6-358) blocks HIV-1 infection by targeting the capsid, and mutations in CA that confer
resistance to CPSF6-358 also render HIV-1 less dependent on
TNPO3 expression (21). Thus, sensitivity to CPSF6-358 inhibition appears to be tightly correlated with a requirement for
TNPO3 in HIV-1 infection. CPSF6 is an SR protein (67) and may
be a substrate for TNPO3-dependent nuclear transport, thereby
potentially sequestering CPSF6 from the incoming HIV-1 core.
Interestingly, PF74 was recently demonstrated to completely inhibit binding of CPSF6313-327 peptide to CA-NTD (68).
The viability of TNPO3 as a potential therapeutic target is currently unknown. Karyopherins such as TNPO3 play critical roles
in regulating nuclear trafficking, making it likely that their inhibition will result in cellular toxicity. In the course of our studies, we
observed that depletion of TNPO3 via shRNA transduction is of
limited durability; the stably selected populations regain TNPO3
expression during 2 to 3 weeks of culture, indicative of a growth
disadvantage. We were able to observe a strong effect of TNPO3
depletion on HIV-1 infection only during a limited temporal window of culturing the cells after shRNA transduction and selection.
Additional studies of the molecular mechanism of TNPO3 action
in retrovirus infection may reveal novel approaches to selectively
interfere with viral or cellular targets that are specific for HIV-1.
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