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The initial steps of HIV replication in host cells prime the virus 
for passage through the nuclear pore and drive the establish-
ment of a productive and irreparable infection1,2. The timely 
release of the viral genome from the capsid—referred to as 
uncoating—is emerging as a critical parameter for nuclear 
import, but the triggers and mechanisms that orchestrate 
these steps are unknown. Here, we identify β-karyopherin 
Transportin-1 (TRN-1) as a cellular co-factor of HIV-1 infection, 
which binds to incoming capsids, triggers their uncoating and 
promotes viral nuclear import. Depletion of TRN-1, which we 
characterized by mass spectrometry, significantly reduced the 
early steps of HIV-1 infection in target cells, including primary 
CD4+ T cells. TRN-1 bound directly to capsid nanotubes and 
induced dramatic structural damage, indicating that TRN-1 is 
necessary and sufficient for uncoating in vitro. Glycine 89 on 
the capsid protein, which is positioned within a nuclear local-
ization signal in the cyclophilin A-binding loop, is critical for 
engaging the hydrophobic pocket of TRN-1 at position W730. 
In addition, TRN-1 promotes the efficient nuclear import of 
both viral DNA and capsid protein. Our study suggests that 
TRN-1 mediates the timely release of the HIV-1 genome from 
the capsid protein shell and efficient viral nuclear import.

Human immunodeficiency virus (HIV) is released into the 
host cell cytoplasm as a viral RNA genome encased in a shell of 
hexagonal arrangements of capsid protein (CA) monomers1. The 
capsid is thought to shield the viral genome from cellular innate 
immune sensors3,4 and to create a micro-environment in which 
the viral reverse transcriptase can convert the RNA genome into 
double-stranded DNA. It also plays a determining role in the early 
steps of replication, as it mediates interaction with both the cyto-
skeleton and nuclear pore complexes (NPC)1. However, efficient 
infection ultimately relies on the ability of the viral genome to 
escape the CA core, which releases the pre-integration complex 
(PIC) for active transport through the nuclear pore and integra-
tion in the host genome. Although it is generally accepted that 
timely CA shedding is a prerequisite to productive infection1, the 
mechanism is unknown.

Given that HIV uncoating is connected to nuclear entry2, we rea-
soned that the cellular proteins that bind to both the CA and karyo-
pherins might be potential co-factors of HIV uncoating and nuclear 

import. A previous yeast-two-hybrid screen of the HIV-1 CA per-
formed in our laboratory identified a heterogeneous ribonucleo-
protein (hnRNP E1) as a potential CA partner5. As many hnRNPs 
are a cargo of the cellular transport receptor Transportin-1 (TRN-1; 
gene name, TNPO1)6, we investigated the role of both hnRNP E1 
and TRN-1 on HIV-1 infection. The knockdown of hnRNP E1 did 
not impact HIV-1 infection but TRN-1 knockdown led to a strong 
inhibition of infection, implying that it could be a co-factor of HIV 
uncoating or nuclear import (Extended Data Fig. 1a). TRN-1 is a 
β-karyopherin (β-Kap) that binds to cargoes in the cytoplasm with-
out adaptors, targets them to the nucleus through the NPC and 
releases them in the nucleus following RanGTP binding. The exper-
imentally demonstrated and predicted TRN-1 substrates are almost 
exclusively proteins involved in transcription and RNA processing, 
with hnRNP A1 being the first and best-characterized example6.

Given that other β-Kaps have previously been linked to HIV-1 
infection7,8, we tested whether the effect of TRN-1 on HIV might be 
indirect. First, we showed that TRN-1 depletion was specific and did 
not disrupt the expression of other β-Kaps (Imp-β1, Imp-5, Imp-7, 
Transportin-3 (TRN-SR2 or TRN-3; gene name, TNPO3); Extended 
Data Fig. 1b). Moreover, we noted that TRN-1 knockdown had the 
strongest impact on HIV-1 infectivity compared with other β-Kaps 
(Extended Data Fig. 1c). Second, we confirmed that TRN-1 deple-
tion did not significantly reduce cell viability (Extended Data Fig. 
1d) or visibly disrupt nuclear pore integrity (Extended Data Fig. 1e). 
Although TRN-1-knockdown (shTRN-1) cells did proliferate at a 
slower rate (Extended Data Fig. 1f), this is not expected to impact 
the nuclear import of lentiviruses such as HIV, which do not require 
nuclear envelope rupture to access the nucleus7. Third, we investi-
gated whether TRN-1 depletion might upset the localization of a 
host factor important for HIV infection. We used mass spectrom-
etry to analyse molecules with cytosolic accumulation in shTRN-1 
cells compared with cells transduced with an empty control (EC) 
lentiviral vector or depleted for another β-Kap (shImpβ-1). The cells 
were treated with the CRM1-dependent export inhibitor leptomy-
cin B (LMB) before fractionation to enhance the detection of shut-
tling proteins with short nuclear residency (Extended Data Fig. 2a). 
Among the proteins that were specifically and significantly enriched 
in shTRN-1 cytosols (Extended Data Fig. 2b) compared with either 
the EC or shImpβ-1 controls (91 proteins), we found previously 
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identified TRN-1 cargoes6—such as hnRNP family proteins and 
ADAR1—but no known cellular interacting partner of the HIV-1 
PIC, such as cyclophilin A (CypA), nucleoporins, lens epithelium-
derived growth factor (LEDGF/p75) or cleavage and polyadenyl-
ation specificity factor (CPSF6; Extended Data Fig. 2c,d). Together, 
our findings support a direct role for TRN-1 on HIV-1 infection.

Infection by HIV-derived vectors in HeLa and HEK 293T cells 
(Fig. 1a), and by full-length virus—both wild-type (WT) or vesicu-
lar stomatitis virus glycoprotein (VSVG)-pseudotyped HIV-1—in 

P4 cells (transactivation response element (TAR)-β-galactosidase 
(β-gal) indicator cells) was reduced by the knockdown of TRN-1. 
The knockdown of TRN-3, which has been suggested to promote 
HIV-1 integration rather than nuclear import9–11, had little effect 
in this assay (Fig. 1b). The defect in infectivity observed following 
TRN-1 knockdown was rescued by transfection of TRN-1, thus 
confirming specificity (Fig. 1c). Moreover, despite 84% identity with 
TRN-1 (ref. 6), Transportin-2 (gene name, TNPO2) did not impact 
HIV-1 infection when depleted (Fig. 1d). Finally, HIV-1 infectivity 

CD4+ T cells

EC

sh
TRN-1

EC

sh
TRN-10

50

100

150

P
er

ce
nt

ag
e 

in
fe

ct
iv

ity

****

Ctrl

TRN-1
 K

D

TRN-2
 K

D
100

101

102

103

N
or

m
al

iz
ed

 in
fe

ct
iv

ity
 (

r.
l.u

.)

Ctrl

TRN-1
 K

D

TRN-2
 K

D
0

50

100

150

P
er

ce
nt

ag
e 

m
R

N
A

no
rm

al
iz

ed
 to

 R
P

L1
3a

TRN-1
TRN-2

EC +
 ct

rl

EC +
 ct

rl

sh
TRN-1

 +
 ct

rl
sh

TRN-1
 +

 ct
rl

sh
TRN-1

 +
 p

TRN-1

sh
TRN-1

 +
 p

TRN-1

0.1

1

10

100

1,000

P
er

ce
nt

ag
e 

in
fe

ct
iv

ity

VSVG env

EC

sh
TRN-1

sh
TRN-3

0.1

1

10

100

1,000

P
er

ce
nt

ag
e 

in
fe

ct
iv

ity

***
WT env

0.1

1

10

100

1,000

P
er

ce
nt

ag
e 

in
fe

ct
iv

ity

***

EC

sh
TRN-1

EC

sh
TRN-1

0

50

100

150

R
el

at
iv

e 
T

R
N

-1
 n

or
m

al
iz

ed
to

 a
ct

in

0.1 1 10 100
104

105

106

107

108

m.o.i.

Lu
ci

fe
ra

se
 a

ct
iv

ity
 (

r.
l.u

.)

Lu
ci

fe
ra

se
 a

ct
iv

ity
 (

r.
l.u

.)

HEK 293T EC

HEK 293T shTRN-1

0.1 1 10 100
102

103

104

105

106

107

m.o.i.

HeLa EC

HeLa shTRN-1

c

e

a

b

d

100

Size (kDa)

Size (kDa)

Size (kDa)

-

55 -

100 -

55 -

TRN-1

Tubulin

100 -

55 -

TRN-1

Actin

TRN-1

Actin

EC

sh
TRN-1

sh
TRN-3

Fig. 1 | TrN-1 promotes the early steps of HIV-1 infection. a, TRN-1 promotes HIV-1 transduction. HeLa and HEK 293T cells were transduced with 
either EC or shTRN-1 vectors and then infected with a CMV-Luc lentiviral vector at the indicated multiplicity of infection (m.o.i.). Luciferase activity was 
measured at 2 d post infection (d.p.i.; left). The graphs show the mean ± s.d. (n = 3 replicates) and are representative of three independent experiments. 
A representative western blot and the quantification from three independent experiments (mean ± s.e.m.) show the level of knockdown in HeLa cells 
(right). r.l.u., relative light units. b, TRN-1 promotes HIV-1 infection. P4 TAR-β-gal indicator cells were transduced with the EC, shTRN-1 or shTRN-3 vectors 
and then infected with HIV-1 (left) or HIV-1–VSVG (right). The β-gal activity was measured at 2 d.p.i. Results show the mean ± s.d. of three independent 
experiments performed in triplicate. ***P = 0.0002 and <0.0001 for the WT and VSVG envelope (env), respectively. c, Infectivity is rescued by the add-
back of TRN-1. P4 TAR-β-gal indicator cells were transduced with EC or shTRN-1 vectors, transfected with pcDNA3.1 (Ctrl) or pcDNA3.1–HA–TRN-1 
(pTRN-1) and then infected with HIV-1–VSVG. The β-gal activity was measured at 2 d.p.i. Results are shown as the mean ± s.d. (n = 3 replicates) and are 
representative of two independent experiments. A representative western blot shows TRN-1 protein levels (right). d, HeLa cells were treated with siRNA 
against TRN-1 or TRN-2 and then infected with a CMV-Luc vector. Knockdown was assessed by qPCR (left) and infectivity by plate luminometry (right). 
Results show individual values with the mean ± s.d. from two independent experiments performed in triplicate. KD, knockdown. e, Knockdown of TRN-1 
reduces HIV-1 infection in primary CD4+ T cells. CD4+ T cells were transduced with EC or shTRN-1 vectors and then infected with HIV-1–GLuc–VSVG.  
The luciferase activity was measured at 3 d.p.i. Results show the individual values and mean ± s.d. from three independent experiments (left). ****P < 0.0001.  
A representative western blot shows the level of TRN-1 knockdown (right).

NATure MICroBIoLoGY | www.nature.com/naturemicrobiology

http://www.nature.com/naturemicrobiology


LettersNature Microbiology

was also significantly reduced in CD4+ T cells depleted of TRN-1, 
confirming that TRN-1 promotes the early steps of infection in nat-
ural target cells (Fig. 1e). The dependency of HIV-1 on TRN-1 for 
infection was observed across different read-outs, with variations in 
fold effects (from 1.3- to circa 100-fold) depending on the dynamic 
range of the assay (Extended Data Fig. 3a).

We tested components of the reverse transcription complex for 
their ability to bind TRN-1 to define how TRN-1 interacts with 
HIV-1 in cells. No interaction could be demonstrated between hae-
magglutinin (HA)-TRN-1 and either FLAG-tagged integrase or 
FLAG-tagged CA following transient transfection (Extended Data 
Fig. 3b,c). However, CA and TRN-1 were readily co-immunopre-
cipitated in HIV-1-infected cells (Fig. 2a), suggesting that TRN-1 
binds to the incoming cores. Although TRN-1 is predominantly 
nuclear, endogenous protein was also detected in the cytoplasm and 
at nuclear pores (Extended Data Fig. 3d), and endogenous TRN-1 
colocalized with CA near the nuclear envelope and interacted in 
proximity ligation assays in infected cells (Fig. 2b and Extended 
Data Fig. 3e), indicating that TRN-1 can intercept HIV-1 capsids in 
the cytoplasm and at the nuclear envelope.

TRN-1 binds its substrates via a diverse range of unconven-
tional nuclear localization signals (NLSs) that share only marginal 
sequence homology to the M9 sequence identified in hnRNP A1 
(ref. 12). Some rules have nevertheless been proposed for NLSs that 
are likely to be recognised by TRN-1 (ref. 13). They typically exist 
within a stretch of approximately 30 residues that is structurally dis-
ordered and overall positively charged with two key regions of con-
tact, a C-terminal PY motif and a central G motif6,13,14. Alignment 
with the TRN-1-binding motifs of known cargoes, including a 
recently identified motif in the influenza A virus M1 protein15, iden-
tified a hydrophobic patch in the HIV-1 CA containing a glycine 
that is critical for recognition by TRN-1 in other known cargoes 
(highlighted in purple in Fig. 2c)13 and downstream basic residues 
(blue). The glycine at position 89 is in an exposed loop of the HIV-1 
CA and is highly conserved across different HIV-1 subtypes16. 
Together with the proline at position 90, it is involved in binding to 
the peptidylprolyl isomerase CypA17.

We examined the dependency of a G89V mutant virus on TRN-1 
to determine the importance of the glycine at position 89 in medi-
ating recognition by TRN-1. We found that the G89V mutant, but 
not P90A, decreased the dependency on TRN-1 in infectivity assays 
(Fig. 2d). Although the G89V mutant virus is partly defective for 
replication (Extended Data Fig. 4a), the loss of dependency on 
TRN-1 suggested that the glycine at position 89 might be involved 
in the phenotype. However, binding of CypA at this position is 
unlikely to play a determining role, given that the P90A mutant 
(which no longer binds CypA16) was still dependent on TRN-1 for 

infection. None of the other HIV-1 mutants we tested (225T, Q168L 
and N74D) affected the dependency of HIV-1 on TRN-1 (Extended 
Data Fig. 4b).

The equivalent glycine (Gly87) in the related but less pathogenic 
lentivirus HIV-2 is not correctly positioned on the exposed loop, 
which results in less efficient binding of CypA3,18. We reasoned that 
this mispositioning could also affect binding to TRN-1 and therefore 
compared the dependency of HIV-1 and HIV-2 on TRN-1. Unlike 
HIV-1, we did not observe any significant change in infectivity of 
HIV-2 following knockdown of TRN-1 (Fig. 2e), confirming that 
the positioning of the glycine within the exposed loop of the CA is 
likely to be critical for the TRN-1 recognition of CA. Remarkably, 
a mutation in HIV-2 (HIV-ac2), which is likely to reposition the 
glycine in the catalytic site and restore efficient binding to CypA 
(Extended Data Fig. 4c)3, restored TRN-1 dependency, confirm-
ing that the glycine at position 89 on HIV-1 is key in mediating the 
interaction with TRN-1 (Extended Data Fig. 4d).

Next, surface plasmon resonance was used to assess whether 
TRN-1 binds directly to the HIV-1 CA and to confirm that Gly89 
mediates recognition. Wild-type and G89V capsid/nucleocapsid 
(CANC) proteins were produced at high purity, assembled in vitro 
into tubular structures as previously described (Extended Data 
Fig. 5a)19,20 and immobilized on separate flow cells. Unassembled 
CANC, which forms dimers in solution (Extended Data Fig. 5b), 
was included as a control. The HIV-1 CANC nanotubes and dimers 
were incubated with purified recombinant TRN-1 (Extended Data 
Fig. 5c) or CypA (Extended Data Fig. 5d). In contrast to assembled 
WT CANC tubes, to which TRN-1 readily bound, no binding was 
detected between TRN-1 and the G89V CANC tubes or between 
TRN-1 and the unassembled WT CANC protein (Fig. 2f). The 
equilibrium dissociation constant (Kd) of TRN-1 for the CANC 
tubes was estimated to be around 70 nM (Fig. 2g and Extended Data 
Fig. 5e), compared with 1.5 µM for CypA with the CANC tubes 
(Extended Data Fig. 5f), which is concordant with the literature17.

As CypA and TRN-1 both bind to the CA in a Gly89-dependent 
manner, and given the higher binding affinity of CA to TRN-1 
(2.5 log higher), we reasoned that TRN-1 should displace CypA 
from CA during infection. To test this, we produced viruses with 
CypA–DsRed incorporation21 and quantified the CA–CypA colo-
calization at both early and late time points following infection in 
control and shTRN-1 cells (Fig. 2h). Alternatively, we performed 
CA pulldown from infected cells and probed for the presence of 
CypA (Extended Data Fig. 5g). Although CypA colocalization or 
co-immunoprecipitation with CA decreased with time following 
the infection of control cells, this effect was lost in cells depleted 
of TRN-1 (Fig. 2h and Extended Data Fig. 5h). Treatment with the 
cyclosporin A analogue Debio-025 (ref. 22) displaced CypA from CA 

Fig. 2 | TrN-1 binds to assembled HIV-1 CA cores in cells and in vitro. a, Haemagglutinin immunoprecipitation (IP) at 6 h.p.i. in HEK 293T cells transfected 
with HA–TRN-1 or empty plasmid, followed by HA and CA western blotting. Images are representative of two independent experiments. b, Colocalization 
analysis of TRN-1 and CA in HeLa cells at 6 h.p.i. on three independent stacks with a total of 713 CA spots (mean ± s.d.). The arrows indicate points of 
colocalization. Scale bar, 10 µm. c, Alignment of the HIV-1 CA with known TRN-1 interaction motifs highlighting the following key features: a hydrophobic 
patch (purple) containing a glycine (underlined), followed by basic residues (blue) and a PY motif (red). IAV M1, influenza A virus M1. FUS, fused in 
sarcoma protein. d, Luciferase activity at 2 d.p.i. in HeLa and HEK 293T cells infected with Luc reporter viruses containing WT (left) or G89V (middle) 
and P90A (right) mutant capsids. Results show the mean ± s.d. from three independent experiments performed in triplicate. **P = 0.0078 and 0.0039 for 
WT and P90A, respectively; n.s., P = 0.0781. e, HIV-1 and HIV-2 GFP expression in EC and shTRN-1 HeLa cells at 48 h.p.i. (m.o.i. of 1). Representative flow 
cytometry results are shown for a single experiment (left) and the graphs show the values from three independent experiments performed at a m.o.i. of 
5, 1 and 0.5 (right). **P = 0.0078; n.s., P = 0.0625. f, Comparative single-cycle kinetics of TRN-1, injected at 10, 100 and 1000 nM, on assembled WT and 
G89V CANC tubes, and non-assembled CANC protein immobilized on a CM5 sensor chip performed on a T200 SPR apparatus. Results are representative 
of three independent experiments. RU, resonance units. g, The binding affinity of TRN-1 to HIV-1 nanotubes was assessed by single-cycle kinetic titration 
of TRN-1 injected at twofold increasing concentrations (62.5–1,000 nM). The thin curve is the fitting curve. This experiment was performed twice with 
similar results. h, Percentage of CypA signal colocalizing with the CA in infected EC or shTRN-1 HeLa cells (right). The mean ± s.e.m. is shown. Two or 
more separate image stacks containing a total of 30–40 cells from two independent experiments were analysed for each condition. Cells were treated with 
200 nM Debio-025 for 2 h before infection to serve as controls. The images illustrate the first two bars of the graph in the blue box (left). The arrows point 
to capsids that are CypA negative at 6 h.p.i. Scale bars, 5 µM.

NATure MICroBIoLoGY | www.nature.com/naturemicrobiology

http://www.nature.com/naturemicrobiology


Letters Nature Microbiology

with the same efficiency that was observed in cells where TRN-1 
was present. However, the displacement of CypA did not play a 
role in the TRN-1 phenotype observed during HIV-1 infection, 

given that the dependency on TRN-1 could not be rescued by the 
knockdown of CypA, treatment with cyclosporin A (Extended Data  
Fig. 5h) or the P90A CA mutation (Fig. 2d).
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Having established that TRN-1 binds to the HIV-1 CA lattices in 
cells and in vitro, we investigated how this interaction determines 
the cytoplasmic fate of the incoming cores. First, CA expression 
and localization was monitored at given time points post infection 
in the presence of the integrase inhibitor raltegravir to prevent the 
de novo expression of CA. The CA signal in control cells decreased 
between 6 and 8 h post infection (h.p.i.), coinciding with uncoating 
and nuclear import21,23. In contrast, the levels of CA increased in 
shTRN-1 cells and was readily detected throughout the cytoplasm 
even at 24 h.p.i., which denoted a failure to shed CA (Extended 
Data Fig. 6a,b). No cytoplasmic accumulation of CA was observed 
in shTRN-3 cells (Extended Data Fig. 6b). As β-Kaps have been 
shown to associate with microtubules24, we questioned whether this 
defect might reflect an inability of the viral complexes to reach the 
nuclear envelope, which is a favoured site for uncoating for many 
viruses7,25. However, quantification of the CA spots present within 
0.3 μm of the nuclear periphery indicated that capsids reached the 
nuclear envelope by 4 h.p.i. in all samples (41% and 57% of total CA 
for the EC and shTRN-1 samples, respectively) but that these then 
scattered back in the cytoplasm in the absence of TRN-1 (Extended 
Data Fig. 6c).

To address whether TRN-1 promotes HIV-1 uncoating in cells, 
the stability of viral cores was assessed in cells stably transduced 
with the EC and shTRN-1 vectors at 6 h following HIV-1 infection 
using a fate-of-capsid assay. The cytosol of the infected cells was 
layered onto a sucrose cushion, after which ultracentrifugation 
yielded soluble CA in the uppermost fraction and CA cores in the 

pellet as previously described26 (Fig. 3a). Soluble CA, indicative of 
full uncoating, was readily detected in the EC-control cytosols but 
was reduced by 77 ± 12% (mean ± s.d.) in cells depleted of TRN-1 
(gel imaging analysis from three independent experiments), dem-
onstrating a defect in uncoating in the absence of TRN-1. Treatment 
with Debio-025, which overrides the inability of capsids to shed 
CypA in the absence of TRN-1 (Fig. 2h), did not restore efficient 
uncoating, thus confirming that TRN-1 is required for uncoating 
irrespective of whether or not CypA is present.

To confirm whether TRN-1 can uncoat HIV-1, we performed 
in vitro uncoating assays by combining HIV-1 capsids isolated from 
virions5 with recombinant TRN-1 (Extended Data Fig. 6d,e) for 
1 h at 4 °C. The degree of CA shedding was assessed by ELISA of 
the uppermost fraction containing soluble CA after sucrose den-
sity ultracentrifugation. The results showed that TRN-1 induced 
complete uncoating, similar to 5% Triton X-100 (Fig. 3b). TRN-1 
makes two essential points of contact with its cognate NLS: with 
the C-terminal PY motif via a hydrophobic patch that includes 
residue W460 and with the central GP motif via a hydrophobic 
pocket formed by W730 (ref. 13). We therefore tested the ability 
of the W460A and W730A mutants to uncoat HIV-1 in vitro. The 
W460A mutant behaved like the WT TRN-1, whereas uncoating 
was strongly reduced by the W730A mutation, arguing that this res-
idue is critical for binding to the capsid (Fig. 3b). Therefore, bind-
ing of TRN-1 to the CA probably involves interactions between the 
hydrophobic pocket formed by W730 on TRN-1 and the glycine at 
position 89 on the CA.
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Fig. 3 | TrN-1 triggers HIV-1 uncoating in cells and in vitro. a, TRN-1 uncoats HIV-1 in cells. HeLa cells stably transduced with EC or shTRN-1 vectors were 
infected with VSVG-pseudotyped HIV-1. At 6 h.p.i., soluble CA and still assembled cores were separated by ultracentrifugation on a sucrose cushion and 
analysed by western blotting of the CA signal (left). The blots are representative of three independent experiments (right). b, Recombinant TRN-1 (rTRN-1) 
uncoats the HIV-1-derived cores and activity maps to W730. HIV-1 CA cores, prepared by ultracentrifugation of HIV-1 virions on a sucrose cushion with 
0.01% Triton X-100, were incubated with purified TRN-1 (WT or W460A and W730A mutants) for 1 h at 4 °C and then ultracentrifuged on a sucrose 
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TRN-1 induces structural damage of CANC tubes assembled in vitro. The WT and G89V self-assembled CANC tubes were adsorbed on a mica surface 
coated with poly-l-lysine, incubated with recombinant TRN-1 at 20 °C and imaged by atomic force microscopy in buffer. The reaction was followed by 
recording images every 10 min. The incubation times are indicated. The arrows point to tube breakage, alterations and surface movements. The displayed 
images are representative of three independent experiments. Scale bars, 500 nm.
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As capsids isolated from virions contain many cellular pro-
teins27, we could not exclude that TRN-1 interacts indirectly with 
the cores. We therefore assessed the effect of recombinant TRN-1 
on assembled CANC over time using atomic force microscopy. The 
kinetic reaction showed a succession of structural damage to the 
WT CANC tubes at 20 °C within 10 min of the addition of 50 nM 
TRN-1 protein (Fig. 3c). The tubes mostly underwent structural 
alterations and sectioning, which resulted in the release of shorter 
fragments, partial or total desorption and surface movements (Fig. 
3c). No such morphological alterations, movements or desorp-
tion were observed with the CANC tubes alone or with the G89V 
mutant tubes incubated with TRN-1, even after a prolonged period 
of time (75 min) and following an increase of the TRN-1 concentra-
tion to 200 nM, demonstrating that TRN-1 strongly destabilizes the 
structure of the HIV-1 capsid and that the Gly89 residue is criti-
cal for recognition by TRN-1. Moreover, these in vitro experiments 
indicate that TRN-1 alone is a major uncoating factor in the absence 
of other cellular proteins or a reverse transcription reaction.

We performed molecular docking simulations to gain structural 
insights into the potential binding mode of TRN-1 to the HIV-1 
capsid. Rigid docking of TRN-1 on a CA hexamer illustrated how 
the CypA-binding loop might fit in the TRN-1 pocket—formerly 
identified to be involved in protein interaction—and notably near 
the critical Trp730 residue (Fig. 4a–c). According to the docking 
prediction, TRN-1 may have other points of contact with the CA 
beside Gly89; in particular, it may insert itself between hexamers, 
which could induce strong steric hindrance and uncoating.

Although the effect of TRN-1 on HIV-1 uncoating can alone 
account for the decrease in infection observed in cells depleted of 
TRN-1 (Fig. 1), its cellular function as a nuclear transporter led 
us to address whether it could also mediate the nuclear import of 
HIV-1 after uncoating. We first measured the impact of TRN-1 
depletion on HIV-1 reverse transcription and nuclear import by 
quantifying viral DNA in the nucleus by quantitative PCR (qPCR) 
amplification of the two long-terminal repeat (2-LTR) junctions 
and integrated provirus. TRN-1 knockdown did not impair over-
all levels of viral DNA measured in infected cells but impaired the 
nuclear accumulation of viral DNA, which may simply confirm 
that uncoating is a prerequisite for nuclear import (Fig. 4d). The 
dependency on TRN-1 for HIV-1 infection was maintained in cells 
arrested in the G1/S phase with aphidicolin, suggesting that TRN-1 
favours a nuclear entry pathway that involves passage through the 
NPC (Extended Data Fig. 7a).

Although capsids are unlikely to pass through NPCs due to 
their high molecular weight, nuclear CA signal has been detected 
in infected cells28,29 and is proposed to participate in post-nuclear 
import steps of HIV-1 replication30. We therefore investigated 
whether TRN-1 can mediate CA transport to the nucleus. Given 
that TRN-1 binds to cargoes by recognising a NLS, we questioned 
whether the TRN-1 recognition sequence on the CA is a bona fide 
NLS. Three different candidate sequences present on the exposed 

loop of the HIV-1 CA were tested for their capacity to target glu-
tathione S-transferase (GST)–green fluorescent (GFP) fusion 
proteins to the nucleus. Despite some degree of overlap between 
sequences, only NLS1 (84-HPVHAGPIAPGQMREPR-100) 
targeted GST–GFP to the nucleus. Nuclear targeting was exac-
erbated by the addition of LMB and lost with the G89V NLS1 
mutant (Fig. 4e). The CA NLS is present within a disordered loop 
(residues 80–101; Fig. 4c) and contains other key features of NLSs 
that bind TRN-1, such as a hydrophobic patch, a central glycine 
(Gly89) that is critical for binding TRN-1 and downstream basic 
residues13. Although it is devoid of a C-terminal PY motif, similar 
sequences have been reported for other TRN-1 substrates, such 
as HuR6,31.

Concordantly, the nuclear CA signal was significantly reduced 
in cells treated with shTRN-1 compared with the control, indicat-
ing that TRN-1 contributes to CA import into the nucleus (Fig. 4f). 
Furthermore, CA and TRN-1 colocalized at the nuclear envelope 
and in the nucleoplasm, confirming that TRN-1 could accompany 
CA into the nucleus (Extended Data Fig. 7b). Interestingly, HIV-1 
infection resulted in an overall decrease in cytoplasmic TRN-
1, arguing that HIV-1 might usurp cellular TRN-1 for its nuclear 
import and then prevent its return to the cytoplasm (Extended Data 
Fig. 7c).

In conclusion, we report that the β-Kap TRN-1 is a co-factor of 
HIV-1 infection that acts by binding to incoming capsids and trig-
gering their uncoating. The CypA-binding loop of the CA contains 
a bona fide NLS with a central glycine at position 89 that is critical 
for engaging TRN-1 at position W730. Although TRN-1 and CypA 
compete for the same binding site on CA, TRN-1 bound to CANC 
nanotubes with an apparent dissociation constant of circa 70 nM, 
which reflects a greater binding affinity than CypA. However, the 
displacement of CypA from CA by TRN-1 did not account for the 
effect of TRN-1 on infection.

Binding of TRN-1 to CANC induced immediate and dramatic 
structural damage to the nanotubes, which probably results in the 
release of the viral genome in cells. However, although TRN-1 
was necessary and sufficient for uncoating in  vitro, the timing 
of HIV-1 uncoating is regulated by a number of factors in cells, 
including the reverse transcription process and binding to cellu-
lar co-factors, such as CPSF6, Pin1, CypA and IP6, that regulate 
the intrinsic stability of the viral core32–38. Intriguingly, the expres-
sion levels of TRN-1 did not impact the reverse transcription pro-
cess—unlike other cellular factors that destabilize the capsid, such 
as TRIM5α39—confirming that the effect of TRN-1 on cores is 
regulated in cells to promote timely uncoating, which is compat-
ible with productive infection. This may involve cellular factors 
that shield the capsid from TRN-1 or cellular processes that seg-
regate capsids and TRN-1. For instance, the prevalence of TRN-1 
near the nucleus may ensure preferential uncoating of HIV-1 at 
the nuclear pore, which we observed previously33. Interestingly, 
the depletion of microtubular motors or associated proteins 

Fig. 4 | Structural insights into the binding of TrN-1 to the CA and the consequences for HIV-1 nuclear import. a, Structural simulation of CypA (green) 
binding to a CA hexamer by superposing the monomeric (Protein Data Base (PDB) accession no. 1M9D; cyan) and hexameric (PDB accession no. 3H4E; 
grey) structures, for which the Gly89 residues are depicted as spheres. b, Rigid docking of TRN-1 (PDB accession no. 4FQ3; red) on a hexameric CA 
structure (PDB accession no. 3H4E; grey). Trp730 and Gly89 are depicted as yellow and grey spheres, respectively. c, Close-up view of the CA loop 
surrounded by TRN-1. The residues belonging to the loop are labelled and shown as grey sticks (Gly89 is depicted as grey spheres). d, TRN-1 promotes 
the nuclear import of HIV-1 DNA. Reverse transcription efficiency (top), nuclear import (middle) and integration (bottom) were measured by qPCR 
amplification of the late reverse transcripts, 2-LTR circles and gag–Alu junctions, respectively. The reverse transcriptase inhibitor nevirapine (NEV) 
was added as a negative control. Results are shown as the mean ± s.e.m. from six independent experiments performed in triplicate. ****P < 0.0001; 
***P = 0.0005; n.s., non-significant. e, The HIV-1 CA contains an NLS sequence. HeLa cells were transfected with different pGST–GFP–NLS plasmids and 
controls, and treated with/without LMB for 3 h before fixation. Images are representative of two independent experiments. Scale bars, 10 µm. f, TRN-1 
promotes the nuclear import of HIV-1 CA. HeLa cells transduced with EC or shTRN-1 vectors were infected with HIV-1–VSVG. The cells were fixed after 6 h 
and labelled with anti-mouse CA antibody. The CA spots were quantified using Fiji on n nuclei from four separate acquisitions. Scale bars, 10 µm. Results 
are shown as the mean ± s.e.m. **P = 0.0039. Results are representative of two independent experiments.
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has been shown to disrupt uncoating, which may reflect their 
role in trafficking cores to the NPC where uncoating is thought  
to occur40.

After uncoating, TRN-1 transports the HIV-1 CA into the 
nucleus by recognising its NLS motif. TRN-1 was necessary for the 
detection of PIC DNA and CA in the nucleus, which could indicate  
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that TRN-1 transports PICs across the NPCs by dragging on the CA, 
although further work will be required to functionally separate the 
effects of TRN-1 on PIC nuclear import and uncoating. Substrates 
in the nucleus are normally released from TRN-1 by RanGTP bind-
ing41. Here, the fact that CA and TRN-1 still colocalize in nuclei sug-
gests that CA may not be released by nuclear RanGTP. As a result, 
TRN-1 does not cycle back to the cytoplasm, which may be an addi-
tional viral mechanism to ensure that TRN-1 does not trap CAs in 
the late phases of infection and block virus budding.

Methods
Cells. The following reagents were obtained through the NIH AIDS Reagent 
Program, Division of AIDS, NIAID, NIH: MT-4 from D. Richman and P4.R5 
MAGI from N. Landau. P4 cells are HeLa-based cells that express CD4 and 
CCR5, and have tat-inducible β-gal activity42. HeLa and HEK 293T cells were 
obtained from the American Type Culture Collection. Citrate human blood was 
obtained from healthy donors (Etablissement Français du Sang) and peripheral 
blood mononuclear cells were isolated using Ficoll 100% (Biochrom). CD4+ 
T lymphocytes were isolated by negative selection with EasySep human CD4+ 
T cell isolation kit (StemCells), activated by treatment with phytohaemagglutinin 
(10 µg ml−1; Fisher Scientific) for 2–3 d and treated with human recombinant IL2 
(10 ng ml−1; Immunotools). Cell viability was assessed using an MTT assay. Briefly, 
20 µl MTT solution (5 mg ml−1 thiazolyl blue tetrazolium bromide in PBS; Sigma) 
was added to the cells. After a 4 h incubation at 37 °C, the medium was replaced 
with 100 µl DMSO:EtOH (1:1) solution and placed under agitation for 10 min to 
lyse the cells. Colorimetry was read at 570 nm with a Tecan plate reader.

Viruses and vectors. The HIV-1 viral molecular clones were based on LAI, 
LAIΔenv, NL4.3∆nefRLuc (Renilla luciferase) or NL4.3∆nefGLuc (Gaussia 
luciferase). HIV-1–GFP, HIV-2–GFP and HIV-ac2–GFP have been described 
previously3 and were obtained from N. Manel (Institut Curie). Viruses were 
produced by transient transfection of HEK 293T cells using calcium-phosphate 
precipitation with a WT env proviral plasmid or Δenv construct co-transfected 
with the VSVG envelope expression plasmid pHCMV-G. The vectors used were: 
HIV-1–eGFP (enhanced GFP), HIV-1–FLuc (Firefly luciferase), HIV-1–NLuc 
(nanoluciferase) and HIV-2–eGFP43 vectors, as well as short hairpin RNA (shRNA) 
lentiviral vectors coding for CMV–eGFP and H1-shRNA cassettes within the 
U3 region. The shRNACypA vector was obtained from J. Luban (University 
of Massachusetts Medical School). Vectors were produced by transient co-
transfection of HEK 293T cells with the vector plasmid, encapsidation (pCMVΔR 
8.74 for HIV-1) and VSVG plasmids. The vectors were harvested after 2 d, filtered 
and ultracentrifuged at 22,000 r.p.m. for 1 h at 4 °C (SW32Ti rotor). The viruses 
and vectors were titred by flow cytometry measuring the eGFP expression of 
HeLa and CHO cells (HIV-1 and HIV-2) or by a p24 (CA) ELISA according to the 
manufacturer’s instructions (Clontech). All shRNA transductions were performed 
at a m.o.i. of 50 and knockdown was systematically assessed by qPCR for each 
experiment. Unless otherwise stated, all viral infections were performed at 1 ng p24 
per 1,000 cells.

Infectivity assays. Infectivity was assessed by reporter read-out at 48 h.p.i. The 
levels of β-gal for P4 cells, FLuc and NLuc were measured by plate luminometry, 
whereas the percentage of eGFP-positive cells was measured by flow cytometry 
using a FACS Calibur (BD Biosciences). Forward and side scatter were used to gate 
around the live cell population and eGFP expression was assessed using FlowJo 
software. Infectivity values in EC cells were set as 100% to plot the mean of several 
independent experiments.

Antibodies and stains. The primary antibodies used were: mouse monoclonals 
against β-actin, α-tubulin and FLAG (all from Sigma), p24 (NIH AIDS Reagent 
program clones 183-H12-5C and AG3.0), integrase (gift from M. Lavigne), TRN-3 
(Abcam), lamin A/C (Leica Biosystems), and TRN-1, KPNB1, IPO5 and IPO7 (all 
from Santa Cruz); rabbit anti-p24 (NIH AIDS Reagent Program SF2), -cyclophilin 
A (Cell Signaling) and -Nup214 (Abcam); anti-HA from mouse (Sigma), rat 
(Roche) and rabbit (Abcam). The secondary antibodies were goat anti-mouse and 
-rabbit (GE Healthcare) or anti-rat (Abcam) horseradish peroxidase conjugates, 
goat anti-mouse and -rabbit A488 and A647 (Life Technologies). Nuclei were 
stained with Hoechst dye (Invitrogen).

Drugs. The following drugs were used: Debio-025 (200 nM added for 2 h before 
infection; Debiopharm), cyclosporin A (2 µM; Selleckchem), nevirapine (5 µM; 
Sigma), raltegravir (10 µM; Sigma), LMB (50 ng ml−1 for 3 h; Sigma) and aphidicolin 
(8 µM; Sigma).

Knockdown experiments. The shRNA sequences were: TRN-1 (NCBI 
accession no. NM_002270.3), GAGACTATAAGGGAGCCTCT(T); 
Impβ-1 (NM_002265.6), GCACATGAAGGAGTCGACATT; Imp-5 
(NM_002271.6), GCTCTAGATCGAATGGCTT(TT); Imp-7 (NM_006391.3), 

GATGGAGCCCTGCATATGATT and TRN-3 (NM_012470.3), 
GGACAGTAACTTCATGGCT(TT). Short interfering RNAs (siRNAs) against 
TRN-1 and TRN-2 were ON-TARGETplus SMARTpools from Dharmacon 
(Horizon Discovery).

Quantitative PCR and RT–PCR. To measure the messenger RNA transcripts, total 
cellular RNA was isolated using an RNeasy mini kit according to the manufacturer’s 
instructions (Qiagen). PCR with reverse transcription was performed using a One 
strand synthesis kit (NZY Tech) according to the manufacturer’s instructions, 
and quantifications of complementary DNA were performed using SYBR Green 
master mix (ROCHE) and normalized to GAPDH or RPL13A. Specific primer 
pairs were used to quantify TRN-1 (5′-TTCGAATGGATCGCCTGCTT-3′ 
and 5′-CCGTCCTCGATCGGTGAAAA-3′), 
TRN-2 (5′-CCTCAACCAGCCGGAATACA-3′ 
and 5′-CGATGACAGACACTCCAGCA-3′), Impβ-
1 (5′-GTCACAAACCCCAACAGCAC-3′ and 
5′-AGCCACTCGTACCCTCGTAT-3′), Imp-5 
(5′-TTGCGTCCTCACTTGGAAGC-3′ and 
5′-AAGTCCGCAAGCCATTCGAT-3′), Imp-7 
(5′-CAGAGGAGCGGAGTCCATTG-3′ and 
5′-CCCACTTCTTGCATTTCCACC-3′), TRN-3 
(5′-CAGCTGGAACCAGACCATGA-3′ and 
5′-GGTGTATCGCACAGCCGTAT-3′), GAPDH 
(NM_002046.6; 5′-GGTGGTCTCCTCTGACTTCAACA-3′ 
and 5′-GTTGCTGTAGCCAAATTCGTTGT-3′), RPL13a 
(NM_012423.3; 5′-CCTGGAGGAGAAGAGGAAAGAGA-3′ 
and 5′-TTGAGGACCTCTGTGTATTTGTCAA-3′) and hnRNP 
E1 (NM_006196.3; 5′-CAACAGTACCGCGGCCAGCA-3′ and 
5′-ATGGGGGTAGCCCACAGCGT-3′) mRNAs.

For the late reverse transcripts, 2-LTR and Alu PCR, total cellular DNA was 
isolated at 24 h.p.i. using the QIAamp DNA micro kit (Qiagen). Circles containing 
2-LTRs were detected according to a published protocol44 using the pUC-2LTR 
plasmid, which contains the HIV-1 2-LTR junction, for the standard curve. 
Reactions were normalized by amplification of the late reverse transcript with the 
primers MH531/532 and probe LRT-P. The Alu PCR was performed according to a 
published protocol45.

Imaging and analysis. Immunolabelling and proximity ligation assays were 
performed as previously described5. Image stacks were acquired on a LSM 
880 confocal (Zeiss) or CODIM super-resolution microscope46. Analysis was 
performed using Imaris and Fiji. Object-based localization was performed using 
the FiJi plugin JaCoP.

The plasmids expressing different NLS sequences were obtained by cloning 
the corresponding oligonucleotides flanked with the XbaI and HindIII restriction 
sites into the pGST–GFP–myc plasmid (Addgene, cat. no. 104451). HeLa cells were 
transfected for 48 h with 2 µg of each pGST–GFP–NLS and controls using Fugene6 
and subjected to treatment with/without 50 ng ml−1 LMB for 3 h before fixation.

Cell fractionation and LC–MS/MS analyses. P4 cells (1 × 106) were transduced 
with EC or shTRN-1 vectors in T25 flasks. At 3 d post-transduction, the cells were 
treated with LMB for 3 h at 37 °C. Cell fractionation was performed on 1 × 106 cells 
using the NE-PER nuclear and cytoplasmic extraction reagent (Thermo Scientific) 
following the manufacturer’s instructions. The cytoplasmic proteins (30 µg) 
were precipitated using methanol/chloroform. The protein pellets were digested 
overnight at 37 °C with sequencing-grade trypsin (12.5 µg ml−1; Promega) in 20 µl 
of 25 mM NH4HCO3. The trypsin-digested peptides were desalted using ZipTip 
C18 (Merck Millipore). The peptide mixtures were then analysed in triplicate by 
a Q-Exactive Plus mass spectrometer coupled to a Nano-LC Proxeon 1000 (both 
from Thermo Scientific). The peptides were separated by chromatography with 
the following parameters: Acclaim PepMap100 C18 pre-column (2 cm, 75 μm 
internal diameter, 3 μm, 100 Å), Pepmap-RSLC Proxeon C18 column (50 cm, 
75 μm internal diameter, 2 μm, 100 Å), 300 nl min−1 flow rate, a 98 min gradient 
from 95% solvent A (water, 0.1% formic acid) to 35% solvent B (100% acetonitrile, 
0.1% formic acid). The peptides were analysed in a Orbitrap cell at a resolution of 
70,000 with a mass range of m/z = 375–1,500. Fragments were obtained by high 
collision-induced dissociation activation with a collisional energy of 27%. Tandem 
mass spectrometry (MS/MS) data were acquired with a Orbitrap cell in a Top20 
mode, at a resolution of 17,500. For the identification step, all MS and MS/MS 
data were processed with the Proteome Discoverer software (Thermo Scientific, 
version 2.1) and with the Mascot search engine (Matrix Science, version 5.1). The 
mass tolerance was set to 6 ppm for precursor ions and 0.02 Da for fragments. 
The following modifications were allowed: oxidation (M), phosphorylation (ST), 
acetylation (N-ter of protein). The SwissProt database (release date: 02/17) was 
used with the Homo sapiens taxonomy. Peptide identifications were validated using 
a 1% false-discovery-rate threshold calculated with the Percolator algorithm and 
then exported to Progenesis QI for Proteomics (version 4.0; Waters) for the relative 
quantification of their abundances. The relative quantitation was performed using 
a between-subject analysis and a Hi-3 method, for which the three-most-abundant 
peptides were used for protein quantitation. Abundance variations of proteins with 
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at least two unique peptides were considered if their corresponding calculated P 
values were below 0.05.

Immunoprecipitation. HEK 293T cells were seeded in T175 flasks (7 × 106 cells) at 
day 0, transfected with 60 ng pcDNA3.1+, pHA–TRN and pCA–3×FLAG or pIN–
3×FLAG using HEPES and calcium-phosphate precipitation at day 1, and infected 
or not with LAI-VSVG virus (40 µg p24) at day 2. At 6 or 24 h.p.i., the cells were 
washed with cold PBS before the addition of crosslinking solution (10 mM DSP 
in PBS) and incubated for 2 h on ice. Tris (pH 7.5) was then added for 15 min to 
stop the reaction and the cells were lysed in 10 ml lysis buffer (10 mM Tris pH 7,4, 
150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2 and 1% Triton X-100) for 30 min at 4 °C.

For capsid immunoprecipitation at different time points, HEK 293T cells were 
seeded in a petri dish and incubated for 24 h at 37 °C. The cells were transduced 
with EC or shTRN-1 vectors after changing the medium. The medium was 
replaced at 48 h post transduction with 5 ml DMEM without FCS, infected with/
without LAI-VSVG virus (10 µg p24) and incubated at 37 °C. The cells were 
trypsinized at 1 h.p.i., washed in PBS before resuspension in DMEM without FCS 
and further incubated in a Falcon tube on a rocker at 37 °C. At 4 and 8 h.p.i., the 
cells were washed with PBS and lysed in 10 ml lysis buffer for 30 min at 4 °C.

The lysates were centrifuged for 5 min at 350g and the pellets were resuspended 
in 2 ml lysis buffer. Complete lysis was performed by three freeze–thaw cycles 
at −80 °C and the lysates were homogenized with a syringe (18G) before 
centrifugation at 15,000g for 15 min at 4 °C to pellet the cell debris. A 100 µl volume 
of supernatant was kept as an input sample and the remaining supernatant was 
used for CA or HA immunoprecipitation by adding 2 µg of the primary antibody 
overnight at 4 °C on a wheel. The following day, 50 µl protein G sepharose beads 
were added to the lysate for 2 h at 4 °C on a wheel, the beads were washed five times 
in the lysis buffer before elution in 60 µl Laemmli 1×buffer and then vortexed for 
15 min. Finally, a 15 min centrifugation at 16,000g was performed to pellet the 
beads and the supernatant was transferred to a new tube and stored at −80 °C 
before western blot analysis.

Recombinant protein expression and purification. Haemagglutinin-tagged 
TRN-1 WT, W460A and W730A cloned into pQE60 (Qiagen) were obtained 
from M. F. Jantsch (University of Vienna). A tobacco etch virus cleavage site 
(DIPTTENLYFQG) was added to the N terminus of WT TRN-1 and cloned into 
pGEX-6P1 for improved purity. Hexahistidine- and GST-tagged TRN-1 were 
expressed in Escherichia coli BL21 (New England Biolabs) transformed with the 
pRARE2 plasmid. The transformants were cultured at 37 °C in Luria–Bertani 
medium containing 200 μg ml−1 ampicillin and 30 μg ml−1 chloramphenicol until 
an optical density at 600 nm of 0.6–1.0 was reached. Protein expression was then 
induced by the addition of 1 mM isopropyl β-d-1-thiogalactopyranoside and 
incubated for 4 h at 37 °C. The bacteria were then collected by centrifugation 
(6,000g at 4 °C for 20 min) and the pellets were resuspended in lysis buffer 
(50 mM Tris–HCl pH 8, 400 mM NaCl, 5 mM β-mercaptoethanol, 10% glycerol 
and 1 mM benzamidine). The cells were disrupted by sonication, the lysate 
was clarified by centrifugation (27,000g at 4 °C for 45 min) and subjected to 
a first step of GST-Sepharose (GE Healthcare Life Sciences), and the column 
was washed with three column volumes of a buffer containing 50 mM Tris–
HCl pH 8, 1 M NaCl, 5 mM β-mercaptoethanol and 10% glycerol. The protein 
was then eluted with three column volumes of the following buffer: 50 mM 
Tris–HCl pH 8, 0.2 M NaCl, 10% glycerol and 20 mM reduced glutathione. The 
protein was incubated with hexahistidine-tagged tobacco etch virus protease 
(at a 1:50 (w/w) ratio) with overnight dialysis at 4 °C in 50 mM Tris–HCl 
pH 8, 0.2 M NaCl, 5 mM β-mercaptoethanol and 10% glycerol. The protein 
was then subjected to a purification step through immobilized metal affinity 
chromatography (Ni-NTA Sepharose, GE Healthcare Life Sciences), allowing 
the cleaved tag and the tobacco etch virus protease to bind to the immobilized 
metal affinity chromatography column while the cleaved TRN-1 was collected 
in the flow-through. The protein was then concentrated into Vivaspin20 (50000 
MWCO, Sartorius) and subjected to a size-exclusion chromatography step 
on a Superdex200 10/300GL column and eluted with the buffer containing 
50 mM Tris–HCl pH 8, 0.2 M NaCl, 5 mM β-mercaptoethanol and 10% glycerol. 
Fractions corresponding to monomeric TRN-1 were collected and concentrated 
to 2.5 mg ml−1. The purity of the protein was estimated to be 95% when run on a 
Coomassie blue-stained SDS–PAGE gel.

The WT (from M. H. Malim, King’s College London) and G89V CANC, 
which we generated by site-directed mutagenesis using the GeneArt site-directed 
mutagenesis system (Thermo Fisher Scientific), were essentially purified as 
described previously47, except that the proteins were loaded on an HiTrap heparin 
fast-flow column (5 ml; GE Healthcare) and eluted with a linear NaCl gradient. 
After this purification step by cation exchange, the protein was precipitated using 
ammonium sulphate and resuspended to about 2.5 mg ml−1 in a buffer containing 
30 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 6 supplemented with 
0.5 M NaCl, 1 mM EDTA and 10 mM dithiothreitol before being frozen at −80 °C. 
The CANC WT and mutant proteins were further purified before performing 
assembly of the CANC tubes on a size-exclusion chromatography ENrich SEC 
650 (BioRad) or Superdex75 10/300GL (GE Healthcare Life Sciences) column and 
eluted with 50 mM Tris–HCl pH 8 and 100 mM NaCl. Both proteins eluted as a 

single and monodisperse peak and the purity of the protein was estimated to be 
95% when run on a Coomassie blue-stained SDS–PAGE gel.

Assembly of CANC tubes. In vitro self-assembled CANC tubes were prepared 
by incubating 40 µM CANC protein with 5 µM TG50 oligonucleotide overnight at 
room temperature in 50 mM Tris–HCl pH 8.0 and 100 mM NaCl in a total reaction 
volume of 100 µl.

Surface plasmon resonance. Surface plasmon resonance experiments were 
performed on a T200 apparatus (GE Healthcare) at 25 °C in running buffer (50 mM 
Tris pH 7.5, 100 mM NaCl and 0.05% P20). The WT and G89V CANC assembled 
nanotubes or unassembled CANC were diluted in 10 mM acetate (pH 5) and 
covalently immobilized (RU levels of 9,000–11,000) on three different flowcells of 
a CM5S sensor chip by standard amine coupling according to the manufacturer’s 
instructions. A high level of immobilization was required to obtain a binding 
level of TRN-1 in the range of 100 RU. Kinetic titration experiments (single-
cycle kinetics) of recombinant TRN-1 on CAs were performed at a flow rate of 
30 µl min−1, first with a tenfold serial dilution (10, 100 and 1,000 nM) and second 
with twofold serial dilutions (62.5–1,000 nM). The same twofold serial dilutions 
were used for the affinity determination of CypA.

All curves were evaluated (T200 Evaluation Software 3.0) using a steady-
state fitting model for the Kd determination of CypA and a heterogeneous fitting 
model for TRN-1. Only the Kd of higher affinity (represented at more than 80% 
of the total response) was considered for TRN-1. All sensorgrams were corrected 
by subtracting the low signal from the control reference surface (without any 
immobilized protein) and buffer blank injections before fitting evaluation. 
The experiments were repeated two or three times, each time with a new 
immobilization of assembled CANC nanotubes.

Atomic force microscopy. Capsids purified from HIV-1 virions and in vitro-
assembled WT HIV-1 CANC and G89V CANC tubes, diluted twofold in buffer A 
(8.3 µM CANC, 10 mM Tris–HCl pH 7.5 and NaCl 100 mM), were deposited on 
freshly cleaved mica (Ted Pella, Inc.) coated with 0.01% poly-l-lysine (Sigma) for 
immobilization and adsorbed for 15 min before imaging. Images were recorded 
in buffer A using the quantitative imaging mode available on the NanoWizard IV 
atomic force microscope (JPK Instruments, Bruker). The images were obtained 
using AC40TS-C2 cantilevers (Olympus) with an applied force kept at 0.15 nN and 
a constant approach/retract speed of 35 µm s−1 (z range of 50 nm). Buffer A was 
removed and replaced with buffer A supplemented with 50 nM TRN-1 for kinetic 
recording. Images were recorded every 10 min at 20 °C.

Transmission electron microscopy. Samples (5 µl) were added to a 200-mesh 
formvar–carbon grid for 2 min. The grids were stained with 1% uranyl acetate for 
1 min. The samples were observed on an Tecnai F20(FEG) microscope.

Fate-of-capsid assay. The HIV-1 core stability in cells was assessed by the 
separation of soluble CA from CA cores on a sucrose cushion, as described 
previously26. At 6 h.p.i., the cells were lysed using hypotonic lysis buffer and a 
dounce homogenizer and briefly centrifuged to clarify the cytosol fractions. The 
lysates were then layered onto a 50% sucrose cushion and ultracentrifuged at 
100,000g for 2 h. The soluble CA (top 100 µl fraction) and intact cores (pellet) were 
analysed by western blotting of the CA signal.

In vitro CA-uncoating assay. HIV-1 capsid cores were prepared by centrifuging 
500 µl of the viral supernatant on a sucrose cushion (from bottom to top: 1 ml 
50% sucrose, 1 ml 10% sucrose + 0,1% Triton X-100 or without Triton X-100 
for the negative control) into a 5 ml ultra-clear tube (Beckman, cat. no. 344057) 
and centrifuged at 32,500 r.p.m. for 2 h at 4 °C (SW55Ti rotor). Following 
centrifugation, 250 µl soluble CA was taken from the top supernatant, the tube 
was emptied and the pellet containing the cores was resuspended in 250 µl ice-cold 
PBS. The capsid cores were then incubated for 1 h on ice with 500 nM of each of 
the TRN-1 recombinant proteins and ultracentrifuged at 100,000g on 3.5 ml of a 
50% sucrose cushion for 2 h at 4 °C in a SW55Ti rotor. After centrifugation, 150 µl 
soluble CA from the top layer was analysed using a p24 ELISA according to the 
manufacturer’s instructions (Clontech).

Molecular docking. Molecular docking was achieved using the ClusPro v2.0 
program48 with the crystal structure of CA (PDB accession no. 3H4E) and TRN-1 
(PDB accession no. 4FQ3). Before rigid docking, the missing loops and C-terminal 
tails of each monomer comprising the CA hexamer structure were modelled 
using the CHARMM program49 and CHARMM36 force field50. The potential 
energy of the system was energy minimized by 10,000 steps of steepest descent 
followed by 50,000 steps of conjugate gradient in explicit water (TIP3P model). 
The multi-hexamer structure of CA was modelled by fitting the crystal structure 
of the CA into the cryogenic electron microscopy density map (emd-5136) using 
Sculptor GUI-based extension of the Situs program v2.8 (ref. 51) and performing 
a full exhaustive search in the 6D search space followed by a Powell optimization 
algorithm for off-lattice refinement. The crystal structures of CypA (PDB accession 
no. 1M9D) and CA hexamers (PDB accession nos. 3H4E and 5TSX) were used for 
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overlay and visualization with the PyMOL molecular graphics system (version 1.8, 
Schrödinger, LLC).

Statistical analysis. All statistical analyses were performed on three independent 
experiments, or more if otherwise stated, using Prism 6 (GraphPad Software Inc.) 
software. Statistical significance was determined using a two-tailed Wilcoxon test 
for Figs. 1e and 2d,e, one-tailed Wilcoxon test for Extended Data Fig. 4d, two-tailed 
paired t-test for Extended Data Figs. 1f and 4b, two-tailed Mann–Whitney test for 
Extended Data Figs. 5h and 7a, two-tailed unpaired t-test for Fig. 4f and Extended 
Data Figs. 3e, 7c, Kruskal–Wallis test with Dunn’s multiple comparison to the EC 
for Fig. 4d, ordinary one-way analysis of variance for Fig. 1b and Extended Data 
Fig. 2c, and with multiple comparison to EC control for Extended Data Fig. 1b.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The authors confirm that all relevant data are available on request. The complete 
LC–MS/MS datasets are available in the PRIDE partner repository52 under the 
identification number PXD010023 as raw files, associated pep.xml and xlsx files 
and label-free report generated by Progenesis QI.
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Extended Data Fig. 1 | Comparative profiling of TrN-1 knockdown cells. a, Inhibition of HIV-1 infection by TRN-1 knockdown. P4 TAR-β-gal indicator cells 
were transduced with EC, shhnRNP E1 or shTRN-1, then infected with VSVG pseudotyped HIV-1. β-gal activity was measured at 2 d.p.i. Results show mean 
+/− s.d. of multiple replicates from 2 independent experiments. Gels show hnRNP E1 and GAPDH transcript levels following RT-PCR. TRN-1 knockdown is 
shown in panel b. b, Kap knockdown is specific. HeLa or HEK 293T cells were transduced with the indicated shRNA lentiviral vectors at m.o.i. 50. Results 
show the mean of triplicates +/- s.e.m. from 3 independent experiments. qPCR results were normalized for housekeeping (HKG) gene transcripts GAPDH 
or RPL13a. **** p<0.0001, ns=non-significant. Representative western blots from HeLa cells are shown below. c, Effect of Kap knockdown on HIV-1. 
HeLa cells were treated with specific shRNAs, EC, or not treated (NT), then transduced with a HIV-1-eGFP vector at the indicated m.o.i.s. Infectivity was 
assessed at 48 hpt by flow cytometry analysis. Results show individual values from 2 independent experiments. d, Kap knockdown does not compromise 
cell viability. Cell viability was measured by MTT assay at 3 dpt on HeLa cells transduced with the indicated shRNAs. Data show the mean of triplicate 
samples +/− s.d. and are representative of 3 independent experiments. e, TRN-1 knockdown does not disrupt nuclear pore integrity. Nup214 localization 
was assessed by confocal fluorescence microscopy in cells treated with EC control, or specific shRNAs against TRN-1 or Nup133, the latter of which was 
previously shown to disrupt nuclear pore formation 49. Images are representative of 2 independent experiments. Scale bar = 10 µM. f, TRN-1 knockdown 
cells have a slower proliferation rate. An equal number of HeLa cells treated with either shTRN-1 or EC were counted at 3 dpt. Paired t test was performed 
on n=16 independent knockdown experiments.
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Extended Data Fig. 2 | Proteomic characterization of TrN-1 knockdown cells. a, Proteomic screen of cells depleted of TRN-1. Flowchart of the 
methodology used to identify proteins that accumulate in the cytosol of TRN-1 knockdown cells. b, The quality of the cytoplasmic (c) and nuclear (n) 
fractions that were used for mass spectrometry was assessed by western blotting. c, Volcano plot of quantitative mass spectrometry analysis using protein 
abundance ratios from the shTRN-1 condition compared to the EC (left) and shImpβ-1 (right) conditions. Peptides mixtures were analysed in triplicate. The 
dashed lines correspond to p-values and Fold Change thresholds of respectively 0.05 and 2. The entire datasets are available from the Pride repository. d, 
Gene ontology term enrichment analyses of proteins whose abundances are increased in the shTRN-1 condition compared to EC and shImpß-1 conditions. 
Differential terms (corrected p-value >0.01, Benjamini and Hochberg correction) given by BINGO module and Cytoscape software are represented in 
yellow.
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Extended Data Fig. 3 | Characterization of the dependency of HIV-1 infection on TrN-1. a, HeLa cells depleted of TRN-1 were infected with different HIV-1 
reporter viruses or vectors. Infectivity was measured by the percentage of GFP positive cells (flow cytometry) or the luciferase activity (luminescence) 
at 48 h.p.i. Results show the mean of 3 independent experiments performed in triplicate +/- s.d. Numbers indicate the average fold changes between EC 
and shTRN-1 samples across 3 independent experiments. b, TRN-1 does not bind HIV-1 integrase. HEK 293T cells were co-transfected with HA-TRN-1, 
IN-3×FLAG, or empty plasmid pcDNA3.1+. After 24 h, HA or FLAG immunoprecipitation was performed, followed by HA and FLAG western blotting. 
Blots are representative of 3 independent experiments. c, TRN-1 does not interact with ectopically expressed CA. HEK 293T cells were co-transfected 
with HA-TRN-1, CA-3×FLAG, or empty plasmid pcDNA3.1+. After 24 h, HA immunoprecipitation was performed, followed by HA- and FLAG- western 
blotting. The blots are representative of two independent experiments. d, TRN-1 endogenous localization in uninfected cells. HeLa cells were labelled 
with mouse anti-TRN-1 and rabbit anti-Nup214 antibodies. Images were acquired with a CODIM super-resolution microscope and are representative of 3 
independent experiments. C=cytoplasm, N=nucleus. Scale bar = 2 µM. e, TRN-1 and CA co-localize in infected cells. EC or shTRN-1 transduced HeLa cells 
were infected with HIV-1-VSVG or left uninfected. Duolink labelling was performed at 6 h.p.i. using anti-rabbit TRN-1 and anti-mouse p24. Image analysis 
was performed in 3D with Imaris on n cells from 3 separate acquisitions (mean values +/- s.e.m.). *** p=0.001, * p=0.198. Results are representative of 2 
independent experiments.
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Extended Data Fig. 4 | The effect of TrN-1 on HIV-1 infection maps to Gly89 on the CypA binding loop of CA. a, Relative infectivity of the mutants 
used in Fig. 2d. Results are the mean of 4 (WT) and 2 (mutants) independent experiments performed in triplicate +/- s.e.m. with NL4-3 virus and HIV-1 
derived vector. Numbers indicate the average percentages from 3 independent experiments +/- s.d. b, A series of tested HIV-1 mutants did not alter 
dependency on TRN-1. To examine the role of the central DNA Flap, IN, and CA in TRN-1 dependence of HIV-1 infection, we challenged P4 cells depleted of 
TRN-1, or TRN-3 as control, with the following HIV-1 mutants: 225T, a central polypurine track (cPPT) mutant that inhibits DNA Flap formation and HIV-1 
nuclear import, Q168L, an IN mutant that is deficient for interaction with LEDGF/p75 and TRN-3, and impairs integration, N74D, a point mutation in CA 
that renders the virus independent of TRN-3. Results show the mean of 2 independent experiments performed in triplicate. p values were ****<0.0001, 
***=0.0003, **=0.0036 and ns=0.1635. c, Alignment of the CypA-binding loops of HIV-1, HIV-2, and HIV-2 affine capsid (HIV-ac2). Introducing His-Ala 
in place of Pro86 in HIV-2 likely repositions Gly87 in the catalytic site and increases binding to CypA 3. d, Introducing His-Ala in place of Pro86 in HIV-2 
restores the dependency of HIV-2 for TRN-1. EC and shTRN-1 transduced HeLa cells were infected with HIV-1, HIV-2 or HIV-ac2 viruses at increasing 
doses. Infectivity was assessed by flow cytometry at 2 d.p.i. Histogram overlays show a representative experiment, while graphs indicate the percentage of 
GFP-positive cells times the mean fluorescence intensity (MFI) from 3 independent experiments at different m.o.i. ** p=0.0078, * p=0.0156, ns=0.1875.
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extended Data Fig. 5 | see figure caption on next page.
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Extended Data Fig. 5 | recombinant proteins and in vitro binding assays. a, Coomassie gels of the recombinant CANC and CANC-G89V preparations 
that were used for the in vitro experiments. The AFM image is representative of 5 independent preparations of in vitro assembled CANC tubes. b, The 
oligomeric state of CANC in solution was assessed on an ENrich SEC 650 gel-filtration column (Bio-Rad) eluted with 50 mM Tris–HCl pH 8, 100 mM NaCl, 
at a flow rate of 0.4 ml min−1 at 4 °C. The molecular weight was determined based on a calibration curve obtained using the Gel Filtration Markers Kit for 
Protein Molecular Weights of 12,400–200,000 Da (Sigma–Aldrich) and dextran blue to assess the column void volume. The apparent mass of CANC was 
obtained by plotting the partition coefficient Kav against the logarithms of the molecular weights of standard proteins. We estimated this mass to about 
60kDa, which is almost two times the theoritical mass of CANC (33kDa). This experiment was repeated twice with similar results. c, Purification of the 
recombinant TRN-1 stock that was used for Fig. 2f, g and ED Fig. 5e. TRN-1 purification on size-exclusion chromatography Superdex 200 increase 10/300 
GL and Coomassie Blue Stained SDS-PAGE of pooled fractions of the SEC column (10 μg of protein loaded on gel). The elution peak corresponds to a 
monomer (100kDa) and the purity of the protein was estimated to be 95%. d, Coomassie gel of the purified CypA preparation that was used for in vitro 
experiments. Flow-through from second IMAC shown in lane 3 was used for SPR experiments. e, Kinetic data table obtained from the sensorgram of Fig. 
2g using a heterogeneous fitting model. Only the equilibrium constant KD of higher affinity (more than 80% of the total response) is given, ka and kd are 
rate association and dissociation constants respectively, Rmax the maximum analyte binding capacity, and Chi2 is a measure of the average squared 
residual (the difference between the experimental data and the fitted curve). This experiment was performed twice with similar results. f, Determination 
of CypA affinity on WT CANC: SPR fitting curve using steady-state model evaluated from a single cycle kinetic titration of CypA injected at increasing 
concentrations from 62.5 to 1000 nM on immobilized WT CANC (inset, red curve). Comparatively titration curve of CypA on G89V CANC immobilized 
(inset, blue). The estimated KD is provided +/- SE. This experiment was performed twice with similar results. g, TRN-1 favours CypA removal from HIV-1 
CA. HeLa cells transduced with EC or shTRN-1 were infected with HIV-1-VSVG. Cells were lysed at 4 and 8 h.p.i., capsids were immunoprecipitated and 
probed with anti-CypA antibody. Results are representative of two independent experiments. h, CypA removal from CA does not rescue dependency of 
HIV-1 on TRN-1. EC and shTRN-1 HeLa and HEK 293T cells were transduced with shCypA or control vector, or treated with 2 µM Cyclosporin A (CsA), then 
infected with HIV-1-FLuc virus. Results were normalized for infection in EC cells for each condition. Top graphs show the mean +/- SD of 3 independent 
experiments, each carried out at different m.o.i. in triplicate. **** p<0.0001. Bottom graphs show the qPCR quantification of TRN-1 and CypA transcripts.
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extended Data Fig. 6 | see figure caption on next page.
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Extended Data Fig. 6 | Characterization of the uncoating of HIV-1 by TrN-1. a, TRN-1 depletion causes HIV-1 capsid to persist in the cytoplasm of 
infected cells. Hela cells transduced with EC or shTRN-1 were infected with VSVG-pseudotyped HIV-1 in the presence of Raltegravir. Cells were fixed 
at the indicated times points post-infection. Viral capsid was immunolabelled and 2-4 image stacks were acquired by LSM880 confocal microscope 
for each time point. CA spots were quantified in 3D using Imaris and are shown as the mean +/- s.e.m. from one experiment, representative of 3 
independent experiments. b, TRN-3 depletion does not prevent HIV-1 uncoating. HeLa cells were transduced with shTRN-1 or shTRN-3, then infected 
with VSVG pseudotyped HIV-1 in the presence of raltegravir. Images show CA labelling in a representative field at 24 h.p.i. Scale bar = 10 µM. Results 
are representative of two independent experiments. c, Knockdown of TRN-1 does not impede incoming viral trafficking. Hela cells transduced with EC or 
shTRN-1 were infected with VSV-G pseudotyped HIV-1 and fixed at the indicated time points post-infection. Viral capsid was immunolabelled and 2-4 
image stacks were acquired by LSM880 confocal microscope for each time point. The nuclear volume and CA spots within 0.3 μm distance of the nuclear 
envelope were detected in 3D using Imaris and are shown as the mean +/- s.e.m. from one experiment, representative of 2 independent experiments. 
Scale bar = 10 µM. d, TEM image of a representative capsid isolated from HIV-1 virions on sucrose cushion, used in Fig. 3b. Scale bar = 100 nm. Results are 
representative of two independent experiments. e, Coomassie gels of recombinant TRN-1 enrichment used for Fig. 3b. TRN-1 appears as a 102 kDa band 
(arrows). Quantification is provided at the top of each lane. Other bands may be degradation products of full-length TRN-1. The left-hand blot is a western 
blot of recombinant wild-type TRN-1 protein. Individual bands from 2 independent preparations were quantified using Image J and the relative abundance 
of TRN-1 is provided as mean values +/- SD.
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extended Data Fig. 7 | see figure caption on next page.
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Extended Data Fig. 7 | Fate of CA and TrN-1 after translocation through the NPC. a, Arresting cells in G1/S does not alter HIV-1 dependency on TRN-1. 
P4 cells were infected with VSVG pseudotyped HIV-1 in the presence of 8 µM Aphidicolin (APH) or DMSO as control. β-gal activity was measured at 2 
dpt. Results are the mean of 3 independent experiments performed in triplicate +/- s.e.m. ns=0.5346 and 0.2381 for shTRN-1 and shTNR-3, respectively. 
Cell cycle arrest in G1/S was confirmed by propidium iodide labelling and flow cytometry (right panel). b, TRN-1 and CA co-localize in the nucleus of 
target cells at 8 h.p.i. HeLa cells transduced with EC or shTRN-1 eGFP lentiviral vectors, were infected with HIV-1-VSVG or left uninfected. Duolink labelling 
was performed using anti-rabbit TRN-1 and anti-mouse p24, and image stacks were acquired using a LSM880 confocal microscope. Scale bar = 10 µM. 
The nuclear volume and CA spots within 0.3 µm distance of the nuclear envelope were detected in 3D using Imaris. Quantification was performed on 3 
different stacks and shown as mean +/− SD. Images are representative of 2 independent experiments. c, TRN-1 relocalises to the nucleus in infected cells 
at 24 h.p.i. HeLa cells were infected with HIV-1-VSVG or left uninfected, and labelled with anti-TRN-1 antibody at 24 h.p.i. Scale bar = 10 µM. Mean grey 
intensity values in the cytoplasms and nuclei were quantified for each cell using Fiji on n nuclei from 4 separate acquisitions (mean values +/− s.e.m.). 
**** p<0.0001. Results are representative of 2 independent experiments.
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