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V I R O L O G Y

HIV-1 uncoating requires long double-stranded reverse 
transcription products
Ryan C. Burdick1, Michael Morse2, Ioulia Rouzina3, Mark C. Williams2, Wei-Shau Hu4,  
Vinay K. Pathak1*

HIV-1 cores, which contain the viral genome and replication machinery, must disassemble (uncoat) during viral 
replication. However, the viral and host factors that trigger uncoating remain unidentified. Recent studies show 
that infectious cores enter the nucleus and uncoat near the site of integration. Here, we show that efficient uncoat-
ing of nuclear cores requires synthesis of a double-stranded DNA (dsDNA) genome >3.5 kb and that the efficiency 
of uncoating correlates with genome size. Core disruption by capsid inhibitors releases viral DNA, some of which 
integrates. However, most of the viral DNA is degraded, indicating that the intact core safeguards viral DNA. Atom-
ic force microscopy and core content estimation reveal that synthesis of full-length genomic dsDNA induces sub-
stantial internal strain on the core to promote uncoating. We conclude that HIV-1 cores protect viral DNA from 
degradation by host factors and that synthesis of long double-stranded reverse transcription products is required 
to trigger efficient HIV-1 uncoating.

INTRODUCTION
HIV-1 virions contain a capsid shell (core) that encloses the viral 
genome and must disassemble (uncoat) so that the newly synthe-
sized viral double-stranded DNA (dsDNA) can integrate into the 
host chromosomes. Although uncoating is essential for virus infec-
tion, it remains one of the most poorly understood steps in HIV-1 
replication. Studies of uncoating have been difficult in part because 
methods to quantify the amount of capsid protein (CA) associated 
with viral complexes have not been available and because it has been 
difficult to identify the rare infectious viral cores from the vast ma-
jority of noninfectious viral cores. Consequently, previous studies 
have drawn differing conclusions regarding the intracellular loca-
tion, timing, and molecular triggers of uncoating [reviewed in (1, 2)]. 
Historically, it was thought that HIV-1 cores must uncoat in the cy-
toplasm because their size exceeds the diameter of the nuclear pore 
complex and that uncoating is necessary to allow reverse transcrip-
tion of the viral genome [reviewed in (3, 4)]. Viral core uncoating in 
the cytoplasm has been observed (5, 6), which can lead to efficient 
proteasomal degradation of viral complexes (7) and detection of vi-
ral DNA by host immune sensors (8, 9). However, our recent studies 
indicate that the rare viral cores that lead to productive infection are 
intact when they enter the nucleus and uncoat near their integration 
sites <1.5 hours before integration (10, 11). Consistent with our re-
sults, cryo–electron tomography studies have revealed that the di-
ameter of nuclear pores is large enough for import of intact cores 
and that conical-shaped capsids enter the nuclei of infected cells 
(12–14). This argument is bolstered by the observation that interac-
tions between the viral core and host cleavage and polyadenylation 
specificity factor 6 (CPSF6), which require a capsid lattice, are essen-
tial for the nuclear import of viral cores (15, 16) and integration into 

speckle-associated chromatin domains, the preferred sites of provi-
ral integration (16–18). Recent studies have also shown that capsids 
remain largely intact and play an indispensable role in supporting 
efficient reverse transcription (19) and that reverse transcription is 
completed in the nucleus (10, 20–22).

Previous studies that sought to identify the molecular triggers of 
uncoating did not consider the uncoating of viral cores in the nucleus 
and focused on uncoating events in the cytoplasm or near the nuclear 
envelope. Binding of a CPSF6 mutant to cytoplasmic cores prevents 
their nuclear import and leads to substantial loss of infectivity, suggest-
ing that viral cores that uncoat in the cytoplasm do not lead to produc-
tive infection (23). Some studies concluded that uncoating occurs in 
the cytoplasm soon after initiation of reverse transcription (24) and 
that reverse transcription destabilizes cytoplasmic viral cores (25). An-
other study suggested that completion of reverse transcription is not 
sufficient to induce uncoating and that a central polypurine tract need-
ed for the formation of a central DNA flap is required to induce un-
coating at the nuclear envelope before nuclear entry (26). A study from 
our lab (10) and a recent study (27) showed that reverse transcription 
is required to induce efficient uncoating of nuclear viral cores, but the 
extent of reverse transcription needed to induce uncoating was not de-
termined. Another recent study showed that inhibition of reverse tran-
scription did not affect the CA levels that accumulated in the nucleus, 
but it was not determined whether the CA was associated with nuclear 
viral cores or if reverse transcription induced uncoating of nuclear vi-
ral cores (22). It was also recently observed that capsid stiffness tran-
siently increases ~7 hours after initiation of reverse transcription, 
suggesting that the capsid stiffness changes correlate with the initiation 
of capsid disassembly (28). However, these observations were made in 
the absence of inositol hexakisphosphate (IP6), which results in un-
stable capsids and low reverse transcription efficiency (19); consequent-
ly, the capsid stiffness changes could not be directly correlated with the 
progression of reverse transcription or uncoating. The lack of consen-
sus in the field for >20 years reflects the difficulties in studying the 
uncoating mechanism in vitro and in infected cells. Here, we used a 
live-cell imaging assay to directly visualize the uncoating of nuclear 
HIV-1 cores and complementary biochemical assays to identify the 
viral and host factors that play a critical role in HIV-1 uncoating.
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RESULTS
Reverse transcription is required for efficient uncoating
We determined HIV-1 uncoating efficiency by live-cell imaging of 
HIV-1 cores labeled with green fluorescent protein (GFP)–tagged 
capsid protein (GFP-CA; fig. S1, A and B) in HeLa cells expressing 
mRuby-LaminB. We determined the percentage of GFP-CA–labeled 
nuclear cores that disappeared between ~4 and 22 hours after infec-
tion, which was defined as uncoating (Fig. 1A). In untreated cells, in 
cells treated with the HIV-1 integrase inhibitor raltegravir (RAL), or 
in cells infected with HIV-1 carrying the integrase catalytic site mu-
tation D64E, ~60% of the nuclear HIV-1 cores uncoated (Fig. 1B). 
However, uncoating was significantly reduced to ~13% in cells treated 
with reverse transcriptase inhibitor nevirapine (NVP) or infected 
with HIV-1 carrying the reverse transcriptase catalytic site mutation 
D110E. HIV-1 uncoating occurred ~10.6 hours after infection in 
untreated cells or when integration was inhibited, whereas the few 
cores that uncoated in the absence of reverse transcription did so 
much later at ~16 to 17 hours after infection (Fig. 1C). The observa-
tion that RAL treatment had no effect on uncoating indicated that 
uncoating does not require integrase activity (Fig. 1, B and C). We 
also assessed the time of HIV-1 core uncoating by addition of the 
capsid binding inhibitor PF-3450074 (PF74) at different times and 
determining the infectivity of an HIV-1–based vector that expresses 
a GFP reporter. The average loss of sensitivity to PF74 occurred 
~10.8 hours after infection (Fig. 1D), which is similar to the time of 
uncoating of nuclear cores measured by live-cell imaging assays 
(~10.6 hours; Fig. 1C). These data agree with previous studies (10, 27) 
and indicate that reverse transcription is required for efficient HIV-1 
uncoating.

Uncoating occurs ~10 hours after reverse 
transcription initiation
To gain insight into the effect of delaying reverse transcription ini-
tiation on the kinetics of uncoating, we treated cells with NVP at the 
time of infection, washed out the NVP 2 hours later, and then deter-
mined when viruses lost sensitivity to PF74. We found that, when 
initiation of reverse transcription was delayed by 2 hours, viruses 
lost sensitivity to PF74 ~2 hours later than viruses in untreated cells 
(~10.8 hours versus ~13.0 hours), indicating that uncoating was also 
delayed by ~2 hours (Fig. 1D). A similar 2-hour NVP treatment de-
layed the uncoating of nuclear viral cores by ~2 hours, as determined 
by the loss of the GFP-CA signals in the imaging assays (~10.7 versus 
~12.5 hours; Fig. 1E). These results indicate that the kinetics of un-
coating are closely correlated with the timing of reverse transcrip-
tion and that uncoating of infectious viral cores occurs ~10 hours 
after reverse transcription initiation.

Synthesis of long dsDNA reverse transcription products is 
required for efficient uncoating
Previous studies did not determine the extent of reverse transcrip-
tion required for efficient uncoating. To address this question, we 
first determined the kinetics of reverse transcription by measuring 
early and late reverse transcription products (referred to as early RT 
and late RT products, respectively, hereafter) at different times after 
infection (fig. S1C). Next, we added NVP at a point when ~75% of 
the late RT products had been synthesized (4 hours after infection) 
and then assessed the uncoating efficiency of nuclear HIV-1 cores. 
Treatment of cells with NVP after reverse transcription progressed 
to a late stage significantly reduced uncoating efficiency from ~60 to 

~34%, indicating that efficient uncoating requires synthesis of long 
dsDNA products. To further determine how the length reverse tran-
scription products affects uncoating efficiency, we constructed a se-
ries of lentiviral vectors of varying size by addition of non–HIV-1 
sequences and determined the effect of genome size on uncoating 
efficiency (Fig. 1F and fig. S2A). We found that all viral cores entered 
the nucleus with similar efficiency irrespective of genome size (fig. S2, 
B and C), and their uncoating efficiency positively correlated with 
genome size (Fig. 1F). Furthermore, the uncoating efficiency of 
cores containing genomes <3.5 kb was not significantly different 
from the cores that did not contain any genome, indicating that syn-
thesis of a genome >3.5 kb is required to induce uncoating above 
background levels of reverse transcription-independent capsid dis-
assembly (Fig. 1F). Viral cores containing small genomes (≤3.5 kb) 
efficiently produced late RT products (Fig. 1G), indicating that the 
low uncoating efficiency of viral cores containing the small genomes 
was not due to a failure to synthesize viral DNA. We conclude that 
HIV-1 uncoating efficiency is directly influenced by the size of the 
viral DNA genome and that efficient uncoating requires a ge-
nome >3.5 kb.

Intact cores protect viral DNA from degradation
Treatment of infected cells with 10 μM PF74 disrupts most nuclear 
GFP-CA–labeled HIV-1 cores (10, 11). To determine whether 
PF74-induced capsid disruption can release short viral DNA that is 
capable of integration and reporter gene expression, we constructed 
HIV-1–based vectors HIV-3.1kb and near-full length HIV-8.4kb 
that both express a GFP reporter (Fig. 2A and fig. S3; see Supple-
mentary Text). The nuclear import efficiency of cores containing 
these genomes was similar (fig. S4A) and both efficiently produced 
late RT DNA (fig. S4B). Similar to the other short vectors ≤3.5 kb 
(Fig. 1F), the cores containing the HIV-3.1kb genome were defective 
for uncoating, exhibiting a 6.3-fold lower efficiency of uncoating of 
nuclear cores compared to the cores containing the HIV-8.4kb ge-
nome (fig. S4C). Treatment of cells 6 hours after infection with 10 μM 
of PF74 or 10 nM of the capsid binding inhibitor lenacapavir led 
to the rapid (<2 hours) loss of both HIV-3.1kb and HIV-8.4kb viral 
DNA (Fig. 2B). To determine whether viral DNA released from cores 
in the cytoplasm or the nucleus was degraded, we isolated the cyto-
plasmic and nuclear fractions before DNA extraction (Fig. 2C, left). 
The levels of cytoplasmic and nuclear viral DNA were decreased by 
21-fold and 4-fold, respectively, 6 hours after treatment with PF74 
(PF74 was added at 6 hours after infection) (Fig. 2C). Thus, while most 
viral DNA released from the HIV-1 cores in the cytoplasmic and 
nuclear fractions was degraded, the viral DNA in the nuclear frac-
tions, which potentially included DNA from viral cores associated 
with the nuclear envelope, was degraded less efficiently than in the 
cytoplasmic fraction. Moreover, because we inhibited integration 
with RAL in these experiments, the less efficient degradation of 
DNA released from the nuclear cores cannot be attributed to a pro-
tective effect of viral DNA integration. These findings indicate that 
capsid inhibitors PF74 and lenacapavir can disrupt HIV-1 cores, ex-
posing viral DNA to the host environment where it can be degraded. 
Our observation that cytoplasmic HIV-1 cores protect viral DNA 
from degradation is consistent with previous studies showing that 
HIV-1 cores shield viral DNA from cytoplasmic nucleases (29–32) 
and innate immune sensors (8, 33). We extend these findings and 
show that HIV-1 cores in the nucleus also protect viral DNA from 
degradation by host factors. These results also suggest that HIV-1 
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cores shield the viral DNA from detection by nuclear DNA sensors 
[reviewed in (34)].

The late RT products of the HIV-3.1kb genome continued to in-
crease from 8 to 24 hours after infection, whereas the late RT prod-
ucts of the HIV-8.4kb genome decreased over the same time period 
(Fig. 2B). This difference in late RT product accumulation is consis-
tent with the observation that viral cores containing the 3.1-kb ge-
nome do not uncoat, and, as a result, the late RT products continue 
to accumulate. In contrast, the viral cores containing the 8.4-kb ge-
nome begin to uncoat as reverse transcription is completed, leading 
to degradation of most of the viral DNA released from the uncoated 
cores, while some DNA integrates; as a result, the late RT products 
of the 8.4-kb genome decrease between 8 and 24 hours after infection.

Short vector DNA integrates after core disruption with 
capsid inhibitors
Although most of the short HIV-3.1kb DNA was degraded after 
PF74-induced capsid disassembly (Fig. 2B), the integration efficien-
cy of the short HIV-3.1kb DNA that survived degradation, defined 
as the percentage of late viral DNA detected at 24 hours after infec-
tion that had integrated, was high and similar to that of the near 
full-length HIV-8.4kb DNA in untreated cells (~38 versus ~43%, 
respectively; Fig.  2D). The integration efficiency of HIV-3.1kb in 
cells not treated with PF74 was only ~2%, presumably because most 
short viral DNAs remained trapped inside intact HIV-1 capsids. As 
expected, RAL treatment of cells resulted in low integration efficien-
cy (Fig. 2D). The integration kinetics of the short viral DNA released 
from PF74-disrupted capsids was determined by adding RAL at dif-
ferent times and measuring integrated viral DNA. The viral DNA 
released from PF74-disrupted capsids integrated into the host ge-
nome <2 hours after PF74 addition (Fig.  2E). Additional experi-
ments using more frequent time points within the first 2 hours of 
PF74 addition indicated that the short HIV-3.1kb DNA integrates 
~77 min after PF74 addition (Fig. 2F), which is consistent with our 
previous findings that the full-length viral DNA integrates <1.5 hours 
after uncoating of nuclear HIV-1 cores (10). We also determined the 
kinetics of integration of the ~2% of HIV-3.1kb viral DNAs that in-
tegrated without PF74 treatment (Fig. 2D); we found that integra-
tion of the HIV-3.1kb DNA in the absence of PF74 treatment was 
substantially delayed compared to that of HIV-8.4kb (Fig. 2E). Anal-
ysis of infected HeLa cells 1 to 4 days after infection indicated that 
most of the viral cores that fail to uncoat within the first 24 hours of 
infection remain stable for at least 4 days after infection (fig. S5; see 
Supplementary Text). Treatment of cells with PF74 or lenacapavir 
10 hours after infection of HeLa cells or T cell lines with HIV-3.1kb 
led to a ~5.3- to 8.0-fold increase in the percentage of GFP reporter–
expressing cells compared to that of untreated control cells (Fig. 2G 
and fig. S6; see Supplementary Text). Overall, these results indicated 
that the viral DNA that was released by disruption of intact cores 
with PF74 or lenacapavir treatment and survived degradation by 
host nucleases could integrate and express the GFP reporter.

CypA binding to nuclear viral cores delays uncoating
Host factor cyclophilin A (CypA) directly binds to HIV-1 cores 
(35–38), protects them from TRIM5α restriction (39), and poten-
tially stabilizes them (36, 40). However, the effect of CypA exerts on 
nuclear HIV-1 cores is not well understood [reviewed in (41)]. 
Inhibiting CypA-CA interactions using the CA mutation P90A (42) 
or treatment of target cells with cyclosporin A (CsA), a competitive 
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Fig. 1. Effect of reverse transcription, integration, and genome size on uncoating 
of nuclear HIV-1 cores. (A) Live-cell imaging of aphidicolin-treated HeLa cells express-
ing mRuby-LaminB infected with GFP-CA–labeled HIV-1. Examples of GFP-CA disap-
pearance in the nucleus (left) or remaining in the nucleus until the end of a movie 
(right). Scale bars, 10 μm (large) and 2 μm (small). (B) Percentage of nuclear HIV-1 cores 
that disappeared during the movies for the indicated virus and cell treatments. All vec-
tor genomes are 10.3 kb. (C) Time (hours) after infection of GFP-CA disappearance. 
(D) PF74 time-of-addition experiment in untreated cells (control) or in cells treated with 
NVP at time of infection followed by washout 2 hours later. The percentage of GFP re-
porter–expressing cells was determined ~1 day after infection and is shown relative to 
untreated control cells (set to 100%; means ± SD, n = 6 biological replicates). (E) Time 
(hours) after infection of GFP-CA disappearance in untreated control cells or in cells 
treated with NVP at time of infection followed by washout 2 hours later. (F) Top: Sche-
matic of different-sized lentiviral vectors by addition of non–HIV-1 sequence (see "Syn-
thesis of long dsDNA reverse transcription products is required for efficient uncoating"). 
Bottom: Percentage of nuclear HIV-1 cores containing no viral RNA genome or 
different-sized genomes that disappeared during the movies. Expected size (kilobase) 
of genome after reverse transcription is indicated for each vector. cPPT, central polypu-
rine tract; PPT, polypurine tract; RRE, rev-response element. (G) Late RT products for 
indicated viruses 6 hours after infection of aphidicolin-treated HeLa cells with p24-
normalized virus input (means ± SD, Welch’s t test, n = 4 biological replicates). For (B), 
(E), and (F), the number of HIV-1 cores analyzed for each sample ranged from 51 to 187 
(average = ~94). Fisher’s exact test. For (C) and (E), lines = median; Mann-Whitney U 
test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not significant.
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inhibitor of the CypA-CA interaction, increased the uncoating effi-
ciency of nuclear HIV-1 cores and resulted in faster uncoating ki-
netics (Fig. 3, A and B), indicating that CypA binding stabilizes viral 
cores and delays uncoating. CsA addition after HIV-1 cores entered 
the nucleus (~4.5 hours after infection) also resulted in increased un-
coating efficiency and faster uncoating kinetics (Fig. 3, A and B), sug-
gesting that CypA, or another CsA-sensitive cyclophilin, binds to 
nuclear HIV-1 cores. NVP treatment significantly decreased the un-
coating efficiency of the P90A mutant cores or wild-type (WT) cores 
in CsA-treated cells (Fig. 3, A and B). These findings indicate that 
CypA-CA interactions influence uncoating efficiency and kinetics, 
but reverse transcription remains essential for efficient uncoating of 
nuclear HIV-1 cores. Consistent with this observation, the addition 
of the CsA 10 hours after infection of HeLa cells with HIV-3.1kb 
did not increase the percentage of GFP reporter–expressing cells 
(Fig. 2G). These results indicated that, unlike PF74 or lenacapavir 
treatment, CsA treatment was not sufficient to disrupt viral cores 
and release the short viral DNA that could express the GFP reporter.

Next, we assessed the timing of reverse transcription and uncoating 
by determining the loss of sensitivity to NVP and PF74, respectively, in 
the absence or presence of CsA (Fig. 3C). As we previously observed 
(10), the average loss of sensitivity to NVP occurred at ~8.0 hours 
after infection, whereas the average loss of sensitivity to PF74 occurred 
at ~10.4 hours after infection, indicating that uncoating occurred 
~2.4 hours after the completion of reverse transcription. In contrast, 
the average loss of sensitivity to NVP and PF74 in CsA-treated cells 
occurred at similar times (~7.0 and ~7.8 hours after infection; 
P > 0.05). These observations indicate that, in the absence of CypA 

binding to viral cores, uncoating occurs at approximately the same 
time that reverse transcription is completed. Moreover, the average 
loss of sensitivity to PF74 in CsA-treated cells occurred ~2.6 hours ear-
lier than in untreated control cells (~7.8 hours versus ~10.4 hours), 
which is consistent with the faster uncoating of nuclear HIV-1 cores 
when the CypA-CA interaction is inhibited (Fig. 3B). We also mea-
sured early RT and late RT products at different time points after infec-
tion and observed a ~2-fold decrease in viral DNA levels when the 
CypA-CA interaction was inhibited (Fig. 3D), which is consistent with 
a previous report showing that CypA promotes reverse transcription 
(43). Overall, these results suggest that CypA promotes reverse tran-
scription by stabilizing nuclear HIV-1 cores to ensure that reverse tran-
scription is completed before uncoating. It is important to note that 
although CypA has been shown to be localized to the nucleus (44, 45), 
there are several CsA-sensitive nuclear cyclophilins (46), and the iden-
tity of the cyclophilin that binds to nuclear viral cores and delays un-
coating remains an open question at this time.

Viral cores with short vector DNA uncoat inefficiently in 
primary CD4+ T cells
Next, we performed imaging and time-of-addition experiments in 
primary CD4+ T cells, the natural target cells of HIV-1 infection, to 
determine the kinetics of nuclear import, reverse transcription, un-
coating, and integration. We labeled viral cores with GFP that is pas-
sively trapped inside intact cores during virion maturation [content 
marker GFP (cmGFP)]. The cmGFP is released from the viral cores 
when core integrity is lost and serves as a marker for intact viral 
cores (fig. S7) (11). Nuclear import of viral cores labeled with cmGFP 

A

HIV-3.1kb
LTR LTRMA GFP tatP

2A

HIV-8.4kb
LTR LTRGag*

Pol Env*

GFP

0

20

40

60

80

In
te
gr
at
io
n 
ef
fic
ie
nc
y 
(%

)

PF74 at 10 hours 
RAL at 0 hours 

HIV-3.1kb
++
++

–
–

–
– –

––
+

ns

F

**

0
2
4
6
8
10
12
14

PF74 at 10 hours 

++

+
–

–

– ––

–

+
LEN at 10 hours 

NVP at 0 hours 

++–

–

–
–

+

–
–

–– ––
–

–
–CsA at 10 hours + +

****

**

**

*
ns

**

HIV-3.1kbHIV-8.4kb HIV-3.1kb + 10 µM PF74 at 10 hours

In
te
gr
at
ed
 v
ira
l D

N
A

(%
R
A

La
t 1
2 
ho
ur
s)
 

G

vif vpr

DMSO 10 µM PF74 at 6 hours 10 nM LEN at 6 hours B

Cy
to

Nu
c

Lamin
Tubulin

Time after infection (hours)

La
te
 R
T 
pr
od
uc
ts
 p
er
 c
el
l

(%
6 
ho
ur
s)

HIV-3.1kb HIV-8.4kb

D E

C

Time after infection (hours)
0 4 8 12 16 20 240 4 8 12 16 20 24

0

100

200

300

Time of RAL addition (hours)
0 5 101520 2530354045

0

20

40

60

80

100

120

In
te
gr
at
ed
 v
ira
l D

N
A

(%
N
o 
R
A
L)

Time of RAL addition (hours:min)
10
:00
10
:20
10
:40
11
:00
11
:20
11
:40
12
:00

0

20

40

60

80

100

120

HIV-3.1kb

t    = 10.3 ± 0.8 hours 

t    = 40.1 ± 3.7 hours t    = 70 ± 10 min 

1/2

1/2 1/2

HIV-8.4kb

%
G
FP

+  c
el
ls

(r
el
at
iv
e 
to
 u
nt
re
at
ed
)

6 12 12

La
te
 R
T 
pr
od
uc
ts
 p
er
 c
el
l

(%
to
ta
l a
t 6
 h
ou
rs
)

PF74 at 6 hours –+–
RAL at 0 hours + ++

NucCyto

HIV-8.4kb

21×
4×

0

50

100

150

Fig. 2. Effect of CA inhibitor-induced disruption of HIV-1 cores containing short genomes on viral DNA levels, integration, and expression of GFP reporter. 
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occurred ~10.1 hours after infection (Fig.  4, A and B). In the in-
fected CD4+ T cells, HIV-8.4kb GFP reporter viruses remained sen-
sitive to NVP, PF74, and RAL until ~12.1, ~14.2, and ~16.6 hours 
after infection, respectively (Fig. 4C). In HeLa cells, the loss of sen-
sitivity to NVP occurred 8.0 hours after infection (Fig. 3C), indicat-
ing that reverse transcription was delayed in the CD4+ T cells 
compared to that in the HeLa cells. Despite the delay in reverse 

transcription, loss of sensitivity to PF74 occurred ~2.1 hours after 
loss of sensitivity to NVP, indicating that uncoating occurred ~2 hours 
after completion of reverse transcription. Furthermore, integra-
tion occurred ~2.4 hours after loss of sensitivity to PF74. These re-
sults, which are consistent with our previous findings in HeLa cells 
(10), imply that, in CD4+ T cells, reverse transcription is completed 
within the nucleus ~12 hours after infection, uncoating occurs ~2 
hours after completion of reverse transcription, and integration oc-
curs ~2 to 2.5 hours after uncoating. Infection of CD4+ T cells with 
the HIV-8.4kb vector and treatment with PF74 12 hours later re-
sulted in a rapid ~50% decrease in viral DNA levels (Fig. 4D), indi-
cating that HIV-1 cores protect viral DNA from degradation in the 
CD4+ T cells. Moreover, infection of CD4+ T cells with HIV-3.1kb 
and treatment ~10 hours later with PF74 or lenacapavir resulted in 
a ~2.7- to 5.1-fold increase in the percentage of GFP reporter–
expressing cells compared to that of untreated control cells (Fig. 4E). 
These findings demonstrate that, in primary CD4+ T cells, reverse 
transcription of the short HIV-3.1kb DNA does not induce efficient 
uncoating, that short viral DNA can be released upon capsid 
inhibitor-induced disruption of viral cores, and that intact HIV-1 
capsids safeguard the viral DNA from degradation.

HIV-1 NC condenses viral DNA
Reverse transcription of flexible single-stranded RNA into a stiff 
dsDNA that resists compression has been proposed to increase 
internal pressure within the core that is counteracted by HIV-1 nu-
cleocapsid (NC)–mediated dsDNA condensation (28, 47, 48). Previ-
ous studies, however, have not measured condensation as a function 
of dsDNA length, which increases as reverse transcription progress-
es or as genome length is altered as in the experiments described 
above. They also did not consider the conformations of single-
stranded DNA (ssDNA) regions transiently formed during reverse 
transcription, the interplay between the degraded RNA template 
and the full length proviral dsDNA product, and the relative geo-
metric proportions of these molecules in comparison with the cap-
sid, as described here. Uncoating is proposed to occur when the 
amount of NC is insufficient to fully condense the newly synthesized 
dsDNA. However, testing the role of NC in cell-based assays is com-
plicated by the fact that NC plays a critical role in genomic RNA 
packaging (49) and in facilitating reverse transcription [reviewed in 
(50)]. Thus, mutations in NC may lead to a decrease or increase in 
uncoating if the net effect of the mutations is inhibition of reverse 
transcription or inhibition of dsDNA condensation, respectively. 
Because the results of cell-based assays may be difficult to interpret, 
we opted to use in  vitro assays to study the role of NC in HIV-1 
uncoating. We measured the size of NC-dsDNA complexes by 
atomic force microscopy (AFM) at increasing levels of dsDNA satu-
ration with NC (Fig. 5, A and B). At 50 nM NC, the dsDNA is only 
partially condensed in a large central globule surrounded by a single 
layer of DNA, whereas, at 500 nM NC, all the DNA is fully con-
densed into a single globule. These results indicate that dsDNA in 
viral cores, in which NC concentration is estimated to be ~40 mM 
(see Materials and Methods), should be completely condensed un-
less the amount of NC available for binding to dsDNA is limiting. 
During reverse transcription, reverse transcriptase switches tem-
plates between the two co-packaged genomic RNA strands, result-
ing in synthesis of one dsDNA molecule (51). As a result, RNA 
fragments equivalent to at least one full genome (and perhaps more) 
would remain in the core and bind to NC. Adding equimolar amounts 
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Fig. 3. Effect of reverse transcription, CypA-CA interaction, and CA mutations 
on uncoating of nuclear HIV-1 cores. (A) HeLa cells were challenged with GFP-
CA–labeled virus and live-cell microscopy was performed. The percentage of nu-
clear HIV-1 cores that disappeared during the movies for the indicated virus and 
cell treatments is shown. An average of 101 HIV-1 cores was analyzed for sample 
(Fisher’s exact test). (B) Time (hours) after infection of GFP-CA disappearance 
(line = median; Mann-Whitney U test was used to compare statistical significance 
from WT HIV-1 cores in untreated cells). For (A) and (B), WT virus with and without 
NVP treatment is same as in Fig. 1 (B and C) and is shown as reference. (C) HeLa cells 
were infected with an HIV-1–based GFP reporter virus, cells were treated with CsA 
at the time of infection, NVP or PF74 was added at different time points after infec-
tion, and the percentage of GFP reporter–expressing cells was determined ~1 day 
after infection. Data are shown relative to infected cells not treated with PF74 
(means ± SD, n = 4 biological replicates). The time of NVP or PF74 addition when 
the percentage of GFP reporter expressing cells was half of the percentage of GFP 
reporter expressing untreated or CsA-treated cells (t1/2) was determined by nonlin-
ear curve fitting and compared using Welch’s t test. (D) Quantitation of early RT and 
late RT products for indicated viruses at different times after infection of aphidicolin-
treated HeLa cells with p24-normalized virus input (means ± SD, n = 3 biological 
replicates). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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of 16-nucleotide (nt) RNA oligonucleotides, which represent the 
single-stranded RNA fragments that remain in the capsid after re-
verse transcription (52), reduced dsDNA condensation (Fig. 5, C 
and D). Although the amount of NC in the capsid is sufficient to 
compact full-length genomic RNAs or dsDNA, it may not be suffi-
cient to compact the amount of nucleic acid in the capsid at the end 
of reverse transcription, which increases as much as ~150 to 200%. 
Consequently, the full-length dsDNA would not be fully condensed, 
increasing the internal pressure on the viral core, leading to uncoat-
ing. HIV-1 plus-strand DNA synthesis occurs in multiple seg-
ments that are separated by gaps (53, 54). The ssDNA regions 
increase local flexibility by two orders of magnitude [dsDNA is rigid 

at lengths up to 50 nm, while ssDNA bends at sub-nanometer 
lengths; (55)] and vastly decrease the forces required to keep the 
DNA contained in the capsid (fig. S8A). Thus, reverse transcription 
may need to progress to a stage where long stretches of dsDNA are 
synthesized to increase the internal pressure on the core and induce 
uncoating.

Our measurements show that the volumes of completely con-
densed dsDNA/NC globule with dsDNA length ranging between 
0.5 and 48.5 kb increase proportionally to dsDNA length (Fig. 5E 
and fig. S8, B and C). As expected (56–58), NC did not show a 
noteworthy sequence preference and equally condensed different 
dsDNA substrates, including HIV-1 DNA. Assuming the total viral 
RNA and dsDNA packaged into the capsid increase in proportion 
with genome length and the major proteins in the capsid (NC, RT, 
IN, and Vpr; fig. S8D) remain constant, we estimated the entire nu-
cleic acid and protein contents of the capsid as a function of genome 
length (details of the model are described in Materials and Meth-
ods). Before reverse transcription, the packaged viral RNA and pro-
teins are predicted to occupy ~75% of the total capsid volume (Fig. 5F 
and fig. S9). Completely condensed full-length viral dsDNA could 
fit inside the remaining capsid space. However, there is insufficient 
NC to condense the full-length HIV-1 dsDNA (~9.8 kb), and the 
volume of the dsDNA exceeds the available space in the capsid (Fig. 5F); 
as a result, a large fraction of capsids of different sizes experience 
strain following reverse transcription, which leads to uncoating. These 
predictions are consistent with our findings that the efficiency of 
uncoating increases with genome length and that short genomes 
≤3.5 kb do not induce efficient uncoating (Fig. 1F).

DISCUSSION
Our results show that reverse transcription is required for uncoat-
ing, that uncoating occurs ~10 hours after reverse transcription 
initiation, and that synthesis of long double-stranded reverse tran-
scription products is required for efficient uncoating. Some previous 
studies showed that inhibiting reverse transcription with NVP in-
hibited uncoating of cytoplasmic (24) as well as nuclear viral cores 
(10, 27), but the temporal link between reverse transcription initia-
tion and uncoating was not established and other studies concluded 
that uncoating occurred soon after initiation of reverse transcrip-
tion (5, 6, 59). Most previous studies did not examine the uncoating 
of nuclear viral cores, which are likely to be infectious, and bio-
chemical assays for uncoating measure the behavior of a population 
of viral cores, most of which were defective and did not lead to pro-
ductive infection. Here, we used two separate assays to study un-
coating. The first assay used a live-cell imaging assay to directly 
visualize the uncoating of nuclear HIV-1 cores, and the second assay 
used time-of-addition assays with an inhibitor of reverse transcrip-
tase (NVP) and capsid binding inhibitor (PF74) to determine the 
kinetics of reverse transcription and uncoating of infectious viral 
cores, respectively.

Our studies of viral cores containing different-sized genomes 
show that synthesis of long double-stranded reverse transcription 
products > 3.5 kb is required for efficient HIV-1 uncoating. Further-
more, the genome size positively correlated with uncoating efficien-
cy. These observations suggest that synthesis of dsDNA, which is 
less flexible than genomic RNA and resists compression, exerts in-
ternal pressure on the capsid, resulting in uncoating. AFM measure-
ments showed that NC can condense dsDNA to reduce the pressure 
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Fig. 4. Kinetics of nuclear import, reverse transcription, uncoating, and inte-
gration in primary activated CD4+ T cells, and effect of CA inhibitor-induced 
disruption of HIV-1 cores on viral DNA levels and expression of GFP reporter. 
(A) HIV-1 core labeled with content marker GFP (cmGFP) in the nucleus of a pri-
mary activated CD4+ T cell 12 hours after infection; nucleus stained using BioTrack-
er 650 Dye. Scale bar, 2 μm. (B) Number of nuclear cmGFP-labeled HIV-1 cores per 
cell at the indicated time points (means ± SD, n = 3 biological replicates, two do-
nors). An average of 2.6 nuclear HIV-1 cores per cell was detected 24 hours after 
infection (set to 100%). (C) Percentage of GFP-expressing cells measured 48 hours 
after infection after addition of NVP, PF74, and RAL at different time points 
(means ± SD, n = 4 biological replicates, four donors). (D) Quantitation of late RT 
products at different times after infection with HIV-8.4kb (means ± SD, Welch’s t 
test, n = 4 biological replicates, four donors). An average of 0.4 late RT products per 
cell was detected 12 hours after infection (set to 100%). (E) Fold change in the per-
centage of GFP reporter–expressing cells measured 1 day after infection with HIV-
3.1kb; data shown relative to untreated control (set to 1; means ± SD, Welch’s t test, 
n = 7 biological replicates). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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on the viral capsid and ensure completion of reverse transcription. 
The size of the NC-condensed dsDNA and estimation of viral core 
protein and nucleic acid contents reveal that synthesis of full-length 
reverse transcription products induces substantial internal strain on 
the cores to promote uncoating. We also show that the CypA-CA 
interactions can stabilize the viral cores, reducing uncoating effi-
ciency and delaying the kinetics of uncoating of nuclear viral cores. 
Reverse transcription was still required to induce uncoating of viral 
cores not bound to CypA, indicating that synthesis of long dsDNA 
products remains an essential requirement for uncoating. On the 

basis of these findings, we propose a model in which HIV-1 uses at 
least two different mechanisms to ensure that reverse transcription 
is completed before uncoating. First, NC-mediated condensation of 
viral dsDNA regulates the internal pressure exerted by the viral 
dsDNA genome to ensure that reverse transcription is completed 
inside the intact capsid until sufficient internal pressure is exerted to 
induce uncoating. Second, CypA binding stabilizes nuclear HIV-1 
cores to ensure that reverse transcription does not induce premature 
uncoating (fig. S9). The completion of reverse transcription before 
uncoating provides several advantages for the virus, including evad-
ing host nucleases and avoiding detection by innate DNA sensors 
(8, 33), ensuring efficient reverse transcription [this study and (43)], 
and capsid-mediated delivery of the viral preintegration complex to 
gene-rich speckle-associated chromatin domains, the preferred sites 
of HIV-1 integration (16–18).

Although our studies indicate that synthesis of long double-
stranded reverse transcription products is required for uncoating of 
nuclear viral cores, the observed ~2.1-hour delay between reverse 
transcription completion and uncoating in primary CD4+ T cells 
(Fig. 4C) suggests that additional steps after DNA synthesis involv-
ing viral and/or host factors are needed to trigger HIV-1 uncoating. 
Alternatively, internal strain imposed by long dsDNA may gradually 
weaken the viral core structural integrity and induce uncoating. We 
observed that the ~2.4-hour delay between reverse transcription 
completion and uncoating in HeLa cells is abolished when the 
CypA-CA interaction is inhibited, which is consistent with the hy-
pothesis that CypA or another CsA-sensitive nuclear cyclophilin 
binds to nuclear HIV-1 cores and delays uncoating to ensure that 
reverse transcription is completed before capsid disassembly. The 
role of CypA in post-nuclear entry steps of HIV-1 replication is not 
well understood [reviewed in (41)]. The inhibition of the CypA-CA 
interaction has been shown to alter proviral integration site prefer-
ence (60), suggesting a role for CypA in the nucleus of infected cells. 
In addition, low levels of a fluorescently tagged oligomeric form of 
CypA (CypA-DsRed), which binds to capsid more efficiently than 
endogenous CypA, were found to be associated with nuclear viral 
complexes (61); however, the levels of endogenous CypA or other 
cyclophilins binding to nuclear viral cores is not known. Although 
CypA is not required for efficient in vitro endogenous reverse tran-
scription reactions (19), the IP6 levels in the reactions may stabilize 
cores and overcome any potential requirement for CypA. Previous 
studies have shown that CypA binding protects the viral cores from 
host restriction factor TRIM5α (39), promotes reverse transcription 
(43), and delays nuclear import (62). On the basis of the observa-
tions in this study, we propose that CypA-CA interactions increase 
capsid stability to ensure that reverse transcription is completed be-
fore uncoating.

It is not known whether uncoating involves complete or substan-
tial loss of the capsid lattice or whether large fragments of capsid 
remain associated with the viral preintegration complex. We previ-
ously observed a rapid loss of viral core-associated GFP-CA signal 
below the limit of detection ~1 to 3 min after loss of capsid integrity 
(10, 11). The uncoating kinetics of GFP-CA–labeled viral cores mea-
sured by imaging (Fig. 1C) and unlabeled viral cores measured by 
PF74 time-of-addition assay (Figs. 1D and 3C) were nearly identi-
cal, indicating that the GFP-CA label does not affect uncoating ki-
netics. Loss of NC from viral cores after rupture of the capsid lattice 
could further accelerate decondensation of viral DNA (47), suggest-
ing a rapid uncoating event. However, partially disassembled capsids 
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Fig. 5. AFM measurement of nucleic acid compaction by HIV-1 NC and model-
ing of capsid contents. (A) Atomic force microscopy (AFM) images of 7.5-kb dsD-
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NC present in capsid]; dotted green lines indicate sizes of HIV-3.1kb and full-length 
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were observed after an endogenous reverse transcription reaction 
(19), and release of viral DNA from virus core-like structures was 
observed in the nuclei of infected cells (14). Another study observed 
varying degrees of capsid disassembly after endogenous reverse 
transcription, ranging from no fractures to large fractures with large 
missing pieces of the capsid lattice (63). The degree to which the 
capsid ruptures and disassembles likely depends on both IP6 levels 
and host factor binding. Additional studies involving CypA and IP6 
are needed to fully elucidate the role of these factors in stabilizing 
the capsid during reverse transcription and the dynamics of capsid 
disassembly.

Last, the uncoating and integration kinetics in primary CD4+ T cells 
determined by using time-of-addition assays with PF74 and RAL, 
respectively, indicate that there is likely a short window (<2.4 hours) 
for the released viral DNA to interact with nuclear host factors like 
LEDGF/p75 (64) to facilitate the formation of a competent preinte-
gration complex and ensure proper integration targeting.

In summary, our findings support a model in which HIV-1 cap-
sid evolved to remain intact until reverse transcription is completed, 
protect the viral DNA from degradation by host factors, shield the 
viral DNA from detection by innate immune sensors, and deliver 
the viral DNA to its preferred genomic sites for integration (60, 65).

MATERIALS AND METHODS
Cells and reagents
HeLa [American Type Culture Collection (ATCC) CCL-2], HeLa-
based cell lines (described below), and human embryonic kidney 
293T cells (ATCC CRL-3216) were maintained in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal calf serum (FCS; 
HyClone, Logan, UT) and 1% penicillin-streptomycin (50 U and 50 
μg/ml, respectively; Lonza, Walkersville, MD). CEM-SS cells [NIH 
HIV Reagent Program, Division of AIDS, National Institute of Al-
lergy and Infectious Diseases (NIAID), National Institutes of Health 
(NIH); contributed by P. L. Nara; ARP-776) and Jurkat cells (clone 
E6-1; ATCC TIB-152) were maintained in RPMI 1640 medium 
(CellGro, Manassas, VA) supplemented with 10% FCS and 1% 
penicillin-streptomycin. Peripheral blood mononuclear cells (PBMCs) 
were isolated from the blood of anonymous, healthy donors using 
Ficoll-Paque Plus (Cytiva, 17-1440-02). PBMCs were activated us-
ing Dynabeads Human T-activator CD3/CD28 (Gibco, 11161D) for 
~3 to 5 days, and CD4+ T cells were isolated using the Dynabeads 
CD4 Positive Isolation Kit (Invitrogen, 11331D). The purity (>99%) 
and activation status (>70%) of isolated CD4+ T cells were assessed 
by flow cytometry after staining with anti–CD4–fluorescein isothio-
cyanate (BD Pharmingen, 555346) and anti–CD25-phycoerythrin 
(BD Pharmingen; 555432) antibodies, respectively. PBMCs and 
CD4+ T cells were maintained in RPMI 1640 supplemented with 
10% FCS, 1% penicillin-streptomycin, and interleukin-2 (50 to 100 
U/ml; Sigma-Aldrich). All cells were maintained in a humidified in-
cubator at 37°C with 5% CO2.

A HeLa-based cell line that constitutively expresses mRuby-LaminB 
fusion protein [HeLa:mRuby-LaminB cells; (11)] was primarily used for 
live-cell imaging. However, other HeLa-based cell lines were 
occasionally used for live-cell imaging (described below). The 
HeLa:mRuby-LaminB(sin) cell line, which also constitutively expresses 
mRuby-LaminB fusion protein, was generated by transduction of HeLa 
cells with pLVXsin-CMV-mRuby-LaminB-P2A-Puro, a bicistronic lenti-
viral vector that contains a partial deletion in the U3 of the 3′ long terminal 

repeat and expresses an mRuby-LaminB fusion protein and puromycin 
resistance gene under the control of the cytomegalovirus (CMV) promot-
er. mRuby-LaminB–expressing cells were selected for resistance to puro-
mycin (1 μg/ml). The HeLa-Bgl cell line expresses truncated bacterial 
protein BglG that is fused to mCherry at the C terminus and contains a 
nuclear localization signal (Bgl-mCherry) from a doxycycline-inducible 
promoter and was previously described (10).

The HeLa-Bgl:Tat-Rev cell line was produced by transduction of 
HeLa-Bgl cells with a murine leukemia virus–based vector that ex-
presses codon-optimized HIV-1 Tat and Rev separated by an in-
frame self-cleaving peptide from porcine teschovirus 2A (P2A) 
upstream of an internal ribosome entry site, hygromycin resistance 
gene, and was previously described (10). In this study, the HeLa-
Bgl:Tat-Rev is simply referred to as HeLa:Tat-Rev because the ex-
pression of Bgl-mCherry was not induced with doxycycline for the 
infectivity experiments.

NVP and RAL were obtained through the NIH AIDS Reagent Pro-
gram and were used at final concentrations of 5 and 10 μM, respectively. 
PF74 (Sigma-Aldrich) and lenacapavir (MedChemExpress) were used at 
a final concentration of 10 and 10 nM, respectively, unless indicated 
otherwise. CsA (CalBioChem) was used at a final concentration of 
5 μM. Aphidicolin (MilliporeSigma) was used at a final concentration 
of 10 μg/ml. Nuclei were stained with 4′,6-diamidino-2-phenylindole 
(DAPI; MilliporeSigma) for fixed-cell assays or BioTracker 650 Red 
Nuclear Dye (Millipore) for live-cell imaging assays.

Vectors
The HIV-1–based vectors pHGFP, which contains a gfp reporter gene 
in place of nef and does not express env, and pHGFP-GFPCA, which is 
similar to pHGFP except that GFP was inserted between MA and CA 
and proteolytic processing generates a GFP-CA fusion protein during 
virus maturation, were previously described (10). CA mutant P90A was 
generated by site-directed mutagenesis of CA in pHGFP and pHGFP-
CA (QuikChange II Site-directed mutagenesis kit; Agilent), resulting in 
pHGFP(P90A) and pHGFP-GFPCA(P90A), respectively. RT mutant 
D110E was generated by swapping a 653–base pair (bp) fragment con-
taining a portion of the pol by digestion of pHDVEGFP-D110E (62) 
with Sbf I and Age I into pHGFP and pHGFP-GFPCA, generating 
pHGFP(D110E) and pHGFP-GFPCA(D110E), respectively. Integrase 
mutant D64E was generated by cloning a synthesized (Genewiz) 723-
bp fragment containing a portion of pol into pHGFP and pHGFP-
GFPCA, generating pHGFP(D64E) and pHGFP-GFPCA(D64E), 
respectively. HIV Gag-iGFP ΔEnv vector (NIH AIDS Reagent Program, 
Division of AIDS, NIAID, NIH, from B. Chen; catalog no. 12455) is an 
HIV-1–based vector that contains an internal GFP (iGFP) between MA 
and CA and, after proteolytic processing, expresses free GFP and CA 
(11). pcHELP is an HIV-1 helper construct that lacks a packaging signal 
and primer-binding site; the helper construct expresses all the viral pro-
teins except Nef and Env (66). To generate pcHELP-GFPCA, a helper 
construct that expresses GFP-CA fusion protein during virion matura-
tion, a 2885-bp fragment digested from pHGFP-GFPCA using Bss HII 
and Sbf I was cloned into pcHELP.

A frameshift mutation in gag that results in a premature stop co-
don was introduced in pHGFP-GFPCA by Sph I digestion and Kle-
now fill-in, generating an HIV-1–based vector (HIV-GFP-GFP) that 
contains gfp in the 5′ end of the viral genome (gfp in between MA 
and CA) and gfp in the 3′ end of the viral genome (gfp in nef orf). To 
generate HIV-11.1kb, the gfp in the nef open reading frame was 
replaced with mNeonGreen (mNG). HIV-2.7kb was generated by 
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digestion of HIV-GFP-GFP with Pfo I (cuts within gfp) and removal 
of the sequence between the 5′ gfp and 3′ gfp and ligation of the vec-
tor backbone. HIV-3.1kb, which expresses a matrix (MA)–GFP fu-
sion protein and codon-optimized Tat separated by an in-frame 
self-cleaving P2A peptide, was generated by the synthesis of a gBlock 
(Integrated DNA Technologies) containing P2A-Tat sequence and 
cloning of the fragment into HIV-2.7kb using Xho I. HIV-8.4kb was 
generated by introducing a frameshift mutation leading to a prema-
ture stop codon in gag by Sph I digestion and Klenow fill-in of HDV-
EGFP (67), an HIV-1–based vector that expresses a gfp reporter in 
the nef open reading frame and contains deletions in vpr and vif. 
pHCMV-G (68) expresses the VSV-G protein.

The different-sized lentiviral vectors were generated by deleting or 
adding various non–HIV-1, nonfunctional sequences. HIV-2.8kb, a 
small lentiviral vector that contains essential elements for packaging 
genomic RNA into virus particles and reverse transcription, including 
the packaging signal, rev-response element, central polypurine tract, 
and the polypurine tract, was generated by digestion of the lentiviral 
vector CMV13p>eGFP (Protein Expression Laboratory at the 
National Cancer Institute-Frederick) with Eco RI and Cla I and re-
moval of a fragment containing the CMV promoter-​gfp–woodchuck 
hepatitis virus posttranscriptional regulatory element (WPRE), blunt-
ing the ends with mung bean nuclease [New England Biolabs (NEB)], 
and ligation of the vector backbone. To generate intermediate vectors 
HIV-6.7kb and HIV-8.2kb, a 1520- or 2995-bp fragment of lacZ from 
XLong-BSL (69) (lacZ does not contain start codon and is not ex-
pressed), respectively, was cloned into a lentiviral vector that contains 
a CMV promoter-​gfp-WPRE cassette. HIV-3.5kb was generated by 
removal of a 3181-bp fragment (lacZ-CMVpromoter-​gfp) from HIV-
6.7kb by digestion with Psp OMI and Xho I, blunting the ends with 
the Quick Blunting Kit (NEB), and ligation of the vector backbone. 
HIV-5.0kb was generated by removal of a 1636-bp fragment (CMVpro-
moter-​gfp) from HIV-6.7kb by digestion with Eco RI and Xho I, 
blunting the ends with the Quick Blunting Kit (NEB), and ligation of 
the vector backbone. HIV-6.5kb was generated by the removal of a 
1711-bp fragment (CMV promoter-GFP) from HIV-8.2kb by diges-
tion with Eco RI and Xho I, blunting of ends with Quick Blunting Kit 
(NEB), and ligation of the vector backbone. HIV-8.1kb was generated 
by cloning a 3071-bp fragment of the ouabain-resistance gene from 
XLong-BSL into vector named Protein Expression Lab 5.0kb (PEL 
5.0kb) by digestion with Xba I (ouabain resistance gene did not con-
tain a start codon and was cloned in reverse orientation). The vector 
size in the name indicates the expected length (kilobase) of the DNA 
genome after plus-strand transfer of the R-U5 to the 5′ end and com-
pletion of reverse transcription. All constructs were verified by se-
quencing.

Virus production and infection
Infectious virions labeled with GFP-CA were prepared by co-transfection 
of 293T cells with pHGFP and pHGFP-GFPCA (or corresponding 
plasmids expressing RT, IN, or CA mutants) at a 1:10 plasmid ratio 
and pHCMV-G. Virions labeled with GFP-CA that contain different-
sized lentiviral genomes (HIV-2.8kb to HIV-8.1kb), genomes for 
studying large and small vectors (HIV-11.1kb and HIV-2.7kb), or 
HIV-3.1kb and HIV-8.4kb, were prepared by co-transfection of 
293T cells with pCHELP-GFPCA and pCHELP at a 1:10 plasmid 
ratio (total of 3 μg of DNA), lentiviral genome (up to 7 μg), and 
pHCMV-G. For some experiments, unlabeled viruses were gener-
ated by omitting pCHELP-GFPCA. Equal molar concentrations of 

plasmids expressing lentiviral genome were transfected, and pGEM-
3Zf (Promega; up to 7 μg) was used to normalize plasmid DNA in-
put for transfection. Virions containing no viral genome were 
prepared by co-transfection of 293T cells with pCHELP-GFPCA 
and pCHELP at a 1:10 plasmid ratio (total of 3 μg of DNA), pGEM-
3Zf (7 μg), and pHCMV-G. Infectious virions that were labeled with 
the GFP content marker (cmGFP) were prepared by co-transfection 
of 293T cells with Gag-iGFP ΔEnv and pHGFP at a 1:2 plasmid 
ratio and pHCMV-G. Supernatants from the transfected 293T cells 
were collected ~24 hours later and filtered, and the HIV-1 particles 
were concentrated by ultracentrifugation (100,000g) for 1.5 hours at 
4°C through a 20% sucrose cushion (w/v) in 1× phosphate-buffered 
saline. For some experiments, virus levels were determined by HIV-1 
p24 ELISA assay (XpressBio).

For live-cell and fixed-cell imaging experiments (described below), 
HeLa and HeLa-based cell lines were seeded in ibiTreated μ-slides 
(4 × 104 cells per well; ibidi) 1 day before infection. For measuring RT 
products or infectivity, HeLa cells were seeded in 48-well plates 
(3 × 104 cells per well) 1 day before infection. For live-cell imaging 
experiments, HeLa cell lines were challenged with GFP-CA–labeled 
viruses at a low multiplicity of infection (~1 nuclear particle per cell) 
with polybrene (10 μg/ml; Sigma-Aldrich) via spinoculation (1200g, 
1 hour) at 15°C, which permitted virion binding to cell membranes but 
prevented virion endocytosis (70). For fixed-cell imaging experiments, 
the number of virus particles in each virus preparation was determined 
by single virion analysis, and an equal number of GFP-labeled virus 
particles was used for infections. After spinoculation, the medium was 
replaced with prewarmed medium to allow internalization of the virus 
(defined as the 0-hour time point). For live-cell imaging experiments, 
aphidicolin (10 μg/ml) was also added at the time of infection to pre-
vent cell division during long movies. The infected cells were main-
tained at 37°C in a humified incubator. Time-lapse images of the 
infected cells were acquired by spinning disk confocal microscopy (de-
scribed below). For NVP washout experiments, 5 μM NVP was added 
immediately after spinoculation and removed 2 hours later by washing 
cells three times with complete medium (3 min per wash). For time-
of-addition experiments, medium was replaced with medium contain-
ing NVP, RAL, or PF74 at different times after infection. Cells were 
collected at indicated time points (1 to 4 days after infection) by Tryp-
sin (Gibco) or TrypLE (Gibco), and virus infectivity was determined 
by measuring the percentage of GFP reporter–expressing cells by flow 
cytometry (LSRFortessa; BD Biosciences).

For live-cell imaging of activated CD4+ T cells (1 × 105 cells 
per well), VSV-G-pseudotyped HIV-1 labeled with cmGFP, poly-
brene (5 μg/ml), aphidicolin (10 μg/ml; Sigma-Aldrich), and Bio-
Tracker 650 Red Nuclear Dye (1 μl/ml; Sigma-Aldrich) were briefly 
mixed and centrifuged onto ibiTreated μ-slides (1200g, 1 hour, 
15°C). The amount of virus used resulted in ~2 to 3 nuclear cmGFP 
particles per cell at the 24-hour time point. For measuring RT prod-
ucts or infectivity, activated CD4+ T cells (1 × 105 cells per well), 
virus (10 ng p24), polybrene (5 μg/ml), and aphidicolin (10 μg/ml) 
were briefly mixed and centrifuged onto ibiTreated μ-slides (1200g, 
1 hour, 15°C). For time-of-addition experiments, complete medium 
containing 2× NVP, PF74, and RAL (final concentration of 5, 10, 
and 10 μM, respectively) was added at various times after infection, 
and the percentage of GFP reporter–expressing cells was deter-
mined 2 days after infection by flow cytometry. To measure GFP 
reporter expression after disruption of HIV-1 cores with PF74 or 
LEN, activated CD4+ T cells were infected with HIV-3.1kb (10 ng 
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p24), complete medium containing 2× PF74 or LEN (final concen-
tration of 10 and 10 nM, respectively) was added 10 hours after in-
fection, and the percentage of GFP reporter–expressing cells was 
determined 1 day after infection by flow cytometry.

Cell fractionation and Western blots
HeLa cells were collected using trypsin or TrypLE at the indicated time 
point and the cytoplasm and nuclear fractions were obtained using 
NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo 
Fisher Scientific). Viral and cellular DNA was extracted from the cyto-
plasmic and nuclear fractions using the QIAamp Blood Mini Kit 
(Qiagen). To determine the quality of the fractionation, the fractions 
were subjected to SDS–polyacrylamide gel electrophoresis and 
Western blot analysis using rabbit anti-Lamin A/C antibody (Sigma-
Aldrich) and mouse anti–α-tubulin antibody (Sigma-Aldrich) fol-
lowed by goat anti-rabbit antibody (IRDye-800CW; LI-COR) and goat 
anti-mouse antibody (IRDye-680RD; LI-COR), respectively. Western 
blots were imaged and quantitated using the Odyssey infrared imaging 
system (LI-COR).

Detection of reverse transcription products and 
integrated viral DNA
Virus stocks were treated with deoxyribonuclease I (Invitrogen) for 
1 hour at 37°C to degrade contaminating plasmid DNA. Viral and 
cellular DNA was extracted from HeLa cells (collected by trypsin) 
or activated primary CD4+ T cells (collected by gently pipetting cells 
from the well) using the QIAamp Blood Mini Kit (Qiagen). Viral 
and cellular DNA was detected by quantitative polymerase chain 
reaction (PCR) using LightCycler 480 Probes Master (Roche), the 
LightCycler 480 Real-Time PCR System (Roche), and the following 
primer/probe sets (71): early RT products (RU5: forward primer 
hRU5-F2 5′-GCCTCAATAAAGCTTGCCTTGA-3′ and reverse 
primer hRU5-R 5′-TGACTAAAAGGGTCTGAGGGATCT-3′), late 
RT products (U5Ψ: forward primer MH531 5′-TGTGTGCCC-
GTCTGTTGTGT-3′ and reverse primer MH532 (5′-GAGTCCT-
GCGTCGAGAGATC-3′), and probe P-HUS-SS1 (5′-FAM-TAG
TGTGTGCCCGTCTGTTGTGTGAC-IOWA BLK FQ-3′). To detect 
late RT products for some lentiviral vectors (HIV-2.8kb to HIV8.1kb), 
the reverse primer MH532mod (5′-CGCTTCAGCAAGCCGAGTC-3′) 
was used instead of MH532. Host CCR5, which was used to deter-
mine the cell count (assumed two copies per cell), was detected 
using CCR5-For (5′-CCAGAAGAGCTGAGACATCCG-3′, CCR5-
Rev (5′-GCCAAGCAGCTGAGAGGTTACT-3′), and P-CCR5-01 
(5-FAM-TCCCCTACAAGAAACTCTCCCCGG-IOWA BLK FQ-
3′). To detect integrated viral DNA, the infected cells were allowed 
to divide for 7 days following infection (to dilute unintegrated DNA), 
collected, and proviruses were detected using the late RT primer and 
probe set.

Microscopy and image processing
Confocal images were acquired using a Nikon Eclipse Ti-E micro-
scope equipped with a Yokogawa CSU-X1 spinning disk unit and a 
Plan-Apochromat 100× numerical aperture (NA) 1.49 oil objective, 
using 405-nm (DAPI), 488-nm (GFP), 561-nm (mRuby), and 647-nm 
(Cy5 dye) lasers for illumination. Images were captured using a 
TwinCam system (Cairn) equipped with a 565-nm splitter and two 
iXon Ultra (Andor) cameras. For some experiments, confocal images 
were acquired using a Nikon Eclipse Ti-E microscope equipped with 
a Yokogawa CSU-W1 spinning disk unit and a Plan-Apochromat 

100× NA 1.49 oil objective, using 405-nm (DAPI), 488-nm (GFP), 
561-nm (mRuby), and 647-nm (Cy5 dye) lasers for illumination. 
Images were captured using a 565-nm splitter and two ORCA-
fusion BT cameras (Hamamatsu). A Tokai Hit microscope stage top 
incubator (Tokai) was used for all live-cell imaging experiments. 
Time-lapse images of the infected cells (described below) were ex-
amined using Nikon Elements or ImageJ (72). For display, a pixel-
averaging filter was applied to the images and the contrast was adjusted.

HeLa cells were infected with GFP-CA–labeled virions and time-
lapse images of HeLa cells starting ~4 hours after infection were ac-
quired every 20 min for 18 hours using spinning disk confocal 
microscopy (13 slices with 0.4-μm step size). The GFP-CA spots 
were manually tracked, and the time of disappearance was recorded. 
Primary activated CD4+ T cells were infected with virus labeled 
with cmGFP and imaged (31 slices with 0.4-μm step size) at various 
time points after infection. The number of cmGFP spots per nucleus 
(identified using BioTracker 650 Red Nuclear Dye) was manually 
determined.

To determine the nuclear import efficiency of GFP-labeled virus 
particles in fixed HeLa cells, the number of fluorescently labeled vi-
rus particles for each virus preparation was first quantified. GFP-
labeled virus particles were centrifuged onto ibiTreated μ-slides 
(1200g for 1 hour) and then immediately imaged by spinning disk 
confocal microscopy. The diffraction-limited spots were detected in 
each image using Localize (73) and quantified using a custom MAT-
LAB program (10). A custom MATLAB program (10) was used to 
determine the percentage of total GFP signals inside the nucleus of 
infected HeLa cells 6 hours after infection. First, the GFP signals 
were detected using Localize (73). Colocalization of the fluorescent-
ly labeled virus particles with a mask of the nucleus interior (based 
on immunofluorescence staining using an anti-Lamin A/C anti-
body; Sigma-Aldrich) followed by detection using a Cy5-labeled 
secondary antibody (Thermo Fisher Scientific) or DAPI staining 
was determined using a custom-written MATLAB program as pre-
viously described (10). The percentage of GFP spots that colocalized 
with the nucleus mask was determined.

Atomic force microscopy
Double-stranded phage vector M13mp18 (NEB) was linearized by 
digestion with restriction enzyme Bam HI (NEB) and diluted to a 
concentration of 0.5 ng/μl (~100 pM) in a buffer containing 150 mM 
NaCl, 10 μM spermidine, and 10 mM Hepes (pH 7.5). Recombinant 
WT NL4-3 HIV-1 NCp7, a 55–amino acid protein, was produced 
and purified as previously described (74, 75). The DNA was incu-
bated with varying concentrations of NC at 37°C for 1 min (longer 
incubation times leads to aggregation of DNA substrates) in a vol-
ume of 5 μl and then deposited on a freshly cleaved mica surface. The 
sample was rinsed with deionized water, blown dry under a stream of 
argon gas, and then imaged by a MultiMode 8 AFM and Nanoscope 
V controller (Bruker) using peak force tapping mode. Images were 
analyzed using Gwyddion software with low and high height thresh-
olds (0.25 and 1 nm) used to differentiate the DNA from background 
and NC condensate from free DNA, respectively. For each individual 
DNA molecule, the effective diameter was calculated using its maxi-
mum span along both the x and y axes, and the compaction fraction 
was calculated by the ratio of the integrated volume of the NC con-
densate to the volume of the entire DNA molecule. For RNA com-
petitor experiments, a 16 nt (UCAGUCAGUCAGUCAG) RNA oligo 
(Integrated DNA Technologies) was mixed with the DNA at an 
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equimolar ratio before incubation with NC. A single-stranded form 
of M13mp18 was used in place of the dsDNA for ssDNA experi-
ments. For experiments on different length substrates, 48.5–kilo–base 
pair (kbp) lambda phage DNA (Roche), 2.7-kbp linearized pUC19 
(NEB), and a 500-bp PCR product from pUC19 were each diluted to 
0.5 ng/μl before incubation and deposition. To isolate HIV-1 DNA, 
plasmid pHGFP(D110E) was digested with Bsr BI (NEB) and a 
10.9-kbp fragment containing HIV-1 DNA (10.3 kbp) and genomic 
sequences flanking the 5′ and 3′ ends of the viral DNA (~0.3 kbp 
each) was isolated by gel purification (Qiagen). A minimum of three 
experimental samples (biological replicates) were prepared for each 
condition, with multiple individual DNA molecules imaged for 
each sample.

Estimating nucleic acid and protein contents of the capsid
The volume of the capsid contents was calculated by summing the 
volumes of the RNA genomes, packaged proteins, and the reverse-
transcribed DNA product. RNA volume is calculated using established 
values of diameter 1 nm and length 0.55 nm/nt. The proportionality 
of protein molecular weight and size has been previously established 
using AFM imaging (76) and confirmed on our system using previ-
ously studied proteins T4 gp32 (77), Escherichia coli SSB (78), and 
LINE-1 ORF1p (79) with a proportionality constant of 2.09 nm3/kDa. 
A similar value for average protein density has been previously re-
ported (80). The capsid is assumed to contain 100 molecules of RT 
(117 kDa), 100 molecules IN (32 kDa) (5% of the Gag-Pol of the aver-
age number of Gag molecules per virion), and 200 molecules viral 
protein R (14 kDa) (81). We assumed 2000 molecules of NC (6.6 kDa) 
in the mature capsid based on the average quantity of Gag polyprotein 
per virion, from which NC is cleaved, in the immature virion.

It has been established that HIV-1 RT switches templates be-
tween copackaged RNA templates 8 to 10 times to form one dsDNA 
composed of genetic information from each of the genomes (51). 
As a result, only about 50% of the genomic RNA is reverse-
transcribed, while the other 50% remains as RNA fragments with 
an average length of approximately 1 kb. The genomic RNA that is 
reverse-transcribed is degraded by the RNase H domain of RT into 
smaller fragments of undefined lengths, with fragments of 8 to 9 nt 
often observed during in  vitro RT assays (52). It is not known 
whether some of the RNA fragments generated by RNase H may be 
too short to bind to NC; therefore, we estimate that the total amount 
of nucleic acid in the viral core is increased by 150 to 200%. There-
fore, the level of NC inside the capsid is enough to saturate the 
originally packaged RNA, but, after the completion of RT, similar 
binding affinities between NC and RNA or DNA results in only 
one-third of the DNA being fully condensed, while two-thirds are 
uncondensed due to NC binding residual RNA fragments that re-
main after the cleaving of the RNA genome (52). From the substrate 
length dependence, we measured condensed DNA, including bound 
NC, to have a volume of 3000 nm3/kbp. In comparison, the exclud-
ed diameter of the uncondensed dsDNA has been measured to be 
3.1 nm (82, 83), substantially larger than the crystallographic B DNA 
diameter of 2 nm due to the two layers of structured water mole-
cules on the highly polar and patterned dsDNA surface. Taking into 
the account that the rise per bp of B DNA duplex is 0.34 nm/bp, the 
volume of tightly packed uncondensed dsDNA is nearly equal to 
the volume of the tight NC-dsDNA globule. However, the 
globule also contains approximately one NC molecule per 5 bp of 
condensed dsDNA, leading to the overall capsid content volume 

reduction by the net volume of all NC molecules within the dsDNA 
condensate.

The internal volume of the capsid was calculated by approximat-
ing its cross-sectional area as a “coffin” shape (an elongated hexagon 
with ends perpendicular to its long axis). The average length and 
maximum width of mature capsids were previously measured to be 
120 ± 22 and 60 ± 8 nm, respectively (84), and the minimum width 
of the capsid as it tapers at its end was measured to be approximate-
ly 20 nm (85). Using a capsid wall width of 6 nm and by rotating this 
cross section around its long central axis to form a truncated cone 
shape, the internal volume of the capsid is calculated to be 78,000 nm3 
on average using these external dimensions. This results in an inter-
nal capsid NC concentration of ~40 mM (2000 molecules) and a 
ribonucleotide triphosphate concentration of ~420 mM (dimer of 
9.8 knt RNA), with an additional ~420 mM of deoxynucleotide tri-
phosphates after the completion of RT.

Data analysis and statistics
Welch’s unpaired t tests were used to analyze parametric data. Mann-
Whitney U tests were used to analyze nonparametric data. Fisher’s 
exact test was used to analyze 2 × 2 contingency tables. All statistical 
tests were performed in Prism 9 (GraphPad Software). P values of 
<0.05 were considered significant. The time when 50% of the vi-
ruses lost sensitivity to the antiviral compounds (t1/2) was deter-
mined by nonlinear (sigmoidal) curve fitting (Prism 9).

Supplementary Materials
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