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ABSTRACT

Following entry into the target cell, human immunodeficiency virus type 1 (HIV-1) must reverse transcribe its RNA genome to
DNA and traffic to the nuclear envelope, where the viral genome is translocated into the nucleus for subsequent integration into
the host cell chromosome. During this time, the viral core, which houses the genome, undergoes a poorly understood process of
disassembly, known as uncoating. Collectively, many studies suggest that uncoating is tightly regulated to allow nuclear import
of the genome while minimizing the exposure of the newly synthesized DNA to cytosolic DNA sensors. However, whether host
cellular proteins facilitate this process remains poorly understood. Here we report that intact microtubules facilitate HIV-1 un-
coating in target cells. Disruption of microtubules with nocodazole substantially delays HIV-1 uncoating, as revealed with three
different assay systems. This defect in uncoating did not correlate with defective reverse transcription at early times postinfec-
tion, demonstrating that microtubule-facilitated uncoating is distinct from the previously reported role of viral reverse tran-
scription in the uncoating process. We also find that pharmacological or small interfering RNA (siRNA)-mediated inhibition of
cytoplasmic dynein or the kinesin 1 heavy chain KIF5B delays uncoating, providing detailed insight into how microtubules facil-
itate the uncoating process. These studies reveal a previously unappreciated role for microtubules and microtubule motor func-
tion in HIV-1 uncoating, establishing a functional link between viral trafficking and uncoating. Targeted disruption of the cap-
sid motor interaction may reveal novel mechanisms of inhibition of viral infection or provide opportunities to activate
cytoplasmic antiviral responses directed against capsid or viral DNA.

IMPORTANCE

During HIV-1 infection, fusion of viral and target cell membranes dispenses the viral ribonucleoprotein complex into the cyto-
plasm of target cells. During this time, the virus must reverse transcribe its RNA genome, traffic from the location of fusion to
the nuclear membrane, and undergo the process of uncoating, whereby the viral capsid core disassembles to allow the subse-
quent nuclear import of the viral genome. Numerous cellular restriction factors target the viral capsid, suggesting that perturba-
tion of the uncoating process represents an excellent antiviral target. However, this uncoating process, and the cellular factors
that facilitate uncoating, remains poorly understood. The main observation of this study is that normal uncoating requires in-
tact microtubules and is facilitated by dynein and kinesin motors. Targeting these factors may either directly inhibit infection or
delay it enough to trigger mediators of intrinsic immunity that recognize cytoplasmic capsid or DNA and subsequently induce
an antiviral state in these cells.

F ollowing the fusion of viral and host target cell membranes, hu-
man immunodeficiency virus type 1 (HIV-1) core is released into
the target cell cytoplasm. Following release, critical early events of the
viral life cycle take place in the cytoplasm. Inside the viral core, reverse
transcriptase begins converting the viral RNA genome into DNA.
Additionally, the viral ribonucleoprotein complex must traffic from
the point of fusion to the nuclear envelope in order to allow the nu-
clear import of the genome for subsequent integration. During this
time, the viral core undergoes uncoating, the process by which the
viral capsid (CA) disassembles to allow the genome housed within the
core to be imported into the nucleus.

Of these cytoplasmic events, reverse transcription (RT) is the best-
understood process (1). A detailed understanding of reverse trans-
criptase, the viral polymerase that converts the viral RNA genome
into DNA, has led to the development of numerous inhibitors that
are currently used to prevent viral replication in HIV-1-positive in-
dividuals. Kinetically, reverse transcription is thought to initiate
quickly following entry into a permissive target cell, with the accumu-
lation of late reverse transcripts peaking 6 to 12 h after infection (2).

Unlike reverse transcription, uncoating remains one of the
most poorly understood steps in the viral life cycle. Specifically, it
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is not clear how the mature capsid core disassembles to allow the
nuclear translocation of the lentiviral genome. Biochemically,
HIV-1 cores are less stable than the cores of simple retroviruses,
such as murine leukemia virus (MLV) (3, 4), which require the
breakdown of the nuclear envelope during mitosis to access cellu-
lar DNA. Biochemical isolation and immunofluorescent staining
of HIV-1 reverse transcription complexes (RTCs) have demon-
strated that there is a substantial loss in the CA content (3, 5, 6).
Other studies have exploited the ability of the owl monkey restric-
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tion factor TRIM-Cyp, which targets CA on the incoming virion,
to define the period during which the core remains intact follow-
ing infection. This assay revealed that virions become insensitive
to TRIM-Cyp restriction rapidly (7, 8), with an uncoating “half-
life” of 39 min following fusion (7). Collectively, these studies
suggest that some form of uncoating occurs rapidly following the
entry of the viral core into the target cell cytoplasm. However, it is
also clear that the nuclear import of the viral genome is mediated
by CA (9-12). These studies demonstrate that some CA protein
must remain associated with the viral RTC during trafficking to
the nuclear pore. HIV-1 trafficking to the nuclear pore is thought
to involve microtubule-mediated transport. McDonald et al. have
demonstrated that the trafficking of green fluorescent protein
(GFP)-Vpr-labeled HIV-1 toward the microtubule-organizing
center (MTOC) is mediated by dynein-dependent transport (6).
Recently, another study has reported that EB1, a protein that re-
cruits plus-end trafficking proteins (+TIPs) to stabilize microtu-
bules, facilitates HIV-1 infection (13). These studies support a role
for microtubules in HIV-1 trafficking and infection.

These early events of infection are not temporally distinct.
Rather, they are likely to be going on simultaneously and to exhibit
some degree of interdependency. For example, Hulme et al. have
demonstrated that capsid uncoating is stimulated by viral reverse
transcription within the capsid core (7). However, no connection
has been observed between uncoating and the trafficking of the
viral core. Here we report that core uncoating requires intact mi-
crotubules, since disruption of microtubules with nocodazole in-
hibits uncoating. We extend this observation by determining that
uncoating is driven by the microtubule motor proteins dynein and
kinesin 1. These observations establish a critical connection be-
tween trafficking and uncoating, revealing a new mechanism by
which HIV-1 coopts the cellular machinery to facilitate its life
cycle.

MATERIALS AND METHODS

Cell lines, tissue culture, and drugs. Owl monkey kidney (OMK) cells
(kindly provided by Theodora Hatziioannou), as well as CF2Th, HelLa,
and 293T cells, were cultured in Dulbecco’s modified Eagle medium
(DMEM) (Cellgro) supplemented with 10% fetal bovine serum (FBS),
1,000 U/ml penicillin, 1,000 U/ml streptomycin, and 10 pg/ml ciprofloxa-
cin hydrochloride. Nocodazole (Noc) (Cayman Chemical) was used at a
final concentration of 10 wM; cyclosporine (CsA; Sigma-Aldrich) was
used at a final concentration of 2.5 pwM; and ciliobrevin D (CilioD) (Mil-
lipore) was used at a final concentration of 100 uM in medium containing
1% FBS rather than 10% FBS due to the serum requirement for this drug
to be functional.

Generation of stable cell lines. Lentivirus for transduction was pro-
duced by transfection of 293T cells with 1 ug pLVX-HA-TRIMCyp, 1 pg
ANREF (nuclear respiratory factor) packaging construct, and 1 pg vesicu-
lar stomatitis virus glycoprotein (VSV-G) by using polyethylenimine
(PEL; molecular weight, 25,000; Polysciences) in a 60-mm dish. Viruses
were harvested 48 h after transfection, filtered through a 0.45-pm filter
(Millipore), and used to transduce HeLa cells. Forty-eight hours after
transduction, cells were selected in DMEM containing 5 pg/ml puromy-
cin (Sigma-Aldrich). Expression of hemagglutinin (HA)-TRIM-Cyp was
confirmed by Western blotting, and restriction capability was confirmed
by infection with HIV-1.

Western blotting. Whole-cell lysates were prepared by lysing cells
with NP-40 lysis buffer (100 mM Tris [pH 8.0], 1% NP-40, 150 mM NaCl)
containing protease inhibitor cocktail (Roche) for 10 min on ice. Follow-
ing the incubation on ice, 2X Laemmli sample buffer was added to the
lysed cells, which were incubated at 100°C for 10 min. Samples were
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loaded onto a 10% polyacrylamide gel for sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). After separation, the pro-
teins were transferred to nitrocellulose membranes (Bio-Rad) and were
detected by incubation with horseradish peroxidase (HRP)-conjugated
anti-HA (Thermo Scientific), anti-B-actin (University of Iowa Hybrid-
oma Bank), and antibodies to dynein heavy chain (DYNC1H1) (Abcam),
and kinesin 1 heavy chain (KHC) (Abcam). Antibody complexes were
detected using SuperSignal West Femto chemiluminescent substrate
(Thermo Scientific). Chemiluminescence was detected using the UVP
EC3 imaging system (UVP LLC).

Virus production and synchronized infection. To generate pseu-
dotyped HIV-1, 293T cells seeded in a 25-cm dish at 60% confluence were
transfected with 7.85 pg pCMV-VSVg or pCMB-AMLYV and 14.60 g of
R7AEnvGFP by using PEI. Viruses were harvested 48 h after transfection,
spun for 5 min at 1,200 rpm, and filtered through a 0.45-pm filter (Mil-
lipore). Synchronized infections were performed as described previously
(14). Specifically, cells were spinoculated at 13°C for 2 h at 1,200 X g, after
which time all the virus was removed and was replaced with 37°C medium
containing the relevant drugs, as described for each experiment. Virus
stocks were titrated on cells used in subsequent experiments, and the
percentage of green fluorescent protein (GFP)-positive cells was deter-
mined using a BD FACSCanto II flow cytometer (BD Biosciences).

siRNA transfection and knockdown. All small interfering RNA
(siRNA) sequences used were obtained from previously published works and
have been shown to target the protein of interest. siRNA duplexes targeting
the dynein heavy chain (DYNCI1HI) (15, 16) or kinesin 1 heavy chain
(KIF5B) (Fisher Scientific) (17) were synthesized. An siRNA targeting the
luciferase gene from Fisher Scientific was used as a control in all siRNA ex-
periments. The siRNAs were transfected into HeLa cells plated on 6-well
dishes by using the Lipofectamine 2000 reagent (Thermo Fisher). A second
transfection was performed 24 h later. After 72 h of the first transfection, cells
were collected and were plated on 24-well plates, followed by synchronized
infection a day later. Cells were collected during infection for Western blot-
ting to monitor the knockdown efficiency of the siRNA.

CsA withdrawal assays. OMK cells (kindly provided by Theodora
Hatziioannou) and HelLa cells expressing HA-TRIM-Cyp were plated in
24-well plates. Cells were spinoculated with a GFP reporter virus in the
presence of CsA with either dimethyl sulfoxide (DMSO), nocodazole, or
ciliobrevin D for 2 h at 13°C and 1,200 X g. Following spinoculation, the
medium was aspirated and was replaced with warm medium containing
drugs, and cells were incubated at 37°C. Washout of CsA continued
throughout the time course. After 2 or 4 h, nocodazole, paclitaxel, and
ciliobrevin D were removed by washing the cells generously with phos-
phate-buffered saline (PBS) and adding back warm medium containing
CsA to be washed out at subsequent time points. At time points before 2 h,
CsA was removed and was replaced with Noc or DMSO only, which was
washed out 2 h following infection. CsA washout was performed until 4 h
postspinoculation, since it is known from previous studies (18, 19) that
the vast majority of the infectious inoculum will have escaped TRIM-Cyp
restriction by 4 h. Controls included nocodazole, and ciliobrevin D with-
out CsA, as well as continuous DMSO treatment. Two days following the
time course, cells were harvested and were fixed in 1X PBS (Cellgro)
containing 2% formaldehyde (Polysciences). The percentage of GFP-pos-
itive cells was determined using a BD FACSCanto II flow cytometer (BD
Biosciences).

BlaM-Vpr fusion assay. Cells were infected with VSVg-R7AEnvGFP
by spinoculation in presence or absence of drugs. Following spinocula-
tion, the medium was removed and was replaced with warm medium
containing the relevant drugs. Cells were incubated at 37°C for 3 h, fol-
lowed by CCF2-AM (Invitrogen) loading of the cells according to the
manufacturer’s protocol. The reaction was allowed to proceed overnight
at room temperature, and the cells were collected and analyzed by flow
cytometry for CCF2-AM cleavage.

Fluorescent microscopy. Z-stack images were collected using identi-
cal acquisition parameters with a DeltaVision wide-field fluorescence mi-
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croscope (Applied Precision, GE) equipped with a digital camera (Cool-
SNAP HQ; Photometrics), using a 1.4-numerical-aperture 100X
objective lens. Excitation light was generated with an InsightSSI solid-
state illumination module (Applied Precision, GE), and images were de-
convolved with softWoRx deconvolution software (Applied Precision,
GE). Following deconvolution, images were quantified by Imaris software
(Bitplane) using the Surfaces feature and generating surfaces around
GFP-Vpr puncta. The maximum fluorescence intensities of the S15-
mCherry and Cy5 channels within each surface were calculated for each
deconvolved image in the data set and were compiled using Prism, version
6 (GraphPad).

In situ uncoating assay. To generate fluorescently labeled HIV-1,
293T cells seeded in a 25-cm dish at 60% confluence were transfected with
8.45 pug S15-mCherry, 2.8 ug GFP-Vpr, 6.75 g R7AEnvGFP, and 4.5 pg
pCMV-VSVg using PEI. S15-mCherry is a fluorescent fusion protein that
contains the 15 N-terminal amino acids of the cellular Src protein. This
15-amino-acid sequence contains a myristoylation sequence that is suffi-
cient to cause membrane association and incorporation of S15-mCherry
into the virion. Following fusion, the S15-mCherry-labeled viral mem-
brane is lost, which allows for effective distinction between virions that
have been nonproductively endocytosed by the target cells (S15-mCherry
positive, GPE-Vpr positive) and those that have productively fused into
the cytoplasm (S15-mCherry negative, GFP-Vpr positive). Two days fol-
lowing the transfections, the virus was collected, centrifuged at 2,000 rpm
for 5 min, and filtered through a 0.45-pum filter (Millipore). Harvested
viruses were spinoculated on coverslips and were stained for p24 using
anti-p24 monoclonal antibody (MAb) AG3.0 (obtained from Jonathan
Allan [20] through the NIH AIDS Reagent Program, Division of AIDS,
NIAID, NIH) in blocking solution (10% normal donkey serum [Jackson
ImmunoResearch Laboratories], 0.1% saponin, 0.01% NaNj in PBS) for 1
h at room temperature, followed by a secondary antibody conjugated to
Cy5 (Jackson ImmunoResearch Laboratories) for 30 min at room tem-
perature in the same blocking solution. Background levels after antibody
treatment were assessed using a secondary-antibody-only control or an
isotype control against mouse IgGl at a concentration of 1 wg/ml
(Thermo Fisher). Labeling efficiency was assessed by determining the per-
centage of virions in a field that were positive for S15-mCherry, GFP-Vpr,
and p24. For infections, OMK and HeLa cells were seeded on fibronectin-
treated coverslips, and synchronized infection was carried out in the pres-
ence or absence of the drugs of interest. Following spinoculation, the
medium was aspirated and was replaced with warm medium containing
drugs, and cells were incubated at 37°C. At various time points postinfec-
tion, coverslips were fixed with 3.75% formaldehyde in 0.159 M pipera-
zine-N,N’-bis(2-ethanesulfonic acid) (PIPES) buffer (pH 6.8) for 5 min
and were washed with 1X PBS. Coverslips were stained with anti-p24
MAb AG3.0 as described above and were mounted on glass slides with Gel
Mount (Biomedia).

Fate-of-capsid assay. The fate-of-capsid assay was performed as de-
scribed previously (21, 22). HIV-1 virus-like particles (VLPs) were pro-
duced by calcium phosphate cotransfection of plasmids containing the
genes encoding HIV-1 Gag-Pol, VSV-G envelope, and Rev protein at a
ratio of 15:3:1 by weight. Stably transduced Cf2Th cells (1.5 X 10°) ex-
pressing the indicated proteins were seeded in 80-cm? flasks. The follow-
ing day, the cells were incubated with 5 to 10 ml of HIV-1 (approximately
2.5 X 10° to 5.0 X 10° reverse transcriptase units) at 4°C for 30 min to
allow viral attachment to the cells. The cells were then shifted to 37°C,
treated with nocodazole for 4 h, and collected at 16 h postinfection. Cells
were washed three times with ice-cold PBS and were detached by treat-
ment with 1.0 ml of pronase (7.0 mg/ml in DMEM) for 5 min at 25°C. The
cells were then washed three times with PBS. The cells were resuspended
in 2.5 ml hypotonic lysis buffer (10 mM Tris-HCI [pH 8.0], 10 mM KCl, 1
mM EDTA, and one Complete protease inhibitor tablet) and were incu-
bated on ice for 15 min. The cells were lysed using 15 strokes in a 7.0-ml
Dounce homogenizer with pestle B. Cellular debris was cleared by centrif-
ugation for 3 min at 3,000 rpm. To allow assessment of the input for
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HIV-1p24, 100 pl of the cleared lysate was collected, diluted to 1 X in SDS
sample buffer, and analyzed by Western blotting. Then 2.0 ml of the
cleared lysate was layered onto a 50% (wt/vol) sucrose cushion in 1X PBS
and was centrifuged at 125,000 X g for 2 h at 4°C in a Beckman SW41
rotor. Following centrifugation, 100 pl of the topmost portion of the
supernatant was collected and diluted to 1X in SDS sample buffer; this
sample is referred to as the soluble fraction. The pellet was resuspended in
50 wl 1X SDS sample buffer and is referred to as the particulate capsid. All
samples were then subjected to SDS-PAGE and Western blotting. The
HIV-1 p24 proteins were detected using a mouse anti-p24 antibody
(ImmunoDiagnostics).

Real-time PCR. In conjunction with CsA washout assays, samples
were collected for real-time PCR (RT-PCR) at various hours after infec-
tion with or without drugs. Genomic DNA was extracted from cells by
following the DNeasy blood and tissue kit protocol (Qiagen). The con-
centration of genomic DNA was determined using a NanoDrop 1000
instrument (Thermo Scientific), and genomic DNA was digested with
Dpnl (New England BioLabs). Real-time PCR was performed as described
previously with primers for late reverse transcription, circles containing
two long terminal repeats (2-LTR circles), and B-actin (2, 23).

Statistical analysis. Statistical significance was assessed using the Stu-
dent # test or a multiple-comparison test whenever two groups were com-
pared. Data are represented as means * standard errors of the means
(SEM) or standard deviations (SD) depending on the graph. When more
than two groups were compared, one-way analysis of variance (ANOVA)
was used. Calculations were performed in GraphPad Prism software
(GraphPad Software, Inc.).

RESULTS

Microtubule disruption delays the uncoating kinetics of HIV-1.
To test the hypothesis that microtubule trafficking facilitates
HIV-1 uncoating, we utilized the cyclosporine (CsA) withdrawal
assay, which was employed previously to assess the uncoating ki-
netics of the HIV-1 capsid during infection (7, 8, 24). This assay
exploits the TRIM-Cyp restriction factor from owl monkeys,
which utilizes a C-terminal cyclophilin A (CypA) domain to bind
HIV-1 cores, leading to potent inhibition of infection (25). This
C-terminal CypA domain is also sensitive to the immunosuppres-
sive drug CsA, such that infection of cells expressing TRIM-Cyp in
the presence of CsA completely relieves HIV-1 restriction (25).
Moreover, by withdrawal of CsA from cells at specific intervals
following a synchronized infection, the rate of uncoating can be
measured as the percentage of the viral inoculum that has become
insensitive to TRIM-Cyp restriction at the time of withdrawal
(reviewed in reference 24). We observed that, as reported previ-
ously (7), the vast majority of the viral inoculum had become
insensitive to TRIM-Cyp restriction following CsA withdrawal 4 h
after a synchronized infection (data not shown). Therefore, we
infected owl monkey kidney (OMK) cells with VSV-G-pseu-
dotyped HIV-1 in the presence or absence of 10 wM nocadozole
(Noc) for 2 h and monitored uncoating by using CsA withdrawal
after infection. The 2-h treatment criterion was based on the half-
life of uncoating as described previously (7) and also on the ob-
servation that Noc treatment of this duration at this concentration
exhibited no appreciable toxicity to cells. Cells treated with Noc
exhibited less uncoating during the 2-h treatment than DMSO-
treated cells. Notably, when Noc was withdrawn, the viral inocu-
lum in these cells rapidly became insensitive to CsA withdrawal,
thus eliminating the delay in uncoating in these cells (Fig. 1A and
B). To ensure that HIV-1 infection and TRIM-Cyp restriction
were not perturbed by Noc treatment, we also performed parallel
infections in which CsA was present overnight or was entirely
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absent from the culture medium of the infected cells. In the pres-
ence of CsA, infection was only modestly affected by Noc treat-
ment (Fig. 1C), in agreement with a previous report that transient
Noc treatment does not inhibit HIV-1 infection (26). Transient
Noc treatment did not disrupt the ability of TRIM-Cyp to restrict
HIV-1 infection (Fig. 1C). This effect was not due to a defect in
fusion mediated by Noc, since the level of fusion of VSV-G-pseu-
dotyped HIV-1 loaded with Vpr—f3-lactamase (27) was not re-
duced by Noc treatment. Instead, we consistently observed a small
but statistically significant increase in the level of fusion in the
presence of Noc (Fig. 1J). However, to ensure that perturbed ve-
sicular trafficking, and thus VSV-G-mediated fusion, was not re-
sponsible for the delay in uncoating observed with Noc treatment,
we also performed the same experiment using HIV-1 pseu-
dotyped with the pH-independent amphotropic MLV envelope
(A-MLV Env) (Fig. 1D and E). Again, cells treated with Noc ex-
hibited delayed uncoating relative to that of DMSO-treated cells,
but cells infected with A-MLV-pseudotyped HIV-1 recovered
even more rapidly following Noc withdrawal than cells infected
with VSV-G-pseudotyped virus, typically exhibiting an even more
marked delay during Noc treatment and more rapid uncoating
after Noc withdrawal. As was observed for VSV-G-pseudotyped
virus, Noc treatment did not perturb HIV-1 infection or TRIM-
Cyp restriction in these cells (Fig. 1F). We also performed similar
experiments using HeLa cells stably expressing OMK TRIM-Cyp.
As was observed in OMK cells, Noc treatment delayed HIV-1 un-
coating, increasing the sensitivity of the viral inoculum to TRIM-
Cyp at early time points (Fig. 1G and H). In HeLa cells, although
infectivity was not substantially affected when CsA was withdrawn
at4 h (Fig. 1G), 2 h of Noc treatment followed by overnight incu-
bation with CsA did result in a modest reduction of infectivity
(Fig. 11).

Rapid recovery of microtubules following Noc withdrawal.
One interpretation of the rapid restoration of uncoating observed
following Noc withdrawal in these experiments is that microtu-
bules rapidly re-form following Noc withdrawal, allowing uncoat-
ing to recover more quickly than in DMSO-treated cells. We
therefore examined the state of microtubules in these cells after a
2-h Noc treatment and 1 h after Noc withdrawal (Fig. 2). We
observed that after a 2-h Noc treatment, the microtubule network
in OMK cells was disrupted. The majority of these cells exhibited
no intact microtubules, while ~25% of these cells retained some
fragmented microtubules (Fig. 2). HeLa cells exhibited a slightly
different response to 2 h of Noc treatment: the majority of these
cells contained fragmented microtubules, while a smaller popula-
tion had completely depolymerized microtubules (Fig. 2). How-
ever, in both cell types, the microtubule network recovered rapidly
following Noc withdrawal, such that intact microtubules were
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present 15 min after Noc withdrawal (Fig. 2). By 1 h after Noc
withdrawal, visibly normal microtubule networks had re-formed
in both cell lines. Collectively, these data suggest that disruption of
the microtubule network with Noc inhibits HIV-1 core uncoating,
since the viral inoculum remained sensitive to TRIM-Cyp restric-
tion longer in Noc-treated cells than in control-treated cells. Fol-
lowing Noc withdrawal, the microtubule network quickly re-
forms, and this correlates with a rapid restoration of uncoating in
Noc-treated cells, consistent with the hypothesis that the micro-
tubule network facilitates the uncoating of the HIV-1 capsid core.

Effect of microtubule disruption on uncoating kinetics as de-
termined by an in situ fluorescence microscopy assay. To con-
firm that Noc treatment affects HIV-1 uncoating, we analyzed the
uncoating states of individual virions following a synchronized
infection. To do this, we utilized HIV-1 virions labeled with GFP-
Vpr, which allows visualization of the viral ribonucleoprotein
complex (6), and S15-mCherry, which allows assessment of the
fusion statuses of individual virions (28). This label allows un-
fused virions that have not productively entered the cell via fusion,
and thus remain within the vesicular compartment, to be removed
from our analysis. To measure the amounts of p24 CA associated
with individual virions, we stained them with a monoclonal anti-
body to p24 and measured the p24-associated fluorescence of in-
dividual GFP-Vpr-positive viral particles using wide-field decon-
volution microscopy (Fig. 3A). Importantly, the field uniformity
and sensitivity of detection of wide-field deconvolution systems
such as the one we utilize here make it ideally suited for the quan-
titative interrogation of CA signals associated with individual viral
complexes (29, 30).

This established a system by which we could measure the
amount of p24 associated with individual cytoplasmic virions that
have productively entered the cell. Background staining in this
system was assessed using a secondary antibody only or an isotype
control and showed the anti-p24 antibody AG3.0 to be highly
selective in detecting the viral capsid present in individual GFP-
Vpr-positive particles (Fig. 3B). We also utilized software-assisted
identification of GFP-Vpr viral complexes to determine the max-
imal S15-mCherry and p24 signals present within these individual
GFP-Vpr-generated surfaces. This allowed us to selectively ana-
lyze the average maximal p24 intensity of fused (S15-mCherry-
negative) populations of virions in an unbiased and high-
throughput fashion.

First, we observed that unfused (S15-positive) virions exhib-
ited 2.4 times the amount of p24 stain that was observed in fused
(S15-negative) virions (Fig. 3C and D; see also Movie S1 in the
supplemental material). This demonstrates that this analysis effec-
tively excludes virions that have not productively entered the cy-
toplasm, since only ca. one-third of the CA present in a virion is

FIG 1 (A toI) Disruption of microtubules delays HIV-1 uncoating as measured by the CsA withdrawal assay. TRIM-Cyp-expressing OMK cells (A through F)
or HeLa cells stably expressing HA-conjugated TRIM-Cyp (G through I) were infected with GFP-conjugated VSV-G-pseudotyped (A, B, C, G, H, and I) or
A-MLV Env-pseudotyped (D through F) HIV-1 in the presence or absence of 2.5 wM cyclosporine (CsA) with either DMSO or 10 uM nocodazole. Nocodazole
was washed out of the cells 2 h after synchronized infection, while CsA was washed out at the time points indicated on the graphs (A, B, D, E, G, and H) or
overnight (C, F, and I). For time points earlier than 2 h, CsA-containing medium was removed and replaced with medium containing Noc or DMSO. Forty-eight
hours postinfection, cells were analyzed by fluorescence-activated cell sorting for GFP expression. Raw infectivity data representative of 3 or more independent
experiments (A, D, and G) and means (* SEM) of results from three independent experiments that were normalized to the results at their respective 4-h time
points (B, E, and H) are shown. Statistical significance was calculated by a multiple-comparison # test (¥, P < 0.05; **, P < 0.01). (J) The BlaM-Vpr fusion assay
was performed in OMK cells and HeLa cells in the presence of DMSO or nocodazole with various inputs of virus (undiluted [Neat] or diluted 1:2, 1:4, or 1:8).
Data are means (= SEM) of results from three independent experiments that were normalized to the results for the sample treated with undiluted virus and

DMSO. %, P < 0.05.
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FIG 2 Microtubules re-form rapidly following Noc withdrawal. OMK and HeLa cells were treated with either DMSO or 10 pM nocodazole for 2 h; then
nocodazole was removed, and cells were observed after 15 min, 30 min, or 1 h. (Top) Representative images of cells stained for stable (green) and dynamic (red)
microtubules. (Bottom) Depolymerized or fragmented (with few microtubules intact) cells were quantified after 2 h of nocodazole treatment or 1 h post-

nocodazole removal. Cells in 20 fields were analyzed for each condition.

used to form the mature fullerene capsid core (31, 32), while the
remainder is free to diffuse away from the viral particle following
fusion.

OMK cells were then infected with GFP-Vpr- and SI15-
mCherry-labeled virus in the presence or absence of Noc, and CsA
was included throughout these experiments to inactivate TRIM-
Cyp during these infections. We then plotted the distribution of
the intensities of p24 staining of individual GFP-Vpr-positive,
S15-mCherry-negative virion populations at various times
postinfection. Normalized and averaged data from three indepen-
dent experiments showed than cytoplasmic virion populations
exhibited significantly more p24 staining in the presence of Noc
than in its absence (Fig. 4A, dot blot), which was readily apparent
when the average maximal p24 intensities were plotted (Fig. 4A,
line graph). This effect was apparent 1 h after infection and re-
mained significant throughout the course of the experiment.

We also utilized these data to assess the fusion states of the viral
populations in the cells during the experiment. Although we ob-
served by using the Vpr-BlaM assay that fusion was not inhibited
in Noc-treated cells (Fig. 1]), this endpoint assay does not address
the possibility that Noc treatment could temporarily delay VSV-
G-mediated fusion, which could lead to a delay in viral entry in
these and previous experiments. To assess this possibility, we de-
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termined the percentage of virions at each time point that were
S15 positive (unfused) or S15 negative (fused) in order to calculate
the relative fusion kinetics occurring during this experiment.
Rather than being delayed in Noc-treated cells, which might ex-
plain the delay in uncoating, fusion at early time points following
infection occurred more rapidly in Noc-treated cells (Fig. 4B).
This is generally consistent with the slight increase in the percent-
age of fusion that was detected using the BlaM-Vpr assay (Fig. 1]).
The increase in the level of fusion at early time points in the pres-
ence of Noc would be expected to increase the rate at which virions
become insensitive to CsA withdrawal, in the absence of an effect
of Noc treatment on uncoating. This suggests that the delay in
uncoating measured in this assay and the CsA withdrawal assay
may actually underrepresent the magnitude of the uncoating de-
fect induced by microtubule disruption, given that both measures
of fusion indicate an increase, rather than a delay, in fusion in the
presence of Noc. Collectively, these data support the observations
made using the CsA withdrawal assay, demonstrating that micro-
tubule disruption with Noc prevents the normal uncoating of the
HIV-1 core.

A similar effect was observed after the depolymerization of
microtubules with Noc in normal HeLa cells. No CsA was in-
cluded in these infections, since these cells did not express TRIM-
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FIG 3 Insitu assay to measure HIV-1 uncoating. (A) Cells were infected with S15-mCherry- and GFP-Vpr-labeled VSV-G-pseudotyped HIV-1 and were stained
for p24 by utilizing antibody AG3.0. Shown is a representative image in different channels obtained during the quantification process. The nuclei of the cells are
shown in gray, GFP-Vpr in green, S15-mCherry in red, and p24 staining in blue. (B) Background levels from staining with a Cy5-conjugated secondary antibody
were quantified using the secondary antibody only or an isotype control (1 g/ml). Red lines indicate means. The number of viruses analyzed per condition is
given above each data set. ns, not significant; ***, P < 0.001. (C) Still image from an animated movie of the image in panel A (see Movie S1 in the supplemental
material). (D) Viruses were separated into fused and unfused populations based on the intensity of the S15-mCherry signal within each virus, and the average
maximum fluorescence intensities of p24 were plotted. Specific details on the quantification are given in Materials and Methods.

Cyp. A Noc-dependent increase in p24 staining intensity was ob-
served at early times following infection. This difference was
significant at all time points examined (Fig. 4C, dot and line
graph). Notably, relative to the number in OMK cells, very few
GFP-Vpr-positive particles were observed in HeLa cells 4 h fol-
lowing infection (Fig. 4C, dot blot), perhaps affecting our ability
to measure an uncoating defect in Noc-treated cells, leading to a
reduced degree of statistically significant difference between Noc-
treated and control cells at this time point. Cell type-specific dif-
ferences may account for the differences observed at this time
point. Also, no defect in fusion was found in HeLa cells following
Noc treatment (Fig. 4D).

Collectively, these results recapitulate the results observed us-
ing the CsA washout assay, demonstrating that microtubule dis-
ruption impairs HIV-1 uncoating.

Microtubule disruption does not inhibit HIV-1 RT. Previ-
ously, it was demonstrated that inhibition of reverse transcription
(RT) of HIV-1 delays uncoating, suggesting a relationship be-
tween the two processes (7, 33). Therefore, we wanted to deter-
mine whether reverse transcription and nuclear import of the viral
genome were delayed in the absence of intact microtubules. Fol-
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lowing infection, OMK cells were treated with Noc for the first 4 h,
and late RT and nuclear import (as measured by 2-LTR circles)
relative to those with the control (DMSO treatment) were mea-
sured. Noc treatment was performed for 4 h to rule out the possi-
bility that microtubule destabilization may perturb RT in this pe-
riod. OMK cells were used because they produce a more
substantial effect on HIV-1 uncoating in the CsA washout assay
than in HeLa cells (Fig. 1) and because they were used in previous
studies finding that HIV-1 uncoating is RT dependent (7). Within
2 to 4 h after infection, we observed no difference in the generation
of late RT products between Noc-treated and control OMK cells
(Fig. 5A). Slight differences were observed at 8 to 10 h following
infection, although these differences were not statistically signifi-
cant (Fig. 5B). Noc treatment had a modest effect on 2-LTR circle
formation following an overnight infection (16 h), but again,
these differences were not statistically significant (Fig. 5C). Similar
results were observed upon Noc treatment for 2 h (data not
shown). This demonstrates that Noc treatment does not directly
influence RT in these infections, since any differences observed
occurred well after the removal of Noc, a finding supported by
similar findings for CD4* T cells by Yoder et al. (26).
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FIG 4 An in situ uncoating assay demonstrates an increased level of p24 following microtubule disruption. (A) OMK cells were infected with S15-mCherry- and
GFP-Vpr-labeled VSV-G-pseudotyped HIV-1 in the presence of 2.5 uM CsA with either DMSO or 10 uM nocodazole and were fixed at the indicated time points.
Viruses were analyzed as described in Materials and Methods. (Left) Each point on the dot blot represents the analysis of an individual virus. Red lines indicate
means. The number of viruses analyzed per condition is given above each data set. ***, P < 0.001. (Right) The means of the maximum fluorescence intensities
of p24 are plotted on the line graph. Data from three independent experiments were normalized and averaged. (B) The percentage of fusion was calculated by
determining the percentage of viruses that were S15-mCherry negative (Fused) in the entire population. Statistical significance was determined by one-way
ANOVA. (C) Normal HeLa cells were infected with S15-mCherry- and GFP-Vpr-labeled VSV-G-pseudotyped HIV-1 in the presence of DMSO or 10 pM
nocodazole and were fixed at the indicated time points. (Left) Analysis was carried out as for panel A. Red lines indicate means. The number of viruses analyzed
per condition is given above each data set. Statistical significance was determined by one-way ANOVA (***, P < 0.001; *, P < 0.05). (Right) The means of the
maximum fluorescence intensities of p24 are plotted on the line graph. Data from three independent experiments were normalized and averaged. (D) The

percentage of fusion was calculated as described for panel B.

The fate-of-capsid assay confirms microtubule-dependent
uncoating of HIV-1. Additionally, the fate-of-capsid assay (22)
was utilized to monitor the fate of viral cores in the presence or
absence of Noc. As a control, we also included cells expressing
rhesus macaque TRIM5a (rhTRIM5a), which is known to induce
the premature destabilization of the HIV-1 core in this assay (21).
As observed in the other two uncoating assays, Noc treatment
enhanced the recovery of intact HIV-1 cores following infection,
leading to a 4-fold increase in the amount of intact cores (Fig. 6A).
As expected, rhTRIM5a induced the opposite effect, destabilizing
HIV-1 cores. Notably, the thTRIM5a-mediated destabilization of
HIV-1 cores was reduced in the presence of Noc, a finding consis-
tent with a previous report (16). However, as demonstrated in the
case of TRIM-Cyp restriction, thTRIM5a restriction of HIV-1
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was not abrogated by Noc treatment in HeLa cells stably express-
ing thTRIM5a (Fig. 6B). These data provide additional confirma-
tion that microtubule destabilization perturbs the normal uncoat-
ing of the HIV-1 core during infection.

Dynein inhibition delays HIV-1 uncoating. The data pre-
sented above demonstrate that intact microtubules are required
for proper HIV-1 uncoating. However, they reveal nothing about
the mechanism by which microtubules facilitate uncoating or the
role of microtubule motors during this process. To determine if
dynein-mediated trafficking is important for HIV-1 uncoating,
we performed the CsA withdrawal assay in the presence of cilio-
brevin D (CilioD), a specific inhibitor of dynein-mediated motor
function (18). To test the efficacy of this drug, we first asked if
CilioD treatment resulted in dispersal of the Golgi apparatus, a
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FIG 5 Microtubule destabilization does not affect reverse transcription and
nuclear import of HIV-1. OMK cells were infected with GFP-conjugated VSV -
G-pseudotyped HIV-1 in the presence of 2.5 wM CsA with either DMSO or 10
M nocodazole for 4 h following synchronized infection. Following the 4-h
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at the indicated time points postinfection, and real-time PCR was performed
to quantify late RT (A and B) and 2-LTR circles (C). Nevirapine (Nev), an RT
inhibitor, was included as a control. ns, not statistically significant.

well-known consequence of dynein inhibition. As expected,
CilioD treatment resulted in the dispersal of the Golgi apparatus
in these cells (data not shown). When CilioD was included in the
CsA withdrawal assay, we observed a potent and irreversible defect
in infectivity (Fig. 7A), in contrast to our observations for brief
Noc treatment of OMK and HeLa cells (Fig. 1). While this result is
consistent with a dynein-dependent defect in uncoating, the irre-
versible perturbation of infectivity precludes the conclusion that
dynein inhibition directly influences uncoating as determined by
the CsA washout assay (Fig. 7A).

We therefore utilized siRNA knockdown of the dynein heavy
chain (DYNCIH]1) (Fig. 7B) to assess the role of dynein by using
our in situ uncoating assay. As observed with Noc treatment,
DYNCIHI1 knockdown led to a significant increase in the amount
of p24 associated with GFP-Vpr-positive, S15-mCherry-negative
virions (Fig. 7C).A significant defect in uncoating was observed at
1 h postinfection and remained present 4 h following infection
(Fig. 7C, dot blot and line graph). As observed in our experiments
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DMSO or 10 wM nocodazole for 2 or 4 h. Then the medium was replaced
with fresh medium, and 48 h postinfection, cells were analyzed by fluores-
cence-activated cell sorting for GFP expression. Data are means from three
independent experiments = SEM.

with Noc, fusion was not significantly affected in cells in which
DYNCI1HI was knocked down (Fig. 7D); the slight decrease in
fusion observed in DYNCI1H1 knockdown cells could be due to a
defect in the degradation pathway upon DYNCIH1 knockdown,
resulting in an accumulation of more virions in the vesicular com-
partment in these cells than in control cells. This is supported by
the observation of a higher number of unfused virions in these
knockdown cells (data not shown). Additionally, live-cell imaging
utilizing fluorescently labeled HIV-1 was performed on cells in
which DYNC1H1 was knocked down. In these cells, we ob-
served a decrease in the average speed of viruses 30 min after
synchronized infection (Fig. 7E), confirming previous data re-
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fluorescence intensities are plotted on the line graph. Data from three independent experiments were normalized and averaged. (D) The percentage of fusion was
calculated by determining the percentage of viruses that were S15-mCherry negative (Fused) in the entire population. (E) HeLa cells treated with control siRNA or
DYNCIH1 siRNA for 72 h were infected with S15-mCherry- and GFP-Vpr-labeled VSV-G-pseudotyped HIV-1, and live-cell imaging was performed 30 min after a
synchronized infection. The speeds of individual viruses were quantified in Imaris software by generating tracks to follow the movement of individual viruses.
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ported by McDonald et al. on dynein-dependent HIV-1 traffick-
ing in cells (6). These data reveal that HIV-1 uncoating is facili-
tated by dynein motor function, since siRNA knockdown of
DYNCI1HI1 increased the amount of p24 associated with cytoplas-
mic virions, and a corresponding defect in viral trafficking was
observed in cells depleted of DYNCIHI.

KIF5B knockdown delays HIV-1 uncoating. Previous studies
of HIV-1 trafficking revealed that inhibition of dynein motor
function resulted in the accumulation of HIV-1 virions at the cell
periphery (6). This suggests that in addition to dynein-mediated
trafficking, the viral core can also undergo kinesin-mediated traf-
ficking, although in the absence of perturbation, the cumulative
effect of these two transport activities results in minus-end-di-
rected transport toward the MTOC. To test the hypothesis that
kinesin motor function can facilitate HIV-1 uncoating, we exam-
ined the effect of perturbing kinesin trafficking. The most conven-
tional member of the kinesin family, KIF5B, was chosen, because
it has been reported previously to interact with Nup358 to facili-
tate adenovirus uncoating (34). As was observed with CilioD,
KIF5B knockdown (Fig. 8A) resulted in a ~50% reduction in
infectivity from that for control siRNA-transfected cells (Fig. 8B).

We therefore used the in situ uncoating assay to measure the effect
of KIF5B knockdown by siRNA on HIV-1 uncoating. These experi-
ments yielded two somewhat contradictory observations. In three
independent experiments, the level of CA staining at 1 h was reduced
in KIF5B knockdown cells from that in control cells, a trend that was
also apparent when the data from these experiments were pooled
(Fig. 8C, dot blot and line graph). However, at later time points,
significantly more CA staining was observed in KIF5B knockdown
cells than in control siRNA-transfected cells (Fig. 8C, dot blot and line
graph). No difference in relative fusion, as measured by S15 mem-
brane labeling, was observed between control and KIF5B siRNA-
treated cells (Fig. 8D). These data suggest a role for the plus-end-
directed motor KIF5B in HIV-1 uncoating.

DISCUSSION

The data presented above establish that microtubule trafficking facil-
itates the uncoating of the HIV-1 capsid core during infection. This
conclusion is supported by two assay systems commonly utilized to
measure uncoating (22, 24) and an in sifu uncoating assay that we
have employed to directly and quantitatively assess the uncoating
states of viral populations following synchronized infection.
Previously, investigators examining the role of microtubules
have observed superficially divergent results regarding the role of
microtubules during HIV-1 infection. McDonald et al. observed
that HIV-1 is trafficked to the microtubule-organizing center
(MTOC) in a dynein-dependent fashion (6), although that study
did not measure the effect of microtubule disruption or dynein
inhibition on HIV-1 infection. Sabo et al. recently reported that
stable microtubules facilitate early events in infection (13). How-
ever, another study observed no effect on infectivity when micro-
tubules were disrupted using Noc (26). The data presented here
are consistent with all three studies. Like Yoder et al., we observe
that brief microtubule destabilization (2 h) has little or no effect
on infectivity in OMK and HeLa cells (26) (Fig. 1C, F, and I). Also
in line with the findings of Yoder et al., examination of RT during
and after Noc treatment revealed no effect during Noc treatment and
only slight but statistically insignificant differences in late-RT and
2-LTR circle levels at later times in infection (Fig. 5). Given the
rapid restoration of microtubules observed after Noc withdrawal
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(Fig. 2), this result is not surprising. These slight changes later in
infection may be due to early disruption of uncoating by Noc
treatment, although this conclusion cannot be drawn from these
experiments. However, we also observe that Noc treatment in-
duces core stabilization that is rapidly reversed following Noc
withdrawal (Fig. 1A, B, D, E, G, and H), suggesting that measure-
ment of HIV-1 infectivity following transient Noc treatment may
not reveal critical microtubule-dependent aspects of infection,
since microtubule-dependent steps in infection may proceed rap-
idly following Noc withdrawal. This is supported by the observa-
tion that cytoplasmic dynein inhibition with CilioD substantially
reduces the level of infection (Fig. 7A). Thus, our data collectively
support the role of microtubules in HIV-1 trafficking and infec-
tion reported by McDonald et al. and Sabo et al. (6, 13), although
they are also in general agreement with the results of Yoder et al.
(26). Notably, McDonald et al. reported that inhibition of dynein
not only prevented the accumulation of viruses at the MTOC but
also resulted in the pronounced dispersal of HIV-1 virions to the
cell periphery (6), strongly suggesting that the viral core can en-
gage kinesin motors as well as dynein motors. This is consistent
with our observation that KIF5B knockdown plays a role in HIV-1
uncoating (Fig. 8C).

Superficially, our observation that Noc treatment does not al-
ter restriction by TRIM-Cyp and rhTRIM5a disagrees with a re-
cent report suggesting that TRIM5a restriction requires intact
microtubules (16). However, differences in the period and con-
centration of Noc treatment, and the viral inoculum used in these
infections, could explain these differences. At a minimum, we ob-
serve that treatment with Noc for short periods (2 h), the time
frame within which TRIM5a and TRIM-Cyp restriction has been
reported to occur (8, 14, 35), does not affect restriction by TRIM-
Cyp or thTRIM5a (Fig. 1 and 6). We do, however, observe stabi-
lization of HIV-1 capsids in rhTRIM5a-expressing cells following
microtubule destabilization, in agreement with the results of Paw-
lica et al. (16), supporting a measured approach to consideration
of other, more disparate outcomes between these two studies.

The data provided here demonstrate that both dynein heavy
chain activity and KIF5B activity facilitate HIV-1 uncoating (Fig. 7
and 8), and a number of mechanisms may explain this observa-
tion. Perhaps the simplest model is that the motors engage the
viral core and induce its disassembly by providing mechanical
force in a so called “tug of war,” pulling the capsid cargo in oppo-
site directions along the microtubule. This concept has been pro-
posed in the field of molecular motors (36, 37) and in the traffick-
ing of the HIV-1 core (19), and such observations have been
reported previously for the uncoating of herpes simplex virus 1
(HSV-1) (38). Alternatively, it is possible that interaction with
motor proteins allows the core to be optimally situated spatiotem-
porally for uncoating to occur. One obvious scenario of this type
would be that dynein transport allows trafficking to the MTOC,
where the core engages nuclear pore components that may be
involved in uncoating, such as Nup358 (10). Remarkably, an al-
most identical situation has been described for adenovirus infec-
tion, where disassembly of the viral core requires interaction with
Nup358 and kinesin 1 (34). In the experiments reported here, the
vast majority of virions analyzed in our in sifu uncoating assay
were in the cytoplasm and were not observed to be associated with
the nuclear pore by use of a specific monoclonal antibody. How-
ever, it is possible that transient but critical uncoating events,
which are not detected by use of this assay and fixed images, occur
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FIG 8 KIF5B knockdown delays HIV-1 uncoating. (A) HeLa cells were treated with control siRNA or siRNA targeting kinesin 1 heavy chain (KIF5B) for 72 h. The level
of KIF5B was determined by Western blotting with a kinesin 1 heavy-chain-specific antibody. Equal loading was verified with an anti-actin antibody. (B) HeLa cells
treated with control siRNA or KIF5B siRNA were subsequently infected with GFP-conjugated VSV-G-pseudotyped HIV-1. Cells were collected 48 h postinfection and
were analyzed by fluorescence-activated cell sorting for GFP positivity. (C) HeLa cells were treated with control siRNA or KIF5B siRNA for 72 h, followed by
synchronized infection with S15-mCherry- and GFP-Vpr-labeled VSV-G-pseudotyped HIV-1. Cells were fixed at different time points postinfection and were stained
for p24 in order to perform the in situ uncoating assay as described in Materials and Methods. (Left) Each point on the dot blot represents the analysis of an individual
virus and is normalized to the mean result for the control at the same time point. Red lines indicate means. The number of viruses analyzed per condition is given above
each data set. Statistical significance was determined by one-way ANOVA (***, P < 0.001; **, P < 0.01). (Right) The means of p24 fluorescence intensities are plotted on
the line graph. Data from three independent experiments were normalized and averaged. (D) The percentage of fusion was calculated by determining the percentage of
viruses that were S15-mCherry negative (Fused) in the entire population.
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