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ABSTRACT

To increase our understanding of the events that lead to HIV-1 genome packaging, we examined the dynamics of viral RNA and
Gag-RNA interactions near the plasma membrane by using total internal reflection fluorescence microscopy. We labeled HIV-1
RNA with a photoconvertible Eos protein via an RNA-binding protein that recognizes stem-loop sequences engineered into the
viral genome. Near-UV light exposure causes an irreversible structural change in Eos and alters its emitted fluorescence from
green to red. We studied the dynamics of HIV-1 RNA by photoconverting Eos near the plasma membrane, and we monitored the
population of photoconverted red-Eos-labeled RNA signals over time. We found that in the absence of Gag, most of the HIV-1
RNAs stayed near the plasma membrane transiently, for a few minutes. The presence of Gag significantly increased the time that
RNAs stayed near the plasma membrane: most of the RNAs were still detected after 30 min. We then quantified the proportion of
HIV-1 RNAs near the plasma membrane that were packaged into assembling viral complexes. By tagging Gag with blue fluores-
cent protein, we observed that only a portion, �13 to 34%, of the HIV-1 RNAs that reached the membrane were recruited into
assembling particles in an hour, and the frequency of HIV-1 RNA packaging varied with the Gag expression level. Our studies
reveal the HIV-1 RNA dynamics on the plasma membrane and the efficiency of RNA recruitment and provide insights into the
events leading to the generation of infectious HIV-1 virions.

IMPORTANCE

Nascent HIV-1 particles assemble on plasma membranes. During the assembly process, HIV-1 RNA genomes must be encapsi-
dated into viral complexes to generate infectious particles. To gain insights into the RNA packaging and virus assembly mecha-
nisms, we labeled and monitored the HIV-1 RNA signals near the plasma membrane. Our results showed that most of the HIV-1
RNAs stayed near the plasma membrane for only a few minutes in the absence of Gag, whereas most HIV-1 RNAs stayed at the
plasma membrane for 15 to 60 min in the presence of Gag. Our results also demonstrated that only a small proportion of the
HIV-1 RNAs, approximately 1/10 to 1/3 of the RNAs that reached the plasma membrane, was incorporated into viral protein
complexes. These studies determined the dynamics of HIV-1 RNA on the plasma membrane and obtained temporal information
on RNA-Gag interactions that lead to RNA encapsidation.

The major particle assembly site for HIV-1 is the plasma mem-
brane (1, 2). The HIV-1 Gag protein drives virus assembly;

during this process, Gag coordinates multiple activities to gener-
ate viral particles, including the packaging of two copies of the
viral RNA genome. Most of the HIV-1 particles contain two copies
of viral RNA, indicating that RNA packaging is an efficient process
(3, 4). Various virological and biochemical studies have analyzed
the interactions between Gag and the viral RNA genome (2, 5).
These studies showed that the nucleocapsid (NC) domain of Gag
plays a critical role in specific recognition of the viral RNA genome
and demonstrated that many cis-acting elements in the viral RNA,
including the 5=-untranslated region (5= UTR), are important for
Gag-RNA interactions (5–13). The 5= UTR of the HIV-1 RNA is
highly structured; although the proposed structures varied in dif-
ferent studies, it was thought that the sequences from the primer
binding site to the beginning of gag formed three stem-loops,
termed SL1, SL2, and SL3. The SL3 sequence was the first element
identified to be important for RNA packaging, as deletion resulted
in a reduction of RNA packaging (14), and it is often referred to as
�. SL1 has been shown to play a key role in RNA dimerization.
SL2 contains the major splice donor site and was recently shown

not to be a stem-loop but to form the base of a three-way junction
in the RNA structure (15). Despite the importance of the 5=UTR,
other viral sequences also play a role in RNA packaging, as viral
sequences lacking � can still be packaged, albeit at a lower rate
than that with wild-type RNA (16, 17).

A series of innovative studies used total internal reflection flu-
orescence (TIRF) microscopy to examine HIV-1 assembly (16,
18–22). In TIRF microscopy, a shallow volume between the glass
and the cell surface is illuminated, making it an ideal technique for

Received 4 May 2015 Accepted 10 August 2015

Accepted manuscript posted online 19 August 2015

Citation Sardo L, Hatch SC, Chen J, Nikolaitchik O, Burdick RC, Chen D, Westlake CJ,
Lockett S, Pathak VK, Hu W-S. 2015. Dynamics of HIV-1 RNA near the plasma
membrane during virus assembly. J Virol 89:10832–10840. doi:10.1128/JVI.01146-15.

Editor: K. L. Beemon

Address correspondence to Wei-Shau Hu, Wei-Shau.Hu@nih.gov.

* Present address: Steven C. Hatch, Department of Biology, Missouri Western State
University, Saint Joseph, Missouri, USA.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

10832 jvi.asm.org November 2015 Volume 89 Number 21Journal of Virology

http://dx.doi.org/10.1128/JVI.01146-15
http://jvi.asm.org


studying events near the plasma membrane. In these studies, flu-
orescent proteins were used to tag viral macromolecules, such as
the Gag protein, and the behavior of these molecules was exam-
ined in living cells to provide novel dynamic and temporal infor-
mation on HIV-1 assembly. Several studies used a mixture of un-
tagged Gag and Gag fused with a fluorescent protein to monitor
virus assembly, and such a mixture generated morphologically
normal viruses (23). Although a single Gag-fluorescent protein
fusion molecule is below the detection limit and multiple tagged
proteins are needed to detect a signal, the assembly dynamics can
be determined by monitoring the increase of fluorescent protein
intensity (18, 19, 22). These studies showed that active assembly
occurs on the plasma membrane, as HIV-1 Gag signals accumu-
late with time on the plasma membrane, which often takes �5 to
�30 min to reach the maximal intensity (18, 19, 22). It was also
shown that varying the proportion of the tagged Gag molecules
did not affect the measured assembly time, indicating that the
virus assembly kinetics was not affected by the fluorescent protein
tag of the Gag molecules (18). Additionally, interactions between
the assembly complex and the host proteins important for the
budding of viral particles were also studied to reveal the spatial
and/or temporal relationship of the assembly/budding process
(20, 21, 24–26).

The interactions between Gag and RNA that lead to virus as-
sembly at the plasma membrane were studied in an elegant report
(16). In that study, HIV-1 RNA was modified to contain stem-
loop sequences recognized by the bacteriophage MS2 coat pro-
tein. The MS2 coat protein tagged with green fluorescent protein
(GFP) can bind to HIV-1 RNA, and the RNA’s movement can be
monitored by the GFP signal. By tracking individual RNA signals,
Jouvenet et al. (16) showed that, in the absence of Gag, HIV-1
RNA stayed on the plasma membrane for only a very brief time,
�3.6 s. In the presence of Gag, HIV-1 RNA signals were first
observed near the assembly site, followed by a weak and colocal-
ized Gag signal; the intensity of the Gag signal increased with time,
suggesting that Gag was assembled in the presence of viral RNA.

Although the aforementioned study was informative, many
questions remain unanswered. For example, what is the window
of opportunity for the RNA near the plasma membrane to interact
with Gag? Furthermore, how often do HIV-1 RNAs that have
reached the plasma membrane become part of the assembly com-
plexes? We sought to address these unanswered questions regard-
ing Gag-RNA interaction during virus assembly. Previously, we
showed that cytoplasmic HIV-1 RNA has dynamic movement and
is transported mainly by diffusion (27). We reasoned that because
TIRF observations are limited to a very shallow volume, an RNA
molecule may move in and out of the observation volume during
the observation time due to its dynamic movement. It is possible
that once the viral RNA leaves the TIRF observation volume, it
rarely or never reenters this region; in this scenario, the length of
time an RNA molecule can be tracked, i.e., �3 s, is the amount of
time the RNA stays near this region. However, we observed that
most HIV-1 RNAs move in a nondirectional, random-walking
manner in the cytoplasm (27). Thus, it is highly likely that a large
portion of the RNAs may leave and reenter the region near the
plasma membrane; in this scenario, the time that the RNAs stay
near the plasma membrane may be longer than indicated by the
track lengths of the viral RNAs.

For this report, we used two approaches different from those
from the previous study of Jouvenet et al. to examine the time that

the viral RNA stays near the plasma membrane by TIRF micros-
copy. First, we used a photoconvertible fluorescent protein, Eos
(28), to tag viral RNA; this approach allowed us to distinguish
between RNAs that were near the plasma membrane at a given
time and those arriving later. Eos generally emits signals detectable
in the green wavelength; when exposed to near-UV light, Eos un-
dergoes an irreversible structural change and emits signals detect-
able in the red wavelength (28). We exposed cells at a TIRF angle
to photoconvert Eos proteins near the plasma membrane to selec-
tively detect RNAs by the red signals. In contrast, the RNA signals
that reached the plasma membrane at a later time carried green
signals. This method allowed us to distinguish the existing versus
newly arriving viral RNAs. Second, we used a population-based
approach to study the photoconverted Eos signals. Rather than
following each individual track, we monitored the total number of
red signals at various time points to determine how long they
stayed near the plasma membrane. Using this system, we ad-
dressed the following three experimental questions. How long do
HIV-1 RNAs stay near the plasma membrane? How do Gag pro-
teins affect the length of time that HIV-1 RNA stays near the
plasma membrane? And what proportion of HIV-1 RNA that
reaches the plasma membrane becomes part of the viral assembly
complexes? The answers to these questions provide insights into
the dynamics and mechanisms of HIV-1 RNA packaging and virus
assembly.

MATERIALS AND METHODS
Plasmid construction and cell culture. The HIV-1 construct 1-Gagnull-
BSL was derived from the previously described construct 1-AAG (27) by
deleting 8 bases from the CA sequence to generate a frameshift mutation,
thereby leading to a premature stop codon 693 nucleotides (nt) down-
stream of the theoretical translation start of gag. Construct 1-GagBFP-BSL
was derived from 1-GagCeFP-BSL (3) by replacing the cerulean fluores-
cent protein (CeFP) gene with the blue fluorescent protein (BFP) gene
(29). Constructs 1-Gag�CTDBFP-BSL and 1-Gag�CTD-BSL were de-
rived from 1-GagBFP-BSL and 1-Gag-BSL (27), respectively, by deleting
the region encoding the last 83 amino acids of the capsid. Plasmid
1-GagLZCeFP-BSL was constructed by replacing a portion of the gag
sequence of 1-GagCeFP-BSL (3) with the counterpart from 1-GagL-
ZmCherry-BSL (27), which encodes a leucine zipper motif in place of
the NC domain. Plasmid Bgl-Eos was derived from Bgl-YFP (27) by
replacing the yellow fluorescent protein (YFP) gene with the d2EosFP
(Eos) gene, which encodes a dimeric Eos fluorescent protein (28).
HeLa cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum, penicillin (50 U/ml), and
streptomycin (50 U/ml). All cultured cells were maintained at 37°C
with 5% CO2. For imaging experiments, 2 � 105 HeLa cells were
seeded onto a 35-mm glass-bottom dish (MatTek) 24 h before trans-
fection. Transfection was performed with FuGENE HD (Roche) ac-
cording to the manufacturer’s recommendations. Live-cell imaging
was performed starting 9 h after transfection. In some experiments,
transfected cells were fixed for 10 min in 4% paraformaldehyde in
Dulbecco’s phosphate-buffered saline for 10 min, followed by two
washes in Dulbecco’s phosphate-buffered saline.

Microscopy and image acquisition, processing, and analysis. TIRF
microscopy was performed using an inverted Olympus TIRF 3 system
microscope and a 60�, 1.49-numerical-aperture Olympus Apo N oil-
immersion objective. The microscope was enclosed in a custom-made
chamber (Precision Plastic, Inc.), and imaging was performed under con-
trolled conditions at 37°C. For the illumination of BFP, green-Eos, and
red-Eos, 405-nm, 488-nm, and 561-nm laser sources (Coherent, Inc.) and
BrightLine single-band laser excitation and emission filter sets LF405-A,
LF488-A, and LF561-A (Semrock, Inc.), respectively, were used. CeFP
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signals were imaged under the same conditions as those for BFP. Digital
images were acquired by use of an EM-CCD camera (Hamamatsu Ima-
gEM Enhanced model C9100-13). Photoconversion of the Eos protein
was performed in the TIRF mode, using a 5-s exposure with the 405-nm
laser. Continuous imaging was performed by image streaming with a
100-ms exposure time for 10 s. ImageJ 1.47v was used to process images
and to generate time-lapse image stacks. Single-molecule tracking was
performed using Localize (30) and a customized MatLab program (Math-
works). Time-lapse TIRF experiments were automated by use of a cus-
tomized journal (MetaMorph Premier software, 64-bit, version 7.8.3.0).
The BFP, green-Eos, and red-Eos channels were aligned with an accuracy
of �1 pixel apart prior to imaging, using custom triple-color fiduciary
markers. The BFP, green-Eos, and red-Eos channels were sequentially
excited, and images were captured for 100 ms, 100 to 300 ms, and 100 to
300 ms, respectively. The positions of the diffraction-limited spots of BFP,
green-Eos, and red-Eos in each frame were determined using Localize
software (30). BFP-Eos colocalization was defined as the presence of the
two signals at a distance of �3 pixels; signal colocalization analysis was
performed using a custom MatLab program (Mathworks).

RESULTS
System to study the dynamics of HIV-1 RNA near the plasma
membrane. To characterize the dynamics of HIV-1 RNA on the
plasma membrane, we used a modified NL4-3-based HIV-1 con-
struct, 1-Gagnull-BSL. The general structure of this construct is
shown in Fig. 1A; 1-Gagnull-BSL contains cis-acting elements re-
quired for HIV-1 replication, including 5= and 3= UTRs, and ex-
presses functional Tat and Rev proteins. Additionally, 1-Gagnull-
BSL contains inactivated gag, pol, and env genes. The gag gene
contains two inactivating mutations; the translation start codon
AUG was changed to AAG, and a frameshift mutation was intro-
duced in the middle of the capsid region, leading to a premature
stop codon. Both the pol and env genes contain large inactivating
deletions. The construct also contains 18 copies of stem-loop se-
quences (BSL) inserted into the pol gene; these sequences are spe-
cifically recognized by the Escherichia coli RNA-binding protein
BglG.

We generated a plasmid that expresses a truncated BglG pro-
tein fused to Eos, a photoconvertible fluorescent protein (Fig. 1A).
Bgl-Eos contains a nuclear localization signal (NLS) and is prefer-
entially located in the nucleus. However, when 1-Gagnull-BSL
and Bgl-Eos are coexpressed, Bgl-Eos can specifically bind to BSL-
containing HIV-1 RNA and traffic back into the cytoplasm. Be-
cause the BSL sequence is located in the pol gene and is removed
from singly or fully spliced HIV-1 RNAs, only the full-length,
unspliced 1-Gagnull-BSL RNA is labeled with Bgl-Eos.

We selected the Eos protein to label viral RNA because of its
ability to alter the emission wavelength. Eos emits light at wave-
lengths in the range of green fluorescence; however, this protein
undergoes an irreversible structural change when exposed to
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FIG 1 Strategy to study the dynamics of HIV-1 RNA near the plasma mem-
brane. (A) General structures of the modified HIV-1 genome for RNA detec-
tion and a construct that expresses the RNA-binding Bgl-Eos fusion protein.
BSL, stem-loop sequences recognized by the BglG RNA-binding protein; NLS,
nuclear localization signal. (B) Representative TIRF images of HIV-1 RNA
labeled with Bgl-Eos near the plasma membrane of HeLa cells before and after
photoconversion by near-UV light exposed at a TIRF angle. Bar, 10 �m. An
example of a fixed cell is shown; the photoconversion efficiency was 94%. (C)

Times that individual HIV-1 RNA tracks stayed near the plasma membrane.
RNAs derived from 1-Gagnull-BSL were labeled with Bgl-YFP (open bars) or
photoconverted Eos (red-Eos; solid bars). (D) HIV-1 RNA levels in a repre-
sentative cell, detected via Eos proteins. After near-UV light exposure at a TIRF
angle, Eos signals near the plasma membrane were detected at various time
points. 0 min, images were captured immediately after photoconversion. Red-
Eos signals are shown as solid black squares, and green-Eos signals are shown
as open diamonds. (E) Dynamics of HIV-1 RNA near the plasma membrane,
detected via photoconverted red-Eos. Results for 18 cells are summarized.
Data are averages with standard deviations (error bars). The average photo-
conversion efficiency for these experiments was 91%.
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near-UV light, i.e., it photoconverts and emits red fluorescence
(28). To test the ability of the Bgl-Eos fusion protein to photocon-
vert when bound to HIV-1 RNA, we transfected HeLa cells with
1-Gagnull-BSL and Bgl-Eos and examined the RNA signals near
the plasma membrane by using TIRF microscopy. Our results
showed abundant green signals but no red signal (Fig. 1B, upper
panels). After exposing cells to near-UV light at a TIRF angle, most
of the green signals were replaced by the red signals (94% photo-
conversion efficiency) (Fig. 1B, lower panels). These results dem-
onstrated that Eos signals were efficiently converted upon
near-UV light treatment; additionally, HIV-1 RNA could be la-
beled by Bgl-Eos and observed when either green or red fluores-
cence was emitted.

To study HIV-1 RNA movement near the plasma membrane
by using TIRF microscopy, we coexpressed 1-Gagnull-BSL with
Bgl-Eos, photoconverted the Eos near the plasma membrane by
exposing cells to near-UV light at a TIRF angle, and then captured
the RNA signals in consecutive frames, with a 100-ms exposure
time per frame, for 10 s. We then measured the length of time that
individual RNA signals could be followed on the plasma mem-
brane. Our results for a total of 7,579 RNA tracks obtained from 12
cells are summarized in Fig. 1C (black bars). Most of the RNA
signals were observed for less than a few seconds, whereas a por-
tion of the viral RNA (�15%) was observed for the entire imaging
time of 10 s. Because all the tracks that could be followed for 10 s or
more are shown for the 10-s data point, the RNA proportion for
that point is higher than some of the others, such as that at the 9-s
data point. For comparison, we also performed experiments using
a Bgl-YFP protein to tag 1-Gagnull-BSL RNA, and we observed
similar results (Fig. 1C, white bars). These results are consistent
with previous observations (16) and indicate that, in the absence
of Gag protein, HIV-1 RNA moves dynamically near the plasma
membrane. Additionally, these results show that near-UV light
treatment does not significantly alter the observed RNA residence
time, because similar distributions were obtained when HIV-1
RNA was labeled with Bgl-YFP or photoconverted Bgl-Eos.

Population-based approach to study HIV-1 RNA dynamics
near the plasma membrane in the absence of Gag proteins. Fol-
lowing individual HIV-1 RNA signals by using TIRF microscopy
demonstrated that most of the signals could be tracked near the
plasma membrane for only seconds (Fig. 1C) (16). It is possible
that, without Gag, most HIV-1 RNA can stay near the plasma
membrane for only a few seconds. However, because TIRF mi-
croscopy has a very shallow observation volume, it is possible that
an RNA molecule may stay near the plasma membrane longer
than indicated by these studies, but moving into and out of the
field of view, thereby generating the impression of a short resi-
dence time. With tags such as YFP, RNA signals that reenter the
observation volume cannot be distinguished from those that enter
this volume for the first time; thus, such a labeling method cannot
determine how long an RNA signal stays near the membrane. To
distinguish between the two aforementioned possibilities, we uti-
lized the ability of Eos to be photoconverted and to emit light at
different wavelengths. Our strategy was to photoconvert RNA sig-
nals near the plasma membrane so that they would emit red sig-
nals and to monitor the number of red-Eos signals over time.

To monitor the length of time that HIV-1 RNA stays near the
plasma membrane, we exposed cells to near-UV light at a TIRF
angle to convert the Bgl-Eos near the plasma membrane and then
captured images of RNA signals at 1-min intervals for 30 min. In

these experiments, instead of tracking the times of individual RNA
signals, we examined the number of photoconverted red-Eos
RNA signals that appeared on the plasma membrane at each time
point. Results for a representative cell are shown in Fig. 1D, and an
image was captured immediately after photoconversion (0 min).
At 0 min, there were 70 red signals near the plasma membrane,
and the number of red signals decreased to 38 and 25 in 1 and 2
min, respectively (Fig. 1D). After the initial sharp decline, the
number of red signals decreased slowly; there were 11 and 8 signals at
the 25- and 30-min time points, respectively. We also monitored the
green signals from RNAs labeled by Eos proteins that were not pho-
toconverted (Fig. 1D). There were two green signals at minute 0,
indicating that the photoconversion was efficient. The number of
green signals increased with time, and there were 69 and 48 signals at
the 25- and 30-min time points, respectively. These results demon-
strate that HIV-1 RNAs were moving dynamically during the obser-
vation time, entering and leaving the TIRF volume.

Results for 18 cells are summarized in Fig. 1E; for clarity, only
the dynamics of red-Eos is shown. The number of red-Eos signals
detected at 0 min for each cell was set as 100%, and the numbers of
signals at various later time points were expressed as percentages
of the signal observed at 0 min. These results showed that �50% of
the RNAs were detected near the plasma membrane after more
than 2 min and �20% of the RNAs were detected after 20 to 30
min (Fig. 1E). Therefore, the population-based approach showed
that HIV-1 RNAs stay near the plasma membrane at least 30 times
longer than estimated using individual tracks.

Determining the effect of Gag binding on HIV-1 RNA dy-
namics near the plasma membrane. HIV-1 RNA can interact
with Gag, and Gag-RNA complexes may have different dynamics
on the plasma membrane. Gag and RNA can also assemble into
viral particles at the plasma membrane. To study the effect of Gag
binding without the complication of virus assembly, we used a
mutant Gag protein that harbors a deletion in the C-terminal
domain of capsid (�CTD), which maintains the ability to bind
HIV-1 RNA and target the plasma membrane but has a multim-
erization defect and cannot form virus particles (16, 31, 32). Two
constructs (Fig. 2A) with general structures similar to that of
1-Gagnull-BSL were used. Each construct expressed a BSL-con-
taining full-length viral RNA that encoded a �CTD mutant Gag
protein: 1-Gag�CTDBFP-BSL expressed a blue fluorescent pro-
tein (BFP)-tagged mutant Gag protein, whereas 1-Gag�CTD-BSL
expressed an untagged mutant Gag protein. We cotransfected
these two constructs at an equimolar ratio and selected cells with
diffuse BFP signals, photoconverted Eos near the plasma mem-
brane, and monitored the red-Eos signals every minute for 30
min. The results for 11 cells are summarized in Fig. 2B. In sharp
contrast to HIV-1 RNA in the absence of Gag expression (Fig. 1E),
we found that most of the RNA signals (�60%) were detected at
30 min postphotoconversion. We also examined the RNA signals
at 5 time points, i.e., 0, 15, 30, 45, and 60 min, and observed similar
results (Fig. 2C). Thus, even though the Gag proteins had a
defect in multimerization, their presence resulted in a signifi-
cant increase in the time that HIV-1 RNA stayed near the
plasma membrane. These results suggest that most of the RNAs
were associated with Gag and that the Gag-RNA complexes
stayed near the plasma membrane much longer than HIV-1
RNA not associated with Gag.

To confirm that the extended stay of HIV-1 RNA near the
plasma membrane was indeed caused by Gag association, we ex-
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amined the dynamics of HIV-1 RNA signals on the plasma mem-
brane when the RNA was coexpressed with Gag proteins that can-
not specifically bind to viral RNA. For this purpose, we used two
constructs (Fig. 3A), each encoding a mutant Gag protein
(GagLZ) in which the nucleocapsid domain is replaced by a leu-
cine zipper motif (33); 1-GagLZCeFP-BSL expresses a mutant Gag
protein tagged with CeFP, whereas 1-GagLZ-BSL expresses an un-
tagged mutant Gag protein. It is well established that these mutant
GagLZ proteins can assemble into virus-like particles; however,
viral RNA genomes are not packaged in these particles (34, 35).
We cotransfected 1-GagLZCeFP-BSL and 1-GagLZ-BSL at an
equimolar ratio into cells, ensured that Gag was expressed by observ-
ing CeFP particles on the plasma membrane, and used the aforemen-
tioned protocol to examine the red-Eos signals near the plasma mem-
brane. The results for 5 cells (summarized in Fig. 3B) show that the
red-Eos signals had dynamics similar to those of HIV-1 RNA in the
absence of Gag (Fig. 1E). These results confirmed that the ability of
Gag to bind HIV-1 RNA is required for HIV-1 RNA to extend its
residence time near the plasma membrane.

Understanding HIV-1 RNA dynamics near the plasma mem-
brane during virus assembly. We used two constructs to study

the effects of HIV-1 Gag on the viral genome dynamics. One con-
struct expresses HIV-1 Gag tagged with BFP (1-GagBFP-BSL),
and the other expresses untagged Gag (1-Gag-BSL) (Fig. 4A); the
full-length RNAs derived from both constructs contain BSL that
can be tagged with Bgl-Eos. We used the aforementioned protocol
to monitor the Eos signals and also captured BFP signals, once
before photoconversion and another time immediately after im-
aging the last Eos signals at the 60-min time point. In general, we
selected and followed cells with few BFP signals at the 0-min time
point.

In these experiments, we observed large cell-to-cell variations
in the time that Eos signals stayed near the plasma membrane. In
some cells, the number of red-Eos signals decreased drastically
after 60 min, whereas in other cells, most of the Eos signals re-
mained in the observation volume after 60 min. Examples of each
type of cell are shown in Fig. 4B and C, respectively. For the cell
shown in panel B, 45 and 17 red-Eos signals and 4 and 34 BFP
puncta were detected at the 0- and 60-min time points, respec-
tively. For the cell shown in panel C, 127 and 119 red-Eos signals
and 37 and 205 BFP puncta were detected at the 0- and 60-min
time points, respectively. Further comparisons suggested that the
level of Gag expression affects the dynamics of the RNA signals. In
a comparison of these two groups of cells, those that lost a large
portion of the Eos signals after 60 min were characterized by very
few or no Gag puncta at the beginning of the imaging time (Fig.
4B). On the other hand, the cells that retained most of the Eos
signals after 60 min were characterized by more Gag puncta (Fig.
4C). We then analyzed the relationship between RNA retention
time and the ratio of Gag to RNA signals at the 0-min time point.
These results are shown in Fig. 4D: the y axis shows the proportion
of the red-Eos signals detected at the 60-min time point, whereas
the x axis shows the ratio of Gag and RNA signals (BFP puncta/
red-Eos signals) at the 0-min time point. Some of the cells did not
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dynamics of HIV-1 RNA near the plasma membrane. (A) General structures of
the HIV-1 constructs used in this study. The Gag�CTD mutant contained a
deletion of the region encoding the C-terminal portion of the capsid domain.
The proportions of red-Eos signals normalized to those at 0 min are shown in
panels B and C. The average photoconversion efficiencies for these experi-
ments were 90% and 91% for panels B and C, respectively.
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FIG 3 Effects of a mutant Gag protein with an RNA-binding defect on the
dynamics of HIV-1 RNA near the plasma membrane. (A) General structures of
the HIV-1 constructs used in this study. In the GagLZ protein, the nucleocap-
sid domain (NC) was replaced with a leucine zipper motif (LZ). (B) Propor-
tions of red-Eos signals detected at various time points. The average photo-
conversion efficiency for these experiments was 92%.
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FIG 4 Effects of Gag on HIV-1 RNA dynamics near the plasma membrane. (A) General structures of the HIV-1 constructs used in this study. Images of
representative cells that had lost more RNA signals (B) or fewer RNA signals (C) at 60 min are shown. Only a region of each cell is shown. Bars, 5 �m. (D)
Correlation between RNA retention and the ratio of Gag to RNA at the 0-min time point. Each solid diamond represents a datum point for one cell. The data for
23 cells are summarized. For analysis and discussion, these cells were separated into two groups, A and B, as indicated. (E) Dynamics of red-Eos-labeled HIV-1
RNAs of groups A and B. The results for group A, summarized for 13 cells, are shown as solid squares, whereas the results for group B, summarized for 10 cells,
are shown as open squares. (F) Dynamics of green-Eos-labeled HIV-1 RNAs of groups A and B. The average photoconversion efficiency for these experiments
was 94%. The proportions of red-Eos (RNA) signals associated with BFP (Gag) signals were summarized for cells in group A (G) and group B (H). Open bar,
red-Eos signal without an observable BFP signal; gray bar, red-Eos signal colocalized with a BFP signal. Error bars show standard deviations.
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have BFP puncta at time zero, which generated a 0 value on the x
axis. There was a positive correlation (R 	 0.7) (Fig. 4D) between
the Gag expression level and the ratios of Eos signals retained after
60 min. The variation of the Gag expression level was continuous;
however, we defined two groups of cells to better illustrate the
results. Cells in group A had lower BFP/Eos ratios at 0 min, and
cells in group B had higher ratios (Fig. 4D). The results for the two
groups are summarized in Fig. 4E. The cells in group A had lost a
significant portion of the Eos signals at the end of 60 min, and the
loss was gradual over the monitored time points. In contrast, cells
in group B retained most of the Eos signals observed at 0 min. The
BFP signals measured Gag expression; hence, these results indi-
cate that with sufficient Gag expression, most of the HIV-1 RNAs
stayed near the plasma membrane for 60 min; however, with less
Gag expression, a significant amount of RNA could not be de-
tected after 60 min.

RNA-Gag association and efficiency of RNA packaged into
assembly complexes. The positive correlation between Gag ex-
pression and the proportion of HIV-1 RNA signals that remained
on the plasma membrane suggests that Gag proteins interact with
viral RNA and retain the complex at the plasma membrane. To
examine the association of Gag signals with RNA signals, we ana-
lyzed the locations of the BFP and Eos signals on the plasma mem-
brane. We first analyzed group A, which consisted of cells with
lower Gag expression levels (Fig. 4G). At the 0-min time point,
most of the red-Eos signals (95%) were not associated with BFP
signals. Only 5% of the RNA signals were associated with Gag
signals. At the 60-min time point, the majority of the red signals
were not detected; only 32% of the red-Eos signals remained in the
observation volume, and approximately half of the red-Eos signals
were associated with Gag signals. The colocalized Eos-BFP signals
detected at the 0-min time point were likely either at the mem-
brane or trapped between the membrane and the glass, thereby
remaining detectable in the observation volume at the 60-min
time point. Thus, of the 95% of red-Eos signals not associated with
Gag signals at the 0-min time point, only a small portion, 13%,
stayed near the plasma membrane and became associated with
Gag signals by 60 min. In contrast, a much larger proportion of the
viral RNA became associated with Gag when there was more Gag
expression (Fig. 4H). As shown in Fig. 4E, most of the red-Eos
RNA signals (88%) remained near the plasma membrane at the
60-min time point, and 58% of the RNA signals were associated
with Gag signals. Considering that 24% of the Eos signals were
associated with BFP signals at time zero, under the assumption
that these signals remained in the observation volume at the 60-
min time point, 34% of the red-Eos RNA signals became associ-
ated with Gag during the 1-h observation time.

Therefore, our results indicate that only a portion of the full-
length HIV-1 RNAs that reach the plasma membrane are incor-
porated into assembly complexes. Furthermore, the level of Gag
expression dictates the proportion of HIV-1 RNAs that become
encapsidated, indicating that during the assembly process, Gag,
not the viral RNA genome, is the limiting factor.

DISCUSSION

During the assembly of infectious HIV-1 particles, Gag proteins
interact with full-length viral RNAs to mediate their encapsida-
tion. Many aspects of the HIV-1 genome encapsidation process
are poorly understood, including the dynamics of the RNA ge-
nome near the assembly site, the location(s) where Gag-RNA mol-

ecules initially interact, and what proportion of the RNA that
reaches the plasma membrane becomes incorporated into assem-
bly complexes.

We used two methods to examine the dynamics of HIV-1
RNA near the plasma membrane. By tracking individual RNA
signals, we observed that HIV-1 RNA stayed near the plasma
membrane for only a few seconds (Fig. 1C), consistent with
previously published results (16). Using a population-based
approach to monitor the number of photoconverted red-Eos
signals, we observed that the RNA stayed near the observation
volume at least 30 times longer than estimated by tracking
individual signals. We postulate that HIV-1 RNA moves dy-
namically and can leave and reenter the shallow TIRF volume,
causing short track lengths for individual signals and resulting
in the different estimates of RNA residence time near the
plasma membrane obtained using these two methods.

Biochemical studies indicated that Gag can interact with full-
length HIV-1 RNA and various cellular RNAs in the cytoplasm.
However, it is unclear what proportion of the full-length HIV-1
RNAs in the cytoplasm interacts with Gag and what proportion of
the HIV-1 RNAs that reach the plasma membrane is associated
with Gag. Our results concur with a previous TIRF microscopy
study showing that HIV-1 RNA signals are detected on the plasma
membrane before detection of Gag signals (16). Multiple copies of
Gag proteins are required for their detection on the plasma mem-
brane. It is unclear whether HIV-1 RNAs that have reached the
membrane without Gag signals are unassociated with Gag or are
associated with a few Gag proteins but below the limit of detec-
tion. In this report, we compared the dynamics of the HIV-1 RNA
populations in multiple cells in the absence of Gag (Fig. 1E) and in
the presence of a mutant Gag protein that is unable to form virus
particles (Fig. 2B and C). Our results demonstrate an increased
overall time that RNA stays near the membrane, which suggests
that most of the RNAs are associated with Gag when they are near
the plasma membrane.

During HIV-1 expression, full-length RNA is exported from
the nucleus to the cytoplasm, where translation occurs to generate
Gag and Gag-Pol proteins. The cellular level of Gag is lower at the
early phase of gene expression than at the later phase. We observed
that the duration of HIV-1 RNA retention near the plasma mem-
brane varied with the level of functional Gag expression (Fig. 4D
and E). When fewer Gag puncta were observed, a large portion of
red-Eos RNA signals left the observation volume during the mon-
itored time, and only �31% of the red-Eos signals were detected at
the 60-min time point. In contrast, when more Gag puncta were
observed at 0 min, most (�90%) of the red-Eos signals were de-
tected at the 60-min time point. The precise mechanism that
causes the difference in the duration that RNA stays near the
membrane is unclear. One possibility is that with a lower Gag
expression level, some of the RNAs that travel to the plasma mem-
brane are either not associated with Gag or associated with only a
few Gag proteins, and these RNAs stay near the plasma membrane
for a shorter time. It is also possible that more Gag proteins must
be added to the initial Gag-RNA complex to extend its retention
time and that this process is less efficient when the Gag expression
level is low, leading to the shorter time that RNA signals stay near
the plasma membrane. Future experiments are needed to distin-
guish between these possibilities.

We examined the association of viral RNA with Gag near the
plasma membrane within 60 min. In our experimental system,
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Gag is tagged with BFP that is excited at a 405-nm wavelength;
however, exposing cells to this wavelength can also inadvertently
convert green-Eos to red-Eos. Thus, we captured the Gag image
once before the photoconversion and once at the end of the 60-
min time span. Using this protocol, we determined the proportion
of RNAs that became colocalized with Gag or were unassociated
with Gag puncta after 60 min. We found that 13% and 34% of the
RNAs were associated with Gag signals at the end of the observa-
tion time for the two studied groups (group A, with fewer Gag
puncta at the 0-min time point, and group B, with more Gag
puncta at the 0-min time point). Thus, only a limited number of
the full-length HIV-1 RNAs at the plasma membrane become vi-
ral genomes in the particle, and this frequency is affected by the
level of Gag expression. Interestingly, even when there was suffi-
cient Gag to retain most of the RNAs near the plasma membrane
at the 60-min time point, a significant portion of the red-Eos
signals were not associated with sufficient Gag to be visualized as
BFP puncta at the end of the observation time. These results indi-
cate that not all of the RNA reaching the membrane becomes part
of the assembly complexes, especially considering the large num-
ber of green-Eos signals that appeared near the plasma membrane
during the same time frame (Fig. 4F), some of which were associ-
ated with Gag-BFP puncta. What determines the fate of the HIV-1
RNA near the plasma membrane remains unclear. We hope that
future experiments can address whether it is pure chance that
some RNAs become associated with Gag puncta and others do not
or if there are differences in the regions where these RNAs are
located near the plasma membrane and in the concentrations of
Gag proteins in those regions.

The interactions between Gag and full-length viral RNA are
complex during genome encapsidation and virus assembly. HIV-1
Gag can bind to RNA in the cytoplasm but does not multimerize
to form particles in the cytoplasm. At the plasma membrane, Gag
must interact with RNA to ensure genome encapsidation but limit
genome packaging to one RNA dimer. A further understanding of
the interactions among viral molecules, i.e., RNA-RNA, Gag-
RNA, and Gag-Gag interactions, and their dynamics is important
to advance our knowledge of how infectious HIV particles are
assembled.
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