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Retroviruses package a dimeric genome comprising two copies of
the viral RNA. Each RNA contains all of the genetic information for
viral replication. Packaging a dimeric genome allows the recovery
of genetic information from damaged RNA genomes during DNA
synthesis and promotes frequent recombination to increase di-
versity in the viral population. Therefore, the strategy of packaging
dimeric RNA affects viral replication and viral evolution. Although
its biological importance is appreciated, very little is known about
the genome dimerization process. HIV-1 RNA genomes dimerize
before packaging into virions, and RNA interacts with the viral
structural protein Gag in the cytoplasm. Thus, it is often hypothe-
sized that RNAs dimerize in the cytoplasm and the RNA–Gag com-
plex is transported to the plasma membrane for virus assembly. In
this report, we tagged HIV-1 RNAs with fluorescent proteins, via
interactions of RNA-binding proteins and motifs in the RNA ge-
nomes, and studied their behavior at the plasma membrane by
using total internal reflection fluorescence microscopy. We showed
that HIV-1 RNAs dimerize not in the cytoplasm but on the plasma
membrane. Dynamic interactions occur among HIV-1 RNAs, and sta-
bilization of the RNA dimer requires Gag protein. Dimerization often
occurs at an early stage of the virus assembly process. Furthermore,
the dimerization process is probably mediated by the interactions of
two RNA–Gag complexes, rather than two RNAs. These findings
advance the current understanding of HIV-1 assembly and reveal
important insights into viral replication mechanisms.
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All viruses must encapsidate their genomes into virions to
ensure that their genetic information is transferred to the

new target cells. In most, if not all, retroviruses, the virion RNA
genomes are dimeric, although each RNA encodes all of the
genetic information required for replication. Most HIV-1 particles
contain two copies of genomes (1), indicating that RNA encap-
sidation is a highly regulated process. This regulation is achieved
by recognizing a dimeric RNA, and not by packaging a certain
mass of viral genome (2).
Our previous studies showed that HIV-1 RNA dimerization is

a critical step in viral RNA genome packaging and virus assembly
and that the two copies of copackaged RNA genomes are dimer-
ized before encapsidation (1, 3, 4). The dimerization initiation
signal (DIS), a 6-nt palindromic sequence located at the 5′UTR of
the HIV-1 RNA genome (5), most likely initiates the interaction
between two HIV-1 RNA genomes (3, 4). When two HIV-1 RNAs
contain similar sequences including the same DIS, they are
copackaged efficiently at a rate similar to that predicted from
random distribution (1, 2). In contrast, when two HIV-1 RNAs
contain discordant palindromic sequences that cannot form perfect
base pairing, they are not copackaged efficiently into the same viral
particle (1, 2). The ability of RNA genomes from different HIV-1
variants to dimerize has important biological consequences. For
example, inefficient copackaging is known to be a major barrier for

intersubtype HIV-1 recombination (4). Although DIS plays a key
role in RNA dimerization, virion RNAs isolated from mutants with
DIS deletions remained dimeric, suggesting that other cis-acting
element(s) are also involved in the dimerization (6).
Despite the importance of RNA dimerization for HIV-1 repli-

cation, many aspects of this process are unknown, including the
location at which dimerization occurs. Previously, we showed that
RNA dimerization leading to HIV-1 genome packaging occurs
after viral RNA is exported from the nucleus (7). The viral protein
Gag is known to have chaperone activity (8). Additionally, bio-
chemical experiments showed that HIV-1 Gag can interact with
viral RNAs in the cytoplasm (9, 10). Thus, it is often hypothesized
that two copies of HIV-1 RNAs dimerize in the cytoplasm and that
this dimeric RNA is complexed with Gag and travels to the plasma
membrane (7, 11–15), the major assembly site for virus assembly.
The assembly of HIV-1 RNA and Gag was demonstrated in an
elegant study using total internal reflection fluorescence (TIRF)
microscopy (14), which illuminates a shallow volume near the glass/
cell interface and is ideal for studying events near the plasma
membrane (16). However, it was difficult to address the mono-
meric/dimeric state of the viral RNA in this previous study because
the RNA was labeled with a single type of fluorescent protein.
In the present study, we sought to delineate the location at which

HIV-1 RNA dimerization occurs, which leads to genome encap-
sidation, and whether Gag is required for RNA dimerization. We
used a previously described method to label HIV-1 RNA with
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fluorescent proteins through interactions of sequence-specific RNA-
binding proteins. We engineered HIV-1 genomes to contain RNA
stem-loops that are recognized by the Escherichia coli BglG
protein or the bacteriophage MS2 coat protein; because these
sequences are located in the pol gene, they are present only in full-
length unspliced HIV-1 RNAs. When introduced into human
cells, these constructs express full-length RNAs that can serve as
templates for the translation of Gag proteins and as genomes
in the viral particles. Most (>90%) of the particles contain RNA
genomes, indicating that the full-length viral RNAs derived from
these constructs are efficiently packaged. Furthermore, RNAs
derived from different constructs can dimerize and copackage at a
rate close to random distribution (1), consistent with the genetic
analyses from recombination studies (4, 17, 18). By using this
method, we were able to detect HIV-1 RNA with single-RNA-
molecule sensitivity (1) and tracked HIV-1 RNA movement in the
cytoplasm by using live-cell imaging (19). In this report, we tagged
two HIV-1 RNAs and Gag, each with a different fluorescent
protein, and studied the RNA:RNA and RNA:Gag interactions
on the plasma membrane. We found that HIV-1 RNA dimerizes
on the plasma membrane and that Gag protein is required for
stabilization of the dimer.

Results
Detection of Dual-Labeled HIV-1 RNA. To determine whether we
could reliably detect HIV-1 RNAs by using two different fluo-
rescent protein labels in our live-cell imaging system, we gener-
ated two HIV-1 constructs (Fig. 1A) that each contain two sets of
stem-loop sequences, BSL and MSL, which are specifically recog-
nized by RNA-binding proteins BglG and MS2 coat protein, re-
spectively. Constructs 1-Gag-BSLMSL and 1-GagCeFP-BSLMSL
are derived from the NL4-3 molecular clone; they contain cis-
acting elements required for viral genome replication and encode
Gag or Gag fused to cerulean fluorescent protein (CeFP), re-
spectively. Additionally, these constructs express Tat and Rev, and
have inactivating deletions in the polymerase gene (pol) and the

envelope gene (env). The BSL stem-loop is located in the pol
gene, whereas the MSL stem-loop is located in negative regu-
latory factor (nef). Most of the viral particles derived from
these constructs contained viral RNA genomes (Fig. S1B),
indicating that full-length RNAs expressed from these constructs
are packaged efficiently.
We transfected HeLa cells with 1-Gag-BSLMSL, 1-GagCeFP-

BSLMSL, and two plasmids, Bgl-YFP and MS2-mKate, which
express a truncated BglG fused to YFP and an MS2 coat protein
fused to mKate, respectively. We then observed the RNA signals
near the plasma membrane by TIRF microscopy. Because of the
locations of the stem-loop sequences in the viral genome, BSL is
present only in full-length HIV-1 RNA, whereas MSL is present
in spliced and unspliced RNAs. In this study, we found that most
(82–90%) of the YFP signals colocalized with mKate signals
(YFP+/mKate+). Some of the RNA signals were associated with
the Gag-CeFP signals and remained relatively immobile. How-
ever, some of the dual-colored signals were not associated with
CeFP; these signals appeared on the plasma membrane together
and disappeared from the TIRF field of view at the same time
(Fig. 1B), indicating that we can detect both fluorescent tags on
the RNA simultaneously. By using HIV-1 constructs containing
BSL or MSL, we have shown that labeling via RNA-binding
protein is specific; Bgl-YFP proteins label viral RNAs containing
BSL whereas MS2-mKate proteins label viral RNAs containing
MSL (Figs. S1 and S2). We also examined dual-labeled HIV-1
RNA signals by structured illumination microscopy at ∼100–150-nm
resolution and found that the dual-colored signals were colocalized
(Fig. S3). The HIV-1 sequence between BSL and MSL is ∼2.5 kb
and a linear RNA of ∼2.5 kb would be ∼0.8 μm. Therefore, these
results suggest that HIV-1 RNAs are folded in a compact form in
the cytoplasm.

In the Absence of Gag, Most HIV-1 RNAs Appear on the PlasmaMembrane
as Monomers.HIV-1 RNAs can reach the plasma membrane in the
absence of Gag protein. To examine whether these HIV-1 RNAs
are in monomeric or dimeric form, we coexpressed Bgl-YFP and
MS2-mKate with two HIV-1 constructs, 1-Gagnull-BSL and
1-Gagnull-MSL (Fig. 2A), which contain stem-loop sequences in
pol that are recognized by BglG protein and MS2 coat protein,
respectively. These constructs each contain two mutations in gag:
the translation start codon was changed to AAG and a frame-shift
mutation in the capsid region generated a premature stop codon.
HIV-1 RNA with the AUG-to-AAG mutation can be efficiently
packaged and can undergo replication when viral proteins are
supplemented in trans (20). We then performed TIRF microscopy
and captured images of signals near the plasma membrane by
using a frame rate of 102 ms for 50 s. As demonstrated in Movie
S1 and a representative image of 10-frame maximum-intensity
projection (MIP) shown in Fig. 2B, most of the RNA signals that
appeared near the plasma membrane were YFP or mKate, and only
a very small portion of the signals were YFP+/mKate+.
We postulated that the small portion of YFP+/mKate+ signals

detected in our experiments could be from colocalization of two
monomeric RNAs by random distribution or from a small pop-
ulation of dimeric HIV-1 RNAs. To distinguish between these
two possibilities, we identified the number of YFP signals and
mKate signals in each frame of the captured movie, along with
the outline of the cell as the spatial information, and made the
following two calculations. First, based on the assumption that all
HIV-1 RNAs are monomers that are randomly distributed, we
calculated the expected fraction of YFP+/mKate+ signals in the
viral RNA population. An example is shown as the blue line in Fig.
2C. As the numbers of detected YFP signals and mKate signals
varied in each frame, the expected fraction of YFP+/mKate+ in the
population also varied, and the average is 2.5 ± 0.3% (mean ± SD).
We also used the assumption that all HIV-1 RNAs are ran-
domly assorted dimers, and calculated the expected fractions

Fig. 1. Detection of an HIV-1 RNA labeled with two different fluorescent
proteins by using live-cell TIRF microscopy. (A) General structures of con-
structs used to detect HIV-1 RNA. HIV-1 constructs contain two sets of stem-
loop sequences, BSL (green) andMSL (red), recognized by RNA-binding proteins
BglG andMS2 coat protein, respectively. 1-GagCeFP-BSLMSL expresses a Gag-CeFP
fusion protein, whereas 1-Gag-BSLMSL expresses an untagged Gag. Bgl-YFP
and MS2-mKate are plasmids encoding fusions of RNA-binding proteins and
fluorescent proteins. NLS, nuclear localization signal; Pro, RNA polymerase II
promoter. Circle represents polyA signal. (B) A montage of selected frames from a
movie showing simultaneous arrival and disappearance of YFP and mKate signals
on the plasma membrane. (Upper) Signals detected in the YFP channel, (Middle)
signals detected in the mKate channel, and (Lower) merged images of the YFP
and mKate channels. Numbers on top indicate the imaged time in seconds. An
LoG filter was applied by using ImageJ. (Scale bar, 1 μm.)
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of YFP+/mKate+ signals in the population; an example is shown as
the black line in Fig. 2C, and the average is 47.8 ± 2.3%. During
random assortment of RNA dimerization, homodimers and het-
erodimers are formed, and the maximum fraction of heterodimers
is 50%. A homodimer that contains two copies of 1-Gagnull-BSL
RNA is labeled with one type of fluorescent protein, such as YFP.
In contrast, a heterodimer that contains one 1-Gagnull-BSL RNA
and one 1-Gagnull-MSL RNA is YFP+/mKate+. Our observed
YFP+/mKate+ signals are shown as the red line in Fig. 2C, with an
average of 5.8 ± 2.2%, which is much lower than the expected
values from all RNAs being dimeric (47.8 ± 2.3%; Fig. 2C, black
line), indicating that most of the RNAs were not in dimeric form.
However, the observed values were higher than those expected
from all RNAs being monomeric (2.5 ± 0.3%; Fig. 2C, blue line),
suggesting that some RNAs were dimeric.

In the Absence of Gag, HIV-1 RNAs Have a Slightly Higher Propensity
to Form Dimers than β-Globin RNAs. To examine the behavior of a
nonviral RNA, we labeled and tracked exogenous human β-globin
RNAs. Constructs used to express human β-globin RNAs contain
c-fos promoters, BSL or MSL sequences at the 3′ UTR of the
RNA, followed by bovine growth hormone polyadenylation signal
(Fig. 2D). These two constructs were cotransfected into cells with
Bgl-YFP and MS2-mKate, the β-globin RNAs were visualized by
using TIRF microscopy, and very few colocalized YFP+/mKate+

signals were observed (Fig. 2E and Movie S2). By using the
β-globin RNA data, we performed the aforementioned analyses,
and the results are shown in Fig. 2F. With the assumption that all
β-globin RNAs are dimers, 48 ± 1.2% of the signals (Fig. 2F, black
line) would be YFP+/mKate+, whereas, with the assumption that
all RNAs are monomers, 2.7 ± 0.5% of the signals (Fig. 2F, blue
line) would be dual-positive because of random colocalization.
The observed YFP+/mKate+ signals are shown in red in Fig. 2F
(4.2 ± 1.6%).
To directly compare the results from the HIV-1 RNAs and

β-globin RNAs, we performed the following analyses. Because the
numbers of YFP and mKate signals varied in each experiment,
this variation results in different values of expected YFP+/mKate+

frequencies. For example, the expected fractions of YFP+/mKate+

signals assuming that all RNAs are dimers (shown as black lines in
Fig. 2C) are different in each experiment; the averages of the
black lines in Fig. 2 C and F are 47.8% and 48.1%, respectively. To
take this variable into consideration, and to directly compare these
two sets of results, we divided the observed YFP+/mKate+ signals
by the expected YFP+/mKate+ signals assuming that all RNAs are
dimers (red line value/black line value in Fig. 2C) to generate
the observed/expected-from-all-dimers ratio. Examples of the ob-
served/expected-from-all-dimers ratios for the data presented in
Fig. 2 C and F are shown in Fig. 2G; the average value for HIV-1
RNAs (Fig. 2G, green line) is 12.1 ± 4.7%, whereas the average
value for β-globin RNAs (Fig. 2G, purple line) is 8.8 ± 3.3%. The
observed/expected-from-all-dimers ratios of HIV-1 RNAs from six
cells and the ratios of β-globin RNAs from six cells are summarized
in Fig. 2H; these results suggest that HIV-1 RNAs have slightly
more colocalized YFP+/mKate+ signals than β-globin RNAs (P =
0.01, Student t test). Therefore, in the absence of Gag, HIV-1
RNAs have a slightly higher propensity for dimerization than
β-globin RNAs. However, this property does not result in a
drastic increase in the colocalized YFP+/mKate+ RNAs; most
of the HIV-1 and β-globin RNAs near the plasma membrane
are monomeric.

The Proportion of Dimeric HIV-1 RNA Increases with Gag Association.
During virus assembly, dimeric RNA is encapsidated. To gain a
better understanding of how two copies of viral RNA become
associated with a viral complex, we labeled and followed HIV-1
RNA in the presence of Gag. For this purpose, we coexpressed
Bgl-YFP and MS2-mKate with four HIV-1 constructs that express

Fig. 2. Simultaneous detection of two RNAs labeled with YFP and mKate.
General structures of the HIV-1 constructs (A) and plasmids expressing human
β-globin RNAs (D) that contain stem-loop sequences recognized by BglG
(green) or MS2 coat protein (red). Pro, c-fos promoter; rev, regulator of ex-
pression of viral proteins; tat, transactivator of transcription. Circle represents
polyA signal. For clarity, introns within the β-globin gene are not illustrated.
Image of a 10-frame MIP from a movie showing detection of two HIV-1 RNAs
(B) and two β-globin RNAs (E) labeled with YFP or mKate. Corresponding
movies are shown inMovies S1 and S2, respectively. A LoG filter was applied by
using ImageJ. (Scale bar, 2 μm.) Frame-by-frame analyses of the fraction of
colocalized YFP and mKate (YFP+/mKate+) signals from two HIV-1 RNAs
(C) and two β-globin RNAs (F). Red line represents observed YFP+/mKate+

signals; black line represents expected YFP+/mKate+ signals assuming that all
RNAs are randomly assorted dimers; blue line represents expected colocaliza-
tion of YFP+ and mKate+ signals assuming all RNAs are randomly distributed
monomers. (G) Comparison of the ratios of observed/expected-from-all-dimer
YFP+/mKate+ signals in HIV-1 RNAs and β-globin RNAs. For each frame, the
fraction of the observed YFP+/mKate+ signals was divided by the fraction of
the expected YFP+/mKate+ signals assuming that all RNAs are randomly as-
sorted dimers. The ratios of the HIV-1 RNAs from Fig. 2C are shown in green,
and the ratios of β-globin RNAs from Fig. 2F are shown in purple. (H) Ratios of
observed/expected-from-all-dimer YFP+/mKate+ signals in HIV-1 RNAs and
β-globin RNAs. Results from each cell were first analyzed by frame-by-frame
comparison, and the mean was calculated. Results from six cells are shown;
error bars represent SD.
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an untagged Gag or a GagCeFP fusion protein (1) (Fig. 3A). We
selected cells that had YFP and mKate signals, but lacked or had
only a few CeFP puncta at the beginning of the observation time;
we tracked the viral RNAs by their YFP and mKate signals and
the multimerization of Gag proteins on the plasma membrane

by their CeFP signals. A set of representative images is shown in
Fig. 3B andMovie S3. At the beginning of the imaging time (Fig. 3B
and Movie S3, “0 h”), there were a few mKate or YFP signals; at
2 h, there were significantly more RNA signals and multiple Gag
puncta. The number of Gag puncta increased with time (Fig. 3C);
however, there were more RNA signals than Gag puncta (Fig. 3B).
Most Gag puncta were associated with RNA signals, whereas some
were colocalized with only the mKate signals, only the YFP signals,
or both signals; examples are indicated by red, green, and white
circles in the bottom panels of Fig. 3B, respectively.
We then analyzed the fraction of YFP+/mKate+ signals among

all RNA signals; a representative analysis from one cell is shown
in Fig. 3D. The observed fraction of YFP+/mKate+ signals is
shown as the red line (Fig. 3D), whereas the expected fractions of
YFP+/mKate+ signals with the assumption that HIV-1 RNAs on
the plasma membrane are dimers and monomers are shown as the
black and blue lines (Fig. 3D), respectively. Our results indicate
that there were more colocalized signals at later time points
compared with those from the earlier time points (Fig. 3D). For
example, toward the end of the observation time, ∼15–20% of the
RNA signals were YFP+/mKate+, which far exceeded those
expected for random distribution of two monomeric RNAs (Fig.
3D, blue line) but were still much lower than those expected for all
dimeric RNAs (Fig. 3D, black line), suggesting that monomeric
and dimeric RNAs were present in the population.
To gain a better understanding of the mixed monomeric/

dimeric RNA population, we analyzed two different groups of the
population: those RNA signals that colocalized with CeFP puncta
(CeFP+) and those that did not (CeFP−). The aforementioned
observed/expected-from-all-dimers ratios of the CeFP+ and CeFP−

populations are shown in Fig. 3E as green and purple lines, re-
spectively; because there were very few Gag puncta at the earlier
frames, only analyses from later frames that each contained ≥50
CeFP puncta are shown. Data summarized from five cells (Fig.
3F) showed that the Gag-associated RNAs were enriched with
YFP+/mKate+ signals; in contrast, RNAs that were not colo-
calized with CeFP puncta had a lower level of YFP+/mKate+

signals, at a range similar to that of HIV-1 RNAs without Gag ex-
pression (1-Gagnull). Thus, Gag association is an important de-
terminant for the monomeric/dimeric state of HIV-1 RNA near
the plasma membrane.

HIV-1 and HIV-2 RNAs Colocalize Less Frequently than Two HIV-1 RNAs
in the Presence of HIV-1 Gag. To verify our experiments and analyses,
we examined the interactions between an HIV-1 RNA and an HIV-2
RNA. We previously showed that HIV-1 and HIV-2 RNAs are
inefficiently copackaged compared with the copackaging of two
HIV-1 RNAs (21). Additionally, HIV-1 and HIV-2 RNA copack-
aging is dependent on the presence of HIV-1 Gag (21) because
HIV-2 Gag does not package HIV-1 RNA (22). Thus, we coex-
pressed Bgl-YFP, MS2-mKate, 1-GagCeFP-MSL, 1-Gag-MSL, and
the HIV-2 construct 2-noGag-BSL (21) (Fig. 4A) and examined the
behaviors of the viral RNAs and Gag signals by TIRF microscopy.
Construct 2-noGag-BSL contains all of the cis-acting elements
critical for HIV-2 replication but encodes defective gag, pol, and
env; specifically, two insertions in the gag reading frame generated
two sets of premature termination codons.
We selected cells that expressed HIV-1 and HIV-2 RNAs and

followed the progression of the viral RNA and Gag signals.
Similar to experiments described in Fig. 3, CeFP puncta in-
creased with time (Fig. 4B). When we analyzed the colocalization
of YFP (HIV-2 RNA) and mKate (HIV-1 RNA) signals, we
found that there were fewer YFP+/mKate+ signals (8.3%; Fig.
4C, red line) compared with those from two HIV-1 RNAs
(11.4%; Fig. 3D, red line). The expected fractions of the
YFP+/mKate+ signals assuming that RNAs are dimers and mono-
mers are shown in Fig. 4C as black and blue lines, respectively.
We further determined the fractions of the YFP+/mKate+ signals

Fig. 3. The effects of Gag on the colocalization of HIV-1 RNAs labeled with
YFP or mKate. (A) General structures of HIV-1 constructs that contain BSL or
MSL and express untagged or CeFP-tagged Gag proteins. (B) Representative
images showing RNA and Gag signals detected at 0, 1, and 2 h of the ex-
periment. An LoG filter was applied by using ImageJ. (Scale bar, 5 μm.) Red,
green, and white circles indicate CeFP puncta that colocalize with mKate+,
YFP+, and YFP+/mKate+ RNA signals, respectively. A corresponding movie is
shown in Movie S3. (C) Number of CeFP puncta detected in each frame over
time. (D) Frame-by-frame analyses of the observed and expected fractions of
YFP+/mKate+ signals. Line colors are the same as in Fig. 2C: red, observed;
black and blue, expected assuming that all RNAs are dimers and monomers.
(E ) Comparison of the ratios of observed/expected-from-all-dimer YFP+/
mKate+ signals in CeFP+ (green line) and CeFP− (purple line) populations.
Results from the same cell are shown in C–E. (F) The effect of detectable Gag
on the ratios of observed/expected-from-all-dimer YFP+/mKate+ signals.
Results from five cells are shown. HIV-1 1-Gagnull results from Fig. 2H are
shown here for comparison; error bars represent SD.
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in the CeFP+ and CeFP− populations, shown as green and purple
lines in Fig. 4D, respectively. Although there appeared to be a
higher fraction of the YFP+/mKate+ signals in the CeFP+ pop-
ulation compared with those in the CeFP− population, these
results are distinct from those of two HIV-1 RNAs (Fig. 3E),
which indicate a substantial increase of the YFP+/mKate+ sig-
nals. We summarized results from five cells in Fig. 4E (marked
“HIV-1/HIV-2”); results from Fig. 3F are shown on the side for
comparison (marked “HIV-1”). Our results indicate that HIV-1
and HIV-2 RNAs were colocalized more frequently in the
CeFP+ population than in the CeFP− population. However, in
CeFP+ and CeFP− populations, there were significantly less
YFP+/mKate+ signals in the HIV-1 and HIV-2 RNA studies
compared with those from two HIV-1 RNAs (Fig. 4E). These
results are consistent with our previous observation that HIV-1
and HIV-2 RNAs can copackage at a low efficiency (21).
Taken together, our results show that HIV-1 RNAs exist as a

mixed population on the plasma membrane. Dimeric RNAs are
enriched in the population that associates with detectable Gag
(CeFP+). However, most of the HIV-1 RNAs remain monomeric
when not associated with detectable Gag. We envisioned two
possible scenarios by which such a mixed population can occur;
one possibility is that HIV-1 RNAs interact with one another and
dimerize on the plasma membrane, followed by Gag multi-
merization/virus assembly. Alternatively, it is possible that some
HIV-1 RNAs form dimers in the cytoplasm and dimeric and

monomeric RNAs reach the plasma membrane; however, only
dimeric RNAs are selected for packaging. We performed further
analyses to test these two possibilities.

Analysis of Individual RNA Tracks Revealed That HIV-1 RNA Dimerizes
on the Plasma Membrane. To distinguish between the two afore-
mentioned possibilities, we tracked individual RNA signals to
determine the order in which viral RNAs and Gag signals appear
on the plasma membrane. We reasoned that, if HIV-1 RNAs di-
merize on the plasma membrane, we should observe the merging
of two RNA signals. In contrast, if cytoplasmically formed RNA
dimers are selected for packaging, we should observe YFP and
mKate signals appearing on the plasma membrane at the same
time and comigrating during their detection time.
In our experiments, we did not observe simultaneous appear-

ance and departure of colocalized YFP and mKate RNA signals,
as one would expect from the hypothesis on the selection of cy-
toplasmically formed RNA dimers. In contrast, we observed that
HIV-1 RNAs interact with one another dynamically on the plasma
membrane. We have delineated the RNA–RNA interactions and
Gag accumulations in 23 events; in all of these events, merging of
the RNA signals was observed, indicating that HIV-1 RNAs di-
merize on the plasma membrane. Representative events are
shown in Fig. 5. In each event, time-lapse images of RNAs and
Gag are shown in marked panels in Fig. 5; the intensity of the Gag
signals is shown on the right (Fig. 5), with the red arrow indicating
the merging of the RNA signals, the blue arrow indicating the
detection of the Gag signal, and the black arrow indicating the
Gag signal reaching a plateau (Fig. 5).
In 12 of the 23 events, we observed that two RNA signals

colocalized before the detection of CeFP signals; two examples
are shown in Fig. 5 A and B. In the example shown in Fig. 5A and
Movie S4, two RNA signals merged and stayed together, Gag
signals were detected after the merging of the RNA signals, and
the GagCeFP intensity increased with time for ∼5 min and reached
a plateau (Gag panels and intensity plot). In the example shown in
Fig. 5B and Movie S5, a stable Gag–RNA (YFP) complex was
detected on the upper middle part of the image in all frames; this
complex is not the focus of these panels. Rather, a YFP signal was
first detected and then merged with an mKate signal; a CeFP signal
was detected many frames later. As shown in the CeFP intensity
plot, a pause in CeFP intensity was observed before the increase
of the CeFP intensity resumed and reached a plateau. This pause
is reminiscent of the previously described pausing events during
HIV-1 assembly (23).
In 8 of the 23 identified events, we observed that one RNA

signal with colocalized Gag signals was joined with an RNA
signal without detectable Gag; two examples are shown in Fig. 5
C and D and in Movies S6 and S7. In both cases, the second
RNA signal was detected much later (more than 20 min) after
the detection of the first signal. After the merging of the RNA
signals, the CeFP signal intensity increased and reached a pla-
teau. We determined the assembly time of 50 HIV-1 particles
(Fig. S4) and found that the general distribution is similar to that
described in a previous report (23). The assembly duration for
both examples shown in Fig. 5 C and D is exceedingly long (∼40–
50 min) among the observed assembly times.
In three of the 23 identified events, we observed the merging

of two RNA signals, each with detectable colocalized Gag sig-
nals. This example is shown in Fig. 5E and Movie S8.
In summary, we sought to delineate a critical step in HIV-1

RNA encapsidation, the dimerization of the viral RNA genome.
Our results indicate that HIV-1 RNA dimerization occurs on the
plasma membrane and that Gag protein is required to stabilize the
RNA dimer.

Fig. 4. Detection of HIV-1 and HIV-2 RNA colocalization in the presence of
HIV-1 Gag. (A) General structure of the HIV-2 construct containing BSL with
inactivating mutations in gag (asterisks). (B) Number of CeFP puncta de-
tected in each frame over time. (C) Frame-by-frame analyses of the observed
and expected fractions of YFP+/mKate+ signals. Line colors are the same as in
Fig. 2C: red, observed; black and blue, expected assuming that all RNAs are
dimers and monomers. (D) Comparison of the ratios of observed/expected-
from-all-dimer YFP+/mKate+ signals in CeFP+ (green line) and CeFP− (purple
line) populations. Results from the same cell are shown in B–D. (E) The effect
of detectable Gag on the ratios of observed/expected from-all-dimer YFP+/mKate+

signals. Results from five cells are shown. Results from Fig. 3F are shown here for
comparison (labeled as HIV-1); error bars represent SD.
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Discussion
HIV-1 packages a dimeric RNA, and this replication strategy af-
fects multiple aspects of viral replication. For example, frequent
recombination occurs during reverse transcription, using genetic
information encoded in the two copackaged RNA genomes. Thus,
the ability of two viruses to interact genetically is directly affected
by the frequency of their RNAs copackaging into a virion. Addi-
tionally, recent studies demonstrated that HIV-1 RNA packaging
is regulated by the recognition of a dimeric RNA; thus, RNA
dimerization is an integral part of virus assembly.
The participating partners required for HIV-1 RNA di-

merization have not been well defined. In vitro-transcribed short
RNAs containing the 5′ UTR of HIV-1 sequences can form a
dimer in test tubes without viral protein, although dimerization
efficiency is enhanced by the presence of Gag or nucleocapsid
protein (8, 24). However, whether HIV-1 RNAs can form dimers
in vivo without the presence of Gag was unknown. The present
results indicate that, in the absence of Gag proteins, HIV-1
RNAs are mostly monomers and colocalize at a rate slightly
higher than that of two globin RNAs (Fig. 2). Our experiments
also reveal that Gag plays a major role in RNA genome di-
merization. We envision that Gag may promote RNA di-
merization and/or stabilize RNA dimers: the chaperone activity
of Gag may promote RNA dimerization, and the Gag binding to
RNA may stabilize RNA dimers. Future experiments are needed
to distinguish the contribution of each activity, and whether they
act independently or in concert.
The location(s) at which retroviral RNA dimerizes is a long-

standing question in retrovirology. In the present report, we
demonstrate that HIV-1 RNA dimerization occurs on the
plasma membrane. Our results also shed light on the time frame
in which RNA dimerization occurs during virus assembly. In the
presence of sufficient Gag proteins for virus assembly, it is likely
that most HIV-1 RNAs are associated with some Gag proteins,
because the overall dynamics of the viral RNA is altered (25).
Thus, the RNA dimerization process is likely to be the merging
of two Gag–RNA complexes, regardless of whether the Gag
signal is detected. We observed the merging of two RNA signals
when neither, one, or both were associated with detectable Gag
signals. The precise number of Gag proteins associated with a
given RNA is difficult to determine because untagged and CeFP-
tagged Gag proteins were used in this study. Additionally, similar
to other groups that used the TIRF microscopy approach (14, 23,
26), we cannot detect signal from a single fluorescent protein,
and multiple (∼20–30) proteins need to colocalize to be de-
tected. However, most of the RNA dimerization events were
observed when both viral RNAs lack Gag signals, and Gag signal
intensity increases after the observed dimerization event, in-
dicating that most RNA dimerization occurs early in the as-
sembly process. We also observed that RNA dimerization occurs,
albeit less frequently, when one or both RNAs are associated
with Gag signal, suggesting that RNA dimerization can occur at a
later stage in virus assembly.
The transfer of genetic materials is a key feature of replica-

tion. Retroviral genomes in the virions are dimers that consist of
two full-length viral RNAs. In the present report, we have shown
that HIV-1 RNA genomes dimerize on the plasma membrane in
the presence of Gag, often at an early stage in particle assembly.
Although this study provides the first glimpse of such events as
far as we are aware, many questions remain. For example, where
does RNA genome dimerization occur for other retroviruses,

Fig. 5. HIV-1 RNA–RNA interactions and Gag accumulation on the plasma
membrane. Representative events are shown in A–E. In the events shown in
A and B, RNA-merging events were detected before the detection of
GagCeFP signals; corresponding movies are shown in Movies S4 and S5, re-
spectively. In events shown in C and D, one of the RNAs was colocalized with
Gag signal before merging with the other RNA; corresponding movies are
shown in Movies S6 and S7, respectively. In events shown in E, both RNA
signals were associated with Gag signals before merging; corresponding
movies are shown in Movie S8. YFP and mKate signals are shown in panels
marked RNAs, whereas CeFP signals are shown in panels marked Gag. (Right)
CeFP intensity plots; y axis, CeFP intensity shown in arbitrary units (A.U.).
Labels in the y axis are shown in 1/100 (values are ×100); x axis, time in

minutes. Red arrows indicate merging of the RNA signals, blue arrows in-
dicate detection of the CeFP signals, and black arrows indicate the plateau of
CeFP intensity. An LoG filter (time averaging over three frames) was applied
by using ImageJ.

E206 | www.pnas.org/cgi/doi/10.1073/pnas.1518572113 Chen et al.

http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1518572113/video-4
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1518572113/video-5
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1518572113/video-6
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1518572113/video-7
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1518572113/video-8
www.pnas.org/cgi/doi/10.1073/pnas.1518572113


and is Gag involved in those processes? Future studies are
needed to understand these biologically important events.

Materials and Methods
Plasmid Construction and Cell Culture. Previously described HIV-1 constructs
GagCeFP-BglSL, Gag-BglSL, GagCeFP-MS2SL, and Gag-MS2SL (1) are referred to
as 1-GagCeFP-BSL, 1-Gag-BSL, 1-GagCeFP-MSL, and 1-Gag-MSL, respectively,
for clarity in the present report. Constructs 1-Gagnull-BSL and 1-Gagnull-MSL
have structures similar to those of 1-Gag-BSL and 1-Gag-MSL, respectively, with
the Gag translational start codon ATG mutated to AAG and an 8-bp deletion
in the capsid-encoding sequence that leads to a premature stop codon 693 bp
downstream of the AAG mutation. The general structures of constructs 1-Gag-
BSLMSL and 1-GagCeFP-BSLMSL are similar to those of 1-Gag-BSL and
1-GagCeFP-BSL, respectively, except for the addition of 24 copies of the MS2
stem-loop sequence inserted in the nef gene. Construct 1-AAG-BSLMSL is
similar to 1-Gag-BSLMSL except that the Gag translational start codon was
changed from AUG to AAG to abolish the translation of functional Gag. The
previously described construct HIV-2-noGag-BglSL (21) is referred to as
2-noGag-BSL for clarity in the present report; this HIV-2–based construct con-
tains two stop-codon mutations in the gag gene—one at codon 17 of Gag in
MA and one at codon 171 of CA—to abolish Gag expression (21). Construct
globin-MSL was modified from r-Cfp-betaglobin (27), which encodes a β-globin
gene under the control of the tet promoter. The β-globin gene includes in-
trons, and a CeFP gene was fused to the end of exon 3; additionally, intron
2 and 3′ UTR contain stem-loop sequences recognized by bacteriophage PP7
and MS2 coat proteins, respectively. To generate globin-MSL, the tet promoter
was replaced with a c-fos promoter, and the CeFP gene at the end of exon
3 was deleted. Globin-BSL was derived from globin-MSL by replacing 24 copies
of MS2 stem-loop sequences in the 3′ UTR with 18 copies of stem-loop se-
quences recognized by BglG proteins (28). Both globin-MSL and globin-BSL
constructs contain introns. Because introns are removed by splicing before
RNA export from the nucleus, they are not expected to be present in RNAs
near the plasma membrane; for clarity, the introns are not illustrated in the
general structures. Plasmid Bgl-YFP has been reported previously (19). Plasmid
MS2-mKate was derived from MS2-YFP (29) by replacing the YFP gene with
the mKate gene (30).

Human HeLa cells were maintained at 37 °C with 5% CO2 in DMEM sup-
plemented with 10% FCS, penicillin (50 U/mL), and streptomycin (50 μg/mL).
Transfections were performed by using FuGENE HD (Roche) according to the
manufacturer’s recommendation.

Microscopy, Image Acquisition, and Processing. TIRF microscopy was performed
with an inverted Nikon Ti microscope and a 100 × 1.45 N.A. TIRF oil objective.
Digital images were acquired by using an Andor iXon3 897 camera and NIS-
element software (Nikon). Simultaneous imaging of YFP and mKate signals
was performed by using an image splitter (QV2; Photometrics); alignment
of CeFP, YFP, and mKate channels was performed before and after imaging

by using custom triple-color fiduciary markers and custom Matlab programs
(Mathworks). The CeFP, YFP, and mKate fluorophores were excited with 440-,
514-, and 594-nm lasers, respectively, whereas emission was detected by using
480/40-nm, 542/27-nm, and 650/75-nm filters, respectively. Rapid HIV-1 RNA
movement was acquired by using RAM capture with a 100-ms integration time
and ∼2-ms overhead between frames, resulting in an overall 102-ms frame
time. Long-term imaging of HIV-1 particle assembly was performed every 5 s
with a 100-ms acquisition time for 1–2 h. Structured illumination micros-
copy was performed with the N-SIM system (Nikon) in 3D SIM mode with
a resolution of ∼115 nm (Nikon). Subsequent image processing and anal-
ysis, including Laplacian of Gaussian (LoG) filtering, frame averaging, MIP,
quantification of CeFP intensity, and movie encoding, were performed with
ImageJ software.

Data Analysis and Simulations. To calculate the fraction of colocalized YFP+/mKate+

signals among all RNA signals, we first determined the positions of the dif-
fraction-limited spots of all of the YFP and mKate signals in each frame of the
movie by using Localize software (31). YFP and mKate signals are defined as
colocalized when these two signals are located less than 3 pixels apart, and
the fraction of colocalized YFP+/mKate+ signals was calculated in each frame.
We performed the following calculation to obtain the expected fraction of
YFP+/mKate+ signals assuming that all RNAs are dimers or monomers. We first
identified the numbers of single-colored YFP or mKate RNA signals in each
frame, referred to as Y and M, respectively, and the number of double-colored
(i.e., YFP+/mKate+) signals, referred to as D. Under the assumption that all RNAs
are dimers, the single-colored RNA signals represent homodimers; therefore,
the total number of YFP RNA is (2Y + D) and the total number of mKate RNA is
(2M + D). These two total numbers of YFP or mKate RNA, and the assumption
of random assortment based on Hardy–Weinberg distribution, were used to
calculate the expected fraction of YFP+/mKate+ signals assuming that all RNAs
are dimers. Under the assumption that all RNAs are monomers, the total
numbers of YFP andmKate RNAs are (Y + D) and (M + D), respectively. The area
of each cell was determined from the signals of the fluorescent proteins, and a
mask of the area was generated. Using the aforementioned mask, the total
numbers of YFP and mKate RNAs, and the assumption of random distribution
of RNAs within the mask, 100 simulation sets were generated. From these
simulations, we calculated the average fraction of YFP+/mKate+ signals
(Figs. 2–4, blue lines). All calculations and simulations were carried out
with custom Matlab programs.
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