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ABSTRACT

A key step of retroviral replication is packaging of the viral RNA genome during virus assembly. Specific packaging is mediated
by interactions between the viral protein Gag and elements in the viral RNA genome. In HIV-1, similar to most retroviruses, the
packaging signal is located within the 5’ untranslated region and extends into the gag-coding region. A recent study reported
that a region including the Gag-Pol ribosomal frameshift signal plays an important role in HIV-1 RNA packaging; deletions or
mutations that affect the RNA structure of this signal lead to drastic decreases (10- to 50-fold) in viral RNA packaging and virus
titer. We examined here the role of the ribosomal frameshift signal in HIV-1 RNA packaging by studying the RNA packaging and
virus titer in the context of proviruses. Three mutants with altered ribosomal frameshift signal, either through direct deletion of
the signal, mutation of the 6U slippery sequence, or alterations of the secondary structure were examined. We found that RNAs
from all three mutants were packaged efficiently, and they generate titers similar to that of a virus containing the wild-type ribo-

somal frameshift signal. We conclude that although the ribosomal frameshift signal plays an important role in regulating the
replication cycle, this RNA element is not directly involved in regulating RNA encapsidation.

IMPORTANCE

To generate infectious viruses, HIV-1 must package viral RNA genome during virus assembly. The specific HIV-1 genome pack-
aging is mediated by interactions between the structural protein Gag and elements near the 5’ end of the viral RNA known as
packaging signal. In this study, we examined whether the Gag-Pol ribosomal frameshift signal is important for HIV-1 RNA pack-
aging as recently reported. Our results demonstrated that when Gag/Gag-Pol is supplied in trans, none of the tested ribosomal
frameshift signal mutants has defects in RNA packaging or virus titer. These studies provide important information on how
HIV-1 regulates its genome packaging and generate infectious viruses necessary for transmission to new hosts.

An essential step in generating infectious HIV-1 particles is the
packaging of the viral RNA genome. The genome packaging
of HIV-1 is mediated by interactions between the structural pro-
tein Gag and elements in the viral RNA (1-6). Of the various
domains in HIV-1 Gag, nucleocapsid (NC) has been shown to
play a critical role in genome encapsidation (7-9). Mutations in
NC can drastically reduce the RNA genome packaged into virions,
and replacing NC with a leucine zipper motif results in particles
that contain little RNA (10-12). Similar to many other retrovi-
ruses, the major HIV-1 packaging signal is located at the 5’ un-
translated region (UTR) and extends into a portion of the gag gene
(13-19). Viral RNA is well-structured near the 5" end of the HIV-1
genome, and maintaining the proper structure is important for
RNA packaging (13, 17, 20-22). Because the full-length RNA also
serves as the template for protein translation, the relationship be-
tween packaging and translation has been explored. Using a com-
petition assay that coexpresses two proviruses, one encoding a
functional Gag and the other containing a mutation to disrupt
Gag translation, it was observed that HIV-1 RNA with an AUG
mutation at the Gag translation start site or a premature stop
codon in gag can be packaged with an efficiency similar to that of
RNA with the wild-type gag gene (23). Hence, translation is not
required for RNA packaging (23, 24).

With the exception of spumaviruses, retroviral pol genes are
expressed as Gag-Pol polyproteins. In some retroviruses, such as
murine leukemia virus (MLV), gag and pol are in the same reading
frame; a programmed translational readthrough occurs to gener-
ate Gag-Pol polyproteins (25, 26). In the case of HIV-1, the pol
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gene is in the —1 reading frame of gag; ribosomal frameshift oc-
casionally occurs at a UUUUUU (6 U) slippery sequence to gen-
erate Gag-Pol polyproteins (27). Both the translational read-
through and the ribosomal frameshift events are highly regulated
processes, which are governed by RNA secondary structures.
Hence, altering the RNA structures near the translational read-
through or ribosomal frameshift signal can affect Gag-Pol expres-
sion and consequently viral replication.

A recent study by Chamanian et al. reported that in addition to
regulating the expression of pol, the HIV-1 gag-pol ribosomal
frameshift signal plays an important role in viral RNA packaging
(28). Using a system that coexpressed a truncated mutant genome
along with a near full-length genome, it was found that deletion of
the ribosomal frameshift signal led to severe RNA packaging de-
fects, up to a 50-fold decrease compared to RNAs that retained the
signal. Furthermore, substitution mutations showed that chang-
ing as few as 3 nucleotides (nt) could destroy the RNA structure of
the ribosomal frameshift signal and cause severe (28-fold) defects
in viral RNA packaging.
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FIG 1 General structures of HIV-1 constructs (A) and predicted RNA structure of the HIV-1 Gag-Pol ribosomal frameshift signal (B). Asterisks denote locations
of the stop codon insertion in the CA-coding region. Dashed lines indicate deletions, and arrows indicate the locations of point mutations. The predicted
secondary structure of NL4-3 ribosomal frameshift signal is modified from an earlier study (42), with square brackets indicating positions of proposed RNA
helices P1, P2, and P3. The boxed sequence denotes the stretch of six U nucleotides that constitute the ribosome slippery sequence. The locations of point
mutations and the names of the mutants are shown. Three nucleotide changes were introduced into the 6 U stretch to generate H0-no6U, whereas three

nucleotide mutations were introduced into the P3 helix to generate HO-mu5.

The observed drastic effects of the gag-pol ribosomal frameshift
signal mutants were puzzling to us for the following reasons. First,
it has been previously shown that deleting the central portion of
the HIV-1 genome, including the gag-pol ribosomal frameshift
signal, has little effect on RNA packaging efficiency (29); our un-
published results also support this conclusion. In addition, we
have recently developed a single virion analyses system that con-
tains a 3-nt synonymous mutation to abolish the 6 U ribosomal
frameshift signal and showed that most (>94%) HIV-1 particles
contain viral genomes (30).

We postulated that perhaps the effects of the ribosomal frame-
shift signal are dependent upon the specific mutations introduced
into the system. It was also possible that the proposed packaging
defects could only be observed using a competition system where
HIV-1 constructs containing the mutation were coexpressed
along with a construct containing the wild-type signal as the one
used in the recent report. To determine whether the Gag-Pol ri-
bosomal frameshift signal is important for RNA packaging, we
coexpressed two HIV-1 proviruses, one containing the wild-type
and the other containing a mutated ribosomal frameshift signal,
and then compared the RNA packaging and virus titers of these
viruses. Included in our study are two of the HIV-1 constructs
containing mutations reported to have severe packaging defects
(28). Our results showed that when Gag/Gag-Pol is supplied in
trans, none of the tested ribosomal frameshift signal mutants had
defects in RNA packaging or virus titer.

MATERIALS AND METHODS

Plasmid construction. The modified HIV-1 constructs used in the pres-
ent study were derived from previously described NL4-3-based T6 and HO
vectors (31), which express Gag/Gag-Pol, Tat, and Rev, and contain all
cis-acting elements essential for virus replication. T6 carries in the nef
reading frame a marker cassette consisting of a mouse CD90.2 gene, re-
ferred to as thy in this report, followed by an internal ribosome entry site

April 2014 Volume 88 Number 8

(IRES) and an inactivated green fluorescent protein (gfp) gene. HO has a
structure similar to T6 except the thy gene is replaced with a mouse heat-
stable antigen (hsa) gene and the inactivating mutation in gfp is located at
a different position. Because the inactivated gfp marker genes are not used
as areadout in the present study, for simplicity, the IRES-gfp is not shown
in Fig. 1A. The previously described HO-Spe contains a 4-bp insertion in
the capsid coding region of gag, which generates a frameshift and leads to
a premature stop codon in the Gag reading frame (23).

Mutations in the ribosome frameshift signals were introduced by
overlapping PCR using the HO-Spe plasmid as a template. PCR products
were digested with Sphl and Sbfl restriction enzymes and cloned into a
SphI-Sbfl-digested HO plasmid. Plasmids were constructed using stan-
dard molecular cloning techniques (32). All constructs were characterized
by restriction mapping, and the PCR-amplified regions were verified by
DNA sequencing.

Cell culture, DNA transfections, infections, and flow cytometry
analysis. All cultured cells were maintained in humidified 37°C incuba-
tors with 5% CO,. The modified human embryonic kidney cell line 293T
(33) was maintained in Dulbecco modified Eagle medium (CellGro) sup-
plemented with 5% fetal calf serum (HyClone), 5% calf serum (HyClone),
penicillin (50 U/ml; Gibco), and streptomycin (50 U/ml; Gibco). The
human T-cell line HUT/R5, derived from HUT78 to express chemokine
receptor CCR5 (34), was maintained in RPMI medium (CellGro) supple-
mented with 10% fetal calf serum, penicillin (50 U/ml), streptomycin (50
U/ml), 1 pg of puromycin/ml, and 500 pg of G418/ml.

DNA transfection experiments were performed using TransIT LT1
reagent (Mirus) according to the manufacturer’s instructions. Viral su-
pernatants were harvested 48 h posttransfection, clarified through a 0.45-
pwm-pore-size filter to remove cellular debris, and used immediately or
stored at —80°C prior to infection.

The producer cell lines were generated by sequential infection of 293T
cells with two viruses at a low multiplicity of infection (MOI) of <0.15
(31). Viral stocks used to generate producer cell lines were produced from
293T cells transfected with the corresponding HIV-1 plasmid, along with
pVSV-G (35) and pSYNGP (36), which express G protein from vesicular
stomatitis virus and codon-optimized HIV-1 Gag/Gag-Pol, respectively.
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Viruses were harvested 48 h posttransfection, serially diluted, and used to
infect fresh 293T cells; infection levels were determined 72 h postinfection
using flow cytometry to detect Thy and/or HSA expression. Dually in-
fected cells were enriched by several rounds of cell sorting so that >93% of
the cells expressed markers encoded by both vectors. Cell line T6/H0-Spe
containing proviruses T6 and HO-Spe has been described previously (23).
To determine virus titers, producer cells were transfected with pSYNGP
and pIIINL(AD8)env (37) that express HIV-1 Gag/Gag-Pol and Env, re-
spectively. Viruses were harvested 48 h posttransfection, clarified through
0.45-pm-pore-size filter and used to infect target HUT/RS5 cells by spin-
oculation at 1,200 X g for 1 h at 25°C. Infected cells were analyzed 72 h
postinfection by using flow cytometry.

To detect marker gene expression, cells were stained with phycoeryth-
rin-conjugated a-HSA antibody (Becton Dickinson Biosciences) and al-
lophycocyanin-conjugated a-Thyl.2 antibody (eBioscience) at 0.4 and
2.0 pg/ml, respectively. Flow cytometry analyses were performed on a
FACSCalibur system (BD Biosciences), whereas cell sorting was per-
formed on an ARIA II system (BD Biosciences). Flow cytometry data were
analyzed using Flow]Jo software (Tree Star).

Viral RNA isolation and analysis. RNA was isolated from virions us-
inga QIAmp viral RNA minikit (Qiagen) according to the manufacturer’s
instructions. Cytoplasmic RNA was isolated from producer cells accord-
ing to a standard protocol (38). Briefly, 1 X 10° to 2 X 10° cells were
washed twice with cold phosphate-buffered saline, collected by centrifu-
gation, and resuspended in lysis buffer; nuclei and cellular debris were
removed by centrifugation. The supernatant was treated with proteinase
K; RNA was extracted with a phenol-chloroform-isoamyl alcohol mix-
ture (25:24:1) and precipitated with ethanol. All RNA samples were
treated with the Turbo DNA-free kit (Ambion) to remove any contam-
inating DNA.

Reverse transcription-PCR (RT-PCR) sequencing was performed to
determine ratios of wild-type to mutant viral RNAs as described previ-
ously (23, 39). RNA was converted to cDNA using random hexamer prim-
ers and a Transcriptor kit (Roche). The region encompassing the 4-nt
insertion in CA was amplified using the primers NL1075S (5'-GACACC
AAGGAAGCCTTA-3") and NL1564A (5'-CTACTGGGATAGGTG-3');
PCR product was gel purified and sequenced using the primer NL1143S
(5"-AGCAGCTGACACAGGAAACAAC-3"). The PCR amplified both the
wild-type and mutant templates, and the ratio of polymorphisms was
detected as the relative heights of peaks on the sequencing chromatogram.

The following control experiment was performed to determine the
accuracy and the dynamic range of the RT-PCR sequencing method. Cy-
toplasmic RNAs were isolated from cell lines containing either T6 provi-
rus or HO-Spe provirus. RNAs were first converted into cDNAs as de-
scribed above, and the amount of HIV-1 full-length RNA was quantified
by real-time PCR using a LightCycler Probes master kit (Roche) with the
previously described gag primers HIV-gag-F1 and HIV-gag-R1 and the
gagprobe P-HUS-103 (40, 41). RNAs from the two samples were mixed at
various ratios and analyzed using the RT-PCR sequencing method.

RESULTS

Experimental system used to examine the role of the ribosomal
frameshift signal in HIV-1 RNA packaging. To examine the ef-
fects of the gag-pol frameshift signal on the efficiency of HIV-1
RNA packaging, we generated variants containing mutations in
this region based on a previously described near full-length HIV-1
construct HO-Spe (23). HO-Spe contains HIV-1 sequences from
the 5" long terminal repeat (5'LTR) to the end of pol, as well as tat,
rev, a partially deleted env, and 3’'LTR (Fig. 1A). This construct
also contains a heat stable antigen (hsa) gene in the nef reading
frame, the expression of which can be detected using antibody
staining and flow cytometry. In addition, a 4-nt insertion in gag
generates a frameshift and a premature stop codon in the capsid-
coding region. Thus, HO-Spe does not express functional Gag/
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Gag-Pol; however, when Gag/Gag-Pol is provided in trans, the
RNA generated from HO-Spe is packaged efficiently, at a level
similar to that of a structurally similar construct that expresses
functional Gag (23). We chose to use HO-Spe as a backbone to
eliminate complications associated with expressing mutant pro-
teins so that the effects observed will be associated with viral RNA
rather than its encoded proteins.

The ribosomal frameshift signal in HIV-1 is predicted to form
a three-helix junction (Fig. 1B) (42). The base-pairing of the 5’
and 3’ ends of the sequence forms the anchoring helix P1, the
slippery sequence UUUUUU is located in the helix P2, whereas
sequences 3’ to the slippery sequence form helix P3. It is thought
that this RNA structure slows down translation, allowing the ri-
bosome to pause, form alternative tRNA pairing, and shift the
reading frame. To examine the role of the ribosomal frameshift
signal in HIV-1 RNA packaging, we generated three mutants
which disrupted the ribosomal frameshift signal either through
deletion, mutation of the slippery 6 U sequence, or alteration of
the secondary structure. Mutant H0-d1819 contains a large
432-bp deletion, including the entire ribosomal frameshift signal
from nt 1819 to nt 2251 (NL4-3 numbering); H0-no6U contains a
3-nt substitution that changed the slippery sequence from UUU
UUUA to CUUCCUG and likely alters the P2 helix of the pre-
dicted ribosomal frameshift signal structure (Fig. 1B); HO-mu5
contains a 3-nt mutation that distorts the P3 helix of the frame-
shift RNA structure (28). The d1819 and mu5 mutations are iden-
tical to those previously reported by Chamanian et al. as
RTA1819-2251 and mu5, which caused 10- and 28-fold defects in
RNA packaging compared to their counterparts with wild-type
sequences, respectively (28).

To test the packaging efficiencies of RNAs containing the
aforementioned ribosomal frameshift signal mutations, we com-
pared their encapsidation in competition with a structurally sim-
ilar HIV RNA derived from T6 (Fig. 1A). T6 is identical to HO-Spe
except that it retains the wild-type gag-pol gene, including the
ribosomal frameshift signal and encodes a mouse thy gene marker
in the nef gene; Thy expression can be detected by antibody stain-
ing and flow cytometry.

To mimic the conditions during HIV replication, we examined
the RNA packaging efficiencies in the context of proviruses intro-
duced into the cells by infection. For this purpose, we generated
dually infected producer cells by first infecting the 293T cells with
T6 viruses at low MOI the infected cells were enriched by sorting
based on Thy expression (Fig. 2A). These cells were then infected
at a low MOI with HO-Spe-derived viruses containing mutant
ribosomal frameshift signals; dually infected cells were enriched
by cell sorting by selecting for cells expressing both Thy and HSA
markers until >93% of the producer cells were positive with both
markers (Thy"/HSA™) (Fig. 2B). To generate infectious viruses,
we transfected these dually infected producer cells with two plas-
mids, pSYNGP and pIIINL(ADS8)env, that express HIV-1 Gag/
Gag-Pol and CCR5-tropic HIV-1 Env, respectively. Viruses from
these cells were harvested and used to infect HUT/R5 cells; the
titers of T6 and HO-Spe-derived viruses were determined by the
number of cells that express Thy and HSA, respectively (Fig. 3A).
As 293T cells do not express CD4, HIV-1 Env containing viruses
cannot reinfect the producer cells; hence, the titer measurements
reflect one round of viral replication.

Mutations of the Gag-Pol ribosomal frameshift signal do not
affect virus titers. We compared the virus titers from producer
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FIG 2 Experimental protocol used to generate producer cell lines (A) and flow
cytometry analyses of producer cell lines (B). Thy and HSA expression are
shown on the x and y axes, respectively; all producer cell lines contain >93%
Thy*/HSA™ cells.

cells containing T6 and various HO-Spe-derived constructs; a
summary of the findings from three sets of infection experiments
is shown in Fig. 3B. When the producer cells coexpress T6 and
HO-Spe proviruses, both containing wild-type ribosomal frame-
shift sequences, the Thy and the HSA titers were very similar. Of
the total infection events (Thy titer plus HSA titer), 52% was from
HSA titer. When the producer cells express T6 and H0-d1819 that
contains a 432-bp deletion, including the ribosomal frameshift
signal, 62% of the total infection events were from HSA titers.
Mutating 3 nt to abolish the 6 Us used for frameshift (H0-noU6)
or to disrupt the RNA structure of the ribosomal frameshift signal
(HO-mub5) did not affect titers of these viruses. When coexpressed
with T6, HO-no6U and HO-mu5 generated 54 and 56% of the
infectious events, respectively. Therefore, none of the ribosomal
frameshift signal mutants has a decreased virus titer compared to
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FIG 3 Effects of mutations in the ribosomal frameshift signals on HIV-1 titers.
Viruses were generated by transfecting producer cell lines with helper plasmids
expressing HIV-1 Env and Gag/Gag-Pol and were used to infect HUT/R5 cells.
Virus titers were determined using flow cytometry by detecting cells that ex-
press HSA and Thy markers. (A) Representative flow cytometry analyses of
HUT/RS cells infected with viruses harvested from producer cells. (B) Relative
contribution of Thy" and HSA™ cells in all infection events. Total infection
events are set as 100%. Error bars represent standard deviations of three infec-
tion experiments.

that from HO-Spe, which contains a wild-type ribosomal frame-
shift signal.

Examining the packaging efficiencies of RNAs containing
mutations in the ribosomal frameshift signal. To directly com-
pare the packaging efficiency of HIV-1 RNA with or without mu-
tations in the ribosomal frameshift signal, we isolated RNA from
the cytoplasm of the producer cells and from cell-free virions and
analyzed the ratios of T6 and HO-Spe RNA by the RT-PCR se-
quencing method (23, 39). Briefly, RNA samples were reverse
transcribed, amplified by PCR using primers in gag, and the PCR
products were gel purified and sequenced. The sequence variation
between T6 and HO-Spe RNAs was used to determine the ratios of
the two RNAs by measuring the heights of individual nucleotide
signals on the sequencing chromatograms. Because the gag se-
quences were analyzed, this method examines the full-length un-
spliced HIV-1 RNAs.

To verify the accuracy and the dynamic range of the RT-PCR
sequencing method, we performed the following experiments
(Fig. 4A). Cytoplasmic RNAs were isolated from a producer cell
line expressing the T6 provirus and another cell line expressing the
HO-Spe provirus. The amounts of full-length HIV-1 RNA were
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FIG 4 Effects of mutations in the ribosomal frameshift signal on viral RNA
packaging. (A) Control experiment examining the accuracy and dynamic
range of the RNA detection method. Cytoplasmic RNAs were extracted from
cell lines containing either T6 provirus or HO-Spe provirus. The amount of
full-length HIV-1 RNA in each sample was quantified by real-time RT-PCR
using primers and probe annealing to gag. RNAs from the two samples were
mixed at various ratios and analyzed using the RT-PCR sequencing method.
The expected and observed percentages of HO-Spe RNA are shown in the xand
y axes, respectively. (B and C) Relative percentages of T6 and HO-Spe full-
length RNAs in the cytoplasm of producer cells (B) and in cell-free virions (C).
Total full-length HIV-1 RNA was set as 100%. Error bars represent standard
deviations of two independent experiments.
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quantified by real-time RT-PCR using gag-specific primers and
probe (40, 41). These two RNA samples were then mixed at vari-
ous ratios and analyzed by the RT-PCR sequencing method. We
found that the RT-PCR sequencing method accurately measures
the proportion of different viral RNA species in the mixture when
one of the RNA species is present within the 10 to 90% range (Fig.
4A). These results are similar to the previously reported sensitivity
of the RT-PCR sequencing method (23).

Weisolated cytoplasmic RNAs from the producer cell lines and
RNAs from the cell-free virions and analyzed these samples by the
RT-PCR sequencing method. When both proviruses, T6 and HO-
Spe, contain the wild-type ribosomal frameshift signal, these two
RNAs were expressed at similar levels; 49% of the total HIV-1
full-length RNAs were from HO-Spe (Fig. 4B). Virion RNA anal-
yses indicated that T6 and HO-Spe RNAs were also packaged at
similar ratios; 55% of the packaged HIV-1 RNAs were from HO-
Spe. These results are similar to previous findings (23). We then
analyzed RNA from cell lines coexpressing T6 and HO-Spe-de-
rived ribosomal frameshift signal mutants. The H0-d1819 RNA
constituted 60% of full-length HIV-1 RNA in the cytoplasm of
producer cells and 73% of RNA in cell-free virions (Fig. 4B and C,
respectively), indicating that the deletion did not result in a loss of
RNA packaging efficiency. The cytoplasm of producer cells ex-
pressing T6 and HO-no6U proviruses contained 57% of the HO-
no6U RNAs, whereas cell-free virions contained 61% of the HO-
no6U RNA. Similarly, when coexpressed with T6, the HO-mu5
provirus generated 61% of the HIV-1 full-length RNA in the cy-
toplasm and 62% of the RNA in the released virions. In all of our
experiments, the proportion of full-length HO-Spe-derived viral
RNAs in cytoplasm ranged between 49 and 60% regardless of
whether they contain ribosomal frameshift signals, indicating that
these mutations did not affect the cytoplasmic RNA levels. Fur-
thermore, virions released from these producer cells contain ratios
of T6 and HO-Spe RNAs similar to those in the cytoplasm, indi-
cating that HO-Spe RNAs do not have packaging defects regardless
of whether the wild-type ribosomal frameshift signal is present in
the RNA. Furthermore, the RNA measurements are consistent
with our virus titer results. Together, these findings demonstrate
that, in our system, the absence of the wild-type ribosomal frame-
shift signal does not impede the packaging of the HIV-1 full-
length RNA.

DISCUSSION

The cis-acting elements of HIV-1 RNA regulate multiple aspects of
viral replication, from the efficient generation of viral RNA tran-
scripts to conversion of the viral RNA into a DNA copy. Some of
the elements in viral RNA interact with Gag to ensure the packag-
ing of viral genome into virions. Although the HIV-1 major pack-
aging signal was identified 2 decades ago, it is unclear whether
other signals exist that also regulate the encapsidation process.
Several groups have reported that the Rev protein and the rev
response element (RRE) are important for viral RNA packaging
(43, 44). However, the export function of RRE and Rev can be
replaced by the constitutive transport element (CTE) from Ma-
son-Pfizer monkey virus, which bears little sequence homology to
RRE (45). Furthermore, HIV-1 RNAs containing the CTE instead
of the RRE are efficiently packaged into virions (46, 47). These
studies clarified that the essential function of RRE is transport of
the viral RNA and its role in RNA packaging is indirect.
Chamanian et al. recently reported that the HIV-1 ribosomal
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frameshift signal is an important element for RNA genome pack-
aging (28). This effect was identified by systematically deleting the
HIV-1 genome starting from the 3" end. Compared to near full-
length RNA that contained sequences from the 5" end to the nef
gene, deletion of the entire pol and env including the RRE had no
effect in RNA expression and packaging, whereas further deletion
into the NC-coding region had a 27-fold decrease in viral RNA
packaging. These experiments showed that deletion of an RNA
region including the ribosomal frameshift signal caused severe
packaging defects, whereas deletion of the RRE, without supple-
menting with another RNA export element, does not affect RNA
expression/packaging.

In the current report, we examined the importance of the gag-
pol ribosomal frameshift signal on RNA packaging. We generated
a mutant containing the previously described 432-bp deletion,
including the ribosomal frameshift signal, and found that this mu-
tant does not have a decreased virus titer or a defect in RNA pack-
aging, in contrast to the previously reported 10-fold decrease in
RNA packaging. Similarly, substitution mutations that destroyed
the predicted RNA secondary structures of the ribosomal frame-
shift signal, which was reported to have a 28-fold defect in RNA
packaging, also did not display any defects in our experiments. At
this time, the cause of the discrepancies between the two studies is
unclear. There are differences in the experimental systems used by
the two studies. Chamanian et al. used transient transfections in
all experiments and in many, but not all, experiments used a co-
packaging system to measure viral RNA and titers. We studied
HIV-1 in the context of proviruses that are stably integrated into
the host chromosomes and compared the cellular RNA expression
with the viral RNA packaged into the virions. It is unclear whether
these are the reasons for the observed discrepancies; further ex-
periments are needed to determine the cause of these differences.

RNA packaging in HIV-1 is a highly regulated event. Recent
studies demonstrated that most HIV-1 particles contain RNA ge-
nomes (30); furthermore, two copies of viral RNA forming a
dimer are packaged even when the RNA size is one-third of the
wild-type genome (48). These results support the hypothesis that
recognition of one dimeric RNA by Gag is a key point of viral RNA
encapsidation. Recent advances shed light on how Gag recognizes
dimeric RNA; for example, studies of MLVs have revealed that
dimerization of the viral RNA exposes high-affinity Gag binding
sites to allow the initiation of RNA packaging (49-51). Studies in
HIV-1 have also identified structural elements important in
dimerization, Gag binding, and packaging (17, 20, 21). Neverthe-
less, it is still unclear how HIV-1 achieves the regulation of pack-
agingjust one dimer; future studies are needed to define the mech-
anism of this regulation.
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