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Abstract

Genome packaging is an essential step to generate infectious HIV-1 virions and is mediated by 

interactions between the viral protein Gag and cis-acting elements in the full-length RNA. The 

sequence necessary and sufficient to allow RNA genome packaging into an HIV-1 particle has not 

been defined. Here, we used two distinct reporter systems to determine the HIV-1 sequence 

required for heterologous, non-viral RNAs to be packaged into viral particles. Although the 5’ 

untranslated region (UTR) of the HIV-1 RNA is known to be important for RNA packaging, we 

found that its ability to mediate packaging relies heavily on the context of the downstream 

sequences. Insertion of the 5’ UTR and the first 32-nt of gag into two different reporter RNAs is 

not sufficient to mediate the packaging of these RNA into HIV-1 particles. However, adding the 5’ 

half of the gag gene to the 5’ UTR strongly facilitates the packaging of two reporter RNAs; such 

RNAs can be packaged at >50% of the efficiencies of an HIV-1 near full-length vector. To further 

examine the role of the gag sequence in RNA packaging, we replaced the 5’ gag sequence in the 

HIV-1 genome with two codon-optimized gag sequences and found that such substitutions only 

resulted in a moderate decrease of RNA packaging efficiencies. Taken together, these results 

indicated that both HIV-1 5’ UTR and the 5’ gag sequence are required for efficient packaging of 

non-viral RNA into HIV-1 particles, although the gag sequence likely plays an indirect role in 

genome packaging.
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Introduction

Most HIV-1 particles contain two copies of full-length viral RNA [1, 2]; this efficient 

genome packaging is mediated by the interactions between HIV-1 Gag polyprotein and cis-

acting elements in full-length viral RNA [3–5]. All orthoretroviral Gag polyproteins contain 
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matrix (MA), capsid (CA), and nucleocapsid (NC) domains. Additionally, the HIV-1 Gag 

polyprotein contains the p6 domain and two spacer peptides, SP1 and SP2, which are 

located between CA-NC and NC-p6 junctions, respectively. Of the Gag domains, NC plays 

an important role in retroviral RNA genome packaging [6–13]. Mutations in the HIV-1 NC 

domain, including those that alter the two CCHC zinc-chelating motifs, can reduce virion 

RNA packaging efficiency [10, 11, 13]. Additionally, complementation experiments have 

demonstrated that, of the thousands of Gag molecules assembled into each particle, a 

significant portion of the Gag (>17%) needs to contain functional NC before RNA can be 

packaged efficiently [14].

In the full-length retroviral RNAs, there are cis-acting sequences important for the 

encapsidation of the genome; such sequences are often referred to as the packaging signal. 

The packaging signal has been studied in multiple retroviruses including murine leukemia 

virus (MLV), spleen necrosis virus, Rous sarcoma virus (RSV), HIV-1, HIV-2, bovine 

leukemia virus (BLV), Mason Pfizer monkey virus (MPMV), and mouse mammary tumor 

virus [15–26]. In these retroviruses, sequences in the 5’ untranslated region (UTR) and often 

5’ end of the gag gene are important for packaging. In MLV and RSV, the sequence 

necessary and sufficient for RNA packaging has been defined [15, 17]; when present in 

heterologous RNA, these sequences can mediate the encapsidation of heterologous RNA 

into MLV and RSV particles, respectively. Furthermore, the heterologous RNA containing 

the MLV packaging signal was encapsidated into viral particles as a dimer [27]. However, 

the sequence necessary and sufficient for efficient packaging of non-viral RNA into HIV-1 

particles has not been defined.

Multiple studies have been performed to examine RNA elements important for HIV-1 RNA 

packaging ([18, 19, 28–32] and summarized in [33–38]). These studies showed that 

mutations in the 5’ UTR and gag, as well as other elements, affects HIV-1 RNA packaging. 

The 5’ UTR region of the viral RNA is highly structured and forms multiple stem-loop 

structures [39–44]; several studies suggest that many but not all of the 5’ UTR RNA 

structures are essential for genome packaging. For example, the trans-activation region 

(TAR), a stem-loop structure located at the very beginning of the HIV-1 RNA was suggested 

to be important for RNA packaging. However, later studies showed that another RNA stem-

loop structure can partially replace the TAR element function, and it was suggested that TAR 

mainly provides stability to the RNA structure to facilitate genome packaging [32, 45–47]. 

Although it is generally agreed that sequences beyond the AUG of the gag gene can affect 

RNA packaging, the precise extent of the gag gene required for packaging has varied in 

different studies [32, 48]. Furthermore, translation of the gag gene is not required for its 

effect in enhancing RNA packaging [49]. The Gag-Pol ribosomal frameshift signal and the 

Rev response elements (RRE) were also suggested to be important for RNA packaging. 

Viral protein Rev binds to RRE and mediates the export of full-length and partially spliced 

HIV-1 RNAs [50–54]; Rev-RRE was suggested to play a role in HIV-1 RNA packaging as 

the lack of Rev or mutation of RRE affects genome packaging [55, 56]. However, other 

studies showed that the function of Rev-RRE can be replaced by the constitutive transport 

element (CTE) from MPMV [32, 57, 58]. The CTE from MPMV does not contain sequence 

or structural similarity with HIV-1 RRE; additionally, CTE mediates RNA export via the 

NXF1 pathway whereas the Rev-RRE complex mediates the RNA export via the CRM1 
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pathway [59–62]. Hence, the major effect of the Rev-RRE mutations is the lack of proper 

RNA export that leads to defects in genome packaging and the Rev-RRE complex does not 

directly participate in genome packaging [57, 58]. Similarly, the ribosomal frameshift signal 

that mediates the expression of Gag-Pol polyprotein was originally hypothesized to play an 

important role in RNA packaging but was later demonstrated to have no effect on RNA 

packaging [63, 64].

At this time, the minimal sequence necessary and sufficient to allow non-viral RNAs to be 

efficiently packaged into HIV-1 particles has not been defined. In this report, we sought to 

define the sequences required for non-viral reporter RNAs to be efficiently packaged into 

HIV-1 particles. We used a previously described single-virion analysis system [1] to 

visualize viral RNA in individual particles to determine the efficiency of HIV-1 RNA 

genome packaging. We performed systematic deletion/replacement of portions of the viral 

genome to define regions dispensable for RNA packaging. We then inserted HIV-1 

sequences into reporter RNAs encoding either a firefly luciferase gene or a Renilla luciferase 

gene and examined the packaging efficiency of these RNAs. We found that including the 5’ 

UTR and the 5’ half of the gag gene sequence allows the non-viral reporter RNAs to be 

packaged efficiently into viral particles. However, the role of the gag gene sequences is 

likely to be to stabilize the RNA structure rather than contain specific Gag:RNA recognition 

sites. These results define the minimum HIV-1 RNA packaging signal and provide a better 

understanding of RNA genome encapsidation, a process essential for the generation of 

infectious HIV-1.

RESULTS

Experimental system used to examine HIV-1 RNA genome packaging efficiency.

We used two previously described, NL4–3-based constructs to perform single-virion 

analysis. The general structure of one of the clones, 1Gag, is shown in Fig. 1a. This 

construct contains all of the cis-acting elements required for viral replication and expresses 

Gag fused to cerulean fluorescent protein (Gag-CeFP), Tat, Rev, and Nef, whereas portions 

of the pol, env, vif, vpr, and vpu gene were deleted. Additionally, a set of stem-loop 

sequences (BSL) recognized by bacterial protein BglG is located in the pol gene; thus, only 

the full-length, unspliced viral RNA contains the BSL. Construct 1GagΔCeFP, has the same 

structure as 1Gag but expresses an untagged Gag. For each of the constructs described 

below, a pair of plasmids were used, one that expresses Gag-CeFP and another that 

expresses untagged Gag; for brevity, only the Gag-CeFP version of the constructs are shown 

in all figures.

Single-virion analysis was performed by transfecting 293T cells with 1Gag, 1GagΔCeFP, 

and Bgl-YFP, which encodes a truncated BglG fused to yellow fluorescent protein (YFP). 

HIV-1 particles were harvested and visualized using fluorescent microscopy (Fig. 1b). The 

coexpression of Gag and Gag-CeFP allows the formation of morphologically normal HIV-1 

particles [1, 2, 65, 66] and the detection of viral particles by their CeFP signals. The BSL in 

the viral RNA allows specific binding of Bgl-YFP to the full-length viral RNA genome; 

thus, the viral RNA genome is detected by the YFP signal. RNA packaging efficiency, the 

proportion of the viral particles containing viral RNA genomes, can be determined by 
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comparing the CeFP signals and YFP signals from >1,000 particles in each sample. Using 

this method, we have previously shown that most HIV-1 particles contain full-length viral 

RNAs [1]. Consistent with previous studies, in this report, we found that most of the viral 

particles derived from 1Gag contain viral RNA (89% ± 1.4%; average and standard 

deviation from three experiments; Fig. 1c).

In this report, we sought to determine the minimal sequences required to efficiently package 

RNA into HIV-1 particles. For this purpose, we tested the effects of replacing three cis-

acting elements, 5’ U3, RRE, and 3’ LTR, with non-HIV-1 sequences, and examined the 

efficiency of viral RNA packaging in particles generated from these constructs. First, we 

used a set of previously described vectors, 1Gag-CTE (Fig. 1) and 1GagΔCeFP-CTE [57], in 

which RREs were replaced with the CTE from MPMV [67]. Consistent with previous 

results, we found that RNAs from these CTE-containing HIV-1 constructs were packaged 

efficiently; ~91% of the particles contain viral RNA (Fig.1c). Similarly, replacing the 3’ LTR 

with the polyA signal from SV40, the 5’U3 with a CMV promoter, or both elements did not 

affect RNA packaging efficiencies (86% ± 1.9%, 87% ± 0.6%, 86% ± 0.5%, respectively; 

Fig. 1c).

To examine whether RNA sequences at the 3’ half of the viral genome contribute to genome 

packaging, we generated three mutants based on CMV-1Gag-npA (Fig. 1a). In construct 

Δpol, all of the pol sequences, the first exons of tat and rev, and a 5’ portion of the env were 

deleted; in construct Δenv, the 3’ portion of env, the second exons of tat and rev, 3’ UTR, 

and a portion of the nef gene were deleted; in construct Δpolenv all HIV-1 sequences 3’ to 

the gag gene were deleted. As shown in Fig. 1c, deletions of sequences 3’ to the gag gene 

had minor effects on RNA packaging efficiency; RNAs derived from Δpol, Δenv, and 

Δpolenv were packaged with the efficiencies of 75% ± 2%, 76% ± 2%, and 70% ± 1%, 

respectively. In contrast, RNAs derived from a codon-optimized Gag expression construct, 

CMV-synGag-pA (Fig. 1a), were rarely incorporated into viral particles (3% ± 0.3%; Fig. 

1c) even though this construct encodes a functional gag gene. The codon-optimized gag 
sequence was derived from a previously described construct pSYNGP, which was modified 

based on the HXB2 molecular clone; compared with the NL4–3 sequence, the codon-

optimized gag gene contains 78% nucleotide sequence identity and 96% amino acid 

sequence identity; a comparison of the nucleotide sequences is shown in Supplemental 

Figure 1. These results confirmed that the cis-acting elements in the viral RNA, and not the 

ability to serve as template for Gag translation, are important for efficient genome 

packaging. Furthermore, cis-acting elements important to HIV-1 RNA packaging reside 

primarily in 5’ UTR and/or gag gene sequences.

Sequences in the 5’ UTR and 5’ gag affect HIV-1 RNA packaging.

To determine whether sequences in the gag gene affect RNA packaging, we generated a 

series of mutants based on CMV-1Gag-npA (Fig. 2a). In these mutants, a portion of the gag 
was replaced with sequences from the codon optimized gag of CMV-synGag-pA (Fig. 1) so 

that the chimeric gag genes encode functional Gag proteins. The amino acid coding region 

in the NL4–3 gag gene is 1500-bp in length. The number of HIV-1 nucleotides retained on 

the 5’ end of the gag gene is reflected in the name of the construct; for example, 1Gag-726 
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retains the 5’ 726-bp of the HIV-1 (NL4–3) gag sequence (Fig. 2a). We generated 8 sets of 

constructs expressing chimeric gag genes and performed single-virion analyses to determine 

the genome packaging efficiencies. Despite the synonymous mutations, we found that all of 

the chimeric gag genes generated similar amounts of CeFP particles (data not shown); 

however, the RNA genome packaging efficiencies varied between these constructs (Fig. 2b). 

In particles generated from 1Gag-726, RNA genome packaging efficiency is 82% ± 2%, 

similar to that from CMV-1Gag-npA (88% ± 2%). In contrast, RNA genome packaging is 

inefficient in particles generated by 1Gag-32; only 14% ± 1% of the particles contained viral 

RNA genomes. Constructs containing 351-nt to 122-nt of HIV-1 gag sequences exhibited a 

gradient of packaging efficiencies; those with longer HIV-1 gag sequences were generally 

packaged more efficiently, indicating that the effects of the gag gene appeared to be 

dispersed over this region. These studies indicated that the nucleotide sequences of the 5’ 

half of the gag gene affects HIV-1 RNA genome packaging efficiency.

The 5’ UTR of the HIV-1 RNA has been shown to be important for RNA packaging 

although some reports suggested that not all of the elements are required for efficient 

encapsidation. To determine the sequences in the 5’ UTR that are required for efficient 

encapsidation, we generated deletion mutants and determined the packaging efficiency of 

RNAs derived from these constructs (Fig. 2c); the deleted sequences are reflected in the 

names of the constructs. For simplicity, Figure 2 uses the RNA element structure and 

nomenclature that are commonly used in similar studies, although a recent study has 

suggested that the sequence often referred to as stem loop 2 (SL2) may not form a stem loop 

and may instead be used to stabilize a three-way junction structure [40].

We first tested deletion mutant that lack both TAR and polyA stem-loop structures 

(ΔUTR3−100) and found deleting these sequences resulted in a ~2-fold decrease in packaging 

efficiency. Particles derived from 1Gag-726 control and ΔUTR3−100 packaged RNA 

genomes at 83% ± 1% and 46% ± 1%, respectively. However, further deletions removing 

part of the U5 stem (ΔUTR3−112) results in drastic reduction of packaging efficiency; 

particles derived from this construct packaged RNA genome at 12% ± 1.4% (Fig. 2d). It has 

been suggested that the upper half of the PBS stem loop is not required for packaging; we 

generated a construct (ΔUTR3−105, 132−215) in which the TAR, polyA, and a portion of the 

PBS stem-loop was deleted and found that 38% ± 2% particles generated from this 

constructs packaged viral RNA.

These studies suggest that deletion of most of the elements in the 5’ UTR decreases RNA 

packaging. Therefore, we used the complete 5’ UTR and part of gag sequence to examine 

the sequence necessary and sufficient for heterologous RNA packaging into HIV-1 particles.

Sequence required to package a heterologous non-viral RNA into HIV-1 particle.

The studies above described the roles of various sequences in RNA encapsidation in the 

context of the viral genome. To determine the sequence necessary and sufficient for efficient 

genome encapsidation, we inserted various HIV-1 sequences into a non-HIV-1 reporter RNA 

and examined the efficiencies with which these RNAs were packaged. For this purpose, we 

cotransfected a reporter RNA construct, Bgl-YFP, and SG-NoSL (Fig. 3a) that expresses 

codon-optimized Gag and GagCeFP, harvested viral particles and performed imaging 
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analyses. To assess this system, we first determined the packaging efficiency of RNA from 

HIV-1 construct 1-AAG (Fig. 3a), which is similar to the 1Gag construct described in Fig. 1 

but contains an AAG instead of an AUG translational start codon in the beginning of gag. In 

a previous report, we have shown that the 1-AAG construct does not express functional Gag 

protein but expresses an RNA that can be efficiently packaged [49]. We found that when 

cotransfected with SG-NoSL and Bgl-YFP, our positive control 1-AAG RNA was packaged 

at 49% ± 2%, lower than those from systems described in Fig. 1 and Fig. 2. The Gag 

expression constructs are codon-optimized and lack the long HIV-1 5’ UTR and other viral 

sequences, hence the Gag proteins are generally expressed better from these constructs than 

those from the HIV-1 constructs. As a result, there may be more particles without viral 

RNAs.

We then determined the HIV-1 sequence required to package a non-HIV-1 reporter RNA 

based on construct No-HIV-luc (Fig. 3b), which contains a CMV promoter that drives RNA 

transcription, an internal ribosomal entry site (IRES) from encephalomyocarditis virus 

followed by a firefly luciferase gene, a MPMV CTE element, and an SV40 poly A sequence. 

The firefly luciferase gene allows us to use the luciferase assay as a surrogate for RNA 

expression whereas the CTE element is included in the constructs to allow efficient RNA 

export as certain sequences in HIV-1 gag have been reported to have negative effects on 

nuclear export [68, 69]. We then generated a series of luciferase constructs containing 

various HIV-1 sequences (Fig. 3b); these plasmids were transfected into cells along with the 

codon-optimized Gag expression construct SG-NoSL and Bgl-YFP. Supernatants were 

harvested from transfected cells and used to determine RNA packaging efficiency (Fig. 3c); 

additionally, transfected cell lysates were generated and used to determine luciferase activity 

to monitor the expression of the luciferase containing plasmids.

We found that all of the tested reporter constructs resulted in similar levels of luciferase 

activity (Fig. 3d), indicating that their RNAs were similarly expressed; however, RNAs 

derived from these reporter constructs were packaged at different levels. As expected, in the 

absence of HIV sequence, reporter RNA (No-HIV-luc) was rarely present in the viral 

particles (~1%; Fig. 3c). When the entire 5’ UTR along with the first 32-nt of the gag gene 

was included (1Gag-32-luc), this RNA was not packaged efficiently and only 3% of the 

particles contained reporter RNA (Fig. 3c). We then gradually increased the amount gag 
sequence in the constructs; RNAs containing 5’ UTR plus 122-, 212-, 249-, and 276-nt of 

gag sequences were not packaged efficiently as only 3–4% of the particles contain reporter 

RNA. However, inserting additional gag sequences gradually improved the RNA packaging 

efficiencies; RNAs containing HIV-1 5’ UTR plus 320-, 351-, and 569-nt of gag were 

packaged at 8% ± 1%, 9% ± 1%, and 18% ± 1%, respectively. Furthermore, RNAs 

containing 5’ UTR plus 726-, 1070-, and the full-length gag were packaged at 26% ± 1%, 

29% ± 2%, and 33% ± 2%, respectively; when compared with the HIV-1 construct 1-AAG, 

these RNAs are packaged at 54%, 59%, and 67% of the 1-AAG RNA, respectively. The full-

length gag sequence in 1Gag-FS-luc contains a premature stop codon to abolish the 

expression of functional Gag. These studies indicate that the 5’ UTR and the very beginning 

of the gag sequences is not sufficient to mediate the efficient packaging of a heterologous 

RNA. Instead, heterologous RNA including the 5’ UTR and at least the first half of the gag 
gene sequence RNA can be packaged into the particles efficiently, within two-fold of a 
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HIV-1 vector RNA (1-AAG). Thus, in addition to the 5’ UTR, a significant portion of the 

gag gene is required to mediate efficient heterologous RNA packaging.

Examining the role of the gag sequence in HIV-1 RNA packaging.

Our results described above showed that the 5’ half of the gag sequence is important to RNA 

packaging whereas the 3’ half of the gag sequence has little effect. In the aforementioned 

constructs, the modification/deletion starts from the 3’ end of the gag gene while retaining 

the 5’ end of the gag gene. To better define the role of the gag sequence in RNA packaging 

and to confirm our results, we generated and tested a construct SG(33–726) that contains 

codon-optimized 5’ gag sequence and HIV-1 3’ gag sequence; in this 5’ gag region, SG and 

HIV-1 gag share 71% nucleotide sequence homology (Supplemental Fig. 1). SG(33–726) 

was generated by replacing the 3’ half of the codon-optimized gag gene in 1Gag-32 (Fig. 2 

and Fig. 4) with HIV-1 gag sequence (Fig. 4). To our surprise, replacing the 3’ half of the 

codon optimized gag with corresponding NL4–3 gag sequence recovered the RNA 

packaging efficiency from 13% ± 1% (1Gag-32) to 39% ± 3% [SG(33–726)] (Fig. 4b). 

However, our results, summarized in Fig. 2 and Fig. 3, showed that removing the 3’ gag 
sequence did not impact RNA packaging. We envisioned two possible explanations for these 

results: there may be redundant RNA elements in 5’ and 3’ gag that direct RNA packaging; 

alternatively, gag sequence may play an indirect role in RNA packaging, such as stabilizing 

RNA structures elsewhere that are important for viral RNA encapsidation. In the 

experiments described above and shown in Fig. 2, the HIV-1 gag sequence was replaced 

with that from a previously described codon-optimized expression construct pSYNGP [70]. 

We hypothesize that if the role of HIV-1 gag sequence is direct, such as elements in the viral 

RNA specifically interacting with the Gag protein to mediate packaging, then the function of 

gag RNA will not be easily replaced by other sequences. However, if the role of gag 
sequence is indirect, other sequences may be able to replace its function even though the 

sequence from the SYNGP plasmid cannot do so. To distinguish between these two 

possibilities, we tested whether another sequence can replace the function of the gag 
sequences. For this purpose, we generated a modified gag with synonymous mutations, 

referred to as new synonymous gag (NSG); the comparison of gag sequences from HIV-1, 

pSYNGP, and NSG is shown in Supplemental Fig. 1. NSG contains 71% nucleotide 

sequence identity with NL4–3 gag gene, and 73% nucleotide sequence identity with the 

codon-optimized gag gene from pSYNGP (Supplemental Fig. 1); the gag gene from NL4–3 

and NSG encode the same amino acid sequence. We replaced the NL4–3 5’ gag sequences 

or most of the gag sequence in CMV-1Gag-npA with NSG to generate NSG(22–726) and 

NSG(22–1500), respectively (Fig. 4a) and performed single-virion analyses. We found that 

RNAs generated from these constructs were packaged efficiently at 66% ± 4% [NSG(22–

726)] and 60% ± 4% [NSG(22–1500)]. The results from NSG(22–1500) are in sharp 

contrast with those from 1Gag-32; in both constructs, most of the gag genes contained 

synonymous mutations and yet the RNAs from these two constructs were packaged at very 

different efficiencies: 13% for 1Gag-32 and 60% for NSG(22–1500). These results suggest 

that the role of gag sequences in RNA packaging is indirect and the effects varied depending 

upon the sequence replacing the HIV-1 gag sequence.
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Determining the minimal HIV-1 sequence required for packaging of heterologous RNAs.

To examine whether the gag sequence in NSG can mediate the encapsidation of 

heterologous RNA, we inserted HIV-1 5’ UTR along with 5’ half of gag containing 

synonymous mutations into the luciferase reporter construct to generate NSG(22–726)-luc 

and SG(33–726)-luc (Fig. 5a). We then performed single virion analysis to determine RNA 

packaging efficiency (Fig. 5b) and luciferase assay to monitor the expression of these 

constructs (Fig. 5c). We found that RNAs from NSG(22–726)-luc and SG(33–726)-luc were 

packaged at 15% ± 3% and 7% ± 2%, respectively, which are lower than RNAs generated 

from 1Gag-726-luc (22% ± 1%) and 1Gag-FS-luc (31% ± 1%). Therefore, the relative 

packaging efficiencies of heterologous RNAs containing these sequences are similar to those 

in the context of the viral genome (shown in Fig. 4); RNAs containing NSG(22–726) 

sequences were packaged more efficiently than those containing SG(22–726), and less 

efficient than those containing HIV-1 5’ gag sequences.

These studies indicate that the impact of HIV-1 5’ gag sequence is dependent upon the 

context of the RNA. Removing the HIV-1 5’ gag sequence severely affects packaging 

efficiency when the sequence is adjacent to the codon-optimized syngag sequence (Fig. 2) or 

the IRES-firefly luciferase gene (Fig. 3), but not when the sequence is next to the NSG 

sequence (Fig. 4 and Fig. 5). To better assess the role of HIV-1 5’ gag sequence in mediating 

heterologous RNA packaging, we used a second reporter RNA system to verify our results. 

This system is based on No-HIV-Renluc (Fig. 6a), which contains a ribosomal skipping p2A 

sequence derived from porcine teschovirus-1 and Renilla luciferase gene that is distinct from 

the firefly luciferase gene. There is no significant sequence homology or known conserved 

structures between IRES-luc and p2A-Renluc. We then tested various constructs expressing 

the Renilla luciferase gene by transfecting the constructs into cells along with Gag-

expressing helper constructs and Bgl-YFP; viruses were harvested and used for image 

analyses to determine RNA packaging efficiency (Fig. 6b). Renilla luciferase activity was 

determined using the transfected cell lysates to monitor the expression of various constructs 

(Fig. 6c).

We found that in the Renilla luciferase system, RNA containing the 5’ UTR and the first 32 

nt of HIV-1 gag was packaged at the background level (1%), whereas RNAs containing the 

5’ UTR plus the first 726 and the full-length HIV-1 gag were packaged at 18% ± 0.5% and 

33% ± 1%, respectively (Fig. 6b). These results indicate that 5’ UTR and the first 32 nt of 

HIV-1 gag is insufficient in mediating RNA packaging of the Renluc construct and that the 

HIV-1 5’ gag sequences need to be included for RNA packaging. Renilla luciferase activities 

were similar in lysates generated from cells transfected with different constructs (Fig. 6c). 

We have also tested the packaging of RNAs derived from NSG(22–726)-Renluc and SG(33–

726)-Renluc; these RNAs were packaging at 7% ± 0.8% and 2% ± 0.5%, respectively.

Taken together, our results showed that HIV-1 5’ UTR and at least the 5’ half of the gag 
gene is required to mediate efficient packaging of heterologous reporter RNA into viral 

particles. However, the role of the gag gene sequences is likely to be indirect in nature.
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DISCUSSION

Although only comprising a small fraction of the cellular mRNA, HIV-1 full-length RNA is 

efficiently packaged during virus assembly. The interactions between viral protein Gag and 

the full-length RNA mediates the packaging of the HIV-1 genome. In this report, we defined 

the HIV-1 RNA sequence required for non-viral RNAs to be efficiently packaged into HIV-1 

particles. Using two different non-viral reporter RNA systems, we found that the 5’ UTR 

and the first 32-nt of the gag gene sequence were insufficient to mediate the packaging of 

two heterologous RNAs. However, the presence of the HIV-1 5’ UTR along with the 5’ half 

of the gag gene can mediate efficient packaging of reporter RNAs.

Previous studies had performed mutational studies to define sequences important for HIV-1 

RNA genome packaging [reviewed in [33, 34, 36, 37, 71, 72]]. One of the first such studies 

showed that deletion of a small stem-loop structure, often referred to as stem loop 3 (SL3), 

upstream of the gag AUG start codon results in the decrease of RNA genome packaging 

[18]. As a result, SL3 is sometimes referred to as the “packaging signal” for HIV-1, although 

SL3 is only one of the elements important for RNA packaging. More recently, another 

stretch of RNA from a portion of U5 to a little past the gag start codon was defined as the 

minimal RNA packaging signal [73]; we found that this element is necessary but not 

sufficient for mediating the encapsidation of two different heterologous RNAs (Fig. 3 and 

Fig. 6). Our results showed that sequences directly downstream of the 5’ UTR have a strong 

effect on RNA packaging; for example, replacing gag with different codon-optimized 

sequences results in different efficiencies of packaging (Fig. 2 and Fig. 4). Thus, although 

the previously described minimal element is functional in the context of the vector described 

in the previous study, it is insufficient to mediate the packaging of the two heterologous 

reporter RNAs examined in this report. It is noteworthy that HIV-1 assembly and RNA 

packaging have been examined using an in vitro micelle system [74]; in this system, a longer 

HIV-1 RNA, including part of the gag sequence, is packaged much more efficiently than a 

shorter HIV-1 RNA containing the 5’ UTR.

We found that adding the 5’ half (726 nt) of gag to the 5’ UTR improves RNA packaging. 

The sequence near the gag AUG start codon is known to be critical for HIV-1 RNA 

packaging: structural studies show that the AUG and sequences flanking the AUG form 

base-pairs with sequences in U5 and disrupting the base-pairing results in packaging defects 

[41, 43, 49]. However, the role of the rest of the 5’ gag sequence in RNA packaging is less 

clear. The gag gene sequence in other retroviruses have also been shown to affect RNA 

packaging. In BLV, it has been shown that a distinct stem-loop structure in gag, referred to 

as the secondary encapsidation signal, is important for RNA packaging [21, 75]. The 

mechanism by which MLV gag sequence enhances RNA packaging is less clear; one 

possible mechanism discussed is that the gag sequence might act as an insulator to protect 

the function of the 5’ UTR packaging signal [16].

Two sets of results in our report suggest a possible indirect role of 5’ gag in RNA packaging. 

First, we have placed four different sequences directly downstream of the 5’ UTR and the 

first 20–30 nt of gag: IRES-firefly luciferase, p2A-Renilla luciferase, a previously published 

codon-optimized HIV-1 gag sequence (syngag) and a second gag containing synonymous 
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mutations (NSG). Of these, three of the RNAs packaged poorly (Fig. 2, 3, and 6), only the 

RNAs containing NSG sequences appeared to be packaged efficiently although not as well 

as those with gag sequences. For example, when placed in reporter RNA containing IRES-

luc or p2A-Renluc, constructs with NSG(22–726) sequence were packaged at 68%, and 39% 

of those with 726-nt of NL4–3 5’ gag sequence, respectively (Fig. 5 and Fig. 6). Similarly, in 

the context of the viral genome, NSG(22–726) RNA was packaged at ~67% of those 

containing NL4–3 gag sequence (Fig. 4). The ability of a codon-optimized sequence to 

partially replace the 5’ gag function argues against its direct role in mediating packaging. 

Additionally, when increasing lengths of HIV-1 5’ gag sequences were replaced with those 

of codon optimized syngag sequences, we observed a gradual decrease of RNA packaging 

(Fig. 2), making it unlikely that a BLV-like “secondary encapsidation signal” exists in these 

sequences. Taken together, these data also do not support the presence of a distinct RNA 

structure or element in the 5’ gag from nt 32 to 726 that is involved in specific Gag: RNA 

interactions leading to packaging. Therefore, the presence of 5’ gag is likely to indirectly 

facilitate specific Gag:RNA interactions. We reasoned that genome encapsidation during the 

HIV-1 replication relies on the interactions between Gag and the full-length RNA. 

Therefore, the structure of the RNA involved in specific Gag interactions evolves as part of 

the full-length RNA and is likely to be affected by the neighboring sequence. We 

hypothesize that HIV-1 5’ gag sequence may ensure the folding of HIV-1 RNA to promote 

Gag:RNA interactions. Alternatively, the 5’ gag sequence may facilitate Gag:RNA 

interactions in a currently undefined manner. Additional studies are required to define the 

molecular mechanism behind the 5’ gag enhancement of RNA packaging.

MATERIALS AND METHODS

Molecular cloning of viral constructs.

All of the Gag expression constructs described in this report have two versions, one that 

expresses Gag-CeFP and one that expresses untagged Gag [1]. For simplicity, only the Gag-

CeFP versions are illustrated in figures. HIV-1 constructs GagCeFP-BglSL and GagCeFP-

BglSL-CTE have been described previously [1, 57, 76]; for clarity, they are referred to here 

as 1Gag and 1Gag-CTE, respectively. These constructs were derived from the NL4–3 

molecular clone and contain inactivating deletions in pol, vif, vpr, vpu and env. The 

previously described Bgl-YFP plasmid encodes a truncated BglG protein fused to YFP [76]. 

The HIV-1 construct 1-AAG has been described previously and is similar to 1Gag but 

contains an inactivating ATG-to-AAG mutation at the Gag start codon [76].

The codon-optimized Gag-CeFP expression clone CMV-synGag-pA was modified from 

pSynGag-mCherry [77], a derivative of pSYNGP [70], by first replacing the mCherry 

fluorescent protein gene with a cefp gene; additionally, BSL, stem-loop sequences 

recognized by E.coli BglG protein, and the MPMV CTE were inserted downstream of the 

GagCeFP-coding sequence. Plasmid 1Gag-CTE-pA was generated by replacing the 3’ LTR 

of 1Gag-CTE with a fragment from pSYNGP that contains the SV40 polyA signal. Plasmid 

CMV-1Gag-nLTR was generated by replacing the 5’ U3 with CMV promoter with a PCR 

amplified DNA fragment; 5’ Race/primer extension reaction using a SMARTer® RACE 

5’/3’ Kit (Clontech) was performed to ensure that transcription of HIV-1 RNA initiates at the 
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correct position in this construct. CMV-1Gag-npA was derived from 1Gag-CTE-pA and 

CMV-1Gag-nLTR by combining the CMV promoter and SV40 polyA segments of these two 

plasmids.

Plasmid CMV-1Gag-npA was used to construct Δpol and Δenv by replacing a portion of the 

plasmid with a PCR fragment containing deletion of the sequences downstream of BSL to 

the beginning of CTE, or from the end of CTE to the beginning of nef, respectively. Plasmid 

Δpolenv was generated by combining the two deletions in Δpol and Δenv.

PCR was used to generate DNA fragments containing chimeric gag genes containing a 

portion of HIV-1 (NL4–3) sequence and a portion of codon-optimized gag sequence from 

pSYNGP. These DNA fragments generated by PCR were used to replace corresponding 

DNA fragments in CMV-1Gag-npA. This strategy was used to generate plasmids termed 

1Gag-726 to 1Gag-32 and plasmid SG(33–726). Another DNA fragment was synthesized to 

contain synonymous mutations in the gag gene, referred to as NSG sequence; sequences 

from this DNA were used to generate all NSG plasmids. DNA fragments containing 

modified HIV-1 5’ UTR were generated by PCR and were used to replace corresponding 

sequences in 1Gag-726 to generate mutants with modified 5’ UTR sequences.

Plasmids containing firefly luciferase genes were generated as follows. First, a DNA 

fragment containing internal ribosomal entry site (IRES) from encephalomyocarditis virus 

and firefly luciferase (luc) gene was inserted into CMV-1Gag-dcefp-Δpolenv, which is 

similar to CMV-1Gag-Δpolenv except with the deletion of the cefp gene, to generate 1Gag-

luc. Next, a stop codon was introduced into the gag gene to generate 1Gag-FS-luc. Plasmid 

1Gag-FS-luc was used to generate plasmids containing shorter HIV-1 fragments by deletion, 

including No-HIV-luc, in which the HIV-1 5’ UTR and gag sequences were deleted. Plasmid 

1Gag-luc was used to generate 1Gag-Renluc by replacing the IRES-firefly luciferase gene 

with p2A-Renilla luciferase gene. Deletions and replacements were made in 1Gag-Renluc to 

generate plasmids containing varying length of HIV-1 sequences, including No-HIV-Renluc, 

in which the HIV-1 5’ UTR and gag sequence were removed.

All cloning procedures were performed using standard methods; the general structures of the 

plasmids were characterized by restriction enzyme mapping; DNA sequencing was 

performed in all cloned DNA fragments that underwent PCR amplification.

Cell culture, DNA transfection and luciferase assay.

Human 293T cells were grown in Dulbecco’s modified Eagle’s medium supplemented with 

10% fetal bovine serum (HyClone), penicillin (50 U/ml; Gibco) and streptomycin (50 μg/ml; 

Gibco). Cells were maintained in humidified 37°C incubators with 5% CO2. DNA 

transfection was performed using FuGENE® HD Transfection Reagent (Promega) 

according to manufacturer’s recommendations. Cell culture supernatants were harvested 36-

h posttransfection, clarified through a 0.45-um-pore-size filter, and either stored at −80°C or 

used immediately for image acquisition. Firefly and Renilla luciferase activities were 

determined at 36-h posttransfection using Britelite Plus Reporter Gene Assay System 

(PerkinElmer) and Renilla Luciferase Assay System (Promega), respectively.
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Single-virion analyses.

Clarified supernatants were mixed with polybrene (50 μg/ml, final concentration), placed on 

an 8-well μ-Slide (Ibidi), and centrifuged at low speed (1200 × g, S2096 Rotor, Allegra 21R 

Centrifuge, Beckman) for 15 min before imaging. Images were acquired using an inverted 

Nikon Eclipse Ti microscope with a 100× 1.40 numerical aperture oil objective, an X-Cite 

120 system (EXFO Photonic Solution Inc.), an ANDOR technology iXon camera, and NIS 

element AR software (Nikon). The excitation and emission filter sets were 427/10 nm and 

480/40 nm for CeFP, 504/12 nm and 542/27 nm for YFP. Gag particles were identified by 

CeFP signals whereas HIV-1 RNA genomes were identified by the YFP signals. 

Identification and localization of fluorescent protein signals were performed using custom 

MatLab programs. RNA packaging efficiency was determined by the proportion of CeFP 

signals that colocalized with YFP signals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

HIV-1 human immunodeficiency virus type 1

HIV-2 human immunodeficiency virus type 2

RSV Rous sarcoma virus

BLV bovine leukemia virus

MPMV Mason Pfizer monkey virus

UTR untranslated region

MA matrix

CA capsid

NC nucleocapsid

TAR trans-activation region

PBS primer binding site

RRE Rev response elements

CTE constitutive transport element

NXF1 nuclear RNA export factor 1
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CRM1 chromosomal maintenance 1

CeFP cerulean fluorescent protein

BSL stem-loop sequences recognized by antitermination protein BglG

YFP yellow fluorescent protein

SV40 Simian virus 40

CMV cytomegalovirus

IRES internal ribosomal entry site

luc luciferase

PCR Polymerase chain reaction
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Highlights

• The RNA sequence necessary and sufficient to mediate HIV-1 genome 

packaging has not been defined

• The sequence required to package RNA into HIV-1 particles was determined 

Using two reporter RNAs

• The HIV-1 5’ UTR and the first 32-nt of gag sequence are not sufficient to 

mediate packaging.

• Reporter RNAs containing HIV-1 5’ UTR and the 5’ half of gag gene can be 

packaged into viral particles.

• The role of the gag gene sequence is likely to be indirect but improves the 

Gag: 5’ UTR interaction.
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Fig.1. 
System used to identify HIV-1 sequences important to RNA packaging. (a) General 

structures of constructs. Although only the constructs expressing Gag-CeFP fusion proteins 

are shown, each construct has another version that expresses untagged Gag; both plasmids 

were co-expressed in all experiments. (b) Outline of the experimental protocol and examples 

of the images. Gag and RNA signals were detected in CeFP and YFP channels, respectively. 

In the merged-and-shifted image, the image from the YFP channel was shifted 5-pixel to the 

right. (c) RNA genome packaging efficiencies of particles generated by HIV-1 constructs. 

RNA packaging efficiency was calculated by the proportion of viral particles identified by 
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the CeFP signals that contain RNA (YFP) signals. Results from three independent 

experiments are summarized; error bars indicate standard deviations.
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Fig. 2. 
Determining the gag gene and the 5’ UTR sequence important for HIV-1 RNA packaging. 

(a) General structures of HIV-1 constructs containing a hybrid HIV-1 (NL4–3) gag/syngag 
gene with a portion of the HIV-1 gag replaced by codon-optimized sequences. Codon 

optimized sequences are shown as grey boxes. Numbers in the name of each construct 

indicate the length of NL4–3 gag sequence. (b) RNA genome packaging efficiencies of viral 

particles generated by HIV-1 constructs containing hybrid gag/syngag genes. Results from 

six independent experiments are summarized; error bars indicate standard deviations. (c) 
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General structures of HIV-1 constructs containing 5’ UTR deletions. The numbers in the 

name of each construct indicate deleted sequences; the 1st base of the NL4–3 RNA transcript 

is defined as 1. (d) RNA genome packaging efficiencies of viral particles generated by 

HIV-1 constructs with mutations in 5’ UTR. Results from three independent experiments are 

summarized; error bars indicate the standard deviations.
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Fig. 3. 
Delineating the HIV-1 sequence required to package a heterologous RNA into particles. (a) 

General structures of an HIV-1 helper and vector. Plasmid SG-NoSL expresses codon-

optimized Gag-CeFP fusion protein whereas HIV-1 vector 1-AAG contains a mutation that 

abolished the gag translation start codon from AUG to AAG. (b) General structures of a 

firefly luciferase reporter constructs and the inserted HIV-1 sequences. The length of the gag 
sequence is indicated in the names of the constructs. (c) Packaging of heterologous RNAs. 

(d) Cellular expression of the reporter RNAs monitored by firefly luciferase activities. 

Firefly luciferase activities were normalized to that from No-HIV-luc. Results from three 

independent experiments are summarized; error bars indicate the standard deviations.
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Fig. 4. 
Examining the impact of the 5’ gag sequence on viral RNA packaging. (a) General 

structures of the constructs. Vectors containing the previously described syngag sequences 

(grey boxes) and a new codon-optimized gag sequence (NSG; hatched boxes) contain SG 

and NSG in their names, respectively. Nucleotide and amino acid sequence comparisons of 

syngag and NSG are shown in Supplemental Fig.1. (b) RNA packaging efficiency. Results 

from three independent experiments are summarized; error bars indicate the standard 

deviations.
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Fig. 5. 
Determining HIV-1 sequence required to package firefly luciferase reporter RNAs into 

particles. (a) General structures of plasmid expressing firefly luciferase reporter RNA and 

the inserted HIV-1 sequences. (b) Packaging of the reporter RNA. (c) Expression of reporter 

RNAs monitored by firefly luciferase activities standardized to that from No-HIV-luc. 

Results from three independent experiments are summarized; error bars indicate the standard 

deviations.
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Fig. 6. 
Determining HIV-1 sequence required to package Renilla luciferase reporter RNAs into 

particles. (a) General structures of plasmid expressing Renilla luciferase reporter RNA and 

the inserted HIV-1 sequences. (b) Packaging of the reporter RNA. (c) Expression of reporter 

RNAs monitored by Renilla luciferase activities standardized to that from No-HIV-Renluc. 

Results from three independent experiments are summarized; error bars indicate the standard 

deviations.
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