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Introduction

The 5' untranslated leader of the HIV-1 genomic RNA con-
tains several highly conserved RNA structural domains that 
direct diverse important processes in the viral life cycle (Reviewed 
in 1). One function of this leader is to provide a splice donor site 
that directs splicing of a subset of over 30 viral transcripts, which 
provide the templates for viral protein synthesis. Although they 
are differentially spliced, the leader of each transcript contains 
a common 289 nucleotide long non-coding exon at the 5' end 
with sequence unique to each transcript spliced onto the com-
mon exon’s 3' end (Fig. 1). The synthesis, export, and transla-
tion of these mRNAs are highly regulated and critical to viral 
function. Like other viruses, HIV-1 depends on the host cell 
translation machinery for viral protein synthesis. Protein syn-
thesis in eukaryotes consists of four phases: initiation, elonga-
tion, termination and ribosome recycling. Translation initiation 
is considered rate-limiting and is a common target for regulating 
protein synthesis (reviewed in 2). Initiation consists of recruiting 
and assembling elongation-competent ribosomes at the mRNA 
start codon and can occur through canonical and non-canonical 
mechanisms.3 In the case of the HIV-1 gag leader and other viral 
transcripts, there is evidence that translation can initiate by both 

a canonical cap-dependent and a non-canonical cap-independent 
pathway (reviewed in 4).

In the canonical cap- and scanning-dependent translation ini-
tiation pathway (reviewed in 5,6), the N7-methylated guanine 
(m7G) cap at the 5' end of mRNA (in this case, the HIV-1 gag 
RNA) serves as a signal for recruitment of the multi-protein com-
plex eukaryotic initiation factor 4F (eIF4F). The heterotrimeric 
eIF4F complex consists of a cap-binding subunit (eIF4E), an 
RNA helicase (eIF4A), and a scaffolding protein (eIF4G). In con-
junction with eIF4B and/or eIF4H, the complex unwinds local 
secondary structures and recruits the 43S pre-initiation complex 
upstream of the major open reading frame (ORF). Start codon 
identification generally is thought to require 5' to 3' scanning of 
the mRNA by the pre-initiation complex until an appropriate 
initiation codon is reached.7,8 Base pairing of the initiator tRNA 
to the AUG start codon, large (60S) ribosome subunit joining, 
and release of initiation factors create an elongation-competent 
ribosome in the correct reading frame.

One mechanism of non-canonical translation initiation used 
by HIV-1 transcripts is driven by an internal ribosome entry site 
(IRES) RNA. IRESs recruit the translation machinery indepen-
dently of the 5' end of the mRNA. IRESs were first identified 
in picornaviruses, but have since been reported in many other 
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Alternative splicing of the human immunodeficiency virus 1 (HIV-1) RNA transcripts produces mRNAs encoding nine 
different viral proteins. The leader of each contains a common non-coding exon at the 5' end. Previous studies showed 
that the leaders from the common exon-containing transcripts gag, nef, vif, vpr and vpu can direct protein synthesis 
through internal ribosome entry sites (IRESs) with varying efficiencies. Here we explored whether the common exon acts 
as an IRES element in the context of all the 5' leaders or if each harbors a distinct IRES. We also explored the relationship 
between the IRESs and initiation codon selection. We find that the common exon adopts a similar conformation in every 
leader we explored and that the sequence and structure is required for IRES activity. We also find that each leader uses a 
scanning mechanism for start codon identification. Together, our data point to a model in which the common exon on 
HIV-1 transcripts acts as the ribosome landing pad, recruiting preinitiation complexes upstream of the initiation codon, 
followed by scanning to each transcript’s initiator AUG.
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viral RNAs, as well as some cellular mRNAs (reviewed in 9). 
The mechanism for IRES-directed initiation varies by RNA; 
in some cases ribosomes are directly recruited to the initiation 
codon whereas in others the pre-initiation complexes are acquired 
upstream of the initiation codon and scan to the start site. The 
factor requirement for IRESs can significantly vary with some 
requiring a subset of canonical factors to mediate initiation 
whereas others, such as the cricket paralysis virus IRES, can 
directly recruit ribosomes (reviewed in 10). For the majority of 
IRESs, our knowledge of how components of the initiation appa-
ratus are recruited to the mRNA and how start codon recogni-
tion is achieved is limited.

IRESs have been identified in HIV-1 RNA sequences from 
the gag ORF,11 as well as the 5' leaders of gag, tat, nef, vif, vpr 
and vpu transcripts.12-14 For most of these IRESs, it is unclear 
how the ribosome is recruited and positioned on the initiation 
codon. In this study, we explored the mechanism of internal 
initiation in the HIV-1 5' leaders of the gag, nef, vif, vpr and 
vpu transcripts. We first considered whether the common 289 
nt non-coding exon on the 5' end of these mRNAs was acting 
as a common IRES element or if the 5' leaders were acting as 
unique IRESs. We provide evidence suggesting that the common 
exon adopts the same conformation in different HIV-1 5' lead-
ers and this RNA sequence and structure is required for internal 
initiation in all the leaders, consistent with a role as a common 

IRES element. In addition, we sought to better understand how 
this common IRES element recruits the translation machinery 
and how the ribosome identifies the initiation codon. We show 
that all HIV-1 5' leader IRESs require eIF4A for activity and are 
sensitive to the presence of upstream out-of-frame AUGs, consis-
tent with a ribosome scanning mechanism for initiation codon 
selection. Together, our data suggest a model in which the com-
mon exon on the 5' end of HIV-1 transcripts acts as the ribosome 
landing pad, recruiting the translation machinery upstream of 
the initiation codon followed by 5' to 3' ribosome scanning to 
each transcript’s initiator AUG. Our results demonstrate how a 
single RNA structural element, grafted onto different transcripts 
by alternative splicing, can serve to provide a common function 
to an otherwise diverse family of mRNAs.

Results

Sequences spliced to the common exon do not function as 
IRESs

We previously demonstrated that the 5' leaders from the 
HIV-1 transcripts, gag, nef, vif, vpr and vpu function as IRESs 
and that in the gag leader, the most important regions for internal 
initiation are within the common exon.14 As the common exon 
is found in all the leaders, these observations led us to hypoth-
esize that this exon confers IRES activity to the different HIV-1 

Figure 1. Overview of the HIV-1 viral life cycle and the mRNAs produced. A. Following entry into the host cell, the viral RNA is reverse-transcribed into 
a viral cDNA intermediate which is integrated into the host cell genome. The DNA is transcribed and the resulting pre-mRNA is processed into over 30 
different RNA species. The resultant viral RNAs are translated into a subset of viral proteins and the full-length RNA is packaged into new virions. B. 
Diagram of the 5' leaders from the transcripts encoding for gag, vif, vpr, vpu and nef, displaying splicing patterns, leader length, and IRES activity relative 
to B-globin 5' UTR.14 Blue depicts the common 289 nt region present on the 5' end of all the transcripts.
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leaders. If this hypothesis is correct, then the sequences down-
stream of the common exon, which we refer to as leader specific 
sequences (LSS), would not be expected to function as IRESs. To 
directly test this, we inserted the LSSs of gag, nef, vif, vpr, and vpu 
into a dual-luciferase reporter vector (Fig. 2A) and measured IRES 
activity in transfected Jurkat T-cells, a T-cell model permissive 
for HIV-1 replication. Consistent with our previous report,14 the 
full-length leaders (common exon + LSS) displayed IRES activ-
ity substantially greater (40–160 fold) than the negative control 
β-globin-containing plasmid (data not shown). When only the 
LSSs were tested, IRES activity was reduced by 95% compared 
with the full-length construct (Fig. 2B). Thus, each LSSs in isola-
tion does not appear to function as an IRES. The loss of IRES 
activity observed in the absence of the common exon indicates that 
sequences within the common exon are critical for IRES activity in 
all HIV-1 5' leaders tested.

The common exon adopts a similar conformation in HIV-1 
leaders

Having demonstrated that the common exon is critical for IRES 
activity in the HIV-1 leaders tested, we next considered whether 
the common exon sequence was conferring internal initiation to all 
of these different mRNAs using a structure that is the same in the 

context of all of these transcripts. While the secondary structure 
of the gag RNA has been intensively studied,1,15-20 much less is 
known about the structures formed by the leaders of other HIV-1 
transcripts. Therefore, we interrogated the secondary structure of 
several full-length HIV-1 leader RNAs with selective 2' hydroxyl 
acylation analyzed by primer extension (SHAPE). SHAPE 
is a chemical probing technique that modifies the 2’ hydroxyl 
group of flexible RNA nucleotides, such as those found in single-
stranded regions, loops and bulges.21 We used this technique to 
obtain a “fingerprint” of the inherent flexibility of HIV-1 leader 
RNAs at nucleotide resolution. Within the region of the com-
mon exon for which we obtained quantitative SHAPE data (nts 
14–289), we observed a similar SHAPE reactivity profile in all 
leaders tested (Fig. 3B, TAR through SD). Where a peak or val-
ley was observed in the profile of one leader, it was almost always 
observed in the profile of the others. In contrast, the regions 
downstream of the common exon (nts 290–336) (Fig. 3B, LSS) 
had very different SHAPE profiles with no discernible simi-
larities in pattern (a complete data set of SHAPE reactivity for 
each leader RNA is included in Supplemental Material Table 

S1). The similar SHAPE profiles of the common exon in differ-
ent leaders suggests that this RNA region is folding independently 
of the LSS and is consistent with our data demonstrating that the 
LSSs do not function as IRESs. To more quantitatively assess the 
similarities and differences in the SHAPE profiles, we determined 
how well the SHAPE reactivity of the different RNAs correlated 
using the Pearson’s product-moment correlation coefficient. We 
first compared our SHAPE probing of the gag leader to a previ-
ously published study16 and found that they were well correlated 
(R = 0.85). We then compared the reactivity profiles of the com-
mon exon in different leaders and found that they were also well 
correlated (0.70 ≤ R ≤ 0.85, Table 1). In contrast, comparing the 
SHAPE profile of the LSSs (nts 290–336) to each other revealed 
no correlation (R ≤ 0, data not shown). Taken together, the well-
correlated SHAPE profiles of the common exon in the context of 
each leader strongly suggest that the common exon is adopting a 
similar conformation in each.

The DIS is used in IRES activity in different HIV-1 leader 
RNAs

Because the function of an IRES RNA can directly depend 
on its structure, and having established that the common exon 

Figure 2. The leader specific sequences do not act as IRESs. A. Diagram of 
reporter constructs. 5' leader DNA sequences from the gag, nef, vif, vpr and 
vpu mRNAs were inserted between two luciferase genes. Transcription 
from this DNA construct in cells produces a capped and poly-adenylated 
dicistronic message. Translation of the upstream cistron (renilla luciferase, 
RLUC) is cap-dependent while translation of the downstream cistron (fire-
fly luciferase, FLUC) will occur if there is an upstream IRES present. IRES 
activity is defined as the ratio of FLUC to RLUC light production (relative 
light units, RLUs). WT constructs contain the entire 5' leader (common 
exon plus LSS) while the LSS construct has the common exon sequence 
removed. B. IRES activity was measured from Jurkat T-cells transfected 
with dual-luciferase DNA constructs containing WT and LSS sequences (as 
shown in panel A). IRES activity from each WT leader construct is set at 
100%.

Table 1. Pearson’s product-moment correlation coefficients for common 
exon shape reactivities

gag nef vif vpr vpu

gag 1.0 0.78 0.85 0.83 0.82

nef 0.78 1.0 0.70 0.70 0.80

vif 0.85 0.70 1.0 0.79 0.74

vpr 0.83 0.70 0.79 1.0 0.70

vpu 0.82 0.80 0.74 0.70 1.0
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was adopting a similar conformation in HIV-1 leader RNAs, we 
hypothesized that the different leaders use a similar RNA struc-
ture-based mechanism of internal initiation. If true, a mutation 
made in the common exon that disrupts IRES activity in one 
HIV-1 leader should also do so in the other leaders. We tested this 
prediction by inserting the gag IRES inhibitory mutation D414 
(Fig. 4A) into the gag, nef, vif, vpr and vpu HIV-1 leader RNAs 
and measured IRES activity. As in our previous study,14 the D4 
mutation in the gag leader inhibited IRES activity relative to the 
WT counterpart (Fig. 4B). Consistent with our hypothesis, the 
D4 mutation in the nef, vif, vpr and vpu leaders inhibited IRES 
activity by 15–40% relative to their WT counterparts. While the 
D4 mutation did not inhibit IRES activity to the same degree in 

all leaders, this result suggests that this region of the common 
exon plays a role in internal initiation in all HIV leaders.

Structural integrity of the DIS is important for IRES 
function

The D4 region has a high degree of similarity when reactiv-
ity profiles of the different leaders are compared (nts 234–282 
0.62 < R > 0.96), suggesting that the structural integrity of this 
region is important for function. To determine if the D4 muta-
tion resulted in structural changes in the IRES RNA, we probed 
the gag D4 mutant RNA by SHAPE. We observed a significant 
loss in SHAPE reactivity in the D4 mutant within the DIS (nts 
239–242) compared with WT, but no substantial change in the 
reactivity profile outside of this region (Fig.  4C). This loss in 
reactivity corresponds to the mutated nucleotides and suggests 

Figure 3. The common exon forms a similar structure in all HIV-1 transcripts. Quantitated, normalized, and background-corrected modification data 
from at least two independent SHAPE probing experiments. The relative SHAPE reactivity is on the y-axis and the defined RNA elements of the common 
exon are shown 5' to 3' on the x-axis (gray and white shading). RNA elements include the trans-activating region (TAR), the polyadenylation signal (poly 
(A)), the primer binding site (PBS), the dimerization initiation site (DIS), the major splice donor site (SD) and the packaging signal (PSI) and the leader 
specific sequences (289–336 nts).
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that they are involved in new base-
pairing interactions. While we can-
not explicitly identify where these 
new interactions are occurring, col-
lectively the data indicate that local 
changes in SHAPE reactivity cor-
relate with a loss in IRES activity 
and suggest that this activity may 
be dependent on the DIS element’s 
structural integrity.

HIV-1 leader IRESs employ a 
“land and scan” mechanism for 
initiation codon identification

Having identified a common, 
functionally important IRES struc-
tural element in multiple HIV-1 
leader RNAs, we next examined 
the mechanism by which ribosomes 
identify initiation codons in leaders 
of different lengths. IRESs posi-
tion the 40S ribosome at the start 
codon through either direct recruit-
ment to the initiator codon or via a 
“land and scan” approach in which 
the recruited 40S subunit scans to 
the start codon (Reviewed in 10, 
22). The variability in length of 
the LSSs causes the initiator AUG 
to be placed as close as 47 nt (gag) 
and as far as 535 nt (nef) from 
the 3' end of the common exon. 
The disparity in LSS length and 
sequence suggests that the leaders 
use a “land and scan” mechanism. 
To test this, we determined if IRES-
harboring mRNAs were dependent 
on eIF4A for activity. We took 
advantage of hippuristanol, a small 
molecule inhibitor of eIF4A, that 
can be used to distinguish between 
eIF4A-dependent IRESs (such as 
poliovirus) and eIF4A-independent 
IRESs (such as the hepatitis C virus 
(HCV) IRES).23 Hippuristanol 
treatment of HeLa cells trans-
fected with HIV-1 leader constructs 
inhibited IRES activity in a dose-
dependent manner (Fig.  5A), with 
calculated IC50 values ranging from 
163 to 296 nM (Table 2). This 
result is consistent with a previous 
study demonstrating that transla-
tion from the gag 5¢UTR is eIF4A-
dependent, although in that study 

Figure 4. (For legend, please see next page.) 
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capped monocistronic transcripts were used and thus the mode 
of initiation was likely different.24 As expected, cap-dependent 
translation from the RLUC reporter was also inhibited by hip-
puristanol treatment (Fig.  5A). In contrast the control HCV 
IRES was resistant to and even stimulated by hippuristanol treat-
ment consistent with this IRES not requiring eIF4A for transla-
tion initiation (Fig. 5A).

The results above demonstrate that HIV-1 leaders require 
eIF4A for IRES activity and suggest the use of a scanning 
mechanism, but eIF4A dependence is insufficient to demon-
strate a scanning mechanism since eIF4A can function in IRES 
activity independently of scanning. For example, the encepha-
lomyocarditis virus (EMCV) IRES uses eIF4A to facilitate a 
conformational change that prepares the IRES for ribosome 
binding.25 Therefore, we investigated scanning at the RNA level 
by taking advantage of the sensitivity of a scanning ribosome to 
AUGs inserted upstream of the canonical initiation codon.26,27 
We inserted an AUG start codon (uAUG), in a favorable con-
text ten nucleotides upstream and out of frame with the FLUC 
AUG in each HIV-1 leader (Fig.  5B). If scanning occurs, the 
ribosome will recognize the uAUG as the start site and synthesize 
a frame-shifted nonsense protein instead of the FLUC reporter.28 
Insertion of the uAUG strongly inhibited downstream reporter 
activity in all HIV-1 leaders by ≥ 75% compared with their WT 
counterparts (Fig. 5C). This result indicates that most ribosomes 
recognized the uAUG as the start codon rather than the authen-
tic start site and is consistent with ribosome scanning occurring 
following recruitment of ribosomes to the RNA. The significant, 
but incomplete, repression of reporter synthesis could arise as a 
consequence of some scanning ribosomes bypassing the uAUG 
and initiating at the downstream start codon. Alternatively, a low 
fraction of ribosomes may be directly transferred from the IRES 
to the AUG codon. Overall, the data strongly suggest that the 
majority of internal initiation occurs on the different HIV-1 lead-
ers through a “land and scan” mechanism of internal initiation 
(Fig. 5D).

Discussion

The presence of a common exon on the 5' end of HIV-1 tran-
scripts is well documented, but the functional significance of this 
sequence outside of splicing has not been explored. The fact that 
different HIV-1 transcripts have IRES activity,14 and all contain 
the common exon, suggests that the common exon sequence may 
be involved in internal initiation in all these transcripts. However, 
considering the diversity in RNA sequence downstream of the 
common exon in the leaders of these transcripts, the possibility 
also existed that each leader functioned as an IRES independent 
of the common exon. Exploring these possibilities, here we show 
that the common exon is important for IRES activity in different 
transcripts, that the structure of the exon is the same in all tran-
scripts, and that all of the transcripts likely employ a “land and 
scan” mechanism of ribosome recruitment (Fig. 5D).

Our finding that the common exon sequence confers IRES 
activity to these transcripts can be interpreted in different ways. 
One possibility is that the common exon and each different 
LSS synergistically function together as an independent IRES 
element. This could occur if the common exon and each LSS 
cooperate to fold into a unique IRES RNA structure; removal 
of the common exon would disrupt formation of this structure 
and thus eliminate IRES activity. However, our structural prob-
ing data are not consistent with this possibility since the results 
indicate that the common exon adopts a similar conformation 
in all HIV-1 leaders (Fig.  3). This suggests that the common 
exon folds independently of the downstream sequences. Thus, 
we favor the interpretation that the common exon is the primary 
unit required for internal initiation and that it is solely respon-
sible for ribosome recruitment to the gag, nef, vif, vpr and vpu 
mRNAs. Further support for this comes from the identification 
of a region of the common exon, that when mutated, inhibits 
IRES activity in all HIV-1 leaders (Fig. 4). If each leader depends 
on its own unique structure and mechanism, it is highly unlikely 
that the same mutation would inhibit IRES activity in all mRNA 
species. Thus, the data strongly support the hypothesis that the 
common exon is functioning as the primary driver of IRES activ-
ity in all HIV-1 leaders we tested.

Additional evidence supporting the hypothesis that the com-
mon exon is functioning as a common IRES element in differ-
ent HIV-1 transcripts comes from our mechanistic analysis of 
initiation codon identification. Specifically, the HIV-1 leaders 
we tested all require eIF4A for activity and are all sensitive to 
uAUGs, indicative of a mechanism in which the ribosome scans 
through the LSS to reach the start codon. Given the diversity 
in IRES mechanisms for ribosome recruitment and start codon 

Table 2. IC50 values for hippuristanol inhibition, with the associated error of 
IC50 values shown in parenthesis

Construct IC50 (nM)

gag 296.2 (114.4)

nef 200.6 (108.8)

vif 250.4 (110.7)

vpr 162.8 (105.4)

vpu 275.4 (114.6)

Figure 4. (Continued from previous page.) Regions within the DIS are important for IRES activity in HIV-1 transcripts. A. Schematic diagram of one of 
two proposed secondary structure models of the HIV-1 gag 5' leader. The AUG hairpin model is presented.16,58 Base-pairing within the DIS domain I is 
proposed to be identical in each. The D4 mutation is highlighted in yellow in the AUG hairpin. WT denotes the common exon sequence naturally con-
tained in all leader RNAs, and D4 denotes the mutation made in the leader RNAs. Mutated nucleotides are lower case and highlighted in yellow. B. IRES 
activity measured from Jurkat cells transfected with dual-luciferase DNA constructs containing WT and D4 sequences (as shown in panel A). IRES activity 
from each WT leader construct is set at 100%. C. Quantitated, normalized, and background-corrected modification data from at least two independent 
SHAPE probing experiments of the WT gag leader RNA and the D4 mutant RNA. The region surrounding the mutation is presented. The relative SHAPE 
reactivity is on the y-axis and the sequence is on the x-axis. Black bars denote reactivity of WT RNA, orange bars are reactivity of mutant RNA. The loca-
tions of the mutated nucleotides are boxed.
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identification, these results suggest a unified 
mechanism for IRES activity from different 
HIV-1 leaders. A mechanism that includes 
scanning for start codon identification may 
also explain why IRES activity is variable 
among HIV-1 common exon-containing lead-
ers. If ribosomes are recruited upstream of 
the LSS, then downstream sequences could 
modulate the efficiency by which ribosomes 
scan to the initiator AUG. This modulation 
might depend on LSSs length, secondary 
structure, context of the initiator AUG, and/
or protein-mRNA interactions. Individually 
or in combination, these features could impact 
the efficiency of formation of an elongation-
competent ribosome at the AUG and subse-
quent translation efficiency. Alternatively, the 
LSSs may effect initial ribosome recruitment 
to the leaders.

The identification of an IRES inhibitory 
mutation in the lower loop of the DIS provides 
further insight into the mechanism of inter-
nal initiation from the common exon IRES. 
In the context of the gag leader, introduction 
of this mutation results in a significant and 
local change in SHAPE reactivity (Fig. 4C). 
Specifically, we observed a loss in reactivity 
within the lower loop of the DIS where the 
mutation is introduced. Within the com-
mon exon, no other significant changes in 
SHAPE reactivity were observed, suggesting 
that the mutation results in a local structural 
change, and thus IRES activity from the com-
mon exon likely depends on the integrity of 
this lower loop structure. Because this muta-
tion results in a local change in structure 
and only partially inhibits IRES activity, we 
hypothesize that this loop structure contrib-
utes to IRES activity by binding an IRES 
trans-acting factor (ITAF). ITAFs are proteins 
that are not part of the canonical initiation 
factor set, but that bind to IRESs and facili-
tate their function.29-31 This hypothesis, while 
not fully tested, is supported by studies in which the addition of 
HeLa lysate altered the chemical probing pattern in this region 
of the leader, implying that proteins bind to and alter the RNA 
structure.32 Precedent for an ITAF requirement has been estab-
lished with the gag 5' leader, and proteins such as hnRNP A1,33 
DDX3, eIF5A and hRIP34 have all been identified as putative 
HIV ITAFs. It is possible that one of these proteins, or a yet to 
be identified ITAF, binds the lower loop of the DIS and facili-
tates IRES activity. The D4 mutation also provides insight as to 
why the related HIV-2 5' leader does not contain an IRES.35-38 
Differences in the sequence and structure of the D4 region of the 
DIS elements in HIV-1 and HIV-2 could potentially change the 
ability to bind putative ITAFs.

While our results are consistent with a common, unified 
mechanism for internal initiation from common exon-contain-
ing transcripts, there may be some differences. A recent study 
found that in the context of HIV-1 and poliovirus infection, 
vpr protein synthesis is abolished, while gag protein synthesis is 
maintained.39 If these are both being translated by IRES elements 
(as we propose), then the reported differences may be highlight-
ing functional variation due to events after ribosome recruit-
ment.39 Because poliovirus infection results in cleavage of eIF4G 
and PABP40-43 and if the ribosomes recruited to the vpr mRNA 
template have a greater dependency on eIF4G and/or PABP for 
scanning or subunit joining (compared with those recruited to 
the gag template), then translation of vpr mRNA would be more 

Figure 5. HIV-1 IRES containing transcripts employ a “land and scan” mechanism. A. IRES 
activity was measured from cells transfected with dual-luciferase DNA constructs containing 
WT leader sequences and treated with increasing concentrations of the eIF4A inhibitor hip-
puristanol. B. An uAUG was inserted out of frame from the FLUC AUG in each leader specific 
sequence. C. IRES activity was measured from Jurkat T-cells transfected with dual-luciferase 
DNA constructs containing WT and uAUG sequences (as shown in panel B). IRES activity from 
each WT leader construct is set at 100%. D. Diagram of the “land and scan” model for initia-
tion from different HIV-1 transcripts. In this model, the common exon structure, likely bound 
by ITAFs (blue and orange ovals), serves as the site for entry of the 40S subunit and associated 
factors (yellow, labeled 40S(+)). The 40S(+) scans through each LSS to reach the start codon. 
Different lengths, sequences, structures, bound proteins, etc. in the different LSSs could mod-
ulate the efficiency of scanning and thus of translation initiation.
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affected. Alternatively, the poliovirus mRNA templates may be 
titrating canonical factors or ITAFs for which the vpr 5' UTR 
has a greater dependency. While we did not specifically exam-
ine the dependence of the HIV-1 IRESs on eIF4G and PABP, 
our findings indicate that the factor requirements of these IRESs 
converge: all require the common exon, eIF4A, and a “land-and-
scan” mechanism for initiation codon identification.

The HIV-1 translation initiation literature contains reports of 
at least five different mechanisms for initiation of protein synthe-
sis. These include the canonical cap-dependent mechanism,44,45 
three different cap-dependent but eIF4E-independent mecha-
nisms,46-49 and two different IRES-dependent mechanisms.11,12 
These apparently conflicting reports may actually be providing 
insight into how the virus has evolved to use a number of differ-
ent strategies to maximize its ability to initiate under a variety of 
cellular conditions.38,50 HIV-1 uses diverse nuclear export path-
ways and splicing strategies, thus it may not be surprising that it 
has evolved to use more than one mode of ribosome recruitment. 
Given that viral infection poses many stresses on the cell which 
result in global inhibition of cap-dependent translation initia-
tion, including cleavage of eIF4GI and PABP,51-53 the ability of 
multiple HIV-1 transcripts to initiate both cap-dependently and 
internally, and to do so in a regulated and flexible manner, may 
confer an advantage to the virus. By extension, a similar strategy 
could be used by cellular mRNAs as a means to regulate transla-
tion of families of mRNAs generated by alternative splicing or 
with related, but not identical, leaders.

Materials and Methods

Plasmid construction
IRES activity was studied using the dual-luciferase reporter 

vector pRL.54 The 5' UTRs of HIV-1 gag, nef, vif, vpr and vpu 
were cloned between the RLUC and FLUC sequences of the pRL 
vector as described previously.14 For clarity, we generically refer 
to these constructs as “WT leader-pRL.” The dual-luciferase 
reporter vector pRL containing the β-Globin 5' leader insert 
was a gift from the Krushel lab and the HCV IRES-containing 
reporter plasmid has been described previously.55 LSS con-
structs were generated by PCR amplification of the LSS from 
the respective WT leader-pRL plasmid, adding a 5' EcoRI and 
3' NcoI site, and subcloned back into the EcoRI and NcoI sites 
of pRL. The D4 and uAUG mutations were generated by PCR 
amplification of the respective WT leader-pRL plasmid, using 
construct-specific, mutation-encoding primers to produce two 
overlapping fragments of the 5' leader harboring the desired 
sequence changes. The fragments were annealed, extended, and 
amplified by a second PCR with common primers and subcloned 
back into the EcoRI and NcoI sites of pRL. We generically refer 
to these constructs as D4-prL or uAUG-prL. Primers used in this 
study are listed in Supplementary Table S2.

Plasmids harboring the templates for in vitro transcription 
of RNA were generated by PCR amplification of WT leader 
sequences from the respective WT leader-pRL plasmid or the gag 
D4 mutation from the D4-prL construct. The 5' primer added 
an EcoRI site followed by a T7 promoter and a hammerhead 

ribozyme and the 3' primer added a hepatitis delta ribozyme and 
a BamHI site. The insert was cloned into the EcoR1 and BamHI 
sites of a pUC19 vector. We generically refer to the WT constructs 
as “WT-pUC19” and the gag D4 construct as “D4-pUC19.” All 
plasmids used in this study were verified by sequencing.

Cell Culture, Transfections, and Hippuristanol treatments
Jurkat cells (ATCC #TIB-152) were maintained in RPMI 

1640 supplemented with 10% FBS at 37 °C in a 5% CO2 atmo-
sphere. Cells were transfected with Lipofectamine LTX and Plus 
reagents (Invitrogen) at a density of 100,000 cells per well in a 
24 well dish. Cells were transfected with 1 µg plasmid DNA, 
1 µL Plus reagent and 1 µL Lipofectamine LTX, according to 
the manufacturer’s protocol. Cells were transfected in standard 
media containing 4ug/mL Concanavalin A (Sigma). Twenty-
four hours post-transfection, cells were harvested with 100 µL 
1X Passive Lysis Buffer (Promega). Samples were either stored at 
-20 °C, or assayed directly for luciferase activity.

HeLa cells were cultured in Dulbecco’s modified Eagle’s 
medium supplemented with 10% FBS at 37 °C in a 5% CO2 
atmosphere. Twenty-four hours prior to transfection, cells were 
plated at 60% confluency in a 24 well dish. HeLa cells were 
transfected with 250 ng DNA, 0.25 µL Plus reagent and 0.5 µL 
Lipofectamine LTX, according to the manufacturer’s protocol 
(Invitrogen). Twenty-four hours post-transfection, cells were har-
vested as described for Jurkat cells.

For experiments assessing IRES sensitivity to hippuristanol, 
HeLa cells were transfected (using Lipofectamine 2000) with 
expression plasmids encoding dicistronic mRNAs harboring 
the different 5' UTRs as intercistronic region. Three hours after 
transfection, the media was replaced, and the indicated concen-
trations of hippuristanol added for 6 h. Cells were harvested in 
passive lysis buffer and luciferase activity measured using the 
dual-luciferase assay system (Promega).

Luciferase assays
Lysates were analyzed for luciferase activity using the dual-

luciferase assay reporter system (Promega). Lysates were analyzed 
in a 96 well plate format on a Glomax plate reader. Aliquots of 
20–50 µL lysate were analyzed with 100 µL LAR II reagent and 
100 µL 1 x Stop N Glo reagent (Promega). Results are reported 
as the average measurement obtained from at least three inde-
pendent transfections, with each construct transfected in tripli-
cate and the results normalized to the negative control B-globin 
plasmid.

In vitro transcription and RNA purification
Template DNA used for in vitro transcription of WT 

or the gag D4 leader RNAs was amplified from the respec-
tive WT-pUC19 or D4-pUC19 plasmid with M13-
Forward and a reverse primer containing the sequence 
5'-CCAGCGAGGAGGCTGGGACCATGC-3' (“internal delta 
primer”) that sits just 3' of the leader sequence in the hepatitis 
delta ribozyme. The resulting PCR product contains a T7 pro-
moter followed by a 5' hammerhead ribozyme, the template of 
interest, and a partial 3' hepatitis delta ribozyme. The PCR reac-
tion was digested with DpnI to remove any contaminating plas-
mid DNA and the resultant PCR templates were used in a 100 
µL in vitro transcription reaction using the MegaScript T7 Kit 
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(Ambion), according to the manufacturer’s protocol. The tem-
plate DNA was digested with DNase I and the remaining RNA 
was ethanol precipitated. The RNA pellet was resuspended in 1 
mL of water and an additional 1 mL of triethylammonium ace-
tate (TEAA) buffer (pH 7.0) was added. The solution was passed 
through a 0.22 µM syringe filter, heated and separated by reverse 
phase high performance liquid chromatography (RP-HPLC) on 
a Varian PLRP-S1000A HPLC column (150 × 7.5 mm, 8 μm) 
equipped with a precolumn (4.6 mm × 20 mm) at 75 °C on 
an Agilent 1260 infinity HPLC system. The RNA was passed 
through a gradient of buffer A (100 mM TEEA, pH 7.0) and buf-
fer B (100 mM TEAA, 50% v/v Acetonitrile) and the chromato-
grams were monitored at 260 nm and the peak corresponding to 
the full-length RNA was collected. The gradient conditions and 
elution times varied by RNA. Nef: 98% buffer A for six minutes, 
78% for 64 min, 71.6% for seven minutes. Gag, Vif, Vpr, and 
Vpu: 90% buffer A for two minutes, 82% for 48 min, 70% for 15 
min. Collected RNA samples were concentrated using a centrifu-
gal filter with an Amicon Ultra 50,000 Dalton molecular weight 
cutoff (Millipore). Purity was assessed by PAGE and concentra-
tion was determined spectrophotometrically.

Selective 2' hydroxyl acylation analyzed by primer extension 
(SHAPE)

SHAPE was performed essentially as previously described.56 
In brief, 20 pmoles RNA in 24 ul of RNase-free water was heated 
at 85 °C for 1 min, and cooled at RT for 5 min. A total of 12 ul 
of RNA folding buffer (222mM HEPES pH 8.0, 20mM MgCl2, 
333mM NaCl) was added and incubated at 37 °C for 10 min. 
The reaction was divided equally between two tubes. One tube 
received 2 ul of NMIA prepared in DMSO; the other received 2 
µL of neat DMSO. The final NMIA concentration varied based 
on the RNA and ranged from 1.25–5 mM. Reactions were incu-
bated at 37 °C for 35 min and desalted using Micro Bio-Spin 30 
Tris Chromatography Columns (BioRad).

Reverse transcription (RT) was performed with 9 µL of 
desalted RNA and 3 µL of 0.3 µM FAM labeled primer (for the 
nef RNA, the primer sequence was 5'-ctattccttcgggcctgtcg-3', 
for the remaining RNAs, the primer sequence was the internal 
delta primer). RT reactions were heated in a thermocycler at 65 
°C for 5 min followed by 42 °C for 20 min and placed on ice. 
Six µll Superscript III enzyme mix (a 4:1:1 mixture of 5x first 
strand buffer (Invitrogen), 100 mM DTT, and a solution that is 
10 mM in each dNTP) was added. The reactions were returned 
to the thermocycler and heated at 52 °C for 1 min. Each reac-
tion received 1 µL of Superscript III (Invitrogen) and the reaction 

proceeded at 52 °C for 20 min, 60 °C for 5 min and a 4 °C hold. 
Sequencing reactions were performed essentially as described 
above, using 2 pmoles RNA, a Hex or Fam labeled primer, and 
an enzyme mix with 1 µL of ddNTP in place of the correspond-
ing dNTP. One modification reaction or DMSO reaction was 
combined with two sequencing reactions and desalted using G25 
sephadex (BioRad). The desalted cDNAs were added to HiDi 
Formamide (ABI) and resolved by capillary electrophoresis on an 
ABI 3500 genetic analyzer. The resultant ABIF files were ana-
lyzed using QuSHAPE software57 following the default param-
eters. The alignment of the ladders was inspected and corrected 
manually when necessary. Each RNA was analyzed in two or 
more independent experiments and the normalized SHAPE 
reactivities were averaged. The averages and standard devia-
tion reactivities for the full leader sequences are provided in the 
Supplementary Table S1.
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