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ABSTRACT

The 5′ untranslated region (5′ UTR) of HIV-1 genomic RNA (gRNA) includes structural elements that regulate reverse transcription,
transcription, translation, tRNALys3 annealing to the gRNA, and gRNAdimerization and packaging into viruses. It has been reported
that gRNA dimerization and packaging are regulated by changes in the conformation of the 5′-UTR RNA. In this study, we show that
annealing of tRNALys3 or a DNA oligomer complementary to sequences within the primer binding site (PBS) loop of the 5′ UTR
enhances its dimerization in vitro. Structural analysis of the 5′-UTR RNA using selective 2′-hydroxyl acylation analyzed by
primer extension (SHAPE) shows that the annealing promotes a conformational change of the 5′ UTR that has been previously
reported to favor gRNA dimerization and packaging into virus. The model predicted by SHAPE analysis is supported by antisense
experiments designed to test which annealed sequences will promote or inhibit gRNA dimerization. Based on reports showing
that the gRNA dimerization favors its incorporation into viruses, we tested the ability of a mutant gRNA unable to anneal to
tRNALys3 to be incorporated into virions. We found a ∼60% decrease in mutant gRNA packaging compared with wild-type
gRNA. Together, these data further support a model for viral assembly in which the initial annealing of tRNALys3 to gRNA is
cytoplasmic, which in turn aids in the promotion of gRNA dimerization and its incorporation into virions.
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INTRODUCTION

Fully assembled, extracellular HIV-1 contains tRNALys3 an-
nealed to sequences in the 5′ region of viral genomic RNA.
Upon new HIV-1 infection, this tRNALys3 acts as a primer to
initiate the reverse transcription that will produce HIV-1 pro-
viral DNA. After the integration of proviral DNA into the
host’s genome, the newly synthesized viral RNA can undergo
various splicing events during transcription, resulting in
spliced mRNAs coding for proteins such as Tat, Nef, Rev,
Vpu, and Env. Full-length, unspliced genomic RNA (gRNA)
is also exported into the cytoplasmwhere it is initially translat-
ed into Gag and GagPol, and is later capable of undergoing
reactions that appear to be exclusive of translation, such as
annealing with tRNALys3, dimerization, and incorporation
into the assembling virus. Using inhibitors of cytoplasmic
mRNA production, it has been reported that, in HIV-1, this
transition from translation to dimerization and packaging
uses the same pool of cytoplasmic gRNA (Dorman and Lever
2000).

Based on their discovery of two different in vitro confor-
mations of the 5′ untranslated region (5′ UTR) of gRNA,
Berkhout’s group first proposed that the structural changes
in the 5′ UTR could act as a molecular switch to regulate the
processes carried out by the viral RNA (Huthoff and
Berkhout 2001). The 5′ UTR includes the RU5 region, the
primer binding site (PBS), the dimerization initiation site
(DIS), and the splice donor (SD) and Ψ stem–loops (see Fig.
4 below for a diagram of these regions). The 5′-R region, la-
beled “R” because it is also repeated at the 3′ end of gRNA,
is composed of the TAR and poly(A) stem–loops. TAR is in-
volved in promoting gRNA transcription through binding
of transcriptional factors to the TAR stem–loop (Rosen et al.
1985; Muesing et al. 1987), while the poly(A) stem–loop sup-
presses polyadenylation in the 5′-R region (Klasens et al.
1999). The R region is followed by the U5 region (unique 5′

region), which includes part of the 5′ stem sequence of the
PBS stem–loop, and which terminates immediately upstream
of the PBS sequence. The PBS sequence is an 18-nucleotide
(nt) sequence complementary to the 3′ end of tRNALys3 and
is an essential binding site in gRNA for tRNALys3 (Kleiman
et al. 2004), although other regions upstream of the PBS also
participate in tRNALys3 annealing (Isel et al. 1993; Arts et al.
1996; Beerens et al. 2001; Ooms et al. 2004a; Wilkinson et al.
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2008). Downstream from the PBS stem–loop are successive
hairpin structures that have been assigned to playing key roles
in the various stages of the gRNA cycle. For example, the DIS
stem–loop has a central role in promoting gRNA dimeriza-
tion. Based on in vitro studies, dimerization is thought to oc-
cur in two steps, first by a kissing–loop interaction between
twoDIS loops, followed by a further extension of the RNAdu-
plex to form a more stable dimer (Laughrea and Jetté 1994;
Skripkin et al. 1994). The role of the kissing–loop interaction
has been confirmed by in vivo studies, in which the loop se-
quence has been shown to play a central role in recruiting
the dimerization partners (Moore et al. 2007). Further down-
stream, the SD stem–loop regulates the donation of the 5′ ter-
minus of gRNA during splicing events (Abbink and Berkhout
2008), and the Ψ stem–loop promotes the packaging of the
gRNA into viruses through its binding to Gag (Lever et al.
1989; Aldovini and Young 1990; Clavel and Orenstein
1990). However, although separate functions have been
assigned to the structural elements of the 5′ UTR, these ele-
ments contribute to the overall structure of the 5′ UTR, and
mutations in one element could thereby affect functions as-
sociated with the other structural elements (Vrolijk et al.
2008).
Studies in vitro have shown that dimerization of the 5′ UTR

is controlled by two mutually exclusive RNA conformations,
i.e., the long distance interaction (LDI) and the branched
multiple-hairpin (BMH) forms, in which the DIS stem–

loop is, or is not, respectively, bound to other regions in the
same RNA molecule, thereby affecting its availability for
dimerization (Huthoff and Berkhout 2001; Lu et al. 2011).
The structure of the LDI and BMHconformations, first deter-
mined by chemical and enzymatic probes (Huthoff and
Berkhout 2001), was also confirmed by the same group using
microarray scanning (Ooms et al. 2004b). Mutations in the
5′ UTR that promote the BMH conformation also result in
an enhancement of gRNA incorporation into virus (Ooms
et al. 2004a). The effect on gRNA packaging could be the di-
rect result of the changes in theΨ stem structure (Abbink and
Berkhout 2003), which is sequestered in the LDI model and/
or by the requirement for gRNA dimerization for packaging
into the virion (Moore et al. 2009). The ratio of the LDI to
the BMH forms can be shifted toward one form or the other
using different salt concentrations, introducing specific mu-
tations, or incubating with nucleocapsid protein, NCp7
(Marquet et al. 1991; Huthoff and Berkhout 2001; Ooms
et al. 2004a; Lu et al. 2011).
The role of the PBS stem–loop in dimerization has been

studied by several groups. Based on in vitro experiments, it
has been reported that annealing oligomers to the PBS loop
induces a small increase in dimerization (Berkhout et al.
2002; Reyes-Darias et al. 2012), but tRNA annealing failed
to increase dimerization when annealed to wild-type 5′

UTR. A small increase in dimerization could be observed
when tRNALys3 is annealed with a mutant 5′ UTR that favors
the BMH conformation (Berkhout et al. 2002). A later study

has also shown that deleting the PBS upper stem–loop had
only a minor effect on dimerization in vitro and no effect
in vivo (Heng et al. 2012).
In this report, we show that the annealing of either

tRNALys3 or DNA oligomers complementary to sequences
in the PBS loop does promote a BMH-like RNA conforma-
tion that facilitates wild-type 5′-UTR dimerization in vitro,
and possibly in vivo as well, since preventing tRNALys3 an-
nealing through deletion of the PBS sequence causes a 60%
reduction in the packaging of gRNA into virus. Based on
SHAPE and antisense experiments, we propose a model
that explains how tRNALys3 annealing aids in promoting viral
RNA dimerization and packaging, and discuss how this mod-
el can explain the different conclusions mentioned above.

RESULTS

Annealing to the PBS loop promotes dimerization
of the 5′ UTR in vitro

Wehave examined the ability of an 18-ntDNAoligomer, cPBS
(182–199), complementary to the viral PBS sequence (nt 182–
199), to promote dimerization of a 406-nt RNA representing
the 5′ UTR. The tested 5′-UTR RNA contains sequences from
R (+1) through the initial coding sequence of Gag, i.e., in ad-
dition to the actual sequence of the 5′ UTR, this RNA contains
71 nt of translatedRNA. For ease of reference, this RNAwill be
referred toherein as the 5′-UTRRNA.Unless statedotherwise,
a concentration of 100 nMof 5′-UTRRNAwasused in the fol-
lowing experiments, and annealing was done with a fourfold
excess of DNA oligomers. Monomeric and dimeric RNAs
were separated by 1.7% agarose electrophoresis.
As shown in Figure 1A, annealing of the cPBS(182–199) to

the 5′-UTRRNA increased the appearanceof a highmolecular
weight band identified as dimer. To confirm the nature of that
band, we used oligomers complementary to the DIS stem–

loop, cDIS(257–280) and cDIS(236–254), that should inhibit
RNA dimerization. As expected, both cDIS(257–280) and
cDIS(236–254) decreased the high molecular weight band,
confirming that this RNA is an extended dimer (Fig. 1A).
Annealing of an oligomer complementary tont 369–386with-
in the coding sequence of Gag (cGag[369–386]) had no effect
upon dimerization. Because the 5′-UTR structure is sensitive
to salt concentration, we tested the effect of cPBS(182–199)
annealing on dimerization in KCl concentrations ranging
from 0 to 200 mM. We show in Figure 1B that cPBS(182–
199) annealing promotes dimerization at all the KCl concen-
trations tested. Considering these results, we chose to perform
later experiments in 10 mM HEPES pH 8.0, 150 mM KCl, 1
mMMgCl2, 10 mMNaCl, a condition that is close to physio-
logical osmolarity.
It can be noticed in Figure 1A,B (and later, in Fig. 2A,C) that

the dimer induced by cPBS is brighter thanwould be expected
based on the corresponding loss of monomer. Ethidium bro-
mide binds better to double-stranded regions of nucleic acid
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than to single-stranded regions, and while the agarose gels
demonstrate a qualitative shift from monomer to dimer
upon annealing with cPBS, we have not attempted to quanti-
tate this shift.

To confirm that cPBS(182–199) oligomer is enhancing
dimerization through a DIS-dependent mechanism, and
through binding to the PBS sequence, we tested the ability
of cPBS(182–199) oligomer to enhance dimerization of a
DIS mutant (ΔDIS) missing part of the DIS stem–loop (del
248–270, Fig. 2A), and a mutant where the PBS sequence
was deleted (ΔPBS[del 183–200], Fig. 2B). The ΔPBS mutant
has been shown to be unable to anneal in vitro with either
tRNALys3 or cPBS(182–199) (Xing et al. 2011). As expected,
both of these mutant RNAs showed no enhancement of di-
merization in the presence of cPBS(182–199). In the ΔPBS
mutant (deletion of nt 183–200), a small amount of dimer
is formed, independent of the presence or absence of cPBS
(182–199), resembling the monomer/dimer pattern seen for
wild-type RNA in the absence of cPBS(182–199) (Fig. 2B).
This argues against an RNA structural change resulting
fromdeletion of the PBS sequence thatwould affect dimeriza-
tion. In addition,mfold thermodynamic calculations estimate
only a minor (2 kcal) free energy change in the upper PBS
stem–loop for wild-type and ΔPBS RNAs (Zuker 2003).

The increase in dimerization induced by the cPBS(182–
199) oligomer annealing to the PBS loop could be due to
either preventing the PBS sequence from interacting with
complementary sequences elsewhere in the 5′ UTR, or to a
thermodynamic stabilization of the PBS internal loop (nt
179–216). If the PBS sequence is involved in an interaction
that inhibits dimerization, we would expect deletion of the

PBS sequence to alter the dimer/monomer ratio, but as shown
in Figure 2B, this does not occur. We also tested the ability of
an eightfold excess of a PBS DNA oligomer, with sequence
identical to the PBS sequence, to alter the efficiency of dime-
rization at two different RNA concentrations, 100 nMand 200
nM, but only results for 200 nM are shown (Fig. 2C). Excess
PBS oligomer had no effect upon dimerization (Fig. 2C), al-
though increasing the 5′-UTR concentration does increase
the efficiency of dimerization (cf. lanes 1 in Fig. 2A,C,D).
These results do not support the hypothesis that the ob-

served increase in dimerization is caused by the inhibition
of an interaction between the PBS sequence and a region else-
where in the RNA.
On the other hand, as shown in Figure 2D, dimerization is

also promoted by annealing to the lower 3′-half of the PBS
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FIGURE 1. Dimerization of the 5′ UTR in the presence of DNA oligo-
mers annealed to different regions of this RNA. (A) The wild-type 5′-
UTR RNA (the first 406 nt of gRNA) was annealed with different
DNA oligomers: cPBS(182–199), complementary to the PBS; cGAG
(369–386), complementary to a coding sequence of Gag; cDIS(257–
280) and cDIS(236–254), complementary to two different regions of
the DIS hairpin. Monomeric and dimeric 5′-UTR RNA were resolved
by electrophoresis in agarose gels, and detected by EtBr staining. (B)
5′-UTR RNA dimerization in presence or absence of cPBS(182–199)
in dimerization buffer using varying concentrations of KCl.
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FIGURE 2. Annealing to the PBS loop increases the dimerization of
the 5′ UTR in a DIS dependent mechanism. (A) Resolution by agarose
gel electrophoresis of the monomer and dimer of the 5′-UTR RNA, ei-
ther wild-type or mutant RNA, ΔDIS, with nt 248–270 deleted (i.e.,
deletion of the DIS loop and part of the DIS stem). Gels are stained
with ethidium bromide. The assays were performed as described in
Materials and Methods in presence or absence of cPBS(182–199). (B)
Dimerization of the 5′ UTR missing the PBS sequence, ΔPBS, in the
presence or absence of cPBS(182–199). (C) Dimerization assay using
wild-type 5′-UTR RNA that has been annealed with either a PBS olig-
omer, which has a sequence identical to the PBS sequence, or cPBS
(182–199). This assay was performed in 200 nM 5′-UTR RNA. (D)
Dimerization of the 5′ UTR annealed with either cPBS(182–199) or
cPBS(199–216), oligomers complementary to two different regions
within the PBS loop.
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loop using the oligomer cPBS(199–216). This observation fa-
vors the hypothesis that the increase in dimerization is due
to the thermodynamic stabilization of the PBS loop. This is
supported by estimations of the free energy of annealing of
cPBS(182–199) to its RNA target, as calculated using the
DINAMelt webserver (Markham and Zuker 2005). Estimated
free energy values for annealing to the PBS for a DNA:DNA
or DNA/RNA hybrid are −22.5 and −36.2 kcal/mol, respec-
tively, and we therefore estimate the free energy of the cPBS
(182–199) DNA oligomer annealing to the PBS loop to be be-
tween−22.5 and−36.2 kcal/mol. The free energyof the region
that includes the two stems surrounding the PBS loop, starting
at position 125 and ending at position 223, was calculated us-
ingmfold (Zuker 2003) to be−27.7 kcal/mol, with the appro-
priate structural constraints to mimic the structure of that
region as described in Wilkinson et al. (2008). Since the
decrease in the free energy due to cPBS(182–199) annealing
(between −22.5 and −36.2 kcal/mol) is significant compared
with that of the upper PBS stem–loop (−27.7 kcal/mol), we
propose that this annealing stabilizes the PBS internal loop
and the helices surrounding it, and that this effect may trans-
late into a change in RNA conformation compared with the
unannealed form.

cPBS(182–199) annealing alters the 5′-UTR
secondary structure, as determined by SHAPE
analysis

Using selective 2′-hydroxyl acylation analyzed by primer ex-
tension (SHAPE), we have determined the secondary struc-
ture of the 5′-UTR RNA with and without annealing of
cPBS(182–199). We compared the difference in SHAPE reac-
tivities between unannealed and cPBS(182–199)-annealed
data sets that are available as Supplemental Material. The
differences in nucleotide reactivities occur mainly in the an-
nealed PBS sequence, the DIS stem–loop, and G224 (summa-
rized in Fig. 3), and are compatible with the secondary
structure models shown in Figure 4. More detailed changes
in reactivities of these regions are shown in Supplemental
Figure S1. Without annealing (Fig. 4A), part of the DIS loop
(boxed nucleotides) and the 3′ part of theDIS stemare seques-
tered to the lower part of the PBS stem. The sequences that
form the SD andΨ stem–loops, as well as the AUG start codon
for Gag (nt 336–338, encircled), are part of one long stem–

loop. After annealing with cPBS(182–199) (Fig. 4B), the DIS
stem–loop is fully formed and the DIS loop is unsequestered.
TheSDandΨ stem–loops are also formedseparately,while the
AUG start codon is part of the lower PBS stem. These experi-
ments were done using 10 nM 5′ UTR, a concentration at
which the 5′ UTR does not form a dimer even when annealed
with the cPBS(182–199). This is shown in Figure 5A, which
represents an experiment in which unlabeled 5′ UTR at con-
centrations of either 10 or 100 nM was annealed with 32P-
cPBS, and then resolved by 1DPAGE. At a 5′-UTR concentra-
tion of 10 nM, the annealed RNA remains predominantly a

monomer in presence or absence of 1 mM Mg++ in the gel,
the loadingdye, and the gel buffer (Fig. 5A).When the concen-
tration is increased to 100 nM, the annealed 5′ UTR forms di-
mers. Thus, the structure of the annealed 5′ UTR shown in
Figure 4B is that of monomeric 5′-UTR RNA in a dimer-sus-
ceptible conformation.
Several groups have studied the structure of HIV-1 5′ UTR.

The annealed model we have determined is very similar to the
structure reported using SHAPE analysis (Wilkinson et al.
2008), with a few minor deviations, such as our observations
of aWatson-Crick interaction betweennt 115 and 335, and in-
teractionsbetweennt 121, 122 andnt 226, 227. It is also similar
to the BMH model determined through chemical and enzy-
matic probing (Abbink et al. 2005) and by that of Lu et al.
(2011) using NMR, with variations in the loop between the
DIS, SD, and Ψ stem–loops. The unannealed form drawn in
Figure 4A is similar in structure to the LDI model reported
byAbbinket al. (2005), in regard to theTARhairpin, theupper
part of PBS stem–loop, the SD, and theΨ stem–loops, and the
area surrounding the AUG start codon of Gag. However, they
found that the sequestered DIS stem–loop was bound to the
poly(A) stem, rather than to U5 sequences in the PBS stem
as shown in Figure 4. AnNMRmodel of the LDI-like structure
suggests that the DIS loop interacts with the U5:AUG stem.
Although our model predicts an interaction between the U5
and theDIS stem–loop, our SHAPEreactivities donot support
the model proposed by the NMR study. Reactivities at posi-
tions A255 and A256 are zero in the unannealed data set and
high (0.6 and 0.7, respectively) in the annealed data set (as
shown in Figs. 3, 4, and Supplemental Fig. S1). The changes
at these positions do not agree with the LDI-like model pro-
posed by the NMR study (Lu et al. 2011), where these two

FIGURE 3. The difference in SHAPE reactivities of annealed 5′ UTR
relative to the reactivities of unannealed 5′ UTR. The difference in reac-
tivities between annealed and unannealed 5′ UTRwas calculated by sub-
tracting the sum of the standard deviations at each nucleotide position
from the absolute value of the difference of reactivites at every position
for each data set ([{reactivityannealed}− {reactivityunannealed}]−
[Stdannealed + Stdunannealed]). A zero value was assigned to positions
where the result was negative, implying that the error is higher than
the difference in reactivities. Negative values were assigned to the differ-
ences when the unannealed positions reactivities were higher. The cal-
culations and the graph plot were done using Excel.
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nucleotides are unpaired in both LDI- and BMH-likemodels.
The difference between ourmodel and the NMRmodel could
be attributed to the difference in the buffer composition. The
buffer used inour studycontains 1mMMgCl2while thebuffer
used in the NMR study to determine the LDI-like structure
contains no Mg++ ions.

We tested the site of interaction of the DIS loop in the LDI-
like model by determining whether annealing of an oligomer
complementary to nt 115–124 in the PBS stem, c(115–124),
could shift the unannealed RNA from monomer to dimer,
by competing with the DIS stem–loop for nt 115–124. The
short length of this 10-nt oligomermight reduce the efficiency
of hybridization.Consequently,weused aDNAoligomer con-
taining locked nucleic acids (LNA), and labeled the oligomer
instead of the 5′ UTR to monitor the effect upon the dimeri-
zation of 5′-UTRmolecules that did bind to the 32P-oligomer.
The annealed RNAs were resolved in 1D PAGE. The results,
shown in Figure 5B, indicate that annealing of c(115–124)
does promote dimerization of the 5′ UTR, compared with
cGag(369–386), whose annealing has been shown to have
no effect on dimerization (Fig. 2A). This supports the model
shown in Figure 4A, where part of the DIS stem–loop is an-

nealed with nt 115–124. To confirm that
the oligomer c(115–124) did bind specif-
ically to its target, the oligomer c(115–
124) was 5′-labeled with γ–32P-ATP, an-
nealed to the 5′ UTR, and, using reverse
transcriptase (RT), we extended the olig-
omer and resolved the RT product(s),
along with a radiolabeled 100-bp DNA
ladder, using denaturing 1D PAGE. We
detected only one cDNA product that
had the expected size corresponding to
a transcript initiating at nt 124 and end-
ing at the beginning of the transcript
(Fig. 5C).

In vitro annealing of tRNALys3

also promotes dimerization
of the 5′ UTR

The ability of DNA oligomers comple-
mentary to the PBS loop to promote
dimerization of the 5′ UTR in vitro raises
the question whether tRNALys3 annealing
would show the same effect. Because we
found that full-length synthetic tRNALys3

does not anneal to the 5′ UTR with the
same efficiency as cPBS(182–199) under
the annealing conditions used (heat),
we radiolabeled the tRNALys3 instead of
the 5′ UTR so as to see the effect upon
the dimerization of 5′-UTR molecules
that did bind to the 32P-tRNALys3. The re-
sults shown in Figure 5D indicate that

tRNALys3 is able to anneal to both monomeric and dimeric
RNA, which is consistent with tRNALys3 annealing occurring
prior to dimer formation. Annealing of tRNALys3 to the 5′

UTR does promote dimerization when compared with an-
nealing with cGag(369–386) oligomer, but not as efficiently
as does cPBS(182–199).

The PBS sequence is required for optimal packaging
of gRNA into HIV-1

Since the BMH-like conformation of the 5′ UTR has been re-
ported to enhance the incorporation of genomic RNA into
HIV-1 (Ooms et al. 2004a; Heng et al. 2012), we next inves-
tigated whether deletion of the PBS sequence might affect
gRNA packaging into HIV-1 in vivo. It has been previously
shown that deleting 8 nt at the 3′ terminus of the PBS se-
quence is sufficient to reduce annealing in vivo to <4%
(Liang et al. 1997). 293T cells were transfected with wild-
type viral DNA or viral DNA with the 18-nt PBS deleted.
Forty-eight hours post-transfection, viruses were isolated,
and a Western blot of lysates of viruses taken from equal vol-
umes of cell culture supernatant was probed with anti-

FIGURE 4. Secondary structure models of the HIV-1 5′ UTR derived from SHAPE analysis. The
figure shows the predominant RNA structure in the absence (A) or presence (B) of cPBS(182–
199). The structures were determined using RNAstructure software and were drawn using
Adobe Illustrator. The palindromic sequences involved in the kissing–loop interaction between
two DIS loops are boxed. The AUG start codon of Gag is encircled. Nucleotides are color-coded
according to the key to reactivites shown in the figure. The 3′ end terminal 50 nt of the 5′-UTR
RNA were not shown in the drawing as described in the Materials and Methods section.
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CAp24, as shown in Figure 6A. RNAwas then extracted from
viruses taken from equal volumes of cell culture supernatant,
blotted onto membranes, and hybridized with 32P-DNA olig-
omers complementary to HIV-1 genomic RNA, tRNALys3,
and 7SL RNA. This experiment was repeated five times. The
dot blots shown in Figure 6B,C represent membranes probed
for HIV-1 gRNA and tRNALys3 (panel B) or HIV-1 gRNA
and 7SL RNA (panel C). In each experiment, a phosphorim-
ager was used to measure the amount of gRNA present re-
lative to either tRNALys3 or 7SL RNA. Viral packaging of
tRNALys3 and 7SL RNA occurs independently of gRNA pack-
aging (Mak et al. 1994; Onafuwa-Nuga et al. 2006). In PBS-
negative virions, the amount of gRNA packaged, relative to
tRNALys3 or 7SL RNA, is reduced 60%, which is consistent
with a role for tRNALys3 annealing to the PBS aiding in the
promotion of gRNA dimerization and incorporation in
viruses.

DISCUSSION

In this work, we found that annealing of oligonucleotides
complementary to the PBS loop promotes dimerization of
the 5′ UTR in vitro. The increase in dimerization by these
DNA oligomers is associated with a shift in the equilibrium
from the LDI-like to the BMH-like conformation, which ex-
poses the DIS loop (Fig. 4) andmakes it available for intermo-
lecular interactions favoring dimerization. We propose that
this shift is caused by an increased thermodynamic stability
of the upper region of the PBS stem–loop induced by anneal-
ing to the PBS loop.
Several earlier reports have reached conclusions differing

from the above. For example, the effect of annealing either a
DNA oligomer complementary to the PBS (nt 182–202) or a
full-length synthetic tRNALys3 to a 290-nt HIV-1 5′ UTR
was examined in vitro (Berkhout et al. 2002). Under their ini-
tial annealing conditions used, the main conformation of the
unannealed290-nt 5′UTR is theLDI conformation,whichhas
a distinct electrophoretic mobility from both the BMH and
dimer conformations. Using this electrophoretic assay to
determine the effects of annealing upon RNA conformation,
they found that annealing to the 5′ UTR of an oligomer com-
plementary to the PBS (182–202) produced an RNA band
whose electrophoretic mobility was neither that of the LDI
or BMH forms, and resulted in a barely detectable dimer
band. Annealing with tRNALys3 did not cause any change in
electrophoretic mobility that could not be accounted for by
the added molecular weight of the tRNALys3, and no dimer
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386) to unlabeled 5′-UTR RNA. Radiolabeled unannealed tRNALys3

and oligomers run out of the gel in long runs that separate the mono-
meric and dimeric RNAs.

anti-CAp24

HIV-1 gRNA

HIV-1 gRNA

1.0   0.4 ±0.1 

7SL RNA

gRNA:7SL RNA       1.0  0.4 ±0.1     

BH10
�

PBS

tRNA
Lys3

 gRNA: tRNA
Lys3

A

B

C

FIGURE 6. Effect of deletion of the PBS sequence upon gRNA incorpo-
ration into viruses. 293T cells were transfected with wild type or ΔPBS
BH10. Forty-eight hours post-transfection, HIV-1 were purified from
the culture supernatant. (A) Western blot of equal volumes of viral ly-
sates probed with anti-CAp24. (B,C) Dot blots of total viral RNA isolat-
ed from equal volumes of viral lysates, and probed with DNA oligomers
complementary to either gRNA, tRNALys3, or 7SL RNA. The bands were
quantitated by phosphorimager, and the calculated ratios of gRNA:
tRNALys3 (B) and gRNA:7SL RNA (C) are listed. The experiment was
repeated five times, and the values shown correspond to the average
and standard deviation calculated from all five experiments.
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formation was seen. This inability of annealing to the PBS to
move the 5′ UTR to a BMH conformation may be related to
their use of a shorter 290-nt 5′ UTR that does not contain
the SD, Ψ, or AUG stems, and would be missing the U5:
AUG base-pairing, which has been shown to have an essential
role in the LDI/BMH equilibrium (Abbink and Berkhout
2003; Lu et al. 2011). The lack of dimer formation may also
be related to the low concentration of 5′ UTR used in their re-
port (8 nM), which even under our annealing conditions, will
not promote dimer formation (see Fig. 5A).

Two other groups have also reported that a deletion of the
upper portion of the PBS stem–loop, that included the PBS
loop itself, did not affect either 5′-UTR dimerization in vitro
or viral RNA packaging (Sakuragi et al. 2007; Heng et al.
2012; Sakuragi et al. 2012).However, internal loops areknown
to introduce thermodynamic instability in the stems, and de-
leting the internal PBS loop could have a stabilizing effect on
the lower region of the PBS stem, which has been reported
to be important for dimerization and packaging of RNA
(Sakuragi et al. 2003, 2012). We therefore postulate that an-
nealing to the PBS sequence, or the removal of the less stable
upper region of the PBS stem–loop, may have the same effect
of stabilizing the lower stem region and promoting the BMH-
like conformation.

The BMH-like model shown in Figure 4 has minor devia-
tions from the model also determined using SHAPE analysis
(Wilkinson et al. 2008). The LDI-like model in Figure 4 also
shares similarities with the one previously determined by
Berkhout’s group (Abbink et al. 2005). For example, the
AUG start codon for Gag and theΨ stem are in a similar con-
formation to what has been proposed (Abbink et al. 2005).
Our SHAPE data did not detect any significant differences in
reactivity of the AUG start codon of Gag within the LDI-like
and BMH-like conformations. So we do not expect the shift
in equilibrium between these conformations to have an effect
on translation. This agrees with the results of a previous study,
where the shift between the LDI and the BMH conformation
did not show any effect on translation in vivo (Abbink et al.
2005). However, while Berkhout’s group reported an interac-
tion of the DIS stem–loop with the poly(A) stem–loop
(Huthoff and Berkhout 2001), our SHAPE data indicate a
site of interaction of this DIS region within the U5 region,
which while similar to that determined by Summers’ group
(Lu et al. 2011), involves a different sequencewithin theU5 re-
gion.We have confirmed the interaction betweenDIS and U5
sequences through oligomer annealing specifically to the U5
sequence involved in this interaction and that resulted in an
increase of dimerization, as expected (Fig. 5B). These varia-
tions in reported 5′-UTR conformations could be due to dif-
ferences in experimental conditions associated with the
different techniques used to determine the structure. For ex-
ample, Berkhout’s groupused chemical and enzymatic probes
(Huthoff and Berkhout 2001) and later confirmed their struc-
ture using microarray scanning (Ooms et al. 2004a), while
Summers’ group used NMR analysis (Lu et al. 2011).

In addition to the PBS sequence, tRNALys3 also binds to
sites in gRNA upstream of the PBS sequence (Beerens et al.
2001; Wilkinson et al. 2008). Although our data indicate
that annealing to the PBS sequence by cPBS is sufficient to in-
duce dimerization in vitro, these other interactionsmight also
promote dimerization in vivo. For example, annealing of
DNA oligomers to parts of the PBS stem which include sites
thought to interact with tRNALys3 were shown to affect the
dimerization of the 5′ UTR (Reyes-Darias et al. 2012).
While annealed synthetic tRNALys3 promotes 5′-UTR

dimerization, it does not do so as efficiently as the DNA olig-
omers (Fig. 5D), which do not require either heat or viral
proteins to promote their annealing (Xing et al. 2011). The
fact is that the conditions for the annealing of tRNALys3 to vi-
ral RNA in vivo are certain to be quite different from the in
vitro annealing conditions used here, and previous evidence
suggests that a number of different proteins such as Gag,
GagPol, lysyl-tRNA synthetase, and RNA helicase A exist
within a cytoplasmic protein complex with composition
and architecture promoting this annealing (Saadatmand
and Kleiman 2012). tRNALys3 annealing to HIV-1 RNA is
multi-staged, being facilitated first by Gag in the cytoplasm,
and, after Gag processing, by mature nucleocapsid (NCp7).
Compared with NCp7-annealed tRNALys3, Gag-annealed
tRNALys3 is less efficient at initiating reverse transcription
(Cen et al. 2000) and binds more weakly to the viral RNA
(Guo et al. 2009). We would predict that following the trans-
lation of Gag, Gag promotes the initial annealing of tRNALys3

to gRNA in the cytoplasm, and that both tRNALys3 annealing
and Gag promote gRNA dimerization and its incorporation
into the virus. Other factors, such as RNA helicases, may
also contribute to this process (Xing et al. 2011). The 60%
reduction in ΔPBS gRNA incorporation into HIV-1 shown
in Figure 6 is consistent with tRNALys3 being one of the fac-
tors that promote dimerization and viral packaging of the
gRNA.

MATERIALS AND METHODS

For the complete list of the oligomers used in this study please refer
to the Supplemental Material (Supplemental Table S1).

RNA preparation

The DNA templates used for transcription of HIV-1 5′-UTR wild
type, ΔPBS, and ΔDIS (Xing et al. 2011) were amplified by PCR
from vectors coding for HIV-1 BH10 sequence with the correspond-
ing mutations. 5′ and 3′ primers T7HIV-1 andHIV382–406, respec-
tively, were used to produce the DNA templates for the 406-nt 5′

UTRs. The templates were sequenced to confirm the sequence
of the constructs. The RNAs were transcribed in vitro using T7
Megascript kit from Ambion (Cat. #AM1334) and treated
with Turbo DNase supplied with the kit according to the manufac-
turer’s recommendations. The newly synthesized RNAs were puri-
fied using RNA Clean & Concentrator-5 from Zymoresearch (Cat.
#R1015).
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Dimerization assays

One picomole of purified 5′-UTR RNA, with or without 4 pmol
of DNA oligomer to be annealed, was added to a total volume of
10 μL containing 10 mM HEPES pH 8.0, 1 mM MgCl2, 10 mM
NaCl, 150 mM KCl. The sample was heated to 68°C for 5 min,
and then incubated at 37°C for 30 min. Following incubation, the
products were loaded on 1.7% agarose gel containing ethidium
bromide, and run in 1× TAE buffer pH 8.0, at 4°C for 60 min.
The products were quantitated using ImageJ software (Schneider
et al. 2012).
For dimerization assays using radiolabeled products, tRNALys3was

transcribed in vitro and 3′-end-labeled with 32pCp using RNA ligase
as previously described (Xing et al. 2011). Oligomers cGag(369–386)
and cU5(115–124) were labeled with 32P, using T4-Polynucleotide
Kinase from Thermo Scientific (Cat. #EK0031) according to the
manufacturer’s recommendations. Annealing was performed as de-
scribed above, using 0.01 pmol of radiolabeled tRNALys3 or oligo-
mers. The reactions were electrophoretically resolved using 5%
non-denaturing acrylamide gels run in Tris-Borate buffer, pH 8.0,
at 4°C for 60 min. Radiolabeled RNAs were visualized and quanti-
tated using a PhosphorImager and autoradiography.

SHAPE analysis

Six tubes contained 1 pmol of 5′-UTR RNA in 100 µL of 10 mM
HEPES pH 8.0, 1 mMMgCl2, 10 mMNaCl, 150 mM KCl. Eight pi-
comoles of cPBS (182–199) oligomer was added to each of two of
these tubes. All reactions were then heated to 68°C for 5 min, fol-
lowed by incubation at 37°C for 30 min. Acylation of RNA was
then performed as previously described (Mortimer and Weeks
2009). To two of the tubes, one with oligomer and one without,
2 µL of 1 M HEPES pH 8.0 buffer was added, followed by 4 µL of
130 mM NMIA (N-methylisatoic anhydride). The solution of
NMIA was prepared and stored as described (Wilkinson et al.
2006). Two other tubes, one with added oligomer and one without,
served as negative controls, i.e., only 2 µL of 1MHEPES pH 8.0 buff-
er and 4 µL of DMSO were added. Two other tubes (without oligo-
mer) served as sequencing ladders and were treated the same way
as the negative controls. All tubes were incubated for 60 min at
37°C. The RNA from all tubes was treated with phenol and purified
using RNA Clean & Concentrator-5 from Zymoresearch (Cat.
#R1015).
The RNA was reverse-transcribed using Superscript III Reverse

Transcriptase kit from Invitrogen according to the recommenda-
tions of the manufacturer (Cat. #18080–044), using the primer
HIV382–406 labeled with Vic-fluorescent dye from Applied
Biosystems. For the tubes that served as sequence ladders, ddTTP
or ddGTP were added to the transcription reactions. The products
were purified on Sephadex G-50 columns and precipitated as de-
scribed (Pang et al. 2011).
The products were resolved by capillary electrophoresis on a

DNA analyser ABI 3730 at the IRIC (Institut de Recherche en
Immunologie et Cancérologie) at University of Montreal. The
data were analyzed as described (Pang et al. 2011). The signal was
first analyzed using peakScanner (freely available from ABI) to per-
form base line adjustment and peak area integration. The load error,
signal decay, and reactivites were calculated using FAST software
freely provided by the Jeffrey Glenn laboratory. The alignment of
the fragments and the ladders was inspected and corrected manually

when necessary. The reactivities and the sequence of the RNA were
input into RNAstructure software, freely provided by the Dr. David
Mathews laboratory. Because the reverse-transcribed reactions were
purified on sephadex G50 columns, we eliminated 50 nt from the 3′

end. Reactivites of the first 4 nt from the 5′ end (position 1–4) and
the last 5 nt from the 3′ end (position 351–355) were not included
because the alignment was ambiguous at the beginning and at the
end of the analyzed sequence. The reactivities were calculated
from three independent experiments for the unannealed conforma-
tion and four independent experiments for the annealed conforma-
tion. The averages and standard deviations reactivities for both
conformations are supplied in the Supplemental Material.

Purification of virus and viral RNA,
and quantitation of gRNA, tRNALys3,
and 7SL RNA

HEK293-T cells were grown in complete Dulbecco’s modified
Eagle’s medium (DMEM) and transfected with BH10 wild-type
and ΔPBS mutant plasmids using Lipofectamine 2000 from
Invitrogen. Supernatant was collected 48 h post-transfection and fil-
tered through 0.2-µm filters. The viruses were pelleted from the cul-
ture medium by centrifugation at 35,000 rpm for 1 h in a Beckman
Ti-45 rotor. The RNA was then purified using Trizol reagent from
Life technologies. Viral gnomic RNA (gRNA), tRNALys3, and 7SL
RNA were quantitated by dot blot hybridization as previously de-
scribed (Cen et al. 2000), using probes 5′-end-labeled with 32pCp.
The probe sequences are listed in Supplemental Table S1.

Reverse transcription using c(115–124) as primer

The oligomer c(115–124) was 5′-labeled with γ–32P-ATP, and an-
nealed to the 5′ UTR, as described above. The products were etha-
nol-precipitated and dissolved in reverse transcription buffer (Bio
Basic). The annealed RNA was reverse-transcribed using M-MLV
reverse transcriptase (Bio Basic) according to the manufacturer’s
recommendations. One fourth of the radiolabeled product was
loaded next to a radiolabeled 100-bp DNA size marker (Invitrogen).

SUPPLEMENTAL MATERIAL

Supplemental Figure S1 is provided, which shows nucleotide reac-
tivities in regions of the 5′ UTR where the changes in reactivities
are highest. Also included is a complete list of sequences of
the DNA oligomers used in this study (Supplemental Table S1),
and a file containing the averages and standard deviations of
5′-UTR SHAPE reactivities for both unannealed and annealed con-
formations as described in the Materials and Methods section
(Supplemental Table S2).
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