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ABSTRACT

−1 programmed ribosomal frameshifting (PRF) is utilized by many viruses to synthesize their enzymatic (Pol) and structural (Gag)
proteins at a defined ratio. For efficient −1 PRF, two cis-acting elements are required: a heptanucleotide frameshift site and a
downstream stimulator such as a pseudoknot. We have analyzed the gag-pol junction sequences from 4254 HIV-1 strains.
Approximately ninety-five percent of the sequences can form four pseudoknots PK1–PK4 (∼97% contain PK1, PK3, and PK4),
covering ∼72 nt including the frameshift site. Some pseudoknots are mutually excluded due to sequence overlap. PK1 and PK3
arrange tandemly. Their stems form a quasi-continuous helix of ∼22 bp. We propose a novel mechanism for possible roles of
these pseudoknots. Multiple alternative structures may exist at the gag-pol junction. In most strains, the PK1–PK3 tandem
pseudoknots may dominate the structurally heterogeneous pool of RNA due to their greater overall stability. The tandem
pseudoknots may function as a breaking system to slow down the ribosome. The ribosome unwinds PK1 and stem 1 of PK3
before it can reach the frameshift site. Then, PK4 can form rapidly because the intact stem 2 of PK3 makes up a large part of
the stem 1 of PK4. The newly formed PK4 jams the entrance of the mRNA tunnel. The process then proceeds as in a typical
case of −1 PRF. This mechanism incorporates several exquisite new features while still being consistent with the current
paradigm of pseudoknot-dependent −1 PRF.
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INTRODUCTION

−1 programmed ribosomal frameshifting (PRF) is a recoding
mechanism in the translation process which enables protein
synthesis from two overlapping reading frames (Gesteland
et al. 1992; Baranov et al. 2002). −1 PRF is site-specific. It oc-
curs at a specific heptanucleotide “slippery sequence” which
has a typical composition of X XXY YYZ (XXX and YYY rep-
resent a stretch of three identical nucleotides; XXY and YYZ
are two codons in the 0 reading frame). In a −1 PRF event,
the translating ribosome shifts back 1 nt along the mRNA
at the slippery sequence. The two tRNAs in the A and P sites
of the ribosome originally recognize the 0 reading frame co-
dons XXY and YYZ; after −1 PRF, the tRNAs occupy the −1
reading frame codons XXX and YYY. Although −1 PRF oc-
curs at the slippery sequence, this sequence alone is often
not sufficient to cause efficient frameshifting. Another cis-
acting element in the mRNA known as a “stimulator” is re-
quired in most reported cases. The most frequently occurring

frameshift stimulator is an RNA pseudoknot located several
nucleotides downstream from the slippery sequence. In
some cases, the frameshift stimulator can also be a conven-
tional stem–loop structure or some other complicated RNA
structures (Pleij et al. 1985; Pleij 1990; Dam et al. 1992).
−1 PRF is well-established in viruses. It is utilized by a large

number of viruses (including retroviruses such as HIV) to ex-
press their structural and enzymatic proteins at a defined ra-
tio from a single mRNA (Atkins et al. 1990; Gesteland et al.
1992; Gesteland and Atkins 1996; Brierley et al. 2007). This
ratio is referred to as the frameshifting efficiency, which dic-
tates the molar ratio of viral structural and enzymatic pro-
teins. Because maintaining such a defined ratio is of vital
importance to the viral life cycle, the viral −1 PRF signals (es-
pecially the stimulator RNA structures) may represent valu-
able targets for the development of antiviral therapeutics
(Biswas et al. 2004; Gareiss and Miller 2009; Marcheschi
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et al. 2011). Small molecules that bind to the stimulator RNA
structures and modulate the frameshifting efficiency of the
retrovirus HIV-1 and the coronavirus SARS (SARS CoV)
were identified (McNaughton et al. 2007; Marcheschi et al.
2009; Park et al. 2011).

In most viruses known or expected to use the −1 PRF
mechanism, the frameshift stimulator RNA structure is con-
firmed or expected to be an H (hairpin)-type pseudoknot,
separated from the slippery sequence by a spacer region of
several nucleotides (Brierley 1995; Farabaugh 1996; Giedroc
et al. 2000; Brierley et al. 2007; Bekaert et al. 2010). In a recent
genome-wide analysis on all of the known or expected frame-
shift sites in animal viruses, we found that ∼85% of the sites
have potential H-type pseudoknots downstream from the
slippery sequences. Some of the pseudoknots we detected
were not known previously. Of particular interest, several po-
tential pseudoknots were detected in the gag-pol frameshift
junction of the reference strain of HIV-1 (strain HXB2,
GenBank accession No. K03455), suggesting possible in-
volvement of pseudoknots in −1 PRF of HIV-1.

In this study, we have analyzed 4254 sequences at the gag-
pol frameshift junction of all HIV-1 strains whose full-length
genome sequences are available in the HIV databases (http
://www.hiv.lanl.gov/). Our results reveal that the gag-pol
junction sequences of HIV-1 have the potential to harbor
several highly conserved pseudoknots. We propose a novel
mechanism of −1 PRF in HIV-1 to explain the possible in-
volvement of these putative pseudoknots.

RESULTS

To study the potential frameshifting sig-
nals in the gag-pol junction of HIV-1,
a sequence window of 127 nt containing
the slippery sequence (UUUUUUA) plus
50 nt upstream of and 70 nt downstream
from the slippery sequence is used. There
are 4272 full-length genomic sequences
for different strains of HIV-1 in the
HIV sequence database. Excluding 18
sequences that either contain nonstan-
dard letter(s) within the 127-nt gag-pol
sequence window or do not have the
UUUUUUA frameshift site, 4254 se-
quences were analyzed. These sequences
from different HIV-1 strains provide an
excellent and rigorous data set for bio-
informatic studies on RNA structures
within the HIV-1 genome (in our case,
possible involvement of pseudoknots in
−1 PRF).

An in-house-developed program
(Huang et al. 2013) was used to detect
potential H-type pseudoknots within
the gag-pol sequence window. Four po-

tential pseudoknots were detected in most (∼95%) of the
HIV-1 strains. To facilitate description and discussion, we
refer to the four potential pseudoknots as PK1, PK2, PK3,
and PK4. A schematic diagram of the pseudoknot-forming
sequences of the four pseudoknots in the reference strain
HXB2 is shown in Figure 1A. The predicted secondary struc-
tures of the four pseudoknots are shown in Figure 1, B and
C for two representative strains—K03455 and KC156114,
respectively.
In general, PK1 encompasses the slippery sequence

UUUUUUA at the 3′ end of the pseudoknot-forming se-
quence. All but one of the nucleotides of the slippery se-
quence reside within stem 2 of the pseudoknot. PK2 also
encompasses the slippery sequence, but it is located in the
middle of the pseudoknot-forming sequence; all nucleotides
of the slippery sequence reside within stem 1 of the pseudo-
knot. PK3 follows the slippery sequence immediately (with-
out a spacer region or a minimal 1- to 2-nt spacer region
between the pseudoknot and the slippery sequence). PK4 lo-
cates 7 nt downstream from the slippery sequence. PK1 and
PK3 are arranged in a tandem manner. The stem regions of
the two pseudoknots have the potential to stack and form a
quasi-continuous helix with a total of 22 bp. As shown in
Figure 1A, the pseudoknot-forming sequence of PK2 over-
laps with the pseudoknot-forming sequences of all the other
three pseudoknots, i.e., PK2 cannot form simultaneously
with any one of PK1, PK3, and PK4 in the same viral RNA
sequence. The pseudoknot-forming sequences of PK3 and
PK4 also overlap with each other; and thus PK3 and PK4 can-
not form simultaneously.

FIGURE 1. Four putative pseudoknots (PK1–PK4) at the gag-pol frameshift junction of HIV-1.
(A) A schematic diagram for the four pseudoknot-forming sequences of PK1–PK4 in the refer-
ence strain HXB2 (GenBank accession No. K03455). The slippery sequence (ss, residues 2084–
2091) UUUUUUA is highlighted in black. The numbers indicate the starting and ending residues
of the pseudoknot-forming sequences. (B,C) Predicted secondary structures for the four putative
pseudoknots PK1–PK4 in two representative strains. The slippery sequence is boxed.
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HIV-1 is notorious for its high mutation rate. The se-
quences at the gag-pol junction from different strains of
HIV-1 also exhibit a fair degree of sequence variation, de-
spite the functional importance of the junction. Interestingly,
the four potential pseudoknots are highly conserved among
the 4254 HIV-1 strains. Approximately ninety-five percent
of the strains have the potential to form all four pseudoknots,
although the possible secondary structures of the pseu-
doknots may differ in different strains (see Fig. 1B,C for
examples; a complete record of detected pseudoknots in
the different strains of HIV-1 can be found in the Supple-
mental Material). In ∼97% of the strains, PK1, PK3, and
PK4 are detected. Our results indicate that most of the
HIV-1 strains have the potential to form a set of highly con-
served pseudoknots at the gag-pol frameshift junction.
It was noticed previously that many naturally occurring

pseudoknots belonged to a structurally related pseudoknot
family known as CPK-1, standing for common pseudoknot
motif 1 (Du et al. 1996; Du and Hoffman 1997). A typical
CPK-1 pseudoknot has a stem 2 of 6 or 7 bp and a very short
loop 1 of 1–2 nt; there is no intervening sequence between the
two helical stems; therefore, they can stack to form a quasi-
continuous helix. Due to the natural twist of an A-form
RNA helix, the distance across the major groove reaches a
minimum when the helical stem has 6 or 7 bp. This distance
can be bridged by a minimal number of 1–2 nt, with the
base(s) of the nucleotide(s) being embedded inside the major
groove. Probably for these reasons, CPK-1 is favored in na-
ture as a compact and stable pseudoknotted fold of RNAs.
Interestingly, the potential pseudoknots PK1, PK2, and
PK3 in most HIV-1 strains conform to the CPK-1 family
(Fig. 1B,C; Supplemental Material). The predicted secondary
structures of these pseudoknots are comparable to those of
the autoregulatory pseudoknot within the gene 32 mRNA
of bacteriophages T2/T6 (Du et al. 1996; Du and Hoffman
1997) and the −1 PRF stimulator pseudoknot at the gag-
pro frameshift junction of simian retrovirus–1 (SRV–1)
(Du et al. 1997; Michiels et al. 2001), two of the prototypic
members of the CPK-1 family whose three-dimensional
structures have been determined.
In a typical case of −1 PRF, the stimulator RNA structure

locates 5–9 nt downstream from the slippery sequence. With
this optimal length of the spacer region, the stimulator RNA
structure is positioned at the entrance of the mRNA tunnel of
the ribosome, while the slippery sequence is at the A-site and
P-site within the ribosome (Namy et al. 2006). The spatial re-
lationship between the slippery sequence and PK4 in most of
the HIV-1 strains is typical for−1 PRF. The possible existence
of the other three pseudoknots PK1, PK2, and PK3 is un-
usual. There is no established case for the regulation of −1
PRF by pseudoknots that encompass the slippery sequence
or immediately follow the slippery sequence without a spacer
region.
The high degree of conservation of the four pseudoknots at

the gag-pol junction among different HIV-1 strains suggests

that these pseudoknots may participate in the regulation
of −1 PRF efficiency of the virus. What are the possible
mechanisms for the involvement of these pseudoknots?
First, although the detailed mechanisms of −1 PRF have
not been fully elucidated, it is generally accepted that the
two frameshifting signals, namely the slippery sequence
and the downstream stimulator structure, should be separat-
ed by a spacer region with 5–9 nt (Baranov et al. 2002;
Namy et al. 2006; Brierley et al. 2007). The core event of −1
PRF in HIV-1 should not deviate drastically from this
paradigm. Second, due to overlapping of the pseudoknot-
forming sequences, certain pairs of pseudoknots (PK1–PK2,
PK2–PK3, PK2–PK4, and PK3–PK4) cannot coexist in the
same viral mRNA. Keeping these two basic considerations
in mind, we propose the following mechanism to explain
the plausible involvement of the putative pseudoknots in −1
PRF of HIV-1.
The gag-pol frameshift junction of HIV-1 may be structur-

ally heterogeneous, with several alternative structures in
equilibrium. In most strains, the PK1 and PK3 tandem pseu-
doknots may dominate the RNA pool due to their greater
overall stability. For example, in the reference strain HXB2,
the calculated free energy (ΔG°37) value for the stem regions
of the tandem pseudoknots is −38.6 kcal/mol, while this val-
ue is −20.5 and −26.7 kcal/mol for PK2 and PK4, respective-
ly. PK3 and PK4 overlap in such a way that the stem 2 of PK3
and a large part of the stem 1 of PK4 are the same. The three
pseudoknots PK1, PK3, and PK4 may work synergistically to
regulate−1 PRF. It is known that some mRNA structures, es-
pecially pseudoknots, can cause the translating ribosome to
pause upstream of such structures (Tu et al. 1992; Somogyi
et al. 1993; Kontos et al. 2001). Assuming that the tandem
pseudoknots PK1 and PK3 are present at the gag-pol frame-
shift junction, these pseudoknots may signal the translating
ribosome to slow down (Fig. 2A). Since pseudoknots are
harder to unwind by the translating ribosomes than simple
stem–loop structures with comparable thermodynamic
stability (Plant and Dinman 2005), PK1 and PK3 may func-
tion as a braking system to slow down the ribosome. To ac-
cess the slippery sequence which is located at the 3′ end of
PK1, the translating ribosome has to first unwind PK1 (Fig.
2B). When the ribosome reaches the slippery sequence,
PK3 begins to be unwound (Fig. 2C). When the slippery se-
quence occupies the A- and P-sites, the two 0 frame codons
UUU and UUA are recognized by the A- and P-site tRNAs.
Stem 1 of PK3 is unwound and the 5′ end sequence of PK3
enters the mRNA tunnel of the ribosome. Stem 2 of PK3 re-
mains intact. The 6 bp of PK3 stem 2 are actually the same
as the first 6 bp of PK4 stem 1. PK3 and PK4 are mutually
excluded due to sequence overlap. Now that PK3 stem 1 is
disrupted, PK4 can form rapidly (because a large portion of
its stem 1 is already in place). The newly formed PK4, with
an optimal spacer from the slippery sequence, jams the
entrance of the mRNA tunnel of the translating ribosome
(Fig. 2D). At this point, the system reaches the frameshift-
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ready stage and proceeds to induce−1 PRF as in a typical case
(Fig. 2E).

If PK2 is present in a particular viral mRNA sequence, all
the other three pseudoknots would not form in the same se-
quence at the same time. The process of unwinding PK2 may
also significantly slow down the translating ribosome. After
PK2 is disrupted, PK4 can form. Due to the peculiar location
of the slippery sequence within PK2 and the way in which the
pseudoknot-forming sequences of PK2 and PK4 are over-
lapped (Fig. 1), formation of PK4 may happen before the
translating ribosome reaches the slippery sequence. In this
scenario, the role of PK2 is similar to that of the PK1–PK3
tandem pseudoknots, albeit with a lesser degree of complex-
ity and elaboration.

In the above scenarios, PK4 is not present originally.
It forms only after the disruption of PK2 or PK3 by the trans-
lating ribosome. However, it is also possible that PK4 is
present in the first place. In this case, PK2 and PK3 cannot
form in the same mRNA sequence at the same time. PK1
can coexist with PK4; these two pseudoknots are separated

by a short linker region with 6 nt (in strains K03455 and
KC156114) (Fig. 1B,C). The translating ribosome has to un-
wind PK1 and may slow down in the unwinding process.
Due to the overlapping nature of the putative pseudoknots

at the gag-pol junction of HIV-1 mRNAs, several scenarios
are possible for the involvement of these pseudoknots. The
relative stabilities of the pseudoknots may decide which sce-
nario dominates. Other trans-acting factors may also partic-
ipate in the regulatory processes by stabilizing a particular
pseudoknot or set of pseudoknots. Involvement of a cellular
factor (eukaryotic release factor 1) in the modulation of HIV-
1 PRF has been reported (Kobayashi et al. 2010).
The frameshift-stimulating secondary structure down-

stream from the HIV-1 group M (which includes the refer-
ence strain HXB2) gag-pol frameshift site was originally
proposed to be a simple stem–loop (Jacks et al. 1988), which
was shown to be important for wild-type level frameshifting
in vivo (in mammalian cells) (Parkin et al. 1992). It was
shown later that a sequence downstream from the originally
proposed stem–loop also contributed to frameshifting, either
modeled as an elaborated pseudoknot with an intra-mole-
cular triplex formed between loop 1 and stem 2 of the pseu-
doknot (Dinman et al. 2002) or an extended bulged stem–

loop (Dulude et al. 2002). The elaborated pseudoknot has
the same pseudoknot-forming sequence as PK4 shown in
Figure 1. The difference is in the base-pairing schemes and
the proposed triple-helix. As pointed out previously (Dulude
et al. 2002), the elaborated pseudoknot with a triple-helix is
highly improbable because it is sterically unfavored. The ex-
tended bulged stem–loop structure covers the sequence that
forms PK4, plus the purine-rich spacer region. In the struc-
ture, the first 3 nt (GAA) in loop 2 of PK4 form a bulge;
the pyrimidine-rich sequence 3′ to the bulge forms a stem
with the purine-rich spacer region instead of forming stem
2 of PK4, as shown in Figure 1, B and C. In the extended
bulged stem–loop model, there is no spacer region between
the slippery sequence and the downstream RNA structure.
An A-C mismatch is present in the stem in 38% of the 139
sequences analyzed (Dulude et al. 2002).
In HIV-1 strain MVP5180 (GenBank accession No.

L20571) from subgroup O, a very classic H-type pseudoknot
(with 8 bp in both stems) locating 8 nt downstream from the
gag-pol frameshift site was shown to be required for stimulat-
ing a higher frameshifting efficiency than that in group M
(Baril et al. 2003). This established pseudoknot corresponds
to PK4 in the strains shown in Figure 1 (see the Supplemental
Material). Interestingly, the PK4 in strain MVP5180 (calcu-
lated ΔG°37 for the stems =−40.1 kcal/mol) is expected to
be much more stable than the PK4 in strains HXB2 (calculat-
ed ΔG°37 for the stems =−26.7 kcal/mol). There are 28
strains of subgroup O in this analysis. The PK4 in strain
MVP5180 is conserved in most subgroup O strains. PK2 is
not detected in subgroup O strains. About half of the sub-
group O strains have PK1 and PK4; the other half of the
strains also have PK3 (see the Supplemental Material for

FIGURE 2. A proposed mechanism (A–E) for the involvement of the
putative pseudoknots PK1, PK3, and PK4 in the regulation of −1 PRF
in HIV-1. The sequence of strain HXB2 is used as an example. The sec-
ondary structures of the pseudoknots are the same as in Figure 1, al-
though the drawings appear different. The slippery sequence
UUUUUUA is highlighted in red. Small bars associated with the resi-
dues indicate that the residues are or were participating in base-pairing
interactions.
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strains L20571, L20587, JX245014-15, JN571034, AY623602,
AY618998, AY169802-16, AJ302646-47, AF407418,
AB485666-69). Due to its greater stability, PK4 may domi-
nate the RNA pool over other alternative structures in sub-
group O. The essence here is that our proposed mechanism
incorporates strains in subgroup O within the same frame-
work as all the other strains of HIV-1.
Compared to the previously proposed triplex-containing

pseudoknot and extended bulged stem–loop models, the
three or four putative pseudoknots identified in this study
have a higher degree of conservation. This high degree of
conservation strongly suggests that these pseudoknots may
assume functional roles.

DISCUSSION

Results from our analysis and previous studies indicate that
the RNA sequence at the gag-pol frameshift junction of
HIV-1 has the potential to form a number of alternative
structures, including the pseudoknots presented in this study
and the previously characterized triplex-containing pseu-
doknot and stem–loop (Dinman et al. 2002; Dulude et al.
2002). Some of these structures cannot coexist in the same
sequence. These observations raise the intriguing possibility
that the HIV-1 gag-pol junction sequence may be structurally
heterogeneous. An equilibrium may exist for multiple alter-
native structures. Depending on the particular RNA struc-
tures present, a specific mRNA sequence may or may not
be active in−1 PRF. In a previous study on the murine leuke-
mia virus read-through stimulating pseudoknot (MLV-PK),
it was shown that MLV-PK is equilibrated between an active
(PKactive) and an inactive (PKinactive) conformation. At phys-
iological pH, the read-through permissive PKactive conforma-
tion accounted for 6% of the population (Houck-Loomis
et al. 2011). A somewhat similar equilibrium-based mecha-
nism may play a role in −1 PRF of HIV-1. In the case of
the murine leukemia virus, two different conformations of
the same pseudoknot structure are in equilibrium, while in
the putative case of HIV-1, different RNA structures are in-
volved, which may further have different conformations.
It is reported that the 5′ UTR of HIV-1 genomic RNA can

exist in two alternative structures: the branched multiple-
hairpin (BMH) structure and the long distance interaction
(LDI) structure (Ooms et al. 2004; Abbink et al. 2005).
Switching between the BMH and LDI conformations re-
quires very significant structural rearrangements. The mech-
anisms regulating this riboswitch are not well understood.
The BMH-LDI riboswitch is not related to the putative alter-
native pseudoknot structures at the gag-pol junction due to
different locations in the viral genomic RNA. However, exis-
tence of the BMH-LDI riboswitch indicates that functionally
important regions in the HIV-1 genomic RNA can adopt
multiple interconverting structures.
Our results also suggest the possible involvement of se-

quence upstream of the slippery sequence in the regulation

of −1 PRF in HIV-1. Although most previous studies on
−1 PRF signals have focused on sequence downstream
from the slippery sequence, a few studies have revealed that
upstream sequences can also affect −1 frameshifting efficien-
cy. In HIV-1 and HTLV-2 (Human T-cell leukemia virus-2),
the 8 nt immediately upstream of the slippery sequences were
shown to enhance or attenuate frameshifting in a context-de-
pendent manner (Kim et al. 2001). It was also found that the
E-site codon preceding the slippery sequence in HIV-1 was
involved in the regulation of −1 PRF (Leger et al. 2007). In
barley yellow dwarf virus (BYDV), a conserved stem–loop
structure immediately upstream of the slippery sequence en-
hanced frameshift efficiency. The proposed role of the up-
stream structure is to slow down the translating ribosome
(Barry and Miller 2002). In SARS CoV, frameshifting activity
is down-regulated by a stem–loop immediately upstream of
the slippery sequence (Cho et al. 2013). In a SHAPE-derived
secondary structure model of the entire HIV-1 genomic RNA
(Watts et al. 2009), the gag-pol frameshift junction was mod-
eled as a three-helix junction structure. Interestingly, the slip-
pery sequence pairs with an upstream sequence to form one
of the three helices. It should be noted that SHAPE-based
RNA secondary structure prediction has several limitations
(Low and Weeks 2010; Kladwang et al. 2011), most of which
are highly relevant to comparing the SHAPE-derived struc-
ture and the pseudoknot structures proposed in this manu-
script. First, the dynamic programming algorithms used for
SHAPE-based secondary structure prediction exclude pseu-
doknots. Second, SHAPE data only reflect the bulk behavior
of the RNA sample; therefore, SHAPE-based secondary
structure prediction is inadequate for charactering RNA
structures in interconverting states. Third, the biologically ac-
tive structure may not always be the one that dominates the
RNA pool (with minimum free energy).
No report has suggested the involvement of upstream se-

quence in the form of a pseudoknot. The detected pseudo-
knots in our study not only encompass the upstream
sequence but also the slippery sequence and sequence corre-
sponding to the spacer region in a typical case. Moreover, in
our proposed mechanism, multiple pseudoknots function
synergistically in the process. In the presumably dominat-
ing scenario (in most strains) as shown in Figure 2, PK1
and PK3 are arranged tandemly. Such tandem structures
have not been implicated in −1 PRF and other decoding pro-
cesses. PK3 and PK4 are mutually excluded. Unwinding of
PK3 enables PK4 to form. The process is, therefore, dynamic,
in which the translating ribosome plays an active role in un-
winding the PK1/PK3 tandem pseudoknots and inducing
the formation of PK4 that is the end effector structure for
frameshifting stimulation. This novel mechanism of pseudo-
knot-mediated −1 PRF in HIV-1 has many exquisite features
that have not been described in any of the previously charac-
terized cases of −1 PRF, but the mechanism is still consis-
tent with the current paradigm of pseudoknot-dependent
−1 PRF.
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MATERIALS AND METHODS

The HIV-1 sequences were downloaded from the HIV databases
(http://www.hiv.lanl.gov/). There are 4272 full-length genomic se-
quences in the April 18, 2013 download.

All HIV-1 strains harbor a slippery sequence UUUUUUA at the
gag-pol frameshift junction. For our analysis, a sequence window
containing 50 nt upstream of the slippery sequence and 70 nt down-
stream from the slippery sequence is used. Potential H-type pseudo-
knots within the sequence window are detected by an in-house-
developed program. Details of the program have been described
elsewhere (Huang et al. 2013). Briefly, a typical H-type pseudoknot
contains two double-stranded regions (stem 1 and stem 2) separated
by two or three single-stranded connecting sequences (loop 1, loop
2, and optionally, loop 3). Within user-defined ranges of stem and
loop lengths, the computer program tests all possible combinations
of stem and loop lengths to see whether the given RNA sequence
harbors all the necessary sequence elements for pseudoknot forma-
tion. In this study, the ranges of stem and loop lengths for pseudo-
knot detection are as follows: stem 1 and stem 2: 3–20 bp; loop 1: 1–
15 nt; loop 2: 3–50 nt; loop 3: 0–10 nt. No mismatched pair (G-U is
considered a legitimate base pair) or bulge is allowed within the
stems. Therefore, the detected pseudoknots all have perfectly com-
plementary stems. To get a rough idea about the relative thermody-
namic stability of the detected pseudoknots, free energy (ΔG°37)
values for the two stems S1 and S2 are calculated. Turner’s near-
est-neighbor parameters are used in the calculation (Serra and
Turner 1995). If loop 3 is absent, the two stems are treated as a con-
tinuous helical stem, but only half of the value is given to the stem 1–
stem 2 stack to account for the quasi-continuous nature of the
stacked stems.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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