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ABSTRACT

The stimulatory RNA of the Visna-Maedi virus (VMV) —1 ribosomal frameshifting signal has not previously been characterized
but can be modeled either as a two-stem helix, reminiscent of the HIV-1 frameshift-stimulatory RNA, or as an RNA pseudoknot.
The pseudoknot is unusual in that it would include a 7 nucleotide loop (termed here an interstem element [ISE]) between the
two stems. In almost all frameshift-promoting pseudoknots, ISEs are absent or comprise a single adenosine residue. Using a
combination of RNA structure probing, site directed mutagenesis, NMR, and phylogenetic sequence comparisons, we show here
that the VMV stimulatory RNA is indeed a pseudoknot, conforming closely to the modeled structure, and that the ISE is essential
for frameshifting. Pseudoknot function was predictably sensitive to changes in the length of the ISE, yet altering its sequence
to alternate pyrimidine/purine bases was also detrimental to frameshifting, perhaps through modulation of local tertiary
interactions. How the ISE is placed in the context of an appropriate helical junction conformation is not known, but its presence
impacts on other elements of the pseudoknot, for example, the necessity for a longer than expected loop 1. This may be required
to accommodate an increased flexibility of the pseudoknot brought about by the ISE. In support of this, '"H NMR analysis at
increasing temperatures revealed that stem 2 of the VMV pseudoknot is more labile than stem 1, perhaps as a consequence of its
connection to stem 1 solely via flexible single-stranded loops.
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INTRODUCTION translation continues in the new frame (Jacks and Varmus
1985; for review, see Farabaugh 1996; Giedroc et al. 2000;
Brierley and Pennell 2001; Baranov et al. 2006; Brierley
et al. 2007). Several RNA viruses employ frameshifting in
the expression of their replicase enzymes. In many retro-
viruses, for example, frameshifting allows expression of
reverse transcriptase (as part of the Gag-Pol polyprotein)
from the overlapping gag and pol ORFs (Hatfield and
Oroszlan 1990). The mRNA signals that promote frame-
shifting comprise a slippery sequence, where the frameshift
takes place seperated by a short spacer region (typically, 5-
9 nucleotides [nt] in length) from a 3’ stimulatory RNA
structure. The heptanucleotide slippery sequence usually

Programmed —1 ribosomal frameshifting is a translational
control mechanism that allows the production of a specific
ratio of gene products from two overlapping open reading
frames (ORFs), the relative quantities of which depends
upon the frameshift efficiency of the particular signal.
Frameshifting occurs during the elongation phase of pro-
tein synthesis where, in response to elements in the mRNA,
the ribosome switches from the zero reading frame to the
—1 frame (in a 5" direction) at a defined position and
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contains consecutive homopolymeric triplets (XXXYYYZ),
with the ribosome-bound tRNAs decoding the P- and A-
site codons slipping from the zero frame (XXYYYZ) to the
—1 frame (XXXYYY). At some sites, a stem—loop appears
to be sufficient as a stimulatory structure, but in the

RNA (2008), 14:1366—1377. Published by Cold Spring Harbor Laboratory Press. Copyright © 2008 RNA Society.



Visna-Maedi virus frameshift-promoting pseudoknot

majority an RNA pseudoknot is present. These are H-
(hairpin)-type pseudoknots (Pleij et al. 1985; Brierley et al.
2007), although some viral frameshift-promoting pseudo-
knots have been described as kissing hairpins (Herold and
Siddell 1993; Baranov et al. 2005). The mechanism of
frameshifting is not fully understood, although a number of
models have been proposed to explain how the interaction
of the ribosome with the stimulatory RNA leads to a re-
alignment of the tRNAs decoding the slippery sequence
into the —1 frame (Plant et al. 2003, and references therein;
Namy et al. 2006).

The study of retroviral ribosomal frameshifting signals
has provided a wealth of information about the process and
has contributed substantially to the development of models.
However, many retrovirus signals remain uncharacter-
ized and could potentially offer new insights into the
structure and function of frameshift-stimulatory RNAs.
Here, we describe an unusual structural feature present
within the frameshift signal of the ovine lentivirus Visna-
Maedi virus (VMV). The sequence of the gag/pol overlap of
VMV harbors a likely slippery sequence GGGAAAC and a
region downstream with the potential to fold into a stem—
loop or an RNA pseudoknot (Brierley et al. 1989; Le et al.
1991). The proposed pseudoknot is unusual, however, in
that coaxial stacking of the two stems would be interrupted
by a 7-nt stretch that we refer to here as an interstem
element (ISE) (see Fig. 1). Unpaired bases between con-
stituent stems are rare in frameshift-promoting pseudo-
knots and, if present, usually comprise a single residue (ten
Dam et al. 1990). An alternative possibility is that the VMV
stimulatory RNA is a stem-loop. In this model (Fig. 1),
base-pairing between two sets of complementary regions
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FIGURE 1. The stimulatory RNA of the VMV frameshifting signal is
proposed to form a stem-loop (A) or an RNA pseudoknot (B). Stem
0 of the model in A could also be present in the pseudoknot model
(dashed lines). The slippery sequence (GGGAAAC) is emboldened.
The interstem element (ISE) between the two stems of the pseudoknot
model (B) is indicated.

would form a two-stem helix similar to that found at the
HIV-1 frameshift signal (Dulude et al. 2002; Gaudin et al.
2005; Staple and Butcher 2005). The lower helix in this
structure could also form in the pseudoknot model (giving
a putative stem 0) (Fig. 1). To distinguish between these
folding possibilities, we analyzed the VMV signal by site-
directed mutagenesis coupled with in vitro and in vivo
frameshift assays, RNA secondary structure probing, and
"H NMR methods. The results reveal that that VMV
stimulatory RNA is indeed a pseudoknot, conforming
closely to the predicted structure and containing the
functionally essential ISE. The significance of this second-
ary structure element to proposed models of frameshifting
is discussed in comparison with other functionally impor-
tant pseudoknot features.

RESULTS

Secondary structure probing of the VMV
frameshift signal

The 5’ boundary of the VMV frameshift signal is almost
certainly the GGGAAAC heptamer located within the gag/
pol overlap region (genomic coordinates 1763-1769), the
only candidate slippery sequence in the region (Brierley
et al. 1989). Scrutiny of potential base-pairing interactions
downstream of this stretch suggests the formation of either
a stem—loop or an RNA pseudoknot structure (Fig. 1). The
stem—loop would comprise a two-stem helix totaling 13
base pairs (bp) in length with a loop of 19 nt. The base-
paired regions (stem O and stem 1) are separated by a
purine-rich interior loop with stem 0 incorporating some
of the slippery sequence. A shorter version could also exist
in which stem 0 does not form and a spacer of typical
length (6 nt) seperates slippery sequence and stimulatory
RNA. The proposed pseudoknot would also begin 6 nt
downstream of the GGGAAAC motif and would possess
two stems of 7 bp, linked by loops of 5 nt (loop 1) and 14
nt (loop 3). An ISE of 7 nt is present between the two
stems. (It should be noted that in the early pseudoknot
literature, most examples did not possess unpaired residues
between the two stems [for review, see Brierley et al. 2007],
thus the convention was to name the groove-spanning
loops L1 and L2 [now L1 and L3]). In this article we have
adopted the L1, L2, L3 nomenclature, but L2 will be
referred to as an ISE to highlight the unusual presence of
this loop in a frameshift-promoting pseudoknot).

In an effort to distinguish between the stem-loop and
pseudoknot models, RNA structure probing was per-
formed. VMV sequences comprising the putative pseudo-
knot, flanked by 29 and 13 nt at the 5’ and 3’ ends,
respectively, were cloned into a ribozyme-based transcrip-
tion vector such that a cleaved VMV RNA species of 97 nt
(Fig. 2) could be purified and would allow resolution of the
whole structure on a single gel. This was end labeled and
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FIGURE 2. The sequence and proposed secondary structures present in the T7 RNA
polymerase-derived transcripts of plasmids pVSM/HindIII (A; for RNA structure mapping)
and pVisna/HindIII (B; for NMR analysis). The VMV frameshift region contains the slip-
pery sequence GGGAAAC (underlined) and a downstream stimulatory RNA shown as a
pseudoknot. In each transcript, the VMV sequences are flanked by hammerhead and delta
ribozymes that cleave the RNA at the sites indicated by the large arrows. In pVisna, the right-
hand portion of the hammerhead ribozyme was extended compared to that of pVSM to allow
ribozyme folding to compete effectively with the folding of stem 1 of the pseudoknot in the

primary transcript (indicated as shared base-pairs in B).

subjected to chemical and enzymatic digestion prior to
analysis on denaturing polyacrylamide gels. Four enzymatic
probes were used; RNases CL3, T1, and U2, which pref-
erentially cleave single-stranded C, G, and A bases respec-
tively, and RNase CV1 which targets double-stranded and
stacked bases. The chemical probes imidazole and lead
acetate were also employed, which show specificity for
single-stranded regions. In these experiments, the Mg”"
level was kept at 2 mM, which is the approximate
concentration of this ion in the rabbit reticulocyte lysate
in vitro translation system (RRL) (Jackson and Hunt 1983).

The results of the chemical probing analysis were
strongly supportive of the pseudoknot model (Fig. 3).
The cleavage pattern of imidazole especially was highly
consistent with the formation of a pseudoknot, with
cleavage occurring at all regions predicted to be single
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partner for such a pairing are those
bases in the slippery sequence/spacer
region that would form stem 0 of the
two-helix stem—loop model, or the puta-
tive stem O in the pseudoknot model
(Fig. 1). Indeed, these spacer bases also
showed somewhat reduced accessibility
to lead ions. Secondly, the C bases in the
proposed ISE (Cs,, Cs3) were extremely
sensitive to lead-induced cleavage. Such
hyperreactivity may reflect a particular
conformation of this loop (see Discus-
sion). As with the chemical probing, the
enzymatic probing data were consistent
with the proposed pseudoknot, with
two exceptions. First, there was no
obvious specificity of cleavage of RNase
CV1 within the predicted double-
stranded regions of either model.
Although some cuts were seen in the
proposed stem regions, particularly
within stem 1 and toward the 3’ end of
stem 2 arm 2 (Cg,—Cgs), there were also
cuts within regions proposed to be single
stranded. While most of the latter are
likely to be a consequence of cleavage
of single-stranded bases in stacked con-
formation, the CV1 data were not par-
ticularly informative. The most noticable feature of the
enzymatic probing, however, was the extreme reactivity of
the G bases in the first arm of stem 2 to RNase T1 and to a
lesser extent, RNase U2, with Gyy, Gus, and Gy, being the
most reactive bases in the probed frameshift region. It
could be argued that these particular cleavages support the
stem—loop model, since the G bases involved would lie
within the 19-nt loop region of this model (Fig. 1). However,
in previous studies, we have observed an unusual reactivity
of RNase T1 with this (double-stranded) region of a variety
of frameshift-promoting pseudoknots, perhaps indicative of
unusual accessibility (Manktelow et al. 2005; I. Brierley,
unpubl.). Furthermore, RNase CL3 exhibited little or no
reactivity toward C bases within the proposed pseudoknot
stem regions (including arm 2 of stem 2) in comparison
to those of single-stranded regions. Further experiments
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FIGURE 3. Structure probing of the VMV frameshift signal. RNA derived by transcription of
pVSM/Hind IIT with T7 RNA polymerase was 5'-end labeled with [y->P]-ATP and subjected
to limited RNase or chemical cleavage using structure-specific probes. Sites of cleavage were
identified by comparison with a ladder of bands created by limited alkaline hydrolysis of the
RNA (OH™) and the position of known RNase U2 and T1 cuts, determined empirically.
Products were analyzed on a 10% acrylamide/7 M urea gel containing formamide. Data were
also collected from 6% and 15% gels (gels not shown). Enzymatic structure probing was with
RNases CL3, T1, U2, and CVI. Uniquely cleaved nucleotides were identified by their absence
in untreated control lanes (0). The number of units of enzyme added to each reaction is
indicated. Chemical structure probing was with imidazole (4 h, I) or lead acetate (Pb**;
millimolar concentration in reaction). The water lane (W) represents RNA that was dissolved
in water, incubated for 4 h and processed in parallel to the imidazole-treated sample. The
sequence of the probed RNA and the inferred secondary structure is shown below the gel. The
reactivies of the imidazole (black arrow), T1 (asterisk), U2 (square), lead (white arrow, only
hyperreactive bases shown), and CL3 (black triangle) probes are marked.

loop 3, downstream region), which
may reflect some hindrance to enzyme
accessibility.

Site-directed mutagenesis
of the VMV frameshift signal

We sought further support for the
pseudoknot model by mutational anal-
ysis and functional assays. The VMV
frameshift signal, either wild-type or
modified, was inserted between the
Renilla (R-luc) and firefly luciferase
(F-luc) genes of the dual reporter plas-
mid p2luc (Grentzmann et al. 1998; see
Materials and Methods) in such a way
that expression of the R-luc:F-luc fu-
sion protein (analogous to Gag:Pol) was
dependent upon frameshifting at the
inserted VMYV signal. In vitro frameshift
assays were carried out by translating
mRNAs in RRL, and nonframeshifted
(37 kDa) and frameshift (99 kDa) prod-
ucts quantified by densitometry. In in
vivo assays, frameshift plasmids were
transfected into mammalian cells and
luciferase activities measured 24 h post-
transfection. In order to quantify frame-
shifting efficiency in vivo, a “100%
frameshift” control plasmid was pre-
pared in which the R-luc and F-luc
sequences were aligned in frame by
insertion of a C base immediately after
the slippery sequence. The in vivo ex-
periments confirmed the pattern of
mutational effects seen in vitro, al-
though the frameshift efficiencies were
generally lower in vivo, as seen by
others (e.g., Parkin et al. 1992; Reil
et al. 1993). The results presented below
refer to the in vitro frameshift values
unless specifically stated.

Figure 4 shows the mutations intro-
duced into the frameshift region within
p2luc/VV1 (Fig. 4A, VV2-VV26;), in
vitro translations of the mutant con-
structs (Fig. 4B) and a summary of the
frameshift efficiencies measured for
each construct both in RRL and in

(detailed below) also strongly support the pseudoknot
model. Significantly, the proposed ISE appears to form as
predicted, showing reactivity to single-stranded probing
reagents, particularly plumbous ions (see above). However,
the extent of CL3 cleavage was less dramatic in the ISE than
that seen in other single-stranded regions (spacer, loop 1,

transfected tissue culture cells (Fig. 4C, cos 7). Analysis of
the proposed stem regions involved the introduction of
complementary and compensatory changes within stems 1
and 2. Three mutations were prepared for each stem. Two
were destabilizing mutations, introduced into each arm of
the relevant stem by changing either the three central base
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FIGURE 4. Analysis of the VMV frameshift signal by site-directed mutagenesis. (A) Mutations 2002; Bekaert et al. 2003) and the phe-

were introduced into the VMV frameshift region to modify the proposed pseudoknot. Deleted

bases are indicated by A. (B) Wild-type p2luc/VV1 or mutant derivatives

Hpal and transcribed with T7 RNA polymerase, and transcripts were translated in RRL at a
concentration of ~50 pg/mL. Products were labeled with *°S-methionine, separated on a
12.5% SDS/polyacrylamide gel and detected by autoradiography. The nonframeshifted (stop)

and frameshifted (FS) species are marked with arrows. M represents '*
(Amersham Pharmacia Biotech). (C) Summary of the mutations made
frameshift efficiencies in RRL and cos 7 cells.

pairs (stem 1) or all base pairs (stem 2) to their comple-
mentary Watson—Crick bases. The third was a double
mutation leading to a “pseudowild-type” structure, in
which both changes were made and should be compensa-
tory. In RRL, the frameshifting efficiency of the wild-type
VMV signal was 28.3% (VV1). Destabilization of either
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nomenon could be relevant to models
of frameshifting (Plant et al. 2003).

We next targeted the ISE, decreasing
or increasing its length in triplet steps
to give a range of ISEs of 1-13 nt. As
shown in Figure 4, frameshifting was
optimal at the natural length of 7 nt
(Fig. 4C, VVI, 28.3%) but reduced to
varying extents in the mutants. For the
shortest ISE (1 nt), frameshifting was greatly diminished
(to <2%) irrespective of whether the base was an A (VV2)
or a U (VV3). An ISE of 4 nt retained about half of the
activity of the wild type (Fig. 4C, VV8; 13.6%), but the
longer ISEs exhibited substantially reduced frameshifting
(Fig. 4C, VV9, 10 nt, 2.9%, VV10, 13 nt, <1%). Changing

were digested with

C protein markers
and the resulting
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the sequence of the ISE to the alternate pyrimidine/purine
bases while retaining its length (i.e., 5'-CGUCCGC-3" to
5'-UACUUAU-3") also reduced the capacity of the pseu-
doknot to induce frameshifting (Fig. 4C, VV23, 5.9%). We
do not know whether the inhibitory effects seen upon
changing the length or sequence composition of the ISE
reflect conformational constraints on global pseudoknot
folding or disruption of local tertiary interactions. How-
ever, a mutation that reduced the length of loop 1 from 5
to 2 nt reduced frameshifting significantly (VV11, <1%),
despite the fact that the remaining 2 nt have been shown to
be sufficient to span a 7 bp stem 2 in model building
studies (Pleij et al. 1985) and in pseudoknots with a stem 2
of similar length (see Michiels et al. 2001 and references
therein). The presence of the ISE may therefore necessitate
a loop 1 length of >2 nt. Based on this, we prepared a
construct in which the ISE was reduced to a single A
residue in the context of the shorter loop 1. While an
increase in frameshifting was seen with this mutant (Fig.
4C, VV25, 2.8%) in comparison to the individual changes
(Fig. 4C, VV2, ISE is a single A, 1.5%, VV11, loop 1 of 2 nt,
<1%), the stimulatory RNA still had a considerable deficit
of function compared to the wild-type structure.

Loop 3 of the VMV pseudoknot could potentially form
minor groove interactions with stem 1, as seen, for
example, in the pseudoknot of beet western yellows virus
(BWYV; loop 3 is 7 nt) (Su et al. 1999), a variant of the
simian retrovirus 1 (SRV-1) gag/pro stimulatory RNA
(pk103; loop 3 is 9 nt) (Michiels et al. 2001) and a synthetic
pseudoknot (pKA-A; loop 3 is 8 nt) (Liphardt et al. 1999)
derived from the coronavirus infectious bronchitis virus
(IBV) signal. In BWYV and pkl03, triplexes are formed
primarily through adenines in the loop, including a
conserved stretch 5'-AACAA-3'. A similar sequence is
present in loop 3 of the VMV pseudoknot (5'-AACA-3'),
but when this was changed to 5-UUGU-3’, only a small
reduction in frameshifting was seen (Fig. 4C, VV26,
22.9%). Thus the minor groove triplex interactions of the
kind seen with BWYV and pkl03 do not appear to be
necessary for frameshifting in VMV. This is likely to be a
consequence of the longer loop 3 in VMV; maintenance of
the 5'-AACAA-3" sequence in loop 3 of the the wild-tpe
SRV-1 gag/pro pseudoknot (where loop 3 is longer at 12 nt)
does not appear to be necessary for efficient frameshifting
(ten Dam et al. 1995). The loop-helix interaction docu-
mented in pKA-A is mediated at least in part by the
ultimate base of loop 3 (Liphardt et al. 1999). In contrast to
what was seen with this pseudoknot, where only an A was
functional at this location, variants of the VMV pseudo-
knot retained significant activity, whether the A was
replaced with G (VV14, 76.9%), C (VV1I5, 1311.5%), or
U (VV13, 31%). Again, this difference is probably due to
the longer length of the VMV loop 3. When loop 3 of the
pKA-A pseudoknot was increased to 14 nt (identical in
length to that of VMV), the identity of the nucleotide at the

end of loop 3 became less important, with all four bases
promoting frameshifting to a similar level (Liphardt et al.
1999). At present, however, we cannot rule out that the
VMV pseudoknot engages in some form of loop—helix
interaction since replacement of the ultimate and penulti-
mate A residues at the end of loop 3 by G residues was
significantly inhibitory to frameshifting (Fig. 4C, VV4,
2.1%). While this mutation could be impacting upon
another aspect of pseudoknot architecture or function,
for example, the conformation of the junction between the
two stems, it could also be modulating interactions with
stem 1. It may be significant that a flip mutation that
reversed two G-C base pairs in stem 1, although having no
effect on predicted helix stability (Turner et al. 1988),
inhibited frameshifting conspicuously (Fig. 4C, VVIi2,
8.9%), perhaps by affecting contacts with the 3’ end of
loop 3. To ascertain whether a reduction in loop 3 length
could be tolerated, 3 nt were deleted close to the 5" end of
the loop, retaining the 5'-AACA-3" motif and the A
residues at the 3’ end of the loop. This mutation showed
a deficit in frameshifting (Fig. 4C, VV5, 12.5%), suggesting
a minimal loop length is required. However, in some
frameshift-promoting pseudoknots it has been revealed
that certain bases at the junction of stem 1 and loop 3
can affect frameshifting despite no obvious involvement in
secondary or tertiary interactions (for example, see Kim
et al. 2000; Pallan et al. 2005). How this is mediated is
uncertain, but it may be that the VV5 deletion impinges on
this function.

NMR analysis of the VMV stimulatory RNA

Naturally, an atomic model of the VMV pseudoknot would
be of considerable value and would aid interpretation of the
structure probing and mutagenesis data. To this end, we
attempted to crystallize the molecule. Milligram quantities
of a homogeneous RNA containing the VMV pseudoknot
flanked by two unpaired residues at either end was purified
from pVisna-derived transcripts using a dual ribozyme
method (see Materials and Methods) (Fig. 2). However,
despite extensive screening, no crystals were obtained under
any of the conditions tested over a range of temperatures.
However, sufficient material was available to allow a pre-
liminary analysis of the structure by UV melting and 1D
and 2D NMR. Initial UV melting experiments indicated a
single melting transition beginning at ~60°C with a mid-
point at 76.8°C (Fig. 5). This could represent, in principle,
melting of either or both helices of the two-stem helix
or the pseudoknot, depending on how the stems unfolded
(in a single or two melting transitions). The situation was
clarified by NMR analysis. 1D proton NMR experiments
were performed in 10% D,O at temperatures between 30°C
and 70°C and the data are shown in Figure 5. NMR spectra
recorded at 30°C yielded at least 13 peaks, although precise
quantification is difficult due to extensive overlap between
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ative of melting of the other stem, al-
most certainly stem 2 of the pseudoknot.

The idea that stem 1 is present and
unwinds last comes from a tentative
peak assignment for nonexchangeable
protons in the 60°C spectrum. One
peak is present with a chemical shift
>13.5 ppm. This peak is broad, and
imino protons in Watson—Crick base
pairs at the end of helical regions are

o 14
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known to exchange more rapidly with
Temperature (*C)

solvent (Varani et al. 1989). A strong
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FIGURE 5. Probing the VMV pseudoknot structure by 1D NMR. (A). First derivative UV
melting curve of the VMV pseudoknot displaying a single melting transition with a midpoint
at 76.8°C. Smoothed raw data are shown in black and fitted data in blue. Arrows link to the
corresponding spectra. (B) 1D NMR spectra of the imino proton resonances of the VMV
pseudoknot at 10°C intervals from 30°C to 70°C. For a full description, see main text.

the peaks, where some of the larger peaks contain over-
lapping signals from 2 or 3 bp. This information alone did
not discriminate between the two-stem helix and pseudo-
knot models (with 13 and 14 bp in each structure,
respectively). However, only two of the peaks had a
chemical shift indicative of an A-U base pair (see below),
instead of the five predicted by the two-stem helix model,
suggesting that the predominant species is the pseudoknot.
With increasing temperature, the base-pair count was
slowly reduced until 60°C, at which point only seven pairs
appear to remain, with a single A-U peak, consistent with
the maintenance of pseudoknot stem 1. The spectrum at
70°C has only three peaks, as would be expected from its
position within the main melting transition. As discussed
below, peaks can be assigned to bases in the G-rich stem
throughout the temperature range and therefore are indic-
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70°C a 2D 'H-"H NOESY spectrum of the

RNA recorded at 30°C (data not

shown), indicating that a stable A-U

60°C base pair is forming. Imino-amino
R

correlations observed for all other reso-
nances in the same spectrum identify
them as G imino protons within G-C
base pairs (data not shown). The three
close peaks between 12.5 and 12.7 ppm
(Fig. 5) could derive from the three
central G-C base pairs in stem 1, given
that these base pairs are in a similar
structural context. The single sharp
resonance at 12.1 ppm, showing similar
imino-to-amino correlations, is likely
to derive from the closing C-G pair of
stem 1. An upfield shift in the imino of
the base pair closing a stem has been
noted previously in the frameshift-pro-
moting pseudoknot of mouse mam-
mary tumor virus gag/pro (MMTV)
and has been attributed to the stacking
of adjacent bases, with the first base of
loop 3 stacking onto the bottom of stem
1 (Shen and Tinoco 1995). In the VMV
case, stacking may be present with bases in the ISE or loop
1, given the possibility of an open conformation of the
stem—stem junction afforded by the presence of the ISE.
This peak also shows some broadening relative to the
others with increasing temperature, possibly indicating a
position at the end of a helix, and may become subject to
faster solvent proton exchange as interactions across the
stem—stem junction are melted. Finally, the two remaining
strong resonances at 13.0 and 13.2 ppm are expected to
derive from the two remaining G-C pairs in stem 1. In the
NOESY spectrum (data not shown), sequential imino
correlations link the A-U pair and the three subsequent
G-C base pairs, which remain in the 60°C spectrum,
consistent with the proposed secondary structure of stem 1.

A final comment concerns the stability of the two stems.
At temperatures between 30°C and 60°C, the base-pair
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count is reduced with increasing temperature, indicating
gradual melting or breathing of stem 2. This may explain
the lack of a defined stem 2 melting transition by UV and
also the sensitivity of stem 2 bases to cleavage by RNase T'1
described above. Together, these data are most consistent
with the pseudoknot model with a breathing stem 2.

DISCUSSION

Inspection of the sequence of the Visna-Maedi virus
ribosomal frameshifting signal suggested that the RNA
may fold into either a structure resembling the two-stem
helix employed at the HIV-1 gag/pol frameshift signal
(Dulude et al. 2002) or an RNA pseudoknot with a unusual
7-nt insertion (loop 2 or ISE) between the two stems. By
using a combination of RNA structure probing, site-
directed mutagenesis, and NMR, we show that the stimu-
latory RNA is a pseudoknot and that the ISE is a critical
functional element.

Structure of the VMV frameshift-promoting
pseudoknot

The RNA structure probing and in vitro translation studies
strongly support the pseudoknot model of Figure 1. The
overall fold was especially obvious from the single-stranded
chemical probing experiments, which clearly delineated
the single- and double-stranded regions. While stem 2 was
contrarily sensitive to the single-strand G-specific RNase
T1, such unusual reactivity has been seen with other
pseudoknots, and it is clear from the other probing
reagents and from NMR that stem 2 does form. Indeed,
mutations that abrogated base-pairing in either pseudoknot
stem were inhibitory to frameshifting, yet frameshifting was
restored in pseudowild-type double mutants with restored
base-pairing. Although the stem 1 double mutant regained
close to full activity, the stem 2 double mutant regained
only about 50% of wild-type activity. This is likely to be a
consequence of the flipping of the stem 2 base pair at the
stem—stem junction, as such junction changes have the
capacity to influence frameshifting (for examples, see Kim
et al. 1999; Cornish et al. 2006). Structure—function analysis
of a number of frameshift-promoting pseudoknots has
revealed a complexity of interactions between loops and
stems and at the junction between component stems and
has identified some exposed regions not involved in tertiary
contacts that can affect frameshifting, including bases at the
junction of stem 1 and loop 3 (Kim et al. 1999, 2000;
Liphardt et al. 1999; Su et al. 1999; Michiels et al. 2001;
Nixon et al. 2002a,b; Wang et al. 2002; Cornish et al. 2005;
Pallan et al. 2005). Our studies indicate that the MVV
pseudoknot does not engage in the kind of extended loop
3—stem 1 helix minor groove interaction typified by the
short luteovirus pseudoknots (e.g., BWYV), since these

occur primarily through adenines, and removal of a block
of these (VV26) does not greatly impinge on function.

Further support for the pseudoknot model comes from
phylogenetic sequence analysis. An alignment of the frame-
shift region of published small ruminant lentiviruses,
including 71 Swiss caprine and ovine lentiviruses (Shah
et al. 2004), reveals excellent conservation of pseudoknot
features (Supplemental Fig. 1). As expected for a (dual)
coding region, the overall length of the pseudoknot is
conserved. Almost all of the variation between isolates is
present in the spacer region, the first two bases of loop 1
and within loop 3. From this, we observe that stem 0 is
not conserved between isolates, as one would predict
from our mutational analysis. The sequence of loop 3,
with the exception of the gag termination codon (UAA;
bases 69-71) and following residue (C5,), shows consider-
able variation. Importantly, the penultimate A residues are
not conserved, arguing against a role for these bases in
loop-helix interactions. The inhibitory effect of changing
these residues to Gs (VV4) could thus be related to effects
at the stem—stem junction. From the alignment, it can be
seen that the stems are highly conserved. Within the 7-
bp stem 1, the central 5 bp are preserved, although in
several cases the central GC pair is replaced by GU. The
first and seventh base pairs are not as well conserved,
however, and stem 1 in some isolates is predicted to be only
5 bp long. This suggests that the pseudoknot can function
with a shorter stem and can tolerate single nucleotide
increases to the length of the spacer, loop 1, ISE, and loop
3. In many isolates, the top base pair of stem 1, CG, is
replaced by the phylogenetically conserved AU pair. The
sequences that make up stem 2 are identical in all isolates
bar one, where the central GC pair is flipped to CG,
indicating conservation of this stem. The ISE is fully
conserved in all isolates.

Role of the ISE

Frameshift-promoting pseudoknots with a single unpaired
adenosine between the stems have been described pre-
viously (typified by MMTV gag/pro [Shen and Tinoco
1995], and a few possess a long, highly structured ISE, for
example, the stimulatory RNA of Rous sarcoma virus [RSV;
ISE is 52 nt] [Marczinke et al. 1998] and the closely related
pseudoknot of gill-associated virus [GAV; ISE is 64 nt]
[Cowley et al. 2000], but most lack an ISE [van Batenburg
et al. 2001; Brierley et al. 2007]). Indeed, among pseudo-
knots in all RNAs described to date, >85% do not possess
a loop 2 (van Batenburg et al. 2001; Kim et al. 2004).
However, an examination of the sequences present at viral
frameshift sites reveals two other potential examples of
frameshift-promoting pseudoknots with short ISEs, a 3-nt
ISE in the pseudoknot of the Ia/Ib frameshift signal of the
arterivirus lactate dehydrogenase-elevating virus, strain C
(Godeny et al. 1993) and a 2-nt ISE at the pro/pol overlap of
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human T-lymphotrophic virus type II (R. Girnary and
L. Brierley, unpubl.).

The presence of the 7-nt ISE in the VMV pseudoknot is
unexpected from the perspective of function. Our previous
studies with the IBV frameshift signal revealed that the
artificial introduction of an ISE (of 3 nt) between the
component stems of the pseudoknot was inhibitory to
function (Brierley et al. 1991). Similarly, increasing the
length of the ISE of the MMTV gag/pro pseudoknot from
1 to 2 nt also severely compromises activity (Chen et al.
1995). The ISE of the VMV pseudoknot, in contrast, is
essential for frameshifting and must therefore be accom-
modated into the global fold without compromising
pseudoknot activity. While reducing the length of this
element to 4 nt was tolerated to a degree (VV8), further
reduction or an increase in length led to a dramatic
inhibition of frameshifting. The strong reactivity of the
ISE to lead probing and the apparent sequence requirement
(VV23) suggests a specific structural role. The ISE might be
expected to increase the flexibility of the pseudoknot; as
discussed earlier, loop 1 is unusually long for a pseudoknot
of this size, a feature that may be required to accommodate
the increased flexibility. The ISE would also be expected to
affect junction conformation and the thermodynamics of
unfolding of the pseudoknot. Without detailed structural
information, however, we do not know whether the ISE
is engaged in any local interactions at the pseudoknot
junction, so its precise role in pseudoknot conformation
and function is unknown. Furthermore, we do not know
whether the ISE engages in any interactions in trans with
components of the translation apparatus.

Recent cryo-EM images of ribosomes stalled at a coro-
navirus frameshift-promoting pseudoknot (Namy et al.
2006) have provided support for the long-held belief that
the role of the pseudoknot is to resist the ribosomal helicase
and affect the movement of mRNA through the ribosome
during the elongation cycle (Jacks et al. 1988; Takyar et al.
2005). How such resistance is accomplished is uncertain.
A simple “roadblock” action of the pseudoknot has been
shown to be oversimplistic (Brierley et al. 1991; Chen et al.
1995), and even pseudoknots containing subtle mutations
with remarkably similar overall conformation can display
widely differing frameshift efficiencies (see Cornish et al.
2006, and references within). Recent work has revealed that
pseudoknots possess greater mechanical stability in com-
parison to hairpins and a kinetic insensitivity to force
(Green et al. 2008), supporting the hypothesis that the
extent of —1 frameshifting is related to the difficulty of
mechanically unfolding the pseudoknot (Namy et al. 2006;
Hansen et al. 2007). Nevertheless, we are not yet at the stage
where the activity of a pseudoknot can be foreseen from the
sequence and predicted secondary structure. The demon-
stration in this article of a functional retroviral pseudoknot
possessing an ISE adds another layer of complexity to such
forecasting.
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MATERIALS AND METHODS

Site-directed mutagenesis

Site-specific mutagenesis was carried out using a commercial
PCR-based methodology (QuikChange, Stratagene) or by the
method of Kunkel (1985) as described previously (Brierley et al.
1989). Mutants were identified by dideoxy sequencing of single-
stranded templates (Sanger et al. 1977). Sequencing through G +
C-rich regions was facilitated by replacing dGTP with deaza-GTP
in the sequencing mixes.

Construction of plasmids

The frameshift reporter plasmid p2luc/VV1 was constructed by
inserting three pairs of complementary synthetic oligonucleotides
encoding the VMV frameshift region (strain accession number
NC001452) between the Renilla and firefly luciferase genes of the
dual luciferase reporter plasmid p2luc (Grentzmann et al. 1998)
using the Sall and BamHI restriction sites. A “100% frameshift”
in-frame control plasmid for in vivo assays, p2luc/VV21, was
prepared by inserting a cytosine base immediately downstream of
the slippery sequence to align the luciferase frames (GGGAAAC
CAAC). To perform mutagenesis of the VMV frameshift region, a
1891-bp HindIII/EcoRI fragment from p2luc/VV1 was subcloned
into plasmid pINGI14.2 (Liu et al. 1991) to generate pING14.2/
VV1. Following mutagenesis, the HindIII/EcoRI fragments were
sequenced in their entirety and reintroduced into p2luc for
subsequent frameshift assays. The structure mapping plasmid
pVSM was constructed by inserting six pairs of complementary
synthetic oligonucleotides into the Xbal and PstI sites of plasmid
pUCL190V (Arnvig et al. 2004), a derivative of pUC18T7Pst0V
(gift of Dr. Sandra Searles, MRC Laboratory of Molecular Biology,
Cambridge, UK) (Fig. 2A; Jovine et al. 2000). The cloned VMV
sequences comprised the putative pseudoknot flanked by 29 and
13 nt at the 5" and 3’ ends, respectively. Plasmid pVisna, used to
produce unit length transcripts for crystallography trials and NMR,
was constructed by inserting six pairs of complementary synthetic
oligonucleotides into the Xbal and PstI sites of pUC1190V (Fig. 2B).
The cloned VMV sequences comprised the putative pseudoknot
flanked by AA and UU nucleotides at the 5" and 3" ends, respectively.

In vitro transcription

Plasmids for in vitro transcription were purified using a com-
mercial kit (Qiagen). Capped mRNAs for in vitro translation were
prepared from Hpa I-cut p2luc/VV variants using bacteriophage
T7 polymerase and the protocol of Girnary et al. (2007). Large-
scale transcriptions of dual ribozyme constructs were performed
to generate homogeneous material for structure mapping (pVSM/
HindIII), crystallography trials, and NMR (pVisna/HindIII) as
described (Ke and Doudna 2004). Transcription reactions (10
mL) were carried out at 37°C for 3 h and typically contained 500
wg Hind II-linearized plasmid DNA, 5 mM of each rNTP, 1 mg
of T7 RNA polymerase, and 10 U inorganic pyrophosphatase in a
buffer containing 30 mM Tris (pH 8), 25 mM MgCl,, 10 mM
DTT, 0.01% Triton X-100, and 2 mM spermidine. After 3 h at
37°C the RNA was heated at 65°C for 10 min, slow cooled to
55°C, and held at this temperature for a further 30 min to
promote ribozyme cleavage prior to gel purification of the
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relevant species. Following purification, the RNA pellet was
dissolved in 2 mL 10 mM Tris (pH 8), 5 mM MgCl,, and 0.1 M
NaCl and dialyzed (10 kDa cutoff Slide-a-lyser, Pierce) over-
night against three changes of 800 mL of the same buffer at 4°C
to remove acrylamide contaminants. The RNA was centrifugally
concentrated to 5-6 mg/mL (Vivaspin 10 kDa cutoff, Sartorius)
and stored at —80°C.

RNA structure probing

Gel-purified pVSM transcripts (10 pg) were 5'-end labeled with
[y->>P]JATP using T4 polynucleotide kinase, repurified from
10% acylamide-urea gels, and dissolved in water. All reactions
contained 20,000-100,000 cpm 5’-end-labeled RNA transcript,
and structure probing was carried out according to Manktelow
et al. (2005). The temperature and salt conditions in the struc-
ture probing reactions were ice (enzymes), 25°C (lead acetate), or
37°C (imidazole) in buffers containing 2 mM MgCl, (all re-
agents) and either 50 mM Na cacodylate (pH 7) (RNase T1; CL3),
100 mM KCI (RNases CV1, U2), 50 mM KOAc (lead), or 40 mM
NaCl (imidazole). RNAs were prepared for analysis on 6%, 10%,
or 15% polyacrylamide-7 M urea sequencing-type gels (with or
without 20% [v/v] formamide) by dissolution in water and
mixing with an equal volume of formamide gel loading buffer
(95% [v/v] formamide, 10 mM EDTA, 0.1% bromophenol blue,
0.1% xylene cyanol), prior to heating at 80°C for 3 min.

Ribosomal frameshift assays

Messenger RNAs were translated in the rabbit reticulocyte in vitro
translation system (RRL) at 30°C as described (Brierley et al.
1987). Translation products were analyzed on SDS-12.5% (w/v)
polyacrylamide gels according to standard procedures (Hames
1981). The relative abundance of nonframeshifted and frame-
shifted products on the gels was determined by direct measure-
ment of [*>S]methionine incorporation using a Packard Instant
Imager 2024 and adjusted to take into account the differential
methionine content of the products. In vivo frameshift assays
employed Cos-7 cells, which were maintained in Dulbecco’s
modification of Eagle’s medium supplemented with 10% (v/v)
fetal calf serum. The p2luc/VV series of plasmids were transfected
using a commercial liposome method (FuGene 6; Roche). Cells
were seeded in 60-mm dishes and grown for 18-24 h until 80%
confluency was reached. Transfection mixtures (containing plas-
mid DNA, serum-free medium [Optimem; Gibco-BRL] and
FuGene) were set up as recommended by the manufacturer and
added directly (dropwise) to the tissue culture cell growth
medium. The cells were harvested 24 h post-transfection and
reporter gene expression determined using a dual luciferase assay
system kit (Promega). Each data point represents the mean value
from three separate transfections.

Crystallization trials

The VMV pseudoknot transcript prepared from pVisna was used
at a concentration of 4-6 mg/mL. Crystallization experiments
employed vapor diffusion and batch methods using commercial
sparse matrix and grid screens (Nextal, Qiagen; Hampton Re-
search). Hanging drops were set up in 24-well EasyXtal CrystalSup-
port trays (Nextal). Batch experiments were dispensed using an
Oryx 6 crystallization robot (Douglas Instruments) and imaged
using a Rock Imager (Formulatrix).

UV spectroscopy

UV melting experiments were performed on a Jasco V550 UV/Vis
spectrometer equipped with an ETC-505T temperature controller.
Samples were heated in 10 mM Tris (pH 8), 100 mM NaCl, and
5 mM MgCl, from 20°C to 95°C in stoppered cuvettes at 1°C
per minute and the absorbance at 260 nm read every 0.3-0.4 sec.
Data were fitted using ProFit (Quansoft).

NMR spectroscopy

NMR spectra were recorded at 10°C-70°C using Varian UnityPlus
and INOVA spectrometers operating at 500, 600, and 800 MHz
"H frequencies and on a Bruker Advance spectrometer operating
at 600 MHz 'H frequency equipped with a cryoprobe. The
experiments were recorded with 0.3 mM samples of the VMV
pseudoknot in a 90% H,0/10% D,0O mixture in 10 mM Tris-HCI
(pH 8), 100 mM NaCl, and 5 mM MgCl,. Water suppression was
achieved by WATERGATE pulse sequences (Piotto et al. 1992).
Spectra were referenced internally to the residual water signal with
appropriate correction for temperature. 2D NOESY spectra were
recorded at 30°C with mixing times of 125 and 300 msec.

SUPPLEMENTAL DATA

Supplemental material can be found at http://www.rnajournal.org.
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