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Ribosomal frameshifting, a translational mechanism
used during retroviral replication, involves a directed
change in reading frame at a specific site at a defined
frequency. Such programmed frameshifting at the
mouse mammary tumor virus (MMTYV) gag-pro shift
site requires two mRNA signals: a heptanucleotide
shifty sequence and a pseudoknot structure positioned
downstream. Using in vitro translation assays and
enzymatic and chemical probes for RNA structure, we
have defined features of the pseudoknot that promote
efficient frameshifting. Heterologous RNA structures,
e.g. a hairpin, a tRNA or a synthetic pseudoknot,
substituted downstream of the shifty site fail to promote
frameshifting, suggesting that specific features of the
MMTYV pseudoknot are important for function. Site-
directed mutations of the MMTYV pseudoknot indicate
that the pseudoknot junction, including an unpaired
adenine nucleotide between the two stems, provides a
specific structural determinant for efficient frameshift-
ing. Pseudoknots derived from other retroviruses (i.e.
the feline immunodeficiency virus and the simian retro-
virus type 1) also promote frameshifting at the MMTV
gag-pro shift site, dependent on the same structure at
the junction of the two stems.

Key words: frameshifting/nickel complex/pseudoknot/retro-
virus

Introduction

In retroviruses the pol (or pro/pol) gene encodes three
essential enzymes: integrase, protease and reverse tran-
scriptase. These gene products are expressed from a
polycistronic mRNA and are regulated at the level of
translation, by either ribosomal frameshifting into the —1
frame or read-through of a termination codon (for reviews
see Atkins et al., 1990; Jacks, 1990; Hatfield et al., 1991).
It has been demonstrated that several organisms and
genetic elements other than retroviruses also regulate the
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expression of their genes by ribosomal frameshifting.
These include coronaviruses (Brierley et al., 1989;
Bredenbeek et al., 1990; den Boon et al., 1991; Herold
and Siddell, 1993), toroviruses (Snijder et al., 1990), the
yeast LA double-stranded (ds) RNA virus (Dinman et al.,
1991; Tzeng et al., 1992), the yeast retrotransposon Ty
(Clare and Farabaugh, 1985; Mellor et al., 1985) and
several prokaryotes (Craigen and Caskey, 1987; Sekine
et al., 1989; Flower et al., 1990; Tsuchihashi et al., 1990).

Jacks et al. (1988) established that when translating
Rous sarcoma virus (RSV) RNA, the ribosome shifts into
the —1 reading frame at the gag-pol overlap in response
to at least two sets of cis-acting signals in the viral mRNA:
a consensus heptanucleotide sequence and a higher order
RNA structure downstream of this shift site. In a more
comprehensive mutational analysis of the open reading
frame (ORF) la and 1b overlap region of the coronavirus
infectious bronchitis virus (IBV), Brierley et al. (1989,
1991) showed that the downstream RNA structure is
composed of two stems that, if formed simultaneously,
would fold into a pseudoknot structure. A survey of many
retroviral RNAs has revealed sequences consistent with
pseudoknotted RNA structures downstream of many
demonstrated or suspected frameshift sites (ten Dam
et al., 1990).

The mechanism by which a pseudoknot promotes ribo-
somal frameshifting is unknown. It was proposed by Jacks
et al. (1988) that RNA structure may cause pausing of
the ribosome at the shift site and thereby induce slippage
into the —1 reading frame. Ribosomal pausing has been
observed at a few shift sites: the Escherichia coli dnaX
gene (Tsuchihashi, 1991), the LA dsRNA virus (Tu et al.,
1992) and the IBV mRNA (Somogyi et al., 1993). In the
latter two cases, a pseudoknot is located downstream of
the shift site. However, a simple stem—1loop in IBV, which
is unable to direct efficient frameshifting, also causes
ribosomal pausing, though at a reduced level, suggesting
that factors other than the ability of pseudoknots to impede
ribosomal progression are important in frameshifting
(Somogyi et al., 1993). Thus, the idea that a pseudoknot
serves simply as an energetic barrier to the ribosome does
not provide a satisfactory explanation of how the RNA
structure promotes frameshifting. These results suggest
that a particular conformational feature of the pseudoknot
is important for its ability to promote frameshifting.
Clearly, more information on the structure and thermo-
dynamics of pseudoknots is needed before we can fully
understand their role in frameshifting events.

The highly efficient ribosomal frameshifting in the gag-
pro overlapping region of mouse mammary tumor virus
(MMTV) mRNA requires a pseudoknot (Figure 1;
Chamorro et al., 1992). Mutations that disrupt the base
pairing in either stem 1 or stem 2 of the pseudoknot
impair frameshifting, while compensatory changes that
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Fig. 1. Predicted RNA pseudoknot at the MMTV gag-pro frameshift
site. (A) The predicted secondary structure of the MMTYV pseudoknot
is shown downstream of the frameshift site, the boxed heptanucleotide
AAAAAAC. The nucleotides in bold were mutated from the wild-type
sequence to create two unique restriction sites, BstBI and SnaBI,
which are indicated by arrows. As a result, the stop codon in the gag
reading frame was moved from a position 5’ of the pseudoknot to the
underlined UAA. (B) Ribosomal frameshifting assay. The plasmid
pMGPP contains three overlapping MMTYV reading frames: gag, pro
and pol. Linearization of the plasmid with BglIl and in vitro
transcription using SP6 RNA polymerase yields a 2.4 kb mRNA.

In vitro translation of the mRNA in rabbit reticulocyte lysates
produces Gag (41 kDa), Gag-Pro (70 kDa) and Gag-Pro-Pol (82 kDa)
fusion proteins.

restore the base pairing restore frameshifting. These results
are consistent with the presence of the pseudoknot sug-
gested by the sequence. However, the predicted RNA
pseudoknot is 34 nucleotides long, with only a single
nucleotide in loop 1. This contrasts with the requirement
for at least two nucleotides crossing the deep and narrow
major groove of an A-form helix in model pseudoknots
that have been studied previously (Pleij et al., 1985; Le
et al., 1989; ten Dam et al., 1990; Wyatt et al., 1990).
Another unexpected feature of the MMTYV pseudoknot is
that an unpaired residue is predicted to separate the two
stems of the pseudoknot and might compromise the coaxial
stacking interactions of the two stems. These unusual
structural features of the MMTV pseudoknot may play
important roles in ribosomal frameshifting.

Here we report that pseudoknots downstream of retro-
viral shift sites display specific structural features neces-
sary to direct efficient frameshifting. First, a simple
stem—loop, a tRNA structural motif and a synthetic model
pseudoknot were all shown to be inefficient in directing
frameshifting. Thus the existence of a stable structure in
the mRNA downstream of the shifty site is not sufficient
to cause the ribosome to shift frame. To investigate
further the structure —function relationship of pseudoknot-
promoted frameshifting, we carried out site-directed
mutagenesis on the pseudoknot in the gag-pro overlapping
region of MMTYV. The structures of the MMTYV pseudoknot
mutant RNAs were characterized using chemical and
enzymatic probes, and correlated with their ability to
promote frameshifting in a rabbit reticulocyte lysate trans-
lation system.

Our results establish that the 34 nucleotide sequence
downstream of the MMTV gag-pro frameshift site is
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indeed able to form a pseudoknotted structure. The two
stems of the pseudoknot are separated by a single nucleo-
tide at the junction, and this nucleotide interrupts the
coaxial stacking of the two helices. The junction region
between the two stems was found to be a major structural
feature that determines the ability of the pseudoknot
to promote frameshifting. Furthermore, other retroviral
pseudoknots that direct frameshifting on feline immuno-
deficiency virus (FIV) and simian retrovirus (SRV-1) RNA
(ten Dam et al., 1990; Morikawa and Bishop, 1992) are
also efficient in promoting frameshifting when placed in
the context of MMTV RNA. Although the stems and
loops of these pseudoknots differ from those of the MMTV
pseudoknot, the junctions between the stems are very
similar and are also required for efficient frameshifting,
thereby revealing a common structural determinant among
the retroviral pseudoknots that facilitate —1 frameshifting.

Results

Our strategy for the analysis of the structure—function
relationship of pseudoknot-promoted frameshifting by
retroviruses was: (i) to map the structure of the pseudoknot
in the gag-pro overlapping region of MMTV with the use
of chemical and enzymatic probes, (ii) to create defined
structural mutations within the pseudoknot, and (iii) to
assay these changes for frameshifting function in a rabbit
reticulocyte lysate translation system.

Mapping of the MMTV pseudoknot structure
Our previous mutational studies strongly suggested that a
34 nucleotide sequence, starting seven nucleotides down-
stream of the MMTV gag-pro frameshift site, forms a
pseudoknotted RNA structure, which is necessary for high
levels of frameshifting (Chamorro et al., 1992; Figure 1).
To facilitate structural studies on the predicted MMTV
pseudoknot by chemical and enzymatic probes (and for
use in studies by NMR, to be reported elsewhere), an
RNA pseudoknot oligonucleotide (VPK, 34 nucleotides;
Figure 2) was synthesized in vitro by T7 RNA polymerase
(Milligan et al., 1987; Wyatt et al., 1991). This pseudoknot
differs from the wild-type pseudoknot in that G-C base
pairs were flipped in stem 1 and in stem 2 (Figure 3A).
When introduced in the mRNA, VPK preserves the
same frameshifting efficiency (12%) as the wild-type
pseudoknot in the context of the BstBI—SnaBI sites
flanking the pseudoknot region that were introduced to
simplify the construction of mutants (Figure 3B).
Single-strand (ss) and double-strand (ds)-specific
enzymes (Puglisi et al., 1990) and a base-specific metal
complex (Chen er al., 1993) were used to probe the
structure of the 34 nucleotide VPK RNA oligonucleotide
(Figure 2). The ds-specific ribonuclease, V|, cleaves effi-
ciently in the stem regions of VPK as well as loop 1,
while the ss-specific nuclease, S, cleaves predominantly
in the loop 2 region and mildly in the lower part of stem
2 (Figure 2). This is consistent with the structural studies
of pseudoknots reported previously: nucleotides in loop
2, which bridge the shallow minor groove, are more
accessible to ss-specific probes than those in loop 1 (van
Belkum et al., 1988; Puglisi et al., 1990). Base stacking
interactions of the nucleotides in loop 1, as indicated by
NMR data (unpublished results), make them accessible to

843



X.Chen et al.

Vi

+Mg, Ni(R

control

Mg, Ni(R
| native, T1
: denatured, T1

°
o
=
o
o

G10: - ~<Gi1
G9 e —<G10
G7 > . —Co

. =-G7
G1>

Vi

22T 37°C22T 37T

Si Si

G
stem2 a

loop2

stem1

B

stem2

loop1

stem1

s

Fig. 2. Structural mapping of an RNA pseudoknot. Autoradiograms are shown with partial digestion products of the VPK oligoribonucleotide by
nucleases Sy, V; and Ty, and by a chemical probe, NiCR (see Materials and methods). The RNA was 32P-labeled at the 5’ end. The vertical bars to
the right of the autoradiograms indicate the predicted positions of the stems and loops of VPK. The numbering on the two left-most panels indicates
the positions of the fragments obtained after RNase T; and NiCR cleavage. On the far right, a schematic representation of the folded VPK
oligoribonucleotide is shown. Enzymatic and chemical cleavage sites are indicated.

V, cleavage. The ss, G-specific RNase T, nuclease cleaves
primarily at G7 (Figure 2), indicating that the predicted
G7-U34 base pairing (see Figure 1; ten Dam et al., 1990)
does not occur. Thus, loop 1 is actually two nucleotides
in length, consistent with the requirement that at least two
nucleotides are necessary to cross the deep major groove
of stem 2 (Figure 2).

A more detailed analysis was carried out by a conforma-
tion-sensitive chemical probe, NiCR/[2,12-dimethyl-
3,7,11,17-tetraazabicyclo(11.3.1)heptadeca-1(17),2,11,13,15-
pentaene]-nickel(II) perchlorate, which cleaves at the most
solvent-accessible guanines on DNA and RNA molecules
(Chen et al., 1992, 1993). There was no difference in
cleavage with NiCR in the presence or absence of magnes-
ium (Figure 2), indicating that this pseudoknot can be
stabilized at 100 mM NaCl without magnesium. G1 and
G7 were cleaved most efficiently, followed by G9 and
G28 (Figure 2). The cleavage of G7 and G9 further
confirms the assignment of G7 to loop 1, and the mild
cleavage at G28 indicates that this base is located at the
junction of stem 2 and loop 2.

Substitution of the MMTV pseudoknot with a
stem—loop, tRNA and PK5

There are two general models for the role of pseudoknots
in frameshifting. One is that the pseudoknot is recognized
by a component of the translation apparatus and thereby
signals the ribosome to shift into the —1 frame. Altern-
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atively, the RNA pseudoknot may serve as a ‘roadblock’
that resists the unwinding of the RNA structure during
translation and thereby causes the ribosome to pause over
the shift site. This latter model predicts that any RNA
motif which forms a stable mRNA structure may stall the
motion of the ribosome and promote the —1 frameshift.
To distinguish between these two models, we substituted
various heterologous RNA structures (i.e. a stem—loop, a
tRNA and a synthetic pseudoknot) for the pseudoknot
downstream of the MMTV gag-pro frameshift site.

We first asked whether the stability of a downstream
structure was its only relevant feature for directing frame-
shifting. A stem—loop is predicted to be more stable than
a pseudoknot of the same length and base pair composition.
A hairpin composed of both stems of VPK joined by the
unpaired Al14 was constructed (Figure 3A, HP). This
hairpin, which is of high predicted thermodynamic stability
(AG° = —18 kcal/mol at 37°C; Jaeger et al., 1989),
displayed low frameshifting efficiency (Figure 3B, 2%)
relative to VPK (Figure 3B, 12%).

To strengthen the argument that any stable mRNA
structure is not sufficient to direct efficient frameshifting,
we substituted tRNAPP, of greater structural complexity
and stability than VPK, downstream of the MMTYV shift
site (Figure 3A, tRNAP"), It has been confirmed that
unmodified tRNAP can be aminoacylated efficiently by
the tRNA synthetase, and that it is folded normally to the
L-shaped tertiary structure (Sampson and Uhlenbeck,
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Fig. 3. An RNA pseudoknot with special structural features is required for efficient frameshifting. (A) Schematic representation of three related
pseudoknots (WT, VPK and APK), an unrelated pseudoknot (PKS5), a hairpin (HP) and a tRNA (tRNAP") in the context of MMTV gag-pro mRNA.
These sequences were introduced into MMTV RNA by site-directed mutagenesis of the MMTV DNA, as described in Materials and methods. The
boxed sequences in VPK and APK show nucleotides that differ from WT. The residue *G in tRNAphe was changed from A to G to avoid a UGA
stop codon in the gag reading frame. (B) Reticulocyte lysate translation products. Positions of [>*S]methionine-labeled products of translation in a
10% SDS-polyacrylamide gel are indicated to the left of the autoradiogram, and the computed ribosomal frameshifting efficiencies are listed below
each lane (experimental variation * 1%). (C) Linear sequences, given 5’ to 3', of the three related pseudoknots depicted in (A). The hatched boxes
above particular bases indicate their participation in forming stem 1. The solid black boxes above particular bases indicate their participation in
forming stem 2. The bold face indicates bases mutated to form the related pseudoknots VPK and APK. The underlined bases represent the bases that

differ between VPK and APK.

1988). The replacement. of the VPK pseudoknot with
tRNAPP reduced the frameshifting efficiency to undetect-
able levels (Figure 3B). The slowly migrating Gag protein
in the gel (Figure 3B, compare VPK with tRNAP¥)
indicates that ribosomes are able to read through the tRNA
structure, since the stop codon of the gag reading frame
is downstream from the tRNA in this construct. Thus, the
stability of the downstream structure is not the only
determinant for directing efficient frameshifting.

These results argue that the pseudoknot displays
specific structural features that direct the ribosome to
shift frame. To test whether a frameshifting pseudoknot
contains unique structural motifs in addition to a general
pseudoknot conformation, we introduced the model
pseudoknot, PK5, whose structure has been studied by
NMR (Puglisi et al, 1990). As shown in Figure 3,
PKS5 directs frameshifting very poorly (0.5%). Thus,
PKS lacks structural features contained in VPK for
directing efficient frameshifting.

Structural comparisons of two similar
pseudoknots with different frameshifting
efficiencies reveal differences at the junction of the
two stems

As discussed earlier, the predicted conformation of VPK
is similar to wild-type except for the flipping of G-C base
pairs in stems 1 and 2. We also constructed another
mutant, APK, which maintains the same exchange of
bases in stem 1 but has further alterations in stem 2. These
changes would cause a predicted shift in the base pairing
of stem 2 so that an A27-U13 pair becomes the top of
stem 2, thereby shortening loop 2 from eight to seven
nucleotides (see Figure 3A and C). APK (Figure 3A)
reduced the frameshifting efficiency to 2% (Figure 3B).
Since VPK and APK have similar sequences and base
pair compositions but differ in their abilities to direct
frameshifting, our results suggest that the — 1 frameshifting
efficiency is sensitive to the detailed structural motifs in
the downstream pseudoknot.
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Fig. 4. Partial digestions of VPK and APK by S, and V| in the
context of the MMTV mRNA. On the far left, the shift site is
represented by the dotted box, stem 1 by the hatched boxes, stem 2 by
the black boxes, loop 1 by the solid line and loop 2 by the dotted line.
A14 at the junction and the adjacent U13 are shown. The
autoradiogram was generated by RT primer extension of S; and V;
digests of VPK and APK mRNAs with or without nucleases (+/—) at
different time points. To the far right, the proposed folding of
sequences is shown, with enzymatic cleavage sites indicated.

We compared the structures of VPK and APK in the
context of MMTV mRNA by probing the full-length
transcripts with S; and V; nucleases. Cleavage sites were
mapped by a primer extension assay (Stern et al., 1988).
V, cleavage in the stem regions and S; cleavage in
the loop regions of VPK and APK are consistent with
pseudoknotted conformations of these sequences in the
mRNA context (Figure 4). The cleavage pattern of VPK
is very similar to that of APK in the stems and loops.
However, there were significant differences between APK
and VPK in the cleavage pattern of S; at nucleotides in
the junction region between stem 1 and stem 2. S, cleaved
efficiently after A14 at the junction and after the adjacent
U13 in APK, while the corresponding positions in VPK
were not susceptible to cleavage (see Figure 3C for
sequence details). Thus, the S; cleavage pattern reveals
structural differences in the junction regions between
stems 1 and 2 of the pseudoknots, and sets the stage for
investigating how the sequence and structure at the junction
influences the function of pseudoknots in frameshifting.

Junction swapping between VPK and APK

Structural comparisons of the two pseudoknots, VPK and
APK, revealed differences in the junction regions of the
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two pseudoknots. These differences might account for the
different frameshifting efficiencies. Thus, swapping the
junctions of VPK and APK should modulate the ability
of each to promote frameshifting. We tested this hypothesis
by introducing mutations that exchange the primary
sequence at the junctions of VPK and APK: G28 at the
junction of VPK was changed to an A (VPKG28A),
while A27 at the junction of APK was changed to a G
(APKA27G) (Figure 5A). As expected, the frameshifting
efficiency of VPKG28A was 3-fold lower (4%) than that
of VPK, while APKA27G displayed a 4-fold increase in
frameshifting when compared with that of APK (Figure
5B). Thus by simply introducing the VPK junction motif
in APK, the frameshifting ability of APK was improved
significantly.

To monitor the influence of junction swapping on the
structures of VPK and APK, we mapped the structures of
VPKG28A and APKA27G in the context of the mRNA
using S; and V, probes (Figure 5C). The patterns of
enzymatic cleavage at the nucleotides in the loops and
stems of both mutants are similar to the cleavage patterns
of the corresponding parent pseudoknots, except at the
junction between stem 1 and stem 2. The junction of
VPKG28A (Al4 and Ul3) is more accessible to S;
cleavage than that of VPK. In contrast, the nucleotides
(A14 and U13) in the analogous positions of APKA27G
are relatively inaccessible compared with those of APK.
These studies strongly suggest that single nucleotide
changes that virtually swap the primary sequence at
the junctions of VPK and APK altered not only their
frameshifting abilities but also the structures at the junction
of the pseudoknots.

The role of the intervening nucleotide (A14) at the
junction of two stems

One of the features central to the stability of a pseudoknot
is that the two stems stack coaxially and form a quasi-
continuous A-form helix (Pleij et al., 1985; Pleij and
Bosch, 1989). The coaxial stacking of the two stems of a
pseudoknot was observed in PKS, a synthetic model
studied by 2-D NMR spectroscopy (Puglisi et al., 1990).
In the MMTV pseudoknot, the intervening nucleotide,
A14, separating stem 1 and stem 2 would compromise
the coaxial stacking interactions. To address the role of
this nucleotide in the structure and function of the VPK
pseudoknot, we made a series of mutations that either
delete or substitute this nucleotide with a different one.
The structures of these mutants were then probed and
their frameshifting ability was assayed.

Deletion of the A nucleotide that separates the two
stems of VPK resulted in a dramatic conformational
change from a pseudoknot to a 5’ hairpin (Figure 6A,
AA14). This structure was suggested by probing the AA14
oligonucleotide with NiCR (Figure 6A, compare with
VPK in Figure 2). The extensive cleavage at G9, G10 and
G11 of AA14 by NiCR strongly suggests that these three
Gs are no longer protected in stem 2 as seen in VPK, but
loop out in a hairpin conformation, with A6 base pairing
with U13 and G7 pairing with C12 (A6 and G7 form loop
1 in VPK; see Figure 2). The formation of a hairpin with
AAl4 was confirmed by S; and V; mapping of the
sequence in the context of the mRNA; intense S, cleavages
after nucleotides U8, G9, G10 and G11 were observed
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(data not shown). The thermodynamic stability of the
AA14 oligonucleotide is predicted to be AG° (37°C) =
—12.2 kcal/mol (Jaeger et al., 1989). It has a T, of 85°C,
whereas VPK has a T, of 72°C (determined by UV
melting curves; data not shown). If the stability of the
structure is the sole requirement for frameshifting, AA14
should promote frameshifting as well as, if not better than,
the pseudoknot VPK. However, AA14 did not direct
efficient frameshifting (Figure 6C, 2%,), as might have
been predicted from the results presented in Figure 3.

To generate a pseudoknot that lacks an intervening
nucleotide at the junction of the stems, U13 of VPKAA14
was changed to a C (AA14U13C, Figure 6B), thereby
preventing the formation of the stable stem observed in
AA14. The pseudoknotted structure was confirmed by
structural probing (data not shown). AA14U13C does not
promote efficient frameshifting even though it forms a
pseudoknot (Figure 6C, 2%). The inability of the
AA14U13C pseudoknot to promote high efficiency frame-
shifting appears to be due to its structure at the junction
of the stems. It lacks the A residue separating the two
stems of the VPK pseudoknot. When an adenine (A14)
was put back into the junction, frameshifting was restored
to the wild-type level (Figure 6C, mutant U13C, 12%),
confirming that the pseudoknot junction is crucial for
efficient frameshifting and showing that the U13 to C
change is not responsible for the impaired frameshifting
by AA14U13C.

In the oligonucleotide pseudoknot PKS (Puglisi et al.,
1990), stem 1 coaxially stacks on stem 2 to form a quasi-
continuous A-form helix. This stacking between the two
stems stabilizes the overall structure of the pseudoknot
but imposes constraints on the two connecting loops,

resulting in some distortion in the conformation at the
junction. In VPK, the single adenine (A14) at the junction
may serve simply to increase the distance between the
two stems to avoid the unfavorable phosphate —phosphate
repulsion between loop 1 and loop 2 at the junction. This
predicts that increasing the distance between the stems
will further release strain on the junction of the pseudoknot.
To determine if such a pseudoknot will allow efficient
frameshifting, we constructed a mutant of VPK with an
extra nucleotide, a G, inserted in the junction (Figure 6B,
A14GA). The structure of A14GA was probed with S,
V, and NiCR and it is consistent with pseudoknot forma-
tion (data not shown). The extra nucleotide insertion
impaired frameshifting (Figure 6C, 2%), indicating that a
specific conformation at the junction of the pseudoknot,
not simply disruption of coaxial stacking, is required for
efficient frameshifting.

If a particular base, such as adenosine, is required to
maintain a specific conformation at the junction for highly
efficient frameshifting, a substitution of A14 by another
nucleotide should reduce frameshifting levels. We con-
structed a mutant with a substitution of Al4 with a G
(Figure 6B, A14G). As shown in Figure 6C, the frameshift-
ing efficiency of A14G was reduced 3-fold (4%) compared
with that of VPK, indicating that the identity of the
junction nucleotide is an important feature of the junction.
We did not test mutants A14C or A14U. Substituting A14
with a pyrimidine would probably result in base pairing
between loop 1 and the junction, as seen in AA14, causing
a conformational change to a 5’ hairpin.

Similar pseudoknot junctions in other retroviruses
Pseudoknotted structures have been predicted to form
downstream of putative and established shift sites in
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change from a pseudoknot to a 5" hairpin. Structural mapping of the mutant AA14 oligonucleotide with NiCR was carried out as described in
Materials and methods. The control lane shows the reaction in the absence of NiCR. (B) Point mutations created within the junction region of VPK.

The sites of mutations at positions 13 and 14 in VPK are circled (U13) or boxed (A14). (C) Frameshifting efficiencies of the mutants of VPK are
listed under each lane.
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are circled or boxed as in Figure 6. (B) Frameshifting efficiencies of FIV and SRV-1 pseudoknots and their mutants in the context of MMTV gag-

pro RNA.

various viral RNAs (ten Dam et al., 1990). In vitro
frameshifting studies have demonstrated that a pseudoknot
is required for the —1 frameshifting in the gag-pol overlap
of the FIV (Morikawa and Bishop, 1992) and in the gag-
pro overlap of SRV-1 (ten Dam et al., 1994). Although
the pseudoknots of FIV and SRV-1 are different from that
of MMTYV in their primary sequences and in the lengths
of stems and loops (Figure 7A), both the FIV and SRV-1
pseudoknots can be folded to display a junction similar
to MMTV and the VPK variant, with an intervening A
residue interrupting the coaxial stacking of the stems. This
junctional conformation requires that the possible base
pairing of the intervening A at the junction of the stems
with the terminal U in loop 2 does not occur. A G-C pair
would then become the first base pair in stem 2. The
junctions of the proposed FIV and SRV-1 pseudoknots
are exactly the same as the junction of the mutant U13C,
which directed frameshifting as efficiently as VPK (Figure
6B and C, 12%). Thus, incorporation of the pseudoknot
of SRV-1 and FIV into the MMTYV context should promote
efficient frameshifting. As predicted, the FIV pseudoknot
worked as well as VPK in promoting frameshifting (Figure
7B, 12%) and the SRV-1 pseudoknot actually directed
higher frameshifting levels than VPK (Figure 7B, 20%).
Furthermore, S; and V; mapping of the FIV and SRV
sequences in the MMTV mRNA context is consistent with
pseudoknot formation (data not shown).

If, as we suggest, A13 in the junction region of FIV

(Morikawa and Bishop, 1992) or SRV-1 (ten Dam et al.,
1990) is not actually base paired with the terminal U in
loop 2, mutations predicted to disrupt this base pairing
interaction should not impair the function of the
pseudoknot in frameshifting. A mutation changing the
U30 to an A in FIV (Figure 7A, FIVU30A) did not
affect frameshifting (Figure 7B, 12%), indicating that the
U30-A13 base pairing is not crucial for the function.
Although there is no structural evidence for whether the
U30-A13 base pair forms, it is more likely that this
relatively weak base pair (compared with a G-C pair) does
not form, thus leaving an unpaired A as in VPK. On the
other hand, deletion of the A at the junction should impair
the function of FIV and SRV-1 pseudoknots, as seen in
VPK. Consistent with this prediction, deleting the A in
the junction of FIV (Figure 7A, FIVAAI13) and SRV
(Figure 7A, SRVAA13) severely reduced the frameshifting
levels to 2 and 4%, respectively (Figure 7B). S| and V,
mapping revealed that in the case of FIV deletion of the
intervening A resulted in a conformational change from
a pseudoknot to a 5 hairpin, as described for VPKAA14; in
the case of SRV, however, the pseudoknotted conformation
was maintained when A13 was deleted (data not shown).

Discussion

Pseudoknots have been documented to occur in virtually
all classes of RNA, where they play important roles

849



X.Chen et al.

such as interactions with components of the translational
apparatus (for recent reviews see Schimmel, 1989; ten
Dam et al., 1992). Mutational studies have suggested that
pseudoknots form downstream of the —1 frameshift site
of the retroviruses (MMTYV, FIV and SRV-1), the
coronaviruses (IBV and MHYV), the torovirus (BEV) and
the yeast dsRNA viruses, and that the pseudoknotted
structures are required for ribosomal frameshifting. How-
ever, there is no direct structural evidence for the formation
of pseudoknotted structures in these viral RNAs. The
only structural studies of pseudoknots are from direct
biochemical probing of the pseudoknot of turnip yellow
mosaic virus RNA (Mans et al., 1992), and from bio-
chemical and NMR studies of synthetic RNA oligo-
nucleotides of pseudoknots (Puglisi ez al., 1990; Wyatt
et al., 1990). Spectroscopic studies by Puglisi et al. (1990)
revealed the predicted coaxial stacking of the two stems
to form a quasi-continuous A-form RNA helix (Pleij
and Bosch, 1989). Although the mechanism by which
pseudoknots cause frameshifting is unclear, our studies
demonstrate that specific tertiary structural features of the
pseudoknot are important for ribosomal frameshifting.
We have used site-specific chemical and enzymatic
probes to demonstrate that the 34 nucleotide sequence
seven nucleotides downstream of the gag-pro —1 shift
site in MMTYV, as well as the variant sequence VPK, are
both able to fold into pseudoknotted RNA structures. The
nuclease cleavage pattern of the VPK pseudoknot is
consistent with a pseudoknotted RNA conformation
(Figure 2). The conformation-sensitive chemical probe,
NiCR, revealed that the predicted G7-U34 base pair in
the VPK pseudoknot did not form (Figure 2), thus allowing
two nucleotides to cross the deep major groove of stem
2. This structural feature is also supported by NMR results
in which exchangeable imino protons of G7, U8 and U34
were not protected from fast exchange with the solvent
(unpublished results). The short loop 1 (two nucleotides)
of VPK is in agreement with the predictions based solely
on distance between phosphates in an A-form RNA
helix (Pleij et al., 1985). According to structural and
thermodynamic studies of synthetic RNAs, decreasing
loop size favors a hairpin conformation to a pseudoknot
(Wyatt et al., 1990). This is supported by our observations
with mutant AA14: A6 base pairs with U13, shortening
loop 1 to one nucleotide and changing the RNA conforma-
tion from a pseudoknot to a 5’ hairpin (Figure 6A). Albeit
more stable than the corresponding pseudoknot, the hairpin
in AA14 did not promote efficient frameshifting (Figure
6B and C). This result is consistent with observations
reported previously that a stable hairpin is not sufficient
to promote efficient frameshifting (Brierley et al., 1991).
APK, a mutated form of VPK with slightly altered base
pairing in stem 2, did not direct efficient frameshifting.
Structural comparison of VPK and APK revealed major
differences in conformation at the junction between stems
1 and 2 (Figure 4). The extensive S, cleavage at U13 and
A14 in APK indicates that these nucleotides at the junction
are ss. Comparison with NMR data on APK and VPK
(unpublished results) confirms that the predicted A27-U13
base pair does not form, making the junction more
accessible to S;. Thus, while both VPK and APK fold
into pseudoknotted conformations, they have different
structural features at the junction. Moreover, VPK pro-
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motes —1 frameshifting at 6-fold higher levels than does
APK. Finally, the mutations that exchange the primary
sequence at the junction regions of VPK and APK (mutants
VPKG28A and APKA27G) confer upon each the frame-
shifting ability of the other. Structural mapping of
VPKG28A and APKA27G in the context of the mRNA
indicated that both mutants form pseudoknotted structures
similar to their parent molecules. The only significant
differences were at the junction of the stems where a
decreased accessibility to S; cleavage correlated with
efficient frameshifting. These results suggest that the
elements that permit the ribosome to recognize the
pseudoknot must be embedded within either the nucleotide
sequence at the junction of the pseudoknot or subtle
structural variations that exist in the junction region.
High-resolution structural studies for VPK and APK
are currently underway using multinuclear and multiple-
dimensional NMR to determine the detailed structural
differences between these two pseudoknots.

It is intriguing that a mutant of VPK lacking Al4,
AA14U13C, albeit having adopted a pseudoknot conforma-
tion, did not direct efficient frameshifting. Furthermore,
the function of the pseudoknot was rescued by simply

:reihstalling the intervening nucleotide A in the junction

region between the two stems. Deleting the adenine in the
junction is predicted to draw stem 1 and stem 2 closer,
thereby increase the coaxial stacking interactions of the
two stems to form a quasi-continuous helix. Perhaps this
kind of close stacking may be detrimental to — 1 ribosomal
frameshifting. In fact, frameshifting was almost abolished
(Figure 3A and B) when the wild-type pseudoknot in
MMTYV was replaced by the structurally well-characterized
pseudoknot PKS in which the two stems are coaxially
stacked (Puglisi et al., 1990). These observations strongly
support the hypothesis that a non-coaxially stacked junc-
tion of the pseudoknot is crucial for efficient frameshifting.
In line with this suggestion, retroviruses that frameshift
efficiently, such as FIV and SRV-1, also appear to have
pseudoknots with an intervening A nucleotide at the
junction between the two stems. The FIV and SRV-1
pseudoknots, when introduced into the analogous position
in MMTV mRNA, direct efficient frameshifting (Figure
7). Deletion of the A at the junction of these pseudoknots
also diminishes frameshifting, again consistent with a
model in which a common structural determinant, the
junction region of the pseudoknot, is crucial for
pseudoknot-promoted frameshifting.

Two general mechanistic roles can be proposed for the
pseudoknot in frameshifting. First, the pseudoknot may
present a unique structure that is resistant to the unwinding
of a ribosome-associated helicase, thereby causing the
ribosome to pause at the shift site. The role of a pseudoknot
as a thermodynamically stable ‘roadblock’ to an
approaching ribosome seems too simplistic in the light of
our observations and others (Brierley er al., 1991) that
stable hairpins, a tRNA with a compact tertiary structure,
or a model pseudoknot, PKS, did not direct efficient
frameshifting (Figure 3). These results indicate that specific
structural features of the pseudoknot determine its function.
A second possibility is that the pseudoknot binds to a
component of the translational apparatus, causing the
ribosome to slip into the — 1 reading frame. Our mutational
studies of the MMTYV pseudoknot uncovered no specific



sequence requirement in the stems and loops of the
pseudoknot (Chamorro et al., 1992). However, the fact
that a specific type of pseudoknot junction with an
intervening nucleotide is required to promote efficient
frameshifting suggests that the junction either provides a
recognizable binding motif or changes the overall geo-
metry of the pseudoknot to a conformation required for
interaction. It has been recognized that bulges and internal
loops increase the deformability or bendability of the
RNA duplex, and this may present the RNA in a particular
conformation required for protein binding at lower free
energy (Steitz, 1993). Furthermore, the conformational
change modulated by the bulge sequences to disrupt the
coaxial stacking of the RNA helix can open up the major
groove to interact with proteins (Weeks and Crothers,
1993).

Our results underscore the importance of a particular
structure, especially in the junction region between the
two helices, in determining the ability of pseudoknots to
promote high-level ribosomal frameshifting. It is conceiv-
able that a pseudoknot with this specific conformation may
be more resistant to unwinding by ribosome-associated
helicases, thereby more effectively stalling the ribosome.
On the other hand, the pseudoknot may be recognized by
a specific component of the translational apparatus, €.g.
the ribosome or an elongation or regulatory factor in the
rabbit reticulocyte lysate. This factor would be predicted
to interact with the pseudoknot only in the context of the
active ribosome, since competition experiments in which
increasing amounts (up to 100 pM) of pseudoknot oligo-
nucleotide (VPK) were added to the in vitro translation
mixture failed to inhibit frameshifting (unpublished
results). It has been well documented, especially in pro-
karyotes, that pseudoknots in several translationally regu-
lated mRNAs bind to ribosomal proteins, such as
bacteriophage T4 gene 32 mRNA (Shamoo et al., 1993),
E.coli S15 mRNA (Philippe et al., 1993) and the o operon
of E.coli (Tang and Draper, 1989). Further elucidation of
the mechanism of pseudoknot-promoted frameshifting in
retroviruses would benefit from structural information
about the pseudoknot at the atomic level (e.g. from
our ongoing studies with NMR spectroscopy) and from
attempts to define translational cofactors that might interact
with pseudoknots in mRNA (e.g. a genetic screen for
modulators of frameshifting efficiency).

Materials and methods

Construction of the mutagenesis cassette

Plasmid pMGPP contains the MMTV gag, pro and pol genes fused to
the 5’ portion of RSV gag downstream of an SP6 promoter. A unique
BstBI site was introduced into the spacer between the shift site and the
pseudoknot and a unique SnaBI (or BsiWI) site was introduced five
nucleotides downstream of the pseudoknot. Subsequent pseudoknot
mutants were constructed by subcloning synthetic oligonucleotide frag-
ments into the BstBI and SnaBI sites.

— 1 frameshifting assay

The mutant MMTV plasmid DNAs were linearized with Bg/II and
transcribed in vitro by SP6 RNA polymerase from the cleaved template
(Chamorro et al., 1992). The RNA was translated in rabbit reticulocyte
lysates (Promega) and the [>3S]methionine-labeled proteins were
analyzed by 10% SDS—PAGE. The relative amounts of gag translation
products were quantified by a PhosphorImager (Molecular Dynamics)
and corrected for differential methionine content of the products.

Retrovirus pseudoknot-dependent frameshifting

Structural mapping of pseudoknots in the context of MMTV
mRNA

The SP6 transcription mixture containing ~0.5 ug of the 2.6 kb MMTV
mRNA was added to S, buffer (5 mM Tris—HCI, pH 8.0, 5 mM MgCl,,
60 mM NaCl) or to V; buffer (5 mM Tris—HCI, pH 6.3, 5 mM MgCl,,
60 mM NaCl) to a total volume of 150 pl. 50 pl were removed from
each mixture and extracted with phenol/chloroform after 20 min at 25°C.
To the remaining 100 pl either nuclease S; (220 U; Pharmacia) or V;
(5 U; Pharmacia) was added and incubated at 25°C for either 10 or 20
min, then quenched by phenol-chloroform (50 pl) extraction and the
RNA precipitated in 70% ethanol. A 21 oligonucleotide primer 48
nucleotides downstream from the pseudoknot was 5’ end-labeled with
[y-32P]ATP and T4 kinase, then purified by passage through a P10 mini-
column. The S;- and V,-digested mRNA was lyophilized and dissolved
in 5 pl of annealing buffer (50 mM Tris—HCI, 10 mM DTT) containing
~10 ng (10°® c.p.m.) of the 5'-labeled primer. The mixture was heated at
82°C for 2 min and incubated at 37°C for 15 min, then chilled on ice.
The primer extension was carried out by mixing 3 pl of solution
containing AMV RT and dNTPs (3 U, 400 pM each) with 2 pl of
annealed mix, incubating at 37°C for 20 min, and quenching with
5 pl of stop buffer (20 mM EDTA, 0.05% bromophenol blue and
0.05% xylene cyanol FF in 95% formamide). The products were
then heated at 85°C for 3 min and fractionated on a 6% denaturing
polyacrylamide gel.

Synthesis of RNA oligonucleotides

RNA oligonucleotides were synthesized using T7 RNA polymerase and
a synthetic ssDNA template with a ds promoter region as described
(Puglisi ez al., 1990). The full-length transcripts were isolated from a
denaturing 20% polyacrylamide gel and electroeluted from the gel. The
sequence was confirmed by partial digestion of 5'-32P-labeled transcripts
with base-specific RNases.

Enzymatic mapping of RNA oligonucleotides

The structures of 5'-32P-labeled RNA oligonucleotides were probed
using nuclease S; and ribonuclease V| as described (Wyatt ez al., 1990).
RNase T, digestions were carried out for 10 min on ice in 10 pul of
10 mM Tris—HCI, pH 7.0, 100 mM KCl, 10 mM MgCl, using 0.001 U
RNase T, (CalBiochem). The reactions were stopped by the addition of
10 ul 9 M urea, 0.05% (w/v) xylene cyanol in 1X TBE (50 mM
Tris—HCI, pH 8.1, S0 mM boric acid, 1 mM EDTA) and freezing at
—70°C before fractionating on a 20% polyacrylamide gel.

Structural mapping of RNA oligonucleotide with NiCR
5’-32p.labeled RNA in 20 pl of 10 mM potassium phosphate, pH 7.0,
100 mM NaCl, 10 mM MgCl, and 2 pg unfractionated yeast tRNA
were heated at 85°C for 30 s, then slowly cooled to 22°C. NiCR (3 uM)
and an oxidant (200 uM), KHSOs, were added to the RNA aliquot and
incubated at 22°C for 30 min. The reactions were quenched by adding
a solution (180 pl) containing 0.3 M sodium acetate, 10 mM Tris—HCI,
pH 7.5, 10 mM EDTA and 3 pg carrier yeast tRNA, extracting
with phenol-chloroform (200 ml) and precipitating with ethanol. The
precipitated RNA was subsequently redissolved in 1 M aniline acetate
(pH 4.5, 20 pul) and incubated at 60°C for 20 min in the dark. The
samples were lyophilized, redissolved in water (30 ul) and lyophilized
again. The samples were dissolved in 10 pl of gel loading buffer (7 M
urea, 0.05% xylene cyanol in 1X TBE) and loaded onto a 20%
polyacrylamide gel (7 M urea).
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