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Introduction 
Messenger ribonucleic acid or mRNA is defined as the medium of information flow 
from deoxyribonucleic acid (DNA) into proteins and needs to be decoded in a string 
of non-overlapping codons into amino acids by ribosomes. During this process, called 
translation, the reading frame of codon triplets is strictly maintained to ensure 
synthesis of the correct protein. However, in addition to the standard rule of decoding, 
several alternative ways to decipher genetic information, namely recoding (1, 2), have 
been documented in all kingdoms of life. 

Recoding, including translational bypassing, stop codon readthrough and stop 
codon redefinition, and programmed ribosomal frameshifting (PRF), is used by many 
organisms to regulate gene expression and/or to expand their gene expression 
repertoire. To compete with standard decoding, specific signals, sometimes in 
conjunction with trans-acting factors, should be embedded in the mRNA to promote 
recoding. The recoding signals in mRNA consist of two main elements: one is the 
sequence where the actual recoding takes place and the other is a stimulator. The 
stimulator affects directly or indirectly via RNA binding proteins translating 
ribosomes to alter their normal decoding behavior. Examples of such sequences are 
the pentanucleotide motif downstream of a stop codon which enhances near-cognate 
transfer RNA (tRNA) to compete with release factors from yeast to mammals (3–5) or 
the selenocysteine insertion element (SECIS), an elaborate RNA structure that is 
bound by specific protein co-factors, which is required for incorporation of the 21st 
amino acid, selenocysteine, at designated UAG stop codons (6–8). 
 
1. Programmed ribosomal frameshifting 
Programmed ribosomal frameshifting (PRF) is one of the most studied topics of 
recoding. During PRF ribosomes are “programmed” to switch the original reading 
frame at a so-called slip site by one nucleotide into the 3’-direction, named +1 PRF, or 
by one or two nucleotides into the 5’-direction, named -1 or -2 PRF, respectively, at a 
defined ratio. The different types of PRF require distinct recoding elements. 

In the case of -2 PRF, which is rarely documented, bacteria phage Mu utilizes -2 
PRF at C.GG_G.GG_C.GA_ (the underscores indicate the original reading frame 
while the dots denotes the frame after the shift) without identified stimulatory element 
to synthesize proteins involved in tail assembly (9). 

+1 PRF has been found in both prokaryotes and eukaryotes and is responsible for 
the expression of certain important physiological genes. Most cases of +1 PRF found 
to date rely on RNA motifs to stall ribosomes on a slippery sequence (hungry codon) 
and/or generate tension on mRNA [Shine-Dalgarno (SD)-like sequences] to promote 
frameshifting towards the 3’-end (10). The paradigm of +1 PRF in prokaryotes is the 
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expression of prfB gene, encoding release factor 2 (RF2), in Escherichia coli (E. coli). 
Combination of three mRNA elements is important for prfB frameshifting. First, the 
in-frame UGA stop codon of the CUU_ U.GA_C. frameshift site is in a weak context 
to promote translation termination. Second, a SD-like sequence in optimal spacing 
upstream of the slip site (11, 12) interacts with 16S ribosomal RNA (rRNA) to build 
up tension on the mRNA. Finally, the identity of peptidyl-tRNA is critical, which 
means the peptidyl-tRNA has to re-pair to the codon after the +1 shift (13). In this 
case the 5’-GAG-3’ anticodon of the tRNA-Leu retains base pairing with the UUU 
codon in the +1 frame. The synthesis of RF2 demonstrates an elegant autoregulatory 
mechanism (14) and the relative cellular abundance of RF2 may also correlate with 
UGA (re)definition (15).  

Two retrotransposons, Ty1 and Ty3, of yeast Saccharomyces cerevisiae (S. 
cerevisiae) utilize +1 PRF to express essential genes but by different mechanisms. In 
Ty1, a low-abundance tRNA-Arg, which is encoded by a single-copy gene and 
decodes the rare (“hungry”) AGG codon, plays a major role in inducing +1 PRF on a 
CUU_A.GG_C slippery sequence (16). This mechanism strongly resembles the case 
of prfB of E. coli as mentioned above. Ty3 uses a different way to achieve +1 PRF. A 
mechanism of out-of-frame binding of aminoacyl-tRNA was proposed. The 
frameshifting-inducing peptidyl-tRNA and a 14 nts stimulatory sequence immediately 
distal to the slippery sequence are suggested to be required for efficient +1 PRF (17), 
although the mechanism is still controversial (18). 

The intracellular polyamine negative regulator, antizyme, is synthesized through +1 
PRF by P-site tRNA slippage and this kind of regulation is conserved from yeast to 
mammals (19). The feedback regulation of polyamine levels by antizymes through +1 
PRF is reminiscent of RF2 synthesis in E.coli, but the underlying mechanisms are 
somewhat different. An UGA stop codon in the A-site of UCC_U.GA_U. slippery 
sequence is responsible to stall ribosomes, as well as an upstream polyamine sensing 
element (20) and a downstream pseudoknot structure (in mammalian antizyme 1) (21). 
These elements synergistically promote P-site tRNA with anticodon 5’-GGA-3’ to 
re-pair with the near-cognate CCU codon in the +1 reading frame. Although the role 
of the downstream pseudoknot is considered to stall ribosomes and proved to be 
insensitive to polyamine levels, a –1 PRF inducing pseudoknot from Infectious 
bronchitis virus (IBV) cannot replace it (22). Since a detailed analysis of the antizyme 
pseudoknot structure is still lacking, the specific differences between the two types of 
frameshifting pseudoknots still need to be determined. Recently, expression of 
antizyme in S. cerevisiae has been found to be regulated by prion [PSI+], the 
aggregated (amyloid) form of release factor 3 (eRF3) (23). This and a related study 
(24) open a new vision of epigenetic control of such delicate gene regulation. 
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–1 PRF was demonstrated for the first time over 25 years ago to explain the 
expression of the overlapping gag-pol genes of Rous sarcoma virus (RSV) (25). Since 
then, numerous examples of –1 PRF in overlapping open reading frames (ORF) of 
eukaryotic RNA viruses, DNA and RNA bacteriophages, and bacterial insertion 
sequences and transposons have been found (26, 27). Although most of these cases are 
found in viruses or virus-like elements, one endogenous bacterial gene, dnaX (28), 
and three mammalian genes (29–31) so far have been shown to be expressed through 
-1 PRF, implying that -1 PRF may be involved in regulation of uncovered cellular 
genes in humans. Through sequence comparison and genetic analysis, a canonical -1 
PRF regulating motif which contains two RNA elements has been identified: a 
heptameric slippery sequence where frameshifting occurs with the formulation of 
X_XX.Y_YY.Z (32) [for example, U_UU.U_UU.A in gag-pol junction of Human 
immunodeficiency virus type-I (HIV-1) (33)]; and an RNA structure which can be a 
pseudoknot or a simple hairpin positioned 5-8 nts downstream of the slippery 
sequence (34). The specific formulation of the slippery sequence is chosen to facilitate 
tRNA re-pairing to (near-)cognate codons after the shift (32). The downstream RNA 
secondary structures play a critical role in pausing ribosomes at the right position i.e. 
the XXY codon in the P-site and YYZ codon in the A-site to induce -1 PRF (35, 36). 
Although pausing is necessary, a biochemical study showed that pausing is not 
sufficient to induce -1 PRF (37), implying that the downstream secondary structures 
have an active role in this process, presumably by lowering the energy barrier for 
tRNA-mRNA un-pairing during translocation (38, 39). In a recent study using 
single-molecule optical tweezers the mechanical forces exerted by a single ribosome 
to unfold mRNA hairpins with different GC contents have been quantified (40). These 
data may help to shed light on the mechanical aspects of -1 PRF. 

The diversity of -1 PRF-stimulating RNA motifs is remarkable and worthy of 
attention. Generally a pseudoknot is believed to be an efficient -1 PRF stimulator 
because of the extra stabilization from loop-stem interactions or other unknown 
factors that stabilize the pseudoknotted conformation at equilibrium at 37 ℃ (41). 
Simple hairpins, however, without complicated tertiary interactions as in pseudoknots 
are also genuine -1 PRF stimulators. Even antisense oligonucleotides that may form 
hairpin or pseudoknot-like structures have been reported to induce substantial -1 PRF. 
These elaborate frameshifting structures will be demonstrated and discussed below.  
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Figure 1. Various structures of RNA pseudoknots. (a) Different types of RNA  

pseudoknots (except H-type) are categorized by the motif that is responsible for the formulation 

of the second stem with the sequences outside the major stem-loop structure. (b) The  

representative structure of an H-type pseudoknot. The “S” denotes the stem region 

an d the  “L”  i n di c a te s  l oop re g i on.  (ad ap t e d fr om B r i e r l e y  e t  a l . ,  2007) 

 
2. The structures of frameshifting pseudoknots 
A pseudoknot, which was first discovered in Pleij’s lab (42) almost 30 years ago, is 
defined as an RNA structure element formed upon standard base pairing of 
nucleotides of a loop region with residues outside the loop (43). Depending on the 
geometry of the loop, several types of pseudoknots, including H (hairpin), B (bulge), I 
(interior), or M (multibranched)-type, are recognized (Figure 1a) in various kinds of 
RNAs (44). The majority of pseudoknots that has been described to date are H-type 
pseudoknots which involve the apical loop of a hairpin; these will be referred to 
simply as pseudoknot in this chapter. A pseudoknot consists of two base-paired stem 
regions, S1 and S2, which are coaxially stacked and connected by two single-stranded 
loops, L1 and L2 (Figure 1b). L1 crosses the major groove of lower stem S2, while L2 
crosses the minor groove of S1 (41). Some pseudoknots contain one or more unpaired 
nucleotides between the two stems and these nucleotides, referred to as L3, are either 
extruded from the junction of the two stems (45, 46) or intercalated between the two 
stems resulting in a specific bending (47). 

Pseudoknots widely exist in RNA molecules including rRNA, mRNA, tRNA, 
transfer-messenger RNA (tmRNA), self-splicing RNA, and viral RNA (34, 44, 48, 49). 
Owing to their special 3D-structure, pseudoknots are often crucial elements in 
biological processes that are controlled by RNA structure. For example, riboswitches 
(50), telomerase (51), internal ribosome entry sites (IRES) (52–54), and several 
RNA-protein interactions (55) are dependent on pseudoknot formation for their 
function. Furthermore, pseudoknots play a key role in promoting recoding events. In 
this review, I will focus on the pseudoknots that induce efficient -1 PRF. The currently  
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Figure 2. Structure representation of wt MMTV frameshifting pseudoknot and its derivative 

VPK solved by NMR spectroscopy (PDB 1RNK). The altered base pairs are boxed and the 

reported frameshifting efficiencies of both constructs are indicated. 

 
available -1 PRF-inducing pseudoknot structures can be roughly divided into three 
groups. The first and second group are defined by the length of S1: (i) pseudoknots 
with S1 equal or smaller than 6 base pairs (bp), and (ii) those with S1 longer than 6 bp. 
The third group consists of pseudoknots with unusual structural features such as extra 
stems or loops. The differences of these signals between and within groups will be 
discussed in more detail below. 

 
 

2.1 Group 1: pseudoknots with short S1 
In this group there are three major types depending on certain specific structural 
features, and each has its representative pseudoknot: the Mouse mammary tumor virus 
(MMTV) gag-pro (56), the Simian retrovirus type-1 (SRV-1) gag-pro (57), and plant 
luteoviral P1-P2 frameshifter pseudoknots (58). The MMTV gag-pro pseudoknot was 
the first -1 PRF signal whose solution structure was solved (59), and was also 
extensively studied by mutation analysis and structure probing (56, 60). Since then it 
has become a paradigm for -1 PRF stimulatory motifs. Note that the resolved structure 
(Figure 2) is a variant of wild-type (wt) MMTV pseudoknot called VPK with four 
G-C bps flipped to C-G bps while the frameshift-inducing ability remains unchanged 
(60). The analyzed structure reveals a 5 bp S1 crossed by L2 having 8 nts, while the 2 

C
G
C
G
G

A
G
C
G
C
C

5’

U
A
C
C
C
G
G

U
G
G
G
C
U

G
A

A
A
A
A
C
U
C
A

3’

WT MMTV
pseudoknot
12%

VPK

12%

C
G
G
G
G

A
G
C
C
C
C

5’

U
A
G
G
G
G
G

U
C
C
C
C
U

G
A

A
A
A
A
C
U
C
A

3’

5’

3’



Chapter Ⅱ 

 11 

nts of L1 cross the deep groove of a 6 bp S2. The most interesting feature is an 
unpaired adenosine at the 3’-side of the helical junction of S1 and S2. This protruding 
nucleotide results in a pronounced bending about 60° from the vertical axis between 
two helices (59). Straightening of the pseudoknot by removal of the wedged 
adenosine decreases frameshifting efficiency dramatically (61–63). Further attempts 
to modify the direction of bending also resulted in inactive pseudoknots in -1 PRF. 
Therefore, the MMTV gag-pro represents a type of -1 PRF inducing pseudoknot that 
requires a specificly bent conformation as a frameshifter. Similar requirements were 
found for the Feline immunodeficiency virus (FIV) gag-pol (64) and the human 
paraneoplastic antigen Ma3 gene frameshifter pseudoknots (29). 
 
 
  The representative of the second type in this group is the SRV-1 gag-pro 
pseudoknot (Figure 3). The dominant feature of this type is the coaxial stacking of S2 
on top of S1. In the early studies of the SRV-1 pseudoknot, the presence of an 
adenosine kink at the junction of S1 and S2 was proposed, based on the observation 
that disruption of the putative A13-U29 (Figure 3, denoted as NMR SRV-1 
pseudoknot) base pair at the junction had no effect on -1 PRF efficiency (65). 
However, two NMR studies have confirmed the A-U base pair by assignment of the 
imino proton of U29 (66, 67), which is also in agreement with the enzymatic probing 
results of the initial SRV-1 pseudoknot study (57). However, the solution structure did 
not answer the question of why A．A, A．G, or A．C mismatches at this position had 
no effect on frameshifting (60, 65). The confirmation of the A-U base pair at the 
junction further indicates that a bent conformation is dispensable for -1 PRF 
pseudoknots although a smaller bending allowing the single nucleotide of L1 to span 
S2 has been observed (67). 

The identity of the single nucleotide of L1 was found to be unrelated to -1 PRF 
efficiency indicating this nucleotide is merely to function as a bridge between S1 and 
S2 and, at the same time, spans the major groove of S2 (68). However, the length and 
identity of L2 are highly relevant for the function of the SRV-1 pseudoknot. Although 
not exhaustively studied, the optimal length of L2 has been reported to be 8 to 10 nts, 
which is shorter than the wt L2 of 12 nts (68, 71). The sequence identity of L2 was 
initially thought to be less relevant since changing 10 out of 12 bases did not affect 
frameshifting efficiency (68). However, a recent functional study of the SRV-1 
pseudoknot has shown that the identity of bases, especially those that are close to the 
junction, is indeed critical (69). A possible explanation for these contradictory 
findings is that the two nts proximal to the junction that are important for -1 PRF 
pseudoknot were maintained in the earlier study (68).  
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In addition to loops, a role for stems in -1 PRF has also been proposed for the 
SRV-1 pseudoknot. It was found that the calculated stability of S1 is not correlated to 
frameshifting efficiency but that the presence of G-C base pairs in the lower half of S1 
is important; conversely, the thermodynamic stability of S2 was observed to correlate 
with frameshifting efficacy although no clear linear dependence was revealed. These 
results inspired the authors to propose that a certain threshold stability of the first few 
base pairs in S1 was important to stall ribosomes over the slip site, then the 
approaching ribosomes might be designated to alternative fates depending on the 
stability of S2 (68). A hybrid pseudoknot frameshifter (DH40) build up from S2 of a 
non-frameshifting pseudoknot from bacteriophage T2, and a coaxially stacked S1 of a 
frameshifting pseudoknot in the gag-pro junction of Human endogenous retrovirus 
(HERV)-K10 may support this idea. DH40, although preserving the structure of the 
T2 pseudoknot, induced identical levels of frameshifting as the wt HERV pseudoknot. 
NMR data showed a similar local structure at the junction of the stems in hybrid 
(active) and T2 pseudoknot (inactive), indicating that the relatively unstable S1 (two 
A-U base pairs in S1) of the T2 pseudoknot, may not exceed the threshold to fix 
ribosomes over the slippery sequence (70). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 3. Structure representation of wt SRV-1 frameshifting pseudoknot and its 

derivative pk103 solved by NMR spectroscopy (PDB 1E95). The differences between wt 

and pk103 are indicated by boxes. 
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The third type in this group comprises the P1-P2 pseudoknots of plant luteoviruses 

(Figure 4). The representative pseudoknot is present at the overlapping P1-P2 genes of 
Beet western yellow virus (BWYV). This pseudoknot was initially proposed to consist 
of two coaxially stacked short stems (5 bps of S1 and 4 bps of S2) connected by a 2 
nts L1 and a 6 nts L2 (34). In fact, after the crystal structure of the pseudoknot was 
obtained (71), a different picture emerged. The predicted U13-A25 base pair at the top 
of S2 does not exist but an unpaired U13 is present at the helical junction. Although 
similar to the MMTV gag-pro pseudoknot with non-coaxially stacking of S1 and S2, 
the distortion of S2, however, resulting from the short length of L1 and continuous 
stacking of L2 on A25 together with the bulged out U13 make the BWYV P1-P2 
pseudoknot a distinct type of -1 PRF stimulating pseudoknot. 
  Another remarkable feature is the minor groove triplex between L2 and S1. A 
conserved 5’-AACAAA-3’ sequence found in the 3’-end of L2 forms numerous 
non-canonical base-base or base-sugar hydrogen bonding interactions using their 
Watson-Crick edges in the minor groove of S1. This kind of S1-L2 interaction was 
first described for BWYV and later on shown to exist in other luteoviruses, including 
Pea enation mosaic virus (PEMV), and Potato leaf roll virus (PLRV) (58, 72–74) 
(Figure 4). It is noteworthy that the 3’ adenine (the last nucleotide in L2) extensively 
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Figure 4. Structure representation of luteoviral frameshifting pseudoknots. The solved 

structures are also shown. PDB codes of BWYV, PEMV, PLRV, and ScYLV are 1L2X, 

2RP1, 2A43, and 1YG4, respectively. 
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interacts with neighboring nucleotides through its Watson-Crick and Hoogsteen faces 
to stabilize the junction (74, 75). Interestingly, a highly similar L2 sequence 
5’-AAACAAUA-3’ is present in a non-related pseudoknot pk103, which is a modified 
version of wild–type SRV-1 gag-pro pseudoknot used for NMR studies (67). Several 
adenines of this L2 are involved in triplex formation with S1 like the luteovirus L2 
sequences. However, a different structural detail is present: the N4 amino group of the 
cytidine in BWYV-type L2 forms a hydrogen bonding with the 2’OH of a G residue 
in S1 whereas the cytidine is bulged out from the L2 in the solution structure of 
pk103.  

In Sugar cane yellow leaf virus (ScYLV) the C25 is bulged out as well (Figure 4) 
and the deletion mutant shows increased frameshift-indcucing activity (76). 
Mutational analyses have confirmed these findings from structural studies and shown 
the C is critical in luteoviral frameshifting pseudoknots (77), whereas the C in pk103 
can be replaced by any other nucleotide without affecting or even partially increasing 
frameshifting efficiency (69). These results further demonstrate the diverse nature of 
frameshifting pseudoknots. 

In addition to minor groove triples, a protonated cytidine in BWYV L1 forms a 
standard Hoogsteen base pair with the G-C in S2 and aligns in the major groove of S2. 
This major groove C+．G-C triple is conserved in all luteoviral pseudoknots, and 
shown to strongly enhance the pseudoknots stability (78, 79) and their frameshifting 
efficiency (76, 78). Although this is the only known group of natural -1 PRF 
stimulators showing this structural feature, the human telomerase pseudoknot 
hTPK-DU177 was recently found to be an efficient frameshifting stimulator whose 
activity is strongly correlated with the presence of major groove triples (80). These 
data may further improve the algorithm to propose more frameshifting related 
pseudoknot structures in the future. 

The nature of life is the presence of exceptions. The pseudoknot in the P1-P2 
junction of ScYLV, although still a luteovirus, reveals some structure variations (50, 
82). For example, the 9 nts L2 of the ScYLV pseudoknot align well in the minor 
groove of S1 forming a triple helix and exhibit continuous base stacking, except for 
one cytidine which is extruded from the triplex whereas other luteoviral pseudoknots 
feature extruded nucleotide(s) proximal to the junction of S1 and L2 and continuous 
base stacking of the 3’ side of L2. The most striking difference is the identity of the 
nucleotide of the L2 in the helical junction. In ScYLV, the N3 of cytidine (C27) at the 
3’end of L2 forms a hydrogen bonding with the 2’OH of a cytidine paired with 
guanosine (C14-G7) while an adenosine is found at the relative position in BWYV, 
PLRV, and, PMEV to interact with 2’OH via N1 (48). An interesting study showed 
that the C27A mutant of ScYLV is almost inactive in frameshifting although both wt 
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Figure 5. Structure representation of wt 

IBV pseudoknot and its derived minimal 

IBV pseudoknot, the wt in nowadays. The 

differences are boxed. 

and mutant pseudoknots adopt indistinguishable global structures (82), and further 
comparison showed that the structure of helical junction of the C27A mutant is 
superimposable on that of the BWYV pseudoknot. These data suggest that the 
“ground-state” structure does not directly correlate with frameshifting. Since the 
A25C mutation in the helical junction of the BWYV pseudoknot does improve 
frameshifting (83), it can be concluded that stability of the helical junction is 
disfavorable for the architecture in the C27A mutant (82). The exact details still need 
to be elucidated. 
 
2.2 Group 2: pseudoknots with long S1 
The frameshifting pseudoknots in the second group feature a longer S1 compared to 
those of the first group. Most notably, the sequence identity of L2 is independent of 
frameshifting efficiency (32), indicating that no L2-S1 triple helix is needed to 
stabilize these pseudoknot structures, although a recent study of mammalian 
coronavirus frameshifting pseudoknots demonstrated opposite results (84). Due to the 
absence of a three-dimensional structure either in crystal or solution, the precise role 
of L2 in long S1 pseudoknots is still a matter of debate. 

The most representative pseudoknot in this 
group is the frameshift-stimulatory signal 
present at the 1a-1b overlap of avian 
coronavirus IBV (85). Although discovered 
over 20 years ago, the three-dimensional 
structure is still unknown, and the detailed 
information of this frameshifting 
pseudoknot comes from mutational studies 
and probing analysis mainly contributed by 
Brierley’s group (86). The topology of the 
wt IBV frameshifting pseudoknot is an 11 
bp S1 and 6 bp S2, linked by a 2 nts L1 and 
an L2 of 32 nts without apparent structure 
(Figure 5) (85). The IBV frameshifting 
signal is located 6 nts downstream of a 
U_UU.A_AA.C slippery sequence. In vitro 
frameshifting assays have shown that an 8 
nts loop can effectively substitute the wild 
type 32 nts L2. This modified pseudoknot, 
named minimal IBV pseudoknot is the 
“current” wt IBV pseudoknot (Figure 5) (87). 
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This functional variant with much shorter L2 may indicate that a certain length of L2 
is simply needed to cross the 11 bps in S1 (88). For IBV it has been shown that the 
length rather than the thermodynamic stability of S1 is critical for frameshift activity 
(89). Removal of a single bp in S1 reduces frameshifting already 7 fold, removal of 2 
bps from S1 almost abolishes its activity, even though thermodynamic stability and 
overall structure, as determined by probing, are similar to the wt pseudoknot. On the 
other hand, pseudoknots having longer S1 stems (12-14 bp) were fully functional in 
frameshifting (89). 

The relatively weak G-U base pair at the top of S1 was examined to see if the IBV 
pseudoknot adopts an intercalated structure like the MMTV or luteovirus 
frameshifting signals. Replacing G-U with the more stable G-C or C-G base pairs 
promotes frameshifting efficiency at slightly higher level (87, 89). Combined with 
structural probing data (89) it seems unlikely that there is a kink nucleotide in the 
helical junction. However, an unpaired nucleotide is of great importance to a shorter 
S1 (6 bp) variant of the IBV pseudoknot. Similar to the MMTV pseudoknot (56, 61), 
an inactive IBV-like pseudoknot was converted into an efficient frameshifting 
stimulator, named pKA-A, when an unpaired adenosine was inserted into the helical 
junction, meanwhile the last nucleotide of L2 was switched from G to A (90). 
Inverting the fourth, C-G, and fifth, G-C, bps of pKA-A S1 decreased frameshifting 
about 3.5-fold, indicating there are specific S1-L2 interactions like those observed in 
group I introns (91) and the turnip yellow mosaic virus (TYMV) tRNA-like 
pseudoknot (92). However, the requirement for this interaction is bypassed when the 
length of L2 is increased to 14 nts. High-resolution structures may help to uncover the 
relation between L2 length and sequence identity of S1 (86). 
 

Further studies have shown related frameshifting pseudoknots within the 1a-1b 
overlapping region in other coronaviruses genomes, including murine hepatitis virus 
(MHV) (93), human coronavirus (HCoV)-229E (94), and the recently identified 
SARS-coronavirus, the causative of agent severe acute respiratory syndrome (SARS), 
(95). Extensive mutational studies, RNA structure probing analysis, and preliminary 
NMR data have shown that the frameshifting signal of SARS-CoV, located 6 nts 
downstream of an UUUAAAC slip site, adopts an H-type pseudoknot possessing an 
additional hairpin called S3 or SL1 within L2 (Figure 6) (96–99). 

Similar to other frameshifting pseudoknots, disruption of base pairs in either S1 or 
S2 severely reduces frameshifting efficiency further confirming the pseudoknot 
conformation. However, disruption or deletion of S3 in the L2 region has no dramatic 
effect on stimulating frameshifting both in vitro and in cultured cells (97–99). It was, 
therefore, proposed that the necessity of S3 is not for efficient ribosomal frameshifting 
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Figure 6. Structure representation of the representative of frameshifting pseudoknots in 

three groups of coronavirus. (a) The frameshifting pseudoknot of HCoV-299 belonging 

to group 1 coronavirus. (b) The frameshifting pseudoknot of IBV belonging to group 2 

coronavirus. (c) The frameshifting pseudoknot of SARS-CoV belonging to group 3 

coronavirus. (taken from Plant et al., 2008) 

but for global folding of the pseudoknot (97) or for functional switching between 
transcription and translation by RNA remodeling as proposed for another (+) strand 
RNA virus (98). The last assumption, although elegant and promising, seems 
controversial since the S3 is not conserved in all three groups of coronaviruses. In all 
group 2 coronaviruses, including SARS-CoV and MHV, the S3 motif resided in L2 
can be identified in their frameshifting pseudoknots (Figure 6). However, in group 3 
coronaviruses such as IBV the L2 seems to be a single-stranded loop. In addition, the 
frameshifting pseudoknot of group 1 coronaviruses, like HCoV-229E, forms a more 
“elaborated” structure as the S2 is formed by kissing loops connected by a long, 150 
nts, L2 without apparent secondary structure (Figure 6) (94, 100). 

 
A diversity of frameshifting stimulatory structures has recently been defined in 

Alphaviruses to stimulate production of transframe (TF) protein which overlaps the 
6K ORF (101). One of these stimulatory structures is a pseudoknot, found in 
Middelburg virus (MIDV), featuring (Figure 7): (i) an unstable 3 bp lower S1 and 
high GC content 7 bp upper S1 interrupted by an A．G mismatch; (ii) a 7 bp S2; (iii) 3 

(a)

(b)

(c)
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Figure 7. Structure representation of MIDV frameshifting pseudoknot. The dark and light green 

shaded sequences are base-paired to form S2. Orange shaded region indicates upper S1 while 

yellow shaded region indicates unstable lower S1. Boxed sequences are the mutations made by 

Chung and colleagues. (Taken from Chung et al., 2010) 

nt L1, 13 nt L2, and a single adenosine in between the two stems, reminiscent of the 
MMTV frameshifting pseudoknot. Interestingly, destabilizing the lower part of S1 
resulted in comparable frameshifting efficiency whereas stabilizing it decreased 
frameshifting 4-fold (102). This is similar to the HIV-1 frameshifting hairpin that 
requires a lower stem to position the translating ribosomes (see below). Modifying the 
A between the stems to U has no significant effect suggesting that this nucleotide is 
only necessary to span the major groove. Intriguingly, the first 6 nt of the spacer 
together with the slippery sequence (U.UU_U.UU_A) are somehow capable of 
inducing 5% of frameshifting. In some Alfaviruses frameshifting seems to occur 
without apparent stimulatory structures (102). How this is achieved is not yet known.  
 
2.3 Group 3: odd pseudoknots 
An example of a B-type, bulge type, pseudoknot is found in the overlapping region of 
ORF1 and ORF 2 of Barley yellow dwarf virus (BYDV), an RNA plant virus 
belonging to the genus Luteovirus of the Tombusviridae. In this pseudoknot 6 nts that 
are located four thousand nucleotides more downstream can base pair to a bulge loop 
of the hairpin structure (Figure 8) adjacent to the GGGUUUU slippery sequence in 
the ORF1/2 overlap (103, 104). This long-distance interaction is not only conserved in 
a BYDV-like virus, Soybean dwarf virus (SbDV) (Figure 8) (104) but has also 
recently been discovered in Red clover necrotic mosaic virus (RCNMV), a member of 
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Figure 8. Three representative bulge-apical loop frameshifting pseudoknots in plant viruses. 

The bulge residing in main stem-loop structure base pairs with the apical loop of another 

stem-loop in 3’UTR thousands nucleotides downstream. The numbers indicate the nucleotide 

positions in each RNA virus genome (figures of BYDV and SbDV are taken from Barry et al., 

2002; figure of RCNMV is taken from Tajima et al., 2011). 

Figure 9. Structure representation of 

apical loop-internal loop frameshifting 

pseudoknot. The apical loop from 

stem-loop structure 1 (SLI) forms a 6 bp 

stem with the internal loop of the 45 nts 

downstream stem-loop 2 (SLII) to induce 

frameshifting over the UUUU (motif-1) 

slippery sequence in IS3411. (taken from 

Mazauric et al., 2008) 

 

the genus Dianthovirus, also of the 
Tombusviridae (Figure 8) (105). This and 
anotherlong-distance interaction that 
stimulates translation initiation of BYDV 
are proposed to be involved in regulation 
of competition between translation 
andtranscription, an important issue for all 
(+) strand RNA viruses (104). 
 

A novel type of frameshifting 
pseudoknot of which the S2 is formed by 
base pairing of the apical loop and internal 
loop of two stem-loop structures was 
identified by Mazauric et. al. in IS3411, a 
transposon of the IS51 group of insertion 
sequences in eubacteria (Figure 9) (106). It 
was shown that the stability of the 
structure corrrelated with frameshifting 
efficiency and transposition, indicating that 
this new type of pseudoknot is of 
biological relevance. Interestingly, when 
the second hairpin (Figure 9, SLII) was 
cloned into the anticodon arm of a tRNA 
and expressed together with the remainder 
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Figure 10. Structure representation of VMV 

frameshifting pseudoknot. The slippery 

sequence is shown in bold. A possible 

interaction of spacer with loop 2 is indicated 

by dashed line (stem 0). The relatively large 

7 nt loop3, interstem element (ISE) is the 

unique feature of this pseudoknot. (adapted  

from Pennell et al., 2008)   

 

 

Figure 11. Structure representation of 

three-stemmed pseudoknot aptamer of 

SAH riboswitch located 7 nt dowstream of 

UUUAAAC slippery sequence. The 

elements of this pseudoknot are indicated. 

A large and structured L2 (the L3 in this 

thesis) is present in between two stems. 

(taken from Chou et al., 2010) 

of the pseudoknot located on the mRNA, frameshifting was observed only when the 6 
bp in stem 2 could form. 

 
The frameshifting stimulator of the ovine lentivirus Visna-Maedi retrovirus (VMV) 

was confirmed to be a pseudoknot instead of a simple stem-loop (Figure 10) (107). 
Two interesting structural features were identified. First, a 5 nt L1, which is generally 
1 or 2 nt in reported frameshifting pseudoknots to connect S1 and S2 is present. There 
are two cytidines in L1 that have potential to form C+．G-C triples with S2. However, 
only one deletion mutant in which the last three nts were removed was examined and 
it was shown to be inactive in frameshifting, implying that L1 is not only for bridging 
but unknown interactions to stabilize VMV pseudoknot. Furthermore, a relatively 
large 7 nt L3 termed interstem element (ISE) is present in between S1 and S2, and this 
GC rich fragment was also shown to be crucial in inducing frameshifting. Either 
shortening or lengthing ISE dramatically reduced frameshifting efficiency. Changing 
the ISE sequence to alternate purine/pyrimidine bases while maintaning the stem 
length still resulted in a 5-fold decrease in frameshifting efficiency, indicating that 

loop 1

loop 2

(loop 3)
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Figure 12. Structure representation of four 

different frameshift-inducing hairpins. 

(adapted from Yu et al., 2011) 

both the identity and the length of the 
sequence are important. 
 

An interesting example of 
ametabolite-responsive frameshifting 
signal was recently reported. The 
three-stemmed pseudoknot (Figure 
11) of an S-adenosylhomocysteine 
(SAH) riboswitch can specificly 
respond to ligand concentrations to 
induce different levels of 
frameshifting in vitro and in vivo 
(108). The ligand has been shown to 
stabilize the junctions between the 
different stems, which are dynamic in 

the absence of SAH. Although this is not a natural frameshifting pseudoknot, the 
finding of inducible frameshifting suggests that cellular factors may regulate -1 PRF 
through a mechanism that so far has only been found in +1 PRF (8).  
 
3. Stem-loop structures 
It has long been considered that a hairpin stimulates frameshifting to a lesser extent 
than a pseudoknot, although both RNA structures can pause ribosomes to a similar 
degree (109–111). Certain exceptions, however, were found upon testing identical 
frameshifting constructs in E. coli (112) or a modified wheat germ (WG) in vitro 
translation system (113). Nevertheless, there are several frameshifting inducing 
stem-loop structures identified, including gag-pol junction of lentiviruses HIV-1 and 
Simian immunodeficiency virus (SIV)/HIV-2 (114–117), the gag-pro junction of 
Human T-cell leukemia virus type II (HTLV-2) (118, 119), the junction between ORF 
2a and ORF 2b of Cocksfoot mottle virus (CfMV) (120–122), and in decoding two 
dnaX products gamma (γ) and tau (τ), two subunits of DNA polymerase III of E. 
coli (123, 124). Decoding of dnaX is an unusual type of frameshifting in the sense that 
the frameshift leads to a protein γ, which is shorter than the non-shifted protein, τ, 
while in other cases of programmed frameshifting it is the opposite. The frameshifting 
signals consist of (i) a SD-like sequence upstream of highly slippery sequence 
AAAAAAG, reminiscent of +1 frameshifting of RF2 in E coli (11) and probably 
responsible to further stall translating ribosomes over slippery sequence; (ii) a 
downstream stem-loop structure. All of them are necessary to synthesize γ and τ 
in an 1:1 ratio. The chemical probing analysis showed that the frameshift-inducing 

-2 -1 
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hairpin (Figure 12) features an 11 bp stem with a A．G mismatch in the middle, a C 
bulge at the 3’ side of the stem located 3 bp from the closing base pair (cbp), and a 
UACCC pentaloop (124). Mutational analysis in vivo demonstrated that removing the 
C bulge, restoring A．G to C-G, or adding a G to pair with the bulged C, all lead to 
higher frameshifting efficiency. Combined with results of other mutants, the authors 
concluded that the calculated stability of the stem-loop structure is positively 
correlated with frameshifting efficiency with and without SD-like stimulatory 
sequence. An independent study of assaying frameshifing efficiency of six HIV-1 
hairpin mutants in yeast and cultured cells reached the same conclusion although with 
limited number of constructs (125). 
 

The viral protease VPg and RNA-dependent RNA polymerase (RdRp) of the plant 
virus CfMV are expressed from two overlapping ORFs by means of -1 PRF (126). 
The stimulatory signal is characterized as a 12 bp stem with a C bulge at the 3’ side 
positioned 3 bp away from the stable UACG tetraloop (Figure 12) (120). The location 
of the bulge is similar as in the frameshifting hairpin of dnaX, but whereas adding an 
complementary G increased frameshifting efficiency in dnaX construct (124) it had no 
effect on frameshifting in the CfMV construct (122) assayed in an WG in vitro 
translation system. Enlarging the loops of the dnaX and CfMV hairpins by 6 and 3 nts, 
respectively, slightly elevated their frameshifting efficiency. Remarkably, deletion of 
the C bulge, although not affecting frameshifting efficiency in vitro, proved to be 
deleterious to CfMV infection activity whereas the 3 nts enlarged-loop mutant kept a 
wt level of infectivity (122), suggesting that the specific RNA structure may be 
critical in physiological function of virus and can not be simply concluded by 
frameshifting efficiency. On the other hand, the effect of a modified RdRp peptide 
sequence by the C deletion needs to be taken into account. Moreover, co-expression 
of P27 viral protease but not replicase reduced production of the downstream reporter 
when the minimal frameshifting signal was present (127). This phenomenon is similar 
to the feedback regulation of antizyme synthesis (21), RF2 (11), and the eRF1 
interaction with reverse transcriptase of Moloney murine leukemia virus (MuLV) 
(128), but the mechanism in CfMV still needs to be investigated. 

 
The frameshift-inducing element in HTLV-2 is a 10 bp perfect stem capped by a 

CUA triloop (Figure 12) (119). On the basis of an extensive mutational analysis by 
shuffling of HIV-1 and HTLV-2 frameshifting RNA elements in a background of 
HIV-1 or HTLV-2 sequences, it was proposed that the frameshifting efficiency is not 
only determined by slippery sequences and stimulatory secondary structures but also 
largely affected by sequences upstream of slip site and the sequence of the spacer 
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region (119). However, closer examination of the correlation between frameshifting 
efficiency and the identity of the first nucleotide of the spacer shows no similar trend 
as proposed by Fayet’s lab that the strong stacking of purine may stabilize the 
codon-anticodon interaction at the A site of slippery sequence thereby reducing 
frameshifting efficiency (129).  

 
The discovery that -1 PRF is responsible for gag-pol polyprotein expression in 

HIV-1 was made more than 20 years ago (33) but the exact nature of the stimulatory 
structure has long been debated. Through extensive mutational and structure probing 
studies, combined with sequence alignments and NMR structure analysis (114–117, 
130), the frameshift stimulator of HIV-1 is generally believed to be a 11 bp stem with 
a highly ordered ACAA tetra loop rather than a pseudoknot structure (Figure 12) (131, 
132). An additional 8 bp unstable lower stem was later proposed to contribute to the 
frameshift efficiency (116). Considering that the ribosome has to be positioned over 
the slippery sequence when stalled by the hairpin, the lower stem should be melted 
during -1 PRF. Hence, the exact function of the lower stem is unknown. It was 
proposed that the lower stem acts as a “positioning element” to allow the upper 11 bp 
hairpin to pause ribosomes which in turn mediates translocation perturbations via an 
unknown mechanism (116). It is well known that subtle modulations of Gag/Gag-Pol 
ratio have profound negative effects on HIV infection activity (133, 134). Hence, it 
has been proposed that the finding of either cellular proteins (135, 136) or small 
molecules (137, 138) that may interact with the HIV frameshifting hairpin and affect 
its frameshifting efficiency, have the potential to become anti-HIV drugs. 

 
HIV-2 and SIV, belonging to the genus lentiviruses like HIV-1, have nearly 

identical frameshifting stimulatory structures but somewhat distinct from the HIV-1 
frameshifting stem-loop (139). The major difference is the 12 nts loop of HIV-2/SIV, 
which has been proposed to incorporate a sheared G-A base pair, a cross-strand 
adenosine stacking, two G-C base pairs, and a novel CYC (Y = C in SIV, Y = U in 
HIV-2) triloop sequence. The spacer between slip site and “main” frameshifting 
hairpin comprises a C．C mismatch, a 4 bp helical stem, and 4 (SIV) or 5 nts (HIV-2) 
single stranded region making it one (SIV) or two (HIV-2) nucleotides longer than the 
spacer of HIV-1. Noticeably, the stem length of SIV/HIV-2 and HIV-1 is 11 bp which 
is similar to the S1 of the IBV frameshifting pseudoknot. Since a full helical turn 
A-form RNA duplex is 11 bp, it may imply a similar mechanism to stimulate 
frameshifting for these RNA structures (41, 48). Although it was suggested that 
SIV/HIV-2 frameshifting signal is a hairpin, extending the signal by another 12 nts 
increased frameshifting from 8.3 to 12.2% (Figure 13). Interestingly, this extended 
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Figure 13. Structure representation of predicted SIV frameshifting hairpin and frameshifting 

pseudoknot. The reported frameshifting efficiencies in vitro are indicated. (adapted from 

Marcheschi et al., 2007) 

 

sequence can form a pseudoknot by base pairing with the 5’-AGCCCC- 3’ sequence 
in the loop. This pseudoknot is conserved in all published strains (Olsthoorn, personal 
communication). So, similar to the HIV-1 group O retroviruses that make use of a 
pseudoknot instead of a simple stem-loop structure to regulate expression (140) the 
signal in SIV and HIV-2 retroviruses may be a pseudoknot as well. Why Butcher’s lab 
has chosen to solve the structure of the less relevant hairpin structure remains unclear. 

 
4. Antisense oligonucleotides (AONs) 

Apart from natural examples of frameshifting structures, a novel finding has been 
the demonstration that synthetic AONs, annealed 3’ of the slippery sequence and 
thereby mimicking a hairpin structure, are able to stimulate frameshifting in vitro (141, 
142) and in vivo (143). In addition, AONs can also simulate triple helix (80) or kissing 
loop structures (106) to promote -1 PRF. These interesting results suggest that AONs 
act as physical barriers to stall ribosomes to stimulate ribosomal frameshifting and 
therefore are useful to dissect the mechanism of -1 PRF. Moreover, the great 
flexibility of AONs may have potential to treat frameshifting diseases. 

 
 

Conclusion 
A wide variety of structures are able to induce ribosomal frameshifting. Their 

S IV fr a m eshif ting  ha irpin S IV fra meshif ting  pseudo kno t

8. 3% 12.2%
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efficiency depends much on their thermodynamic stability but additonally kinetic and 
mechanical aspects should be considered. As a rule of thumb it can be postulated that 
the smaller the structures the more additional interactions i.e. base triples and 
quadruples they need to withstand the ribosomal helicase. The pseudoknot may be a 
perfect platform to bring together such interactions. Whether these structures are 
actively involved in the recoding event or merely a physical barrier that increases the 
time for tRNAs to repair remains a matter of debate. 
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