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ABSTRACT: Many naturally occurring or SELEX RNA pseudknots may share a common set of 

unique structural features that define the previously proposed CPK-1 (common pseudoknot motif 1) 

pseudoknot family. A CPK-1 pseudoknot is formed when a 3’- strand of RNA binds asymmetrically 

to 6 or 7 nucleotides within the loop region of a hairpin, leaving only 1-2 unpaired nucleotides at 

the 5’-end of the loop. In the tertiary structure, the two stems (stem1 and 2) of the pseudoknot stack 

coaxially to form a quasicontinuous helix; the 1-2 unpaired nucleotides in loop1 cross the major 

groove of stem2, with their bases being embedded inside the major groove. By exquisitely 

exploiting the characteristic properties of the A-form RNA helix, the CPK-1 fold maximizes base 

paring and stacking interactions while minimizes exposure of the hydrophobic bases to solvent. The 

conserved structural features originally observed in CPK-1 pseudoknots can also mediate other 

types of RNA interactions, including long-distance intramolecular interactions and intermolecular 

interactions. Several putative cases of such interactions are presented. RNA molecules harbouring 

the conserved CPK-1 structural features assume a wide variety of biological functions. We also 

suggest computational methods for the detection of these kinds of RNA structures. We further 

propose a specific antisense strategy based on forming intermolecular CPK-1-like structures. 
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1. INTRODUCTION 

Wide-spread occurrence of the CPK-1 pseudoknots     

Pseudoknots are broadly defined as RNA structures that are formed when a stretch of  nucleotides 

within a loop region basepairs  with a complimentary sequence outside that loop (1,2). If the loop 

is in a hairpin, the pseudoknot is called an H-type pseudoknot (Figure 1). All pseudoknots must 

contain two helical stems (S1 and S2) and two non-equivalent loops (L1 and L2, crossing the major 

groove and minor groove of S2 and S1 respectively). A third loop (L3) is optional. In the absence of 

L3, S1 and S2 can stack coaxially (Figure 1B). Pseudoknots assume various biological functions, 

the best known of which is to stimulate efficient −1 ribosomal frameshifting or stop codon 

readthrough in RNA viruses (3) −1 ribosomal frameshifting and readthrough are two of the major 

translational recoding mechanisms utilized by some RNA viruses to express their structural and 

enzymatic proteins at a defined ratio (4,5). Efficient recoding usually requires an RNA pseudoknot 

that locates several nucleotides downstream from the recoding site (the 0 frame stop codon in 

readthrough or the slippery sequence in −1 ribosomal frameshifting). To assess the strategic 

importance of the recoding pseudoknots within the viral genomic RNAs, we had carried out a 

genome-wide analysis of frameshift and readthrough- 

 

 

stimulating pseudoknots in animal viruses known or expected to use these recoding mechanisms (6). 

Using an in-house developed computer program capable of detecting all possible pseudoknots 

within the full-length genomic mRNAs (7), we found that ~85% of the recoding sites were 

associated with shortly downstream pseudoknots (established or putative). While these pseudoknots 

sample a wide range of stem and loop lengths, ~40% of the pseudoknots conform to a structurally 

related pseudoknot family known as CPK-1 (common pseudoknot motif 1) (8,9). A typical CPK-1 
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pseudoknot has a S2 of 6-7 base pairs and a very short L1 of 1-2 nucleotides; L3 is absent therefore 

the two helical stems S1 and S2 can stack coaxially to form a quasicontinuous helix (Figure 1B). It 

was noticed previously that many naturally occurring pseudknots belonged to the CPK-1 family 

(8,9). With results from the systematic studies on viral frameshift and readthrough stimulating 

pseudoknots (6) (Figure 2, categories A and B), it becomes more evident that CPK1 pseudoknots 

occur in high abundance as −1 ribosomal frameshifting and readthrough stimulators in RNA viruses. 

CPK1 pseudoknots are also involved in the autogenous translational regulation of the 

bacteriophages T2/T6 gene 32 mRNAs (10-12) and the E. coli ribosomal protein S15 mRNA (13) 

(Figure 2, category C). These pseudoknots serve as a binding site for the protein products of the 

mRNAs, leading to translational autoregulation. Potential CPK-1 pseudoknots are also present in 

the internal ribosome entry site (IRES) elements of the cricket paralysis virus (CrPV) and CrPV-like 

viruses such as Plautia stall intestine virus (PSIV), Drosophila C virus (DCV), Rhopalosiphum padi 

virus (RhPV), himetobi P virus (HiPV), Triatoma virus (TrV), and black queen-cell virus (BQCV) 

(14) (Figure 2, category D). These pseudoknots may play a role in the IRES mediated 

methionine-independent initiation of translation. A few pseudoknots within the E. coli tmRNA may 

also belong to the CPK-1 family ((Figure 2, category E). It is also interesting to note that some of 

the reported SELEX (Systematic Evolution of Ligands by Exponential Enrichment)-derived RNA 

aptamers have pseudoknot-forming sequences that may conform to the CPK-1 family, including 

aptamers that bind to biotin (15) and human nerve growth factor (NGF) (16) (Figure 2, the first and 

second pseudoknots in category E).  Some of the HIV-1 reverse transcriptase (RT) binding 

pseudoknots have some CPK-1 features such as a stem2 of 6 base pairs, a loop1 of 2 nucleotides, 

and absence of loop3; however, the two stems are bent presumably due to the constraints  
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imposed by a short loop2 of three nucleotides (17) (Figure 2, the last pseudoknot in category E).  

The RT-binding pseudoknot is therefore not a CPK-1 pseudoknot. The bent conformation of the 

pseudoknot may be critical for specific binding to the reverse transcriptase. 
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Structures of CPK-1 pseudoknots     

Structures for several prototypic CPK-1 pseudoknots have been determined by 

NMR or X-ray crystallography, includi

ng the autoregulatory pseudoknot 

within the gene 32 mRNA of bacteriop

hages T2/T6 (8,9),  the frameshift 

stimulating pseudoknot at the gag-pro 

frameshift  junction of simian 

retrovirus−1 (SRV-1, the determined 

structure is for a functional mutant) 

(18,19), the readthrough stimulating 

pseudoknot at the gag-pol junction of  

murine leukaemia virus (MuLV) (20), 

and the SELEX biotin-binding 

pseudoknot (21) (Figure 3). There is no 

sequence homology among these 

pseudoknots, but they all have the 

following common structural features: 

1) two coaxially stacked A-form stems; 

2) a L1 with 1-2 nucleotides crossing 

the major groove of a S2 with 6-7 

basepairs; 3) placement of the L1 

bases inside the major groove of S2; 

4) a major groove base triple between 

L1 and S2; 5) most importantly, the 

phosphodiester backbones of the 

interacting RNA strands in the 

regions defined by L1, S2, and S1-S2 

junction assume similar structures in all four pseudoknots (Figure 3). In the high-resolution (1.3 Å) 

crystal structure of the biotin-binding pseudoknot (Figure 3C), there is a large electron density gap 

between the first and second nucleotides of L2, indicating that the RNA sequence is cut at this point 

(22). Therefore, the structure actually contains an intermolecular RNA-RNA binary complex. The 

original authors believed that the pseudoknot-forming RNA molecule was degraded into two pieces 

before crystallization took place, i.e. the intermolecular RNA-RNA binary complex also exists in 

solution as a stable structure.  

Figure 3: Secondary and tertiary structures of four CPK-1 

pseudoknots. Stem 1, stem 2, loop1, and loop2 of the pseudoknots 

are colored differently in magenta, blue, red, and green respectively. 

A) the autoregulatory pseudoknot within the gene 32 mRNA of 

bacteriophages T2/T6 (PDB code: 2TPK). B) a frameshift-stimulating 

pseudoknot at the gag-pro junction of SRV-1 (PDB code: 1E95). Its 

sequence is different from the wild-type sequence (Figure 2B) at 

several positions. C) the SELEX biotin-binding pseudoknot (PDB 

code: 1F27). The bound biotin molecule is colored in yello.  D) the 

readthrough-stimulating pseudoknot at the gag-pol junction of MuLV 

(PDB code: 2LC8). The stem1 has more basepairs in the 

NMR-derived structure compared to the predicted secondary 

structure shown in Figure 2A.  
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3. RESULTS AND DISCUSSION 

RNA-RNA interactions mediated by CPK-1-like structures    

Results from the study on the biotin-binding pseudoknot show that the common structural features 

originally observed in compact CPK-1 pseudoknots can also mediate stable intermolecular 

RNA-RNA interactions. In naturally occurring systems, such an interaction may exist between the 

RNA-1 and the RNA-2 of the Dianthoviruses, including the Red clover necrotic mosaic virus 

(RCNMV), the Sweet clover necrotic mosaic virus (SCNMV) and the Carnation ringspot virus 

(CRSV) (Figure 4A). The trans-activator (TA) sequence located within the RNA-2 of these viruses 

harbors a simple hairpin. Six or seven nucleotides at the 3’-side of the TA loop may form 

complementary base pairs with the TA binding sequence (TABS) of the subgenomic promoter on 

RNA-1. NMR and structural modeling were used to characterize the intermolecular interaction in 

RCNMV. It was believed that the bimolecular complex featured two stacked helical stems and was 

structurally similar to the SRV-1 frameshift-stimulating pseudoknbot (23). Conceivably, the 

common structural features of CPK-1 pseudoknots could also be able to mediate long-distance 

intramolecular RNA-RNA interactions between sequences separated by hundreds or thousands of 

nucleotides. In the frameshift stimulating pseudoknot in HCV229E (Figure 2, category B), L2 has 

164 nt, the 3’-sequence of which forms an extra helix (stem3), resulting in an elaborated 

pseudoknot (24). The 155 nt between stem1 and stem3 may also harbour other secondary structures. 

This kind of pseudoknot may better be considered as a case of long-distance intramolecular 

RNA-RNA interactions instead of a compact CPK-1 pseudoknot. Theoretically speaking, if the 

number of nucleotides in L2 is much bigger than the number of basepairs in S1 (typically less than 

15 bp in naturally occurring pseudoknots), there would be little constraint for the L2 nucleotides to 

position along the minor groove of S1 as seen in a compact pseudoknot.   

Conserved structural features in different exhibitions 

The CPK-1 conserved tertiary RNA structure is formed by complementary base-paring between two 

intramolecular or intermolecular RNA strands. One of the RNA strands has a hairpin with 7-9 

nucleotides in its loop. The 3’-sequence of this loop forms 6-7 complementary base-pairs with the 

other RNA strand, leaving only 1-2 unpaired loop nucleotides at the 5’-end (forming L1 in a 

pseudoknot configuration). The two stems (S1 and S2) have the potential to stack coaxially to form 

a quasicontinuous A-form helix. L1 crosses the major groove of S2. The base(s) of L1 is embedded 

in the major groove of S2. A major groove base triple between L1 and S2 is observed in four 

structures shown in Figure 3 (8,9,18-21), and therefore may represent a common structural feature 

of this kind of conserved RNA structures. Due to the natural twist of the phosphodiester backbones 

of an A-form RNA helix, the distance between two phosphorus atoms from opposing strands across 

the major groove reaches a minimum when the helical stem has 6-7 base pairs. This distance can be 
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bridged by a minimal number of 1 or 2 nucleotides that cross the major groove. The conserved 

tertiary RNA structure elegantly exploits these intrinsic structural features of an A-form RNA helix 

to achieve a maximal degree of base pairing and base stacking interactions. The base(s) of the major 

groove crossing nucleotide(s) may also interact with the stem (such as forming a base triple) to 

achieve increased stability. In the conserved RNA structure, the phosphodiester backbones of the 

interacting RNA strands adopt a distinctive folding topology that is sequence independent. Different 

sequences can assume similar overall structure. The strict requirement for the lengths of stem S2 

(6-7 base pairs) and loop L1 (1-2 nucleotides) is dictated by the exploitation of A-form helical 

structural features. Adding nucleotides to or removing nucleotides from S2 and L1 would change 

the distinctive folding (and concomitantly the stability) of the structure. Conceivably, the conserved 

RNA structure can exhibit itself in three different forms, including compact CPK-1 pseudoknots, 

long-distance intramolecular RNA-RNA interactions, and intermolecular RNA-RNA interactions. 

In the form of compact CPK-1 pseudoknots, S1 and L2 are variable in terms of their lengths and 

compositions. The only restriction is that the length of L2 should be long enough to connect S1 and 

S2 without compromising their coaxial stacking. If L2 is too short, it may impose constraints on the 

two stems and induce bending at the helical junction. This scenario was observed in the SELEX 

RT-binding pseudoknot (Figure 2, category E). In the form of long-distance intramolecular 

interactions, the structure can be viewed as a CPK-1 pseudoknot with an extraordinary long L2.  

Method of Detection 

To detect potential presence of the conserved RNA structure (in any of the three forms described 

above), we used an in-house developed general purpose pseudoknot searching program (7). Figure 

1A shows a linear arrangement of the sequence elements (S1, S2, L1, L2, and optionally L3) of a 

typical H-type pseudoknot. To detect potential pseudoknots in a given RNA sequence, the computer 

program scans the sequence and tests all possible combinations of stem and loop lengths within 

certain ranges (can be set by the user) to see whether both helical stems (S1 and S2) can form 

simultaneously. To detect compact CPK1 pseudoknots, the ranges for S2, L1 and L3 are set to 6-7 

bp, 1-2 nt, and 0 nt respectively, the upper limit of L2 is set to a relatively small arbitrary number 

(e.g. 100 nt). To detect long-distance intramolecular interactions, the ranges for S2, L1 and L3 are 

set as in the case of detecting compact CPK1 pseudoknots, with the upper limit of L2 being 

increased to certain value according to the length of the given RNA sequence (the difference 

between the number of nucleotides in the given RNA sequence and the total number of nucleotides 

in S1, S2, and L1). The same settings can be used to detect intermolecular RNA-RNA interactions, 

except that the sequences of the two RNA molecules need to be merged into a single sequence as 

input and the detected structures need to be analyzed to keep only those intermolecular structures as 

outputs. Using the above described detection method, we have performed a search for potential 
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long-distance intramolecular interactions mediated by the conserved RNA structure in the HIV-1 

genomic mRNAs (4254 different strains), with the following settings: S1=6-20 bp, S2=6-7 bp, 

L1=1-2 nt, L3=0, and L2=100-8000 nt. One possible case of such long-distance interaction (across 

more than one thousand intervening nucleotides) was detected (Figure 4B. Details will be 

communicated elsewhere). showing the usefulness of our program in the identification of potential 

hairpin sealer motif mediated long-distance intramolecular RNA-RNA interactions. Of course, any 

putative case (including most of those shown in Figure 2) needs to be confirmed by experimental 

methods. 

Biological Functions 

RNA molecules harbouring CPK-1 and CPK-1-like structures participate in many different 

biological functions. As shown in categories A-D in Figure 2, these functions include: −1 ribosomal 

framshifting, stop condon readthrough, autogenous translational regulation, and IRES mediated 

initiation of translation. The two NGF-binding and biotin-binding SELEX pseudoknots further 

suggest that the structures in the form of compact CPK-1 pseudoknots can provide specific binding 

sites not only for proteins, but also for small molecules. Although all of the CPK-1 pseudoknots 

share common features defined by the conserved RNA structure, the biological functions of the 

pseudoknots are interchangeable. For example, it was found that the autoregulatory pseudoknot in 

bacteriophage T2/T6 gene 32 mRNA was unable to function as a −1 frameshift stimulator (25). 

Different frameshift stimulating pseudoknots may also differ in their frameshift stimulating 

efficiencies. The pseudoknots in Figure 2 show a fair degree of variations in the lengths and 

compositions of S1 and L2. Some of the pseudoknots may also harbour additional structural 

features (such as seen in the EAV and HCV229E pseudoknots) which would make the pseudoknots 

even more versatile. Conceivably, the common features defined by the conserved RNA structure 

may primarily serve a structural role for maintaining a stable and compact pseudoknot scadfold 

while the more variable parts of the pseudoknots (including S1, L2, and possible interactions 

between them) contribute more to the diversity and fine-tuning of the biological functions. Of 

course, sequence specific interactions between L1 and S2 may also be functionally important in 

certain cases. For example, it was found that protonation of the L1 adenosine in the readthrough 

stimulating pseudoknot of  MuLV (Figures 2A and 3D) promoted the formation of a L1-S2 

base-triple, which is required for readthrough stimulating activity of the pseudoknot (20).  
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So far, most all of the established or putative 

RNAhairpin sealer motif mediated structures 

belong to the category of compact CPK-1 

pseudoknots (Figure 2). Formation of these 

pseudoknots only requires a localized, relatively 

short sequence, which makes the detection of 

these pseudoknots relatively easy. It is more 

difficult to discover hairpin sealer motif 

mediated structures belonging to the other two 

categories (long-distance intramolecular 

interactions and intermolecular interactions). 

The HCV229E structure shown in Figure 2 is a 

putative case of long-distance intramolecular 

interactions that stimulates efficient −1 

ribosomal frameshifting. The RNA1-RNA2 

interactions in the Dianthoviruses (Figure 4A) 

are putative cases of long-distance 

intermolecular interactions mediated by the 

hairpin sealer motif. The interactions 

transactivate subgenomic RNA synthesis.  

It is well established that long-distance 

intramolecular RNA-RNA interactions (crossing 

hundreds or thousands of intervening 

nucleotides) (26-39) and intermolecular 

RNA-RNA interactions (40-48) can play critical 

regulatory roles in a variety of biological 

processes including translation, replication, 

subgenomic mRNA transcription, mRNA splicing, 

etc. Although the number of potential cases of 

hairpin sealer motif mediated long-distance 

intramolecular interactions and intermolecular 

interactions are small at this time, it is fully 

expected that more cases with various functions 

will be uncovered and confirmed in the future.  

 

Figure 4: Potential cases of hairpin sealer motif 

mediated intermolecular and long-distance 

intramolecular interactions. A) Intermolecular 

interactions between RNA-1 (italic) and RNA2 of three 

Dianthoviruses: Red clover necrotic mosaic virus 

(RCNMV), Sweet clover necrotic mosaic virus 

(SCNMV) and Carnation ringspot virus (CRSV). B) 

Long-distance intramolecular interactions in two HIV-1 

strains, including the reference strain of HXB2 

(K03455). Sequence variations in the strain AF413987 

are highlighted with boxes.    
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An antisense strategy based on the CPK-1 like conserved structure   

The ability of the CPK-1-like structures to mediate stable intermolecular RNA-RNA interactions 

can potentially be exploited to develop a structure-based antisense strategy. The principle is well 

demonstrated by the proof of concept structure of intermolecular RNA-RNA interaction in Figure 

3C. In this structure, the target RNA contains a stem-loop with 8 nt (C6AGAGGAC13) in the loop. 

This stem-loop is targeted by an antisense oligonucleotide (A20AAAAGUCCUC30) that contains a 

sequence (underlined) complementary to all but 2 nt of the loop.  Base paring interaction between 

the hairpin and the antisense oligonucleotide results in the formation of a CPK-1-like structure 

mediating intermolecular interaction. Theoretically, any RNA hairpin with 7-9 nucleotides in its 

loop can be exploited as a target. The antisense oligonucleotide should contain extra residues 

flanking the complementary sequence at both the 5’- and 3’- sides. A 2-3 nt overhang at the 3’-side 

should have a stabilizing effect on the newly formed helical stem. The extra nucleotides at the 

5’-side may stabilize the helical junction. These nucleotides may also be designed in such a way 

that they could form minor groove base triples with the stem region of the target hairpin. These 

extra interactions may increase the binding affinity and specificity of the antisense strategy. Because 

DNA-RNA and locked nucleic acid (LNA)-RNA hybrid duplexes adopt A-form helical structures 

(57-59), DNA or LNA oligonucleotides may also be able to form CPK-1-like structures that mediate 

intermolecular interaction with the target RNA. These types of oligonucleotides may have some 

advantages over RNA oligonucleotides in terms of cost and/or stability as antisense 

oligonucleotides. Previously, a pseudo-half-knot motif was proposed in which an antisense 

oligonucleotide binds asymmetrically to the loop region of an RNA hairpin. So far, there is no 

structure determination for any pseudo-half-knot motif mediated structure. Presumably, the newly 

formed helix stacks coaxially with the stem region of the hairpin. It was shown that 

pseudo-half-knot-forming oligonucleotides complementary to HIV TAR element altered the TAR 

structure and disrupted tat-TAR interaction (60). In another study, a pseudo-half-knot-forming 

oligonucleotide was used as a cofactor to control the activity of a designed ribozyme (61). 

According to the definition of pseudo-half-knot, a CPK-1-like structure mediating intermolecular 

RNA-RNA interaction is actually a special case of pseudo-half-knot in which a structurally 

conserved and naturally preferred interaction is formed.   

4. CONCLUSION 

We propose the existence of a conserved RNA structure that can manifest itself in various forms, 

including compact pseudoknots, long-distance intramolecular interactions, and intermolecular 

interactions. These structures have a wide-spread occurrence RNA in natural RNAs and assume 

diverse biological functions. Revelation of these structures should have positive impacts on many 

fronts of RNA-related studies, such as prediction of RNA tertiary structures from sequence data, 
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RNA engineering, and targeting regulatory RNA structures with antisense strategy.  
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